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Symbol / Number

B-ME 2-mercaptoethanol

1Ant Monoantennary

2Ant Biantennary

3Ant Triantennary

A

Ab Antibody

ACN Acetonitrile

ACPAs Anti-citrullinated protein antibodies

ADCC Antibody-dependent cellular cytotoxicity

Amino acids Amino acid Thre::e; :ie;ters Onceolg(teter
Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
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Glutamic acid Glu E
Glutamine Gln Q
Glycine Gly G
Histidine His H
Isoleucine lle I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp w
Tyrosine Tyr Y
Valine Val Vv

AN Aniline

Ant Antenna

APO-C3 Apolipoprotein C-1lI

ATD Arrival time distribution

B

bAGP Bovine a-1-acid glycoprotein

BGE Background electrolyte
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C

CA19-9 Cancer antigen 19-9

CaplLC Capillary liquid chromatography

CapLC-MS Capillary liquid chromatography mass spectrometry

CapLC-TOF-MS
CapZIC-HILIC-MS

CapZIC-HILIC-MS/MS

Capillary liquid chromatography time-of-flight mass spectrometry
Capillary liquid chromatography with zwitterionic hydrophilic
interaction mass spectrometry

Capillary liquid chromatography with zwitterionic hydrophilic

interaction tandem mass spectrometry

CCS Collision cross-section

CDGs Congenital disorders of glycosylation

CE Capillary electrophoresis

CE-ESI-MS Capillary electrophoresis electrospray ionization mass spectrometry
CE-MS Capillary electrophoresis mass spectrometry
CE-TOF-MS Capillary electrophoresis time-of-flight mass spectrometry
CFA Complete Freund’s adjuvant

CFG Consortium for Functional Glycomics

CHO Chinese hamster ovary cells

ChrP Chronic pancreatitis

CIA Collagen induced arthritis

CID Collision induced dissociation

Col-ll Chicken collagen type Il

CZE Capillary zone electrophoresis

D

Da Dalton

DTT Dithiothreitol

E

EIC Extracted ion chromatogram

EIE Extracted ion electropherogram

emPAl Exponentially modified protein abundance index
EOF Electroosmotic flow

EPO Human erythropoietin

ESA Erythropoiesis-stimulating agent

ESI Electrospray ionization

ESI-MS Electrospray ionization mass spectrometry
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F

FAIMS Field asymmetric waveform ion mobility spectrometry
FDA Food and drug administration

FT-ICR Fourier transform ion cyclotron resonance

G

GRAVY Grand average of hydropathy

GRIL Glycan reductive isotope-labelling

H

HAc Acetic acid

hAGP (or AGP)
HC

Human a-1-acid glycoprotein

Healthy control

HCD Higher-energy collisional dissociation

hEPO Human erythropoietin

HFor Formic acid

HILIC Hydrophilic interaction liquid chromatography

HPLC High performance liquid chromatography

HPLC-ESI-MS High performance liquid chromatography electrospray ionization
mass spectrometry

HPLC-MS High performance liquid chromatography mass spectrometry

hTf Human transferrin

|

IAA lodoacetamide

IAC Immunoaffinity chromatography

id Inner or internal diameter

IEF Isoelectric focusing

Ig Immunoglobulin

IM lon mobility

IMAC Immobilized metal ion affinity chromatography

IMS lon mobility spectrometry

IM-MS lon mobility mass spectrometry

iPrOH 2-propanol or isopropanol

IT lon trap

ITP Isotachophoresis

L

LacNAc N-acetyllactosamine

LC Liquid chromatography
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LC-MS Liquid chromatography mass spectrometry
LOD Limit of detection

Lt Total length

LTQ Linear ion trap

LV Latent variable

M

M or M, Molecular mass

Me (He) Electrophoretic mobility

Mexp Experimental molecular mass

Megiycan / Mgiicano
Moeptide / Mpéptido
Miheo / Mreo
MALDI

Glycan molecular mass
Peptide molecular mass
Theoretical molecular mass

Matrix-assisted laser desorption/ionization

Monosaccharides Monosaccharide Abbreviation On::eolc(le;ter
Galactose Gal H
Glucose Glc H
Mannose Man H
Hexose Hex H
N-acetylgalactosamine GalNAc N
N-acetylglucosamine GIcNAc N
N-acetylhexosamine HexNAc N
Fucose Fuc F
N-acetylneuraminic acid NeuAc S
N-glycolylneuraminic acid NeuGc S
Sialic acid or neuraminic acid SiA S

MS Mass spectrometry

MS/MS Tandem mass spectrometry

mTf Mouse transferrin

MW Molecular weight

m/z Mass-to-charge ratio

N

n Number of replicates

nanokESI Nanoelectrospray ionization

nanokESI-IM-MS Nanoelectrospray ionization ion mobility mass spectrometry

nanolLC Nano liquid chromatography

NanoLC-MS/MS
NaOH
NHiAC

Nano liquid chromatography tandem mass spectrometry

Sodium hydroxide

Ammonium acetate
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NH4,OH Ammonium hydroxide

(0]

oa Orthogonal acceleration

0a-TOF Orthogonal acceleration time-of-flight mass analyzer
od Outer diameter

OVA Ovalbumin

P

PAGE Polyacrylamide gel electrophoresis

PC Principal component

PCA Principal component analysis

PDAC Pancreatic ductal adenocarcinoma

PGC Porous graphitic carbon

pl Isoelectric point

PLS Partial least squares

PLS-DA Partial least squares discriminant analysis
PNGase-F N-glycosidase F

ppm Part per million

PTM Posttranslational modification

Q

q Electric charge

Q Quadrupole

gTOF Hybrid quadrupole time-of-flight analyzer
a/M Charge-to-mass ratio

R

RA Rheumatoid arthritis

Rf Rheumatic factor

rhEPO Recombinant human erythropoietin
RP-LC Reversed phase liquid chromatography

RSD (or %RSD)
RZ

Relative standard deviation (%)

Regression coefficient

S

s Standard deviation

SDS Sodium dodecyl sulfate

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SLe? Sialyl lewis A
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SLe* Sialyl lewis X

SPE-CE On-line solid-phase extraction capillary electrophoresis

SPE-CE-MS On-line solid-phase extraction capillary electrophoresis mass
spectrometry

S/N Signal-to noise ratio

T

Tf Transferrin

TFA Trifluoroacetic acid

TiO; Titanium dioxide

TiO,-SPE-CE-MS

Solid phase extraction capillary electrophoresis with titanium dioxide

sorbent mass spectrometry

TOF Time-of-flight mass analyzer

TOF-MS Time-of-flight mass spectrometry

tr Retention time

TWIMS Traveling wave ion mobility spectrometry
\'

VIP Variable importance on projection

W

WH Wave height

WT Wild-type

wv Wave velocity

Z

z Electric charge

ZIC-HILIC Zwitterionic hydrophilic interaction liquid chromatography
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Protein glycosylation of proteins is the covalent addition of carbohydrates, also known as
glycans, to the polypeptide core and it is a co- or posttranslational modification (PTM)
mediated by enzymes. Protein glycosylation is considered the most frequent modification and
it has been estimated that over half of the proteins in nature are glycosylated. Glycosylated
proteins, commonly known as glycoproteins, play an important role in major biological
processes, such as cell-cell interaction, signalling and protein folding, which are mainly
modulated and controlled by glycans. Glycans can be formed by several different
monosaccharide units and adopt several structures generating structural diversity in proteins.
Therefore, each glycoprotein is composed by several glycoforms, heterogeneous mixtures of
glycoconjugate species that differ in the amount, size and/or structure of the attached glycans.
Additionally, glycans with the same composition could present different configuration or
connectivity of the glycosidic bonds between monosaccharides, which has led to the existence
of isomeric glycan structures. The main difference between glycan isomers has been

associated with different sialic acid or fucose linkage-types.

Alterations in protein glycans have been described in many diseases such as important
inflammatory processes and many types of cancer. Moreover, certain glycan structures as well
as linkage-types have been related to specific diseases. Most of glycan alterations have been
associated with under or overexpression of glycosyltransferases that generally results in
sialylation, fucosylation and/or branching changes. In the case of cancer, a close relationship
between altered glycosylation and tumour initiation, progression and metastasis was also
found. Thus, in last years, special attention has paid to find novel glycan-based biomarkers
that could be used for early diagnosis, disease monitoring or prognosis of many pathologies. In
this regard, acute-phase proteins, which concentration is adaptively regulated in response to
most forms of inflammation, infection and tissue injury, could have great importance. On the
other hand, the glycosylation pattern of recombinant glycoproteins, which are frequently used
as biopharmaceuticals, usually differ with respect to the endogenous one and it can cause an
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adverse immune response. In addition, differences in the biological activity and
pharmacokinetic among glycoforms have been observed. Hence, an in-depth characterization

of recombinant protein glycosylation is crucial to ensure their proper therapeutic function.

In this thesis, methods to selectively enrich glycopeptides from glycoprotein digests were
developed using recombinant human erythropoietin (rhEPO) as model glycoprotein. Although
the analysis of glycopeptides is a commonly used strategy for glycan characterization of
biopharmaceuticals, the detection of low abundant glycopeptides that could be essential to
differentiate endogenous and recombinant variants of certain proteins continues to be a
challenge. Precipitation with acetone was firstly studied and optimized in this thesis to
maximize glycopeptide enrichment with the minimal coprecipitation of peptides. Principal
component analysis (PCA) and partial least squares discriminant analysis (PLS-DA) were used
to investigate the physico-chemical parameters and properties that make peptides, N- and O-
glycopeptides present a different trend in front of acetone precipitation. The best conditions
for rhEPO O-glycopeptide purification were selected due to its interest in biopharmaceutical
analysis and doping control. The method was also successfully applied for the purification of

glycopeptides from other glycoproteins.

On-line solid-phase extraction capillary electrophoresis mass spectrometry (SPE-CE-MS) using
titanium dioxide (TiO,) as a sorbent was also evaluated in this thesis for glycopeptide
purification and enrichment. Under the optimal conditions, repeatability and microcartridge
lifetime were acceptable and limit of detection (LOD) for rhEPO O-glycopeptide was
significantly decreased. Glycopeptide enrichment factors up to 100 times were achieved. The
applicability of the method for the purification of glycopeptides with different compositions

and structures was also demonstrated.

On the other hand, different analytical methodologies to separate glycan isomers and

characterize their structures and linkage-types between monosaccharides were developed in

4-
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this thesis. A CapZIC-HILIC-MS method previously established by our research group was firstly
optimized to improve isomer separation and sensitivity of human alpha-1-acid glycoprotein
(hAGP) glycans. Using this approach, exoglycosidase digestion in combination with glycan
relative isotope labelling (GRIL) strategy using [*2C¢]/[*3Cs]aniline was successfully used for
sialic acid and fucose linkage-type assignations of most hAGP glycan isomers. Likewise, the
CapZIC-HILIC separation coupled to tandem mass spectrometry was also applied in this thesis
for the characterization of hAGP glycan isomers. In this regard, the diagnostic value of some
ion fragments reported in the literature for sialic acid and fucose linkage-type characterization
was confirmed or discarded using the hAGP glycan assignations performed previously. In
addition, this approach allowed deepening into glycan characterization identifying in some
cases the sialic acid position on each antenna. On the other hand, an ion mobility mass
spectrometry (IM-MS) method was also established in this thesis for separation and
characterization of glycan isomers due to its described potential to separate isomeric
compounds. Separation between glycan isomers was achieved in both intact and fragment
levels of hAGP glycans. However, it was observed that isomer separation by IM-MS in complex
glycan structures can be related to differences in antenna localization rather than to different

sialic acid linkage-types.

Finally, the established CapZIC-HILIC-MS method in combination with the GRIL strategy
with [*2Ce]/[**Celaniline was also used in this thesis to evaluate possible glycan isomer
modifications in two acute-phase proteins, hAGP and mouse transferrin (mTf), caused by
certain inflammatory diseases and cancer. The importance of separating and identifying glycan
isomers was demonstrated in recent years since only certain isomers or linkage-types seem to
be associated to specific pathologies. Moreover, multivariate data tools, such as PCA and PLS-
DA, were also employed in these studies to identify glycan-based biomarker candidates. In the
case of hAGP, serum samples from patients with pancreatic ductal adenocarcinoma (PDAC)
and chronic pancreatitis (ChrP), as well as healthy controls, were studied in order to find
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glycan isomers that allowed the differentiation between these two pathologies. The hAGP
glycan structures and linkage-types more related to PDAC were identified using this approach
and the potential of certain isomers to discriminate between PDAC and ChrP patients was
demonstrated. Similarly, the modifications occurred in mTf glycan isomers were evaluated in
mice suffering from collagen-induced arthritis (CIA). CIA is an inflammatory and autoimmune
disease that resembles human rheumatoid arthritis (RA) in terms of disease course,
histological findings and its response to commonly used anti-arthritic drugs. Certain glycan
isomers were identified as meaningful to distinguish CIA from control mice, being most of
them highly sialylated and branched structures, and their overexpression seemed also to be
related to CIA progression. Both studies pointed out the great utility of this combined

methodology in patho-glycomics to find novel glycan-based biomarkers.
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The main purpose of this thesis is the development of analytical methodologies for the
separation and characterization of glycans and glycopeptides from biologically relevant
glycoproteins, using capillary liquid chromatography, as well as capillary electrophoresis,
both hyphenated to mass spectrometry (CapLC-MS and CE-MS, respectively). Additionally, ion
mobility mass spectrometry (IM-MS) has been also evaluated, as an alluring platform for
glycan isomer separation.

In this thesis we have focused on the study of human alpha-1-acid glycoprotein (hAGP) and
mouse transferrin (mTf), whose normal glycosylation pattern has been described to be altered
in several pathological processes. Moreover, recombinant human erythropoietin (rhEPO) has
been selected as model glycoprotein, not only due to its relevance in biopharmaceutical field
and doping analysis, but also due to the presence of N- amd O-glycosylation and its high

microheterogeneity.

A more extended view of the main points of this thesis can be found below:
e Evaluation of a simple and rapid acetone precipitation method for glycopeptide
purification by CE-MS and study of the physicochemical parameters and properties

that make peptides, O- and N-glycopeptides to show a different precipitation trend.

e Establishment of an on-line solid-phase extraction capillary electrophoresis mass
spectrometry (SPE-CE-MS) method, using a titanium dioxide sorbent, for the analysis

of glycoprotein digests in order to clean-up and enhance glycopeptide sensitivity.

e Optimization of a CapLC-MS method with the aim of improving the separation and

sensitivity of hAGP glycans and their corresponding isomers.



Aims

Doctoral thesis

Sialic acid and fucose linkage-type characterization of hAGP glycan isomers by
exoglycosidase digestion in combination with glycan reductive isotope labeling (GRIL)
strategy using [*Cs]/[*3Cs]aniline. Optimization of each digestion procedure to perform

a reliable assignation.

Development of a CapLC tandem mass spectrometry (CapLC-MS/MS) approach as a
confirmatory and complementary method for the characterization of hAGP glycan
isomers. Identification of the ion fragments with higher diagnostic value for structural

and linkage-type assignations.

Assessment of the potential of IM-MS for the separation of isomeric glycans differing

in the sialic acid linkage-type using hAGP as model glycoprotein.

Study of hAGP glycans in healthy controls and patients with pancreatic ductal
adenocarcinoma (PDAC) and chronic pancreatitis (ChrP) using the developed CapLC-
MS method and the GRIL strategy for relative quantification. Evaluation of principal
component analysis (PCA) and partial least squares discriminant analysis (PLS-DA) as
powerful tools for the identification of hAGP glycan isomers that could be considered

biomarker candidates of PDAC.

Optimization of a mTf purification method by immunoaffinity chromatography (1AC)
and application of the previous CapLC-MS method and chemometric analysis for the
study of mTf glycan isomers in mice with collagen induced arthritis (CIA), an

inflammatory disease homologous to human rheumatoid arthritis (RA).
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1.1. Glycosylation

Glycosylation is the covalent addition of carbohydrates, also known as glycans, to the
polypeptide chain of a protein, which can take place co-translationally or as a post-
translational modification mediated by enzymes. Glycosylation is considered the most
frequent modification in proteins, estimating that over half of the proteins in nature are
glycosylated [1,2]. Moreover, it plays a crucial role in determining the function and
physicochemical properties of proteins as glycans are involved in several important biological
processes such as cell-cell interaction, signalling and protein folding [3-5]. It is also worth
mentioning that glycans can adopt several structures, from a simple monosaccharide unit to a
branched polysaccharide, generating structural diversity in proteins. Glycosylated proteins,
commonly known as glycoproteins, are synthesised in the endoplasmic reticulum and the Golgi
apparatus in a complex process mediated by the sequential activity of at least thirteen
glycosyltransferases, enzymes that catalyse the transfer of sugar moieties from activated
donor nucleotides or lipids to acceptor glycan structures. [6-8]. Whereas protein synthesis
follows a well-defined, genetically encoded linear process, glycosylation is a non-template-
driven process. Various competing reactions in the processing pathways, plus the need for
enzyme, acceptor and substrate concurrence, as well as other physiological factors contribute
to glycoprotein microheterogeneity. In this sense, each glycoprotein is composed by several
glycoforms, heterogeneous mixtures of glycoconjugate species that differ in the amount, size
and/or structure of the attached glycans. Glycoforms of a given glycoprotein can range from

less than five to more than one hundred.

Glycan chains are composed of well-known monosaccharide units covalently bound to each
other by glycosidic bonds. The full diversity of mammalian glycans (estimated to be >7000
structures) are assembled from only ten different monosaccharides [2]. Table 1.1 shows the

most common monosaccharide units that can be found in protein glycan structures, with the
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standardized symbol nomenclature proposed by the Consortium for Functional Glycomics

(CFG) [9].

Table 1.1.- Most common monosaccharide units found in protein glycans. Symbol nomenclature follows
the rules of the Consortium for Functional Glycomics (CFG) [9]. ®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.

Glucose Glc (H) .
Mannose Man (H) .
Galactose Gal (H) Q

N-acetylglucosamine

sonces [

N-acetylgalactosamine GalNAc (N)
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Fucose

Fuc (F) A

Sialic acids (SiA) )J\

OH
N-acetylneuraminic Ho/\(OH o NeuAc () .

acid OH

NeuGc (S) O

N-glycolylneuraminic
acid

H
H /\
HO OH
OH
OH

Glycosylation can be mainly classified in O- and N-glycosylation depending on the aminoacid
where the glycan is bound (glycosylation site) [10,11]. In O-glycosylation, glycans are linked to
a serine (Ser) or a threonine (Thr) in the polypeptide chain of a protein through the oxygen
atom of the hydroxyl group (O-glycosidic bond). O-linked glycans can range from a single
monosaccharide unit to highly branched structures [12,13]. In the case of N-glycosylation,
peptide sequence determines the potential glycosylation sites, and glycans are only attached
to asparagines (Asn) in the sequon containing Asn-X-Ser/Thr, where X corresponds to any

amino acid except proline (Pro), by the nitrogen atom of the amide group (N-glycosidic bond)
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[14,15]. All N-glycans share a common structure, commonly known as core (Figure 1.1), and
several monosaccharide units can be linked to this core to build different branched structures.

The different N-glycan structures can be classified in three main groups [16]:

a) High mannose: only mannose residues are attached to the core of the glycan.

b) Complex: N-acetyllactosamine units (LacNAc: N-acetylglucosamine plus galactose) are
bound to the mannoses of the core, resulting in further branched structures,
commonly denominated antennas. These antennas usually end with a sialic acid

residue and can form bi-, tri- and tetraantennary structures.

¢) Hybrid: can be considered a combination of the two other N-glycan types, formed by
only mannose residues in the al-6 arm of the core and addition of LacNAc units, with

or without sialic acid, in the a1-3 arm of the core.

The different types of N-glycans are presented in Figure 1.1, following the symbols

recommended by the CFG [9].
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Asn High
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: mannose
Core structure / _.
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@ Hybrid
@

Common N-glycan \ -

Asn

precursor Biantennary
e
Asn
B N-acetylglucosamine B ¢
®© Mannose
Triantennary
Galactose
& N-acetylneuraminic acid 3 a4
¥ Fucose Asn ' o Complex
.
Tetraantennary
-
A i
s :
-+

Figure 1.1.- Different types of N-glycan structures. Symbol nomenclature follows the rules of the

Consortium for Functional Glycomics (CFG) [9].

As the main type of glycans studied in this thesis correspond to complex N-glycans, special
attention to their structural diversity is paid in this section. As mentioned before, complex N-
glycans can form highly branched structures with multiple antennas. Moreover, they usually

show a sialic acid residue (SiA), also known as neuraminic acid, at the end of each antenna.
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Sialic acids are widely distributed as terminal monosaccharides that coat the eukaryotic cell
surface. By virtue of their negative charge at phyisiological pH and hydrophilicity, sialic acids
have many structural and modulatory roles, getting involved in various biological processes,
including cell-cell communications, inflammation, immune defense, and cancer metastasis
[17-19]. Sialic acids are commonly modified in most glycans, presenting several natural
variations. The most common sialic acid in humans is the so-called N-acetylneuraminic acid
(NeuAc), where an N-acetyl group is added in carbon 5 to the sialic acid (Table 1.1), whereas
the N-glycolylneuraminic acid (NeuGc), with the addition of a hydroxylated N-acetyl group, is

the typical sialic acid present in other animals [20].

Apart from the composition of complex N-glycans, the configuration as well as the connectivity
of the glycosidic bonds between the monosaccharides increases even more their
heterogeneity [21]. Configuration refers to the stereochemistry of the glycosidic bonds, which
can be a or B. With regard to connectivity, different linkage-types can be formed between
monosaccharides. By way of example, a tetraantennary complex N-glycan with different
linkage possibilities is depicted in Figure 1.2. As can be observed, terminal monosaccharides,

such as sialic acids and fucoses, can be bound with different linkage-types.
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NeuAc NeuGc
1

. o
) Sy
S

Bisecting
al-3 al-6

al-6

Figure 1.2.- Possible structural diversity of complex N-glycans depicted in a tetraantennary glycan

(H7N7F3S4) as an example.

In the case of sialic acids, they are usually a2-3 or a2-6 linked to galactose (see Figure 1.3), or
a2-8 linked to another sialic acid in polysialic acid structures. Regarding fucoses, they can be
al-3 and al-4 linked to N-acetylglucosamine on an external branch (Fuc Antenna), al-2 linked
to galactose or al-6 linked to the core N-acetylglucosamine (Fuc Core), as shown in Figure 1.2.
On the other hand, an additional N-acetylglucosamine residue can be bound to the central
mannose of the core, resulting in a bisecting glycan (see Figure 1.2). All these possible
variations in complex N-glycans contribute to substantially increase the microheterogenety of
glycoproteins and lead to different glycan isomers with identical atomic composition and mass

(i.e. isobaric isomers).
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a2-6 linkage-type a2-3 linkage-type

Figure 1.3.- Main sialic acid linkage-types present in complex type N-glycans.

Regarding glycan nomenclature, the classification indicating the number of antennas
(branching) as well as the number of sialic acids and fucoses (e.g. 2Ant2SiAlFuc) has been
widely used. However, in the last few years, this nomenclature has fallen into disuse, and has
been replaced by a more standardized one that only refers to the number of each
monosaccharide present in the glycan structure (e.g. 2Ant2SiA1Fuc glycan would be replaced
by HS5N4F1S2). For the sake of consistency throughout this thesis, only the simplified
nomenclature will be used. By way of an example, Figure 1.4 presents some complex N-glycans

expressed in both nomenclatures.
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{ VY

2Ant0SiA 2Ant1SiAlFuc 2Ant2SiA 2Ant3SiAlFuc
H5N4 H5N4F1S1 H5N4S2 H5N4F1S3

3x’
2x’ 2?

l_l_\
3Ant2SiAl1Fuc  3Ant3SiA2Fuc 4Ant4SiA  4AntllacNAc3SiA
H6N5F1S2 H6N5F2S3 H7N6S4 H8N7S3

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 NeuAc.

1.2. Glycoproteins as biomarkers and biopharmaceuticals

In the last decades, the analysis of glycoproteins has aroused great interest because they
mediate many important biological processes being their glycosylation mainly responsible of
the stability and proper function of the proteins [5]. Moreover, the glycosylation profile of a
given protein can be altered as response of several biological and pathological processes.
Alterations in protein glycans have been described in many diseases such as congenital
disorders of glycosylation, inflammatory processes and cancer [22-24]. Similarly, specific
glycan structures as well as linkage-types, which led to isobaric isomers, have been related to
certain diseases. Therefore, glycoproteins have been widely used with diagnostic purposes in
different pathological processes. Special importance should be paid to acute phase proteins,
plasma proteins which concentration is adaptively regulated in response to most forms of

inflammation, infection and tissue injury [25,26]. On the other hand, recombinant
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glycoproteins are frequently used as biopharmaceuticals. The glycosylation pattern of
recombinant glycoproteins usually differs with respect to the endogenous one because could
be affected by several production aspects such as the culture media or the purification method
used. As some authors have demonstrated differences in the biological activity and
pharmacokinetic of certain glycoforms, control over the production process have been
demanded [27,28]. Hence, taking into account all afore-mentioned circumstances,
characterization of the glycan profile in both biomarker and biopharmaceutical fields is crucial
to properly asses the glycoprotein role in the pathological state or in the therapeutic

treatment.

This thesis is mainly focused on the development and optimization of different analytical
methodologies for the analysis and characterization of protein glycans and their corresponding
isomers described to be altered in important diseases such as inflammatory processes and
cancer. Specifically, human alpha-1-acid glycoprotein (hAGP) and mouse transferrin (mTf)
have been studied to find novel glycan-based biomarkers of pancreatic ductal adenocarcinoma
(PDAC) and collagen-induced arthritis (CIA), respectively. Futhermore, methods to enrich the
glycopeptide glycoforms of recombinant human erythropoietin (rhEPO) were also developed in

this thesis due to its great interest as biopharmaceutical and doping agent.

1.2.1. Cancer. Pancreatic ductal adenocarcinoma

Cancer is considered the leading cause of death in wealthy countries. In recent years, several
glycomic studies have been addressed in cancer research given the glycosylation role in various
cancer mechanisms and as glycosylated species provides a set of targets for diagnostic
application and therapeutic strategies [22,29,30]. In human tumours, the cancer-specific N-
glycan alterations include: accumulation of high-mannose glycans, due to premature

termination of glycan processing, reduction in bisecting glycans, increased branching and
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terminal modifications such as sialylation and fucosylation. One of the most widely occurring
cancer associated changes is abnormal sialylation, which is often driven by the altered
expression of sialyltransferase enzymes and is related to poor patient prognosis and metastasis
[31,32]. Although several sialyltransferase enzymes are implicated in cancer, ST6GAL1, which
catalyses the addition of a2-6 linked sialic acids onto terminal N-glycans, has become
increasingly dominant in the literature [33,34]. ST6GAL1 was described to be upregulated in
many cancer types, including pancreatic, prostate, breast and ovarian cancer, having a key role
in tumour aggression and metastasis. Similarly, overexpression of fucosylation has been also
associated with cancer [35,36]. Several studies have suggested that monitoring serum or tissue
fucose levels could be a promising approach for the early diagnosis and prognosis of several
malignancies. The addition of fucose residues to complex glycans, catalysed by

fucosyltransferase enzymes, led to the formation of Lewis antigens [37,38], Figure 1.5.

p13
-~ Type | Lewis antigens --{ T —-R ]~ ----------------------------------------- ~

( :
i ~ p1-3 _B13 _ 13 a2-3  PB1-3 i
! ——l-R R 4 R 9 — R 1
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Figure 1.5.- Terminal oligosaccharide structures determining the Lewis antigens. Symbol nomenclature

follows the rules of the Consortium for Functional Glycomics (CFG).
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As these structures promote extravasation of circulating tumour cells, they are considered
highly related to metastasis. In addition, the expression of some of these structures has been
described to increase considerably during acute and chronic inflammatory processes. In
particular, sialyl Lewis® (SLe?®) epitope, which is detected by the serological assay CA19-9, is a
cancer-associated marker widely used in the clinical practice, especially in patients with an
established diagnosis of pancreatic, colorectal, gastric or biliary cancer [39,40]. In the case of
pancreatic ductal adenocarnicoma (PDAC), CA19-9 is currently the only clinical biomarker
used, which, although widely used for disease monitoring, does not provide adequate accuracy
for early detection and diagnosis [41,42]. PDAC is one of the worlds' most aggressive
malignancies with a five year survival rate of less than 5%, the worst prognosis among all
cancers [43]. The poor survival rate could be attributed to its own tendency to metastasise at
an early stage, but also to the lack of a reliable early detection method. In addition to the
increase in SLe? levels, a wide range of alterations in other glycan structures have been
described in PDAC, including increases of sialyl Lewis* (SLe*) antigen and overexpression of
branched and fucosylated N-glycans [44]. These studies reveal the biological significance of
glycans in PDAC and therefore, the clinical value of exploiting aberrant glycosylation to

improve the diagnosis and treatment of this deadly disease.

1.2.1.1. Human alpha-1-acid glycoprotein

Human alpha-1-acid glycoprotein (hAGP), named as orosomucoid, is a positive acute-phase
protein that is mainly biosynthesized and secreted by hepatocytes. It is the main component of
seromucoid proteins fraction at concentrations between 0.55 to 1.4 mg-mL?, although hAGP
serum levels increase up to four times as a result of an infection or inflammation process [45].
hAGP is composed by a single polypeptide chain of 183 amino acids, with a molecular weight
of 41-43 kDa, and 45% carbohydrate content as complex-type N-glycans attached to five

glycosylation sites (Asn-15, -38, -54, -75, -85). It exhibits an unusually high degree of glycan
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branching, being one of the few plasma proteins possessing not only bi- and triantennary, but
also tetraantennary glycans [46]. Moreover, this degree of branching indirectly results in a high
sialic acid composition, which contributes significantly to the low isoelectric point (pl) of the
protein, which ranges from 2.8 to 3.8 due to the existence of multiple isoforms [47]. hAGP
glycans can also present fucose units, which can be linked to an external branch, as well as to
the core. Despite the high number of potential glycoforms of hAGP, due to the huge structural
variability of glycans, only 12-20 different glycoforms are expressed in non-pathological
conditions [46]. The number of feasible glycoforms is reduced since the Asn residues are
selective for the type of glycans they express. It was also found that the majority of hAGP
glycans correspond to tri- or tetraantennary structures (85-90%) and only the remaining 10-
15% are biantennary glycans. Figure 1.6 shows a general schematic illustration of a possible

hAGP glycoform.

Triantennary  Biantennary Tetraantennary

TR HMM{MM\

_f’ﬁ g # . -\3) L

. [

Asn 15 . Asn 38 Asn 54 Asn 75 Asn 85
J

Amino acid sequence of hAGP

Figure 1.6.- General schematic illustration of an hAGP glycoform with possible glycan structures

attached to each glycosylation site.

Although the specific biological role of hAGP has yet to be clearly defined, it is considered a
natural anti-inflammatory and immunomodulatory agent, which concentration and

glycosylation profile can change under various physiological and pathophysiological conditions
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[45,48]. It has been suggested this glycoprotein to play an important role in the tumour
microenvironment, through affecting the immune modulation, physiology, drug resistance and
cancer progression and metastasis [49]. Although the concentration of hAGP alone is not
diagnostic for a particular pathological condition, the altered glycosylation profile of hAGP in
different diseases, could provide an alternative biomarker target. Therefore, investigations
into changes in its glycan profile during different diseases have been, and are still, of great
interest for the research community. In this regard, an increase of sialylation, fucosylation and
branching of hAGP glycans was reported in several carcinomas, including breast, pancreas,
lung and liver cancer [50-52]. Similarly, formation of SLe* epitope, which contributes to
tumour cell migration towards distant tissues and metastasis, was also described in hAGP

[45,49,53].

With regard to PDAC, previous studies analysing hAGP glycans from healthy controls and
patients suffering from PDAC and chronic pancreatitis (ChrP) demonstrated that some
fucosylated glycans could be possible biomarker candidates of this cancer type, being
upregulated only in PDAC and thus differentiating this pathology from the inflammatory
benign disease (ChrP) [54]. Increased fucosylation levels in PDAC samples were attributed to
an overexpression of al-3 fucosylation, considering this linkage-type crucial in the
discrimination of PDAC patients [55]. In addition, different expression of certain glycan isomers
was observed in cancer samples, which could also differentiate this pathology from healthy
controls and ChrP. In this thesis, exhaustive characterization of hAGP glycan isomers was
performed in order to further investigate if certain structures or linkage-types could be

specifically related to PDAC and therefore be used as biomarkers of this disease.
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1.2.2. Arthritis. Collagen-induced arthritis

Inflammatory arthritic diseases are autoimmune disorders in which the host immune system
self-invades the host defence mechanism, resulting in a gradual degeneration of the normal
immune response and thus inflammation [56]. In particular, rheumatoid arthritis (RA) is the
most common inflammatory arthritis in human population, affecting up to 1.0% of population
worldwide and doubling mortality rate of RA patients compared to healthy individuals. The
disease is characterized by chronic joint inflammation, swelling, tenderness and destruction of
bone and cartilage [57,58]. An early diagnosis and initiation of disease therapy is necessary in
order to minimize irreversible joint destruction in RA. Currently, clinical diagnosis of RA is
based on standardised classification criteria, as set up by the American College of
Rheumatology and the European League against Rheumatism [59], using serological tests for
rheumatic factor (Rf) and anti-citrullinated protein antibodies (ACPAs). Rf and ACPAs are
autoantibodies that can be present in serum long before onset of clinical symptoms in RA.
However, positive Rf serum levels can also result from other diseases or occur in healthy
individuals. Thus, the sensitivity and selectivity of Rf and ACPAs in the diagnosis of RA is rather
low and complementary disease-specific biomarkers are required. In this regard, glycosylation
changes have been reported for several acute-phase proteins isolated from the sera of RA
patients, including haptoglobin, transferrin (Tf) and AGP, which present interesting and
promising basis for the discovery of new biomarkers and novel therapies for this disease [60—
62]. Increase of sialylation, fucosylation and branching as well as glycans enriched in SLe*
epitopes are typical characteristics for acute-phase proteins during inflammation. Therefore,
further investigations addressed to study the glycan profile of such proteins in patients

suffering from RA and the differences with respect to healthy individuals are necessary.

Mice models are widely used to study human diseases due to their availability, size, low cost,

ease of handling, fast reproduction rate and a high identity between their genes and the
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human orthologues [63,64]. Several mice models of arthritis have proven to be useful for
studying the course of RA and testing new therapies. In particular, collagen-induced arthritis
(CIA) is the most commonly studied autoimmune model of RA [65]. A chronic form of CIA is
induced in C57BL/6 wild-type (WT) mice by immunization with chicken type Il collagen in
complete Freund’s adjuvant (Col-1l/CFA) [66]. This autoimmune arthritis in mice closely
resembles human RA in terms of disease course, histological findings and also in its response
to commonly used anti-arthritic pharmaceuticals. Therefore, it could be considered an
adequate model to study the efficacy of novel drugs and to evaluate the glycosylation changes

derived from arthritis.

1.2.2.1. Mouse transferrin

Transferrin (Tf) is a glycoprotein mainly responsible of the iron transport through the blood
plasma. In humans, it is a negative acute-phase protein and its glycosylation was described to
be altered in congenital disorders of glycosylation (CDGs), chronic alcoholism and other
inflammatory processes [24,67,68]. In this sense, it has been reported that the serum profile of
human Tf (hTf) isoforms was altered in patients with RA and levels of its trisialylated

glycoforms were found to be useful as biochemical marker of the RA activity [69].

In the case of mice, mouse Tf (mTf) presents a molecular weight of around 80 kDa and shows
only one N-glycosylation site at Asn-494 with complex N-glycans attached. The carbohydrate
content of mTf is about 3% and sialic acids in its glycan structures correspond to NeuGc instead
of NeuAc, which is mainly found in humans. Figure 1.7 shows the peptide sequence of mTf,

with the Naas glycosylation site marked in blue.
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1 VPDKTVKWCA VSEHENTKCI SFRDHMKTVL PPDGPRLACV KKTSYPDCIK AISASEADAM
61 TLDGGWVYDA GLTPNNLKPV AAEFYGSVEH PQTYYYAVAV VKKGTDFQLN QLEGKKSCHT
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Figure 1.7.- Mouse transferrin (mTf) amino acid sequence (UniProtKB / Swiss-Prot Accession Number:

Q92111).

Previous studies of our research group demonstrated that mTf glycopeptide glycoforms were
modified in presence of CIA, mainly observing an increase of fucosylation and branching in
glycan structures [70]. Hence, further investigations are needed to deeply identify the
potential alterations occurred in the glycan profile of mTf isolated from mice with CIA. These
findings could be an important previous step in order to discover in the future novel glycan-

based biomarkers for RA diagnosis and prognosis.

1.2.3. Biopharmaceuticals

Recombinant glycoproteins have become one of the most intensely studied and
commercialized class of biopharmaceuticals, being the vast majority of approved drugs by the
Food and Drug Administration (FDA) over the last years [71]. Due to human-compatible and
consistent glycosylation is required for a safe and efficacious drug product, the glycoform
profile of an approved therapeutic recombinant glycoprotein is considered a parameter that

must be controlled to ensure biopharmaceutical quality [27,28,72—74]. Figure 1.8 shows
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several glycan features that would be desired or not for glycoprotein-based drug products in

biopharmaceutical industry.

As can be observed, among other characteristics, special attention should be paid to sialic
acids as the abundance and type of sialylation influences the clinical performance of
therapeutic glycoproteins (serum half-life, immunogenicity, activity, etc) [18]. While NeuAc is
found in both human and non-human cells, NeuGc is synthesized by all mammalian cells
except human cells. Despite NeuGc has only one oxygen atom more than its homologue, this
difference is enough to cause immunogenic response in humans. Moreover, acetylation of
sialic acids could also impact clinical efficacy of biopharmaceuticals [76]. Hence,
characterization of sialylation throughout the product lifecycle is also considered a regulatory

requirement.

Wanted Unwanted

Sialylation enhances @ o

® Non-humansialic acids are
bioavailability.
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Galactosylationisimportant @ | | @The Galili epitope (alpha-Gal)is
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Bisecting GIcNAc is

importantfor ADCCa-act|V|ty

Defucosylation amplifies
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Figure 1.8.- Desirable and undesirable glycan features in glycoprotein-based biopharmaceuticals. 2ADCC
(antibody-dependent cellular cytotoxicity) is a mechanism of cell-mediated immune defense whereby an
effector cell of the immune system actively lyses a target cell, whose membrane-surface antigens have

been bound by specific antibodies [75].
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For all these reasons, the development of methodologies for glycan characterization of
recombinant glycoproteins is of great importance. In this regard, analysis of glycopeptides,
obtained from enzymatic digestion of glycoproteins, is a commonly used strategy for glycan
characterization of biopharmaceuticals. Nevertheless, glycopeptide purification prior to
analysis continues to be a challenge due to the difficulties to detect low abundant
glycopeptide glycoforms, which could be essential to differentiate endogenous and
recombinant variants of certain proteins, in presence of more abundant peptides. Hence,
development of reliable enrichment strategies to selectively isolate glycopeptides from protein

digests before analysis is required.

1.2.3.1. Recombinant human erythropoietin

Human erythropoietin (hEPO) is a glycoprotein hormone of about 30 kDa composed of a single
polypeptide chain of 165 amino acid residues. hEPO is a highly glycosylated protein (around
40% w/w) which shows three N-glycosylation sites with complex-type N-glycans, at Asn-24, -38
and -83, and only one O-glycosylation site in serine 126 (Ser-126) [77,78]. The peptide
sequence of rhEPO is shown in Figure 1.9 where its N- and O-glycosylation sites are marked in
red and green, respectively. This glycoprotein is mainly synthetized by the kidneys and is
responsible of stimulating red blood cell production (erythropoiesis) in the bone marrow,

increasing oxygen supply to the tissues [79].

- Recombinant human erythropoietin (rhEPO) ,
1

1

1 APPRLICDSR VLERYLLEAK EAENITTGCA EHCSLNENIT ~ VPDTKVNFYA WKRMEVGQOA 1
VEVWQGLALL ~ SEAVLRGQAL  LVNSSQPWEP  LQLHVDKAVS  GLRSLTTLLR ALGAQKEAIS !

1

1

1

121 PPDAASAAPL RTITADTFRK LFRVYSNFLR GKLKLYTGEA CRTGDR

o
=

N N-glycosylation site O o-glycosylation site

Figure 1.9.- Recombinant human erythropoietin (rhEPO) amino acid sequence (UniProtKB / Swiss-Prot

Accession Number: P01588).
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Recombinant human erythropoietin (rhEPO) was firstly produced in mammalian cells using
recombinant DNA technology in 1985. rhEPO is a widely used therapeutic agent for the
treatment of anemias and represents one of the largest biopharmaceutical markets, which is
usually produced in Chinese hamster ovary (CHO) cells [80—82]. Exogenous erythropoietins
encompass a group of synthetic glycoproteins collectively called erythropoiesis-stimulating
agents (ESA). ESAs are used in the treatment of anemia in chronic kidney disease,
myelodysplasia and cancer chemotherapy. The rhEPOs most used as biopharmaceuticals are
epoetin alfa and beta, the first ones to be synthesized. The recombinant protein is
homogeneous with respect to the peptide sequence of natural hEPO, but heterogeneous with
respect to the carbohydrate moieties, since the glycosylation profiles appear to differ between
preparations. As mentioned before, these differences could play an important role in
determining its biological activity, thus influencing the final biopotency, and are considered to
be mainly related to the number of sialic acid residues at the end of the tri- and tetraantennary

sugar chains [80].

On the other hand, rhEPO has also become particularly popular in the last decades due to its
unlawful use as a performance-enhancing drug in endurance sport disciplines [83,84]. Its use
as a doping agent was forbidden by sport authorities since 1989. The presence of about 2% of
NeuGc in the glycans of rhEPO O1zs-glycosylation site could distinguish between recombinant
and endogenous forms of hEPO in doping control. Therefore, control and characterization of
the glycosylation profile of rhEPO is needed to guarantee high quality and therapeutic efficacy
in biopharmaceutical industry, as well as to distinguish recombinant variants of hEPO in urine

in doping analysis.

Apart from its high importance in biopharmaceutical and doping fields, rhEPO can be
considered an excellent glycoprotein model to establish and optimize analytical methodologies

in glycoproteomic studies as it presents both O- and N-glycosylation forms with different
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degrees of branching and sialylation. In this sense, several studies have been addressed in our
research group to characterize rhEPO glycosylation, analysing the intact glycoprotein as well as
the glycopeptides obtained from its tryptic digestion [85—87]. In this thesis, different strategies
to purify and enrich rhEPO glycopeptides were developed due to the need to decrease their

limits of detection.

1.3. Glycoprotein analysis

The analysis of protein glycosylation can be conducted by three different approaches: intact
glycoprotein, glycopeptides and glycans. The analysis of the intact glycoprotein can be
considered the more direct and faster way as practically no sample treatment is required.
However, obtaining information about the glycosylation sites and their degree of occupancy is
up to now almost impossible, due to the high microheterogeneity of this type of proteins
[88,89]. In addition, the ionization of such large molecules in mass spectrometry, the most
common detection technique used in glycoproteomic studies, is not an easy task [90,91].
Therefore, the use of enzymes or specific reagents to obtain glycosylated structures of lower
molecular mass, such as glycopeptides or glycans, has become popular in the last years.
Glycopeptides, or glycosylated peptides, are obtained after digestion of the intact glycoprotein
with a protease, enzyme that catalyses the hydrolysis of the peptide bonds between amino
acids. Several proteases can be employed for this purpose, being trypsin the most widely used
in a multitude of different studies. Trypsin is a pancreatic serine protease that cleaves peptides
on the carboxyl side of lysine and arginine amino acid residues. The obtained glycopeptides
after digestion provide information about the glycan structures, the glycosylation sites to

which they are attached and thus about their degree of occupancy [92].

Lastly, but no less important, the analysis of glycans, which has allowed separation between

isomers that differ in certain monosaccharide linkage-types, has aroused great interest in
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biomarker discovery as one isomer could have substantially more biological activity than the
others or could be related to an specific pathology [93—95]. N-glycans are usually released
from the glycoprotein by enzymatic digestion, using an amidase such as peptide-N-glycosidase
F (PNGase F), while O-glycans are commonly obtained by chemical release through reductive
alkaline B-elimination. Although analysing glycans the information about the glycosylation sites
they come from or the carrier protein is lost, their considerably different polarity allows a
better isolation from the other components of the sample (i.e. peptides or deglycosylated
protein) resulting in better detection sensitivity. Moreover, their detection can be improved by
applying a wide variety of derivatization strategies with a large number of different labels
[96,97]. The most common reaction employed to add a labelling agent to the reducing end of
glycans is the reductive amination because is usually simple, fairly rapid and preserves glycan
modifications such as sulfation and phosphorylation, which could present potential biological
significance. In this reaction, a label containing a primary amine group reacts with the
aldehyde group of the glycan, resulting in an imine, which is then reduced to an stable
secondary amine by a reducing agent such as sodium cyaniborohydride (NaBHsCN), Figure

1.10.
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Figure 1.10.- Representation of reductive amination reaction to add a labelling agent to the reducing

end of glycans.
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Several labels can be used allowing derivatization of glycan with a chromophore or
fluorophore, to improve detection after chromatographic or electrophoretic separation, or to
link charged or hydrophobic groups at the reducing end enhancing glycan separation and
mass-spectrometric detection. The use of stable isotopic labels, such as [*2C¢]-aniline/[*3Ce]-
aniline, for relative glycan quantitation provides qualitative and quantitative means for
comparative glycomic analyses of different samples [98]. In the so-called Glycan Reductive
Isotope Labelling (GRIL) strategy, equimolar mixtures of two glycan samples labeled by
reductive amination with either [*2Cg]-aniline or [**C¢]-aniline were analysed by mass
spectrometry (MS), as illustrated in Figure 1.11. This method, using a 6 Da mass difference,
easily resolves the glycans obtained from the two different samples (e.g. healthy control vs.
pathological) and allows comparing and quantifying the changes resulted in the glycan profile
of the target glycoprotein. In addition, as both glycan samples are ionised at the same time,
possible variations between runs due to ionization differences, ion-suppression effects or
tuning of the mass spectrometer are avoided and thus a reliable quantitation of glycans is
performed. This GRIL strategy, using [*2Ce]-aniline/[**C¢]-aniline, was previously established in
our research group for relative quantitation of N-glycans obtained from different glycoproteins
and afterwards applied to the analysis of patient samples suffering from ChrP and PDAC
[54,99]. These studies demonstrated the potential value of this technique to detect major and,
more importantly, minor modifications in the glycosylation pattern of a glycoprotein caused by
certain pathologies, thus allowing the identification of potential glycan-based biomarker
candidates. In this thesis, this method was widely used for glycan analysis to compare and
quantify either the glycan profile before and after the digestion of glycans with specific
exoglycosidases or the under- or overexpression of glycan isomers in presence of certain

diseases.
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Figure 1.11.- Schematic illustration of the GRIL strategy steps, using ['’Cs]-aniline/['3Cg]-aniline, for

relative glycan quantitation of different samples.
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1.3.1. Purification techniques

Human biofluids, especially blood plasma/serum and urine, can contain disease-associated
proteins secreted or leaked from pathological tissues across the body and thus they are
considered the most promising sources for the discovery of novel biomarkers for disease
diagnosis and prognosis [100]. Moreover, biofluids are often easily obtainable through
noninvasive procedures, in contrast to tissues, making them particularly attractive for large-
scale clinical studies. Over the last decade, there has been tremendous interest in profiling the
biofluid proteomes with the aim of finding glycoprotein-based biomarkers for various diseases
[101,102]. Nonetheless, glycoproteins can be present in only minute quantities in the analysed
biofluids together with other more abundant proteins, becoming mandatory their isolation
and enrichment prior to analysis. Numerous attempts have been made in this sense in order to
develop methods aimed at the enrichment of glycoproteins present in complex biological

samples.

Immunoaffinity chromatography (IAC) approaches have become the most commonly used
strategies for digging deeper into the biofluid proteomes by both global profiling and targeted
analysis [103,104]. IAC represents a specific type of affinity chromatography where the
stationary phase is composed of immobilized antibodies or antibody-related agents on a solid
support matrix. The underlying principle of IAC is based on the selective non-covalent
interaction between antibodies and their specific binding targets or antigens. The purpose of
IAC separations is to enrich low abundant proteins of interest by either removing the high
abundant ones from the complex samples through immunoaffinity depletion
(immunodepletion) or capturing directly the low-abundance targets of interest through

immunoaffinity enrichment (immunoenrichment), as illustrated in Figure 1.12.
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Figure 1.12.- The main workflows of immunodepletion (A) and immunoenrichment (B). For
immunodepletion, stars and circles represent low-abundance and moderate-abundance proteins,
respectively. For immunoenrichment, stars represent the target molecules and other symbols are

sample matrix.

The utility of IAC is highly dependent on the quality of antibodies, which should present a high
intrinsic affinity towards the target protein and a reversible antibody-antigen interaction that
can be easily de-stabilized favouring afterwards protein elution [105]. Two main types of
antibodies are commonly used in IAC, namely polyclonal and monoclonal antibodies.
Polyclonal antibodies are produced as a heterogeneous population of antibodies from multiple
clones of B-cells, which can recognize and bind a variety of epitopes on a single antigen with
diverse affinity. In contrast, monoclonal antibodies constitute a homogeneous population that

has monovalent affinity since they bind to the same epitope on an antigen. In this thesis, IAC
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has been the main affinity technique used for the purification of the studied glycoproteins due

to the high isolation obtained with some few and simple steps.

On the other hand, enrichment of glycoconjugates such as glycopeptides, obtained after
glycoprotein enzymatic digestion, is also considered of crucial importance in order to facilitate
and improve protein glycosylation analysis in complex samples. In recent years, continuous
efforts have been devoted to the development of glycopeptide enrichment and separation
strategies, due to the difficulties to detect low abundant glycopeptide glycoforms and the ion
suppression occurred in mass spectrometry analysis by the copresence of peptides in the
glycoprotein digests. [106,107]. One of the most commonly used methodologies for
glycopeptide enrichment is lectin affinity chromatography. Lectins are an extensive family of
proteins of non-immune origin which present high binding capacity against certain
carbohydrates and can recognize entire glycans, specific fragments and even different linkage-
types between monosaccharides or glycan branching [108-111]. However, because of their
high specificity, only a subset of glycopeptide glycoforms can be enriched, and a combination
of different lectins is usually required. Other methods, such as hydrophilic interaction
chromatography, boronate affinity chromatography and size exclusion chromatography have
been proposed for glycosylation analysis. However, these methodologies lack selectivity for
glycopeptides [106,112]. On the other hand, the use of titanium dioxide (TiO;) sorbents is one
of the most promising and noteworthy methods for the purification and enrichment of
glycopeptides. TiO, has been used for a long time for phosphopeptide enrichment from
proteolytic digests [113,114] but more recently it has been described for the enrichment of
sialic acid containing glycopeptides [115,116]. The mechanism of glycopeptides retention is
mainly attributed to interaction between the negatively charged carboxyl groups with the
positively charged TiO; surface [117]. In this regard, sialic acids can form a multipoint binding
to TiO, through both hydrophilic interactions and ligand-exchange mechanisms. Nonetheless,
its main drawback is that non-sialylated glycopeptides could be lost using this purification

-39-



Chapter 1 ‘ Introduction

method. Likewise, other simple methods, based on the different solubility between non-
glycosylated and glycosylated peptides in acetone, have also been described for glycopeptide
enrichment [118]. Some of the above mentioned glycopeptide enrichment strategies have
been explored in this thesis with the aim of establishing a rapid, simple and highly selective
methodology to detect minor glycopeptide glycoforms that could be important in

biopharmaceutical assays and doping control.

1.3.2. Liquid chromatography

High-performance liquid chromatography (HPLC), commonly referred as liquid
chromatography (LC), has become the most important technique for the highly efficient
separation, identification and quantitation of several compounds in complex samples and has
experienced a worldwide expansion with thousands of applications in the last decades [119-
122]. LC mainly utilizes a column that holds packing material (stationary phase) and a pump
that moves pressurized liquid solvent, known as mobile phase. The difference in the
distribution of species between the two phases leads to the separation of the sample
components and it depends on the physicochemical properties of the compounds being

analysed (e.g. polarity, size, charge, among others) and the stationary and mobile phases used.

Currently, there are several LC stationary phases commercially available, including reversed
phase, normal phase, hydrophilic interaction, size exclusion, ion exchange and affinity LC,
which show different mechanisms of interaction. Reversed phase liquid chromatography (RP-
LC) and, in particular, C;s and Cs columns, were the most commonly used chromatographic
stationary phases in glycoproteomic studies, because of their commercial availability in
different sizes and their relative low cost [123,124]. However, highly hydrophilic and
uncharged species, such as glycans, are not properly retained using RP-LC. Hence, the use of

hydrophilic interaction liquid chromatography (HILIC) stationary phases have been proposed as
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a powerful alternative for glycomic studies [125-127]. Glycan separation by HILIC is achieved
through partitioning between mobile phase rich in organic solvent, mostly acetonitrile, and a
thin water layer immobilized on the polar stationary phase. In addition, dipole-dipole and
electrostatic interactions may also contribute to the separation mechanism. Several quite
different HILIC stationary phases have been introduced including silica, amino, amide,
cellulose, and cyclodextrin columns. More recently, zwitterionic type HILIC (hereafter called
ZIC-HILIC) columns, with sulfobetaine functional groups, were described to be useful and
applicable for separations of sialylated N-glycopeptide isomers as well as sialylated N-glycan
isomers [128-130]. The mechanism underlying the isomeric separation of such
glycoconjugates is thought to be based on hydrophilic and electrostatic interactions between

the glycans and the sulfobetaine stationary phase.

New significant advances in instrumentation and column technology have given rise to
different types of LC where column dimensions, particle sizes, sample handling, pressure
ranges and flow rates are considerably modified to meet with the new challenges and
demands of users in different fields, including glycomics [131-133]. In this regard, capillary
liguid chromatography (CapLC) and nano liquid chromatography (nanolLC) have been
extensively used for sample-constrained applications such as biomarker discovery in proteomic
studies [134—-136]. CapLC have been the main LC mode used during this thesis for the analysis
of glycan isomers using a ZIC-HILIC column. The most important advantage of using micro-flow
through capillary columns is the higher sensitivity that can achieved since the reduction in the
column i.d. results in reduced dilution of the chromatographic band during analysis. This is
very important when determining compounds present at low concentrations in limited sample
volumes. Moreover, caplLC provides many other advantages including less mobile phase
consumption, good separation efficiency, short analysis time, instrumental simplicity, full
automation and greater robustness than nanolLC or microchip technologies. It is also worth
mentioning that the microliter flow rates used in caplLC are ideally suited for direct, splitless
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coupling with electrospray ionisation mass spectrometry (ESI-MS), in contrast to the special
nanoElectrospray (nanoESl) interface often required to couple nanoLC with mass

spectrometry.

1.3.3. Electrophoresis

Electrophoresis is a general term that describes the migration and separation of charged
species through a matrix under the influence of an electric field. Separation by electrophoresis
is based on the different mobility of ions depending on their charge to mass ratio, the higher
charge per unit of mass the faster the migration. Electrophoresis encompasses a wide group of
analytical techniques, which uses different matrices and conditions for separation of charged

compounds, some of them with relevant application in glycoconjugate analysis.

1.3.3.1 Gel electrophoresis

Gel electrophoresis is used to separate and identify macromolecules as DNA, RNA or proteins
based on size, form or isoelectric point. Gel electrophoresis with a polyacrylamide matrix,
commonly called polyacrylamide gel electrophoresis (PAGE), is undoubtedly one of the most
widely used techniques to characterize complex protein mixtures [137]. It is a convenient, fast
and inexpensive method, which only requires the order of micrograms quantities of protein.
Polyacrylamide forms a gel matrix that serves as a sieve, slowing the rate of migration of larger
molecules when they travel through the pores in the matrix in response to an electrical field.
Other influences on the rate of migration include the structure and charge of the proteins. The
use of sodium dodecyl sulfate (SDS) in the polyacrylamide gel (SDS-PAGE) largely eliminates
the influence of the structure and charge, and proteins are solely separated based on
polypeptide chain length. SDS is a surfactant with strong protein-denaturing effect that unfold

proteins into a linear shape giving them a net negative charge, which allows proteins to
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migrate through the gel in direct relation to their size. SDS-PAGE, first described by Laemmli
[138], can be used to estimate the relative molecular mass of proteins, the relative abundance
of proteins in a sample and the distribution of proteins among fractions, as well as the purity

of protein samples [139].

1.3.3.2 Capillary electrophoresis

Capillary electrophoresis (CE) has proved to be a very attractive alternative separation
technique to LC due to its high-resolution capabilities. Owing to the multiple separation modes
that can be used in CE, it can be considered a versatile and suitable technique for numerous
applications [140]. Among the different modes of operation, Capillary Zone Electrophoresis
(CZE) is the most common due to its simplicity and versatility. For this reason, the use of only
CE to refer to CZE has been extensively accepted. In CE, in contrast to gel electrophoresis,
separation takes place in a narrow fused silica capillary filled with a background electrolyte
(BGE). Charged species migrate through the capillary on the basis of their different charge to
mass ratio by the effect of an applied electric field. CE offers many advantages over a variety of
other analytical methods, including an extremely high separation efficiency, simple operation,
short analysis time, automated and reproducible analysis, very low consumption of sample and
solvents and on-line direct coupling with ESI-MS [141,142]. The flow of the BGE represents
only a few tenths nL/min and the reduced internal diameter of the capillary (usually between
50 and 75 um) enables the formation of thin droplets at the capillary outlet. Such properties
are particularly favourable to the ESI process, providing optimal ionization efficiency and a
good sensitivity in mass spectrometry. Furthermore, injected sample volumes are in the
femtoliter to nanoliter range, which make CE suitable for biological sample applications. Taking
into account all aforementioned advantages, CE has emerged in last years as a powerful

approach also for glycoconjugate analyses [143—-145].
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1.3.3.2.1 On-line preconcentration

Despite all advantages that CE presents, the limits of detection (LODs) are constrained by the
dimensions of the capillary, whose small volume limits the total volume of sample that can be
injected. Moreover, when using optical detectors, the optical pathway is limited. Many
different techniques have been developed to improve the concentration sensitivity in CE [146—
150]. In general, the concentration sensitivity of CE can be enhanced by electrophoretic or
chromatographic preconcentration. Electrophoretic preconcentration techniques are designed
to compress analyte bands within the capillary, thereby increasing the volume of sample that
can be injected without losing CE efficiency. This on-line sample preconcentration, generally
referred to as stacking, is based on either the manipulation of differences in the
electrophoretic mobility of analytes at the boundary of two buffers with differing resistivities.
Stacking or isotachophoresis (ITP) approaches for electrophoretic preconcentration have been
widely used, obtaining in some cases highly preconcentration factors [147,148]. Nonetheless,
these methods generally depend on the analysed compounds and the sample matrix
physicochemical properties. Therefore, their performance in many applications can be limited.
As an alternative, chromatographic preconcentration techniques using on-line solid-phase
extraction capillary electrophoresis (SPE-CE) have shown wider applicability and better
reproducibility without compromising the high preconcentration factors [150-152]. Moreover,
SPE-CE can be used for on-line sample clean-up and purification, with minimum sample
handling. In the typical SPE-CE configuration, a microcartridge (Figure 1.13), filled with a
sorbent that shows affinity for the compounds of interest, is integrated in-line near the inlet of
the separation capillary, in order to clean-up and preconcentrate the target analytes from a
large volume of sample (typically ~50-100 pL). After washing to remove non-retained
molecules, the retained analytes are eluted in a small volume of an appropriate solution (~25-
50 nl), resulting in sample clean-up and concentration enhancement before electrophoretic
separation and detection [149,153].
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Figure 1.13.- On-line SPE-CE setup used in this thesis.

Selection of the appropriate sorbent for optimum performance in SPE-CE is not an easy task.
Sorbents not only should show a specific affinity for the target analyte but they also have to be
adapted to the reduced dimensions of the microcartridges and to the fact that the extraction is
undertaken on-line with a voltage-driven separation. Several sorbents commonly used for off-
line SPE or affinity chromatography have been applied to SPE-CE, including reversed phase,
ionic exchange, size-exclusion, molecular imprinted polymers, antibodies, aptamers or lectins
[149,152-154]. Among them, silica-based sorbents (e.g. Cs and Cis) are widely recognized for
their high efficiency and good extraction capacities, being Ciz the most common
chromatographic sorbent used for SPE-CE applications [154]. However, the major drawback of
these conventional chromatographic sorbents is their limited selectivity, which has prompted
to explore the use of sorbents with higher extraction selectivity such as immobilized metal ion

affinity chromatography (IMAC), aptamers, lectin-based sorbents, among others.
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In particular, this thesis will present a study by SPE-CE coupled to mass spectrometry (SPE-CE-
MS) using TiO, beads as a sorbent to selectively analyse glycopeptides from the typical
enzymatic digests of glycoproteins prepared in bottom-up proteomics approaches. This
sorbent has been selected due to its described affinity for phosphopeptides [113,114] as well
as its recent application for the purification of sialylated glycopeptides in off-line protocols
[116]. TiO, sorbent characteristics and mechanisms of interaction with glycopeptides have

already been discussed in section 1.3.1 about purification techniques.

1.3.4. Mass spectrometry

Over the years, mass spectrometry (MS) has become a powerful tool in glycoproteomics due
to its outstanding 4S features (sensitivity, stoichiometry, specificity and speed), which
facilitates the identification of the glycoproteins, glycosylation sites and structures of glycans
[155-158]. There are two general MS-based strategies for glycoprotein analysis. One is the
“top-down” MS-based strategy in which the intact glycoproteins are directly subjected to MS
and tandem MS analysis to provide the protein sequencing and glycosylation site localization
without extensive separation or digestion. Although minimal sample preparation is required,
this strategy has been limited up to now to small or low glycosylated glycoproteins, being not
used for clinical glycoproteomic analysis due to the complex MS spectrum interpretation. The
other is the “bottom-up” MS-based strategy that is the most widely applied for glycoprotein
analysis. In this strategy, glycans or glycopeptides, obtained by chemical or enzymatic
digestion methods as previously described, are often purified and subsequently characterised
by MS. Both “top-down” and “bottom-up” strategies are considered complementary and, in
order to obtain all the possible structural information of glycoproteins, the three approaches

(i.e. intact glycoprotein, glycopeptides and glycans) should be taken into account.
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Regarding instrumentation, a mass spectrometer is a complex and sophisticated analytical
instrument that consists of several parts, being the most important ones the ionization source,
the analyzer and the detector [159-161]. Briefly, the ionization source allows molecules in the
liquid phase to be transferred directly into ions in the gas phase. Then, in the analyzer, ions are
separated on the basis of their mass-to-charge ratios (m/z). The mechanism behind this
separation is highly dependent on the type of analyzer, which could also affect the sensitivity
and resolution of the mass spectra. Finally, the detector records either the charge induced or

the current produced when an ion passes by or hits a surface.

1.3.4.1 Electrospray ionization

Electrospray ionization (ESI) and matrix-assisted laser desorption ionization (MALDI) are two
ionization technologies that are widely applied to the analysis of glycoproteins and
glycoconjugates. These two revolutionary techniques greatly expanded the use of mass
spectrometry to almost all fields in science, as they allowed analysis by MS to be extended to
non-volatile and thermolabile compounds. Both ionization processes are referred as soft
ionization methods because almost no energy is retained by the analytes and, in general, no
fragmentation happens during the ionization process [162,163]. Although both ionization
methods permitted extensive studies on proteomics field, ESI can be easily coupled to LC or CE
and thus is the most widely used ionization technique in glycoproteomics [164-166].
Moreover, ESI generates multiple charged ions that allow both small and large molecules to be
transformed into gas-phase ions, only requiring a mass analyzer with a limited range of mass-
to-charge ratios (m/z). Nonetheless, in the case of CE, its connection to MS (CE-ESI-MS) can be
problematic and two key requirements have to be considered: the CE circuit needs to be
electrically closed, and very low and BGE-dependent flows need to be handled. To overcome
these problems, Smith et. al. [167] developed the so-called sheath-flow interface, which

allowed for the first time successful hyphenation of CE to MS. In this interface, a coaxial sheath
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liquid is used to increase the flow rate and also close the electric contact in the terminus end
of the CE capillary [167] (see Figure 1.14). Moreover, an inert gas is usually employed to assist
the ionization and improve spray stability. Nowadays, this interface is commercially available,
being Agilent Technologies® the leading company in this regard. Although the use of the
sheath liquid produces certain dilution of the capillary eluent and detection sensitivity may be
reduced, this interface provides increased reproducibility, robustness, ease of use and

versatility and has resolved the main problems faced when coupling CE with MS.

Nebulizer gas

Separation capillary

) Mass

Capillary ) BGE I*
' I T spectrometry
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Sheath liquid

Figure 1.14.- Schematic representation of the sheath-flow interface for CE-MS coupling.

In the last few years, a new variant of ESI has raised considerably interest among the scientific
community, the noteworthy nanoES| [168,169]. This interface is ideally suited for the
ionization of analytes in nanoflow range systems, such as nanolLC or CE. NanoESI shows high
sensitivity and low sample consumption due to the initial size of the formed droplets is
considerably reduced. Furthermore, less droplet fissions are needed to ionize the analytes and

solvent evaporation is much faster, apart from the reduced adduct formation.
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1.3.4.2 Mass analyzers

Nowadays, five main mass analyzers are widely used for the analysis of protein glycosylation,
namely, ion trap (IT), quadrupole (Q), time-of-flight (TOF), Orbitrap and Fourier transform ion
cyclotron resonance (FT-ICR) [170]. These analyzers vary in terms of size, price, resolution,
scanning range and speed, dynamic range and the ability to perform MS/MS experiments. 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 [170]. The different direction for the
separation of ions, orthogonally introduced with oa-TOF 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).

In recent years, hybrid analyzer instruments are extensively applied to characterize
glycoproteins, not only because such hybrid species could combine the merits of different
analyzers but, particularly, for the fact that more structural information can be obtained as
MS/MS experiments are easily carried out [170]. Linear ion trap quadrupole (LTQ) and
quadrupole-time-of-flight (qTOF) instruments have been already used for glycoprotein analysis
[156]. In such hybrid analyzers, collision-induced dissociation (CID) is commonly employed as
fragmentation technique to produce tandem mass spectra. The process involves the
acceleration of molecules, which are collided with a neutral gas (e.g. nitrogen), resulting in the
breaking of molecular bonds and the generation of tandem mass spectra [171,172]. Orbitrap
analyzer combined with a linear ion trap (LTQ Orbitrap) provides rapid and accurate tandem
MS analysis of complex compounds and has been already employed to identify
glycoconjugates with high resolution and mass accuracy [173-175]. In LTQ Orbitap, a CID-

based approach termed higher-energy collisional dissociation (HCD) was developed as a
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fragmentation process that overcomes the shortfalls of CID in the linear ion trap, such as low
mass resolution and accuracy [176]. In this case, fragmentation spectra are produced outside
the ion trap, namely in the C-trap. An schematic representation of LTQ Orbitrap Velos (Thermo

Scientific®) mass spectrometer used in this thesis is shown in Figure 1.15.

Electrosprayion S-Lens Square High Pressure Low Pressure HCD Collision

source Quadrupole Octopole Cell Cell Multipole CTrap Cell

— T T O
—Eﬁﬁz{r:ﬁl;riar%a: i o
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T Gy g M

Orbitrap
mass analyser

Figure 1.15.- Schematic representation of a Linear Trap Quadropole (LTQ) Velos Orbitrap mass

spectrometer.

Furthermore, new advances in instrumentation have led to the introduction of more powerful
Orbitrap mass spectrometers, such as Orbitrap Fusion Lumos™ Tribrid (Thermo Scientific®)
that combines advanced quadrupole technology, dual-pressure linear ion trap and ultra-high
field orbitrap mass analyzer. This instrument has had a great impact in glycoproteomics field as

reported by several authors [177-179].

Tandem mass spectrometry is currently an efficient and powerful technique for the structural
characterization of glycans [172]. Although exoglycosidase digestion has classically been used
for the structural elucidation of glycans, the use of tandem mass spectrometry approaches to
obtain structural information about the sequence and linkage-type of glycans has gained
interest in last years as commercially available enzymes can only cleave certain linkage-types
and their specificity might not be absolutely guaranteed. In this regard, Harvey and co-workers
extensively studied the fragmentation of high-mannose, hybrid and complex N-glycans,

establishing characteristic fragments of specific features such as sialic acid and fucose linkage-
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types [180,181]. In this thesis, LTQ Orbitrap has been employed to determine the reliable
diagnostic fragments useful for sialic acid and fucose linkage-type assignations using the
information of hAGP glycan isomers obtained with exoglycosidase digestions. On the other
hand, Orbitrap Fusion Lumos™ Tribrid was also used in this thesis for protein identification of

IAC eluted fractions.

1.3.5. lon mobility-mass spectrometry

lon mobility-mass spectrometry (IM-MS) is a versatile two-dimensional analytical technique for
rapid separation and simultaneous detection of the compounds of interest by conducting a
gas-phase separation prior to mass analysis [182]. 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. For this reason, its usefulness in various fields has
become apparent, especially for glycan analysis, resolving ions that would be otherwise

indistinguishable solely by MS, such as isomers [183—-186].

In IM-MS, gas ions flow cross a cell filled with a background inert neutral gas (usually N, or He)
under the joint action of a weak electric field and resistance to reversed gas flow before they
are trapped for mass analysis [187]. The time that a particular ion takes to cross the IM cell is
called drift time and it is mainly determined by the ion-gas collisions. The drift time of an ion is
dependent on a multitude of experimental parameters, which makes a direct comparison
difficult, and it can be used to calculate the rotationally averaged collision cross section (CCS)
of an ion in a specific drift gas. This CCS is a molecular property, which under controlled
conditions is independent of instrument parameters and can be correlated to the overall shape
and topology of an ion. As such, CCSs can be used as an additional identification parameter,
which can be stored in databases, allowing an easier and more reliable structural assignment

[188,189]. Separation occurs because ions with high charge and more compact structures
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(small CCS) have shorter drift times than those with lower charge and higher CCS. Figure 1.16

illustrates the fundamentals of classical IM-MS separation.

lon mobility cell
Inet}t background gas (N, or He)
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Figure 1.16.- Separation in classical IM-MS. lons with smaller CCS and higher charge are separated

before those with higher CCS and smaller charge.

There are several types of IM instruments, that mainly differ in the nature of the electric field
that is used to propel the ions through the cell [187]. Among them, traveling-wave ion mobility
spectrometer (TWIMS) can be considered the one that has seen a major growth in the last
years and it is the one used in this thesis. In TWIMS, ions are propelled through the cell thanks
to a sequence of symmetric potential waves, each ion with its own mobility depending on its
charge and CCS. Those ions with higher mobility (i.e. high charge and small CCS) will be pushed
along with the wave, thus, they travel the cell faster. Whereas, low mobility ions (i.e. low

charge and high CCS) roll over the top of the wave and, consequently, they stay longer in the
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cell. Therefore, different species transit the cell in different times [190,191]. Figure 1.17 shows

an schematic representation of method operation in TWIMS.
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Figure 1.17.- Fundamentals of TWIMS separation. The top section represents the electrodes that are

selectively turned on to emulate a wave-like effect of traveling potentials as represented by the bottom
part. Low mobility ions are impeded and roll over the wave whereas high mobility ions are moved along

with the wave allowing for temporal separation.

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. This
platform, along with other IM methods, has been recently explored for the analysis of glycans
or glycoconjugates by several authors [192-194]. Figure 1.18 shows a representation of an ion

mobility mass spectrometer with a traveling wave ion mobility cell.
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Figure 1.18.- Schematic representation of an ion mobility mass spectrometer (IM-MS) with a traveling

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

1.4. Data analysis. Chemometric methods

Chemometric methods play a crucial role in data processing, exploration and classification of
the massive and complex datasets generated in proteomics and metabolomics studies,
especially in untargeted analysis [195,196]. The use of multivariate data analysis methods
could be even more valuable when applied to glycomic studies due to the inherent complexity
and large microheterogeneity of glycopeptides and glycans with the presence of several
isomers. Therefore, efficient data processing and interpretation tools of such huge and
complex datasets are required to obtain accurate information and extract reliable conclusions,
especially in biomarker research. In this thesis, principal component analysis (PCA) and partial
least discriminant analysis (PLS-DA) have been used for glycan-based biomarker discovery of
two important diseases. The principles of both chemometric methods will be briefly described

in the following section.
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1.4.1. Principal component analysis

PCA is a widely applied mathematical tool for unsupervised data decomposition and
dimensionality reduction, which helps to understand and interpret large and complex datasets
[197,198]. PCA is a technique that condenses all the information into a few number of
components (Principal Components, PCs) obtained from decomposition of dataset matrix.
These PCs maximize explained variance in the data on each successive component under the
constraint of orthonormality to each other [197,199]. As a result, a bilinear model is generated

which is a product of scores (T) and loadings (P) matrices:

X=TPT +E Eq.1

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 considered a potent visualization technique in which each object (sample) gets a scores
value on each PC and, similarly, 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, such as clusters, trends and outliers, in the data.
Additionally, 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 [197,199]. 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.
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1.4.2. Partial least discriminant analysis

PLS-DA also reduces the dimensionality of a dataset matrix by means of decomposition into a
set of components, in this case referred to as latent variables (LVs) [200—203]. In contrast to
PCA, which is an unsupervised data decomposition method, PLS-DA is used for the supervised
identification of trends and clustering of the data. The method is in fact an extension of partial
least squares (PLS). In PLS, a matrix is composed of normalized weight vectors (W'), which are
calculated as the covariance between the response matrix Y (i.e. groups, class membership)
and the data matrix X (i.e. raw data). 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 [201]. When PLS is used as a supervised classification method, the
response variable is just a binary vector of zeros and ones (in contrast to PCA, where only the
matrix X is present), which describes the class membership for each sample in the studied
groups. In this case, the method is referred to as PLS-DA [204,205]. Figure 1.19 shows a

representation of matrices X and Y for PLS-DA models including two and three classes.

A) Two-class model B) Three-class model
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Figure 1.19.- Representation of partial least squares-discriminant analysis (PLS-DA) for models including

two classes (A) and three classes (B).

This method provides several statistics such as the loading weight, the regression coefficient

and the variable importance in the projection (VIP), which can be used to identify the most
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important variables and their importance to explain differences between classes. As in PCA,
this technique provides a visual interpretation of complex datasets through a low-dimensional,
easily interpretable scores plot that illustrates the separation between different groups.
Comparison of loadings and scores plots supports investigations in terms of the relationship

between important variables that can be specific to the group of interest [204,205].
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Among the three strategies used for the analysis of protein glycosylation (intact glycoprotein,
glycopeptides and glycans), glycopeptide analysis provides valuable information not only about
the glycan structures but also about the glycosylation sites and thus about their degree of
occupancy. Therefore, the analysis of glycopeptides, obtained after enzymatic digestion of the
intact glycoprotein, is a bottom-up MS-based strategy widely applied in glycoproteomics.
However, the copresence of peptides in the protein digest can hinder the ionization of the
glycopeptides by MS and thus the detection of low abundant glycoforms. In this regard,
several purification methods to selectively isolate glycopeptides from protein digests prior to
MS, LC-MS or CE-MS analysis have been developed in last years to overcome these limitations.
Nonetheless, these methodologies, including affinity chromatography, hydrophilic interaction
chromatography or titanium dioxide (TiO;) particles, are usually off-line, expensive, laborious

and require time-consuming sample treatments before analysis.

CE-MS is especially interesting in glycosylation studies as glycopeptide glycoforms that differ in
the number of sialic acids can be separated in a relative easy manner. Therefore, this
technique can be considered an alluring alternative to LC-MS for the separation and
characterization of glycoprotein digests following a typical bottom-up strategy. Additionally,
the on-line coupling of solid-phase extraction with CE (SPE-CE) has been successfully applied to
the analysis of a broad variety of small molecules, peptides and proteins using different
sorbents. This approach provides an on-line sample clean-up and preconcentration of the

target analytes.

This chapter describes the development of two different methods for the purification of
glycopeptides from protein digests. Precipitation with acetone is presented as a simple and
rapid method for the peptide removal from protein digests. In addition, the influence of the
different physicochemical parameters and properties that make peptides, N- and O-

glycopeptides to present a different behavior in front of acetone precipitation are studied
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using chemometric tools. This chapter also presents an SPE-CE-MS method using TiO; sorbent
(TiO,-SPE-CE-MS) as a novel alternative for on-line sample clean-up and glycopeptide
enrichment. The capacity of the above mentioned TiO,-SPE-CE-MS methodology to selectively

purify glycopeptides with different composition and number of sialic acids is also evaluated.

This chapter includes the following publications:

e Publication 2.1.- Analysis of O-glycopeptides by acetone enrichment and capillary
electrophoresis-mass spectrometry. Mancera-Arteu, M., Giménez, E., Benavente, F.,
Barbosa, J., Sanz-Nebot, V. Journal of Proteome Research (2017), 16, 4166-4176.

e Publication 2.2.- Analysis of glycopeptide biomarkers by on-line TiO, solid-phase
extraction capillary electrophoresis-mass spectrometry. Mancera-Arteu, M., Lleshi, N.,

Sanz-Nebot, V., Giménez, E., Benavente, F. Talanta (2020), 209, 120563.
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Analysis of O-Glycopeptides by Acetone Enrichment and Capillary
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ABSTRACT: Acetone precipitation was evaluated as a rapid,
simple, low-cost, and efficient method for the selective

purification of O-glycopeptides from enzymatic digests of

glvcoproteins, Ovalbumin (OVA), human and bovine a,-acid
ghycoprotein (hAGP and bAGP), human apolipoprotein C—111
(APO-C3), and recombinant human erythropoietin (rhEPO)
were used to obtain enzymatic digests with a broad and varied
set of peptides, N-glycopeptides, and O-glycopeptides. After
digestion and before capillary electrophoresis mass spectrom-
etry (CE-MS5) analysis, the amount of ice-cold acetone added
to the digests was optimized to maximize recoveries of O-
glycopeptides.
peptides, N- and O-glycopeptides was explained by studying

Furthermore, the different behavior of
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with multivadate data analysis methods the influence of several physicochemical parameters and properties related to their
composition and structure, Principal component analysis (PCA} and, afterward, partial least-squares discriminant analysis (PLS-
DA) were used to identify the most significant variables and their importance to differentiate between peptides, N-glycopeptides
and O-glycopeptides, or within these classes. This information was useful to understand precipitation of these compounds after
addition of acetone and for the selection of the optimal conditions for purification of specific O-glycopeptide biomarkers, Special
attention was paid to O.glycopeptide glycoforms of thEPO because of their applicability in biopharmaceutical quality control

and doping analysis,

KEYWORDS: acetone, capillary electrophoresis, envichment, mass spectrometry, O-glycopeptides

1. INTRODUCTION

Glycosylation is one of the most common post-translational
modifications in proteins and plays essential roles in
biochemical and physiological functions including cell—cell
interaction, cell signal regulation, and antigen recognition.’
Aberrant N- and O-glycosylation has been also related to
numercus pathologies such as congenital disorders and
c:mfer,"_*' or it can cause immune response to certain
I:Iir:rph:|:mni:m.lljc;.\]s.'_':I Therefore, the interest toward the
characterization of the carbohydeate moieties of glycoproteins
has aroused in biotechnological and biomedical research. In
recent years, as O-glycosylation is in general simpler than N-
glycosylation,”"" it is being regarded as an excellent target for
finding novel specific biomarkers. An example is the case of the
O s5glycopeptide of human erythropoietin (hEPO), a
glycoprotein hormone that is involved in the physiological
feedback mechanism that maintains red blood cell number and
tissue oxygen supply at adequate levels. The presence of
nonhuman N-glycolylneuraminic acid (NeuGe) in the
carbohydrates of the Oyy-glycosylation site of recombinant
human erythropoietin (rhEPO) is being investigated to
characterize biopharmaceuticals and  discriminate  between

A 4 ACS Publications @ 2017 American Chemical Society

4166

endogenous and recombinant erythropoietins in doping
control' ™"

Tryptic-digested glycoproteins are commonly used m
bottom-up proteomics approaches for glycosite character-
ization, Nevertheless, glvcopeptide purification prior to mass
spectrometry (MS) analysis continues to be a challenge. The
difficulties to detect low abundant glycopeptides and the ion
suppression occurred by the copresence of peptides have
promoted the development of several enrdchment strategies to
selectively isolate glycopeptides from protein digests before
MS, liquid chromatography—mass spectrometry (LC~MS) or
capillary electrophoresis mass spectrometry (CE-MS) anal-
ysis.' " In this regard, because of the advantages and versatility
of CE (eg, high efficiency, short analysis time, low sample,
reagent and solvent consumption, and online coupling to MS
detection ), CE-MS has become an excellent alternative to LC—
MS for the analysis of proteins and peptides.”™"

One of the most used methods fnr gjymp«:pnds_ purification
is lectin affinity chrnmatugmph}' However, in general,
because of the broad selectivity of lecting toward sugar chains,
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multidimensional approaches or a combination of several
lectins are necessary to enrich various types of glycopeptides
with different glycan compositions and structures. Another
option is boronate affinity chromatography, but it could be
affected by nonspecific binding of peptides as it is not specific
for glycans.”” Hydrophilic interaction chromatography and,
more recently, extraction with titanium dioxide (T10,) particles
were also reported as good alternatives.”® 7 However, in the
case of TiQ, particles, only glycopeptides with sialic acid can be
retained; hence, nonsialylated glycopeptides are lost during the
purification step. Furthermore, in general, all these method-
ologies are expensive, labor-intensive, and time-consuming.
Thereby, the development of rapid, simple, low-cost, and
efficient purification methods for the selective isolation of
glycopeptides is still necessary.

Recently, Takakura et al. proposed a method based on
precipitation with five-fold volume excess of acetone for the
selective enrichment of glycopeptides from glycoprotein
digests.”® That study was focused on the separation of
glycopeptides from peptides, but no attention was paid to the
potential of the different behavior of N- and O-glycopeptides.
Nowadays, the main structural differences between peptides, N-
glycopeptides and O-glycopeptides are well-known, but very
often this empirical knowledge is not enough to reliably explain
differences on experimental observations about solubility in
different solvents, chromatographic retention, electrophoretic
migration, or electrospray ionization before general principles
or theories are derived. In this sense, we recently showed that
the classical semiempirical relationships between the electro-
phoretic mobility and the charge-to-mass ratio (1, vs g/M")
are useful to model in CE-MS the migration behavior of
peptides and glycopeptides originated from the digestion of
thEPO.” Other studies have been also performed to simulate
in CE-MS the migration of peptide hormones and peptides
from protein digests,SlL32 but unfortunately, studies for
complex post-translationally modified peptides are scarce.”

In this paper, precipitation with acetone of peptides, N- and
O-glycopeptides from enzymatic digests of several glycopro-
teins of biomedical interest was explained by investigating with
multivariate data analysis methods the influence of several
physicochemical parameters and properties related to their
composition and structure. The information about the most
relevant features to differentiate between peptides, N- and O-
glycopeptides, or within these compound classes was useful to
understand their precipitation after addition of acetone as well
as for the selection of the optimal conditions for purification of
specific O,5glycopeptide glycoforms of thEPO.

2. EXPERIMENTAL SECTICN

2.1. Chemicals

All chemicals used in the preparation of buffers and solutions
were of analytical reagent grade. Acetic acid {HAc, glacial),
formic acid {FA 98—100%), sodium hydroxide, and acetone
were supplied by Merck (Darmstadt, Germany). p,r-Dithio-
threitol (DTT, > 99%), iodoacetamide {IAA, > 98%), and
ammonium hydrogen carbonate {>99.9%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA}). Isopropyl alcohol
and water LC—MS quality grade were provided by Scharlab
{Barcelona, Spain} and Sigma-Aldrich, respectively. Trypsin
{sequendng grade modified, 16 000 U mg™") and chymotrypsin
were purchased from Promega {Madison, WI, USA). ESI low
concentration {ESI-L} tuning mix was supplied by Agilent

Technologies {Waldbronn, Germany) for tuning and calibra-
tion of the mass spectrometer.

2.2, Glycoprotein Samples

Ovalbumin from chicken egg (OVA, 98%), human and bovine
al-acid-glycoproteins (hAGP and bAGP, 99%), and apolipo-
protein C—III from human plasma {APO-C3} were obtained
from Sigma-Aldrich. Stock solutions of 1000 mg L™ were
prepared in water. thEPQO produced in a chinese hamster ovary
{CHO) cell line was provided by the European Pharmacopeia
as a Biological Reference Product (BRP-lot4}. Each sample vial
contained 100 pg of thEPO {a mixture of alpha and beta
thEPQ), 24 mg of p-{+)-trehalose, 2.4 mg of arginine
hydrochloride, 0.08 mg of Tween-20, 3.6 mg of NaCl, and
2.5 mg of NaH,PO,2H,0O. The content of each vial was
dissolved in water to obtain a 1000 mg L™ protein solution.
Excipients of low-molecular mass were removed by ultra-
centrifugation using Microcon YM-10 centrifugal filters from
Millipore {M, cutoff 10 000, Bedford, MA, USA) as described
elsewhere.” Centrifugations were carried out in a Mikro 20
centrifuge {Hettich, Tuttligen, Germany) at room temperature.
Finally, aliquots of 1000 mg L™ stock protein solutions were
evaporated to dryness using a Savant SPD-111 V SpeedVac
concentrator {Thermo-Fisher Scientific, Waltham, MA, USA)
and stored at —20 °C until enzymatic digestion.

OVA, hAGP, and bAGP were first reduced and alkylated to
break the disulfide bridges and facilitate digestion. Briefly, an
aliquot of 25 pg of dried glycoprotein was dissolved in 25 L of
50 mM NH,HCO, {pH 7.9), and 2.5 gL of 0.5 M DTT in the
same buffer were added. The mixture was incubated in a
thermoshaker at 56 °C for 30 min and then alkylated by adding
7 gl of 50 mM IAA in 50 mM NHHCO, (pH 7.9) and
shaking for 30 min at room temperature in the dark. Excess of
low-molecular mass reagents was removed with Microcon YM-
10 centrifugal filters as described elsewhere.'* The final protein
residue was dissolved in 50 mM NH,HCO, {pH 7.9) to obtain
a final concentration of 1000 mg L™". Trypsin digestion: a 25
#1, aliquot of 1000 mg L7' protein solution in 50 mM
NHHCO, {pH 7.9) was digested. APO-C3 and rthEPO tryptic
digests were prepared from aliquots of 25 ug of dried
glycoprotein, while hAGP and bAGP digests were prepared
from aliquots of 25 ug of reduced and alkylated dried
glycoprotein. Trypsin was added in an enzyme to protein
ratio of 1:25 m/m {1 L of 1 pug/kL solution). The mixture was
vortexed and subsequently incubated at 37 °C for 18 h.
Digestion was stopped by heating at 100 °C for 10 min, and
glycoprotein sample was stored at —20 °C until analysis."
Chymotrypsin digestion: a 25 u1. aliquot of 1000 mg L' OVA
solution in 50 mM NH,HCO, (pH 7.9) was digested. OVA
chymotryptic digest was prepared from an aliquot of 25 yg of
reduced and alkylated dried glycoprotein. Chymotrypsin was
added in an enzyme to protein ratio of 1:25 m/m {10 gL of 0.1
pg/pL solution}, and the mixture was vortexed and incubated
at 37 °C for 18 h. Digestion was stopped by heating in a
thermoshaker at 100 °C for 10 min, and sample was stored at
—20 °C until analysis."® All digestions were performed in
triplicate. Incubations were performed in a TS-100 thermosh-
aker (Biosan, Riga, Latvian Republic).

2.3, Acetone Enrichment

An amount of ice-cold acetone, from 4.5-fold to nine-fold
volume excess, was added to an aliquot of 25 gL of the
enzymatic digest and the mixture was incubated in the freezer
at =25 °C overnight.28 Afterward, the supernatant and the

4167 DOI: 10.1021/acs jproteome. 7b00524
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precipitate were separated by centrifugation at 16 00 for 15
min at 20 “C. Centufugations were carded out in a cooled
Rolanta 460 centrifuge (Hettich, Tutthigen, Germany). The
supernatant and the precipitate ractions were collected in new
tubes and ewapornied 1o dryness by SpeedVac, Both sample
fractions were reconstituted in 25 uT. of background electralyte
(BGE: S0 mM HAc and 50 mM HFar, pH 2.2) hefore CE-MS
analysis.

2.4, CE-MS

CE-MS mperiments were performed in a HP*'CE system
i.'l:lLlPJlf\! 1o a 6220 0a=-TOF LC/MS mass apcdrmurll:l: with an
urlhngnna] sheathllow interface {:‘\gﬂ:nl. Tl:chna[ugir_'t]. The
sheath liguid (30:30 {v/v} iIPrOH/H.O with 0.05% (v/v) of
HFar) was deliversd at a flow rate of 33 pl. min "' by a KD
Scientific 100 series infusion pump (Holliston, M$, USA} and
degassed for 10 min by sonication befors use. CE control and
separation dats acquisition (eg, voltage, temperature and
curn:nl".l were _'[Jﬂ'[urrntd |:|.::ing Chemstation soffware [r\gﬂ:m
Technologies) that was runniog in combination with the
MassHunter workstation sollware [Aglent Technologies) for
control, data acquisition, and processing of the mass
spectromcter. The mass spectrameter was tuned and calibrated
following the manufacturer’s instructions, A “check tune” of the
instrument was performed every day in positive mode to ensure
accurale rass assignments Tostrumental parimeters were
optimized for the analysis ur thEPO Oy and hygs
glycopeptides in a previous study.'” The optimized oparatioml
conditions i posittve electrospray tonization (ESI) mode were:
caplllary voltage 1000 V, drving gas {N,) temperatuve 200 “C,
drying gas flow rate 4 L min ', nebulizer gas (N.) 10 paig,
fragmentor voltage 190 V, skimmer voltage 60V, and OCT 1
RF Vpp voltage 300 V. BDala were collected in profile
{continuum) at 1 spectrum 57 {approximately 10 000
transients spectrurn ') between m/z 100 and 3200 working
in the highest resolution moede (4 GITz).

A bare fused-silica capillary of 70 cm total length (L) % 50
Jim mternal diameter E_[D} » 360 Hm outer diameter fD.D}
{Polymicro ‘Technologies, Phoenix, A%, USA} was used for CE-
WS M:'l'lil’ﬂhnn& Activation and r:nndlhinnLng Pm-n:chms wet'o
carried out off-line to avoid contamination with KaOH of the
mass spectrometer. Wew capillaries were activatad by thushing
{930 mbar} sequentially for 30 min each with 1 M NaOL[,
water, and BGE (30 mM HAc and 50 mM HFor, pII 2.2},
Capillaries were conditioned every day by Tushing with NaOH
(5 min}, waler [7 min), and BGE (10 min}. Samples were
injected for 15 s at 50 mbar, and electrophoretic separations
were performed at 25 “C and 25 KV under notmal polanty
{cathode in the outlet). Between runs, capillaries were flushed
with water {1 min}, 1 M 11Ac {3 mun ), water {1 min}, and BGE
{5 min}. Capillaries were stored overnight filled with water,
Before CE-MS, all solutions were passed theough a 045 pm
nylan flter {MSI, Westhorn, M5, LISA).

pH measurements were carried oul with a Crison 2002
potentiometer and a Crson electrode 32-03 (Crison instru-
ments, Barcelona, Spain}.

2.5. Data Analysis

CE-M5 data, collected tor the glycopratein digests, as well as
for the supernatant and the precipitate ractions abfained after
the addition ufad:n:l{mq were [lnx:cxwd to obtain L}n: exlracied
ion electropherograms  [E1E} of all the peptides and
glycopeptides. Peak areas were measwred from the EIEs and
used to calculate a percentage of precipitation (Le, area in the
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precipitate faction divided by the total area (precipitate plus
supernatant} ). The percentage of precipitation adding five-fold
and eight-iofd volumes of acelone and several other parmelers
related to the structuce and composition of peptides and
glycopeptides were used to build a matrix tor mnlivriate data
analysis. Table §-1 summanzes all the vanables considered for
the peptides and glycopeptides of the analyzed glycoprotein
digests. The theorstical mﬂnﬂisotopical M, of the complete
malecule (M.}, the peptide (. s, and the pglycan
[ﬁviagumjl backbones were Llaken inlo account Nel molecular
charge {4} was caleulated as deseribed in our previous work
using ﬂz.l: Sillero and Ribeiro expression, ks
the Hendetson—Hasselbalch equation. Parameters velated to
the structure of the nlyﬁ.n munely, stch as the mumber and bype
at monosacchavide unirs (e, hexose (M), N-acetylhexose (N},
fucose (I}, and sialic acds {5iA (5} N-acetylneuraminic acid,
Meudg and N'E]}'EDI)“"I1I:UF.1I‘I1i[IiC acid, N:II(}C}} and branche=
ing, uz well s of the peptide part, such us number of amine
acids (AAs), were also induded The hydrophobicity of the
peptide clain was estimated calodating, the grand average of
hrdropathicity (GRAVY) and the aliphatic index. The GRAVY
values for the peptide chains were calculated as the sum of
hydropathy vahaes of :all the Ads, divided by the number of
residues in the chain™ The aliphatic indes, defined as the
relative volume occupied by the aliphatic side chains {alanine,
va]in;e_. isnleucine, and lencine), was calculated as described by
ﬂ{u 3

All variables obtained for each peptide/glycopeptide were
auloscaled {:m:.m. centered and scaled Lo unil standard
deviation), Principal compuonent analysis (PCA) W.{ngerfanm:d
to explore the data for different classes and outliers, ¥
least-squares - discritninant analysis (PLS-DA) was applizd
afterward to mamze class separation and identify which
parameters were the most significant to discriminate between
classes talung into account the vaciable importance in the
projection [vir) scores, " Leave-one-oul (n < 20) aoc
venetian blinds (n 2 20) coss-validations of the PLS-DA
maodel were performed during calibration, depending on the
number of peptides/glycopeptides of the data set (n)."™"'
SOLO (Version 8.2, student edition, eigenvector Research Inc,
Wenatchee, WA, USA) was used for PCA, PLS-DA, and VIP
calculations.

which Is based on

3. RESULTS AND DISCUSSION

3.1. Evaluation of Peptide and Glycopeptide Precipitation
with Acetone

First, precipitation of peptides, N- and O-glycopeptides with
acetone were investigated by CE-MS using a five-fold volume of
acetone and five enzymatic digests obtained frem ditferent
ghrcoprateins of biomedical interest (thEPO, APO-C3, hAGP,
bAGE, and OVA) In a previous study, Takakura et ol
recommended this wnounl of acetone for the guantitutive
.ucpami_iun al Elcl:ltldi:s from El}ftﬂpt'Pﬁdt's.‘a Our sel of
peptides, M- and O-glycopeptides was broad and varied,
including & total of 53 peptides, 46 W-glycopeptides, and 7
O-ghreopeptides with different structures and compesitions
[see Table 5-1), Only in the case of OVA, digestion was
performed with chymotrypsing as the N-glycopeptide abtained
with lr:r[]sin [)r::.!tnh::] & iun]__{cr pept ide chain and it was tot
possible to detect it 1 s also worth mentioning, that the set of
C-glycopeptide glycofonms was smaller than the other two sets
af compeunds. In humans, with the exception of mucins, O-
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Figu.fu 1. (A} Scores plot and '{.li] |c1:u]mg£ plot of the PLS-1MA model applied to the percentage of procipitation J.dd]'ng fve-fold volume of acetane
and the different physicochemical parameters and properties of peptides and glycopeptides of the ensymatic digests of ovalbumin (OVA], human
andl bovine i-acid ghecoproteln (RAGP and BAGP), human apalipapeotein C—11T (APO-C1) and rhEPO (see Table 5-1). (C} VIP toores of the
different vasialiles when considering the separation of (i) O-glycopeptides from peptides amd N-glycopeptides, (i} peptides from N- and O-
glyeopeptidis, and (ii} N -glycopeptides from peptides and O-glycopuptides,

glycosylation is simpler (smaller and less branched cirbohy-
drates) than Neglycosylation; hence, O-glycopeptides show less
amount of g]:r'ﬂrl‘unnﬂ than N-g[}-'u‘lpnp'[idra.u' L The percent-

4169

ige of predpitation of the dilferent compounds adding w live-
fold volume of acctone and the physicochemical parameters
and Pl'llptl'ti("_'i related to their structure and L\‘Jl]'lpu.\'ttit"ll'l are
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Figure 2. Extracted ion electrophecograms (EIEs) of the most abundant O, glycopeptide glycoforms In chEPC tryptic digest using (A) five-fuld
annd (8] eight fold volume of scetone, (1) Supernatant and (i) precipitate fractions, & zoom of the ELE of HIMIS1S1 O, glycopeptide, which
contained one NenAc and one NenGe, is shown becanse of its very low abundance. The percentage of precipitation of each glycoform s shown in

red color

shown in Table 5-1. Specifically, variables associated with the
whole molecule (Mg, and ), the peptide chain (M.
number of AAs, GRAVY, and aliphatic index), and the glycan
moieties (M., number and type of menosiccharide units
(H, N, F, 5 or 8iA) and branching) were taken into account.
With regard to the precipitation with a five-fold volume of
acetone, it was observed that Noglycopeptides were mostly

enriched in the precipitate, peptides remained i the super-
natant, and O-glycopeptides were partially precipitated. These
tesults agreed with the observations of Takakura ot al,™ who
proposed adding a five-fold volume of acetone for the selective
enrichment of ghycopeptides from glycoprotein digesrs,
Hewever, they were studying mostly N.gheapepudes, without

170 DO 12102 e e e, DV 28
I Protrome Sy 2017, 14 49084174
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Figure 3. (A} Scores plot, () loadings plot, and (C) VIP scores of the PLS DA model applied to the percentage of precipitation adding a five-fold
and gight-fold velume of acetone and the different physicochemical parametess and properties of peptides and O-ghyeopeptides. Partial precipiration
was considered when the percentage of precipitation of the peptides or glycoforms was higher than 10% (see Table S5-10

exploring the potential separation of O-glycopeptides from N-
glycopeptides,

Multivariate dats analysis was used to study the influonce of
all these variables on five-fold velume acetone precipitation in
an easy, rapid, and systematic manner. First, PCA was vsed to
explore the daty for the unsupervised adenbilication of trends,
classes, and outliers.™ " In Figure 5-1A of the Supporting
Information, the scores plot for the fust two prineipal
components, which explamed a total of 70.1% of the vanance
(5338% by PC1 and 16.3% by PC2), is shown, The firse
principal component was the most useful to differentiate
between classes of compounds, while PC2Z separated to some
extent compounds that belong b the same class, As can be
observed, three dasses comesponding to peptides (F)), N-

417

glycopeptides (NG,), and O-glycopeptides (0G]) were dearly
separated. The loadings plot (Figure 5-1B of the Supporting
Information) showed interesting information about the
parameters that were related to cach dlass. It is worth
mentioning that two N-glycopeptides from the OVA digest
(NG39 and NG40), which were expected to precipitate,
belived as peptides, and thus, they renained in the supernatant
(see Table 51). To explain thelr abnormal behavior, an
independent PCA was carried out for N-glycopeptides (see
scores and loadings plots in Figure 5.2 of the Supporting
Information). All the OVA N-glycopeptides (NG39-NG46)
were separated from the rest because they did not present Sia,
were in genceral lower than the

as well as g, My and Mm.:dc
ile hydrophobicity (GRAVY and

rest of N-glycopeptides,

DOE 12102 | ey foratcoms ThO0524
& Proterarwe fies. 2007, 16, 4166 - 4176
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Figure 4. (A} Scores plot, (B) loadings plot, and (C) VIP scores of the PLS D4 model applied to the percentage of precipitation adding a five fold
and eight-fald volume of acetome and the different physicochemical parametecs and propertios of O glycopeptides (see Tablo S 1),

aliphatic index), sugar content and branching were higher (see
scores and [-.1.1&.['["3& F'ul}i in Figuee &:2 of the Supporting
Information). These differences were extreme in NG39 and
N4 MN-glycopeptides, which presented the lowest My (see
Table 5-1) and would explain why they did not precipitate with
a five-fold volume of acetone as expected by the condusions of
Takakura et al™ Therefore, NG9 and NG40 were considered
as outlions and were not taken into account for PLS-TIAL

As PCA does not reveal the importance of the variables to
differentiate between the abserved classes in the scores plot, we
explored PLS-DA. The PLS-DA model was built considenng
the three classes observed by PCA and separation was
improved, which also facilitated the identification of the most
relevant variables that characterize the different precipitation of
peptides and glycopeptides atter adding five-fold volume of
acetone. Tigure 1A shows i the scores plot that two latent
variables (LY were enough ro differentiate berween the three
classes of compounds and a total of 70.3% of vamance was

4172
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cxplained. The Toadings plot (Figure 1R) was very similar to the
one obtained before with PCA |:|"i!_'|LllL‘ 518 of the Huppurting
Information) and showed the contribution of cach variable to
the different LV, As can be seen in Figure 1B, together with the
percentage of precipitation, variables related to glycan structure
and eomposition soch as My M;d:.m- number of H, N, and
MNevAc, branching, and g were the most important for the
separation along the LV1 x-axis, Additionally, the VIP scoves
allowed quantifying the significance of the different variables on
the separation. Figure 1C shows the VIP scores of the different
varables when considering (i) separation of the O-glycopep-
tides from peptides and N-glycopeptides, (i) peptides from O-
and N-glycopeptides, and (iii} N-glycopeptides from peptides
and O-glycopeptides. As can be observed, similar bar plots were
obtuned to distinguish peptides and M-glycopeptides from
others (Figure 1C-a and C-iii), indicatimg that M. My
number of H and N and branching were the most relevant
parameters in the precipitabion of these compounds with o live-

DL 10303 iam | pracvomme Thodt 24
A Prjgress Fe. 2T 16, 2186 2178
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Figurt_ A, Bar graph with tha percentage anmclpw:m.uﬂ {n = 1] ;dd:'ng different amounts of acetane for (ﬁ} rhEPO l')!m-glympep‘thk g‘}}'\:nﬁ'mni
and (D) some representative hEPO peptides. (i) Tables given as insets summarize the most important parameters influencing precipitation.

fold volume of acetone (VIP values higher than 1). Concemning
the difterentiation of the Ceglycopeptides [rom the rest of
compounds (Figore 1C4), M, . the number of AAs of the
peptide chain and, in less extent, GRAVY were the most
significant. By taking mto account these observations, it could
be conduded that practically all the N-glycopeptides
precipitated gquantitatively with a five-fold volume of acetone
becanse they showed a large and structurally rch glycan moiety
(=45% (m/m} in all cases) and hence a larger My, Moreover,
as can be noted, N-glycopeptides precipitated regardless of the
charge or of the presence of 5iA and their type [NeuAc or
NeuGe). Concerning O-glycopeptides, the number of AAs,
M, 40 and hydrophobicity as well as the lower glycan content
(£40% (m/m) in all cases) with regard to N-glycopeptides,
which made them structurally closer to peptides, conld explain
why fve-fold volume of acetone was not enough for a

quantitative precipitation, but allowed a little differentiation
from peptides.

3.2, Study of O-Glycopeptide Enrichment by Precipitation
with Acetone

With the um of understanding the influence of the acetone
ameurt on the predpitation of O-glycopeptides, the resuls
with a five-fold and eight-fold volume of ice-cold acetone were
compared for the tryptic digests of chEPO and APO-C3. The
percentage of precipitation obtained for cach peptide and O-
glycopeptida is shown in Table 5-1. With a five-fold volume of
acetone, several peptides predipitated to some extent ond
different  behavior between OypAPO-C3 and O ,~hEPO
glycopeptides was observed. In the case of APO-C3, all the
glycopeptide glycoforms of the Oy glycosylabion site were
detacted in the supematant (OGS5-0G7 glycopeptides, see
Table 5-1), whereas the sialylated glycoforms of O, thEPO

4173 DO 10001 fac | protecaie 7 o005 4

4. Proteormr R, 2017, 16, 41664176
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started to Prl.‘r_ipﬂ;ilc [0(;2-{1[;4 g]ytﬁpcp!.idu‘s, see Table 5-1_}.
In contrast, with a eightHold volume of acetone, thEPO O, -
glycopeptide was further enviched in the precpitate being able
to detect all the glycopeptide glycoloms [0G1-0G4
plycopeplides, see Lable 51}, while APO-C3 Ouglycopeplide
had mot wet slaried to Frecipil ale LGHJF 284 ol [Jmcipii:lliuu’: [or
HINIS! and HINI1IS2 g]yc.ufﬂrms, see OGO and OGT
glycopeptides in Table §-1). As an cxample, Figore 2 shows
the extracted ion elechropheroprams (FlEs) of thEPO O
gheopeptide glycolorms in the supernatant and in the
precipitate with 2 (A} five-fuld and (B) eight4fold valume of
acetone. The FIEs of the bow abundant HINISIST glyeoform
with one NeuGic and ome NeuAc {004} are also shown, As can
be observed i Table 5-1, this glycoform presented siilac
percentages of precipiation to the HINLS2 with two NewAc
(063} using these acetone proportions. With regard to the
precipitation of peptides, similar cbservations to O-glycopep-
tides could be made and the extent of precipitation vaned with
the amount of acetone added [see Tuble 5-1). Hence, the
amount of acetone could be f(nely tuned to achieve the
seleclive enrichment of O- and Noglycopeptides from peptides.

A PCA model and, afterward, a PLS-DA model, including the
percentages of precipitation with 2 five-fold and eight-fold
volume of acetone and the stroctural Grtures, were udlt [oc
I_‘lr}_ﬂ:i:lus ard (,T-Blyl_'upuplidrs to find the variables that t'[IJl'.LiI'I
thelr precipitation with acelope, hAGE and bAGE peplides
were also included in the model to increase the data set of
peplides, Figure 3 shows the results obtained for the PLS-DA
model As can be observed in the scores plat (Figure 3A} LV
enabled the differentiation between peplides/O-glycopeptides
that were partially precipitated and thase that did net
precipitate with hoth amounts of acctone, while LN2 separated
peplides from O-glycopeptides, The loadings plot showed that
the variahles related to the glycan molety were responsible of
the differentiation between O-glycopeptides and peptides (see
Flgure 3B). Moreover, the loadings and VIP scores plots
{F'l;._!"ul'\_‘:-\. .HB‘,L-... l':zpcctum]y} revealed that the hrﬂrnpﬁuhlury
paramaters {Le, GRAVY and aliphatic index) were the most
important variables to explan the different trend of peptides
and O-glycopeptides to pracipitate. Thevefore, peptidas and O-
glycopeptides with a high negative GRAYY valus and low
aliphatic index were partially enviched in the precipitate
depending an the amount of acetone added because they
WTE MOTE hyrlmpl'lﬂir {sx': Table §-1 :I

To study in more detuil the variables that made thEPO O -
glycopeptide glycolooms [0G1-00G4) precipiale more easily
than APO-C3 Oy plycopeptide glycolonms {OG5-06G7), a
PPLS-I3A model was buill for O-glycopeptides separately. Even
though the data set was reduced, the scores plot (Figure 47}
showed two groups with thEPQ U];J;—HIPDPG-PU{.IC and APO-
3 Oy,-glycopeptide dearly separated vsing two LV (BR5% of
the variance explained). “The leadings and VIP scores plots
(Figure 4B, respectively) indicated that apart from hydro-
phobiaty other vanables related to the peptide chan size
{especially Mg and number of AAs, which are related to
My} were essennal to explain precipitation of O-glycopep-
tides. Thecefore, thEPO Oy, -glycopeptide was easiar to
precipitate, although the hydrophobicity of the peptide chamn
was similar to APO-C3 Ogglycopeptide (GRAVY and
aliphatic indexes were —0.040/853 wversus —0.08%/660.8,
respectively, Table 5-1} because the larger mass and length of
the peptide chain in the case of APO-C3 Oy pglycopeptide
prevented its precipitation (see Table 5-1).

N7
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3.3, Optimization af thEPO Oy, Glycopeptide Enrichment
by Precipitation with Acetone

The previous results showed thal the amount of acetone could
e finely tuned for turgeting the glycolomms of a spealhc O-
glvcopeptide biomacker. thEPQ O, -glycopeptide was chosen
a5 a model to oplimize the amount of acelone necessary Lo
achieve the maxirmum precipitation of O, glyeolorms with N-
glycopeptides, but with the minimal cop recipitation of peptides,
This glycopeptide was selected due lo ils impocance in
biapharmaceutical analysis and doping control hecause O,
gi}rcu}_m:.}_:ti&: Hlymfurnm Lnul'.l.iuing MNeufee are i.u:[ng nves-
tigated as biomarkers to differentiate endogenous from
recombimant  erythropoicting {ﬂ(‘:t}, HINISLIS81, Tahle S-
10" Pive different amounts of ice-cold acetane {4.5-fold,
5-fald, 6-fold, B-fold, and 9-fold volumes) were added to chEPO
tryptic d[gr:i?x, and hoth supernatant and precipitate vrere
analyzed by CL-MS. Figure 5 shows the bar plets with the
percentages of precipitation obtained for (AL} Oy, -glycopep-
tide glycoforms and (B-1) some representative thEFO peptides.
As can be seen and according to owr previous results, O-
ghrcopeptides started to precipitate using a five-fold volume of
acetone [sze Tigure $A-1). As they shared the same peptide
chain, the explanation for the order of precipitation must be
related to the carbohydrate moiery (Figure 5A-ii) Thus, the
glvcolorms with o higher percentage of carbohydrates and
number of SiA (IIINISI, HINIS2, and HIN1S1S1)
precipitated first, In contrast, the nonsialylated glycoform
l:HlNlh started Lo predpitale using a tig]lL-fU].tI volume ol
acetone, This indicated that '.lliJ'lquh it does nol present SiA,
the mediuon became ]l}'[}l‘l}},][‘!{]lli(.‘ mou.g]l for a sudden and
extensive PrE::i]_:H'.l.ti.Lm. With respect (o i:ufllidu.\',, R WS
discussed previously, GRAVY and aliphatlc index were the
most meaningful variables related to their different trend to
precipitate, ‘Thus, the most hydrophilic thEPO peptides (ie,
higher regative GRAVY and lawer aliphatic index) began also
lo precipitate using a five-fold volume of acetone [Figure 3B-i0),
In this way, P1, P5, P11, and P14 were precipitated to a
congiderable extent using eight-fold and nine-fold volume of
acetone (Figure B4}, P4, Po, P8, P10, and P12 chEPO
peptides were not shown in the bar plat becanse their
percentage of precipitation was less than 1% w all cases (see
Table 5-1 for the percentage of precipitation with Ave-fold and
cight-fold volumes of acclone), As our aim was focused on
maximizing precipitation of all O, -glycopeptide glycalorms
with the minimal copresence of peptides, an eight-iold volumne
of ice-cold acetens was selectzd as the best compromise
conditions to precipitste the O pglycoforms with N-
glycopeptides.

4. CONCLUSIONS

The |ﬂ1}'xicm:hcmic=] parameters and properties related to the
structure and composition of a large set of peptides, N- and Q-
glycopeptides were studied with multvariate data analyss
methads to determine the wariables responsible of their
different trend to preapitate using a five-fold volume of
acetone. In this regard, practically all W-glycopeptides were
enriched in the preapitate as they present a lage and
structurally vich glyean moiety (245% (m/m) in all cases),
while peptides were mostly remalned in the sopecnatant. With
regard to O-glyecpeptides, the peptide chain size and the
hydeophobicity as well as the lower glycan content in
comparison to those of N-glycopeptides explained why they
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were only partially predpitated adding 4 five-fold volume of
acatone, The study focused on peptides and O-glycopeptides
pracipitation using a five-fold and sight-fold volume of acetons
revedled that hydrophobicity was editical to eaplain their
different trend to precipitate. In addition, the size of the peptide
chain wis also essential to explain the different behavior of
chEPQ Qppeglycopeplide and APO-C3 Ogyglycopeptide,
which have similar hydrophobicity, APO-C3 Oy, -glycopeptides
did not precipitate because of the lasger peptide chain size,
Finally, it was demonstrated for the chEPO O, epglycopeptide,
which is of interest in biophammaceutical gquality control and
|:'|a|1 'Lng ahii}-‘!ii_l that the amonnt of acetane can he ﬁnciy tuned
for ta::geﬁug the glycoforms of a certain Cr-plycopeptide. An
cight-fold volume of acetone was selected as the best
compromise conditions to precipitate the O, -glycopeptide
with N—Ejj‘.ﬁ}lfpudb'-h andd the nungoum voprecipilalon af
peptides. A similar strategy could be followed for the selective
ennchment of many ather M- and E'}—Ei}‘CD]JtPlJJu af interest,
which may not he r_'aiihr pun'ﬁcd using other mcl‘[’mdnhgif_i_

W ASS0CIATED COMTEMT
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The Supporting Informastion s available free af charge on the
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Scores and loadings plots of PCA model applied to
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Supplementary Figure S-1. A) Scores plot and B) loadings plot of the PCA model applied to
the percentage of precipitation adding 5-fold volume of acetone and the different
physicochemical parameters and properties of peptides and glycopeptides of the enzymatic
digests of ovalbumin (OVA), human and bovin alpha-1-acid glycoprotein (hAGP and bAGP),
human apolipoprotein C-Ill (APO-C3) and rhEPO (see Table 1).
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Supplementary Figure S-2. A) Scores plot and B) loadings plot of the PCA model applied to
the percentage of precipitation adding 5-fold volume of acetone and the different

physicochemical parameters and properties of N-glycopeptides (see Table 1).
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Supplementary Table S-1. Peptides, N- and O-glycopeptides detected by CE-MS in the tryptic digest of rhEPO, APO-C3, hAGP, bAGP and OVA glycoproteins and

the physicochemical parameters and properties used to study the percentage of precipitation in the acetone enrichment method.

X Hydrophaobicity Monosaccharides ; % .
Peptide - b Mumber ; precipitation
Glycan Symbol Mipeo My 1Y, M q £ AA ATiohat Branching ra 5
SEsUence . GRAvy | ATPRALE | e | e | NeuGe | NeuAc | P
index fold | fold
Erythropoietin (rhEPO)
APPR - P1 4392543 - 4392543 180 4 -1.475 25.0 o| o 0 0 0 0 3.6 6.6
VLER P2 515 3067 5153067 | 1.89 4 o 170.0 0| o 0 0 0 ] 2.0 18
YLLEAK P3 7354167 7354167 1.89 & 0.117 146.7 o 0 4] 0 (4] 0 16 1.0
VNFYAW K P4 9264650 59264650 150 T -0.114 55.7 4] 4] 0 0 (4] 4] D 0.8
R P5 1741117 1741117 | 1.90 1 -4.500 0 o|o 0 0 0 0 135 489
MEVGOOAVE
VWOGLALLSE PG 25253311 - 25253311 | 1.88 23 0.491 1313 oo 0 i] 0 0 0 0
AVLR
HBMN5F152 NG1 5074.1962 271559630 | 235B.2332 2:22 21 -0.419 106.7 B 5 ] 2 1 3 100 100
HEMNSF153 NG2 53652919 | 30070587 | 2358.2332 191 21 -0.419 106.7 [ 5 a 3 1 3 100 100
GOALLVNSSO H7NEF152 NG3 54393279 | 3081.0947 | 235B.2332 2.22 21 -0.419 106.7 7 [ 4] 2 X 4 100 100
PWEPLOLHY H7NGF153 NG4 57304234 | 3372.1902 | 235B:2332 191 21 -0.419 106.7 7 [ ] 3 1 4 100 100
DK H7NGF154 NG5S 60215188 | 3663.2856 | 2358.2332 161 21 -0.419 106.7 7 5] 4] ] I 4 100 100
(Naa) HENT7F153 NGBH (0855563 | 37373231 2358.2332 1591 21 -0.419 106.7 8 7 li] 3 1 4 100 100
HEBNTF154 NG7 b3BG.6520 | 40284188 | 235B.2332 161 21 -0.419 106.7 ] Fi 1] 4 1 4 100 100
HONBF154 NGE 6751.7842 | 43935510 | 235B.2332 161 21 -0.419 106.7 g9 8 8] 4 1 4 100 100
AVSGELR P7 601.3547 601.3547 150 5] 0.683 130.0 4] 0 0 [4] (4] 0 14 L1
SLTTLLR P& 8024912 B02.4912 180 7 0.671 167.1 o 0 4] 0 (1] 4] 0 09
ALGAOK P9 586.3438 - 586.3438 150 5] -0.067 98.3 0 0 1] 0 [¥] 0 2.2 1.7
HIN1 oGl 1829 8895 365.,1322 1464.7573 1.84 15 -0.040 B85.3 1 1 0 0 4] 1 4] 715
EA'S:EF;ASA HIN151 0G2 21209849 656.2276 1464.7573 1.53 15 «0.040 B5.3 1 1 0 1 (4] 1 75 598
(O126) HIN152 - 0G3 2412 0803 947.3230 1464.7573 122 15 -0.040 85.3 1 1 4] 2 (4] 2 134 772
HIN15151 0G4 242B.0752 563.3180 1464.7573 122 15 -0.040 B5.3 i 1 1 1 [§] 2 142 5.3
TITADTFR P10 5234712 5234712 1.85 ] -0.125 61.3 0 0 4] D 4] 4] 0 0.9
K P11l 146,1055 146.1055 150 1 -3.900 ] 0 0 0 0 0 ] 9.8 222
LFR P12 4342641 434.2641 150 3 0.700 130.0 0 4] ] 4] (4] i) li] [i]
VYSNFLR P13 BO7 4708 BO97.4708 190 7 0.100 97.1 o 0 a 0 4] ] 2.7 L2
GK Pl4 203.1270 203.1270 150 2 -2,150 (4] 0 0 4] [4] (4] 0 3.2 9.6

¢ 191deyd

spoyiaw uonesyind apnidadodA|n ‘
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LK | . | P15 | 258.18%6 | - 259.1896 | 190 2 0050 | 1950 (oo ] o 0 0 0 20 | 17
Apolipoprotein C-111 (APOC3)
HATK : P16 455.2492 i 455.2492 | 2.90 4 -1.500 25.0 0| o 0 g 0 ] 06 | 12
TAK P17 318.1903 - 318.1903 190 3 -0.933 333 4] 0 4] 0 a o 4] ]
DALSSVQESQ
VAQOAR P18 1715.8438 - 17158438 1.84 16 -0.644 79.4 0 0 0 2.5 37.5
S : P19 | 11955873 : 11955873 | 185 | 11 | 0055 | 618 |0 |0 | o o |o 0 03 | os
DYWSTVK . P20 897.4232 . 897.4232 | 1.85 7 -0.986 41.4 oo 0 0 0 0 16 | 07
DK : P21 261.1325 E 261.1325 | 1.8% 2 -3.700 0 o]o 0 0 0 ] 17 | 49
FSEFWDLDPE H1N1 0G5 2501.1486 365.1322 2136.0164 178 18 -0,089 66,8 1 1 4] o 0 1 4] W]
VRPTSAVAL HIN1S51 0G6e 27922440 656.2276 2136.0164 147 13 -0.089 66.8 1 1 4] 1 ] 1 4] 1.9
(Oga) H1N152 oG7 30833394 947.3230 2136.0164 1.16 i9 -0.089 66.8 1 1 1] 2 0 2 2.1
Human alpha-1-acid glycoprotein (hAGP)
QIPLCANLYP H5N4S2 ) 4780.1768 | 2204.7725 | 25754044 | 1.23 24 0.446 1300 5 | 4 0 2 0 2 100 | 100
verTmaTLoa) - | HSHAFS2 NG10 | 4926.2347 | 2350.8304 | 2575.4044 | 123 24 0.446 130.0 5 | 4 0 2 1 2 100 | 100
TEK HENSS2 NG11 | 51453090 | 2569.9047 | 2575.4044 | 123 24 0.446 130.0 & |5 0 2 0 3 100 | 100
[Nu] HBN553 NG12 54364044 | 2861.0001 2575.4044 092 24 0.446 130.0 [} 5 4} 3 a 3 100 100
WEYILASAFR - P22 11595814 - 11595814 190 9 0.689 B5.6 Q 0 i} i) a o 2.7 39
NEEYNK H5N4S2 NG13 | 3000.1124 | 2204.7725 | 7953399 | 127 & -3.200 0 5 | 4 0 2 0 2 100 | 100
(Naa) HGNGS53 NG14 36563400 | 2861.0001 795.3399 0.96 ) -3.200 4] [ 5 (] 3 1] 3 100 100
- HENSF153 NG1S | 38023979 | 3007.0580] 7953399 | 096 6 -3.200 0 6. ] s 0 3 1 3 100 | 100
H5N4S2 NG16 | 41237190 | 2204.7725 | 19189465 | 128 16 -0.256 48.8 5 | 4 0 2 0 2 100 | 100
SVOEIQATFFY | HBNSS2 NG17 | 44888512 | 25699047 | 19189465 | 128 16 -0.256 48.3 6|5 0 2 0 3 100 | 100
FTPMEK HEBNS53 NG1E 47799466 | 2861.0001 19189465 097 16 -0.256 48.8 [ 5 4] 3 0 3 100 100
(M) H7NGS3 NG19 | 51450788 | 32261323 | 19189465 | 097 16 -0.256 48.8 7 |= 0 3 0 4 100 | 100
H7TNEBS4 NG20 54361742 | 3517.2277 | 191B.9465 0.66 16 -0.256 48.8 F) B 4] 4 li] 4 100 100
TEDTIFLR - P23 993.5131 - 9935131 1.84 8 -0.225 975 4] 0 (] 0 1] o 1.1 2.3
EYQTR > P24 £95.3238 2 695.3238 | 1.89 5 -2.700 0 oo 0 0 0 0 17 | 165
W A
f'GLSE:F P25 1751.9471 s 1751.9471 | 3.89 15 0.313 130.0 0|0 0 0 0 0 0 3.3
DTK - P26 362.1801 < 362.1801 | 1.85 3 -2.700 0 o]o 0 0 0 0 45 | 392
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R P27 | 14246544 . 14046584 | 179 | 12 0450 | 650 [0 | o0 0 o |o 0 13 | 304

""":ﬁg::m P28 | 1707.8468 . 17078468 [ 284 | 15 | 0993 | s20 [0 |0 | o o |o 0 83 | 667

i P29 | 17417981 : 17417981 [ 183 | 14 | 0371 | 907 |00 | o o |o 0 12 | 232
IPK . P30 | 356.2423 : 3562423 | 190 | 3 0333 | 1300 |0 0| o 0 |o 0 0 0
SDVVYTDWK P31__ | 11115186 - 11115186 | 179 | o9 0689 | 644 |0 |0 | 0 0o |o 0 11 | 38

K : P32 | 146.1055 : 1461055 | 190 | 1 3.900 0 0o 0| o o |o 0 167 | 389

DK - P33 | 261.1325 : 2611325 | 185 | 2 3,700 0 olol o 0o 0 75 | 481

CEPLEK . P34 | 774.3582 : 7743582 | 189 | 6 1033 | 650 |00 | o 0o 0 a2 | 464

OHEK P35 540.2656 540.2656 2.89 4 =3.525 0 0 0 o 0 o O 8.1 618

ER - P36 303.1543 - 303.1543 1.89 z -4.000 0 0 0 0 0 o o 6.0 447

Bovine alpha-1-acid glycoprotein (bAGP)

WEYIGSAFR : P37__ | 11455658 : 11455658 | 190 | © 0422 | saa Jo [0 | o oo 0 33 | 27

HSN4s2 | NG21 | 2968.1225 | 22047724 | 763.3501 | 128 | 6 2883 0 s 4] o 2_|o 2 100 | 100

HSNAF152 | NG22 | 3114.1804 | 23508303 | 7633501 | 128 | 6 2.883 0 514 0 AR E 2 100 | 100

HSN4S2™ | NG23 | 3000.1123 | 22367622 | 763.3501 | 128 | 6 2883 0 5 |2 | 2 0 |o 2 100 | 100

NPEYNK | HSNASIS1' | NG24 | 2984.1174 | 22207673 | 7633501 | 128 | 6 2.883 0 5 | a 1 1_| o 2 100 | 100

(Nao) | HSNAFISISL | gy | 31301753 | 23668252 | 7633501 | 128 | 6 2883 0 5 | 4 1 1 |1 2 100 | 100

HSN4S3" | NG26 | 3307.2026 | 25438525 763.3501 | 097 | 6 23883 0 52| 3 o_|o 2 100 | 100

HGN5S2" | NG27 | 33652445 | 26018944 | 763.3501 | 128 | 6 2.883 0 5|5 | 2 o |o 3 100 | 100

SAR > P3s__ | 332.1808 . 3321808 | 190 | 3 1167 | 333 |0 [0 | 0 0 |0 0 64| 82

”w; gy P39 | 14247452 : 14247452 | 189 | 12 0408 | %00 [o0o|o0o | o o |o 0 76 | 227

HAEDK PaD__ | s98.2711 x 5982711 | 284 | & 2460 | 200 |0 |0 | 0 o |o 0 154 | 726
LR Pal__ | 501.3275 : 5013275 | 150 | 4 0775 | 1950 |0 [0 ] o 0 |0 0 21 | 15

EVOTIEDK : Paz__ | 10244713 S 10244713 | 183 | & 1925 | 488 [0 [0 | 0 0|0 0 103 | 743

CvncsHx |_PSMASz_| NG2s | 33942984 | 22047724 ] 11895260 | 128 | 9 0778 | 756 |5 4] o 2 _|o 2 100 | 100

S HSN4S2™ | NG29 | 34262882 | 22367622 | 1189.5260 | 128 | 9 0778 | 756 |5 |4 | 2 0|0 2 100 | 100

™ H5NAS1S1 | NG30 | 34102933 | 2220.7673 | 1189.5260 | 128 | @ 0778 | 756 |5 |4 1 T [0 2 100 | 100

YR Pa3__ | 450.2591 - 4502591 | 190 | 3 0433 | 1300 |00 | o o |o 0 a0 | 27
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spoyiaw uonesyund apnndadodA|n |




_Z8_

QNGTLSK H5N452r MNG31 2951.1647 | 2204.7724 746,3923 1.28 7 -1.286 55.7 5 4 0 2 0 2 100 100
e Hsnas2' | NG32 | 20831545 | 22367622] 7463923 | 128 7 -1.286 55.7 5 | 4 2 0 0 2 100 | 100
H5M45151 NG33 29671596 | 22207673 746.3923 1.28 7 -1.286 55.7 5 4 1 1 0 2 100 100
VESDR - pa4 604.2816 - 604.2816 1.84 5 -1.620 58.0 0 0 (4] 0 0 4] B3 55.5
EHFVDLLLSK - P45 11996550 . 1199.6550 | 2.84 10 0350 1460 | 0 | 0 0 0 0 0 21 | 64
HER : Pa6 458.2390 - 4582390 | 2.90 3 -1.633 0 0o 0 0 0 0 20 | 24
H5N4S2 NG34 | 3530.4162 | 2204.7724 | 1325.6438 | 1.28 12 0.100 49.2 5 | 4 0 2 0 2 100 | 100
TEMUASWN | HSN452° NG35 | 35624060 | 2236.7622 | 1325.6438 | 1.28 12 0.100 49.2 s | 4 2 0 0 2 100 | 100
GTK HSNAS151° | NG36 | 35464111 | 2220.7673 | 1325.6438 | 1.28 12 0.100 49.2 s | 4 1 1 0 2 100 | 100
(Ny1a) H5MN453 NG37 38215116 | 24958678 | 1325.6438 0497 12 0.100 492 5 4 (4] 3 0 2 100 100
H5MN453" MG38 38694963 | 2543.8525 | 1325.6438 0.87 12 0.100 49.2 5 4 3 o 0 2 100 100
NVGVSFYADK
PEVTQEQK - P47 2038.0007 - 2038.0007 2.83 18 -0.911 53.9 0 0 4] 0 0 o 18.7 235
K . pag 146.1055 - 146.1055 | 1.90 1 -3.900 0 0o | o 0 0 0 0 155 | 50,1
EFLDVIK pag 862.4800 . 8624800 | 184 7 0.629 1529 | o]0 0 0 0 0 19 | 40
Gl EES(E”W P50 1796.8502 - 1796.8502 1.83 15 -0.273 104.0 0 0 ] 0 0 o 15.7 Bl1.7
DACGPLEK P51 888.4011 - 888.4011 | 1.84 8 -0.600 613 oo 0 0 0 0 92 | 546
QHEEER P52 B826.3569 . B26.3569 2 38 & -3.617 0 D 0 i) o 0 8] 587 876
ETEAS = P53 535.2126 = 535.2126 0.89 5 -1.340 2000 0 0 4] 0 0 4] 8.6 50.2
Ovalbumin (OVA)
H3NG NG39 | 1949.7722 | 17046347 | 2451375 | 0.90 2 0,150 195.0 3]s 0 0 0 4 0 -
NL H5N4 NGAD | 1867.7191 | 16225816 | 2451375 | 0.90 2 0,150 195.0 5 | 4 0 0 0 2 0 -
{N3g3) H5NG NGa1 | 2273.8779 | 2028.7404 | 2451375 | 0.90 2 0.150 195.0 5 | 6 0 0 0 4 100 -
HSNE NGA2 | 26800366 | 24348991 | 2451375 | 090 2 0.150 195.0 5 | 8 0 0 0 3 100 -
H3NG NG43 23500044 | 17046347 645.3697 0.90 B 1.133 178.3 3 B (4] o 0 4 100 -
NLTSVL H5N4 NG44 | 22679514 | 16225817 | 6453697 | 0.90 6 1133 178.3 5 | 4 0 0 0 2 100 .
{Nas3) H5N7 NGA5 | 2877.1895 | 2231.8198 | 6453697 | 0.90 6 1.133 178.3 5 | 7 0 0 0 5 100 .
H5NS NG46 | 3080.2688 | 2434.8991 | 6453697 | 0.90 6 1133 1783 s | 8 0 0 0 6 100 :

Glycosylation site is marked inred.
"H, N, F, Scorrespond to he xose, N-acetylhexose, fucose, and slalic acld monosaccharides, respactively.

P peptides, NG N-glycopeptides and 0G;: O-glycopeptides
“One sialic acld (H,N,5151) or all slalic acids [H,N,5,) are N-glycalylineuraminic acids | nstead of N-acetyl neuraminic aclds,
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ABSTRACT

In this study is described an on-line titanium dioxide solid-phase extraction capillary electrophoresis-mass
spectrometry (Ti0-5PE-CE-MS} method for the analysis of the glycopeptide glycoforms obtained from the
tryptic digests of recombinant humen erythropedetin (thEPO}, The O y-glycopeptide of rhEPOQ was used to
optimize the methodology given lis Importance In quality control of Mopharmaceuticals and doping analysks.
Several aspects thit affect the selective retention and elution, peak efficlency and electrophoretic separation of
the O3 glycoforms were investigated to meximize detection sensitivity while minimizing non-specific regention
of peptides. Under the optimized conditions, the microcartridge lifetime was around 10 analyses amd repeat
ability was acceptable (YRSD valuey of 9-11% and 6-11% for migration times and peak areas, respectively) The
method was linear between 0.5 and 50 mg L™ " and 10-50 mg 1" for €2, glyeoforms containing NeuwAc and
NewGe, respectively, and limits of detection (LODs} were up to 100 times lower than by CE-MS. Although
optimized for O-glveopeptides, the method proved also suceessful for preconcentration of Nys-glycopeptides,
without comipromising the separation between glyeopeptide glycoforms with different number of sinlic acids.
Tryptic digests of other glycoproteins (Le, humon apolipoprotein CHI [APO-C3) and bovine alpha-T-acid gly-
coprotein (BAGP) were also analyzed, demonstrating the applicability 1o glycopeptides with different ghvcan

composition and nature.

1. Introduction

In proteins, glycosylation s one of the most usual post-translational
modifications, with more than half of the proteins in mammalian pro-
teomes heing glveosylated. The carbohydrate chaing (glycans) are also
known to play a crucial role in many processes such as recognition,
signaling and adhesion on the cell surfaces [1,2]. Furthermore, N- and
Chglyean structures are modified in recombinant biopharmaceuticals
and altered in & wide range of disorders including cancer, inflammatory
processes and alcoholism, among others [-4]. Therefore, in recent
vears, characrerization of aberrant glycosylation has aroused biome-
dical and biotechnclogical interest in order to detect and/or monitor
several pathologies as well as to characterize recombinant  bio-
pharmaceuticals or discriminate between endogenous and recombinant
variants of glycoproteins.

Human erythrapoietin (hEPQ) is a glycoprotein hormone produced
mainly in the kidneyvs and responsible of maintaining red blood cell
number and tissue oxygen supply at adequate levels, It shows four

" Correspending author,
Eomail pddress: veanzgruboady [V, Sane-Mebot).
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glycosylation sites, of which three are occupied by complex type N-
glycans (at Asn24, Asn38 and AsnB3) and one by an O-glycan (at
Serl26), Recombinant variants of this glycoprotein (fhEPO) are widely
used in the trestment of anemia in chronie kidney disease and cancer
[, 10]. Nevertheless, thEPO has become particularly popular in the last
decades due to its misuse in endurance sport disciplines as a doping
agent, hence forbidden by sport authoribies since 1989 [11,12]. The
presence of about 2% of non-human N-glycolylneuraminic acid
(NeuGe) in the glycans of ThEPO Ozs-glycosylation site enables dis-
tinction between recombinant and endogenous forms of hEPD in
daping control. Furthermore, this content needs to be controlled o
ensure the quality and safety of biopharmaceutical products due to
adverse effects of NeuGe-contaminated pharmaceuticals [19]. Analysis
of glycopeptide and glycan biomarkers could be explored as an alter-
native to intact protein analysis, which presents certain limitations due
to the high molecular mass and the detrimental effect of sugars in io-
nization [14,15]. In contrast to glycans, glycopeptide biomarkers offer
information about the structure and composition of the carbohydrate
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moiety, as well as about glycosylation sites and their degree of occu-
pation,

Capillary electrophoresis-mass spectrometry (CE-MS) has become a
powerful hyphenated technique in glycoprotecmics, tackling the ana-
Iysis of intact glycoproteins, glycopeptides and glyeans [7,16,17]. In
addition to the CE-MS methods for the analysis of intact rhEPO [14,15],
CE-MS methods for the analysis of rhEPO glycopeptides have previously
been established for a more detailed protein characterization [18].
However, CE, as other microscale separation technigues, has low con-
centration sensitivity mainly due ta the reduced sample volume in-
jeeted 1o obtain optimum separations [19,20]. Over the vears, different
strategies have been described ro decrease the limits of detection in CE
[19-23]. Among these strategies, on-line solid-phase extraction capil-
lary electrophoresis mass spectrometry (SPE-CE-MS) Is one of the most
versatile and successful alternatives [19-21], In the typical SPE-CE
configuration, a microcartridge, filled with a sorbent that shows affinity
for the compounds of interest, is integrated in-line near the inlet of the
separation capillary in order ta clean-up and preconcentrate the target
analytes from a large volume of sample (typically —50-100 pL). Ana-
Iysis of a broad variety of small molecules, peptides and proteins using
different sorbents have been demonstrated by SPE-CE-MS [19-21], hut
not vet with titanium dioxide (Ti0-) sorbents or for the selective ana-
Iysis of glycopeptides, In this regard, Ti0y beads have been used for a
long time for the off-line purification of phosphopeptides, or other
phosphorylated analytes [24-26], and more recently for sialylated
glycopeptides [27-29], The mechanism of retention of both phospho-
peptides and glycopeptides is mainly attributed to interaction between
the negatively charged phosphate or carboxy| groups, respectively, with
the positively charged TiO, surface [26,28],

In this papet, for the first time to the best of our knowledge, TiO,
heads were used os a sorbent in TiO.-SPE-CE-MS to selectively analyze
glycopeptldes from the typieal enzymatie digests of glycoprotelns pre-
pared in bottom-up protecmics approaches, The Oygs-glycopeptide
glyeoforms of thEPO were used to optimize the method, due (o their
relevance in quality control of Mopharmaceuticals and doping analysis,
Afterwards, the method was also evaluated for the analysis of thEPOQ N-
glycopeptides. Finally, it was applied to the wryptic digests of human
apolipoprotein G-I (APO-C3), which comains only O-glycopeptides,
ang bovine alpha-1-acid glycoprotein (bAGP), which contains only N-
glycopeptides.

2. Experimental section
21, Chemicals

All chemnicals used in the preparation of buffers and solutions were
af analytical reagemt grade. Acetic acid (HAc, glacial), formic scid
(HFor 98-100%), sodium hydroxide and ammaonia (25%) were supplied
by Merck (Darmstadt, Germany). DL-Dithiothreitol (DTT, =99%), io-
doacetamide (IAA, =98%), emmonium hydrogen carbonate (=99.9%)
and lactic acid {=99.9%) were purchased from Sigma-Aldrich (St
Louis, MO, USA). Isopropanol was provided by Schariab (Barcelons,
Spain) while acetonitrile and water by Sigma-Aldrich (ail of them of LC-
MS quality grade)., Trypsin {sequencing grade modified, 16000
U mg~ ") was purchased from Promega (Madison, W1, USA). ESI low
concentration {ESI-L) tuning mix was supplied by Agilent Technologies
{(Waldbronn, Germany} for tuning and calibration of the mass spectro-
meter,

2.2, Glycoprotein samples

thEPQ produced in a chinese hamster ovary (CHO) cell line was
provided by the European Pharmacopeia as a Bielogical Reference
Product (BRP-lotd). Each sample vial contained 100 pg of rhEPO (a
mixture of alpha and beta thEPOQ), 24 mg of D-( + )-trehalose, 2.4 mg of
arginine hydrochlordde, 0,08 mg of Tween-20, 3.6 mg of NaCl and
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2.5 mg of NaH,PO,2H,0. The content of each vial was dissolved in
water to obtain a 1000 mg L~ protein solution, Excipients of low-
molecular mass were removed by ultracentrifugation using Microcon
YM-10 centrifugal filters from Millipore (M, cut-oft 10,000, Bedford,
MA, USA) as deseribed elsewhere [15]. Centrifugations were carried
out in a Mikre 20 centrifuge (Hettich, Tuttligen, Germany) at room
temperature. bAGPE (99%) and apoC-IIl (APO-C3) were obtained from
Sigma-Aldrich. Stock solutions of 1000 mg L™ were prepared in water
and aliguoted, Aliquots were evaporated to deyness using a Savant SPD-
111 V SpeedVac concentrator (Thermo-Fisher Scientific, Waltham, MA,
USA} and stored at — 20 "C unti] enzymatic digestion.

rhEPO and bAGP, which contain cysteine residues that form dis-
ulfide bonds, were firstly reduced and alkylated o Facilitate digestion.
Briefly, an aliquet of 50 pg of dried glycoprotein was dissolved in 50 pL
of 50 mM NHHCO, {pH 7.9) and 2.5 pL of 0.5 M DTT in the same
buffer was added. The mixture was mcubated in a thermoshaker at
56 °C for 30 min and then alkylated by adding 7 pl of 50 mM IAA in
50 mM NHHCO: (pH 7.9) and shaking for 30 min &t room temperature
in the dark. Excess of low-molecular mass reagents was removed with
Microcon YM-10 centrifugal filters as described elsewhere [15], The
final protein residue was dissolved in 50 mM NHHCO, (pH 7.90
obtain a final concentration of 1000 mg L~ *, Trypsin digestion: a 50 pL
aliquot of 1000 mg L' protein solution in 50 mM NH.HCO; (pH 7.9)
was digested. APO-C3 digest was directly prepared from aliquots of
10 pg of dried glycoprotein, while thEPO and bAGP digests were pre-
pared from aliquots of 50 pg of reduced and alkylated dried glycopro-
tein. Trypsin was added in an enzyme to protein ratio of 1:40 m/m. The
mixture was vortexed and subsequently incubated at 37 °C for 18 b
Digestion was stopped by heating at 100 °C for 10 min, and the digest
was stored at — 20 "C until analysis [12]. All digestions were perfarmed
in triplicate. Incubations were performed in a TS-100 thermoshaker
{Biosan, Riga, Latvian Republic).

2.3 CE-MS

CE-MS experiments were performed in 3 HP'CE system coupled to
4 6220 0a-TOF LC/MS mass spectrometer with an orthogonal sheath-
flow interface (Agilent Technologies). The sheath liquid (50:50 (v/v)
iPrOH/H,0 with (L05% (v/v) of HFor) was delivered at a flow rate of
4.3 pb min " by a KD Scientific 100 serles infusion pump (Holliston,
MS,USA) and 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 Technologies)
that was running in combination with the MassHunter workstation
software (Agilent Technologies) for control, dats acquisition and pro-
vessing of the mass spectrometer, The mass spectrometer was funed and
calibrated following the manufacturer's instructions. A “check tune” of
the instrument was performed every day in positive mode o ensure
ACCUTEtE MMASs assignments. Instrumental parameters were optimized
for the analysis of ThEPO Oz and Nys-glycopeptides in a previous
study [ 18], The optimized operational conditions in positive electro-
spray ionization (ESI mode were; capillary voltage 4000 V, drying gas
{N2) temperature 200 "C, drying gas flow rate 4 L min ', nebulizer gas
(N-) 10 psig, fragmentor voltage 190 V, skimmer voltage 60 V and OCT
1 RF Vpp voltage 300 ¥, Data were collected in profile (continuum) ar 1
spectrums ' (approx. 10,000 wansientsspectrum "} between m/z 100
and 3200 working in the highest resolution mode {4 GHz),

A bare fused-silica capillary of 70 cm total length (L) x 75 ym in-
termal diameter (LDV) ® 360 pm owter diameter (O.0.) (Polymicro
Technologies, Phoenix, AZ, USA) was used in CE-MS. Activation and
conditioning procedures were carrled out of-line in order o avoid
contamination with NaCH of the mass spectrometer. New capillaries
were activated by fushing (930 mbar) sequentially for 30 min each
with 1 M NaOH, water and BGE (50 mM HAc and 50 mM HFor, pH 2.2).
Capillaries were conditioned every day by flushing with NaOH (5 min),
water (7 min) amnd BGE (10 min). Samples were reconstituted with BGE
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and injected for 15 s at 50 mbar, Electrophoretic separations were
performed at 25 °C and 25 kV under normal polarity (cathode in the
outlet), Between runs, capillaries were Qushed with water (1 min), 1 M
HAe (3 min), water {1 min) and BGE (5 min). Capillaries were stored
overnight filled with water. Before CE-MS, all solutions were passed
through a 0.22-pm nylon filcer (MS], Westhoro, MS, USA).

pH measurements were carried out with a Crison 2002 potenti-
ometer and a Crison electrode 52-03 (Crison instruments, Barcelona,
Spain).

2.4, SPE-CE-MS

The Ti0y-coated magnetic beads (= 25 pm spherical) were obtained
fromm the Pierce Magaetic TiQw Phosphopepdde Enrichment Kit
{Therma Scientific, Massachusetts, US), Bare fused silica capillaries
{Polymicro Technologies) were used for all the procedures,

Construction of the single-frit particle-packed microcartridge for
Ti0,-5PE-CE-MS was carried out as described elsewhere with litdle
maodifications [30]. The inlet end was prepared by connecting the mi-
crocartridge (0.7 em Ly * 250 pm i.d. » 365 pm o.d. capillary) with a
plastic sleeve to a previously conditioned inlet capillary (7.5 cm
Ly = 75 pm id. » 365 ym o.d.), The microcartridge was completely
filled by vacuum with TiOy sorbent beads, Another plastic sleeve was
connected to the microcartridge, and a small piece of cotton (approxi-
mately 1 mm) was placed in the plastic tube before cormecting the
separation capillary (64.5 cm Ly » 75 pm i.d. = 365 pm o.d.). This
cotton frit in the microcartridge outlet end prevented the TiO; particles
from feaking. Particle leaking would promote current instability or
breakdown and poor reproducibility, Under the optimized conditions,
the TiQ, sorbent was first conditioned by flushing (930 mbar) for 2 min
with binding buffer (80% v/v acetonitrile, 10% v/v HFor and 0.1 M
lactie acld), Afterwards, protein digests were reconstituted in loading
buffer (80% v/v acetonitrile, 2% v/v HFor and 0.1 M lactic acid) to the
desired concentration and were loaded by flushing for 10 min (60 pL,
cstimated with the Hagen-Poisenille equation [21]). A final fush for
1 min with binding buffer and 1 min with washing buffer (80% viv
acetonitrile, 2% v/v HFor) eliminated non-specifically retained mole-
cules. All these steps were performed by switching off the nebulizer gas
ang the ES| capiliary voltage to prevent the entrance of contaminants
inte the MS. Both were switched on and the capillary was filled by
flushing for 2 min with BGE (the same as in CE-MS) to equilibrate the
capillary before the electrophoretic separation. Then, a small volume of
eluent (1 8 NH,OH) was Iinjected at 50 mbar for 20 s (110 nL) [91]
and, in order to prevent the eluent plug from traveling backwards due
to the microcartridge backpressure, BGE was also injected at 25 mbar
for 120 5. Separation was conducted at + 20 kV for 35 min (cathode in
the outlet) applying also a 50 mbar pressure to counteract micro-
cartridge backpressure. Posteonditioning to aveld carryover was per-
formed by flushing for I min with water, followed by injection of eluent
{50 mbar, 40 s) and application of a 100 mbar pressure during 10 min
from the water vial

2.5, Quality parameters

All quality parameters were caleulated from data obtained by
measuring peak area and migration time (1) from the extracted ion
electropherogram (EIE) of thEPO glycopeptide glvcoforms (considering
the m/z of the mest abundant molecular jons, Le. jons with charges +2,
+3 and +4). Repeatsbility was evalvated as the percent relative
standard deviation (%RSD) of peak areas and migration times obtained
in consecutive analysis of digested thEPO at 10 mg L™ (n = 3),
Linearity was studied by analyzing digested rhEPD at concentrations of
protein between 25 and 1000 mg L' for CE-MS and between (.5 and
100 myg L' for SPE-CE-MS. An estimation of the limits of detection
(LOD=) was obtained by analvzing digested rhEPO at low-concentra-
tions {elose to the LOD level, as determined from the approach based on

Talonte 209 (20200 120563

§/N = 3). The LODs of the different glvcopeptide tvpes (Le. O u-gly-
copeptide glycoforms containing MeuAe, Oyq:-glvcopeptide glycoforms
containing NewGe and the most relevant Nes-glycopeptide glyveoforms)
were established at the lowest concentration in which all the expected
glycoforms in each case were detected. The lifetime of the micro-
cartridges was evaluated by repeatedly analyzing digested thEPO at a
concentration of 10 mg L™,

3. Results and discussion
3.1, CE-MS

With the aim of establishing a robust and reliable method to analyze
stalylated glycopeptides by TiO,-SPE-CE-MS, glveopeptides from the
tryptic digest of rThEPD were first analyzed by CE-MS. ThEPO was
chosen as a model glycoprotein for its importance in quality control of
bioplkarmaceutical and doping analysis, but also because of the broad
microheterogenity, as it presents both N- and - glycosylation with
varying degrees of glycan branching and stalylation. The coverage of
peptides and glycopeptides in the tryptic digest of rhEPD was mapped
by CE-MS using a method previously developed in our group with a
minor modification [15,32], That methodology used a bare fused ca-
pillary of 50 pm i.d. for the electrophoretic separation of peptides and
glycopeptides with an acidic BGE (50 mM HA¢:50 mM HFor, pH 2.2)
and a sheath liquid of iPrOH:H.0 (60:40, v/v; 0.05% HFor). By con-
trast, in this study, a 75 pm i.d. capillary was preferred, as a wider
capillary provided better performance later by TiO-SPE-CE-MS, In the
typical unidirectional SPE-CE configuration, the microcartridge is
mounted in series to the separation eapillary, and Ti0, microcartridges
were introducing a certain backpressure that resulted in poor perfor-
mance with 50 um i.d. capillaries [20].

Samples of thEPO at 1000 mg L™ were digested with trypsin and
analyzed by CE-MS in positive mode. Table | shows the average peak
area and migration time of all the detected peptides and glycoforms of
025 and Ngq-glycopeptides and the mass error caleulated from three
replicate measurements. Full peptide sequence coverage and the de-
teeted glycoforms of Oggp- and Ngs-glycopeptides agreed with our
previous studies [15,32], 1t is worth mentioning, thay digestion with
trypsin also results in a 2N-glycopeptide (Mo-Nas) that is poorly de-
tected by CE-MS beeause its size and total charge promoete very poor
jonization efficiency. In general, the peak area values obtained for
peptides were significantly large, which could therefore hinder the io-
nization yield of both Oy and Nys-glycopeptides. Furthermore, as
expected, the peak area values of the Oyqs-glycopeptide glycoforms
containing N-acetylneuraminic acid (NeudAc) were substantially higher
than those containing N-glvcolvineuraminic acid (NeuGe), which were
found at very low concentrations. Regarding the MNgs-glycopeptide,
some of the peak area values of the glycoforms were very small due to
the low sbundance and the high sialvlated carbohydrate content, which
promotes lower ionization yields, Fig. | shows the extracted jon elec-
tropherograms (EIEs) of the most abundant O, (A<) and Ny (B-D)
glycopeptide giycoforms. As can be observed, baseline separation of
Qyap and Neg-glveopeptide glycoforms containing different number of
sialic acids were schieved with a 75 pm i.d. capillary, as in our previous
studies with a 50 pm i.d. capillary [14,22], Linearity of the method was
investigated at concentrations of digested rhEPO varying from 25 w
1000 mg L™ for the most abundant Oy2 glycopepride glyeoforms,
which contained NeuAe, and from 100 to 1000 mg L' for the most
refevant Ngy-glycopeptide glyeoforms, which presented 4Ant, 2, 3or 4
NeuAc and 1 Fue (see Fig. 1A-ii and 1B-ii, respectively), with coeffi-
clents of determination of R* = 0.99, With respect to the O .-gly-
copeptide, the LOD was established at 25 mg L' of digested thEPO ta
detect all glyeoforms containing Neudc and at 100 mg L~ of digested
rhEPO for the less abundant glyeoforms with NeuGe, In the case of Ny,
glycoforms, they were not detecred at concentrations lower than
100 mg L™ " of digested rhEPO,
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Table 1

Tealonie 208 (20200 120563

Summary of peptides, Oy5 and Nagglycopeptide glyeoforms detected by CE-M5 and Ti0u-SPE-CEMS in the trypric digesr of tEPO ar » concenteation of

1000 mg L' and 100 mg L~ of digested glycoprotein, respectively [n = 3).

Sequeno: Mihan CE-MS SPE-CE-MS
Ermor {ppm) Aren (210" @u) SRS T (min] WAST Aren (210" aw)
PEpIJmes APFR A3 2543 32 1.0 43 A.0 14 oo
LICDSR-(Cys- M‘] TE2 604 L1 24 27 5.6 14 na
VLER 5153067 a4 8.9 4.9 5.2 g 05
YLLEAK 74167 4.2 83 56 5.5 A .07
YNFYAWE am6 4650 12 41 1.5 5.6 13 0
MEVGOOAVEYWOGLALLSEAVLR 25251312 53 0na a1 A8 31 oo
AVEGLE G011, 3548 o 46 0,002 54 13 o
SLTTLLR B2 4913 7a 192 77 5.6 1.3 o1
ALGAQK BEA 3430 1.7 3.6 03 53 7 ni1
TITAINTFR ox14712 24 54 4.0 5.8 24 LRIk
VYSHFLR BUTATOW 14 34 nr 5.6 ) nz
L\TGE&EE—[C}'!-M:'! 968, 4366 11 av 445 584 14 0z
TGDR 4472077 BE 005 25 5.3 7 s
0 glycefarms AN 1825.6495 54 05 ne B.6 i s
FIMeEuAn 212059540 45 137 23 78 28 107
SANenAL 241X 080% 49 43 6 B4 x5 B2
S1MeuGe 2136.9798 BT n2 1.B 78 8 ni
S Meutic] Mewfc 24ZE.752 a0 0l B 84 25 01
Naz s|}'ﬂ]{l:ll'l]§ FRANLINenAc] Fac 5074.1962 9.1 (L 11.6 7.9 14 ni
S3AnrINeuAc Fue 5365.2019 87 0.2 4.9 85 13 na
FAAntNenAn] Fac Sa363are 5.1 {308 123 7.9 17 el
saantINensed Fuc S730.4234 el 0. 4.2 8.5 215 s
FAAntdNeucl Fae 60215158 19 1.5 BB 2.1 39 11
JaAmt ] LacAcENeudel Fac S804, 4502 Ll (.09 o.F a0 L7 o
SAnt ] LacMAe Bensc] Fuan hi95, 5550 2.2 g .z 8.5 L5 n5
Jaant] LocAcdheus] Fue G3B6.B510 3.5 1.9 L5 9.1 47 1.4
SAAmtAlacMAc INeuAct Far S GATE 6.5 0.3 kS a5 33 n3
AAAnEachAcdMeudc ] For &751. 7832 4.6 n7 12.1 a1 il 05

Detected peptides with less than 4 amino scids were not condidered (fe. R, K, LFR, GK, LK),
* Error wis caleulated in ppm as: {(Mon— My, M) = 10" {exp = experimental and theo = thearetical),

" IAA stands for indeacetamide.

" O-glycopeptide glycoforms are composed by one N-acetvlglucosemine and one galactose monosaccharides plus the indicuted number of sialic acids in each case,

3.2 TiO-SPE-CE-MS optimization

The Ti0y; besds obtained from the commercial kit designed for off-
line purification of phosphopeptides and sialylated glvcopeptides were
used to prepare the microcartridges for Ti0,-SPE-CE-MS. The compo-
sition of the different buffers supplied in the kit was unknown and non-
compatible with mass spectrometry, as we confirmed with some pre-
liminary experiments, Typically, phosphopeptides and glycopeptides
have been selectively enriched off-line with Ti0, using hydroorganic
mixtures with high contents of acetonitrile and HFor or trifluoroacetic
acid for conditioning, loading and washing, and NH,OH solutions for
the elution [27-29,33,34], In this study, the TiOy microcartridges were
conditioned using & binding buffer containing 80% v/v acetonitrile and
10% w/v HFor. In the preliminary experiments, 50 mg L' rhEPO
tryptic digesis were loaded at 930 mbar for 3 min in a loading buffer
with 80% v/v of acetonitrile and 2% v/v of HFor. After washing with
binding buffer (1 min) and leading buffer (1 min) and filling with BGE
(50 mM HAc and 50 mM HFor, pH 2.2) (2 min), the retained glyco-
peptides were eluted with 1 M NH,OH. Some experiments were also
performed washing only with loading buffer (2 min), but the short
washing step with binding buffer was necessary to reduce non-specific
retention of peptides, which were In part eluted during this washing
step (see Supplementary Fig. 1), The graph bar of Fig. 2A shows the
total peak area of peprides snd the different 055 glyeoforms detected
by TiQ,-SPE-CE-MS under different conditions. As can be observed (see
the bars labelled as “preliminary conditions™), & small amount of pep-
tides were still retained in the TiO, sorbent, but non-specific retention
was lower compared to selective retention of the Oz, glycolorms.
Anyway, these preliminary results needed to be improved.

Most authers using TIO, for off-line purification of phosphopeptides
and glycopeptides use lactic or ghveolic acid in the loading and binding

buffers to improve the selectivity by reducing unspecific binding of
peptides [24,27]. According to them, (.1 M of lactic acid was added o
the binding and loading buffers and a 50 mg L' thEPO digest was
analyzed by TiD.-SPE-CE-MS. Under these conditions, retention of
peptides decreased while the intensity of Oy glveoforms significantly
inereased, &5 can be seen in Fig. 2A. Higher concentrations than 0.1 M
of lactic acid produced higher noise and current instabilities during
separation. Using 0.1 M of lactic acid in the loading and binding buifer,
it was also tested the effect of adding an extra washing step with a lower
percentage of acetonitrile (209 v/v of acetonitrile with 2% v/v of HFar,
1 min} in order to remove the most hydrophilic peptides non-specifi-
cally retained in the sorbent, as proposed by other authors in off-line
protocals [27,29], However, while the total peptide area was scarcely
reduced (Flg. 2A), the area of Oy, glycoforms drastically decreased.
This demensirated that glycopeptides were partialiv lost when the TiO;
sorbent was washed with high water contents. Therefore, this extra
washing step was discarded, and binding and loading buffers with 80%
v/v of acetonitrile, 0.1 M lactic acid and 10% or 2% v/v of HFor, re-
spectively, were used for the rest of experiments. At this point, it [s also
important to note that, despite the TiD; sorbent has typically been
described to retain sialylated glycopeptides, the O :/0NeuAe glyveo-
form was also detected using these conditions (see Fiy. 2), as also re-
ported for other non-sialvlated glycopeptides [25]. This was probably
due (o non-specific interactions with the peptide moiety and hydro-
philic interactions with the atached glveans. Another remarkable fact
is that the separation between glycoforms with different number of
slalic acids was maintained, despite 50 mbar of pressure were necessary
to be applied during separation to counteract the microcartridge
backpressure {see in Fig. 28i the separation for the 055 NevuAc glyco-
forms). Even applving this positive pressure, migraton times increased
around 10 min compared to CE-MS (Fig. 14i),
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Fig. 1. CE-MS5 amalysis of thEPO rvpeic digest. A) Extracted ion electropherograms (EIEs) of the mest abundant 0 »-glycopeptide glyeoforms (1000 mg L' thEPO)
{1} and Tinearity (25-1000 mg L~ ' thEPO} (i), B} EIEs of the most relevant Nys-glyeopeptide glyeoforms {1000 mg L™ " thEPO) (1) and Bnearity (100=1000 mg L'

thEPO) (il

The eluent composition was also investigated wrying to improve the
results obtained with the T M NH,OH solution. Some authors have
suggested the use of higher NH,OH concentrations than 1 M to elue
highly sialylated glycopeptides in off-line procedures [29,%5]. To test
this hypothesis, a 10 mg L' rhEPO digest was analyeed wsing as elu-
ents 1 M, 3 M and & M NH,OH solutions. As can be observed comparing
Ply. 283 and 2B, the peak area of Ojy;, glycoforms decreased when
3 M NH4OH was used, especially the one with higher sialic acid content
{025/ 2NeuAc). Results were even worse when using 6 M NH,OH,
abtaining dat: with increased noise and observing current instabilities.
The use of ammonium phosphate (pH 9) as eluent was also evaluated,
Due to the high affinity of the phosphate groups for the TiO, sorbent, it
was expected to improve glyvcopeptide recoveries. Nonetheless, the
peak area of Oy, glycoforms decreased, being unable to detect Oy a
ONeuAe glycoform (see Fig, 2B-ii). Finally, an acidic cluent (0.1% v/v
HFor) was also tested [28], but the obtained resulls were very poot.
Therefore, the 1 M NH4OH solution was confirmed as the eluent for the
analysis of glycopeptides by TiOL-SPE-CE-MS. Under these conditions,
sample loading time was investigated loading a 10 mg L™ thEPO di-
gest for 5, 10, 20 and 30 min at 930 mbar. The peak ares of 0;2:-
glveopeptide glycoforms Increased progressively from 5 to 20 min and
then started decreasing due o analyte breakthrough (see
Supplementary Fig, 2). Despite the increased sensitivity, loading the
sample for 200 min caused current instabilities that affected the

separation repeatability. Therefore, a loading time of 10 min was se-
leeted for the optimized method.

3.3 Analysis of rhEPO glycopeptides by Ti0+-SPE-CE-MS

The optimized method was repeatable in terms of migration times
and peak areas. The WRSDs (n = 3) were between 9 and 11% and
between 6 and 11% for Oy, glycoforms, respectively, in consecutive
analysis of a 10 mg L™' rhEPQ digest. With respect to the micro-
cartridge liferime, it worked properly for around 10 analyses. The
method was linear (RY > 0.99) between 0.5 and 50 mg L' for Oy
glycoforms containing Meude and berween 10 and 50 mg L™" for 0,4
glycoforms with NeuGe (see Fig. 14-1 and 3A-ii, respectively). When
loading higher concentrations, the sorbent was saturated, and the ex-
pected increase in the peak areas was not observed, The LOD was as-
tablished at 0.25 mg L' to detect all the 0, slycoforms with Neude
and at 10 mg L™' for those with NeuGe, which corresponds to an im-
provement of up te 100 times with respect 1o CE-MS method, The de-
veloped method lowers significantly the working concentrations for
Q25 glveaforms from rhEPO containing both NeuAc and NeuGe, This is
an attractive tralt, since it enables detection of glycoforms with KeuGe
at low concentrations, which is particularly important In quality control
of Mopharmaceuticals and doping analysis. Fiz. 3B shows the ElEs of
the 0, glycaforms with NeuGe ar 100 mg L' of digested rhEPO.
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Fig. 2. &) Bar graph showing the effect on the peak areas of thEPO Oy 3-glveopeptide glycoforms and the total peptides detected by Ti0y-SPE-CE-MS of the presence
in the binding and Ioading buffers of 0.1 M of lactic acid and of an extra washing step B) EIEs of the most abundant O y-glycopeptide glycoforms using the
established binding and loading buffecs with 0.1 M of lactic acld and different elwents: (1)1 M NHGOEL, (i) 3 M NELOH and (1) 50 mM (NHL)PO, (pH 9) (10 mg L

rhEPO),

The average peak areas of all detected Oy 5-glycopeptide glyeoforms
by Ti0,-5PE-CE-MS are presented in Table 1) as well as the values for
the peptides and the Ny, glycopeptide glyeoforme, The Ti0,-8PE-CE-MS
method, although developed and optimized for the 0,2 glyeopepride
glyeoforms of thEPOQ enabled also detection of all Mgy glyeopepride
glyeoforms reported by CE-MS (see Table 1) It was found that allowed
a sensitivity enhancement of 10 times, detecting at 100 myg L™ of

digested rhEPO all the Na; glycoforms identified ar 1000 mg L™' by CE-
MS, without any reoptimization for N-glycopeptides. The LOD for the
N glyeoforms was higher than for the O glveoforms, as expected
because these farger and more negatively-charged glyeoforms are
harder to jonize in positive jonization mode, By way of an example,
Fig. 3C shows the EIEs of the most relevant Ny, glycoforms obtained by
TiD-5PE-CE-MS and previously presented for CE-MS in Fig. 18-, As in
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Table 2

Tealonie 208 (20200 120563

Summary of peptides and Oz4-glycopeptide ghyeaforms detected by CE-M3 and Ti0y-SPE.CE-MS in the tryptic digest of APO-CS at a concentration of 600 mg L' and

Tomg L of digmted glycoprotein, respectively (n = 3

Sequence Ma, CE-MS SPE-CEMS
Errar’ {pani) Area{x107 au) Areaix107 au}
sztidn SEAEDASLLSFMOGYME 1905 B488 93 ol 004
HATE A55.2492 7 1 05
DALSSVOESQVAQOAR 17156438 2.9 0.8 1
GWVTDGFSSLE 11955873 21 4 0.1
DYWSTVE BOT 4232 2.4 2 n.os
Oy lycofoms’ fMNeuAc 500, 1486 a7 {003 (023"} 0,005 [0,1%")
ANeuAs 2792.2440 0.4 0.3 (24,95 0.7 (12.3%9
A2NeuAr DE1. 33494 1.7 0.9 {7484 5 {87.6%)

Detected peptides with iess than 4 amino acids were not condidered (fe. TAK, DE).
* Error was coleubated tn ppm as (Mo — M) M) # 10" (exp = expérimental and theo = theoretical),
" Relative peak ares was calculated as the peak aren of esch glycoform divided by the sum of the peak areas of all glycotorms.
* O-glycopeptide glycoforms are composed by one N-acerylglucosamine and one galactose monosaccherides plus the indicated number of sialic acids in each case.

Table 3

Summary of peptides and N-glycopeptide glyenforms detected by CE-MS and Ti0-SPE-CE-MS (1 the tryptic digest of BAGP at a concentration of 1004 mg L~ and

100 mg L " of digested glycoprotein, rspectively (n = 81
Sequence Mibeu CE-M3 SPE-CE-MS
Errar’ {ppa) Area{x10® au) Arealx10" ain)
Pepdides WIYGSAFR 1145.5658 i ] 3 D005
AMIAAFFYLEPR 14247452 1.7 3 ANk}
HAEDK 5962711 T4 2 £
LITR 501.3275 26 4 L1 8
EVQTIED® 10244713 4.1 2 2
VESDR 64,2816 2R 1 (1N}
EHFVDLLLSK 1199655 5% B 4
NYGVSFYADEPEVIQEQE 20380007 33 5 1
EFLIOVTE AR 46 1.7 11 00z,
GUMWEK—IE}'J-L&A;:I 17968502 L 1 o4
DACGPLEK-(Cys-140") B88.4011 B R 5 0.3
CGHEEER B26.3569 i 0.3 LiFC
ETEAS 535.2126 Tk 0.8 0.0
My glveoforms SAAREINeGe 001123 L {8 (P ) 027 (55
SLAniANeuGe 33072026 A3 112 {309 D24 (479
N Hl_l.'l:nfnlms JRARENEAE 33042984 L] 14 [28% ) 12 (3%
SAami2NenGe 34262882 Ak {15 (3097 014 (36%°)
JaamiMensel NeuGe 9102933 1.1 ] (2% ) D13 (339
My glyeofarms FLANRNeuAL 2051 1647 A 0.14 (21%7) 120 (27% )
FaAntENeuGe 29831545 4.7 25 (M%) (26 (6% )
SlamiNenAclNende 29671596 i {28 [(42%) 027 (378
Myp glvesionme SantdMNende 5341 B2 s 32 [(25% ) DUl (15%)
SLAnriNeuGe A562. 4060 1.1 .39 (3197 16 (24%)
FaAnt I NenAc]I NeuGe 5484111 18 ikt [B6% ) A8 (27%7)
SAAntaNenGe ABER4963 B2 .00 (8% ) 03 (34%)

Detected peptides with less than 4 amino acids were not condidered [le. SAR, IVR, HFR, K).
" Error was caleulited in ppm ast (Mg — MieolMineo) % 10" {exp = experimental and thee = theoretical),

" IAA stands for lodoacetamida,

© Relative peak area wis calcubated as the peak area of sach glycoform divided by the sum of the peak areas of all the glycoforms of a certain glycosylation site.

CE-MS, Nys glycoforms migrated close and after the 0,4, glycoforms
{compare Flg 2B-1 and 3C), Moreover, separation between glycoforms
containing different number of sialic acids was not compromised with
or without on-line preconcentration.

Ancther important concern was to determine if the optimized
method was providing an accurate and reliable glveopeptide glycoform
fingerprint of rhEPQ. In order to study if the TiD); sorbent preferentially
retained the glycoforms containing more sialic acids, thEPD digests
were analyzed at different concentrations by CE-MS and TiQ,-SPE-CE-
MBS, Fig. 4 shows the bar graphs for the peak areas of each Oy gly-
coform {i.e. 02./0Nenhe, Ogpe/1Neuhde or Opa/2Neude) relative to
the sum of all 0. glvcoforms. As can be observed, in all the studied
concentrations, the relative peak ares of 025/ 2Neude using TiO-5PE-
CE-MS was slightly higher {around 3654) than by CE-MS (around 25%),

Consequently, the relative peak areas of the glycoforms containing less
sialic acids slightly decreased compared to CE-MS. This proved that the
Ti0, sorbent shows certain preference for more sialylated glyeoforms.
In the case of Nyy glycopeptide, using as a case study the Ny, tetra-
antennary glycoforms with two, three and four sialic acids, no sig-
nificant differences were found between CE-MS and 'Ti0L-SPE-CE-MS
{relative peak areas were around 5%, 309% and 65% for Nps/dAn-
t2NeuAe, Nep/dAnt3NenAc and Ngo/4Ant4NenAe, respectively, in both
cases). Therefore, it can be tentatively assumed that the slightly pre-
ference of the Ti0y sorbent for the more sialylated structures in rhEPO
was observed because Oy glyeoforms have an small carbohydrate
maoiety, which is basically compased by sialic acld residues.
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Fig. 5. EIEs of BAGP Nyg/2Ant2Neule, Ny /2Ant3NeuGe and Ny, 2Ant2Neute
glvcopeptide glyeoforms by (A) CE-MS (1000 mg L' bAGP) and (B) TIO-SPE-
CE-MS (100 mg L' bAGP).

3.4, Analysis of ather model glveoproteins

In order to test the potential of the TiOy-SPE-CE-MS method de-
veloped for thEPO with substantially different glycopeptides, the
tryptic digests of APO-C3 and bAGP were also analyzed by CE-MS and
TiQ,-SPE-CE-MS, APO-C3 is a small glvcoprotein containing 70 amino
acids with an O-glycosite at position 74, while bAGP is a 42 kDa gly-
coprotein contaninig 5 N-glyeosylation sites at positions 16, 39, 76, 86
and 118,

Regarding APO-C3, the tryptic digests were analyzed at 600 mg L™
and 10 mg 1.~ of digested glycoprotein by CE-MS and TiQ,-SPE-CE-
M5, respectively, Results of detected peptides and O, glycoforms in
hoth cases, including the mass error and peak areas, are listed in
Tuble 2. At these concentrations, the same peptides and glyeopeptides
were detected using both methods. Even though the analyzed con-
centration by Ti0.-SPE-CE-MS was 60 times lower than by CE-MS, the
peak areas obtained for Ogy glycoforms were higher compared to those
obtained by CE-MS. At the same time, the opposite was in general ob-
served for peptides (Table 2), proving that the TiQ, sorbent selectively
retained the glycopeptides. As happened with thEPO digests, the gly-
coform without sialic acids (0-,/0NeuAc) was also detecred by TiO,-
SPE-CE-MS, Similarly, comparison between the relative peak areas
obtained for Oy glycoforms by CE-MS and SPE-CE-MS (see Table 2)
revealed again certain preference of the Ti0, sorbent for glycoforms
tontaining more sialic acids, Thus, the relative peak area of the O/
2NeuAc glycoform by TiO.-SPE-CE-MS was higher {around 88%) than
by CE-MS (around 75%), whereas the relative peak areas of the gly-
coforms with less sialic acids were similar (0 /ONeuAc) or lower (On,/
INeuwAc)

With regard 1o BAGP, the tryptic digests were analyzed at

Tealonie 208 (20200 120563

1000 mg L' and 100 mg L™ of digested glycoprotein by CE-MS and
Ti0-SPE-CE-MS, respectively. Table 3 lists all the detected peptides
and glycopeptide glycoforms with both techniques, including the mass
error and peak areas. Although at ten times lower concentration of
digested bAGP by TiOo-SPE-CE-MS, the same peptides and glycopep-
tides were detected as by CE-MS. In addition, selective retention of
glyeopeptides was obtained by TiOu-SPE-CE-MS. No glyeoforms from
the Nyg-glycopeptide could be detected probably becawse the peptide
size of this glycopeptide s about two to three times larger than for the
rest of glycopeptides, making it harder to ionize, Fig. 5 shows as an
example the ElEs of some Mgy and Ny, blantennary elycoforms obtained
by CE-MS5 and TiO.-5PE-CE-MS. Regarding migration time, no separa-
tion between Nag, Mo, Mg and Ny glycopeptide ghyeoforms with two
stalic acids was obtained (see Fiz. 5 for some Nag and Ng, glycoforms).
This is to be expected since all these glycoforms contain two negative
charges and share very similar molecular masses, On the other hand,
separation between Ny, glycoforms with two and three sialic acids was
obtained using both CE-MS and Ti0.-SPE-CE-MS methods, as shown in
Flg. 5. Furthermare, a higher affinity of the TiQ, sorbent for glycans
with more sialic acids was also reveaied in this case. As can be obssrved
in Fig. 5 and Table 3, the relative pesk area of the Naya/2Ant3NeuGe and
Nie/ZANI3NeuGe was higher by TiO,-SPE-CE-MS than by CE-MS.
These results indicate thar, as with the O-ghvcopeptides, the TiOs sor-
bent presents certain preference for more sialylated struetures In N-
glycopeptides probably because the carbohydrate moiety is smaller
(hiantennary N-glycopeptide glycoforms) than in thEPO (tri and rerra-
antennary N-glyeopeptide glycolorms).

4. Conclusions

An on-line TiO.-SPE-CE-MS method was optimized to selectively
retain and enrich glyeopeptides obtained from glycoprotein digests.
Conditions for the Ti0,-SPE-CE-MS analysis of rhEPO Oy ,4-plyeoeptide
glycoforms were carefully fne-tuned to maximize detection sensitivity
and reduce non-specific retention of peptides, without compromising
separation between glycoforms. Under the optimized conditons, re-
peatability was good (9-11 and 6-11% RSD for migraton times and
peak areas) and the microcartridge lifetime was around 10 analyses,
The method was linear and the LODs were up to 100 times lower than
by CE-MS. It was alse demonstrated that the optimized method allowed
preconcentrating the rhEPO Ny-glycopeptide giveoforms, as well as
APO-CE O-glycopeptides and bAGP N-glycopeptides. Therefore, the
established TiOSPE-CE-MS method can be used 1o analyze glycopep-
tides with different compositions and regardless of the protein derived
from. It has to be taken into account the higher affinity of the TiOy
sorbent for more sialvlated glycoforms, which would decresse with the
size of the carbohydrate mofety. Results are promising with immediate
application in the analysis of diluted protein digests of bopharmaceu-
ticals or in comparative glvcoproreomic studies,
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Supplementary Figure S-1. Bar graph showing the effect on the peak areas of rhEPO
0126/1NeuAc and 0126/2NeuAc glycopeptide glycoforms and the total peptides detected by
TiO2-SPE-CE-MS washing with binding and loading buffers (which contain 10% and 2% of HFor,
respectively) or only with loading buffer (50 mg:L-1 rhEPO. The rest of conditions were the

preliminary ones).
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Supplementary Figure S-2. Evaluation of sample loading time for 0126/1NeuAc and
0126/2NeuAc glycopeptide glycoforms of rhEPO by TiO2-SPE-CE-MS (50 mg-L-1 rhEPO. The

rest of conditions are the optimized ones).
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Alterations in the glycoprofile of several proteins have been described in several diseases.
Typical glycan modifications are associated with changes in sialylation, fucosylation and/or
branching. In the particular case of cancer, increased levels of a2-6 sialic acids and
overexpression of certain Sialyl Lewis epitopes were mostly described. As sialic acids and
fucoses can show different linkage-types in glycans, which lead to the presence of several
isomers, the separation and in-depth characterization of these glycan isomers has raised great
importance in the last years. The possibility of identifying alterations in specific sialic acid or
fucose linkage isomers could facilitate the discovery of diagnostic biomarkers as certain

isomers could be associated with a specific pathology.

LC-MS in combination with exoglycosidase digestions has been used to elucidate and
structurally characterize isomeric glycans. However, the reported strategies do not present
enough retention time reproducibility and the difference in the ionization yield between
samples can lead to errors in the assignation of the isomers. Additionally, commercially
available enzymes can only cleave certain linkage-types and, in some cases, their specificity
might not be absolutely guaranteed. For this reason, methods using tandem mass
spectrometry (MS/MS) has been also developed to obtain structural information about the
sequence and linkage-type of the glycans. Nevertheless, although several ions have been
described as diagnostic of specific structural features, such as sialic acids or fucoses linkage-
types, scarce studies previously characterize the linkage-types present in each isomer with a

complementary technique to confirm or discard the diagnostic value of such ions.

In this chapter, a method for the separation and identification of glycans and their
corresponding isomers by capillary LC-MS using a zwitterionic hydrophilic interaction column
(CapZIC-HILIC-MS) is optimized. In addition, two methods for the characterization of glycan
isomer structures as well as their sialic acid and fucose linkage-types by CapZIC-HILIC-MS are

also presented. The first one uses exoglycosidase digestion in combination with glycan relative
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isotope labeling (GRIL) strategy using [*2Ce]/[*3Ce]-aniline, while the other is focused on the
development of a CapZIC-HILIC-MS/MS approach. Human alpha-1-acid glycoprotein (hAGP) is
used in both studies as model glycoprotein due to its wide range of sialofucosylated glycan

structures and relation with certain inflammatory processes and types of cancer.

The work performed in the above mentioned topics has resulted in the publications listed

below:

e Publication 3.1.- Identification and characterization of isomeric N-glycans of human
alfa-acid-glycoprotein by stable isotope labelling and ZIC-HILIC-MS in combination with
exoglycosidase digestion. Mancera-Arteu, M., Giménez, E., Barbosa, J., Sanz-Nebot, V.
Analytica Chimica Acta (2016), 940, 92-103.

e Publication 3.2.- Zwitterionic-hydrophilic interaction capillary liquid chromatography
coupled to tandem mass spectrometry for the characterization of human alpha-acid-
glycoprotein N-glycan isomers. Mancera-Arteu, M., Giménez, E., Barbosa, J., Peracaula,

R., Sanz-Nebot, V. Analytica Chimica Acta (2017), 991, 76-88.
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ABSTRACT

In this study, a ZIC-HILIC-MS methodalogy for the analysis of N-glycan isomers was optimized to obtain
greater detection sensitivity and thus identify more glycan structures in hAGE In a second step, this
method was combined with glycan reductive isotope labelling (GRIL) through |G}/ Cs]-aniline and
exoglycosidase digestion to characterize the different glycan somers. The GRIL method allows the peak
areas resulting from two different labelled samples to be compared, since neither retention time shifts
nor variations in the ionization of glycans between these samples are obtained, First, sialic acid linkage
assignations were performed for most hAGP glycan isomers with #2-3 sialidase digestion. Bi-, tri- and
tetraantennary glycan tsomers with different terminal sialic acid linkages to galactose (22-3 or 22-6)
were assigned, and the potential of this technigue for the structural characterization of isobaric isomers
was therefore demonstrated. Furthermore, fucose linkage isomers of hAGP glycans were also charac-
terized using this Isotope-labelling approach in combination with =1-34 fucosidase and fi1-4 galacto-
sidase digestion. 21-3 antennary fucoses and 21-6 core fucosylation were detected in hAGP fucosylated
glycans. These established methodelogies can be extremely useful for patho-glycomic studies to char-
acterize glycoproteins of biomedical interest and find novel glycan isomers that could be used as bio-
markers in cancer research,

w1 2016 Elsevier BV, All rights reserved.

* Corresponding author,

E-moll address; eselagunenez@ubedu (B Ciménez),

Inttpe) e b oegsl 1OLLOWG) ) 202, 201607043

O003-26700 2006 Elsevier B, All nghis reserved.

1. Introduction
Glycoproteins play an important rofe in major biological pro-

cesses, which are moedulated and controlled by the oligosacchanides
attached to these proteins | 1-4], These oligasaccharide structures
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(also called glycans) are involved in many diseases such as hered-
itary disorders, immune deficiencies, chronic inflammation and
cancer [5.6). Hence, a wide range of research activities to find
glycan-based biomarkers for the detection of different pathologies
have been conducted |7—1(]. In the case of cancer, typical N-glycan
medifications in tumours are associated with changes in sialylation,
fucosylation or branching. Increased levels of a2-6 sialic acids and
overexpression of Sialyl Lewis® (SLe*) and Sialyl Lewis” (SLe?) epi-
topes were reported in carcinomas [ 1114},

The N-glycans of a glycoprotein may present several isomers
that mainly differ in the linkage type of the terminal stalic acids or
the fucoses, N-acelylneuraminic acicls (MeuAc) can be 22-3 or a2-6
linked to galactose (Gall, Moreover, fucoses can be «1-3 and =1-4
linked to N-acetylglucosamine (GleNAc), on an external branch {Fuc
Antenna), «1-2 Tinked to Gal or 21-6 linked to the core GleNAc {Fue
Core) [15-17]. Some studies in recent years have shown the
importance of cerrectly identifying and characterizing these iso-
mers, since one type of isomer can be associated with a specific
pathology. The possibility of quantitatively analysing alterations in
specific sialic acid or fucose linkage isomers could therefore facili-
tate the discovery of diagnostic biomarkers rather than simply
analysing the total sialylation or fucosylation levels of the glycans
[16-19]. Some authors have recently proposed the analysis of N-
linked glycans by liquid chromatography coupled to mass spec-
trometry detection (LC-MS) in combination with exoglycosidase
digestion to elucidate and structurally characterize isomeric gly-
cans |[5,16,20-27 . This characterization s carried out by observing
retention time shifts and changes in the peak areas of the isomers
after exoglycosidase treatment, However, the strategies reported
present certain drawbacks. Some do not present sufficient reten-
tion time reproducibility to build a reliable structure/retention time
library. Moreover, the differences in ionization yield between

Sialic acid linkage-type isomers

hAGP sample hAGP sample

L T

glycans and between samples can lead to errors in the assignation
of the isomers, especially when there is an increase in the
complexity of the glyeans and the number of isomers,

Glycan reductive isotope labelling (GRIL) makes it possible to
compare two samples in the same run, correct the lack of retention
time reproducibility between runs and avoid variations in the
fonization of glycans due to ion-suppression effects or tuning of the
mass spectrometer |28—30) The GRIL methodology allows the
glycan fingerprints to be precisely compared before and after
digestion with a specific exoglycosidase, and therefore provides an
accurate characterization of glycan isomers. In a previous work, a
CRIL strategy using |"2Cs)/|Cs] coded aniline was developed for
the relative quantification of N-glycans, and the labelled glycans
were analysed by pZIC-HILIC-MS [ 11 [. This methodology rigorously
separated and quantified the different isomers of a glycan and was
recently evaluated for the charactenization of human alpha-1-acid-
glycoprotein (BAGP) glycans in serum samples from healthy vol-
unteers and patients with pancreatic ductal adenocarcinoma
(PDAC) and chronic pancreatitis (ChrP’) [32], In that study, we
observed an increase in several fucosylated glycans in PDAC and
demonstrated that some of them made it possible to differentiate
berween the two pathologies. Mevertheless, changes in the pro-
portion of some glycan isomers were also observed in certain PDAC
samples (12|, These results found in hAGP samples are a clear
example of the need to establish new methodologies to thoroughly
characterize isomeric N-glycans of glycoproteins.

To that end, an analytical method to improve the detection and
characterization of isomeric N-glycans by pZIC-HILIC-MS was
developed in this work, Studies using different exoglycosidases in
combination with relative quantification by isotope labelling with
[Cgl[™Cs] aniline have been performed to reliably identify the
linkage type of sialic acids and fucoses in the glycan isomers. hAGP

Fucose linkage-type isomers

haGP sample hAGP sample

T T

PNGase F PhGase F+a2-3 PNGase F
digestion l sialidase digestion digestion I
Y s N L] %
Released .'\i X }“}- Released and _“" Released "‘E'.;’
N-glycans 1:;_ ‘-; al-3 desialylated the  N-glycans e
i N-glycans i i
Purification Purification
I and labelling and labelling
¥ '!E !-liv '
N-glycans- Wt '+ N-glycans- Noglvians- WY Negl ]
fae Bltans: o brg g UBYRENE
[Hc)an 1.;‘ - ‘{"‘t{. [*2C]AN (3¢, JAN {I" o ";?‘ o 12, AN
i
23 s
- - TS 01374 fucosidase +
Total sialidase g
lv digestion [toral sialidase / palactosidase)
" 8 digestion
Equimolar mixture and - ‘.':‘? "’\. s
- - £ -Blycans- gy % 8 ;
HZIC-HILIC-MS analysis iR P mcan
P by iy

|

Equimolar mixture and
HZIC-HILIC-MS analysis

Fg. 1. Experimental workfiow followed in this work o charactenze salic aced [A) and fucose linkage-type isomers {8} by jZIC-HILEC-MS

-102-



Chapter 3

Glycan isomer characterization

94 M. Mancerm-Arzy er el [ Analytice Chimica Aot 840 (2006) 92103

has been selected as a glycoprotein model because it appears to
show great potential as a biomarker in pancreatic cancer and other
diseases [1232-35, and because it presents a wide range of
complex-type N-glycans and isomers, thereby allowing the pro-
posed method to be properly evaluated. The goal of these linkage
assignations 15 to establish a robust and reliable methodology for
the characterization of isomeric glycans in patho-glycomic studies
in order to identify new glycoprotein biomarkers.

2. Materials and methods
21, Chemicals

All chemicals used to prepare buffers and solutions were of
analytical reagent grade, Acetic acid (HAc, glacial), formic acid {FA
98%—100%), dimethyl sulfoxide (DMS0) and acetone were supplied
by Merck [Darmstadt, Germany). Ammenium hydrogen carbonate
{NH4HCDS), sodium phosphate dodecahydrate {NagPOy- 12H:0),
sodium cyanoborohydride (NaBH3CN), |'*Cg]-aniline (]'*CglAN),
|"*Cg]-aniline [[2C51AN), 2-mercaptoethanal {-ME) and sodium
dodecyl sulfate (SDS) were purchased from Sigma-Aldrich {5t
Louis, MO, USA). Hydrogen chloride (HCI, 37%) was supplied by
Panreac {Barcelona, Spain) and “NP-40 alternative” by Calbiochem
(Darmstadt, Germany ). Ammonium acetate (NHsfAc) and acetoni-
frile (ACN ], from Merck (Madnd, Spain), and LC-MS grade water
from Fluka (Madrid, Spain), were used for pZIC-HILIC-TOF-MS
analysis, Pepride-N-glycosidase F (PNGase F) and neuraminidase
(22-3,6.8 sialidase} were obtained from Roche Diagnostics (Basel,
Switzerdand), and %2-3 neuraminidase § («2-3 sialidase), «1-3.4
fucosidase and i1-4 galacrosidase came from New England Biolabs
(Ipswich, MA, USA). ESI low concentration (ESI-L) tuning mix was
supphied by Agilent Technologies {Waldbronn, Germany) for the
tuning and calibration of the 0a-TOF mass spectrometer.

22, Release, purification and lobelling of hAGP N-glycans

Standard of human =1-acid-glycoprotein (hAGP, 99% ) was pur-
chased from Sigma-Aldrich. Twenty-five micrograms of hAGP was
reduced with 0.5% B-ME in the presence of 0.5% 5DS in 50 mM
MazP0y {pH 7.5) and boiled for 30 min in a water bath, When the
sample was at room temperature, a volume of 50 mM Na;PO, (pH
7.5) with 1% (v/v) of NP-40 alternative was added to achieve a final
concentration of 0.1% SD5 and [-ME in the sample, To release the N-
glycans, 1 pl of PNGase F(1 U} solution was added and the mixture
was carefully vortexed and incubated at 37 “C for 18 b, Digestion
was stopped by heating the sample in a thermoblock at 100 °C for
15 min and the sample was stored at —20 °C until use. The N-gly-
cans released were purified by solid phase extraction [SPE} using
Hypercarb cartridges (25 mg, 1 mL volume, Thermo Fisher Scien-
tific). First, SPE cartridzes were conditioned and equilibrated with
1 mL of 60% ACN, 0.1% FA and 2 mL of water, respectively, After
dissolving the digested glycoprolein sample in <500 pl of water, il
was loaded and the SPE cartridge was rinsed with 1 mL of water,
Retained N-glvcans were eluted with 600 JL of 60% ACN and 0.0%
FA, and the eluate was evaporated to dryness in a SpeedVac. The
dried N-glycans were stored at —20 °C until use. The labelling was
carried out using a reaction mixture of 0.35 M aniline and 1 M
NaCNBH, in DMSO with 30% HAc. The dried hAGP ghycans were
mixed with 10 L of the reaction mixture and incubated at 70 °C for
2 h in a water bath. Samples were cooled to room temperature and
the labelled glycans were precipitated with acetone as described in
Ref. | 32 |. Finally, samples were evaporated to dryness in a SpeedVac
to remove the excess acetone, and the dried N-glycans were stored
at —20 “C. Centrifugations were performed in a Mikre 2208
centrifuge {Hettich-Zentrifugen, Tuttlingen, Germany ).

23 Exoglycosidase digestion of RAGP N-glycans

hAGP N-glycans were treated with different exoglycosidases
(see the experimental workflow of Fig. 1). Sialidase digestion: Sialic
acids were released by enzymatic digestion with sialidase (22-3,6.8
stalidase or «2-3 sialidase} using two different digestion methods.
Method 1: Once the hACP sample was subjected to PNGase F
digestion, the sample was evaporated to dryness in a SpeedVac and
reconstituted to the initial volume with 50 mM NHiAC (pH 5.00,
Subsequently, 1 pL of #2-3,6,8 sialidase (50 mU} or 625 pl of 22-3
stalidase {50 U) was added, and the solution was incubated at 37 °C
for 18 b {x2-3,6.8 sialidase) or 1 h (22-3 sialidase}. Method 2; In this
case, sialidase digestion was performed after PNGase F treatment in
the same bufler solution of 50 mM MNazPOy (pH 7.5) and incubated
at the same conditions of temperature and digestion time as
Method 1. In both procedures, digestion was stopped by heating the
samples in a thermablock for 10 min at 100 “C, and the samples
were purified and labelled with aniline in accordance with the
protocol described in Section 2. Fucosidose digestion: w1-3.4
fucosidase was used to release specific fucose residues of hAGP N-
glycans. Three variants of the fucosidase digestion protocol that
differed in the procedure or the number of enzymes used were
tested (see supplementary fgure), Method 1: Afler digestion of
hAGP with PNGase F, the sample was evaporated to dryness in a
SpeedVac and fucosidase digestion was carmied out, Method 2.
Before fucosidase digestion, the glycans released with PNGase F
wiere purified and labelled as described in Section 2.2, Method 3:
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Fig. 2. Extracted ion chromatograms (EICs) of the major N-glycans released from hAGP
standard sample and labefled with | Cq]-aniline using the chromatagraphic gradient
reported in Ref. | 31), with an aguesus mobile phase of 10 mM NHAC (A) and | mM
NH, A (B)
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Once the hAGP N-glycans were purified and labelled, digestion with
fucosidase was carried out in combination with other enzymes
(1 pL of 22-3,6,8 sialidase [ 50 mU) and/or 1 pLof f1-4 galactosidase
(8 U)). In all these methods, the dried glycans were dissolved in 8 pL
of water in order to perform fucosidase digestion. Subsequently,
1 pl of 50 mM NaAc:5 mM Call; (pH 55) and 1 L of B5A at a
concentration of 1000 pgfmL, provided by the manufacturer, were
added |26, Afterwards, 1 uL of fucosidase (4 U) was added and the
samples were incubated at 37 “C overnight. Digestion was stopped
by heating the samples in a thermoblock at 100 “C for 10 min, and
samples were stored at -20 "C until analysis.

24. pZIC-RILIC-ESI-MS

The pLC-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
interface { Agilent Technologies). To perform the chromatographic
separation, a ZIC-HILIC column packed with 3.5 mm particles,
150 « 0.3 mm Ly x 1D (SeQuant, Umed, Sweden) was used; the
stationary phase consisted of a surface with immobilized zwitter-
ionic sulfobetaine moieties. Experiments were performed at room
temperature with gradient elution at a flow rate of 4 pl/min and
injections of between 0.15 and 025 ulL of giycan sample labelled
with aniline [ghrcan concentration: -100-50 pmoljul). Eluting
solvents were A: 1 mM NHaAC solution and B: acetonitrile, The
following gradient conditions were used: solvent B from 90% to 80%
(within 5 min} and from 80% to 65% (within 20 min) as the linear
gradient, followed by cleaning and equilibration steps of B:
65% — 50% (within 5 min), 50% — 0% (within 5 min), 0% (over
15 min), 0% — 90% (within 5 min) and 90% {over 10 min). The mass
spectrometer was equipped with a dual-nebulizer ESI source, and
the orthogonal nebulizer was used for the pLC-TOF-MS experi-
ments: the second nebulizer, which is generally used to introduce
the internal reference mass standard solution in conventional
LC—MS experiments, was disabled to avoid any interference with
the pLC-TOF-MS experiments (37 Tuning and calibration of the
mass spectrometer were carried out in accordance with the man-
ufacturer’s instructions, The measurement parameters were sub-
sequently fine-tuned by direct infusion of maltohexaose labelled
with ['2Cg-aniline to maximize the signal for the singly charged
molecular ion |31, The best (“optimum”) operational conditions in
negative mode were: capillary voltage 3500 V, drying gas (MNz)
temperature 200 °C, drying gas flow rate 4 L/min, nebulizer gas (M;)
15 psi, fragmenmr voltage 190V, skimmer voltage 70V and OCT 1
RF Vpp voltage 300 V. Data were collected in profile {continuum ) at
1 spectrum/s (approx. 10,000 transients/spectrum) between mjz
100 and 3200, at the highest resolution mode (4 GHz ). pLC-TOF-MS
control and data acquisition were performed using MassHunter
Workseation software (Agilent Technologies). Qualitative Analysis
(version B.04.00) from Mass Hunter Workstation Software was
used for data analysis, using a mass tolerance window of 20 ppm to
extract the jon chromatogram of each glycan,

3. Results and discussion

3.1, Optimization of chromatographic conditions by wZIC-HILIC-
TOF-MS

In a previous work, a pZIC-HILIC-TOF-MS method was devel-
oped to separate hAGP N-glycan isomers labelled with aniline |32].
Although this method made it possible to separate the different
glycan isomers, it was not sensitive enough to detect minor glycans
when the glycoprotein of interest had a very low concentration in
biological samples or when it presented a low percentage of

glycosylation. In order to improve sensitivity, the chromatographic
conditions used for this work were oplimized by evaluating the
influence of the pH and ionic strength of the mobile phase,
Different pH conditions (pH values of 3, 5, 7 and 8) were tested.
AMltheugh changes in pH were expected to produce selectivity
changes for glycans with the stationary phase due to the deproto-
nation degree of sialic acids, there was no improvement in sepa-
ration and the MS signal of N-glycans decreased considerably
compared to the initial conditions (10 mM NHaAc, pH = 64} Af-
terwards, the effect of the salt content was also evaluated, with
concentrations of 10, 5 and 1 mM of NHsAc in the mobile phase.
Fig. 24 and B shows the extracted fon chromatograms (FICs) of the
major N-glycans released from hAGP and labelled with | “Cgl-ani-
line {|2CslAN). using 10 mM NHyAc and 1 mM NHyAc mobile
phases, respectively. In both cases, the gradient elution used was
that reported in Refs. |31,32]. The retention of glycans was affected
by the ionic strength and the elution order of some was altered (e.2.
2AntZMevAc), but separation genermlly did nor significantly
improve with respect to 10 mM NH4AC, By contrast, glvean signals
considerably increased at a low salt concentration. Hence, 1 mM of
NHafc at pH 6.4 was chosen as the optimum agueous mobile phase,
Once the mobile phase composition was established, the gradient
elution was optimized to improve separation of glycan isomers and
obtain an appropriate analysis time.

In line with our previous works |32,33], several bi-, tri- and
tetraantennary fucosylated and non-fucosylated N-glycans were
detected using this approach (see Table 1). Nevertheless, the
improvement in sensitivity made it possible to detect more glycan
structures of hAGP standard in this study. The biantennary glycan
with one NeuAc and the tetraantennary mono- and disialylated
glycans were also identified. In addition, it was possible to detect
the glycans 4Ant3NeuAc and 4AntdNewAc with one and two extra
units of N-acetyllactosamine (HexHexMAc or LacNAc), some of
themn also fucosylated. Isobaric isomers were detected for most
hAGP glycans using the ZIC-HILIC method reported in Ref, | 32],
Moreover, the gradient elution optimized in this work provided a
better resolution of isomers, especially for less abundant glycans
(dara not shown),

3.2, Characterization of sialic acid linkage Somers

Once the method for separating and detecting WAGP glycans and
their corresponding isomers was established, these structural iso-
mers were characterized using 22-3 sialidase [see Fiz. 1AL since it
was expected that the main differences between them would be
the linkage type of the terminal NeuAc {2.2-3 or 22-G). Prior to the
characrerization of glycan isomers, 42-3,6,8 sialidase {total siali-
dase ) was vsed to establish the optimum digestion conditions. Two
digestion procedures were tested to completely remove the sialic
acids from the hAGP glycans. Method 1 used owo different buffer
salutions Tor digestion with PNGase F and sialidase, and maintained
the optimum working pH lor each enzyme (50 mM NazPOy, pH 7.5
for PNGase F and 50 mM NHAc, pH 5,0 for sialidase). By contrast,
digestion of the bwo enzymes in method 2 was carried out using the
same buffer solution (50 mM NaiPOy, pH 7.5). Higher MS signals for
the destalylated glycans were obtained by digesting both enzymes
in the PNGase F optimum working pH (Method 2), even though the
aptimum pH for sialidase digestion is 5-6. This method was
therefore selected as the most suitable for performing sialidase
digestion, as sialic acids with the highest yield were removed and
less time was required to carry out the enzymatic digestion,

In this study, isotope-coded labelling with | *“Cgl-aniline (| '2C5)
AN) and [PCs]-aniline (]C;]AN) was performed to reliably eval-
uate the changes in hAGP glycans caused by digestion of the protein
with a certain exoglycosidase. This CRIL strategy made it possible to
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Table 1

HAGP N-glvcans labelled with | o) AN detected by pZIC-HILIC-MS in negative ion moede [N-ghyean concentration; 50 pmol/ul).

M. Moncero-Artew of af, | Arafyticg Chimica Acta 540 (2006) 92— 103

hAGP glyran-] “CslAN ty { min) Mineo Mg Error (ppm)
2AnL1MNeuAe leomer 1 17.3 2008.7267 2008.7208 1.5

bamer 1 128 2299.8232 22995288 24
2AnL2NaUAL

Isamer 2 135 2290.8232 22998218 L6

Tsamer 1 14.0 24458810 2445 BR44 1.4
2Ant2NeuAct Fuo

fspmer 2 142 24458810 2445 BRR4 30

Bsomer 1 14.8 26049554 26640550 |4
3Ant2MNeuAc

Ispmer 2 154 26640554 26648530 (.6

tsamer | 155 81032 2810.9946 %]
3Ant2NeuAc] Fue

Isamer 2 16.0 B11.032 2R10UES0 10,0

Isamer 1 126 2956.0513 295604584 1.0
FAntaNeuAC [samer 2 13.0 2956,0513 29560401 1.7

feamer 3 135 2956,0513 20560468 1.5

sormer 1 131 J102.10493 F102.08%0 45
A E3NauAC Fue

Rammier 2 135 310210453 F102.1025 22
3Ant3NeuAC Fue fsomer 1 138 3248.1656 3245.1578 24
AAnt1Neuhs sgmier | 221 27389811 2738 Da0E 1.1

bsamer 1 170 J030.0865 30300624 1.3
4Ant2MauAc

[sammer 2 175 30%0.0865 30300818 1.5

Isomer 1 17.6 3176.1444 3176.1245 5.3
Adnr2meuAcl Fue

[saimer 2 18.1 31761444 3176.1386 1.8

Isamer 1 135 33201897 33211616 6.6

lsomer 2 14.1 33211837 33214778 ]
4AntikeuAc

Isomer 3 144 33211837 INATR 1.0

fsomer 4 14.8 3321.1837 3321.1664 52

Isamer 1 139 34A7.2414 3467 2250 45

[samer 2 14.6 34672414 3467.2289 16
4Ant3NeuAs] Fug

lsmer 3 144 J467.24 14 3467 2181 6.7

Tsomer 4 153 3467.2414 34672226 54

tsamer | 15.0 3613.2978 3613.2707 7.5
4Ant3NauAC Fuc

[=pmer 2 154 6132078 36132509 13.0

tsamer 1 128 3612.2791 3612.2714 21
dAntdNeuAL feamer 2 131 1612.2791 36122582 5.8

Lsmmier 3 135 3512.2791 3612 2681 10

[sgmer 1 131 47583368 5877 31
4AntaNauAc Fuc

Tsmer 2 135 A758.3368 37583147 39
4AntdNeuAcFuc Tsamer 1 13.7 3904.3032 30043727 5.2
4AntaNauAC Fue fsmer 1 14.2 4050.4511 40503887 154
4Ant1LacNACINewAL tsomer 1 16.2 3686.3141 36863006 1.2
AAnt1LaNAC4NewAs Bsomier 1 14.6 3977 4096 3977 4023 1.8
4Ant] LacNAC3NeuAc T Fuc fszmer 1 16.5 38323720 3832 3859 36
4Anc1LacNAcd NewAe 1 Fue Isamer 1 149 41234675 41234318 37
4ant1LacNAcdNeuAc2Fuc fspmer 1 153 4260.5254 4269.5423 4.0
At Lar MAcA NewAc3Fue Bamer 1 155 44155833 4415 5567 6.0
4Ant2LacNAcINeuAL fsamer 1 17.3 4051.4463 4051 4378 21
4Ani2LacNAcdNe AL fsnmer | 158 43425417 4342 5251 18
AAnt2LacNAcdNewAc ] Fuc Isamer 1 16:2 A488.5997 4488 6103 4
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unequivocally assign the sialic acid linkage types present in each
isomer by direct comparison of the peak areas of the intact glycans
(hAGP only digested with PNGase F)] with those digested with a
specific sialidase {hAGP digested with PNGase Fand «2-3 sialidase),
since it avoids experimental variability in retention times and peak
areas between runs, For this purpose, three independent samples of
25 pg of standard hAGP were digested with PNGase F and labelled
with ["C)AN, while another three were digested with PNGase F
and =2-3 sialidase in accordance with method 2, and labelled with
[C5|AN, In this case, the time allowed for PNGase F digestion was
18 h to ensure the complete de-glycosylation of hAGPE, but 22-3
sialidase digestion was limited toone hour, as recommended by the
manulacturer, to avoid any possible loss of «2-6 sialic acids in
overnight digestion. After dervatization, equimolar mixtures of
hAGP glycan-|*Cs]AN and hAGP 22-3-desialylated glycan-| “CglAN
were prepared and analysed by pZIC-HILIC-TOF-MS. Fig, 3 illus-
trates the results obtained for the bi-, tri- and tetraantennary non-
fucosylated glycans. The EICs of the glycans detected in the hAGP
sample digested only with PNGase F are shown in red, and the EICs
of the glycans detected in the hAGP sample additionally digested
with #2-3 sialidase are shown in black. With regard to biantennary
non-fucosylated glycans (Fiz. 3A), hAGP digested with PNGase F
showed the presence of 2Ant2Newfc with two isomers and
2AncINewhc. After #2-3 sialidase digestion, isomer 1 of 2Ant2-
MNeufc disappeared and the peak area of the glycan 2AntiNeuAc
increased, while isomer 2 of 2Ant2NeuAc was maintained at the
same retention time and presented practically the same peak area
{see Fig. 3A and Table 2). These facts reveal that isomer 2 of
2Ant2Neuhe only presents «2-6 linked sialic acids and isomer 1
contains one #2-6 linked sialic acid and one #2-3 linked sialic acid.
Moreover, the sialic acid of ZAnt1NeuAc is only 22-6 linked, as the
2AntONewAc was not detected after «2-3 sialidase digestion (see
Table 2). It is worth mentioning that the peak area of 2Ant1NeuAc
after 42-3 sialidase digestion was not exactly equal to the sum of
the peak areas corresponding to isomer 1 of 2Ant2NeuAc and the
glycan 2AntINevAc: This is because a glycan with two sialic acids
shows a higher ionization yield in negative mode compared to the
same glycan with only one sialic acid residue.

With respect to the triantennary non-fucosylated glycans, iso-
mers 1 and 2 of the glycan 3Ant3NeudAc completely disappeared
after 52-3 sialidase treatment (EICs in black), and only the third
isomer remained, This presented a similar peak area, which sug-
gests that this isomer presents three 22-6 MeuAc linkages. To
correctly assign the remaining isomers of glycan 3Ant3NeuAc, it
was first necessary o stucly the behaviour of glvcan 3Ant2NeuAc. In
this case, after specific sialidase digestion, the first isomer dis-
appeared, the peak area of the second increased considerably and a
third peak appeared at a different retention time {[somer 3),
Additionally, it was assumed that hAGP does not present any tri-
antennary glycan with all #2-3 NeuAc linkages, since the glycan
JANONenfe was not derected in the hAGP sample digested with
a2-3 sialidase, lsomer 1 of the glycan 3Ant2NeuAc shows one 22-3
and one a2-6 linked sialic acid and, after sialidase digestion, it
turned into the glycan 3Ant1NeoA:c, which appeared at a
tg = 196 min, with a similar peak area (292 825 versus 314,765, see
Table 2). This fact revealed that no other isomer contributed to the
peak area of the glycan 3Ant] NewAc. Hence, isomers 1 and 2 of the
glycan 3Ant3NeuAc contain two «2-6 linked sialic acids and one
a2-3 linked sialic acid, and the second isomer of 3An2NewAc also
showed sialic acids with 22-6 linkages. As with the biantennary
glycans, the differences in ionization between the intact and
deslalylated glycans made it difficult to accurately compare the
areas obtained (see Table 2}, After evaluation of the different pos-
sibilities, however, we propose that isomers 1 and 2 of the glycan
JAnrINeudc turn into isomers 3 and 2 of the glycan JAnt2NeuwAc,
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Fig. 3. Equimodar mizaure of andlinz-labelled N-glycans released from 25 g of stan-
dard hAGP digested only with PRGase F and labelled with | Cs|-aniline (EICS in red),
and 25 pg of standard RAGP digested with PNGase F and «2-3 sialidase and labelled
with [0 -aniline (EICs in black). EICs of the biantennary (A} tiantennary (B) and
tetraantennary (C) non-fucosylated ghyeans, {For interpretation of the references o
colowr in this fgure legend, the reader is referred to the web veraon of this artcle.)

respectively, after «2-3 sialidase digestion.

hAGP tetraantennary glycans were more difficult to charac-
terize, since multiple combinations of the terminal sialic acid
linkages were possible. Nevertheless, most linkages in each glycan
isomer were characterized by evaluating all of the possible assig-
nations and taking account of the peak areas obtained in the two
samples {intact hAGP glycans and desialylated 22-3 hAGP glycans,
Fig. 3C). The tentative assignation obtained for the tetraantennary
glycans is also presented in Table 2. The sialic acid linkage assig-
nation of the remaining glycans, including fucosylated glycans
{illustrated in Table 3), was carried out with the same strategy by
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direct comparison of the peak areas. Less abundant glycans could
not be characterized, however, since the MS signal was too low to
perform a reliable assignation (e.g. dAntdNeuAc3Fuc, dAnt2Lac-
NAcAMeuAs,  4AntlLacNAcANevAcTFur  and  4Am2LacNAcd-
MeuActFuc), Itis important to note that, although certain ionization
differences between the intact and desialylated glycans could not
be avoided with the GRIL approach, this complex characterization
of isomeric glycans would not have been possible without this
strategy. To our knowledge, very few studies in the literature have
characterized triantennary and tetraantennary glycans with such a
large number of isomers for each glycan [27], This is mainly due to

Table 2

the limitations presented by other methodologies |5,16.20-26]. In
our previous work | 32|, certain isobaric glycans {e.g. isomer 1 and 2
of 3Ant3Neuhc) were found to be underexpressed in pancreatic
cancer with respect to control (ratio values were between 0.6 and
0.4, depending on the stage of the PDAC), while the abundance of
isamer 3 of 3Ant3INeuAc was similar in the control and PDAC
samples {ratio values close to 1), These findings could be related to
our sialic acid linkage assignations, smce isomer 3 ﬂl‘ll_'!-' presenled
#2-6 linked sialic acids, while isomers 1 and 2 showed #2-3 linked-
type sialic acids. These results demonstrate the importance of
characterizing these isomers, because changes in the expression of

Retention time and peak areas of native non-fucosylated hAGE-glyeans [derivatized with | "CaJAN) and non-fucasylated hAGH-glycans desialylated with 22-3 sialidase
{derivatized with | 0o )AN) by p2IC-HILIC-TOF-MS, Sialic acid linkage assignation for each isomer,

T (min} Clycan-]""C5]AN 123 deslalylated glycan-]“Cg]AN MeuAc linkage assignation
areain=1) area (n =13)
lsomer 1 136 168,825 - 1 Neuhc 22-6 *
1 Neudc 22-3 - -::: 4
2Ant2Neuhe
lsomer 2 140 200,764 1,783,084 2 Neuhc a2-6 P
*Ilii.__ e
»
2ancINeuAe lsomer 1 173 36,541 135571 1 NEdAC 12-6 - t" "
B om0y
2AntONeuAc lsomer 1 265 = = = =
|somer 1 126 306,885 - 2 Neohe a2-6 RO
1 Neudc o2-3 “HEe_ g
“i- 8
e
lsmer 2 131 4156023 - 2 Nenhc 226 oo P
1 Newhc 22-3 ~AEE g
IAn3NeuAc t.l b Y
‘>
lsomer 3 137 1,336,871 1412485 3 NeuAc 22-6 om0
—.'.'i_n m _.‘ »
" .':’
L ]
lsomer 1 149 202,825 = 1 Neuh: 22-6 s
1 Neuhe a2-3 ~Em l‘_._ )
Bl
IAnt2Neudc |somer 2 154 366,282 2277812 2 Neude o2-& T T
~BBE g
L
‘i‘_ 4
Isomer 3" 1549 - 225,692 - -
3AntiNeuAc lsomer 1" 19.6 314,765 B
JAntONewAc |somer 1 298 - - - -
|somer 1 120 252257 - 1 Neuhc 22-6 P
2 Neudc a2-3 _t:' |'®
1 Neuds unknown ~am lh_. i~
o ®
Isomer 2 133 37537 1 Neahe 22-6 - /.
2 NeuAc n2-3 rt.._ |"#
AAntdMeuAc 1 Meude unknawn ~EH = "o
E. ™
lsnmer 3 135 126,903 - 2 Neuhe a2-6 *
2 Neudc 223 gol?
i ¥ M .
- .»
WOy

-107-



Glycan isomer characterization | Chapter 3

M, Mancero-frteu er gl / Analytica Chimico Acte S840 [2016) 92103 o5
Table 2 [contimied )
T { Ik Glyean-|sjAN 22-3 desialylated glycan-] “CalAN Newte linkage assignation
area{n =3} area (n=3)
tsomer 1 116 101293 1 MeuAc n2-6 o ®
2 Meuhc zl-3 ". 3|
| § R
e
' d
lsomer 2 142 BE1.588 - 1 KewAc #2-6 B
. | sl i
1 Mewhc nd-3 : el
1 MeuAr unknown ~H n [
h... @
AAmtINeuic
lsomer 3 14.6 G705 - 1 Neudr £2-6 o *
1 NewAc 22-3 : .'ur"‘ [/
1 MeuAc unknown : ‘IQ:_ :
Isomer 4 151 214002 357,954 3 NewAc n2-6 o B
-ana B
w2 e
A=l
Isomer 1 169 195,765 1 Newhc «2-6 ‘_. ]
1 Mewhs n2-3 ol
e e o
h’. aal
AAnt2Meudc
Isomer 2 174 5, TRE 100,143 2 Newhc n2-6 .
~mme J00
Wi' 1k )
lsamer 1 241 43075 HH373 1 MeuAc xd-6 ‘.l
§ B
wme oo
AAmt INewA - »
Izomer 2" 227 76451
AAnt0MNenic lsomer 1 124 - -
4ant 1 LacNAcdNewte lsomer 1 146 425815 1 Meahe w26 i .
2 NeuAc #2-3 cams ¥ »
1 KewAc unknown - w
| SE Sl
4Ant1LacNACINCuAC lsomer 1 162 248701 T1454 1 MeuhAc 526 . "
1 MewAe 22-3 —— : "
| WewAc unknown 3._ = »
AAnL] Lae MAC2 MewAc Isamer 1" 196 12626
AAnt] LacNAC INewAc Isomer 1" 247 32151
AAnt1LacNAcONenAe Isamer 1 338 = - -

* Glycan not present in the native protein. Detected only after total sialidase digestion.
Y Glyean isomer not present in the native protein. Detected onby after 22-3 sialidase digestion,

22-3 and #2-6 linked sialic acids have also previously been
described in cancer | 13].

Total sialidase digestion of hAGP glycans was also performed
in this work. The EICs of the resulting total desialylated glycans
(non-fucosylated and fucosylated) are shown in Fig. 4. It is impor-
tant to highlight that, while the non-fucosylated glycans exhibited
only one chromatographic peak for each glycan, different isomers
were observed in the case of fucosylated desialylated glycans. The
fact that they were only present in fucosylated glycans may reveal
the presence of different fucose types (21-6 core Fuc, «l1-3
antennary Fuc or «1-2 linked Fuc to Gal). Although only =1-3
antennary fucosylation was previously reported in hAGP and 21-6
core fucosylation was only detected in the glycan 2Ant2NeuAc] Fuc
[12], these results confirm that fucose linkage assignment in all
hAGP fucosylated glycans is still required in order to identify
possible alterations of these isomers in pathological samples.

1.3, Characterization of fucose linkage isomers

We rufed out the presence of 21-4 fucoses, since only type-ll
structures (Galf1-d4GlcNAc) were previously described in hAGP
[3&]. To establish the optimum release of 21-3 antennary fucoses
from hAGP glycans using «1-3 4 fucosidase, three different diges-
tion methods were evaluated (see supplementary figure). In
method 1, fucosidase digestion was carried out after PNGase F
digestion by changing the digestion buffer, while in method 2, it
was performed after PNGase F digestion and glycan purification and
labelling. Both procedures were rejected, since any fucose residue
was removed from the hAGP glycans, probably due to the steric
impediment of the terminal antennary monosaccharides such as
sialic acids and galactoses, which hindered fucosidase accessibility.
11-3 4 fucosidase digestion only worked successfully when method
3 was used (method 2 in combination with total sialidase and/or
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Table 3
Retention time and peak areas of native fucosylated hAGP-giyeans (derivatized with | ®Cs|AN) and furosylated hAGP-glycans desialylated with 22-3 siafidase (derivatized with
[Ca AN by pZIC-HILICTOFE-MS. Stalic add linkage assignation for each isomer.

tyimin)  Glyean-|"CgJAN arca {n = 3) 12-3 desialylabe glycan-[ "0, |AM arca (n = 3) MeuAc linkage assignation

lsomer 1 139 40,0057 1 Mewhc wd-6
2AnIENeuAC] Fue 1 Reudc 123
somer 2 14.2 41446 JgAM 2 Neuhs n2-6
2antINeudc] Fuc [sommer | 18.6 - 312148 -
lsomer 1 264 - = _
2AntONeuAc] Fuc lsomer 2 e = = -
lsomer 3 282 - = _
Isomer 1 13.2 18067 = 2 NeuAs a-6
| Meuhc a2-3
3AntINeuAC] Fuc
lspmer 2 137 1137472 - 2 Neulc n2-6
| Meuhc w2-3
Isoamser 1 15.6 14510 = 1 Meuc -6
| Meuhc a2-3
JAnE2N 1Fuc
CURCIRIC T omer2 162 106913 974367 2 Neui 42-6
sormier 3 16.7 116369
JAni I Neuwtc] Fuc komer 1’ 208 - 106,131 -
lsomer 28.6 = = =
3AntONeuAC] Fuc! Lsomer 2 303
[omer 3 309 - - =
FAntINeuAc2Fuc |smmer | 140 56,253 2 Meudd al-b
1 HewAc w23
SAntINeuAc2Fuc lsamer | | 6.6 - 30442 =]
Isomer 133 140718 - 1 Meuhc 226
2 Neuhc a2-3
1 MewAc unknawn
4AntdMNenAc] Fuc
Isoimwer 2 136 | BOIBG - T MeuAd a2-6
2 Neuhd w2-3
I Heuhc umknown
Lomer 1 14.1 35632 = 1 Meufc u2-G
1 Meudc -3
I Meuwhc unknown
lsomer 2 147 29095 - | Meuhc 22-6
1 Meudc n2-3
AAntIMeutc] Fuc 1 Meude unknowi
Bomer 3 15.0 162,568 = 1 Meudc n2-5
| Meuhc e2-3
1 Mewhc unknown
sommer 4 154 51,521 49623 3 MeuAc 22-6
Lsomer 1 175 47520 48603 2 MedAc a6
AAnt2NeuAc] Fuc lsomer 2 18.1 17,739 152919 2 Neuh a2-6
Eomer 3 186 - 30509 -
omer 1’ 121 = 23485 =
AAntINewAc] Fuc Bomer 2 230 161,345
lsomier 3 236 - 21,748 -
|samer | 322
dantiMNeudc] Fuc
Lsomer 2 330 - - =
4hntdNeuAcZFuc |smer | 13.7 85,151 - | Meuhc a2-G
2 NouAC ut-3
1 Meuhe unknown
Isomer 1 15.0 41 256 - 1 Meuhc -G
| Meuhc 22-3
AAntIMenAcZFuc 1 MewAc unknown
lstmer 2 15.4 42500 8540 3 MeuAC w26
AAn 2NenAc2Fuc 3w | 18.7 295613
dAnt INeuAc2Fuc lsomer |’ 37 - 33514 -

AAmONeuAc2Fuc’ lsomer 1 335 - ~ -

# Glycan not present in the native protein. Detected only alter total sialidase digestion,
¥ Glycan isomer not present in the native protein, Detected only after «2-3 sialidase digesoon,
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A Non-fucosylated glycans after total sialidase treatment
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Fig- 4. EICs of some desialylated non-fucosylated [A] and fucosyiated (B glycans ob-
tained from hAGP standard afrer «2-3.6.8 sialidase (total sialidase) digestion.

[}1-4 galactosidase digestion). The need for sialidase or galactosi-
dase during «1-3.4 fucosidase digestion demonstrated the failure of
this enzyme to release antennary fucoses in highly decorated gly-
cans, contrary to the manufacturer’s guidelines,

Once method 3 was selected as the optimum procedure, fucose
linkage-type isomer assignation was carried out using the GRIL
strategy (see Fig. B} Three independent samples of 10 pg of
standard hAGP were digested with PNGase F and total sialidase
and labelled with | 2Cg]AN, while a further three samples were
digested with PNGase F, total sialidase and 21-3.4 fucosidase and
labelled with | “CglAMN. A 1:1 M mixture of these samples was then
prepared and analysed by pZIC-HILIC-TOF-MS. Glycan fingerprints
obtained for bi-, tri- and tetraantennary desialylated glycans with
one fucose are illustrated in Fig. 5. The EICs, shown in red, are the
hAGP glycans digested with total sialidase and labelled with [ *Cq]
AN, whereas the EICs shown in black are the desialylated glycans
detected in hAGP, but also digested with 21-3.4 fucosidase and
labelled with [“C5]AN. With respect to the desialylated bianten-
nary glycan with one fucose (Fiz, 5A), isomer 3 was not detected
after #1-3.4 fucosidase digestion, while isomer 1 and 2 were
maintained at the same retention time and with similar peak areas
{see also Table 4). This confirmed the notion that the first two
isomers may present the «1-6 linked fucose to the core GleMNAC, as
previously reported in Ref. | 12, or 21-2 linked to Gal, while iso-
mer 3 may show «1-3 antennary fucosylation. In the case of the
glycan 3AntONeuAc1Fue (Fig. 5B), digestion with 21-3 4 fucosi-
dase also caused the third isomer to disappear (compare red and
black EICs), which suggests &1-3 antennary fucosylation for iso-
mer 3 and, contrary to our expectations and inconsistent with

A
wigd

3 IAntONeuhel Fuc]UE, JAN
\

\

(5]

i

Intengity (counts)
L

Tiena {min]
B
ﬂ{l" 203
L Bt libeuAcd Fue-{C|AN AAntaNeuAs T Fuc-[HE,JAN
T \\\
My
g Sy ™
= | BADIDREALTFur-
-] 1 1
g IamtiNeviciFuc: oo o | it
E 1.1 ! \\

Twen {min|

— PHGase F 4 1otal slalidass
m— PHGa F ¢ total salidase + al-3.4 Fucosidase

Fig 5 Equrmolar misture of aniling-labelled N-glycans released from 10 g of haGP
standard sample digested with PNGase Fand total sialicase and labelled with | Cz]-aniline
{EICs inred ) and 10 g of standard hAGE digested with PMNGase F, iatal sialidase and « 1-3,4
fucosidase and labelled with | “C;]-aniline [ FICs in black . EICs of the bi- (A} tri- and tetra-
antennary (B) desalviated fucosylated ghyeans. {For interpretation of the references to
colaur in this figure legend, the reader is refeired 1o the web verson of this aiticle )

reported studies [12,33], an 21-6 core or 21-2 linked to Gal
fucosylation for the first two isomers, Finally, the tetraantennary
structures with one fucose wunit (4AntONeuwAciFuc, 4Ant]Lac-
NACOMeuACTFuc and 4Ant2LacNAcONeuAc 1 Fuc) seemed to pre-
sent one isomer with an z1-3 linked fucose and the other with an
2.1-6 core fucose or 41-2 fucose linked to Gal, since it was main-
tained after fucosidase digestion (Fiz. 5B and Table 4).

As occurred in the characterization of sialic acids, fucose type
assignation of the highly fucosylated glycans was more difficult to
perform, since their abundance was very low in hAGP. In this case. it
can be only deduced that all highly fucosylated glycan isomers
show at least one 21-3 antennary fucose, with the exception of
isomer 1 of the glycan 4AntONevAc2Fuc (see Tahle 4).

The reproducibility of the EICs between runs, concerning peak
areas, was already evaluated in our previous work |21, In this
wiork, similar RS0 values were obtained (-10% for major and -20%
for minor glycans) which demonstrated that the method was
adequate for sialic linkage-type isomer assignation. Howewer, in the
case of fucose linkage-type isomer characterization, as glycan
samples were more complex [containing fucosidase, BSA, etc.), the
reproducibility was worse and we recommend to compare peak
areas within the same run when using the GRIL method to avoid
experimental variability between runs. Nevertheless, it is impor-
tant to remark that the results concerning isomer characterization
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Table 4

Retention time and peak areas of desialylated RAGR-glycans (derivatized with ;| AN) and desiabylated hAGP-glycans digested with 21-3,4 fucosidase (derhvarized with | ;)
AN by wZIC-HILIC-TOF-MS. Fecese linkage assignation for each fucosylated glyean isomer.

ty [min) Desialylated ghycan-] Cal Desialylated + a1-3,4 defucosylated Fucose linkage assignation
AN area ghyran-] 20 AN ares

ZAnTiNeuAciFu Isomer 1 8.2 392611 346,791 -

Isomer 1 283 31420 20711 | Fuc core
TAmOMeuAc] Fue Isomer 2 280 0008 17474 1 Fuc core

[somer 3 30.2 2472 = 1 Fire Antenna 1-3 linked
FAnTONeuAcFuc Isomer 1 315 44160 666457 -

Isomer 1 315 02394 05,158 | Fuc core
FAntieuic] Fuc Isomer 2 321 19,947 25852 1 Fuc core

Isomer 3 325 183,321 1 Fuc Antenna a1-3 linked
JAntiNeuAc Foc Isomer 1 325 48452 = At least 1 Fuc Antenna 21-3 hinkad
AfntiNeuAcFuc Isomer 1 335 243,058 345,043 -
Wt Istimer 1 335 #.200 TE963 1 Fuc core

1sormer 2 340 73593 1 Fuc Antenng 21-3 linked

Isomer 1 335 24,750 24713 2 Fuccore or 21-2 linked ra Gal
AfntiNeuAc 2 Fuc Isomer 2 34,1 20,435 - At beast 1 Fuc Antenna 21-3 linked

Isomer 3 344 12952 AL least 1 Fuc Antenna =1-3 linked
AAniNeuACIFuc Isomer 1 341 T247 Ar least 1 Fuc Anteona #1-3 linked

Isomer 2 344 E236 = At lzast 1 Fuc Antenna 21-3 linked

were the same between replicates,

Finally, in order to differentiate between «1-2 fucosylation
linked to Gal and core fucosylation, total sialidase and x1-34
fucosidase digestion in combination with [i1-4 galactosidase was
carried out, Three independent samples of 10 ug of standard hAGP
were digested with PNGase F. total sialidase and @ 1-3.4 fucosidase
and labelled with | C5|AN, while a further three were digested
additionally with f1-4 galactosidase and labelled with |"Cs|AN.
Afterwards, equimolar mixtures of these samples were prepared
and analysed by pZIC-HILIC-TOF-MS. lsomer profiles obtained
after (1-4 galactosidase digestion confirmed that none of the
ghycans with one fucose showed o1-2 fucoses linked to Gal, as the
glycan isomers which were detected after «1-34 fucosidase
digestion were also detected after (i1-4 galactosidase treatment,
thereby conserving the fucose unit in their structure after removal
of the galactoses (e.g. see Fig, & for 3AntONeuAcT Fuc). In the case
of the highly fucosylated glycans, the absence of 21-2 fucoses
could not be reliably confirmed, since the M5 signals were rather
low. Monetheless, the results obtained with the glycans with one
fucose revealed that the majority of hAGP glycans showed wi-3
fucosylation (Fuc Antenna), but also 21-6 fucosylation [Fuc Core),
The presence of two isomers with core fucosylation in glycans
ZAntONeuAcT1Fuc and 3AntONeuAcIFuc (Table 4) could not be
fully explained in terms of structure. One possible explanation is
the presence of «1-6 core fucoses linked to either GleNAc of the
chitobiose core, although this atypical core structure has not been
described previously in hAGP. Despite the fact that core fucosy-
lation in hAGP was reported only in the glycan 2Ant2NewAc Fuc
|12, the presence of the other core fucasylated structures detec-
ted in this work opens up an opportunity to evaluate the fuco-
sylation type that is teuly involved in the overexpression of hAGP
fucasylated glycans in pathological samples, in order to explore
the potential of hAGP as a pancreatic cancer biomarker.

4. Conclusions

In the first part of this paper, the conditions for separation and

detection of glycan isomers using the pZIC-HILIC-TOF-MS5 meth-
odology were optimized, which resulted in a significant improve-
ment in sensitivity that could prove useful for the future analysis of
biological samples or glycoproteins with low glycosylation per-
centages. In addition, this approach identified more glycan struc-
tures in hAGP than ever before with this methodology
(Z2AntT NeuAc, 4AntTNeuAc and 4Ant2MNeudc, as well as some tet-
raantennary structures with one and two extra units of N-ace-
tyllactosaming). In the second part, we established a methodology

gt
LAmEMeafr L Fuc-[* AL JAN
- f164)

0 Gt}

MhnkiNeuleTFue-| PCIAN |

Intengity (counts)

|
| !
e MWMM

] 28 o n n EH 0 3 kL] »B

Tima {min}

— PNGARE F 4+ total sialidase + 1.3, 4 Fucosidase
— PHGasE F+ fotal sialidase + al-3.4 F 15}

+ 14 Galactosid

Fig, & Equimelar mixture of aniline-labelled N-glycans released from 10 pg of stan-
dard hAGP digested with PNGase F and tatal sialidase and labelled with |"*C;|-aniline,
and 10 pg of standard hAGP digested with PNGase F, total sialidase and (14 galac-
tosidase and labelled with | “Cs]-anlme, EIC of the miantennary destalylated fucesy-
lated glycan (shown in red] and EIC of the mantennary desialviated fucosylated
glycans also digested with [11-4 galaciosidase (shown in Back), {For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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using a GRIL strategy with | Cg]j] PCol-aniline and specific exo-
ghycosidase digestions to assign sialic acid and fucose linkage-type
isomers. In contrast to ather reported methodologies, this GRIL
strategy made it possible to reliably characterize glycan isomers by
comparing peak areas and retention times, thereby avoiding the
lack of reproducibility between runs and variations in the joniza-
tion of the glycans due to ion-suppression effects or tuning of the
mass spectrometer. The assignation of sialic acids linked-type in
hAGP glycan isomers revealed differences in the «2-3 and %2-6
sialic acid content that can be correlated with changes in the
abundance of certain isomers in pathological samples. Further-
more, characterization of fucose linkage-type isomers of the most
abundant hAGP glycans confirmed that, in addition to 21-3
antennary fucosylation, core fucosylation also appears to be pre-
sent in several hAGP glycans. The established methodology pro-

vides a reliable way of characterizing glycan isomers in order to
identify specific biomarkers in many diseases involving protein
glycosylation, and in the specific case of hAGP, it provides an insight
into the role of this protein in pancreatic cancer.
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1. Introduction

Glycans play a fundamental role in the function and
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physicochemical properties of the proteins |2—4). Moreover,
medifications in their structure have been related to many diseases
such as chronic inflammation, hereditary disorders and cancer
=10, Thus, the interest towards the structural analysis of these
compounds has risen in recent years. Complex N-linked glycans
contain a comman trimannosyl-chitobiose core substtuted in the
two outer mannose residues with antennas, consisting mainly of N-
acetylglucosamine-galactose (HexMAc-Hex) units [11,12]. N-ace-
tylneuraminic acids (NeuAc) are commonly found attached to the
terminal galactose in an #2-3 or an 22-6 linkage. Additionally, other
residues such as fucose can be linked tothe core or antenna HexMAC
as well as to the antennary galactose. The different possible link-
ages of each substituent has led to the existence of isobaric isomers
in glycans |[13-15). Nowadays, the in depth characterization of
these isomers is of great interest to many authors as overexpression
of certain glycan linkage-types were reported in  cancer
[6.10,16-20].

Expglycasidase digestion has classically been wsed for the
structural characterization of glycans by monitoring the products of
digestion by gel-filtration chromatography, high-performance
liguid chromatography (HPLC), matrix-assisted laser desorption/
ipnization mass spectrometry (MALDI-MS) |21 | and, more recently,
liguid chromatography coupled to mass spectrometry detection
(LC-MS) | 22—24], Nevertheless, commercially available enzymes
can only cleave certain linkage-types and their specificity might not
be absolutely guaranteed, MALDI-MS in combination with methyl
esterification procedures was another technique extensively used
that allows sialic acid linkage-specific derivatization to differentiate
between «2-3 and 22-6 linked sialic acids. However, these methods
require highly purified glycan samples, harsh conditions, long re-
action times and, moreover, the complete derivatization and link-
age specificity are often not achieved [25.26], Therefore, the use of
tandem mass spectrometry approaches to obtain structural infor-
mation about the sequence and linkage of ghycans was promoted

12,13,21.27 =351 In last years, most authors have used MS/MS in
negative ion mode as it yields less ambiguous spectra and contains
ion fragments that are diagnostic of specific structural features,
which cannot be easily obtained from the positive ion mode
| 21,2831}, Nevertheless, in many of these studies a liquid chro-
matography methodology able to separate the different isomers
prior to the tandem mass spectrometry detection was not used
|21.28 32|, Moreaver, several authors did not previously charac-
terize the linkage-types present in each glycan isomer with a
complementary technique [ 293033 341 and, therefore, the specific
ion fragments to diagnose certain structural features could not be
clearly determined. MS® approaches were also used to study frag-
mentation pathways of glycan structures. Despite the potential of
these methods, creating a fingerprint catalogue is only possible for
few structures and requires large amounts of purified glycan
samples |13.33.35]. For all these reasons, MS" fragmentation
studies are vsually performed with simple structures such as
mono- or bisialylated biantennary glycans,

In a previous study, human alpha-1-acid glycoprotein { RAGP) N-
glycans were characterized in serum samples from healthy volun-
teers and from patients with pancreatic cancer (PaC) and chronic
pancreatitis (ChrP) by zwitterionic—-hydrophilic interaction capil-
lary liquid chromatography coupled to mass spectrometry detec-
tion [pZIC-HILIC-MS ], observing an increase of several fucosylated
glycans as well as changes in the proportion of certain glycan iso-
mers in PaC samples | 5], These results agreed with those previ-
ously described in the literature for carcinomas, including changes
in expression of 92-3/6 linked sialic acids and over-expression of
sialyl Lewis X (SLe*) and sialyl Lewis A (SLe') epitopes

120,47 28] As main N-glyean madifications reported in cancer
are associated with variations in sialylation and fucosylation,

deepening into the characterization of sialic acid and fucose
linkage-type isomers is of crucial importance to find new glycan-
based hiomarkers. In a recent study, we developed a robust
methodology to reliably identify the linkage-type of sialic acids and
fucoses in hAGP N-glycan isomers using a stable isotope labelling
strategy with [*Cs]/[“Cs] aniline in combination with exoglycosi-
dase digestion |1]. Bi-, tri- and tetraantennary glycan isomers
diftering in the sialic acid linkage-type were assigned and, more-
over, «1-3 antenna and «1-6 core fucosylations were both detected
in hAGP glycans,

In this work. a pZ1C-HILIC-MS/MS method in negative ion mode
has been developed using hAGP as model glycoprotein in order to
determine reliable diagnostic fragments useful for sialic acid and
fucose linkage-type assignations. The exact mass of the daughter
ions obtained wsing a LTQ-Orbitrap mass spectrometer, together
with the characterization of hAGP glycan isomers performed in our
previous study 1] have allowed us to confirm or discard some
diagnostic ion fragments proposed in the literature, Furthermore,
the fragments established with a higher diagnostic character have
been used to delve into the structure and linkage-type character-
ization of some highly sialylated tri- and tetraantennary hAGP
glycans that were not completely assigned with exoglycosidase
digestion. Finally, this methodology was also applied to control and
pathological serum samples from patients with pancreatic diseases
to corroborate its robustness,

2. Materials and methods
2.1. Chemicals

All chemicals used in the preparation of buffers and soluticns
were of analytical reagent grade, Acetic acid (HAc, glacial), formic
acid (FA 98—100%), dimethylsulphexide (DMS0) and acetone were
supplied by Merck (Darmstadt, Germany). Sodium phosphate
dodecahydrate  (NaPOy-12H;0),  sodivm  cyanoborohydride
{MaBH3CN), ["Cg]-aniline (|'*Cg)AN). 2-mercaptoethanol [f-ME)
and sodium dodecyl sulfate (SDS) were purchased from Sigma-
Aldrich (5t Louis. MO, USA). Hydrochioric acid (HCL 375 was
supplied by Panreac (Barcelona, Spain) and "NP-40 alternative™ by
Calbiochem (Darmstadt, Germany). Ammonium acetate (MH4AC),
acetonitrile (ACN) and water LC-MS quality grade From Merck and
Fluka [Madrid, Spain), respectively, were used lor pZIC-HILIC-TOF-
WS analysis. A standard sample of human «1-acid-glycoprotein
{hAGP, 99%) was purchased from Sigma-Aldrich. Peptide N-glyco-
sidase F (PNGase F) and «2-3,6,8 neuraminidase {total sialidase}
were abtained from Roche Diagnostics {Basel, Switzerland) and, 22-
3 neuraminidase S (o2-3 sialidase) from New England Biolabs
{Ipswich, MA, USA),

2.2. hAGP glycan samples

Control and pathological human serum samples were provided
by Hospital Universitari Dr. Josep Trueta, Girona, Spain, following
the standard procedures of its Ethics Committee. Three serum
samples were analyzed: a healthy volunteer serum sample as
control and two pathelogical serum samples, one from an indi-
vidual with chronic pancreatitis (ChrP) and one from a patient
suffering from pancreatic cancer (PaC) with an advanced stage
{stage V). 100 uL of each control and pathological serum samples
were purified by immunoaffinity chromatography (IAC) using an
anti-hAGP column and following the method described in Rel. |36/,
After IAC purification, eluted hAGP was quantified at 280 nm using
a Manodrop spectrophotometer (Thermo Scientific) following the
recommendations of the manufacturer for hAGP standard. Then,
hAGP samples were evaporated to dryness by Speed Vac and stored
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at -20°'C

5-10 pg of hAGP (standard or purified from serum samples)
were reduced with 0.5% [-ME in the presence of 0.5% of SDS in
50 mM MazPO4 (pH 7.5) and boiled in a water bath for 30 min,
When samples were at room temperature, a volume of 50 mM
MasP0y (pH 7.5) with 1% (v/v) of NP-40 alternative was added to
achieve a final concentration of 0.1% of SDS and -ME in the sam-
ples, To release the N-glycans, 1 pL of PNGase F (1 U) solution was
added and the mixture was carefully vortexed and incubated at
37 “C for 18 h. Digestion was stopped by heating in a thermo-block
at 100 °C for 15 min and sample was stored at -20 “C until its use,
Released N-glycans were purified by solid phase extraction (SPE)
using Hypercarb cartridges (25 mg, 1 mL volume, Therma Fisher
Scientific). Firstly, SPE cartridges were conditioned and equilibrated
with 1 mL of 60% ACN, (0L1% FA and with 2 mL of water, respectively.
Alter dissolving the digested glycoprotein sample in ~500 pl of
water, it was loaded and the SPE cartridge was rinsed with 1 mL of
water, Retained N-glycans were eluted with 600 ul of 606 ACN, 0,15
FA and the eluate was evaporated to dryness by Speed Vac, Dried N-
glycans were stored at —20 °C until used.

Glycan labelling was carried out using a reaction mixture of
0.35 M aniline and 1 M NaBH;CN in DMSO with 30% HAc, Dried
glycans were mixed with 10 pL of the reaction mixture and incu-
bated at 70°C for 2 hvin a water bath. Samples were cooled o room
temperature and labelled glycans were precipitated with acetone
as described in Ref. [40], Finally, samples were evaporated to dry-
ness by Speed Vac to remove the excess of acetone, and dried
glvcans were stored at —20 "C until their analysis. Centrifugations
were performed in a Mikro 220R centrifuge (Hettich Zentrifugen,
Turtlingen, Germany).

23. Sialidase digestion of hAGP N-glycans

Sialic acids were released from hAGP N-glycans by enzymatic
digestion with «2-3,6,8 sialidase (total sialidase) or 22-3 sialidase,
Sialidase digestion was performed after PNGase F treatment in the
same buffer solution of 50 mM Na;POy (pH 7.5} by adding 1 jl of
total sialidase (50 mUY) or 6.25 pl of «2-3 sialidase (50 U). Subse-
quently, sample solution was incubated at 37 “C for 1 h {22-3 sia-
lidase) or 18 h (total sialidase). Digestions were stopped by heating
in a thermo-block for 10 min at 100 °C, and samples were purified
and labelled with aniline following the protocol described in sec-
tion 2.2 Samples were evaporated to dryness by Speed Vac and
stored at —20 “C until their analysis.

24, pZIC-HILIC-MS/MS

PLC-MS/MS. experiments were performed in a 1200 series
capillary liquid chromatography system coupled to a QTrap 6500
{AB Sciex) or a LTQ) Orbitrap Velos {Thermo Scientific). Separation
was carried out using a ZIC-HILIC calummn (150 = 0.3 mm, 3.5 pm,
SeQuant, Umed, Sweden), Experiments were performed al room
temperature with gradient elution at a flow rate of 4 pL/min and
injecting 025 pl of glycan sample labelled with aniline (ghecan
concentration: -50-100 pmol/pL). Eluting solvents were A: 1 mM
MNHaAC solution and B: acetonitrile. Gradient conditions were used:
solvent B from 90 to 80% (within 5 min) and from B80% to 65%
(within 20 min) as linear gradient, followed by cleaning and
equilibration steps of B: 63 — 50% (within 5 min), 50 — 0% {within
5 min}, 0% {over 15 min), 0 — 90% (within 5 min} and 90% (over
10 min. Tuning and calibration of the mass spectrometers [ollowed
the respective manufacturer's instructions. The MS/MS experi-
ments were performed in the negative ion mode,

In ESI-QTrap MS/MS experiments, the optimum established
paramelers were: curtain gas flow (CUR) 25, ion spray voltage (I5)

4500V, source temperature 25 °C, jon source gas 1 (G51) 20 and ion
source gas 2 (G52) 0. M5 spectra were collected between the mass
range 5001800 m/z and MS/MS spectra between 100 and 2000 m/
z An information dependent acquisition (1DA) method was used
with seven different experiments; Enhanced M5 (EMS), Enhanced
resalution (ER) and five Enhanced product ion scans (EP1). Each EP
experiment selected automatically six precursor ions defined pre-
viously in an inclusion list with an intensity threshold of 500 and an
exclusion time window of 20 s, The collision energy (CE) was set to
75% alter oprimization,

In ESI-LTQ-Orbitrap M5/MS experiments, the best operational
conditions were; spray voltage 3 kV, capillary temperature 275 "C,
sheath gas flow 20, aux gas flow 10, sweep gas flow 2 and s-lens RF
level 67%. MS spectra, in this case, were abtained between 100 and
2000 m/z, while the MS/MS spectra were acquired between m/z 150
and 2000, Fragmentations obtained using collision induced disso-
ciation (CID) and higher-energy collision dissociation (HCD) were
compared. Finally, fragmentation experiments were performed
using the HCD cell with an optimized collision energy of 70-75%,
Six precursor lons, defined in the method, were automarically
selected with an isolation window of 1.0 m/z,

Analyst 1.6.2 and Peak View 2.2 softwares {AB Sciex ) were used
for data acquisition and data analysis, respectively, in the ESI-QTrap
instrument, Xcalibur 2.2 software (Thermo scientific) was used for
ESI-LTQ-Orbitrap instrument control and data analysis. The pLC
system was controlled by the ChemStation B01.03 software (Agi-
lent Technologies). Interpretation and manual annotation of ion
fragment exact masses were performed using the SimGlycan 5
software [Premier Biosoft),

3. Results and discussion

In the last years, some authors have proposed the use of diag-
nastic ion fragments for the characterization of glycan isomers.
However, some of these studies were performed with low mass
accuracy spectrometers | 29| or they did not previously separate the
different isomers by liquid chromatography [21.28 32, Moreaver,
some authors could not be completely sure about the diagnostic
value of the selected ion fragments because they did not have
enough previous information about the linkage-type composition
of each glycan isomer [29,30,33,34], and most of them did not
study MS/MS fragmentation of tri- and tetraantennary sialylated
complex-type glycans. hAGP glycan isomers were characterized by
stable isotope labelling with [*Cg]/|"*Cg| aniline in combination
with exoglycosidase digestion in our previous work | 1], providing
valuable information to confirm or discard diagnostic fragments for
the identification of glycan isomers by tandem mass spectrometry.
In this work, hAGP was used as model glycoprotein to establish a
reliable pZIC-HILIC-MS/MS methodology but also to delve into the
structural characterization of its glycan isomers,

Two mass spectrometers were used in this study, e, a QTrap
and a LTQ-Orbitrap, As can be observed in Figs. S1A and 518 for
H5M452 glycan (isomer 2), similar ion fragments were obtained
with both mass spectrometers in the analysis of hAGP glycans.
Notwithstanding, the possibility to obtain the exact mass of
daughter ions, the higher scan speed that permitted us to obtain
mare M5/MS scans for each chromarographic peak and the higher-
energy collisions produced made LTQ-Orbitrap results more reli-
able. HCD cell was selected as more daughter ions, with high
diagnostic value such as cross-ring fragment ions, were detected
compared to CID fragmentation. Eight HCD energy values were
evaluated ranging from 35 to 95%. Values below 55% did not pro-
duce fragmentation of the parent ion, while energy values from 85%
caused the lass of A- and D-ions. By way of an example, Fa. 51
compares the tandem mass spectra of H5N452 glycan at 55% of
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collision energy (Fig. 51C) with the mass spectra of the same glycan A) H5N4
at the optimal value established at 75% [Fiz. S1B). The ion fragments -8 o
nomenclature used in this work was the proposed by Domon and 1o, 20558 4;":‘5'
Costello [41] and afterwards modified by Harvey and cowarkers i
[31.32]. A recompilation of most important characteristic ion frag- bl
ments described in the literature for the characterization of
complex-type N-glycans is summarized in Table 51 { supplementary o

material). Furthermore, ion fragments considered in the literature
as a diagnostic of specific structural features (eg. sialic acid or
fucose linkage-type) are listed in Table 52. In both tables, we also
enclosed those fragments generated after glycan desialylation.
Moreover, it is important to remark that although some ion frag-
ments were considered by several authors as specific of one
structure |12,13,29.30), in these tables we included different
possible fragmentations that correspond to the same on fragment
exact mass (e.g. ion fragment at mfz 364.1243 could also correspond
to By/Yg not only to *4; as sugzested by Ref, (28]},

3.1. lon fragments for the charocterization of complex-type N-
glycans

Prior to the characterization of the glycans in terms of sialic acid
and fucose linkage-type isomers, desialylation with %2-3,6,8 siali-
dase [tolal sialidase] permitted to reveal easily information about
antenna sequence and composition of complex-type glycans. In this
regard, as can be observed in Fiz. 1A for the desialylated bianten-
nary glycan of hAGP [H5N4), B- and C-ions at mjz 179.1 {C;) and
364.1 (B2) as well as several cross-ring fragments such as 424.1
{"A) were abundant and provided sequencing characterization of
antennas. For higher complex structures such as tri- and tetraan-
tennary desialylated glycans (HG6NS and H7NG, respectively), some
of the specific ions listed in Table 1 revealed the existence of a
branched antenna. The observed fragments that disclosed this
feature were 508.2 for HENS glycan and 609.2, 771.3 and 789.3 for
H7NG glycan as well as the ions at mfz 951.3 and 933.3 for both
glycan structures {see Fig. 18 and C}. Moreover, as was previously
reported in many studies | 12.21,29,30], D-ions provided informa-
tion about the 6-antenna and were diagnostic of its composition. In
this study, D and [D-H0[ ions at mjz 688.2 and 670.2 were used to
identify the position of the unbranched antenna and were detected
in the tandem mass spectra of H5N4 and HGNS glycans while they
were not present in HYNG (see Table 1 and Fig 1 ). The existence of
these D-ions in the case of the HGNS revealed that, in hAGP, the
branched antenna is located on the 3-antenna. These results were
also corroborated later for the sialylated glycans by abserving D-
ions at myz 9793 and 961.3 (see Table 2), Even though it was ex-
pected to observe D-ions at m/z 10533 or 1035.3 for the H7NG
glycan to confirm the branching also on the 6-antenna, only the
absence of D-ions at mjz G882 and 6702 were observed in this
case,

On the other hand, some authors have reported E-ions as a
diagnostic of the 3-antenna composition at m|z 466.10r 831.3, in
glycans with the branching located on the 3-antenna [12,21].
MNevertheless, in this study, the E-ion 466.1 was also observed in tri-
and tetraantennary glycans showing its lack of specificity to un-
branched 3-antenna. Furthermore, E-ions correspond to other
structures, such as “*¥a/Bs or *'%3/By rather than to the “A,
structure previously described | 12 ). For this reason, E-ions were not
considered in this work as specifics of 3-antenna composition.
Thus, the branched 3-antenna structure of the HENS glycan was
concluded using only the D-ions observed,

3.2, Characterization of siolic odd linkage-fype N-glycan isomers

In a previous work, a methodology to identify sialic acid linkage-
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Fig. 1. Tandem mass spectra of the biantennary (A), triantennary (B and tetraantenary
(C) desalylated N-glycans obtained from hAGP standard after total sialidase digestion
and labelled with ["Cgl-aniline. (*) This bon fragment could correspond to other
possible structures Jisted in Table 51 or 52 of the supplementary material,

type glycan isomers in hAGP glycans was established combining
total and «2-3 sialidase digestions with glycan reductive isotope
labelling {GRIL) using |2Cs)/|"Cg| aniline |1]. Although some au-
thars have pointed out problems wath the specificity of enzymes to
cleavage one single linkage-type, the combination of exoglycosi-
dase digestions with the GRIL methodology enabled a reliable
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Tahle 1

Characteristic ion fragments abserved in the tandem mass spectra and usad to characterize aniline-labelled desialylated hAGP N-glycan isomers. The nomenclature, assig-

nation and structure of each jon fragment are also included.

Glycan [srmer fon fragments ahserved Nomenclature Dmagnostic Structure
(mjz, miz - HyO]
H3N4 [samer 1 297.1450 Yy Absence of core fucosylation
GRE2Z311, 6702173 D Unbranched G-antenna
HENS lsumer 1 2971443 Y Absence of core fucosylation k=T
508.1652 B2y Eranched antenna Ay
GEB.2310, 670.2164 D Unbranched G-antenna
951,3377, 9333153 b Branched antenna
HTNG [somer 1 2071446 ¥y Absence of core fucosylation . I
G0, 2148 O3y By Branched antenna
7802747, 7712657 S Branched antenna
951.3221, 9313160 Sl Branched anlenna
HAN4F1 [somer 1 and 2 4612251, 4432035 i Core fugosylation Y,
1085 3708 Ay Ahsence of antenna fucosylation N . =
' AN
] QAI T'l
HENSF1 Isovmer 1 and 2 4432040 Yy Core [ucosylation ("‘.m_
AN
= 4 Y
o | ki
[imer 3 297.1441 Yy Absence of core fucogylation o
5702033 0 e Fucosylated antenna 'S X
GY0ZA11 0 Unbranched G-antenna Yy
033 3098 .y Branched antenna ol g ; —AN
1095.3689 20,05 Branched antenna OL.’@ ey
F i 1.{,.:
\.L'_:'--l'ﬂ”
lY!I

® This jon fragment could comespond to other possible structures listed in Table |
" Detected only m half of the runs.

assignation of sialic acid linkages, Hence, hAGP glycans were used
in this study to evaluate certain lon fragments for the character-
ization of sialic acid linkage-type isomers by tandem mass
spectrometry.

For this purpose, hAGP glycan isomers were analyzed by ZIC-
HILIC-MS/M5 and, moreover, some glycans were also digested
with #2-3 sialidase in order to completely characterize the greatest
number of isomers. The ion fragments 306.1. 408.1 and 470.1 pro-
posed by Wheeler et al. | 23] to assign sialic acid linkage-type were
also detected in hAGP glycans, Nevertheless, ions 3501 and 364.1
described afterwards for the same purpose [ 30|, were not consid-
ered by us as several structures were found to produce the same
exact mass, showing their lack of spedificity (eg, Az or A,
fragments that could be specific of #2-3 NeuAc show the same
exact mass of 350.1087 as “*A;, that could be specific of 52-6 NeuAc,
see Supplemental Table 523 Moreover, the ion fragment 364.1 was

or 2 of the supplementary material,

also observed in the tandem mass spectra of the desialylated N-
glycans demonstrating its low diagnostic value for 22-6 NeuAc (see
Fig. 1),

Although the native HSN4S2 glycan of hAGP showed two iso-
mers, after 22-3 sialidase digestion the first isomer disappeared
and turned into the H5N451, increasing its native peak area, as was
described in more detail in our previous work | 1], Hence, isomer 2
of H3N452 and H5N451 glycan showed all sialic acids linked «2-6.
Fig. ZA and B shows the tandem mass spectra of isomers 1 and 2 of
the native HSN452 glycan, and the H5N451 glycan obtained after
42-3 sialidase digestion, respectively. As can be observed, similar
MS/MS spectra were obtained for isomer 2 of HSN452 and H5N451
glyeans (Fig. 2Afii) and 2B(i}. respectively). In both cases, an
abundant ion at mjz 306.1 and the ion fragment 470.1 were
observed, which have been previously reported as characteristic of
a2-6 linked sialic acids | 28], In addition, the absence of the ion
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Table 2
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Diagnostic bon fragments observed in the tandem mass spectra and used to characterize aniiine-labelled natove and 22-3 desialylated hAGP N-glyean isomirs, The nomen-

clature, assignation and structure of each lon frigment are also incheded

Glycan Isomer lon fragments observed Nomenclature Diagrnostic Structure
[mlz, miz = Hy0)
HEM451 tsomer 1 306.1186 bat e 42-6 linked NeuAc M,
470:1518 G2 42-6 linked NeuAc ; o
9793355, 961.3136 h] Sialylated unbranched B-antenna k.r:';...a'
o EEE-AN
D
HEN452 Isomeer 1 3061184 00y ad-6 linked Neuhc A,
4080497 B (0 42-3 linked NeuAc ,t
AN
‘)’j;le
..32
Isomer 2 3061 186 iy, 00y u?-G linked NewAc ™
470.1862 G w2-6 linked NeuAc ‘,' 2 o
5793333, 9613127 &} Stabylated unbranched G-antenna fal B ;
* ; AN
Gy
HGN552 Isomer 1 - - - -
Isomer 2 3061186 Odp 00, a7-f linked NeuAc e,
470,145 G 22-6 linked Newhe \ b
77522 “ln, Siatylated 4-branching .WC‘-I-@ -
9793119, 961.3134 i) Suabylated unbranched G-antenna ‘b BE
C-“ld ;
*om?,
C,s F
Isomer 3° 061186 00y a2+ linked NeuAc ™
4701505 C 26 linked NeuAc ,\F =
8793166, 9613119 n Sialylated unbranched G-antenna jal Tol
* . -
L., =
!:2::":@
L
HENSS3 tsomer | 306.1 186 MA 0Dy 126 linked NeuAc .
a0 1442 B4-C0, a2-3 linked NeuAc - &
FTI.2560 a2y, Sialylated 4-branching ‘g.r}.@ B
9513204 1] Siabylated unbranched b-antenna . h.—l—n.u
-l iidu
‘: “Lap
B,
Jsomer 2 3061 187 A0y g2-G linked NewAc ang
0.1 546 B-COy a2-3 linked NeuAc Ly =
7752590 b 7] Stalylated 4-branching TR
913251 8] Sialylated unbranched G-antenna By~ xEII—hH
CEe
. .'ﬂ.
Isomer 3 061187 Oda, ity 426 linked NewAe 14,
470.1503 L w2-6 linked Neuhc .:
7752588 e Satylated d-branching o N
961.3140 D Siakylated unbranched G-antenna . . AN
H
*
i .
(-‘;‘:'."--'n.

¢ Glycan isomer not studied in this work.
b Glycan isomer not present in the native protein, detected only after «2-3 siafidase digestion.

frazment 408.1 in these glycans confirmed these three fon frag-
ments [306.1, 408.1 and 470.1) as diagnostic for sialic acid linkage-
type assignation. Moreover, the presence of D and D-H;0 ions at m/
29793 and 961.3 in H5N451 glycan revealed the localization of the

#2-6 Neude on the G-antenna (see Tabile 2 and Fig. 2B). Therefore,
the first isomer of the H5N452 glycan, which turned into H5MN451
glycan after «2-3 sialidase digestion, showed one %2-3 NeuAc
located on the 3-antenna and one 22-6 NevAc located on the 6-
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Fig. 2 [A) Extracted ion chromatogram (EIC) of the native HSN452 glycan obtained from hAGP standard and the MS/MS spectra obtained for each isomer (isomer 1 (i) and Bomer 2
[y} (B) EIC of the H3N4AS1 glycan, obtained from hAGP standard after «2-3 sialidase digestion, and its corresponding MSMS spectrum (i), (") This ion fragment could correspond to

other possible structures listed in Table 51 0 52 of the supplementary material

antenna. This assignation was also corroborated by observing the
ion fragments 306.1 and 408.1 in the M5/MS spectra of the native
isomer 1, despite the low abundance of these ion fragments as a
consequence of its coelution with the more abundant HENSS3
glycan (see Table 2 and Fig. ZA(IY.

Regarding the native trisialvlated triantennary glycan (HBN553 ),
which showed three isomers, fon fragments diagnostic of «2-6 and
12-3 NeuAc were observed in isomer 1 and 2 (mfz 306.1 and 408.1,
see Table 2 and Fig 3A (i) and (ii)). In contrast, isomer 3 only

presented 22-6 Neudc fragments (mfz 3061 and 470.1, see Table 2
and Fig. 3A (iii)), showing higher relative intensity of 306.1 ion in
this isomer compared to the others, These diagnostic ion fragments
confirmed our previous assignation | | |. Isomers 1 and 2 presented
both 22-3 and %2-6 sialic acid linkage-types and only the third
isomer showed all sialic acids 22-6 linked. Additionally, some au-
thors have pointed out that «2-3 NeuAc are more labile than «2-6
ones and they have described the relative intensity between ions
2001 (NewAc) and 655.2 (Neufc-Hex-HexNAc) as a parameter [o
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Fig. 3. {A) Extracted ion chromatogram (EIC) of the native HGNG53 glycan cbtaimed from hAGP standard and the corresponding M5/MS spectra of each isomer {isomer 1 (i}, isomer 2
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(isomer 3 (i} and isomver 2 (ii)) (7) This ion fragment could correspond to other possibbe structures listed in Table 51 or 52 of the supplementary material
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evaluate the linkage-type composition in each glycan isomer
[13.29). In our case, similar relative intensities were obtained for all
isomers of HGNSS3 glycan, which demonstrated this relation is
independent of the proportion of 22-3 and 22-6 linkages. On the
other hand, [D-Hz0] ions at mfz 961.3 were also observed in the
three isomers (see Table 2), corroborating thar HeNSS3 glycan was
branched on the 3-antenna.

With respect to the native HGN5S2 glhycan, two isomers were
detected but, after #2-3 sialidase treatment, the first isomer dis-
appeared, the peak area of the second isomer increased consider-
ably and a third isomer appeared. As was justified in Ref. |1, after
22-3 sialidase digestion, isomers 1 and 2 of HENSS3 glycan turned
into isomers 3 and 2 of HGN5S2 glycan, respectively, and only the
third isomer remained, Hence, isomers 1 and 2 of HEN5S53 showed
two -6 NeuAc and one 22-3 NeuAc, while isomer 3 presented the
three sialic acids =2-6 as was discussed before | 1], In this work, the
tandem mass spectra of isomers 2 and 3 of HGN552 glycan, ob-
tained after 2-3 sialidase digestion, were studied in order to
identify the structural differences between them, which could not
be determined previously with exoglycosidase digestion. Fig. 3B (i)
and {ii) show the tandem mass spectra obtained for both isomers.
Only diagnostic fragments of «2-6 NeuAc [306.1 and 470.1) with
similar relative intensities were detected in both isomers, which
corroborated the same NeuAc linkage-type composition, These
results were consistent with our previous study with exoglycosi-
dase digestion and GRIL analysis |1]. Furthermore, the MS/MS
method provided additional information about the position of
these o2-6 sialic acids as D-ions detected at m/z 979.3 and 961.3
(see Table 2) confirmed that in both isomers ane NeuAc was located
on the unbranched 6-antenna, and consequently, the other one was
on the branched 3-antenna. Thus, the difference among isomer 2
and 3 had to be associated with the different localization of the o2-
6 NeuAc on the branched 3-antenna (2- or 4- branching). The
presence of the jon at mfz 775.3 (" A4} in isomer 2 of the HGEN552
glycan and its absence in isomer 3 (see [able 2) suggested that the
22-6 MeuAc present in the branched 3-antenna was located on the
4- and 2-branching respectively. Moreover, the presence of this
specific ion in all isomers of HGN5SS3 (see Table 2), corroborated the
specific character of this ion fragment to characterize the NeuAc
position on the 4-branching. Furthermore, it also confirmed that
the 22-3 NeuAc in isomers 1 and 2 of this glycan was located on the
4- and 2-branching respectively (as they are related to isomers 3
and 2, respectively, of HGN552 glycan after 22-3 sialidase digestion,
see Fig. 3). The assignation of the branching position of the #2-3
NeuAc would not have been possible without the combined strat-
ezy of specific sialidase digestion and MS/MS analysis. On the other
hand, itis important to note that, while the ion 306.1 was present in
all isomers containing at least one 42-6 MeuAc, and its relative
abundance could be used to estimate the proportion of 02-6 NeuAc
in each isomer, the ion 470.1 was only observed when all sialic acids
were 22-6, This fact was concluded because the ion at mfz 4700
was not observed in isomers 1 and 2 of the native HEN5S3 but it
was observed in the corresponding glycan isomers obtained after
#2-3 sialidase digestion (isomers 3 and 2 of HENSSZ glycan,
respectivelyl Hence, ion 470.1 could be used for screening pur-
poses o identify those glycan isomers with all sialic acids «2-6.

Characterization of highly branched sialylated glycans is sill a
challenge and therefore less addressed by glycomic researchers, In
addition, in the particular case of hAGP, the characterization of
tetraantennary glycans is even more complicated as they are less
abundant and more difficult to ionize. Nevertheless, in this work, an
estimation of the 22-6 NeuAc compaesition in H7NGS3 glycan iso-
mers was carried out, For this purpose, only the ion fragment at m/z
3061 was used as other diagnostic ion fragments {such as 4081 or
47000 were not observed due to the lower abundance of this

glycan, In agreement with our previous study |1], isomer 4 only
presented 2-6 NewAc with the highest intensity of 306.1 ion with
respect to the other isomers (data not shown), Futhermore, the
relative intensity of this diagnostic ion also suggested that the
proportion of #2-6 NeuAc was higher in isomer 3 compared to
isomer 2. Thus, our previous assignation | 1] was complemented
identifying isomer 2 with two 22-3 NeuAc and one w2-6 NeuAc, and
isomer 3 with one 22-3 NeuAc and two 22-6 NeuAc. Nevertheless,
contrary to the tentative characterization carried ouf in our previ-
ous work | 1], the ion at 2 306.1 was not observed in isomer 1,
which could reveal that all sialic acids present in this isomer are «2-
3 linked. These results deepened the partial assignation of this
glycan performed previously with exoglycosidase digestion | 1],
identifying tentatively the linkage-type of the three sialic acids in
all isomers of HYMGS3, In addition, the characterization of all hAGP
glycan isomers performed in our previous and present studies
could also reveal that the proportion of 42-6 NeuAc is strongly
related with the elution order of the ZIC-HILIC column, demon-
strating that glycan isomers with a higher proportion of 226 linked
NeuAc are eluted later,

1.3, Characterization of fucose linkage-type N-glycan isomers

Fucose linkage-type characterization of the major glycans of
hAGP was also performed in this work using several diagnostic ion
fragments, same of them previously reported in the literature
[122129] (Table 52 of the supplementary material). In general,
diagnostic fucose ion fragments are usually present at low abun-
dance or are not directly observed in the tandem mass spectra as
the fucose, mainly the antennary fucose, is preferably removed
from the glycan structure during fragmentation |21]. Thus, few
studies have been able to idenufy fucose linkage-type of complex
N-glycans [12.21.42], which demonstrated finding novel specific
ion fragments to differentiate between Fuc Core and Fuc Antenna is
still necessary. As in the charactenization of sialic acids, the assig-
nation performed in Refl [1] was used to verify the reliability of
certain ion fragments described in the literature for fucose isomer
identification. In this case, total sialidase digestion was also carmied
out in order to remove heterogeneity and obtain the isomers
resulting only from different fucese linkages. Isomers 1 and 2 of
H5MN4F1 and HENSFT glycans, which were previously assigned as
core fucosylated | 1), and isomer 3 of HGNSF1 glycan, which was
previously assigned as «1-3 antennary fucosylated || |, were stud-
ied in this work as they were intense enough to delve into the
differentiation between Fuc Core and Fuc Antenna using tandem
mass spectra ion fragments. Fig. 4 shows the tandem mass spectra
of these glycans in hAGF. Fragments diagnostic of core fucosylation
such as Yy at mjz 461.2 and 443.2 were found in isomers 1 and 2 of
the biantennary glycan {H5N4F1) but at very low intensity and,
thus, with higher error mass. Moreover, the fon at mjz 443.2 was
detected inisomer 1 and 2 of the triantennary glycan (HGM5F1 ) but
only in half of the runs, These results suggested the difficulty of
detecting these diagnostic ions when the complexity of the glycan
increases, and thus, their absence in the M5/MS spectra could not
always be indicative of lack ol core fucosylation in tri- and tetra-
natennary glycans. However, the absence of the ion fragment Y, at
m/z 297.1 in the tandem mass spectra of isomers 1 and 2 of H5N4F1
and HGMSF1 glycans (see Fig 4A and C}, which was abundant in the
tandem mass spectra of the non-fucesylated glycans (Fig. 1A and B),
revealed that the fucose unit could be linked to the core. Therefore,
the previous assignation of these isomers as core fucosylated [ 1|
was confirmed and the diagnostic potential of the ion fragment
2971 to differentiate between Fuc Core and Fuc Antenna was
demonstrated. Moreover, other ion fragments such as **As/Ys at m|
7 10853 sugpested that the fucose unit was not located on any
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Fig. 4 Tandem mass spectra of isomers 1 and 2 of the H3N4F1 glycan (A), isomer 3 of the HENSF] ghycan (B) and isomers | and 2 of the HBNSF1 glycan [C) obtained from hAGP
standard after total salidase digestion, (*) This ion fragment could correspond 1o other possible structures listed in Tuble 21 or 52 of the supplementary material.
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Fig. 5, EICs of the HEN5S3 glycan and the corresponding M5 /WS spectra of the isomer 3 obtained fram three hAGP setum samples: ene contral (), ane pathological sample with
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antenna (see Table | and Fig. 4A). Additionally, in the tandem mass
spectra of HSN4F1 and HGNSF1 (isomers 1 and 2), specific ion
fragments of antennary fucosylation were not observed.,

With respect to isomer 3 of HENSF1 glycan, as can be observed
in Fig. 4B, the ion fragment at m(z 297.1 was observed with prac-
tically the same relative intensity than in the tandem mass spec-
trum of HGNS glycan (Vg 18B), which demonstrated, in this case,
that the fucose was not linked to the core HexMNAc, Furthermere, the
ion 364.1 (which corresponds to the antennary Hex-HexMAc unit)
presented lower relative intensity in comparison with the tandem
mass spectrum of the HENS glycan, showing that the fucose unit
could be located at one antenna, This fact was definitely confirmed
with the presence of the fragment 570.2 (“*A4/¥s, see Fiz, 4B and
Table 1), despite its low intensity. Moreover, the absence of 325.1
{Cy, see Supplementary Table 2) revealed that the fucose was linked
tor the antennary HexNAc, as was described in our previous assig-
nation |1}, rather than to the Hex [ galactose). Additionally, D-fon at
m/z 670.2 was observed {see Fig, 4B and Table 1) showing that the
fucose could be located at 2- or 4-branching of the 3-antenna, The
considerable decrease in the relative intensity of the on fragments
933.3 (" a4 and 10953 (*As/¥3) with respect to the tandem mass
spectrum of the HGMS glycan corroborated that the fucose was
linked to a HexNAc of the branched 3-antenna (compare Fig. 48
with Fiz. |B), The presence of these jons in the tandem mass spectra
could be atiributed to the preferable elimination of the fucose
linked to the 3-position of the antennary HexMNAc [21], as was
previously mentioned.

34. Application of the MS/MS methodology to serum samples

Once the pZIC-HILIC-MS5/MS methodology was optimized and
used o characterize sialic acid and fucose linkage-type isomers of
several glycans released from hAGP standard, the same method
was applied to hAGP serum samples to corroborate its robustness.
Fiz. 5 shows the extracted ion chromatogram (EIC) of the HEN553
glycan obtained in three serum samples: one control, one path-
ological sample with chronic pancreatitis {ChrP} and one with an
advanced stage of pancreatic cancer (PaC, stage IV) and the cor-
respending MS/MS spectra obtained for the third isomer, As can
be abserved, the diagnostic ion fragments obtained in the tandem
mass spectra of isomer 3 of HEN553 in real samples {Fig. 5 (ii))
were the same as the ones obtained in hAGP standard {see Table 2
and Fig. 3C (i), The same results were obtained for all studied
glycans demonstrating the robustness of the established meth-
cdology. Even though in this work the analysis of these patho-
logical samples was performed only with the aim of evaluating the
MS/MS method in serum samples, the tendency to increase the
relative abundance of the isomer 3 of the triantennary glycan in
PaC with respect to the control and to the ChrP samples was again
revealed (see Fig 5). This fact was reported in a previous work | 36]
in which a larger number of PaC and ChrP samples were analyzed
and could be again related with our assignation, as isomer 3 was
the only one that presented all sialic acids #2-6 linked and the
overexpression of this linkage-type was reported in cancer by
several authors [8.20.43). The glycans obtained from these hAGP
serum samples were also treated with total sialidase in order o
study the future applicability of this methodology in the charac-
terization of fucose isomers. Similar tandem mass spectra were
obtained for all fucosylated glycan isomers compared to the ones
obtained previously in hAGP standard [data not shown), These
results revealed again the robustness of this approach and
demonstrated that the analysis of additional PaC samples is still
pending to evaluate the potential of some glycan isomers as
possible biomarkers of this pathology.

4. Conclusions

In this paper, a p2ZIC-HILIC-MS/MS methodology was established
in negative ion mode for the characterization of glycan isomers,
With this strategy, the separation of the glycan isomers by pZIC-
HILIC combined with high resolution tandem mass spectrometry
detection enabled to unequivocally assign the jon fragments to a
particular glycan structure. Firstly, the most important diagnostic
ion fragments, previously reported in Refs. [12.13.21.27-34] and
used for the characterization of glycans, were evaluated with hAGPE.
Sequencing of N-glycan antennas was carried out using B- and C-
ions and, structural features such as branching location were
determined using D-ions. This method was also applied in this
work for the assignation of the sialic acid linkage-type. [n this re-
gard, characterization of bi- and triantennary hAGP glycans was
carried out in this study using several specific ion fragments, The
exact mass of daugheer ions provided by the LTQ-Orbitrap mass
spectrometer and our previous results wsing exoglycosidase
digestion in combination with the GRIL methodology | 1] permitted
us to confirm or discard some diagnostic ion fragments proposed in
the literature. Moreaver, unlike our previous work | 1], the estab-
lished M5/MS methodology enabled the location of 42-3 and #22-6
sialic acids on antennas and also the complete characterization of
same letraantennary glycans such as HBN7S3, which were only
partially characterized with exoglycosidase digestion | 1], Further-
more, based on the characterization performed previously in
Ref. | 1], differentiation between Fuc core and Fuc antenna isomers
was also performed in this worlc using specific ion fragments ob-
tained in the tandem mass spectra. Yy ions at mfz 461.2 and 4432
were not considered reliable diagnostic fragments of core fucosy-
lation in the case of tri- and tetraantennary glycans as they were
hardly detected in those isomers previously identified as core
fucosylated | 1). On the other hand, the ion fragment 297.1, which
describes the absence of core fucosylation, was established as an
important diagnostic ion for fucose linkage-type assignation,
Finally, robustness and future applicability of the MS/MS method
was demonstrated for the study of contral and pathological serum
samples in order to find novel glycan isomers that could be used as
biomarkers in cancer.
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Supplementary Table S-1. Summary of the most important characteristic ion fragments
obtained in negative ion mode tandem mass spectra for the characterization of sialylated
and desialylated complex-type N-glycans. Most of these fragments have been previously

described in the literature [11, 13, 21, 25-32].

=1l T -
M-glycan ion fragments Desialylated N-glycan ion o
fragments Characteristic
f ;
Nomenclature m/z , mfz-H,0 | Nomenclature | m/z , m/z—H,0 ragment of
B,y 161.0450
o) 179.0556
B, 290.0876 -
Ca 382.1349
b4
“mfMiorAdfvior | 4243455 | i ;‘f‘ﬁr‘ii A 424,155,
A, 406.1349 A A 406.1349
or A,
E 466, 1560
*p.-CO, 468.1717
B./Z, 508.1641 Branched antenna
B 526.1772
Cy 5441877
L] 13 a
“Ayor A or
a4 13 " 586.1983, Py 586.1983,
AsfYeor TAsSYs 568 1877 1?3,1"\".1 Er ceg. 1877
AgfY,
82 /By 609.2143 Branched antenna
By 655.2198
A or A" 715.2409
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24 T48.2511,
) AsfYs 730.2405
n2p, 775.2620 Sialylated ali— or 6
branching
E 831.2882
. 835.2831,
A 817.2726
- Las or ALY 863.3144
A, 910.3039
- 951.3305, "a,or A or 951.3305, :
ALYy 933.3199 D2y, /C," 933 3199 Branched antenna
- 1113.3833, 2N MY or 1113.3833, :
ALSY, 10953727 247 fy." 1005.3777 Branched antenna
1200.4153, Monosialylated
Gy or Ce/Ys 1182.4047 branched antenna
et % 1201.3993 -
LY. & P 1242.4258, Monosialylated
5 i 1224.4153 branched antenna
24 Sa 1275.4361,
AsfYaor=As 1257.4256
1404.4787
24 Y ]
AdlYs 1386.4681

2 Fragment 3As for sialylated N-glycans as well as 3A4 for desialylated ones, correspond to the

same exact mass of fragment 24As and #*A4 respectively.

Only possible ion fragment structure in the case of biantennary N-glycans.

¢ Characteristic of branched antenna in tri- and tetraantennary glycans.
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Supplementary Table S-2. Summary of diagnostic ion fragments obtained in negative ion

mode tandem mass spectra for the characterization of important structural features of

sialylated and desialylated complex-type N-glycan isomers. These ion fragments have been

previously described in the literature for the characterization of 6-antenna [11, 21, 25, 26],

sialic acid linkage-type [28, 30] and fucose linkage-type [11, 25, 26, 32].

e - -
Al i gt Desialylated N-glycan ion | .
fragments Diagnostic
fragment of:
Nomenclature | m/z, m/z=H;0 | Nomenclature | mfz, m/z-H;0 i
D 979.3254, D 688.2300, Unbranched 6-
& 961.3148 670.2104 antenna
a
AR R T
2m 1107.3728 816.2773 Y .
U C antenna
=
g c 1635.5530, 1053.3622
a ¢ i
a o D 1617.5424 i} 1035.3516 Branched &-antenna
i
=)
T, [mem [ | mmen [ S
1763.6004 1181.409 Ve
antenna
- 7 4o 306.1189 a2-6 linked NeuAc
3
a4 13
i Al RaoE 350.1087 a2-3linked NeuAc
B o A,
oo
5 &
e B,/¥; or 7A, 364.1243 B, 364.1243 a2-6linked NeuAc
23
€<
% B8,-CO; 408.1506 a2-3 linked NeuAc
(":]
5
C; 470.1510 a2-6linked NeuAc
: y 87,1212, ¥ 297.1212, Absence of core
% ! 279.1106 ! 279.1106 fucosylation
=
£ :
= ) ¢, 5251134 Fucosylation on i
2 antennary galactose
(%]
=
s 461.1898, 461.1898, ¢
E E Y 4421791 ¥i 4431791 Core fucosylation
k=]
W
=} 5 528.1928, 528.1928, Fucosylated
% By/Ye or Ay 510.1823 B, 510.1823 antenna®
=] TA
A 4 AufYs or
= ,,':“"F Y508 570.2034 Lip fY." or %%, 570.2034 Fucosylated
= B Y or A antenna
3
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y 646.2585, v 646.2585, — ation®
] 638 3479 1 628 2479 re fucosylation
ey 674.2534 LAY, 674.2534 Core fucosylation®
Y 688.26590 b 688.2690 Core fucosylation’
%45 . Ns or 7892777, 'u‘:‘;ﬁ::’_‘;zln
8 1'3A [ 2671
/Ys 771,26 branched antenna
By 801.2776 ) Fucusv}atfd
antenna
L
“AafYs or Branched
B Wil e fucosylated antenna’
- A5 or ALY 1009.3723 Fucesylated
antenna

2 Fragment “3As for sialylated N-glycans as well as A4 for desialylated ones, correspond to the same
exact mass of fragment 2#As and #*A4 respectively.

P Only possible ion fragment structure in the case of biantennary N-glycans.
¢The exact mass of this ion fragment includes the mass of one fucose unit.
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A) QTrap B) Orbitrap — optimized collision energy
Bs
100 - 8552183
B3 B1
1001 655.19 100- 290.0868 % sz,
20 kl 730.2378 04pg/Z 5
907 3 5 Cs 1386.4642
804 ; 8352797 D-H,O 04AG/ Y%
By [M-2H]? 80 £ 961.3127 1201.3944
g 70-290.13 1148.74 g 70 04p-CO; &
j= =4
g 04p,. 306.1186
S 601 '‘A-CO2 '§ 04 * 1404.4754
2. 306.13 E A6/ Ys
1 424.1442 800 1000 1200 1400
g 04pe/ Y5* : mz
2 40 424.02 24Ne1Z 3 2 1
o 73031, VZs B r !
- 04
© %0 817.25 AJYE' 138614 O 655.2183
- 1AJz. (120124 SACO2 |4 2378
20 1095.22 | |1275.22 468.1708 ;
104 835.2797
_IJ.. / 961.3127 12013944 13364642
o 1) | TR (| T O I I,
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
m/z miz
C) Orbitrap — 55% collision energy
[M-2H]>
100- 1148.9144
90+
80+
o 704
g
S 60
c
3
< 50
2 B1
£ 40- 290.0876
T
% 30+
20
104 04pg/Ye* Bs
5
o 4241445 655.2176 1038.3689 | 1,71 7038
200 400 600 800 1000 1200 1400
m/z

Supplementary Figure S-1. Tandem mass spectra of isomer 2 of H5SN4S2 glycan detected in

hAGP standard using (A) QTrap and (B) LTQ-Orbitrap at the optimized HCD collision energy

(75%), and (C) LTQ-Orbitrap at 55% of HCD collision energy. (*) This ion fragment could

correspond to other possible structures listed in Table S1 and S2 of the supplementary

material.
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In the last years, the search of glycan structures that could be used as potential biomarkers of
several pathologies has aroused great interest in biomedicine. Elevated levels of total sialic
acid (TSA), different expression between a2-3/a2-6 linked sialic acids, increased branching,
addition of poly N-acetyllactosamine (polylacNAc) as well as upregulation of certain
fucosylated epitopes have been the most important alterations reported in glycans in
inflammatory processes and cancer. Moreover, in the case of cancer, these alterations seem to
be related to the tumor initiation and progress as well as to metastasis, promoting certain
glycan structures the extravasation of tumor cells. Therefore, finding novel glycan-based
biomarkers may have much better performance for early diagnosis, disease monitoring and

prognosis.

In this chapter, the alterations occurred in hAGP glycan isomers are studied in patients with
pancreatic ductal adenocarcinoma (PDAC) and chronic pancreatitis (ChrP). The carbohydrate
antigen 19-9 (CA 19-9), which is currently the only biomarker recommended for PDAC, shows
an inadequate sensitivity and false results, especially in patients suffering from other
nonmalignant diseases such as ChrP. Certain hAGP glycan isomers are proposed in this chapter
as biomarker candidates of PDAC, which allow the differentiation from ChrP. In addition, using
the characterization of hAGP glycan isomers performed in the previous chapter of this thesis,
the existence of a relation between specific sialic acid or fucose linkage-types and PDAC is

investigated.

Similarly, changes in the expression of mouse transferrin (mTf) glycan isomers in mice with
collagen-induced arthritis (CIA), an homologous disease in many aspects to rheumatoid
arthritis (RA) in humans, are also studied in this chapter. Currently, there is no single test to
confirm the diagnosis of RA and it is based on the symptoms and the measurement of some

variables. In this chapter, certain mTf glycan isomers are proposed as biomarkers of CIA, which
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could be useful, in the future, to find novel glycan biomarkers for the diagnosis of RA in

humans.

The work carried out in these studies has resulted in the publications listed below:

Publication 4.1.- Multivariate data analysis for the detection of human alpha-acid
glycoprotein aberrant glycosylation in pancreatic ductal adenocarcinoma. Mancera-
Arteu, M., Giménez, E., Balmafia, M., Barrabés, S., Albiol-Quer, M., Fort, E., Peracaula,
R., Sanz-Nebot, V. Journal of Proteomics (2019), 195, 76-87.

Publication 4.2.- Alterations in the glycan profile of mouse transferrin: New insights in
collagen-induced arthritis. Mancera-Arteu, M., Giménez, E., Sancho, J., Sanz-Nebot, V.

Journal of Proteome Research (2020), 19, 1750-1759.
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ARTICLE INFQ ABSTRACT

Relative quantification of human alpha-acid glycoprotein (RAGP) glycan isomers using 1 Col/1Cu-antline in
comhination with multivariate datn anabysis is proposed as an efficient methed for the identification of pan-
creatic ductal adenscarcinoma (PDAC) glyean biomarkers in serum sumples. Intact and desialylated glyeans
from BAGP, purified from serium samples of paticats with PDAC and chronic panceeaties (ChrP), were labeled

Ky womis:

Glyean tsamiers

Mhalrivariare dara analysid
Haman alpha-add gheopratein

:::x:::“m with aniline and analyzed by gZIC-HILIC MS, Afterwards; partial least squases disceiminant analysss (FLS-DA)
Pt was applied 1o the relative areas ohtained for all glycan (somers in the different samples: pathalogical (ChrP or

POAC) versus healthy samples. Seven intact glycan somers with 26 linked sinlic acids, five of them slso
fucosylated, were the most meaningful to distinguish betwesn PDAC and CheP patients, The desialylated glycan
tsomers also identified by FLS-0A s porentlal Momarker candidates confirmed thar antenna but alse core fu-
cosylation could he imvalved in PFOAC The analyzis of intact and desinlylated ghyean isomers in eombination
with the multivariste data analysis revealed that the mantennary glvesn with two fucoses of hAGP coald have in
the future a relevant role in the differentfation of patients with PDAC from those with ChrP,

Significance; Multhvariate data analysis is curvently being used in many omics fields for biomarker discovery,
However, to date, no glycomics studiss have applied chemometric tools combined with mass spectrometry in a
preciinical research, In this work, this methodology has been used o identify altered glycosylation of human
alpha-aeid ghycoproteln in pancreatic ductal adenocarcinoma (POAC). The obtained results reveal that the i
antennary giycan with two fucoses could have & grear hiomarksr potential as it was relevant to differentiate
POALC and chronic pancrestitis (ChrP) patients.

1. Intracluetion

Princreatic ductal adenoearcinoma (PDAC) is a highly lethal disease
considered the fourth leading cause of cancer-related deaths in the world
[1]. This pathology has the lowest S-year survival rate (around 7%) due
to the late-stage presentation, the lack of effective treatments and the
absence of @ thoroughly useful biomarker for its early detection [2-1).
The carbohydrate antigen 199 (CA 1949} is corrently the only hiomarker
recommended for POAC by the National Comprehensive Cancer Network
(NCCN) guidelines for treatment monitoring and relapse follow-up.
Nanetheless, CA 19-9 presents an inadequate: sensitivity, false negative

* Corresponding author.
Bl pddress; esielagimenezivob ey (B Giméner).

hrtpar ol ores 10U 10D Jpear 200901006

rissults in population with Lewis a-b- genotype and high false results in
patients suffenng from other nonmalignant diseases such as chronic
pancreatitis (CheP) [5,6]. Therefore, PDAC diagnosis by elevated levels
of CA 19-9 should be confirmed by imaging techniques or using ather
carbohydrate antigens (CEA, CA 125 or CA 242).

Several studies have shown a dose relationship between altered gly-
cosylation and tumor initiation, progression and metasasis, which could
be used for early diagnosis. disease monitoring and prognosis [7-12]. Maost
of glycan alierations have been associated with under or overes pression of
glycosylransferases thar results generally in sialylation and fucceylarion
changes. Flevated serum total sialic acid (TSAL different expression

Received 2 August 2018; Reeeved in revised form 24 December 2008; Accepled 7 January 2019

Availnble anline 11 Januory 2001%
18743915, € 2019 Elsevler BY. All dghts reserved.
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between o2 3/02-6 linked sialic acids, increased branching, addition of
poly N-acetyloctosamine {polyioeNAc) as well oz upregulaton of certain
fucosylated epitopes have been repomted in carcinomas [10-17]. Thus,
carly reports suggest that finding novel 2lyean-based biomarkers may have
much better diagnostic performance (18], Nevertheless, ane of the major
bottlenscks in pathe glycomices i the lmited number of bicinformatic
wonls, Multivariate data analysis s currently being used in many omics
fields such as metabolomics to data explopation, classification and bio-
marker identifieation [19], Regarding glymopmteomies, there are few
studies applving chemometne tools in glyean analysis | 20-22] and to the
best af pur knowledge, none was combined with mass spectrometry data
in & elindeal stndy, We already showed the great potential of partial least
squares discriminan: analysis (PLS-DA) to study the ghycopeptide glveo-
forms off human transterrin altered in congenital disorders of glycosylation
(CDGs) [23). This chemometric approach could be even more valuable
when applied to the analysis of glyeans as their large microheterogeneity
with the presence of several isomers, requires an efficient data processing
and interpretation tool of such huge and complex datasets.

Acute phase protelns (APP) can be potential markers as they show
changes (n both prowin levels and glycan modifieations in response to
inflammutory processes wand other disesses such as cancer [24,25],
Human alpha-acid glycoprotein (hAGP) is a positive APP which pre-
sents high N-linked carbohydrate content (45%. w/w) including bi-, tri-
and retrantennary sialylated and sialofucosylated glycan structures.
Adtered WAGP glyensylation was observed in scveral cancer types, In-
cluding pancreatic cancer, resulting in sialyl-Lewis X epitope (NeuAc
(e 2-3)-Gal(fi1-4)-(Fue{a-3))-GleNAc) formation (n many cases, which
contributes to tumar cell migration towards distant tissues and metass
tasis promotion [24,26,27 ], In previous studies of our group, sialic acid
and fucose linkage-type isomers of most hAGP glvcans were char-
acterized using exoglycosidase digestions and tandem mass spectro-
metry | 25,29], Moreover, hAGP glycans from paticnis with POAC and
ChrP were analyzed and the alycosylation patterns were compared and
relatlvely quamtified (pathologlenl versus healthy eontrol) using glyean
reductive isatope |abeling (GRIL) strategy [20,141], In these studies,
upregulation of certain sialofucosylared structures, thar could be used
o differeninre PRAC from ChrP, and differences in the expression of
some glycan isomers were observed since initial stages of FDAC,

M thie present work, intaet and desialylored BDAGP glyean isomers
obtained from purified hAGP from serum samples of patients with
PDAC and ChrP were libeled with aniline and analyzed by pZIC-HILIC-
MS to properly correlate the under or oversxpression of certain glycan
isomers with thelr sialic acid and [ucose linkage-types. In this study, the
GRIL methodology with ['*Ce]/["*Cal -aniline [17] was used to perform
a reliable relative quantification tsomer by isomer (area of the glyean
isamer in the pathological sample versus area of the same glyenn lsomer
in the healthy control sample). The high variability among patholegical
serum samples together with the large number of glyean isoners
Ilentified made necessary the use af moltivariate data analysis tols (o
reduce the complexity of data interpretation. Therefore, PLS-DA was
applied to the relative area of all hAGP glycan isomers in order to
identify the mose meaningful isomers in the differentation of patients
with PDAC fromm healthy contrals (HC) and from patients with CheP. For
the first time, multivariate data analysis has been vsed in a8 glyeomic
study together with the pelative quantification of intact and desialylated
glyean isomers, This combined strategy allowed us to propose novel
potentinl hAGP glycan isomers that could be biomarker candidates of
PDAC, some of them mvelved in its progression which could be useful
for studying the response to treamment as well as tor disease monitoring:

2, Materials and methods
2.1, Chemicals

All chemicals used in the preparation of buffers and solutions were
of analytical reagent grade. Acetic acid (Hac, glacial), formic acid (FA

Anurmal of Promeemies 95 (2019 76-57

98-100% ), dimeihylsulphoxide (DM50) and acetone were supplied by
Merck (Darmstadt, Germany). Sodium  phosphate  dodecahydmted
(Na;POs121,0), sodium cyanoborohydride (NaBHCN), [“*Cel-ani
line, [“Cql-aniline, Z-mercaptoethancl (B-ME) and sodium dodecyl
sulfate (SDS) were purchased from Sigma-Aldrich (St Louis, MO, USA),
Hydrogen chloride (HCI, 37%6) was supplied by Panreac (Barcelona,
Spain) and “NP-40 alternative”™ hy Calbinchem {Darmstadt, Germany),
Ammonium acetate (NELAc) acetonimile (ACN} and water LC-MS
quality grade, used for pZIC-HILIC-MS analysis, were abtained (rom
Merck and Fluka (Madrid, Spain), respectively. Human alpha-1-acid-
glycoprotein standard (hAGP, 99%, purified from healthy control sera)
was piirchased from Sigma-Aldrich. Peptide N-glyeosidase P (PNGase F)
and @2-3,6,8 neuraminidase {total sialidase) were obtained from Roche
Diagnostics (Basel, Switzerland).

2.2, Serum sarmples

Contrel and pathelogical human serum samples were provided by
Hospital Universitari Dr. Josep Trueta, Girona, Spain, following the
standard procedures of its Ethice Committee. Serum samples comprise
cix healthy controls (HC), six patients with chronic pancreatitis (Chr)
and nineteen with pancreatic ductal adenocarcinoma (PDAC), six of
them with resectable discase (stages IB, 11A and [/B) snd thirtcen at
advanced stages, 7 locally advanced (stage [11) and & with metastatic
disease (stage V). There are both females (117 and males (14) patients
in the age ranged between 45 and 73 years old [ 1able L), The ChrP and
the stage of PDAC were diagnosed by the Digestive and Pathology Units
using biopsy or image examingtion. On the other hand, we analvzed the
patient variables age and gender of the different groups of patients
(healthy control, chronic pancreatitis and pancreatic cancer stages)
using the T-student and Chi square tests, respecuvely, and these van-
phles did not present significant differences within patient groups,
Therefore, these variables canmot discriminate among the groups of
patients and are not useful o answer the elinleal question.

2.3, Immunopurification of BAGE

Contol and pathological serum samples (0.1 mL) wese firstly in-
cubmted with 1% (w/v) Protease Inhibitor Cockeoil for 20 minar - 20°C
and diluted 1o 0.2 mL with Milli-Q water before injecting the samples in
the Immunsaffinity chromatography (TAC) system [23], The [AC-
column was prepared as reported in [33], using a polyclonal ant-hAGE
antibody bonded o an epoxy-silica chromatographic support [rom
Waters (Protein-Pak epoxy-activated affinity products), Akta-FPLE in-
strument (GE Healtheare, Waukesha, W, USA) equipped with a UV-Vis
detector was used for serum immuonepurification following a two-step
praocedure. After the corresponding conditioning of the column using
phosphate buffered saline (PBS] (10mM sodium phosphate, 138 mM
watland 2.7 mM KL, pH 6.85) aver 10:min, it was cleaned by injecting
three times 1.4 mL of the desarption solution (0.1 M glyeine-HCE buffer,
pH 2.2). Pretreated serum sample (0.2 mL) was injected and, when the
absorhance signal was returned to the baseline levael, the rerained
compownds were eluted wsing the desorption solution. The elutesd
compounds were collected and neutralized by addition of 0.1M
NaaHPOy (FO fraction], Subsequently, fraction FO was re-injected into
the IAC column (as described in detail in [34)), and cleaned again by
infecting 1.4 ml. of desorption solution three times, Le, at 10min,
25min and 40 pun after impection, respectively. The corresponding
eluted fractions (called F1, F2 and F3) were eollected, neutralized by
addition of 0.1 M NagHPO,, desalted and finally concentrated by using
centrifuge filter devices with 3kDa cut off membrane (Amicon Ulmra
0.5ml 3K). The purity of these eluted fractions was evalunted by
analyzing these fractions by SDS-PAGE (10% acrylamide gels) amd
silver staining. F3 fraction was discarded and, F1 and F2 were mixed,
After LAC, the mixture of F1 and F2 fractions, containing the total
purified hAGP, was quantified using a Manodrop spectrophotemeter
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Table 1
Clinical and pathological characteristics of the serunm samples analyzed,
Bample Stage” Gender
HC 44 - Make
HE 42 - Femule
HC 48 - Male
HC & - Male
HC 51 = Mk
HE 2 - Female
ChrP 131 - Male
ChrP* 141 - Female
ChrP 116 - ntake
ChreP 11 - Femake
ClarP 118 - Malte
ChrP 177 - Female
PDAC 1B 153 I8 {T2NOMO) hale
PDRALC 1A 164 LA [ T3NOMO) Female
FoAL 1B 150 B (TR 1MO) Male
PRALC A 230 IEA (TANOMO) iabe
FDAC 11B 81 B [ TANTMON Ilale
PDAL 1B 86 TE {[TANTMD) Peoale
FDAC T 157 [0 (T4NxM0) Make
FDALC 111 135 I (T4NxMh Female
FOAC I 107 L (T4 hxA0E finle
PDALC 11 158 L (TN Female
PDALC 10 47 IE (TANTREO] Male
PDALC 11 555 IR (T4NOMED] Iviabe
PDAC T 103 TIF (T4NDMD) Male
PDAC IV 512 IV (TaxbxM1) ale
POAC TV 109 IV ITANTMI) Female
PRAL 1V 30 IV (TaNxM1) Female
POALC IV 50 IV [TSNIMT] Female
PRAL TV 170 IV (TANIML) inke
PRALC 1V B4 IV (TINIMIT] Female

3 Inzact glyewn analysis Desialylated glycan anabysis
v
v
v
v
v v
v v
v v
v L
v '
v v
v v
v Vv
v v
v Vv
v
v ¥
#
v
v
'
v
v v
v v
v v
v
¥
v
v v
v o
v v

HC, healthy control; CheP, chrondc pancreatitis; PDAC, pancreatic ductal adenocarcimoma,

" THM system was used to determine the stage of PDAC.

(Thermo Scientific) by measuring absorbance at 278 nm and using the
parameter E1% = 8.93, following the recommendations of the manu-
facturer for hAGP standard. hAGP samples were evaporated to dryness
by Speed Vac and stored at — 20 "C until its use.

2.4. N-glycan preparation with [**Ca)/["*Cs] aniline labeling

hAGP standard as well as hAGP purified from serum samples were
reduced with 0.5% B-ME in the presence of 0.5% of SDS in 50 mM
Na;PO, (pH 7.5) and boiled In a water bath for 30 min. When samples
were at room temperature, a volume of 50 mM Na PO, (pH 7.5) with
1% {w/v) of NP-40 alternative was added to achieve a final concentra-
tion of (0.1% of SDS and f-ME in the samples. In order to release the N-
glycans, 1 pl, of PNGase F (1 U] solution was added and the mixture was
carefully vortexed and incubated at 37°C for 18h, Afterwards, 1L
more of PNGase F was added and the incubation was continued for
additional 18h, to ensure the total deglycosylation of hAGP samples.
Newrominidase digestion: desialylated hAGP N-glycans were obtained by
using c2-3,6,8 neuraminidase (total sialidase). Total sialidase digestion
was performed in conjunction with the second cycle of PNGase F di-
gestion by adding also 1pl of a2-3,6,8 neuraminidase (50 mU) and
incubated at 37 °C for 18 h, Digestions were stopped by adding —3 pL of
Fa and samples were stored at —20°C until its use,

Released intact or desialylated N-glveans were purified by solid
phase extraction (SPE) using Hypercarb cartridges {25 mg, 1 mL vo-
lume, Thermo Fisher Scientific). SPE cartridzes were firstly conditioned
and equilibrated with 1 mL of 60% ACN, 0.1% FA and with 2mL of
water, respectively, Digested sample was loaded to the SPE cartridge
diluted in —500pul of water and then rinsed with 1 mL of water,
Retained N-glycans were eluted with 600 pL of 60% ACN, 0.1% FA and
the eluate was evaporated to dryness by Speed Vac. Dried N-glycans
were stored at —20°C until used. The labeling was carried out by
adding 10 pl of reaction mixture (.35 M aniling and 1 M NaCNBH; in

74

DMSO with 30% HAc) to the dried glycans and Incubating the mixture
in a water bath for 2h at 70 'C. hAGP pathological samples were la-
beled with ["“Csl-aniline while hAGP standard and HC samples were
labeled with ['*Csl-aniline. After incubation, samples were cooled to
room temperature and labeled glycans were precipitated with acetone
as deseribed in [32]. Subsequently, equimolar mixtures of hAGP pa-
thalogical sample and hAGP standard or hAGP FIC pool (composed of
the same amount of hAGP purified from HC44, HC48, HC51 and
HC200, Table 1) were prepared. Finally, the obtained mixtures were
evaporated to dryness by Speed Vac and, the dried N-glycans were
stored at —20°C until analysis. Centrifugations were performed in a
Mikra 220K centrifuge (Hettich Zentrifugen, Tultlingen, Germany),

2.5, uEIC-HILIC-MS

1200 Series capillary liquid chromatography system coupled to a
6220 0a-TOF LC/MS mass spectrometer with an orthogonal G1385-
44300 interface (Agilent Technologies) were used o perform pLC-MS
experiments, ZIC-HILIC column  packed with 3.5mm  particles,
150 = 0.3mm Ly x 1D (SeQuant, Umed, Sweden) was used for chro-
matographic separations; the stationary phase consisted of a surface
with immobilized switterionic sulfobetaine moieties. Experiments were
petformed al room temperature with gradient elution at a flow rawe of
4pL/min and injecting 0.25pL of each glycan sample (glycan con-
centration: —100-50 pmal/pL). Eluting solvents were A: 1 mM NHaAc
solution and B: acetonitrile, The following gradient conditions were
used: solvent B from 90% to 80% (within 5 min} and from 80% to 65%
(within 20 min) as linear gradient, followed by cleaning and equili-
bration steps of B: 65% — 50% (within 5min), 50% — 0% (within
5min), 0% [over 15min), 0% — 90% {within 5min) and 90% (over
10 min). The mass spectrometer was equipped with a dual-nebulizer ESI
spurce, and the orthogonal nebulizer was used for the pLC-TOF-MS
experiments; the second nebulizer, which is generally used to introduce

-145-



Glycan-based biomarker discovery | Chapter 4

M. Mameerr-Arar et al

the internal reference mass standard solution in conventional LC-MS
experiments, was disshled (o avoid any interference with the pL.C-TOF-
MS experiments [15], Tuning and calibration of the mass spectrametar
were carried out in accordance with the manufaciurer's instructions,
‘The measurement parameters were previously fine-tuned by direct in-
fusion of maltohexaose labeled with ["C,)-aniline to maximize the
signal for the singly eharged moleenlar jon [22). The optimal opera-
tional conditions established in negative mode were: capillary voltage
~ 3500V, drying gas (N2} emperature 200 °C, drying gas Now rale 4 L/
min, nebulizer gas (Mz) 15psi, fragmentor voltage 190V, skimmer
virltage 70V and OCT 1 RE Vpp voltage 300 V. Data were callected in
profile (continuum) st 1 spectriom/s (appres. 10,000 teansients/ spee-
trum) between mdz 100 and 3200, at the highest resolution mode
(4 GHz). MassHunter Workstation software (Agilemt Technologies) was
used for uLC-MS control, data acquisidon and analysis.

2.6 Muldvariare data analysis

PLC-MS data collected for hAGP standard and hAGP purified from
serum samples were processed to obrain the extracted lon chromato-
yrams (EIC) of all glveans, Peak areas of the N-plycan isomers were
measured from the EICs and used to caleulate its reladve area applying
a GRIL strategy with ["*Cs)/T"*Ca] aniline (i.e. area of the glycan
isomer in the pathological sample, labeled with [**Cy]-aniline, divided
by the aren of the same glyean isomer in the healthy sample, standard
or control pool, labeled with [MC.] aniline). Relative areas of glycan
isamers were used te bulld o matrix for multivatiate daty analysis (first
for intact glycans and afterwards for desialvlated glyeans). The relative
arens of sach matrix were aotoscaled (mean centered and scaled to unit
standard  deviation), Principal component analysis (PCA) was per-
formed to explore the data for different classes and detect the presence
of outliers [36], Partial least squares discriminant snalysis (PLS-DA)
was applied afterwards to maximize class separation and identify which
glyean Isomers were the most meardngful m discriminae berween
tlasses taking into account the variable importance in the projection
(VIP] scores [47,%8], Veneran blinds cross validations of the PLS-DA
model was performed during calibradon [39]. S00LO (Version &2,
student edition, Eigenvector Research Inc., Wenatchee, WA, USA) was
wsed for PCA, PLE-DA ond ¥WIP caleulations, Nomenclature used for
glveans correspond wo their composition, in terms of number of hexoses
(H), N-seetylglucosamines (N], foeoses (F) and sialic acids (8), ollowed
by an index that indicates the isomer number,

3. Results and discussion
3.1, Analysts of intact glycon somers

hAGE glycan isomers isolated from serum samples of patients with
cheenic pancreatitls (ChrP) and panereatic ductal adenccarcinoma
(PDAC) at different stages of the pathology were analyzed. Six Chrp
samples, twelve PDAC samples (six at stages | and 11, three at stage 111
and thrae at stage IV] as well as four healthy conerols (HC), employed to
prepare a HC pool, were used Tor this purpose, The reference, slage
{using the Tth Edition of the TNM Classification of Malisnant Tumors),
gender and age of the individual of each serum sample are shown in
Fable 1. The characterization of hAGP glycan isomers performed in our
previous works (Table 51 of the Supplementary material), vsing exo-
glycosidase digestions and tandem mass spectrometry [29,29], was
used in this paper to correlate alierations observed in eertaln isomers
with the corresponding linkage-type of the sialic acld and the fucose as
well as the structure they present. The aim of this study Isto find glycan
isamers that eould be used to discriminate patients with PDAC, since
initial stages of the pathology, from those suffering from ChrP,

The Isotope-coded lzbeling approach established previously using
["Cal/[ ) -aniline [32], was used to uneguivocally identify altera-
tions in hAGH glycosylation comparing directly the glycan profile and
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o refiably derermine the under or overexpression of iis isomers be-
tween control amd patient samples. BEquimolar mistures of hAGP gly-
cans from each pathological serum sample (labeled with [**C.]-aniline)
and BAGP glyeans from HC pool (labeled with | 'Cql-aniline) were
prepared and subsequently analvzed by W2IC-HILIC-MS, The HC pool
was composed af the same amount of hAGP purified from HGA4, HC48,
ACS1 and HC200 (Table 1), Relarive areas (pathological sample vs. HC
poal) calculated for all detected glycan isomers in the different patho-
logical samples (PRAC and CluP patients) were diffieult 1o be visually
compared taking into account the large number of isomers identified
[42 glyean isomers) and the variability obtained among serum samples,
In prder to reduce the complexity of data interpretation, the patholo-
gical samples were classified in PDAC or ChrP samples and, the average
of the relative areas oblained from each hAGP glycan lsomer in each
group was calculated, Fig. 1A shows a graphic bar with these results.
Standard deviations (D) obtained in each isomer are also fgured in the
graphic, The overexpression of fugosylnted glycan isomers, with respeet
to HC pool, was observed in both PDAC and CheP patients but this
upregulation was much higher in PDAC samples. In addition, generally,
the glycan isomers presenting more than one fucose unit {HEN5FIS3,
H7NG6F283 1, HTNGF253 2, H7NGFZS4 and H7NG6F3541 were those
mare overexpressed in PDAC with respect to ChiT, and HONESS glyean,
which presents one extra Neacetvllactosamine (LacMAC) unit. On the
other hand, some glyean isomers previously assizned with all or most
w26 linked sialie acids (e.g. HANSS3 3, HTNAF1S3 3 and HTNA6F153 4)
were also more upregulated in PDAL compared to CheP patients. By
way of an example, Fig. 1B shows the extracted lon chromatograms
[EICs) of H6NSST chtained in & PDAC sample, at initial stage of the
pathology (PDAC ITA 230, see Table 1), and in o CheP sample (ChrP
141]) with respect to HC poel. The PDAC sample clearly shows different
behavior between somers: a decrease of somers | and 2 previously
assigned with one a2-3 linked sialic acld (SIA) and rwo a2-6 linked SIA,
and a considerable overexpression of the third somer [HGN5S3 3),
asslgned with all o2-6 linked $IA [28,29], Morcover, regarding
HYNGE1S4 (see g 1A and C), it was ohserved that isomers 2 and 3
were alsa highly upregulated in PDAC with respect to HC poal and Chrp
patients. Even though somer 3 of HFNAF1S4 (HINAF1S4_3) was not
previously characterized [.5,291 (due 1o its low abundance in hAGP HC
nned stancard samples), it was assumed theay this fsomer presents higher
proportion of a2-6 linked SiA than isomer 2, as it was more retained in
the ZIC-HILIC eolumn [28], Therefure, certain relation scemed Lo exist
between the overexpression of a2-6 linked Sia in hAGP glycans and
PDAC, as was reported in other cancer types [8,132,15].

Although some trends could be observed, the 8D values of Uiz 18
demonstrated the high variability obtained within the mwe patient
groups [PDAL and ChrP’) making necessary to compare all PRAC and
ChrP samples directly, instead of osing sroup averages. For this pur-
pere, and due to the high amount of samples and glycan somers to be
compared, a multivariate data analysis approach was applied for data
interpretation. First, PCA was used to explare the data for the un-
supervised identification of rends and detection of outhiers. The outlier
detection plot (Q Residuals vs, Hotelling T} of Fig. 51 of the Supple-
mentary Matenal shows that FDAC 1B 86 was badly described by the
madel and thus, it was removed for the following multivariate data
analysis. Subsequently, a partial least squares diseriminant analysis
[PLS-DA) model was built, classifying sampies in FDAC and ChrP pa-
tients, ta improve class separation and to identify which glyean isomers
could be potentially used to differentiate these patholozes, As can be
seen in the scores plot of Fig. 24, rwo larent vardables (LVs) allowed
discrimination between the two groups (63 and 43% of the X and ¥
variances explained, respectively). Only PDAC 1IA 164 and ChrP 131
presented an ahnormal hehaviar, ag was previously reparted in [21]
(named PDACZ and ChrPl, respectively], and they were wrongly clas
sified, The loadings piot (Fig. 2B) showed the contribution of each
variable (i.e, each glycan isomer] to the different LV, As can be seen,
fucosylared glycan isomers were more related to PDAC (they appeared
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Fig. 1. A) Graphic bar of the average of the relative areas {pathologicnl sample v healthy control poal) olitained for each hAGP intact glycan isomer in PDAC {red
bars) and Chri* (green bars) samples with its corresponding standard deviation asociated B) Extracted ion chromatograms (EICs) abtained tor HGNGS3 glycan in
POAE A 230 (1) and Chei* 141 (1) samples, ©) BICs of H7NEFTS4 glyean obimined n PDAC IA 230 (1) and Chei* 141 snmples. E1Cs of glveans in pathological samples
e shown in red and EICs of gheeans [n HC pool are shown in bisek. (For interpretation of the references o eolour in this figure legend. the seader is referred to the

wieh verston of this article)

in the negarive side of the ¥-axis, in the same region as most of PDAC
samples, see the scores plot in Fig. 2A) In addition, the VIP scores al-
lowved us o gquantify the influenee of the different glyean isamers on the
separation berween PDAC and ChrP samples. In this regard, as can be
seen n Fig, 20, sixteen out of forty-two glycan isomers, most of them
fucosylated, were important (VIP = 1) to distinguish between these
pathologies, especially the seven ones with VIP values higher than 1.2
Among (hese seven glycan isomers considered the mest meaningful,
five presented at least one fucose unit and all of them were character-
ized with most or all a2-6 linked §iA (H6N583 1 and H6NSF253 were
assigned with two o2-6 linked 5iA and one a2-3 SiA while HTNGS3 4,
HGNSF152 2, HPNGF152 2 and HPNGE253 2 were assigned with all a2-
6 linked SiA, see Table 81 of the Supplementary Material) [28,29].
Muoreover, these fucosylated glyean isomers with high proportion of a2-
Geialic acids (marked in red in Fig. 28) seemed to be more associated 1o
I'DAC s they appearcd in the same region as PRAC samples (compare
the scores and loadings plots of Flg. 2A and B, respectivelvl For this
reason, the formation of slalyl-Lewis X (5Le") epitope with an a2-3
linked SiA, related o cancer metastasts [12] and previously described
in hAGE [24,26,27), was not considered mmpaortant for the discomina-
tion between these two pancreatic discases. HENTF1S4 was also con-
sidered significant (VIP = 1.2) but it was not previously characterized
due to its low abundonce [29]. Although other glycan isomers were
highly overexpressed in certnin PDAC samples (eg. HENSS3 3 and
H7N6F1534_3) and seemed o be very relevant m the differentiation
berween PDAC and ChiP patlents when group averages were evaluated
{see Fig. LA), the multivariate data analysis revealed other glycan iso-
mers that could be mere reliable biomarkers, and they were masked
when group sverages were compared due to the high variability among
samples, This effect can be observed in HGN553 1, H7NG6S2 4 and
H7NEF152 2 glycans which show similer ratios in PDAC and ChrP
sample groups (see Fig. 1A but their biomarker potential was disclosed
by the PLEDA model, Using this approach, we concluded that fucesy-
lated hAGP glycan isomers with most n2-6 linked 5iA are essential in
the differentiation between PRDAC and ChreP patients and could be re-
levent hAGP biomarkers to distinguish between both pathologies,

3.2 Anabvsis of desiolylated glycan fsomers

Onee it was confirmed that foeosylated glveans seemed o play an
important role in the differentiation between PDAC and ChrP patients,
desialylated hAGP glycan isomers obtained [rom PDAC, ChrP and HC
serym samples were analyeed o determing which type of fueosylaton
was truly related to cancer. In this case, the cohort of samples was
larger: six ChrP patients, seventeen PRAC patients (four at stages 1 and
1, seven at stage [ and six at stage IV) and three HEC (see Tahle 1 for
details about stage, wender and age of these patients). Most of the pa-
thalogical samples analyzed in the study of intact hAGP glyeans (Sec-
tion 3.1) were also used to study the desialylated glycan isomers to be
dhle to correlate the obtained results in both cases. Relative quantifi-
eation of ghycan {somers with ['*€,]/['C; ]-aniline was also carried out
but, 1n this case, hAGE glycans obtamed from each pathological sample
{labeled with [0, ] aniline) were mixed (1:1) with hAGP glycans ob-
tained from hAGP standard sample (labeled with [*Cy)-aniline}, which
shows a healthy glycan profile as reported In [30]. Each HC sample was
Alzo relarively quantified with respoct to hAGP standard. Thic GRIL
strategy allowed us to reliably determine the up or downregulation of
glycan fsomers and thereby investigate the fucose linkage-rypes relared
to these pathologies. Serum samples were divided in HC, PDAC and
ChrP. The average of the relative area obtained for each glycan isomer

BE

in each group of samples was calenlated (area of the glyean isomer in
the serum sample vs, area of the same glycan isomer in hAGP standard
sample). The graphic bar of Fig, 34 depicts the averages obtained for
each glycan isomer with the corresponding standard deviation asso-
ciated, Again, it was observed that most fucesylated glycan isomers
were overespressed in PDAC and ChrP patients with regard 1o HC
samples. However, all glycan isomers assigned in our previous works
[2£,29] as antennary fucosylated (HSN4F1 3, HGNSF1 3, HENSF2 3,
H7N6F1 2, HTNGF2 2 and H7N6F2 3, marked with an asterisk in A)
and some glycan isomers showing core fucosylation (HSN4F1 2 and
H7N6F2_1) were higher upreguloted in PDAC than in ChrP. The ElCs of
HEN5F] and H7NGF2 glycans, in PDAC 1B 153 and CluP 141 samples
are shown in Fiz 38 and C, respectively (EICs of glycans in pathological
samples are shown in red and EICs of glveans in hAGP standard are
shown in black), As can be observed, isomers assipned s antenniry
fucosylared were mone overexpressed in PDAC with respect to ChrP (e
HEMN5F] 3, HTMNEF2 2 and HINGF2 3). In the case of H7NGF2, although
isomers 2 and 3 were both enly partially assigned with ar least one
nntenna Hnked fucose, it could be assumed with the retention time that
isomer 3 presents a higher proportion of antennary fucosylation than
momer 2 and, therefore, the overexpression of this isomer in PDAC was
higher.

As happened with the inmact glycans, the varability between pa-
thological samples and the large number of glycan izomers identified
made again necessary the use of multivanate data azalyss tools mstead
of calculating group averages, which could lead o miskeading conclu-
sions. Firstly, PCA was used to explore the data and, on this occasion,
outlier samples were not detecred (Fig, 82 of the Supplementary
Material), PLS-DA was then applied to study PDAC vz, HC samples
(Fiz. AA) and ChrlP ve, HC samples (Fig. JB). As can be observed in both
seores plots (Fle A and 4B-0), pathological samples wene clearly se-
parated from HC, Two latent variables (LVs) explained 47 and 68% of
the X and ¥ varisnces, respeetively, in the differentiation. hetween
PUAC and HT samples (g, 4A) and two LV explained 47 and 98% of
the X and ¥ varismees, respectively, in the cse of Chr and HC samples
[Fig. 4B). The VIP scores showed that HSN4F1_2, HENSEZ3,
H7NGF1 2, H7NGF2 2 and H7NGF23 glycans were significant in both
PDAC and ChrP vs. HC differentiations (VIP = 1, see Uiz, 4A-i and 4B-
if). These results were not surprising as the overexpresston of some
isomers with respect (0 HC was observed in bath PDAC and CheP pa-
tients, althowgh to o different extent (usually much higher in PDAC, see
the graphic bar of Fig. 3A). By contrast, HSN4F1.3, HGNSF21,
HENSE2 2 and HENT glycans (marked in red in g, 4A-41) were mone
interesting as they were only meaningful in the separation between
PDAC and HC samples. As the main zoal of this study was to identify
hAGP glyean isomers that could be used 1o differentinee PDAC ar dif
ferent stages af the pathelogy from CheP, and also, to defect potential
glyeon biemuarkers to follow-up PDAC progression, three different PLS-
DA models were built, This strategy comparing ChrP samples with
different stages of PDAC (stages | and I were grouped as resectable
discase, stage [ and stage [V constituted the other two groups as lo-
cally advanced and metastatic disease, respectively), also should ym-
prove the reliability of the PLS DA models as similar number of samples
wirtld be compared in each group. As can be observed in Fig. 5, the flest
PLS-DA was applied to classify PDAC at stages [ and || and Chri* samples
iz SA), the second to distinguish PDAC ar stage (M from Chrp
(Fig. 58] and the third to differentiate PDAC patients at stage 1V of the
pathology from those with CheP (Fiz. 5C). In all three cases, two LVs
explained between 37 and 39% and 75-85% of the X and ¥ variances,
respectively, and the scores plows obtained showed two separated
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Fig. 2. A) Scores plot, B) Loadings plot and €} VIP scores of the PLS-DA mode! applied to the relative areas (area of the glycan isomer in the pathological samples vs.
srea of the same glycan [somer in the healthy contral pool) obtzined for each hAGE intact glyean isomer in all PRAC and ChrP serum samples analyred.

groups of samples. Although PDAC 11A 164 and ChrP 131 acted as
aberrant samples in the intact glycan analysis (see Fiz 2A), their be-
havior changed after glycan desialylation and they were well classified
in these PLS-DA models (Fig. 5-1). The VIP scores revealed that the
above mentioned glycans (HSN4F1 3, H6NSF2 1, HENSF2 2 and
HBN7) were important in the differentiation between PDAC and HC
samples as well as they could be also blomarkers of certain stages of
PDAC with respect to ChrP. H5SM4F1_3 was only significant at stages |
and 11 while HGNSF2_2 at stage 11T of PDAC (Fig. 4A-ii and 4B,

B2

respectively), and HEN7 could be mainly used to discriminate stages |
and IT of PDAC from ChrP (see Fig. SA-i). The multivariate data ana-
lysts performed separately for each group of PDAC with respect to ChrP
allowed ws to find which glycans could be anly bomarkers of a parti-
cular stage or group of PDAC. In addition, observing the VIP scores
obrained for all three PLS-DA models, it was revealed that three out of
twenty-three desialylated hAGP glycan isomers were significant 1o
distinguish PDAC at all stages of the pathology from ChrP patenis
(H5N4F1_2, HGNSF2_ 3 and HONE, marked in red in the VIP scores of
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Fig. 5-if). Although H5N4F1 2 and HENSF2 3 were previously con- Therefore, H5N4F1 2 (assigned as core fucosylated), HENSF2 3 (as-
sidered meaningful 1o separate PDAC as well &5 ChrP samples from HC signed with at least one antenna linked fucose) and HONS, which pre-
(Fig. 4-4i), they were also crueial to differentiate PDAC and ChrP sents two extra units of LacNAe, could be alio potential biomarker
pathologies as their overexpression was higher in the case of cancer. candidates of PDAC. Nevertheless, a particular fucose linkage-tyvpe

E3
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Fig. 4. Scores piot (i) and VIP scores (i) of the PLS-DA model applied to the relative areas (area of the glycan isomer in the pathological sample vs. area of the same
glycan isomer In hAGP standard sample) obtained in A) PDAC vs. HC samples and B) ChrP vs, HC samples,

fnvalved only in PDAC and, therefore, allowing the differentiation from
ChrP patients was not identified. Taking into account the results ob-
tained in both intact and desialylated glycan studies, it was revealed
that HGENSF2 glycan (or HGN5F253 in the case of intact glyeans) could
play an important rele in the search of a novel blomarker for PDAC

B4

dizgnosis as it was significant in all PLS-DA models. In order to corro-
borate the biomarker value of the proposed glyean a larger cohort of
pathological (PDAC and ChrP) and HC samples should be studied in the
future,
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4. Concluding remarks

The potential of multivariate data analysis was demonstrated for
glycomic studies when visual data interpretadon could result in mis-
leading conelusions due to the high vagiability between patients and the
large amount of glycan fsomers o be compared, The PLE-DA model
performed for intaet RAGP glyeans revenled that seven glvean lsomers
(HGNS53 1, HBNSFREE, HYNES3 4, HENSFIS2 2, HYMeF1S2 2,
H7NBFASE 2 and HANTF1S4) with e2-6 linked Sia, five of them alsa
fucosyinted, were the mosr meaningful o discriminate berween PRAC
and ChrP patients. On the other hand, in the analysis of desilylated
hAGP glyeans, the comparison of pathological (PDAC ar ChrP) vs. HC
samples by PLS-DA showed that HIN4F1_3, HENSF2_ 1, HENGF2 2 and
HBN? glycan isomers wore impartant as they were anly significant in
the differentintion between PDAC and HC. Forthermore, three oot of
twenty-three desialylated hAGP glvean isomers (H5N&F] 2, HENSF2 3
and HYMA) were also identified as biomarker candidates hecause they
were meaningful to distinguish all stages of PDAC from ChrP.
Nonetheless, a certain fucose linkage-type only related to PDAC, which
allowred the differentiation from ChelP patients, was not found, HGNSF2
glycan (or HENSF257 in the case of intct glyeans) could have a great
biomarker potential as it was relevant in all PDAC and CheP differ-
entiations using PLS-DA for both intact and desialylated glyeans, This
study therefore could be the firsd step to find & hAGP glycan biomarker
for PDAL and it could lead to the development of new antibady kit for
the |dentification of these specific glyean struciures [n serum samples.
However, this was a preliminary study and a larger cohort of patholo-
gical samples should be analyzed in the future to validate the proposed
glycans ns reliable biomarkers The presented multivariae dam ap-
proach provided a simple and gapid manner to identify the modifica-
tions occorred i BAGP glycosylation thar could be used for PDAL di-
agnosis and demonstrated that this methodology could be extremely
useful in patho-glycomics to find novel glycan-based biomarkers relazed
o other discases,
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Supplementary Figure S-1. Outlier detection plot (Q Residuals vs. Hotelling T2) of the PCA model
applied to the relative areas (pathological sample vs. healthy control pool) obtained for each hAGP

intact glycan isomer in PDAC and ChrP samples.
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Supplementary Figure S-2. Outlier detection plot (Q Residuals vs. Hotelling T2) of the PCA model

applied to the relative areas (pathological vs. standard samples) obtained for each hAGP

desialylated glycan isomer in PDAC and ChrP samples.
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Supplementary Table S-1. Characterization of the sialic acid (SiA) and fucose (Fuc) likage-types of most
hAGP glycan isomers performed in our previous works using exoglycosidase digestions and tandem

mass spectrometry [27,28].

Glyean isomer Previous characte rization

Intact hAGP glycan isomers

HEN4S1 | a2-6 SiA
. | a2-3 SiA
N
H5N4S2_1 ] 36 i
H5N482 2 2«26 SiA
| a2-3 SiA
oty s
BGN552_1 | a2-6 SiA
H6NSS2 2 2 a2-6 SiA
. I a23 SiA
HGNSS3_1 2 426 SiA
_— | «2-3 SiA
HoNSSS 2 2 26 SiA
[lN5SS3 3 3 a2-6 SiA
HTNGS 1 | w2-6 SiA
. I a2-3 SiA
elbiteh 1 a2-6 SiA
HTNGS2 2 2 a6 SiA
HTN653 1 3 a2-3 SiA
2 a2-3 SiA
™ 2
H7INGS3_2 | 0246 SiA
: | 22-3 SiA
HINGHA. 3 2 a2-6 SiA
HTNGS3 4 320 SiA
2a2-3 SiA
HTNGS4 1 | a2-6 SiA
| unknown SiA
223 SiA
HTNGS4 2 | a2-6 SiA
I unknown SiA
o 2 a2-3 SiA
HTN6S4_3 2 026 SiA
. | a2-3 SiA
HaNeERSs) | a2-6 SiA
H5N4F152_2 2 a2-6 SiA
o I a2-3 SiA
HoMSFIS2 1 | a26 SiA
HoN5F152_2 226 SiA
A | a2-3 S1A
N3FIS3 ;
HOoN5FI1S3 1 3 026 SiA
: I a2-3 SiA
H6N5F153 1 7 a6 SiA
Y g 1 q2-3 SiA
H6NSF253 3 426 SiA
HTN6F182 1 2 a2-6 SiA
HTNOFIS2 2 2 a2-6 SiA
1 a2-3 SiA
HTN6F1S53 1 | w26 SiA
| unknown SiA
HTNGFISY 2 | a2-3 S1A

-159 -



Glycan-based biomarker discovery | Chapter 4

| n2-6 SiA
| unknown SiA
| m2-3 SiA
HTN6F1S3 3 1 026 SiA
I unknown S1A
HTNG6F1S3 4 3 a-H SiA
2 a2-3 SiA
HTNG6F1S84 1 I 026 SiA
I unknown SiA
2 a2-3 SiA
HTN6F1S4_2 | 02-6 SiA
| unknown SiA
| a2-3 SiA
HTN6F253_1 | a2-6 SiA
| unknown SiA
HTNGF2IS3 2 3 n2-6 SiA
2 a2-3 SiA
HTN6F254 | n2-6 SiA
| unknown SiA
Desialylated hAGP glycan isomers
H5N4F1 1 | Core Fuc
H5N4F1_2 I Core Fuc
HEN4F1_3 I 2l-3 Antenna Fuc
H6N5F1_1 1 Core Fuc
H6N5F1_2 | Core Fuc
H6MN5F1 3 1 @1-3 Antenna Fuc
HO6MNSF2 1 =
HoMNSF2_2 "
HoNSF2 3 Al least 1 wl-3 Antenna Fuc
HTNGFI 1 1 Core Fuc
HTN6F1_2 1 l-3 Antenna Fuc
HTNGF2 1 2 Core Fuc
HING6F2 2 At least | al-3 Antenna Fue
HTNGF2_3 At least | al-3 Antenna Fuc
HTNGF3 _1 At least | al-3 Antenna Fuc
HTNGF3 1 Al least | 2l1-3 Antenna Fue

*The characterization of these isomers was not possible.
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Alterations in the Glycan Profile of Mouse Transferrin: New Insights
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ABSTRACT: Transferrin purification from mice serum samples by Glycan blomarker
immunoaffinity chromatography (IAC) was optimized in order to study V'  jabeiied giycans identification

& ‘ 0 . . . & . rum LB
the possible modifications occurring in its glycans in collagen-induced el & - i ", 8
arthritis (CIA) samples, SD5-PAGE and nanoLC-MS/MS were used to “'{_ f:'- o  Hensss
monitor the TAC purification performance. Afterward, a relative ¥ = o
quantification of mouse transferrin (mTf) plycan isomers using ["*C,]/ Ipul!'lucfunn |m'— Related to CIA progression
[*C,]-aniline was used to unequivocally detect alterations in the glycan o e o m“ Glycans T -
profile of CIA mice. In addition, multivariate data analysis was applied to \ ;‘. L
identify the most meaningful glvcan isomers for the discrimination between lﬁ;. w
control and pathological samples, Partial least-squares discriminant analysis
(PLS-DA) revealed that five out of fifteen mTf glycan isomers could be 'G|'|'Gn M“s,
potential biomarkers of CIA, most of them corresponding to highly and purification T

sialylated structures (H&NSS3 2, HENSS3 3, and H5N453 2). More-

over, some of these glycan isomers also seemed to be related with the progression of CIA, especially HONS582 and H6NSS3 2, as
their overexpression increased with the clinical score of the palhnlng}v. Hence, the established mcﬂ’.udﬂlngy not only pmvides
valuable information to find glycan-based biomarkers of CIA, but also leaves the door open to evaluate, in the future, glycosylation
changes of many other inflammatory diseases, in which transferrin has been described to be altered.

KEYWORDS: transferrin, collagen-induced arthritis, glycan isomers, immunoaffinity chromatography, multivariate data analysis,
stalylation

1. INTRODUCTION the highly sialylated giycolurms (55 and 56) in RA patients
was observed by Feelders et al,” Gudowska et al.” reported a
decrease of 53 and 85 sialoforms.

CIA is a commonly studied autoimmune mice model of
arthritis that closely resembles human RA in terms of disease
course, histelogical findings, and also in its response to
commonly used antiarthritic pharmaceuticals.”® A chronic
form of CIA is induced in CS7BL/6 wild-type (WT) mice by
immunization with chicken type I collagen in complete
Freund's adjuvant {Col-1I/CFAL" Thus, it is considered an
adequate model to study the efficacy of novel drugs and to
evaluate glycosylation changes derived from arthritis," Mouse
transferrin (mTF) is a serum glycoprotein of about 80 kDa,
which presents only one N-glycosylation site with complex
type N-glycans, Due to the multiple similarities between CIA
and RA previously mentioned, alterations in the glycosylation
pattern of mTT in the presence of CIA could be expected. 1n a

Changes in serum protein glycosylation are early indicators of
cellular alterations in many diseases, including the inflamma-
tory arthropathies (1A}, providing a gcmd basis for diagnosis
and insights into disease progression.'” Altered glycomic
profile was reported in several proteins isolated from the sera
of IA patients, i.nclud.mg 1gG, transferrin, haptoglobin, and al-
acid glycoprotein."” Transferrin (Tf} is a negative acute phase
protein whose main role is the transport of iron through the
blood plasma. Changes in sialylation, fucosylation, and glycan
branching of Tf have been described in many inflammatory
diseases,” such as rheomatoid arthritis (RA), RA is a chronic
inflammatory autoimmune disease that affects up to 1% of
population worldwide, doubling mortality rate of RA patients
compared to healthy individuals. However, up to now, there is
no single test to confirm the diagnosis of RA and it is based on
the symptoms and the measurement of some variables
(rheumatoid factor (RF), C-reactive protein (CRP), eryth-
rocyte sedimentation rate (ESR), among others).' Therefore, Received:  January 13, 2020
with the aim of finding a reliable biomarker, several authors ublished: March 12, 2020
addressed the study of Tf glycosylation in RA analyzing the

intact glycoforms by isoelectric focusing (IEF),” or more

recently, by capillary electrophoresis (CE).” However, these

methods provided ambiguous results: whereas an increase of

© 2020 American Chemical Socicty hitpsTdi dabong 191001 /acs jprotecma Doz 16

v ACS PUbI icatiD{‘IS 1750 A, Frofeame Res, 202, 19, 17501759
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previous work by our research group, the analysis of mouse
transferrin {mTf) at the glycopeptide level by capillary liguid
chromatography—mass spectrometry was carried out. That
study demonstrated that mTf glycopeptides are modified in the
presence of CIA, mainly observing an increase of fucosylation
and glycan branching.”

However, the glycopeptide approach did not provide
information about possible altered glycan isomers. Zwitterionic
hydrophilic interaction capillary liquid chromatography—mass
spectrometry  (CapZIC-HILIC-MS) enables an  excellent
separation of isomeric glycans, and the use of a $Jj,rcan
reductive isotope labeling (GRIL) strategy with ke Ber] S
aniline allows performing a reliable quantification isomer by
isomer, identifying unequivocally major and minor variations
in the expression of certain glycan isomers, " Nevertheless,
using this glycomic approach, a specific and selective
purification strategy is required in order to selectively capture
the target glycoprotein and avoid the contribution of glycans
coming from other glycoproteins,

In this work, an immunoaffinity chromatography (IAC)
column was developed and optimized to properly isolate mTf
from serum samples, testing different conditions to remove the
nonspecifically retained proteins, SDS-PAGE as well as
nanoLC-MS/MS analysis of the eluted IAC fractions were
used to monitor the performance of mTI purification. Under
the optimized 1AC conditions, glycan isomers of mTf purified
from commercial control mouse serum were analyzed by
CapZIC-HILIC-MS to establish a reference glycoprofile of this
protein. Afterward, in order to detect modifications in mTf
ghycosylation in WT mice suffering from CIA (CIA WT
samples), relative quantification of mTT glyeans was carried out
using the GRIL strategy with [“C,]/["*C,]-aniline (CLA or
nonimmunized WT mice wversus contrel mouse serum
samples), To our knowledge, this is the first glycomic study
focused on the identification of Tf aberrant glycosylation in
such inflammatory diseases. Moreover, given the potential of
partial least-squares discriminant analysis {PLS-DA) for the
analysis of human al-acid glycoprotein glycan fsomers in
pancreatic ductal adenocarcinoma (PDAC) 5a.mples,"‘ this
chemometric tool was also used in the present study to identify
which glycan isomers of mTFE enable the differentiation
between nonimmunized and CIA WT mice. These altered
glycans in CIA could be useful, in the future, to find novel
glycan biomarkers for the diagnosis of RA in humans,

2. MATERIALS AND METHODS
2.1, Chemicals

All chemicals used in the preparation of buffers and solutions
were of analytical reagent grade, Acetic acid (HAc, glacial),
formic acid (HFor 98—100%), dimethylsulfoxide (DMSO),
glycine (>99.7%), glyeerol (299.5%), sodium dodecyl sulfate
(SDS, 299.8%), tris(hydroxymethyl)aminomethane (Tris,
=99.9%), and acetone were supplied by Merck {Darmstadt,
Germany). Sodium phosphate dodecahydrated (Na,PO,-
12H,0), sodium cyanoborohydride (NaBH,CN}, [“C,]-
aniline, [“C,J-aniline, sedium chloride (NaCl, 99.5%), and
sodium bicarbonate (NaHCO,) were purchased from Sigma-
Aldrich (5t. Louis, MO, USA). Hydrogen chloride {HCI, 37%)
and 2-mercaptoethanol (-ME) were supplied by Panreac
{Barcelona, Spain} and “NP-40 alternative” by Calbiochem
{Darmstadt, Germany). Sodium azide (NaN,; =99.5%) was
obtained from Fluka (Madrid, Spain). Bromophenol blue,

1757

tetramethylethylenediamine (TEMED), acrvlamide/bis solu-
tion (30%), ammonium persulfate (APS), and Bio-Safe
Coomassie stain were supplied by Bio-Rad (Hercules, USA),
BenchMark Protein Ladder was provided by Thermo Fisher
Scientific (Waltham, USA). Ammonium acetate (NH,Ac),
acetonitrile (ACN), and water LC-MS quality grade, used for
CapZIC-HILIC-MS analysis, were obtained from Merck and
Fluka, respectively. Mouse apo-transferrin standard {mTF,
=98%, commercially purified from control sera) was purchased
from Sigma-Aldrich, Peptide N-glycosidase F (PNGase F) was
obtained from Roche Diagnostics (Basel, Switzerland). CNBr-
activated Sepharose 4B was purchased from GE Healthcare
(Waukesha, W1, USA) and goat polyclonal antibody against
human Tf (immunogen affinity purified) from Abcam
[ Cambridge, UK),

2.2, Mice Serum Samples

Control mouse serum (pooled serum from normal mouse
population) was purchased from Sigma-Aldrch. C57BL/6
wild-type (WT) mice were purchased from Harlan Iberica
(Barcelona, Spain}. For the induction of CIA, 8—12 weeks-old
male mice were immunized with Cal-11/CFA 6 as previously
described.”"" Four nonimmunized WT mice serum samples:
WT1, WT2, WT's, WT'7, all of them males of 8~10 weeks old,
and five WT mice serum samples with CTA: WTL-CIA (clinical
score of 5), WT3-CIA {clinical score of 7), WT4-CIA {clinical
score of 6), WT'6-CIA (dinical score of 8), and WT7-CLA
(clinical score of 8), all of them males of 14—16 weeks old,
were analyzed. The clinical score was quantified according to a
graded scale of 0—3 as follows: 0 = no inflammation (normal
joint); 1 = detectable local swelling and/or erythema; 2
swelling in >1 joint and pronounced inflammation; 3 =
swelling of the entire paw and/or ankylosis. Each paw was
graded, and the scores were summed (with a maximum
possible score 12 per mouse). All studies with live animals
were approved by the IPBLN and Universidad de Cantabria
Institutional Laboratory Animal Care and Use Committees.

2.3. Immunoaffinity Chromatography (I1AC)

2.3.1. IAC Column Preparation. A CNBr-sepharose IAC
column was prepared following our previous protocol™® with
some modifications proposed in the literature.'® Briefly, 5-
column velumes of cold activation buffer {1 mM HCl) were
added to .15 g of cyanogen bromide-sepharose dry resin and
incubated on a nutator mixer for 2 h at 4 °C. After swelling the
resin (0.5 mL, approximately), it was centrifuged for 5 min and
supernatant was decanted. The commercial buffer containing
the anti-Tf antibody was exchanged for the coupling buffer
(0.1 M NaHCO; and 0.5 M NaCl, pH 8.3) using Microcon
¥M-10 centrifugal filters as described in ref 17, The resultant
antibody solution (650 ul at a concentration of 1.54 mg
mL™") was added to the resin and incubated overnight on a
nutator mixer at 4 “C. Afterward, resin was washed several
times with coupling buffer, centrifuged, and supernatant was
removed. In order to block unreacted groups, S-column
volumes of quenching buffer (0.1 M Tris—HCl, pH 8.0) were
added and incubated on a nutator mixer for 2 h at room
temperature. Then, resin was extensively washed to remove
uncoupled antibody repeating this cycle for three times:
centrifugation and supernatant removal, addition of 10-column
volumes of high pH washing buffer (0.1 M Tris—HCl and 0.5
M NaCl, pH 8.0), centrifugation and supernatant removal, and
addition of 10-column volumes of low pH washing buffer (0.1
M NaAc and 0.5 M NaCl, pH 4.0). Finally, resin was
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transferred to a 1.5 mL empty plastic column and stored at 4
°C filled with storage buffer {10 mM Tris—HCl and 0.01% (w/
v) MNaN;, pH 7.6-7.7).

2.3.2. Albumin/igG Depletion Kit. ProteoExtract Albu-
min/lgG Removal Kit was purchased from Merck to remove
serum albumin and IgG from mice serum samples. Depletion
procedure was performed according to the manufacturer’s
instructions.”” Samples were concentrated by Speed Vac until
reaching a proper volume {~600—800 uL) to be loaded later
in the IAC column.

2.3.3. mTf Purification by IAC. The purification
procedure previously described in ref 15 was modified in
order to improve mTf isolation, minimizing nonspecific
retention of other serum proteins. First, the [AC column was
conditioned with 8-column volumes of binding buffer (10 mM
Tris—HCI and 0.25 M NaCl, pH 7.6). Serum samples (50—
100 uL) were diluted 1/8 in binding buffer and passed ten
times through the TAC column (albumin/lgG-depleted
samples were loaded directly), After washing with 6-column
volumes of washing buffer (10 mM Trs—HC!| and 0.5 M
NaCl, pH 7.6), retained mTf was eluted with I-column
volumes of elution buffer (100 mM glycine-HCL, pH 2.5}, The
eluate was collected in a tube containing 0.5 M Tris to
immediately neutralize it. Finally, excess of low-maolecular mass
reagents was removed with Microcon YM-30 centrifugal filters
as described in ref 17.

After IAC, purified mTF samples were quantified by capillary
clectrophoresis with ultraviolet detection (CE-UV, Agilent
Technologies, Waldbronn, Germany) using a bare fused-silica
capillary of 60 cm total length (LT} % 75 um internal diameter
(LD = 360 pm outer diameter (0.0 (Polymicro
Technologies, Phoenix, AZ, USA). This protein quantification
approach was used due to its simplicity, low sample
consumption, quickness, and possibility of automation for
consecutive quantification of many serum samples. New
capillaries were activated off-line by flushing (930 mbar)
sequentially for 15 min each with 1 M NaOH and water,
Samples were injected for 10 s at 50 mbar and CE was only
used to introduce the protein sample throughout the capillary.
Experiments were performed without supplying voltage, only
applying 50 mbar of pressure, and measuring absorbance at
214 nm. Calibration curve was performed with mouse apo-
transferrin standard at concentrations between 50 and 1000
pg-mL™!, Afterward, purified mTF samples were evaporated to
dryness by Speed Vac and stored at —20 “C until its use,

2.4, SDS-PAGE

SDS-PAGE was performed on a vertical system Mini-
PROTEAN Tetra Cell with a PowerPac HC Power Supply
{Bio-Rad, Hercules, USA) using in-house 10% SDS-poly-
acrylamide gels (30% (v/v) Acrylamide/bis solution, 0375 M
Tris-HCl pH 8.8, 10% (v/v) SDS, 10% (v/v) APS and 0.004%
(v/v) TEMED). Fifteen uL of each IAC purified serum sample
or mouse apo-transferrin standard (~10 pg of protein) were
reduced and denatured with 5 pL of reducing-Laemmli sample
buffer (0.25 M Tns-HCI pH 6.8, 4% (m/v) SDS, 20% (v/v)
glycerol, 10% (v/v) f-ME, and 1% (v/v) bromophenol blue),
incubating the mixture in a thermoshaker at 100 °C for 5 min.
Then, samples were loaded into the gel to perform the protein
separation, Ten wl of protein ladder (BenchMark Protein
Ladder) were also loaded in one lane in order to assign the
molecular weight to the bands. Gel electrophoresis was
performed at 120 ¥ for 2 h at room temperature using a

running buffer consisted of 25 mM Tris-base, 250 mM glycine
and 0.1% SDS. After SDS-PAGE, gel was fixed in 40% (v/v)
ethanol and 10% (v/v) HAc for 30 min and then rinsed in
Milli-Q water (3 % 5 min). Gel was incubated with Coomassie
blue staining solution at room temperature for 1 h with
agitation, and then rinsed in Milli-Q} water until a proper
degree of staining was achieved.

2.5, NanolLC-M5/M35

IAC purified samples (~5 pg of mTf) as well as mouse apo-
transferrin standard (10 pg of mTf) were reduced, alkylated
and subjected to trypsin digestion in the presence of Rapigest
as described in ref 15.

Prepared tryptic digests were diluted in 3% ACN, 1% HFor
at a final concentration of 0.35 pmol/wL. One uL of each
sample was loaded into a 300 pm > 5 mm PepMapl00, 5 pm,
100 A, C18 w-precolumn (Thermo Scientific) at a flow rate of
15 jil./min using a Thermo Scientific Dionex Ultimate 3000
chromatographic system (Thermo Scientific). Peptides were
separated using a C18 amalytical column {Acclaim PepMap
RSLC 75 pm x 50 cm, nanoViper, C18, 2 ym, L00A, Thermo
Scientific) with gradient elution at a flow rate of 250 nLomin™".
Eluting solvents were A: 0.1% HFor in water and B: 0.1%
HFor in ACN. The following gradient conditions were used:
from 3 to 35% B in 60 min, from 35 to 50% B in 5 min, and
from 50% to 85% B in 2 min, followed by isocratic elution at
85% B in 5 min and stabilization to initial conditions. LC-MS
coupling was performed with an Advion TriVersa NanoMate
(Advion) fitted on an Orbitrap Fusion Lumos Tribrid
(Thermo Scientific). The mass spectrometer operated in a
data-dependent acquisition (DDA) mode. Survey MS scans
were acquired in the Orbitrap with the resolution (defined at
200 m/z) set to 120 000. The lock mass was user-defined at
44512 m/z in each Orbitrap sean. The top speed (most
intense) ions per scan were fragmented by HCD and detected
in the Orbitrap., The ion count target value was 400 000 and
50000 for the survey scan and for the MS/MS scan,
respectively. Target ions already selected for MS/MS were
dynamically excluded for 30 5. Spray voltage in the NanoMate
source was set to 1.60 kV. RF Lens were tuned to 30%.
Minimal signal required to trigger MS to MS/MS switch was
set to 20000, The spectrometer was working in positive
polarity mode and singly charge state precursors were rejected
for fragmentation,

A database search was performed with Proteome Discoverer
software v2,1.0.81 {Thermo) using Sequest HT search engine
and SwissProt mouse with contaminants database. Search was
run against targeted and decoy database to determine the false
discovery rate (FDR), Search parameters included trypsin
enzyme specihcity, allowing for two missed cleavage sites,
oxidation in methionine and acetylation in protein N-terminus
as dynamic modifications. Peptide mass tolerance was 10 ppm
and MS/MS tolerance was 0.02 Da, Peptides with a g-value
lower than 0.1 and a FDR < 1% were considered as positive
identifications with a high confidence level. The Exponentially
Modified Protein Abundance Index (emPAI), based on protein
coverage by the peptide matches in a database search result,
was used to relatively guantify the abundance of the proteins
present in the mixture,

2.6. N-Glycan Preparation

mTf purified samples were reduced and digested with PNGase
F to release N-glycans as explained elsewhere,'” Released N-

glyeans were purified by solid phase extraction (SPE) using
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Hypercarb cartridges (25 myg 1 rnL volume, Thermo Fisher
Scientific) as described prevmusl}' The labeling was carried
out by adding 10 yL of reaction mixture (0.35 M aniline and 1
M NaCNBH, in DMSO with 30% HAc) to the dried glycans
and incubating the mixture in a thermoshaker for 2 h at 70 °C.
mTl glycans obtained from WT mice serum samples
(nonimmunized and CIA samples) were labeled with [*C,]-
aniline, while mTf glycans obtained from commercial control
mouse serum were labeled with ["C,]-aniline. After
incubation, samples were cooled to room temperature and
labeled glycans were precipitated with acetone as described in
ref 20. Subsequently, equimolar mixtures of mTf nonimmu-
nized or CIA samples and mTf control mouse serum samples
were prepared. Finally, the obtained mixtures were evaporated
to dryness by Speed Vae, and dried N-glycans were stored at
—20 “C until analysis. Centrifugations were performed in a
Mikeo 220R centrifuge (Hettich Zentrifugen, Tuttlingen,
Germany).

2.7. CapZIC-HILIC-MS

1200 Series capillary liquid chromatography system coupled to
a 6220 0a-TOF LC/MS mass spectrometer with an orthogonal
G1385—44300 interface (Agilent Technologies) were used to
perform CapLC-MS experiments, ZIC-HILIC column packed
with 3.5 mm particles, 150 % 0.3 mm L; x ID {SeQuant,
Umed, Sweden) was used for chromatographic separations.
Experiments were performed at room temperature with
gradient elution at a How rate of 4 yL/min and injecting
0.25 uL of each glycan sample (glycan concentration: ~100—
50 pmol/pL). Eluting solvents were A: | mM NH,Ac solution
and B: acetonitrile. The following gradient conditions were
used: solvent B from $0% to 80% (within 5 min) and from
80% to 65% (within 20 min) as linear gradient, followed by
cleaning and equilibration steps of B: 63% — 50% (within 5
min), 50% — 0% (within 5 min), 0% (over 15 min}, 0% —
B0% (within 3 min) and 90% (over 10 min), Tuning and
calibration of the mass spectrometer were carried out in
accordance with the manufacturer’s instructions. Measurement
parameters and optimal operational conditions are detailed in
ref 19. MassHunter Workstation software (Agilent Technolo-
gies) was used for CapLOC-MS control, data acquisition and
analysis.

2.B. Multivariate Data Analysis

CapLC-MS data collected for mTf purified from serum
samples was processed to abtain the extracted jon chromato-
grams (EIC) of all glycans. The EIC of each glycan was
obtained based on the m/z of the most abundant molecular
ions observed for each glycan (usually adducts corresponding
to the deprotonated glycan: [M—2H] ™, [M—3H]™, and [M—
4H]Y). Peak areas of the N-glycan isomers were measured
from the EICs and used to calculate its relative area applying a
GRIL strategy with [C,]/[PC,] aniline (ie, area of the
glycan isomer in the WT mice sample, nonimmunized or CIA,
labeled with ["*C,]-aniline, divided by the area of the same
glycan isomer in the control mouse serum sample, labeled with
[*Cg]-aniline). Relative areas of glycan isomers were used to
build & matrix for multivariate data analysis. The relative areas
of the matrix were autoscaled (mean centered and scaled to
unit standard deviation), Principal component analysis (PCA)
was performed to explore the data for different classes and
detect the presence of outliers.”’ Partial least-squares
discriminant analysis (PLS-DA) was applied afterward to
maximize class separation and identify which glycan isomers

were the most meaningful to discriminate between classes
taking into accnunt the variable importance in the projection
(VIP) scores.™" Leave-one-out cross validation of the PLS-
DA model was performed during calibration.™ In the
prediction step, the model was vsed to classify the validation
sample, SOLO (Version 8.7, student edition, Eigenvector
Research Inc, Wenatchee, WA, USA) was used for PCA, PLS-
DA, and VIP caleulations. Nomenclature used for glycans
correspond to their composition, in terms of number of
hexoses (H), N-acetylglucosamines (N, fucoses (F), and sialic
acids (5), followed by an index that indicates the isomer
number.

3. RESULTS AND DISCUSSION

3.1. Purification of mTf by Immunoaffinity
Chromatography

Immunoaffinity chromatography (IAC) was used to isolate T
from mice serum samples using a cyanogen-bromide Sepharose
column with an immobilized antibody against human T In
order to evaluate the performance of mTf purification, SDS-
PAGE as well as nanoLC-MS/MS analysis of the eluted [AC
fractions were carried out. First, the [AC column and the
purification procedure reported previously for the analysis of
human and mouse T glycopeptides were used.'"" Figure 1A
shows the SDS-PAGE results obtained for mouse apo-
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Figure 1. (A} SDS-PAGE results obtained for mouse apo-transferrin
standard (lane 1), and commercial control mouse serum purthed by
the initial IAC conditions (lane 2). (B) SDS-PAGE results obtained
for mause apo-transterrin standard (lane 1) and control mouse serum
purified by the new IAC column: using larger washing and elution
volumes (lane 2); adding 0,25 M NaCl to the binding buffer {lane 3]
and using a depletion kit before LAC (lane 4).
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transferrin standard (lane 1), and for the control mouse serum
purified using our initial TAC conditions (lane 2). As can be
observed, other serum proteins were nonspecifically retained
by the TAC column. Table | shows the list of proteins

Table 1. Proteins Identified by NanoLC-MS/MS with
emPAl Values Higher than 10%, in Control Mouse Serum
Sample Purified by Immunoaffinity Chromatography (IAC),
Using the Initial and the Optimized IAC Conditions

N
accession MW glycosylation  emPAL
protein name” number” {kDa) sitas (%)
Initial 1AC conditions

Serum alburmin PO7724 GB.6 o 938

Serotransferein Q9211 76T 1 4.3

Apolipoprotein A=1 Q00623 306 [1] 24.1

WVitamin D-binding PX1A14 A3 1 1332
protein

Pregnancy zone protein Q1338 1657 11 L0

Alpha- 1 antitrypsin 0898 459 8.0
-5

Serine protease POTTSG 46.9 * 16,3
inhibitor ASK

Alpha- -antitrypsin QA9 458 3 4.5
=3

Immunoglobulin kappa PD1837 1.8 o 137
conatant

Alpha-1antitrypsin Q0497 46,0 3 129
14

Alpha- | -antitrypsin Priaon 459 3 1.6
I—21

Sering profease Q03T 470 A L1
inhibitor A3M

Optimized IAC conditions
Serotransferrin Q921 T6T | 552
Serum afburmin PO7TT24 8.6 o 213

“Protein Name according to UniProt or to NCBI “UniProtKB/
Swiss-Prot or NCBI Accession Number. “Exponentially Modified
Protein Abundance Index (emPAl): relative guantitation of the
proteing in a mixture based on protein coverage by the peptide
matches in a database search result.

identified by nanoLC-MS/MS with emPAI values higher than
10%, considered the most abundant ones, in the eluted
fraction, which corresponds to lane 2 of the SDS-PAGE gel in
Figure |A. Most of these proteins present N-glycosylation sites,
some of them with a high percentage of glycosylation, which
would contribute to the total amount of glycans of the sample
analyzed.

Since the purpose of this study was focused on the analysis
of glyvcans obtained only from mTf a more selective
purification method was necessary. First, a new IAC column
was prepared modifying some steps of the previous protocol
reported in ref 15, as explained in section 2.3.1. Briefly, the
antibody to resin ratio as well as the incubation time were
substantially increased and the antibody coupling steps were
performed at 4 "C as suggested by ref 16, However, mTf
purification using the new IAC column also resulted in a high
um\speciﬁr_ retention, similar to the one showed in Figurr: 1A,
Therefore, the purification procedure was changed increasing
the washing and elution volumes trying to favor both the
cleanup and the elution of the target protein. As can be
observed in Figure 1B, these modifications were enough to
significantly improve mTf isolation from control mouse serum
by IAC (compare lane 2 of Figures 1A and 1B). Nevertheless,

1754

some bands, corresponding to other proteins, were still present
in the SDS-PAGE gel in contrast to mouse apo-transferrin
standard (lane 1). To avoid this nonspecific retention, 0.25 M
of NaCl was added to the binding buffer. Lane 3 of the S5DS-
PAGE gel of Figure 1B shows the results obtained using these
conditions. Although the number of bands decreased, an
intense band at around 68 kDa still remained, probably
corresponding to albumin, The use of a depletion kit prior to
IAC purification was then evaluated in order to eliminate
albumin. Although mTf band seemed to be more intense when
using a depletion kit (lane 4 of Figure 1B}, the significant
increase in costs and in time required to perform the
purification was not worth it. In addition, the albumin band
was still present. Finally, we also tested a double immunopur-
ification, but this resulted in a very poor mTE detection for
both depleted and nondepleted control mouse serum, Given
the results obtained, the IAC procedure using a binding buffer
containing 0.25 M NaCl, washing with 6-column volumes of
washing buffer and eluting with 1-column volume of elution
buffer, was established as the optimum (lane 3 of Figure 1B).
Under these conditions, only transferrin and albumin were
identified by nanoLC-MS,/MS with emPAI values higher than
10% (see Table 1). As albumin is not a glycosylated protein, it
should not contribute to the glycomic profile of the purified
mTf. To comroborate this issue, the bar graph of Sopple-
mentary Figure 51 compares the glycomic profile obtained
from the purified control mouse serum sample using the initial
IAC conditions and the optimized protocol with the new IAC
column by CapZIC-HILIC-MS. As can be observed, the profile
using the initial procedure was quite different, probably
because of the contribution of glycans that came from other
glycosylated proteins,

3.2. Analysis of mTf Glycan Isomers in CIA Samples

Once optimized mTf purification from serum samples, with the
aim of detecting possible modifications on its glycosylation in
mice with collagen-induced arthritis (CLA), a reference glycan
profile of mTf was first established by analyzing mTF glycans
isolated from the control mouse serum. Table 2 lists the
ghycans and their corresponding isomers detected by CapZ1C-
HILIC-MS in the control mouse serum sample after [AC
purilication.

As can be observed, most glycans correspond to biantennary
structures, being HSN4582 the most abundant one. Some of
them were also fucosylated, although they were less intense
than the nonfucosylated counterpart. These results agreed with
those reported in ref 11 for the analysis of mTr at the
gf}fcnpepti.de level. However, tetrantennary structures were not
detected in this work, probably duee to their low abundance.
On the other hand, all sialic acids present in mTf glycans were
N-glycolylneuramic acids {NeuGc}, as reported in refs 11, 25,
By way of an example, Figure 2 shows the extracted ion
chromatograms (EIC) of the most abundant mTf glycans
detected in the control mouse serum sample. Moreover, we
compared the glycan profile of this commerdally available
control mouse serum with respect to a pool of nonimmunized
WT mice serum samples. As can be seen in Supplementary
Figure 52, both samples showed the same type of glycans and
with similar abundances, which demonstrated this control
mouse serum could be reliably used in this study as reference
for the analysis of mTf glycans of all nonimmunized and CIA
mice samples.
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Table 2. Glycans Detected by CapZIC-HILIC-MS in the
Control Mouse Serum Sample after [AC Purification

fn relative area error

ghyean isomer  (min) (%) Mg, {ppm)
HaM451 1 240 141 24,7216 g4
HaN4F1S1 | 24K .53 2170.7796 2.5
HAN4S2 | 212 .09 23318120 11
r 219 453 23318120 1.6

H5N4F152 I 218 1,584 24TTREGD 51
2 215 134 24TT OGS 4.3

HAMN453 I iR L&l 2438.9023 63
1 RAE 105 1638.9023 52

HAMN4F153 I 119 1.21 27840602 109
HeN3S2 I 133 L19 265605441 Q.8
HOM 553 L 2.7 49 30040345 7.3
1 a1l 345 3004.0345 52

3 4 .90 3004,0345 58

HANAF1S3 I 242 67 31500824 9.7
2 244 L35 3500024 10.3

“Relative ares was calculated as the peak area of each glycan divided
by the sum of the peak areas of all glycans detected. "Theoretical mass
of the glycan labeled with ['*C,]-aniline.
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Figure 2. Extracted ion chromatograms (E1Cs) of the most abundant
mTf glycan isomers detected by CapZIC-HILIC-MS in the control
mouse serum after I1AC pun'ﬁcal:inn under the optimized conditions.

To unequivecally determine the under or overexpression of
mTf glycans in the pathological samples, a glycan relative
isotope labeling (GRIL) approach with ['*C,]/["*C,]-aniline
previously established”” was used. First, the reproducibility of
the overall methodology (taking into account the GRIL
method but also the sample treatment, including IAC
purification} was evaluated. For this purpose, three independ-
ent control mouse serum samples (n = 3} were [AC purified
and labeled with ["C,]AN and another three with [“C,JAN,
After derivatization, equimolar mixtures of mTFEglycan-
["*C,]JAN and mTf-g!}rca.n-[HCE]ﬁN were prepared and
analyzed by CapZlC-HILIC-MS by triplicate. Experimental
ratios (area of the glycan labeled with [“C,]JAN divided by the
area of the same glycan isomer labeled with [*C,JAN) for all
mTf glycans were close to 1 and relative standard deviations <
6%, demonstrating the reproducibility of the established
methodology. Afterward, mTE glycans isolated from each
nonimmunized or CIA WT sample (labeled with ["C,]-
aniline) were mixed (1:1) with mTf glycans obtained from the
control mouse serum (labeled with ['*C,]-aniline), and
analyzed by CapZIC-HILIC-MS., Four nonimmunized and
five CLA WT mice serum samples at different clinical scores
were analyzed. The information about the cdinical score,

gender, and age of each mouse serum sample is detailed in
Materials and Methods section.

Experimental ratios (area of each glycan isomer in
nonimmunized or CIA WT samples divided by the area of
the same glycan isomer in the control mouse sample) for all
mTf glycan isomers detected in the different samples were
calculated and used for data interpretation in the multivariate
data analysis approach. First, PCA was used to explore the data
for the unsupervised identification of trends and detection of
outliers. Four nonimmunized (WT1, WT2, WT6, and WT7)
and four CIA (WT1-CIA, WT3-CIA, WT6-CIA, and WT7-
CIA) WT samples were used to build the model. The scores
plot for the first two principal components (a total of 77% of
variance explained by the sum of PC 1 and PC 2) is shown in
Supplementary Figure 53A. Despite the variability between the
analyzed samples, two sample groups could be observed. The
loadings plot (Supplementary Figure S3B) revealed that
triantennary glycans were more related to CIA WT mice
(they appeared in the right upper quadrant, the same region as
most of CLA samples in the scores plot). In addition, outlier
samples were not detected in the outlier detection plot (Q
Residuals vs Hotelling T*) of Supplementary Figure S3C.
However, PCA did not show the importance of each glycan
isomer to differentiate between the two groups. Therefore, a
partial least-squares discriminant analysis (PLS-DA)} madel
was built in order to improve class separation and identify the
glycan isomers that could be potentially used as biomarkers of
CIA in mice, The same mice samples than for the PCA model
were used as the calibration set classifying them in nonimmu-
nized (WT) and CIA (WT-CIA) mice. As can be seen in the
scores plot of Figure 2A, two latent variables (LVs) allowed
discrimination between the two groups (37 and 34% of the X
and Y variances explained, respectively). The loadings plot
i Figure 3B) showed again that triantennary glycans, such as
H6N552, H6NSS3 2, and HANSS3 3, were more related to
ClA. To complete this qualitative information, the VIP scores
(Figure 3C) allowed us to quantify the influence of the
different glycan isomers on the separation between WT and
WT-CIA samples, As can be observed in Figure 3C, five out of
fifteen glycan isomers were impaortant (VIP > 1) to distinguish
between nonimmunized and pathological samples. Among
these glycan isomers, three of them corresponded  to
triantennary structures (H6NSS2, HA6N3S3 2, and
HA6N553 3) and only one was fucosylated (HAN4FE151). It
is also worth mentioning that most of them were highly
sialylated structures (HSN483 2, H6N5S3 2, and
H6MN553 3). These results are in accordance with the
previously described increase of mTT triantennary glycopeptide
glyeoforms in CIA sa.mples” and also with the reported
increase of highly sialylated TFisoforms in human patients with
rheumatoid arthritis (RA)" In addition, when characterizing
human alfa-acid-glycoprotein (AGP) glycan isomers usin
exoglycosydase digestion and tandem mass spectrometry,”™"
we demonstrated that isomers with higher proportion of @2—6
linked sialic acids were more retained in the ZIC-HILIC
column, In this study, as most mTT glycan isomers considered
biomarker candidates of CIA correspond to the most retained
isomers within a glycan, it can be assumed that they present
higher proportion of @2—6 linked sialic acids and hence that
this linkage-type could be related to CIA diagnosis.

In order to validate the PLS-DA model, WT4-CIA sample
was also analyzed and data processed following the same
procedure described above. As can be observed in the scores
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Figure 3. (A) Scores plot, (B) Loadings plot, and (C) VIP scores of the PLS-DA model applied to the ratios (area of the glycan isomer in the
niimmunized or CLA sample v area of the same glycan isomer in the control mouse serum sample) obtained for each mTf glycan isomer in the
nonimmunized and CLA WT mice samples analyzed. Calibration set: four nonimmunized samples (WT1, WT2, WT6, and WT7) and four ClA
samples (WT1-CLA, WT3-CLA, WT6-CIA, and WT7-CIA). Validation sample: WT4-CIA,

plot of Figure 3A, class prediction was excellent, demonstrating
the good performance of the model to discriminate between
nonimmunized and CIA WT mice samples.

Some of the mice serum samples came from the same mouse
before and after the induction of CIA (WT1, WT6, and WT7).
Figure 4A and B shows, as an example, the extracted ion
chromatograms (E1Cs) of HSN483 and H6N3S3 glycans,
respectively, detected in WT1 mouse, before (nonimmunized)
and after the induction of CIA, and compared to the control
mouse serum (both glycans identified by PL5-DA as potential
biomarkers of CIA). Having as a reference the peak signal of
each isomer in the control mouse serum {EICs in black), both
isomers of HAN453 as well as isomers 2 and 3 of HON5S3
were upregulated in the CIA sample with respect to the
nonimmunized one. By way of an example, the MS spectrum of
isomer 2 of HON5S3 as well as the [M—3H]" ion spectra of
isomers 2 and 3 of the same glycan detected in WTI-CIA
sample are shown in Supplementary Figure 54. As can be
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observed, both chromatographic peaks exhibit the same
isotopic envelope and identical accurate masses either in
[*C,]JAN and [PC,JAN, corroborating that they correspond
to isobaric isomers. Moreover, in order to evaluate if the
overexpression of these glycan isomers increase with the
clinical score, the three pairs of serum samples, in which the
same mouse was analyzed before and after the induction of
CIA (WTT, WT6, and WT7), were used. In this regard, Figure
4C shows the ratio of the ClA samples (Area CIA/Area
control) divided by the ratio of the nonimmunized ones (Area
nonimmunized/Area control) obtained for the most mean-
ingful mTf glycan isomers. As can be observed, all glycan
isomers were more overexpressed in WT6 and WT7 (clinical
score of 8) than in WT1 (clinical score of 5), with the
exception of HSN453 2 in WT6, These results suggested that
the upregulation of these glycan isomers also seemed to be
refated with the CIA clinical score in mice, especially HANSS2
and H6N553 2, and therefore they could be used to study the
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response to novel treatments as well as to monitor this
pathology.

4, CONCLUDING REMARKS

Purification of Tf from mice serum samples was achieved by
IAC using a CNBr-sepharose column activated with a
polyclonal antihuman T antibody. The activation and
coupling protocol as well as the IAC purification procedure
were optimized in order to obtain a selective isolation of Tf
from mice serum. Under the optimal conditions, SDS-PAGE
and nanoLC-MS5/MS results confirmed Tf was the major
protein present in the eluted fraction and no other glycosylated
proteins would interfere in the subsequent glycan analysis.
Once established a reference glycomic profile of mTf, glycan
isomers from nonimmunized and CIA serum samples were
analyzed by CapZIC-HILIC-MS using the GRIL strategy with
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["*C.]/[¥CeJ-aniline. Multivariate data analysis tools showed
that five out of fifteen mTt glycan isomers were important to
distinguish CIA from control mice, three of them correspond-
ing to triantennary stractures {HENS52, H6N553 2, and
H6N3S3_3), one to a highly sialylated biantennary glycan
(HSN453 2), and only one fucosylated (HSN4F151). In
addition, these glycan isomers, especially HENSSZ and
H6NSS3 2, seemed to be related with the progression of
CIA, being more overexpressed in samples with higher clinical
scores. Although a larger cohort of samples should be analyzed
in the future to corroborate the biomarker value of these
glycans, this study could be considered a starting point to find
novel glycan-based biomarkers for CIA diagnosis. Moreover,
the presented methodology could be also implemented to
identify modifications in TP glycosylation associated with
rheumatoid arthritis or other inflammatory processes.
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Supplementary Figure S-1. Bar graph of the relative area of the glycans detected by pZIC-
HILIC-MS in the control mouse serum using the initial and the optimized IAC conditions,
with the corresponding standard deviations associated (n=3). Relative area was calculated
as the peak area of each glycan divided by de sum of the peak areas of all glycans

detected.
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Supplementary Figure S-2. Bar graph of the average relative area of the glycans obtained
from a pool of non-immunized WT and from the control mouse serum using the optimized
IAC conditions. Relative area was calculated as the peak area of each glycan divided by de

sum of the peak areas of all glycans detected.
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Supplementary Figure S-3. A) Scores plot, B) Loadings plot and C) Outlier detection plot of
the PCA model applied to the ratios (area of the glycan isomer in the non-immunized or CIA
sample vs. area of the same glycan isomer in the control mouse serum sample obtained for

each mTf glycan isomer in the non-immunized and CIA WT mice samples analyzed.
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5.1. Establecimiento de metodologias para la purificacion de glicopéptidos

Como se comenté en la introduccion de esta tesis doctoral, el andlisis de glicopéptidos se
utiliza habitualmente como estrategia bottom-up en estudios glicoproteémicos para
caracterizar por espectrometria de masas (MS) las estructuras de los glicanos, asi como los
diferentes puntos de glicosilacion donde se encuentran unidos a la glicoproteina de interés. Sin
embargo, las dificultades para detectar estos analitos por MS, debido a su baja concentraciény
a la supresidn idnica que experimentan en presencia de los péptidos que se encuentran en los
digestos, han dado lugar al establecimiento de diversas técnicas destinadas a purificar de

manera selectiva los glicopéptidos antes de ser analizados por MS [106,107,115].

En esta tesis doctoral, se han establecido dos métodos para la purificacién de glicopéptidos de
proteinas de interés biomédico o biofarmacéutico. Estos métodos se han aplicado al analisis de
glicopéptidos por CE-MS dadas las ventajas que presenta esta técnica de separacién frente a la
LC-MS en el analisis de glicopéptidos [68,206]. Aunque se han analizado los digestos tripticos
de diversas glicoproteinas para evaluar las metodologias de purificacidon establecidas, ambos
métodos (descritos en los articulos 2.1 y 2.2) se han centrado en el enriquecimiento de las
glicoformas del O-glicopéptido de la eritropoyetina humana recombinante (rhEPO) dado su

interés como biofdrmaco y como agente dopante [79-83].

5.1.1. Purificacién de glicopéptidos mediante precipitacién con acetona

Aunque existen diversos métodos descritos en la bibliografia para la purificacién de
glicopéptidos empleando cromatografia de afinidad con lectinas, cromatografia de interaccion
hidrofilica asi como extraccién con particulas de diéxido de titanio (TiO,) [108,116], estas
metodologias son generalmente caras, laboriosas y requieren mucho tiempo para llevarse a
cabo. Con el fin de desarrollar un método rapido, simple y econémico para el enriquecimiento

de los glicopéptidos presentes en una muestra, Takakura et. al. desarrollaron un método
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basado en su precipitacion selectiva con acetona [118]. Este estudio se centrd en la diferente
solubilidad de péptidos y glicopéptidos en este disolvente para lograr su separacién, pero sin

investigar las diferencias de comportamiento entre N-y O-glicopéptidos.

En esta tesis, se ha estudiado en profundidad la precipitacién con acetona de los N- y O-
glicopéptidos en funcidon de su naturaleza, obtenidos de digestos enzimaticos de diversas
glicoproteinas de interés biofarmacéutico o biomédico: rhEPO, apolipoproteina C-1ll (APO-C3),
alfa-1-glicoproteina humana y bovina (hAGP y bAGP) y ovalbumina (OVA) (articulo 2.1).
Asimismo, se ha estudiado la influencia en la precipitacion de diversos pardmetros fisico-
guimicos y propiedades relacionadas con la composicion de los carbohidratos y la estructura
del glicopéptido, mediante métodos de andlisis de datos multivariantes. Finalmente, dado el
interés de ciertas glicoformas del O-glicopéptido de la rhEPO en el control de calidad de este
biofarmaco y en el control antidopaje, se han seleccionado las condiciones para su éptima

precipitacién.

5.1.1.1. Estudio de la precipitacidon de péptidos y glicopéptidos

En primer lugar se investigaron las condiciones propuestas por Takakura et.al. [118] para la
precipitacién de los péptidos, N- y O-glicopéptidos presentes en los digestos enzimaticos de las
proteinas mencionadas, utilizando un volumen de acetona 5 veces superior al de digesto.
Todas las digestiones se llevaron a cabo con tripsina excepto en el caso de la OVA, cuya
digestion dio lugar a un N-glicopéptido demasiado grande (secuencia peptidica de 32
aminoacidos) y dificil de detectar por MS, por lo que se utilizé quimotripsina para la digestion.
Los sobrenadantes y precipitados fueron analizados por CE-MS mediante un método
desarrollado previamente por nuestro grupo de investigacién para el andlisis de glicopéptidos
[85,86]. Se detectaron un total de 53 péptidos, 46 N-glicopéptidos y 7 O-glicopéptidos con

diferentes estructuras y composicién de glicanos. Con estas condiciones de precipitacion
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(exceso de 5 veces de acetona) los N-glicopéptidos se detectaron principalmente en el
precipitado, mientras que los péptidos permanecieron en el sobrenadante y los O-
glicopéptidos precipitaron parcialmente. Con el fin de conocer la influencia de diversos
parametros fisico-quimicos y propiedades de los péptidos y glicopéptidos en su solubilidad en
acetona, se emplearon herramientas quimiométricas como el analisis por componentes
principales (PCA) y el andlisis discriminante por minimos cuadrados parciales (PLS-DA). Se
tuvieron en cuenta variables asociadas: 1) a toda la molécula (masa tedrica, M, y carga, q), 2)
a la cadena peptidica (masa del péptido, Myeptiso; NUMero de aminoacidos, nimero de AA;
promedio general de hidropatia, GRAVY vy indice alifatico) y 3) a los glicanos (masa del glicano
(Mygiicano), NUmero y tipo de monosacaridos (H, N, NeuAc, NeuGc) y nimero de antenas. La
composicion de cada uno de los péptidos y glicopéptidos identificados, los valores de cada una
de las variables mencionadas anteriormente, asi como el porcentaje de precipitaciéon obtenido
en cada caso a partir del analisis por CE-MS, se detallan en el material suplementario del
articulo 2.1 de esta tesis doctoral. En primer lugar, para explorar los datos y estudiar la
existencia de tendencias o grupos asi como detectar la presencia de outliers, se aplicé PCA al
conjunto de parametros fisico-quimicos y propiedades de cada péptido/glicopéptido asi como
a los porcentajes de precipitacién obtenidos. Tal y como se explica en detalle en el articulo 2.1,
se observo la presencia de tres clases, correspondientes a péptidos (Pi), N-glicopéptidos (NGj) y
O-glicopéptidos (0G;), mientras que los glicopéptidos NG39 y NG40 de la OVA fueron
considerados outliers. A continuacién se utilizd6 PLS-DA con el objetivo de mejorar la
separacion entre clases y facilitar la identificacién de las variables mas importantes en la
precipitaciéon de péptidos y glicopéptidos. La Figura 5.1 muestra los graficos de scores (A),

loadings (B) y VIP scores (C) obtenidos en dicho modelo.
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Figura 5.1.- (A) Grafico de scores y (B) grafico de loadings del modelo de PLS-DA aplicado al porcentaje

de precipitacion, afiadiendo un exceso de cinco veces de acetona, y a los diferentes parametros fisico-

quimicos y propiedades de péptidos/glicopéptidos obtenidos de los digestos de OVA, hAGP, bAGP, APO-

C3 y rhEPO (ver articulo 2.1). (C) VIP scores de las diferentes variables cuando se considera la separacién

de (i) O-glicopéptidos con respecto a péptidos y N-glicopéptidos, (ii) péptidos con respecto a N-y O-

glicopéptidos y (iii) N-glicopéptidos con respecto a péptidos y O-glicopéptidos.
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Como puede observarse en el grafico de scores, dos variables latentes (LVs) fueron suficientes
para separar las tres clases de compuestos con un total del 70.3% de la variancia explicada,
siendo LV1 la mas util para diferenciar entre clases de compuestos. En este sentido, el grafico
de loadings mostré que las variables relacionadas con la estructura de los glicanos y su
composicion, tales como Mzeo, Mgiicano, NUMero de monosacdridos H, N y NeuAc, nimero de
antenas y g, eran las mas importantes para la separacién entre péptidos, N- y O-glicopéptidos.
Ademas, los graficos de VIP scores, desvelaron que Mteo, Mgiicano, NUmero de H y N asi como el
numero de antenas eran las variables mas relevantes para diferenciar el comportamiento
tanto de péptidos como de N-glicopéptidos del resto (Figuras 5.1C-ii y 1-iii). Por el contrario,
tal y como muestra la Figura 5.1C-i, Mpeptido, NUMero de AA y, en menor medida, GRAVY fueron
las variables mas significativas en la diferenciacién de los O-glicopéptidos respecto al resto de
compuestos. Teniendo en cuenta estos resultados y los obtenidos en el modelo de PLS-DA
aplicado sélo a péptidos y O-glicopéptidos (ver articulo 2.1), se puede concluir que
practicamente todos los N-glicopéptidos precipitan cuantitativamente empleando un exceso
de cinco veces de acetona ya que presentan un elevado porcentaje de glicosilacién (245%
(m/m)) y una mayor My, mMmientras que los péptidos permanecen mayoritariamente en
disolucién. En el caso de los O-glicopéptidos, el nimero de AA, Mpsptido, asi como su
hidrofobicidad (GRAVY e indice alifatico) y menor porcentaje de glicosilacion (<40% (m/m))
respecto a los N-glicopéptidos, los hace mas parecidos estructuralmente a los péptidos, lo que
podria explicar su diferente comportamiento presentando una precipitacién parcial con esta

proporcién de acetona.

5.1.1.2. Estudio de la precipitacion de O-glicopéptidos

Para estudiar con mas detalle el comportamiento de los O-glicopéptidos, se analizaron por CE-
MS tanto los sobrenadantes como los precipitados obtenidos empleando una proporcion de

acetona 5 y 8 veces superior a la de digesto de rhEPO y APO-C3. Tal y como se muestra en la
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Tabla 5.1, se obtuvieron mayores porcentajes de precipitaciéon para los O-glicopéptidos de
ambas proteinas al aumentar la cantidad de acetona adicionada, pero los porcentajes de
precipitacién para las glicoformas del O-glicopéptido de la APO-C3 (0O74) continuaron siendo
bajos comparados con los del O-glicopéptido de la rhEPO (O126).

Tabla 5.1.- Porcentaje de precipitacion obtenido para las glicoformas de los glicopéptidos O126 de la

rhEPO y Oz4 de la APO-C3 usando un exceso de cinco y ocho veces de acetona.

Secuencia . i % precipitacion
. Glicano Simbolo?®

peptidica 5-veces 8-veces

HIN1 0G1 0 71,5

EAISPPDAASAAPLR H1N1S1 0G2 7,5 59,8

(O126) H1IN1S2 0G3 13,4 77,2

H1N1S1S1* 0G4 14,2 75,3

FSEFWDLDPEVRPTS HIN1 0G5 0 0
AVAA HIN1S1 0G6 0 1,9
(O74) H1N1S2 0G7 0 2,1

Punto de glicosilacion marcado en rojo.
20G;: O-glicopéptidos.
*Un 4cido sidlico (HIN1S1S1) es NeuGc en lugar de NeuAc.

Con el fin de encontrar la razén de estas diferencias entre O-glicopéptidos, se construyd un
modelo de PCA vy, seguidamente, uno de PLS-DA Unicamente con los O-glicopéptidos de la
rhEPO y de la APO-C3, incluyendo todos los parametros fisico-quimicos y propiedades citados
anteriormente, asi como los porcentajes de precipitacion obtenidos con un exceso de 5y 8
veces de acetona. Los resultados obtenidos en los graficos de scores (A), loadings (B) y VIP
scores (C) al aplicar el modelo de PLS-DA se muestran en la Figura 5.2. Tanto el grafico de
loadings como el de VIP scores (Figura 5.2B y C) mostraron que los parametros relacionados
con la hidrofobicidad de las cadenas peptidicas (GRAVY e indice alifatico), asi como el tamafio
del péptido (Mgeptiso Y NUMero de AA) eran esenciales para explicar la diferente tendencia a
precipitar de los O-glicopéptidos. Puesto que ambos glicopéptidos presentan una
hidrofobicidad similar, se concluyé que la menor tendencia a la precipitacién de las
glicoformas del O-glicopéptido de la APO-C3 era debida a su mayor masa y longitud de la
cadena peptidica con respecto al O-glicopéptido de la rhEPO.
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Figura 5.2.- (A) Grafico de scores, (B) grafico de loadings y (C) VIP scores del modelo de PLS-DA aplicado
al porcentaje de precipitaciéon obtenido, afadiendo un exceso de 5 y 8 veces de acetona, y a los
diferentes parametros fisico-quimicos y propiedades de los O-glicopéptidos obtenidos de los digestos de

rhEPO y APO-C3 (ver articulo 2.1).

5.1.1.3. Optimizacion de la precipitacion del glicopéptido O1,¢ de la rhEPO

Los resultados previos demuestran que la cantidad de acetona se puede optimizar para
conseguir la precipitacion selectiva de un determinado O-glicopéptido de interés. Dada la
importancia de la rhEPO como biofarmaco y agente dopante, en este estudio se seleccion¢ el
O-glicopéptido de la rhEPO como modelo (O1), con el objeto de optimizar la cantidad de
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acetona necesaria para precipitar las glicoformas del 0126 evitando la coprecipitacidon de los
péptidos del digesto. Con este propdsito, se afiadieron cinco cantidades diferentes de acetona
(excesos de 4,5, 5, 6, 8 y 9 veces de volumen de acetona) a diferentes digestos tripticos de
rhEPO y se analizaron por CE-MS los sobrenadantes y los precipitados. La Figura 5.3 muestra
los graficos de barras del porcentaje de precipitacién obtenido en funcién del volumen de
acetona afiadido para las glicoformas del Ois (Figura 5.3A) y para algunos péptidos

representativos del digesto de la rhEPO (Figura 5.3B).

A) Glicopéptido O,,¢ B) Péptidos
17 m HIN1 (061) 807 p1
H1N1S1 (0G2) m P2
80 B H1IN1S2 (0G3) a4 P3
B HIN1S1S1 (0G4) . = ps
S 5
g I 3 P7
s £
g g # P9
= L
x % ey m P11
I P13
20 = P14
:' 4 P15
4,5-veces ' 5-veces 6-veces 8-veces 9-veces 5-veces 8-veces 9-veces
Volumen de acetona Volumen de acetona

Figura 5.3.- Grafico de barras con el porcentaje de precipitacion obtenido afiadiendo diferentes
proporciones de acetona para (A) las glicoformas del glicopéptido O y (B) algunos péptidos

representativos de la rhEPO.

Como se puede observar, las glicoformas del Q126 empiezan a precipitar con un exceso de
acetona de 5 veces, primero aquellas mas glicosiladas y con mayor nimero de acidos sialicos
(H1N1S1, HIN1S2 y HIN1S1S1). Por el contrario, la glicoforma no sialilada (H1N1) no inicia su
precipitacién hasta que se alcanza un exceso de acetona de 8 veces. Los péptidos, en cambio,
se mantienen mayoritariamente en disolucién, aunque los mas hidrofilicos (P1, P5, P11, P14)
comienzan a precipitar a partir de un exceso de 5 veces de acetona, aumentando su
porcentaje de precipitacion al incrementar el volumen de acetona afiadido (Figura 5.3B). A fin

de maximizar la recuperacion de todas las glicoformas del O-glicopéptido de la rhEPO, se
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seleccioné un exceso de 8 veces de acetona ya que se obtenian porcentajes de precipitacion
elevados (~70%) evitando en gran medida la coprecipitacién de la mayoria de péptidos del
digesto. La Figura 5.4 muestra, a modo de ejemplo, los electroferogramas de iones extraidos
(EIEs) de las glicoformas mas abundantes del O en la fraccidn precipitada empleando la

proporcién de acetona seleccionada.

0126 ~HIN1S2 | 06— HIN1S1S1*
1 S 15
6 S
] 8
S |,
% 5: 0,,6— H1IN1S1 51,0:
g S o
s 10 11 12 13 14 15
g 3 tiempo (min)
[J] 4
£ ]
17 ______
0-'— ‘ ‘ ‘ — —_——

tiempo (min)

Figura 5.4.- EIEs de las glicoformas mas abundantes del glicopéptido O126 de la rhEPO obtenidas en la
fraccién precipitada usando un exceso de 8 veces de acetona. Se muestra una ampliacion del EIE del

H1N1S1S1 dada su baja abundancia. (*) Uno de los 4cidos sidlicos es NeuGc en lugar de NeuAc.

5.1.2. Purificaciéon de glicopéptidos mediante TiO2-SPE-CE-MS

Las particulas de TiO; han sido usadas para la purificacion off-line de fosfopéptidos y de otros
compuestos fosforilados [113,114,207]. De manera menos comun, el uso de estas particulas
también ha sido descrito para la purificacién de glicopéptidos sialilados [116]. Sin embargo, los
métodos de purificacién off-line son laboriosos, aumentan de manera significativa el tiempo de
analisis y no permiten la automatizacion. Una de las mejores alternativas a los métodos off-line
consiste en acoplar la extraccidn en fase sélida en linea a la CE (SPE-CE). La preconcentracion

por SPE-CE se basa en la interaccion reversible de los analitos de la muestra con una fase
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estacionaria que se encuentra en un microcartucho de extraccién o preconcentrador, cerca de
la entrada del capilar de separacion. Esta fase estacionaria permite retener los analitos
presentes en un volumen elevado de muestra ¢100 uL), que posteriormente se eluyen
directamente dentro del capilar de separacién con un pequeiio volumen de una disolucidon
adecuada (~50 nL). De esta manera, se consigue purificar el analito de interés y aumentar su
concentracién, disminuyendo consecuentemente los limites de deteccidon (LODs). En nuestro
grupo de investigacién se han establecido diversos métodos de purificacién mediante SPE-CE
empleando fases estacionarias muy diversas para el analisis de una gran variedad de moléculas

pequenas, péptidos y proteinas [208—210].

En esta tesis doctoral, se evalué el uso de particulas de TiO; como sorbente en SPE-CE-MS para
purificar selectivamente los glicopéptidos obtenidos de digestos enzimaticos de glicoproteinas.
El O-glicopéptido de la rhEPO fue utilizado de nuevo como modelo para optimizar la
metodologia, aunque también se evalué el método establecido para el andlisis de los N-
glicopéptidos de esta glicoproteina. Finalmente y para comprobar la validez de la metodologia
desarrollada, se aplicé a la purificacion de glicopéptidos de otras glicoproteinas, en concreto al

O-glicopéptido de la APO-C3 y a los N-glicopéptidos de la bAGP.

5.1.2.1. Construccion del preconcentrador

El preconcentrador con particulas de TiO; utilizado en esta tesis (articulo 2.2) no se encuentra
disponible comercialmente, sino que ha sido preparado en el laboratorio. El cuerpo del
preconcentrador consiste en un pequefio fragmento de capilar de silice fundida de 0,7 cm de
longitud (L7), 250 um (id) y 365 um (od), relleno de sorbente. En este caso el sorbente
empleado fueron particulas de TiO, obtenidas de un kit comercial disefiado para la purificacion
de fosfopéptidos (Pierce Magnetic TiO, Phosphopeptide Enrichment Kit, Thermo Scientific).

Para evitar la pérdida de las particulas empaquetadas, se colocan unas fritas de algoddn en
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cada extremo del microcartucho. El proceso de construccién del microcartucho, supervisado a

través de una lupa binocular, se describe brevemente a continuacidn (Figura 5.5).

e El capilar de separacion, previamente activado mediante lavado con NaOH y agua, se
corta en dos fragmentos, el del capilar de entrada de 7,5 cm, y el fragmento de salida
de 64,5 cm. El corte del capilar se realiza con un cortador de capilar especifico para
que sea lo mas limpio posible, y asi minimizar los voliumenes muertos y pérdidas a
través de las juntas.

e Se introduce una frita de algodén en uno de los extremos del capilar de 0,7 cm que
serd el cuerpo del microcartucho (Figura 5.5 A) y se une al fragmento de entrada del
capilar de separacion con un tubo Tygon™ de diametro adecuado (Figura 5.5 B).

e Se aspiran las particulas de fase estacionaria hasta el interior del microcartucho
mediante la aplicacién de vacio (Figura 5.5 B-C).

e Se introduce una frita de algoddn en el otro extremo del microcartucho (Figura 5.5 D)
y se une al fragmento de salida del capilar de separacién mediante otro tubo Tygon™
(Figura 5.5 E).

e Por ultimo, antes de comenzar los analisis, se comprueba que el microcartucho
empaquetado no ofrece demasiada restriccion al flujo ni inestabilidad de la corriente

eléctrica.
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A) Frita (100 um)

—
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Figura 5.5.- Proceso de construccion del microcartucho para SPE-CE-MS.

Una vez preparada la columna de TiO,-SPE-CE-MS, se debe desarrollar y optimizar la
metodologia analitica, lo que constituye todo un reto, puesto que es necesario hacer
compatibles las condiciones de la extraccién con particulas TiO, con las necesarias para

conseguir una adecuada separacién electroforética y una buena deteccion por MS.
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5.1.2.2. Optimizacion de la purificacion del O-glicopéptido de la rhEPO por TiO,-SPE-CE-MS

Las diferentes disoluciones suministradas con el kit comercial de TiO, eran de composicion
desconocida y resultaron incompatibles con el acoplamiento por MS al llevar a cabo algunos
experimentos preliminares. Por ello, se establecieron unas condiciones iniciales a partir de las
descritas por otros autores para el enriquecimiento off-line de fosfopéptidos y glicopéptidos

con TiO,[115-117,207]. Dichas condiciones iniciales se detallan a continuacién:

- Acondicionamiento de los microcartuchos con tampdn de unidn compuesto por 80%
v/v de acetonitrilo (ACN) y 10% v/v de acido férmico (HFor).

- Carga de la muestra a 930 mbar durante 5 min en tampdn de carga compuesto por
80% v/v de ACN y 2% v/v de HFor.

- Lavados con tampédn de unién (1 min) y tampdn de carga (1 min) seguido del llenado
del capilar con BGE (50 mM &cido acético (HAc) y 50 mM HFor, pH 2,2) durante 2 min.

- Elucion con 1 M de hidréxido de amonio (NH4OH).

El grafico de barras de la Figura 5.6 muestra el area total de los péptidos, asi como de las
diferentes glicoformas del O-glicopéptido de la rhEPO (O126) detectados en un digesto de 50

mg-L™ de rhEPO por TiO,-SPE-CE-MS empleando diferentes condiciones.
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Figura 5.6.- Grafico de barras mostrando el efecto en las dreas de las glicoformas del glicopéptido O126 y
del total de péptidos de la rhEPO, detectados por TiO2-SPE-CE-MS, al afiadir 0,1 M de acido lactico a los
tampones de unién y carga asi como una etapa de lavado extra con 20% de acetonitrilo (ACN). (*) Uno

(HIN1S1S1) o todos (HIN1S1) los acidos sialicos son NeuGc en lugar de NeuAc.

Usando las condiciones iniciales, puede observarse la existencia de retencion inespecifica de
los péptidos en el sorbente de TiO,, aunque menor que la retencidn selectiva de las
glicoformas del O1z. Algunos autores han descrito el uso de acido lactico o glicdlico en la
purificacién de fosfopéptidos [116,207] para mejorar la selectividad y reducir las uniones no
especificas, por lo que se evalud el uso de acido lactico a una concentraciéon 0,1 M en los
tampones de elucién y de carga. Usando estas condiciones, la retencion de los péptidos
disminuyé mientras que la intensidad de las glicoformas del 0126 aumentd significativamente
(ver Figura 5.6). Se descartd el uso de concentraciones superiores de acido lactico ya que
producian mucho ruido de fondo e inestabilidades de corriente durante la separacion
electroforética. Asimismo, con el propdsito de reducir la retencidon inespecifica en el sorbente
de los péptidos mas hidrofilicos, se afiadié una etapa de lavado extra con un porcentaje menor
de ACN (20% v/v ACN con 2% v/v de HFor, 1 min) [115,116]. Sin embargo, mientras que el area
total de los péptidos experimenté una reduccién escasa (Figura 5.6), el area de las glicoformas
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del O126 disminuyd drasticamente. Por este motivo, se descarté esta etapa de lavado extra, y
se emplearon los tampones de unidn y carga con 0,1 M de 4acido lactico para el resto de los
experimentos. Cabe destacar que, a pesar de que las particulas de TiO; han sido descritas para
llevar a cabo la retencién Unicamente de glicopéptidos sialilados, la glicoforma Oi126-H1IN1
también se detectd usando estas condiciones (Figura 5.6), tal y como ya se habia descrito para

otros glicopéptidos no sialilados [117].

Seguidamente, se procedid a la optimizacion de la composicion del eluyente partiendo de la
disolucién 1 M de NH.OH inicial. Algunos autores han propuesto el uso de concentraciones
superiores de NHsOH para eluir glicopéptidos altamente sialilados en protocolos off-line
[115,211], por lo que se analizé un digesto de 10 mg-L de rhEPO empleando como eluyente
disoluciones de concentracién 1 M, 3 My 6 M de NH,OH. No obstante, se observd una
disminucién de las dreas de las glicoformas al aumentar la concentracién de NH,OH,
especialmente la glicoforma con mas contenido de acidos sidlicos (O12e-H1N1S2). También se
probo una disolucion de fosfato de amonio (pH 9) como eluyente esperando obtener mejores
recuperaciones de los glicopéptidos dada la gran afinidad de los grupos fosfato por el sorbente
de TiO. Sin embargo, la sefial de todas las glicoformas también disminuyd, llegando a no
detectarse la glicoforma no sialilada (O126-H1N1). Finalmente, se evalué el uso de un eluyente
acido (0,1% v/v de HFor) [117], pero los resultados obtenidos fueron peores que en medio
basico. De esta manera, se confirmé que el uso de una disolucién de 1 M de NH,OH era la mas

adecuada para el analisis de glicopéptidos por TiO,-SPE-CE-MS.

A continuacidn, se investigo el tiempo de carga de muestra, usando las condiciones dptimas
establecidas, inyectando un digesto de 10 mg-L*? de rhEPO durante 5, 10, 20 y 30 min a 930
mbar. Tal y como se observa en el grafico de la Figura 5.7 para las glicoformas O16-HIN1S1 y
O126-H1N1S2, las dreas de pico aumentaron progresivamente hasta alcanzar un maximo a los

20 min de introducidn de muestra. No obstante, en estas condiciones se produjeron
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inestabilidades en la corriente que afectaron a la repetitividad de la separacién, por lo que se

seleccioné un tiempo de carga de 10 min como dptimo.

5 ® OpHIN1ST
Oy-HIN1S2

Area (x108)
~

0 T T T 1
0 10 20 30 40

tiempo de carga (min)

Figura 5.7.- Evaluacion del tiempo de carga de muestra obtenido para las glicoformas O126-HIN1S1 vy

0126-H1N1S2 de la rhEPO mediante TiO2-SPE-CE-MS (50 mg:-L? rhEPO).

5.1.2.3. Analisis de los glicopéptidos de la rhEPO por TiO,-SPE-CE-MS

Una vez optimizada la metodologia de TiO,-SPE-CE-MS, ésta se evalud para el analisis de todas
las glicoformas de los glicopéptidos O12¢ y Ngs de la rhEPO y se determinaron sus parametros
de calidad. En primer lugar, se estudio la repetitividad mediante analisis consecutivos de un
digesto de 10 mg-L! de rhEPO, obteniéndose desviaciones estdndar relativas (n = 3) entre 9-
11% y 6-11% para los tiempos de migracion y las areas de pico, respectivamente, para todas
las glicoformas del O136. La vida util del microcartucho se establecié en aproximadamente 10
andlisis. Con respecto a la linealidad, el método fue lineal (R? > 0,99) entre 0,5 y 50 mg-L! de
rhEPO para las glicoformas con acido N-acetilneuraminico (NeuAc) y entre 10 y 50 mg-L? de
rhEPO para las glicoformas del O1 con acido N-glicoliineuraminico (NeuGc). La Tabla 5.2
muestra las glicoformas detectadas por CE-MS y TiO,-SPE-CE-MS para los glicopéptidos Oy i

Ngs.
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Tabla 5.2.- Péptidos y glicoformas de los glicopéptidos O126 y Na3 detectadas mediante CE-MS y TiO2-SPE-

CE-MS en el digesto de rhEPO con las correspondientes areas obtenidas (n=3).

CE-MS TiO,-SPE-CE-MS
(1000 mg-L?) (100 mg-L?)
e Mo Error® Area Area
(ppm) | (x10%a.u.) (x10%a.u.)
APPR 439,2543 3,2 1,0 0,01
LICDSR-(Cys-IAAP) 762,3694 1,1 2,8 0,3
VLER 515,3067 3,4 8,9 0,05
YLLEAK 735,4167 4,2 8,3 0,07
VNFYAWK 926,4650 1,2 4,1 0,009
" MEVGQQAVEVWAQGLALLSEAVLR | 2525,3312 5,3 0,3 0,02
:.g_ AVSGLR 601,3548 1,9 4,6 0,01
N7
= SLTTLLR 802,4913 7,3 19,2 0,01
ALGAQK 586,3439 1,7 3,6 0,1
TITADTFR 923,4712 | 2,4 5,4 0,03
VYSNFLR 897,4709 | 1,4 3,8 0,2
LYTGEACR-(Cys-IAAP) 968,4386 | 1,1 3,7 0,2
TGDR 447,2077 | 5,8 0,05 0,05
-H1IN1 1829,8895 5,4 0,5 0,5
o§ -H1IN1S1 2120,9849 4,5 13,7 10,7
*
§ -H1IN1S2 2412,0803 4,9 4,8 6,2
:‘_g’ -H1IN1S1°¢ 2136,9798 5,7 0,2 0,1
-H1IN1S1Ss1°¢ 2428,0752 3,0 0,1 0,1
-HEN5S2F1 5074,1962 91 0,06 0,1
Zf -H6N5S3F1 5365,2919 5,7 0,2 0,3
g -H7N6S2F1 5439,3279 51 0,08 0,09
g -H7N6S3F1 5730,4234 3,7 0,6 0,5
-H7N6S4F1 6021,5188 | 1,9 1,5 1,1

-195 -




Resultados y Discusion | Capitulo 5

-H8N7S2F1 5804,4602 | 1,1 0,09 0,09
-H8N753F1 6095,5556 | 2,2 0,8 0,5
-H8N754F1 6386,6510 | 3,5 1,9 1,4
-H9N8S3F1 6460,6878 | 6,5 0,3 0,3
-H9N8S4F1 6751,7832 | 4,6 0,7 0,5

Los péptidos detectados con menos de 4 amino acidos no han sido considerados (ie. R, K, LFR, GK,LK).

2Error calculado en ppm siguiendo la ecuacion: (| Mexp— Mieo | /Mteo) X 108 (exp = experimental and teo = tedrica).
b 1AA se refiere a iodoacetamida.

¢Un (H1IN1S1S1) o todos (HIN1S1) los acidos sidlicos son NeuGc en lugar de NeuAc.

Mientras que el area de los péptidos disminuye drasticamente a una concentracion de digesto
10 veces menor, en general, el drea de los glicopéptidos se mantiene o aumenta. En el caso del
O126, el limite de deteccién (LOD) en TiO,-SPE-CE-MS se establecié en 0,25 mg-L? de rhEPO
para detectar todas la glicoformas con NeuAc y en 10 mg:L! de rhEPO para aquellas
glicoformas con NeuGc. Estos resultados suponen un aumento de sensibilidad de 100 veces
respecto a CE-MS, donde se establecieron LODs de 25 y 100 mg-L? de rhEPO, respectivamente.
La disminucién de los LODs tiene especial interés en el caso de las glicoformas con NeuGc de la
rhEPO dado que son particularmente importantes en el control de calidad de este biofarmaco
y en el control antidopaje. Asimismo, tal y como se muestra en la Tabla 5.2, el método por
TiO,-SPE-CE-MS permitidé también la deteccidén de todas las glicoformas del Ns; detectadas por
CE-MS, obteniendo un aumento de sensibilidad de 10 veces, sin ninguna reoptimizacion, a
pesar de que dicha metodologia fue desarrollada y optimizada para el glicopéptido Q1. La
disminucién de los LODs no fue tan notable como en el caso del glicopéptido Oi126, dado que
las glicoformas del Ng; son mas dificiles de ionizar en modo positivo al ser, en general, mas
grandes y presentar una carga negativa superior. A modo de ejemplo, en la Figura 5.8 se
muestran los EIEs de las glicoformas mayoritarias del O con NeuAc y las glicoformas
tetraantenarias del Ns3 detectadas por CE-MS y TiO,-SPE-CE-MS. Como puede observarse, en

ningun caso se vio comprometida la separacion entre las glicoformas con diferente nimero de
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acidos sidlicos, a pesar de aplicar presion durante la separacion electroforética por TiO,-SPE-

ii) Glicopéptido Ng; (1000 mg:-L?)

CE-MS.
A) CE-MS B) TiO,-SPE-CE-MS
i) Glicopéptido O,,, (1000 mg-L?) ii) Glicopéptido O,,, (10 mg-L?)
4 5,
] | 0,,,-H1N1S1
4,
] 0,,-HIN1S1 =4 /
0 | o B
% 3] e % 3 0,,,-HIN1S2
= 1] °
g g /
B 2 0,,,-H1N1S2 ‘B 21
s | / § | 0,6-HINL
g 1: 0,,6-HIN1 = 1l \
L N
0= 0; ‘ — : ‘
6 7 8 9 10 12 16 20 24 28
tiempo (min) tiempo (min)

ii) Glicopéptido Ng; (100 mg-L?)

Ng;-H7N6S4 Ng;-H7N6S4
1

r i
|

N

A
Ngs-H7NGS3 | Ny, HINGS3

Intensidad (x10%)
Intensidad (x10%)

Ng-H7N6S2 || ! I
1

—_

20 22 24 26 28
tiempo (min)

tiempo (min)

Figura 5.8.- Analisis del digesto de rhEPO mediante (A) CE-MS y (B) TiO2-SPE-CE-MS. EIEs de las
glicoformas mas abundantes (i) del glicopéptido O y (ii) de las glicoformas mads relevantes del

glicopéptido Nss3 de la rhEPO.

Finalmente, en este estudio se evaludé la capacidad del método TiO,-SPE-CE-MS para
proporcionar perfiles inalterados de las glicoformas de los glicopéptidos de la rhEPO,
investigando la posible interaccién preferencial del sorbente TiO; hacia aquellas glicoformas
mas sialiladas. Para ello, se analizaron digestos de rhEPO a diferentes concentraciones por CE-
MS y TiO,-SPE-CE-MS y se compararon las areas relativas de las glicoformas mayoritarias, tal y

como se muestra en la Figura 5.9.
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CE-MS TiO,-SPE-CE-M5
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Figura 5.9.- Grafico de barras mostrando las areas relativas de las glicoformas mas abundantes del
glicopéptido O126 a diferentes concentraciones del digesto de rhEPO obtenidas mediante CE-MS y TiO»-
SPE-CE-MS. El drea relativa se calculé como el drea de pico de cada glicoforma dividida entre la suma de

las areas de pico de todas las glicoformas detectadas del O1ze.

Como puede observarse, el porcentaje de drea relativa obtenido para las glicoformas con mas
acidos sialicos (O126-H1N1S2) fué un poco superior utilizando TiO,-SPE-CE-MS (~36%) respecto
a CE-MS (~25%), y a la inversa para las glicoformas menos sialiladas, demostrando que el
sorbente de TiO, presenta una cierta preferencia por aquellas glicoformas con mas acidos
sidlicos. No obstante, en el caso del glicopéptido Ns3 no se observaron diferencias significativas
en este sentido entre CE-MS y TiO,-SPE-CE-MS. El hecho de que la selectividad del sorbente
hacia las estructuras mas sialiladas se produzca sdélo en el caso del Q126 podria ser atribuida a
que éste, a diferencia del Ng3, presenta glicanos muy pequefos principalmente compuestos
por acidos sidlicos. De este modo, estos acidos sidlicos determinan la interaccién del

glicopéptido Oi6 con las particulas de TiO,.
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5.1.2.4. Analisis de los glicopéptidos de otras glicoproteinas por TiO,-SPE-CE-MS

Con el fin de evaluar el potencial del método desarrollado para la preconcentracién de
glicopéptidos mediante TiO,-SPE-CE-MS, se analizaron también los digestos tripticos de la APO-
C3 y la bAGP por CE-MS vy TiO,-SPE-CE-MS. Para estas glicoproteinas los resultados fueron
similares a los obtenidos con la rhEPO, detectandose por TiO,-SPE-CE-MS todas las glicoformas
de los glicopéptidos previamente detectadas por CE-MS. Los factores de preconcentracion
oscilaron entre 100 veces para el O-glicopéptido de la APO-C3 a 10 veces para los N-
glicopéptidos de la bAGP. La Figura 5.10 muestra, a modo de ejemplo, los EIEs de las
glicoformas del O;4 de la APO-C3 y de algunas glicoformas de los glicopéptidos Nis y Nss

obtenidos por TiO,-SPE-CE-MS.

A) APO-C3 (10 mg-L?) B) bAGP (100 mg-L?)
0,,-HIN1 0;,-HIN1S2
54 Ngg-H5N4S2*
1 %3 61 N,o-H5N4S3*
a10] 2
o q 32 = 57
X T 2
3 20 21 22 23 24 t(min) Z 4
he! B
205 s 3
PC_’. 0,,-HIN1S1 % o
= =
______________ \ '
0 — i i ——— 0 T T T T T T T T T
18 20 22 24 26 28 30 32 34 18 19 20 21 22 23 24 25 26
tiempo (min) tiempo (min)

Figura 5.10.- EIEs de las glicoformas del glicopéptido O7s de la APO-C3 (10 mg-L!) y de las glicoformas
N3g-H5N4S2, N3s-H5N4S3 y Nse-H5N4S2 de las bAGP (100 mg-L?) detectadas mediante TiO2-SPE-CE-MS.

(*) Todos los acidos sialicos son NeuGc en lugar de NeuAc.

5.1.3. Comparacion de los métodos de purificacion de glicopéptidos

En esta tesis doctoral, se han establecido dos métodos para la purificacién de glicopéptidos de
digestos enzimaticos. Ambas metodologias permiten separar los glicopéptidos, presentes en

un digesto, de los péptidos que podrian suprimir su ionizaciéon por MS. Sin embargo, el método
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de TiO,-SPE-CE-MS resulta mas eficaz para llevar a cabo el clean-up del digesto. En este
sentido, si nos centramos en el digesto de la rhEPO, se puede observar que el drea de todos los
péptidos disminuye sustancialmente empleando TiO,-SPE-CE-MS (Tabla 5.2) mientras que, en
el método de precipitacidon con acetona, los péptidos mas hidrofilicos también precipitan en
gran medida con la proporcion de acetona seleccionada para la purificacién de los O-
glicopéptidos (Figura 5.3B). Por otro lado, aunque con ambos métodos se detectan las
glicoformas no sialiladas de los glicopéptidos estudiados, el método TiO,-SPE-CE-MS permite
detectar un nuimero superior de glicoformas. Estos resultados ponen de manifiesto que, a
pesar de que el método por TiO,-SPE-CE-MS es mas laborioso, éste proporciona una
purificacion mucho mas selectiva de los glicopéptidos y una disminucién de los LODs,
obteniendo factores de preconcentracidn de hasta 100 veces en comparacién con CE-MS. No
obstante, la seleccién del método de purificacién debe ser realizada en funcién del propdsito
del estudio y de la concentracién de glicopéptidos en la muestra. De este modo, en los casos
en que la concentracidn de glicopéptidos no sea limitante y se precise de un método rapido
para su purificacién, se emplearia la precipitacién con acetona. Por el contrario, cuando se
quieran detectar glicopéptidos poco abundantes en el digesto seria mas adecuado emplear el

método por TiO,-SPE-CE-MS.
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5.2. Separacion y caracterizacion de glicanos y sus correspondientes isomeros

En los ultimos afios, el estudio de los glicanos y sus correspondientes isémeros ha suscitado
gran interés en biomedicina debido a que ciertos tipos de enlace o determinadas estructuras
de glicano estan relacionadas con la aparicién, el desarrollo y la progresion de algunas
patologias importantes como el cancer, por lo que podrian actuar como biomarcadores para
su diagndstico y seguimiento [32,35,95,212]. En este sentido, la separacién de los diferentes
isdmeros de un glicano y su caracterizacion exhaustiva representa un reto analitico, enfocado
a la deteccién de alteraciones en isémeros que se diferencian en el tipo de enlace de los acidos
sidlicos o de las fucosas, en lugar del simple andlisis de los niveles totales de sialilacién o

fucosilacion de los glicanos.

Por este motivo, en esta tesis doctoral se ha llevado a cabo el desarrollo de una metodologia
analitica para separar e identificar glicanos y sus correspondientes isdmeros mediante
cromatografia de liquidos capilar de interacciéon hidrofilica zwitteridnica acoplada a la
espectrometria de masas (CapZIC-HILIC-MS) (articulo 3.1). Ademads, se han desarrollado
diversos métodos para caracterizar las estructuras de los glicanos y los tipos de enlace de los
acidos sialicos y fucosas que estos presentan. Se han utilizado tres estrategias de analisis
diferentes: la digestion con enzimas especificas (exoglicosidasas) previa al analisis por CapZIC-
HILIC-MS (articulo 3.1), la deteccidn utilizando espectrometria de masas en tandem (articulo
3.2), y la espectrometria de masas de movilidad idnica. Para todos estos estudios se ha
utilizado como glicoproteina modelo la alfa-1-glicoproteina acida humana (hAGP) dada su
relacidn con algunas enfermedades inflamatorias y ciertos tipos de cancer [46,49,53], ademas
del amplio abanico de glicanos que presenta, desde estructuras sialofucosiladas biantenarias

hasta tetraantenarias.
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5.2.1. Optimizacidn de las condiciones cromatograficas por CapZIC-HILIC-MS

En un trabajo previo de nuestro grupo de investigacién se desarrollé un método por CapZIC-
HILIC-MS, en modo negativo, para el andlisis de los glicanos de la hAGP derivatizados con
[2Cg]-anilina, utilizando una fase mdvil ACN:10mM acetato de amonio (NHsAc), pH 6,4 [54].
Este método permitia separar los diferentes isomeros de un glicano, pero no presentaba
suficiente sensibilidad para detectar glicanos minoritarios o con porcentajes de glicosilacion
pequefios. Por esta razdn, en esta tesis doctoral se ha llevado a cabo una reoptimizacion de la
metodologia, evaluando la influencia del pH y de la fuerza idnica de la fase mévil, para mejorar
la deteccion y la separacién de los glicanos y sus isémeros. En relacion al pH, se evaluaron
diferentes condiciones (pH 3, 5, 7 y 8) pero no se consiguié una mejora en la separacién de los
glicanos y ademas, la intensidad de su sefial disminuyd considerablemente. El efecto de la
fuerza idnica también fue evaluado utilizando fases méviles acuosas de concentracién 10,5y 1
mM de NH.Ac. En la Figura 5.11 se muestran los cromatogramas de iones extraidos (EICs) de
algunos de los N-glicanos detectados derivatizados con anilina, utilizando como fase movil
acuosa (A) 10 mM NHsAc y (B) 1 mM NHsAc. Como se puede observar, aunque el orden de
elucion se ve alterado en algunos casos (por ejemplo, en el H5N4S2), no se observan cambios
significativos en la separacidén de los glicanos. En cambio, la intensidad de la sefial aumenta
considerablemente al disminuir la concentracion de sal, obteniéndose los mejores resultados
con la fase movil acuosa de 1 mM NH4Ac (Figura 5.11B). De este modo, se establecié como
fase movil 6ptima ACN:1 mM NHsAc, pH 6,4. Finalmente, empleando dicha fase movil, se

optimizo el gradiente para obtener la mejor separacion posible entre isomeros.
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A) 10 mM NH,Ac

H5N4F1S2

5 HBN5S3 /

HENSF1S3
\ HBN5S2
H7N6F1S4 /// HEN5F1S2
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‘////4;7N6F133
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Intensidad (x 10%)

H5N4S2
2- H7N6S4

0 Do 9

B) 1 mM NH,Ac

Intensidad (x 10%)

14

tiempo (min)

Figura 5.11.- EICs de los N-glicanos mds abundantes obtenidos de una muestra patron de hAGP y
derivatizados con [*2Ce¢]AN utilizando el gradiente cromatografico descrito en [31] y una fase mdvil

acuosa de 10 mM de NHsAc (A) y 1 mM de NH4Ac (B).

Utilizando estas condiciones cromatograficas, se detectaron, en una muestra de hAGP patron,
los glicanos fucosilados y no fucosilados con estructuras ramificadas bi-, tri- y tetraantenarias
previamente descritos en los trabajos de nuestro grupo de investigacion [54]. A su vez, gracias
al aumento de sensibilidad obtenido con la optimizacién de la fase modvil, se detectaron
estructuras minoritarias menos sialiladas como el H5N4S1, H7N6S1 y H7N6S2, asi como
glicanos tetraantenarios con una y dos unidades extra de N-acetillactosamina (LacNAc),
algunos de ellos también fucosilados. A modo de resumen, todos los glicanos de la hAGP

detectados se muestran en la Tabla 5.3.
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Tabla 5.3. N-glicanos de la hAGP derivatizados con [*?Cs]AN y detectados mediante CapZIC-HILIC-MS en

modo negativo (concentracion de los glicanos: 50 pmol/uL).

Error
Glicano-[12C¢]AN tr (min) Mteo Mexp
(ppm)
H5N4S1 Isémero 1 17,3 2008,7267 2008,7298 1,5
HENAS2 Isémero 1 12,9 2299,8232 2299,8288 2,4
Isémero 2 13,5 2299,8232 2299,8218 0,6
Isémero 1 14,0 2445,8810 2445,8844 1,4
H5N4S2F1 i
Isbmero 2 14,2 2445,8810 2445,8884 3,0
HEN5S2 Isémero 1 14,8 2664,9554 2664,9590 1,4
Isémero 2 15,4 2664,9554 2664,9539 0,6
Isémero 1 15,5 2811,0132 2810,9946 6,6
H6N5S2F1 i
Isémero 2 16,0 2811,0132 2810,9850 10,0
Isémero 1 12,6 2956,0513 2956,0484 1,0
H6N5S3 Isémero 2 13,0 2956,0513 2956,0463 1,7
Isémero 3 13,5 2956,0513 2956,0469 1,5
Isémero 1 13,1 3102,1093 3102,0830 8,5
H6N5S3F1 i
Isbmero 2 13,5 3102,1093 3102,1025 2,2
H6N5S3F2 Isémero 1 13,9 3248,1656 3248,1578 2,4
H7N6S1 Isémero 1 22,1 2738,9911 2738,9606 11,1
H7NES2 Isémero 1 17,0 3030,0865 3030,0824 1,3
Isémero 2 17,5 3030,0865 3030,0818 1,5
Isémero 1 17,6 3176,1444 3176,1245 6,3
H7N6S2F1 ,
Isbmero 2 18,1 3176,1444 3176,1386 1,8
Isémero 1 13,5 3321,1837 3321,1616 6,6
Isémero 2 14,1 3321,1837 3321,1778 1,8
H7N6S3 ,
Isbmero 3 14,4 3321,1837 3321,1772 1,9
Isémero 4 149 3321,1837 3321,1664 5,2
Isémero 1 13,9 3467,2414 3467,2259 4,5
Isémero 2 14,6 3467,2414 3467,2289 3,6
H7N6S3F1 i
Isbmero 3 14,9 3467,2414 3467,2181 6,7
Isémero 4 15,3 3467,2414 3467,2226 5,4
Isémero 1 15,0 3613,2978 3613,2707 7,5
H7N6S3F2 ,
Isbmero 2 15,4 3613,2978 3613,2509 13,0
Isémero 1 12,8 3612,2791 3612,2714 2,1
H7N6S4 Isémero 2 13,1 3612,2791 3612,2582 5,8
Isémero 3 13,5 3612,2791 3612,2681 3,0
Isémero 1 13,1 3758,3368 3758,3177 51
H7N6S4F1 i
Isémero 2 13,5 3758,3368 3758,3147 5,9
H7N6S4F2 Isémero 1 13,7 3904,3932 3904,3727 5,2
H7N6S4F3 Isémero 1 14,2 4050,4511 4050,3887 15,4
H8N7S3 Isémero 1 16,2 3686,3141 3686,3096 1,2
H8N754 Isémero 1 14,6 3977,4096 3977,4023 1,8
H8N7S3F1 Isémero 1 16,5 3832,3720 3832,3859 3,6
H8N7S4F1 Isémero 1 149 4123,4675 4123,4318 8,7
H8N7S4F2 Isémero 1 15,3 4269,5254 4269,5423 4,0
H8N7S4F3 Isémero 1 15,5 4415,5833 4415,5567 6,0
HIN8S3 Isémero 1 17,3 4051,4463 4051,4378 2,1
HIN8S4 Isémero 1 15,8 4342,5417 4342,5251 3,8
HIN8S4F1 Isémero 1 16,2 4488,5997 4488,6103 2,4
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Ademas, la optimizacidn del gradiente de elucién permitié obtener una mejor resolucién de los

isdmeros, especialmente de aquellos menos abundantes, como se aprecia en la Figura 5.12.

A) Condiciones iniciales (10 mM NH,Ac) B) Condiciones 6ptimas (1 mM NH,Ac)

0,61 2,57

2,01  H7N6F1S3

0,41

H7N6F1S3 1,51

1,0
0,51

Intensidad (x 10%)
Intensidad (x 10%)

23,8 24 242 24,4 246 248 25 252 254 14 145 15 155 16 165 17
tiempo (min) tiempo (min)

Figura 5.12.- EICs de los N-glicanos minoritarios HGN5F1S2 y H7N6F1S3 obtenidos de una muestra
patrén de hAGP y derivatizados con [*2Cs]AN utilizando (A) el gradiente cromatografico descrito en [31]
y una fase mévil acuosa de 10 mM de NHasAc y (B) el gradiente cromatografico optimizado en esta tesis y

una fase mévil acuosa de 1 mM de NH4Ac.

5.2.2. Caracterizacion de glicanos mediante digestion con exoglicosidasas

Una vez establecido el método de andlisis para la separacion y deteccidn de los glicanos de la
hAGP vy sus correspondientes isdmeros, se procedié a la caracterizacién de los isdmeros
mediante digestion con exoglicosidasas. Estas enzimas liberan los residuos terminales de los
glicanos, tales como acidos sidlicos (sialidasas) o fucosas (fucosidasas), unidos mediante un
tipo de enlace especifico. Para poder evaluar los cambios producidos en los glicanos a causa de
la digestion de la glicoproteina con una cierta exoglicosidasa, se empled la estrategia de
marcaje isotdpico GRIL utilizando [*2Ce]-anilina ([*2Cs]AN) y [*3Ce]-anilina ([*3C¢]AN). Esta
estrategia permitid asignar inequivocamente los diferentes tipos de enlace presentes en cada
isdmero mediante comparacién directa de las areas de los picos de los glicanos intactos con los
correspondientes digeridos con una exoglicosidasa especifica. De esta manera se evita la
variabilidad experimental que puede tener lugar entre inyecciones, la cual podria afectar a los
tiempos de retencidon asi como a las areas de los picos. En primer lugar, se evalué la

reproducibilidad del método con el fin de demostrar que dos muestras idénticas derivatizadas
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con anilinas isotdpicamente diferentes dan los mismos resultados. Con este propdsito,
siguiendo la estrategia GRIL planteada en la Figura 1.10 de la introduccién, tres muestras
independientes de 25 pg de hAGP patrén se marcaron con [*2C¢]AN tras la liberacién de los
correspondientes glicanos mediante digestion con PNGasa F, y otras tres con [*3Cg]AN.
Después de la derivatizacion y purificacion de los glicanos, se prepararon mezclas equimolares
de hAGP-glicanos-[*?Cs]AN y hAGP-glicanos-[*3Cs]AN vy, las mezclas se analizaron por CapZIC-
HILIC-MS por triplicado. En la Tabla 5.4 se muestran las relaciones entre las correspondientes
areas obtenidas experimentalmente a partir del andlisis de las tres mezclas 1:1
independientes, junto con sus valores de desviacion estandar relativa (%RSDs), para siete
glicanos de la hAGP tanto mayoritarios como minoritarios. Como puede observarse, la
metodologia establecida es muy fiable ya que se obtuvieron valores muy cercanos a la unidad.
Ademas, los %RSD obtenidos fueron bajos (< 5%) demostrando que la metodologia es muy
reproducible y puede ser usada para comparar y cuantificar las areas de los glicanos de dos
muestras diferentes.

Tabla 5.4. Relacion entre las dreas o ratio (drea glicano derivatizado con ['?Cs]AN / &rea glicano
derivatizado con [*3Cs]AN) obtenidas experimentalmente a partir del andlisis de las tres mezclas 1:1

independientes, con los correspondientes valores de %RSDs, para siete glicanos de la hAGP tanto

mayoritarios como minoritarios.

Area Area Ratio Exp. e
glicanos-[12Cs]AN glicanos-[13Cs]AN (n=3) ?

Isémero 1 177535 184148 0,96 0,4
H5N4S2

Isémero 2 2176190 2294800 0,94 1,1
H6N5S3 Isémero 3 1363059 1403159 1,00 4,5
H6N5S3F1 Isémero 2 1695484 1884968 0,90 0,3
H7N6S3F1 Isémero 1 169434 186321 0,95 5,0
H7N6S4 Isémero 2 405132 476167 0,86 0,3
H7N6F154 Isémero 2 151613 172866 0,86 2,0
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5.2.2.1. Caracterizacion de los enlaces de los acidos sialicos

Con el objetivo de asignar el tipo de enlace de los acidos sialicos terminales (SiA a2-3 o a2-6)
de los isdmeros de los glicanos de la hAGP, en esta tesis doctoral se utilizaron dos sialidasas:
una sialidasa total, que permitid liberar todos los acidos sialicos (SiA) presentes en un glicano
(unidos mediante enlaces a2-3, a2-6 y a2-8), y una sialidasa especifica para el enlace a2-3, en
combinacidn con la estrategia de marcaje isotdpico GRIL con anilina [*2Cs]AN/[*3Cs]AN. Las
condiciones de digestion debieron de optimizarse para cada sialidasa, con el fin de obtener

rendimientos adecuados en tiempos de digestidn razonables (articulo 3.1).

Una vez establecidas las condiciones de digestién para las sialidasas, tres muestras
independientes de 25 pg de hAGP patron fueron digeridas con PNGasa F y los glicanos
liberados se derivatizaron con [*3Cs]AN. Al mismo tiempo, otras tres muestras fueron digeridas
con PNGasa F y sialidasa a2-3 y sus glicanos derivatizados con [*?Cs]AN. Después de la
derivatizacion y purificaciéon de los glicanos, se prepararon mezclas equimolares de glicanos-
[**C6]AN y glicanos a2-3-desialilados-[*2C¢]AN y se analizaron por CapZIC-HILIC-MS. En la Figura
5.13 se muestran los resultados obtenidos para los glicanos biantenarios no fucosilados, que
corresponden a la asignacién mas sencilla. Como se puede observar, después del tratamiento
con sialidasa a2-3, el isémero 1 del HSN4S2 desaparece y el drea de pico del H5SN4S1 aumenta.
De esto se deduce que uno de los acidos siadlicos del isémero 1 del H5N4S2 estd unido
mediante un enlace a2-3 vy, por lo tanto, se elimina con la digestién. En cambio, el isémero 2
del H5N4S2 se mantiene en el mismo tiempo de retencidn y practicamente con la misma darea
de pico (ver Figura 5.13 y Tabla 5.5), revelando la inexistencia de SiA con uniones a2-3. En
conclusién y por lo que se refiere al glicano H5N4S2, se puede afirmar que el isémero 1
contiene un SiA unido a2-6 y otro a2-3, mientras que el isbmero 2 sélo presenta SiA a2-6. En

relacidn al glicano H5N4S1, su Unico SiA presenta unién de tipo a2-6, dado que no se detectd
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el glicano totalmente desialilado (H5N4) después del tratamiento con sialidasa a2-3 (Tabla

5.5).

H5N4S2-[13C,JAN

\ Iso-2
1.5

H5N4S2-[12C;]AN

5
= 1.0
ke
ke]
(]
e}
2]
c
i
£ 051
H5N4S1-['2C,JAN
ot L\ \ H5N4S1-[*3C,]JAN
M /
Oi T T T T T \A T
12 13 14 15 16 17 18
tiempo (min)

Figura 5.13.- EICs de los N-glicanos biantenarios no fucosilados provinientes de la mezcla equimolar de
los N-glicanos obtenidos de la digestiéon de una muestra de hAGP sdélo con PNGasa F y derivatizados con
[*3C6]AN (EICs en rojo), y los obtenidos de la digestién de una muestra de hAGP con PNGasa F y sialidasa

a2-3 y derivatizados con [*2Cs]AN (EICs en negro).

La asignacion de los enlaces de los SiA del resto de glicanos, incluyendo los fucosilados, se llevd
a cabo siguiendo la misma estrategia de comparacion directa de las areas de pico, tal y como
se explica en detalle en el articulo 3.1 de esta tesis doctoral. La asignacidn en el caso de los
glicanos tetraantenarios fue mas compleja dadas las multiples combinaciones posibles de los
enlaces de los SiA. Aun asi, se llevé a cabo una caracterizacion tentativa de algunos isémeros
de estos glicanos (Tabla 5.5, articulo 3.1). Para los glicanos menos abundantes de la hAGP,
tales como H7N6S4F3, HON8S4, H8N7S4F1 y HIN8S4F1, no se pudo llevar a cabo la asignacién

de los diferentes enlaces debido a la baja intensidad de sefial obtenida por MS.
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Tabla 5.5. Tiempos de retencidn y areas obtenidas para los glicanos no fucosilados de la hAGP nativos
(derivatizados con [*3Cs]AN) y desialilados con sialidasa a2-3 (derivatizados con [?Cs]AN) mediante

CapZIC-HILIC-MS. Assignacion del enlace de los acidos sialicos (SiA) para cada isdmero.

; . Area del glicano-
. tr Area del glicano- . .. .
Glicano i [°C]AN (n=3) [*2C6]AN a2-3 Assignacioén enlace SiA
n=
(min) ® desialilado (n=3)
; 1SiA a2-6 N So)Vat
Isomero 1 | 13,6 169825 - TR ae “{Xg:-o.\.
H5N4S2
. sme’®
Isémero 2 | 14,0 2010769 1783084 2 SiA a2-6 o BO0e
H5N4s1 | Isomerol | 17,3 68941 135571 1SiA a2-6 ~ma-eg 0 O %
H5N4" Isémero1 | 26,5 - - - R
2 SiA a2-6 mns g
. iA a2- - om0
Isbmero1 | 12,6 396885 - 1SiA a2-3 ol :‘
(-]
. 2 SiA a2-6 ame ao| o
H6N5S3 Isémero 2 | 13,1 4156023 - 1 SiA a2-3 ‘I;-'_-_| »
‘o
Y B
; , IR g e
Isémero 3 | 13,7 1536871 1412485 3 SiA a2-6 e
»
Isémero 1 | 14,9 292825 - 15iA a2-6 - ol
' 1SiAa2-3 ol
H6N5S2 S-l-O|
Isémero 2 | 15,4 386282 2277812 2SiA a2-6 ~ B B0y
L a1
Isémero 3%| 15,9 - 225692 - -
H6N5S1 Isémero 1%| 19,6 - 314765 - -
H6N5" Isbmero1l | 29,8 - - - R
1 SiA a2-6 o B /:
. 2 SiA 02-3 Ayl
Isbmero1 | 12,9 252257 - 1SiA -l m‘fr'."": ‘s
desconocido % Telk
1SiA a2-6 TP
H7N6S4 Isémero 2 | 13,3 317537 - 2 S'lAS%AZB S :'_ g
desconocido Tmole
o)
. 2 SiA a2-6 e B2
Isbmero 3 | 13,5 126903 - 2 SiA a2-3 LR ‘5‘1‘&‘. 9%
1SiA a2-6 =30|%
. iA a2- ) 0|
H7N6S3 Isomero1 | 13,6 101293 - 2 SIA 02-3 ol G(\U\:_i:: |<‘
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1SiA 02-6 oMO| o
. 1SiA a2-3 S WD |
Isomero 2 | 14,2 883588 - 1SIA R e
desconocido b Fell 4
1SiA a2-6 oM0| »
. 1 SiA a2-3 Bmo
Isomero 3 | 14,6 670502 - 1 SiA nma oo
desconocido Taol
Isémero 4 | 15,1 214102 397994 3 SiA a2-6
. 1 SiA a2-6
Ismero1l | 16,9 195765 - 1 SiA a2-3
H7N6S2
Isémero 2 | 17,4 66762 1004143 2 SiA a2-6
Isémero1 | 22,1 43075 648373 1SiA a2-6
H7N6S1
Isémero 2&| 22,7 - 76451 -
H7N6" Isémero 1 | 32,4 - - -
1 SiA 02-6 . »
H - g [ ]
H8N7S4 | Isomerol | 14,6 425915 - 25AA23 | gy W o
desconocido "momal'e
1SiA a2-6 . &
; 1 SiA a2-3 ot
H8N7S3 Isbmero 1 | 16,2 248701 77459 1 SiA BEE o *
desconocido e Sollh
H8N7S2 Isémero 1%| 19,6 - 112626 -
H8N7S1 Isémero 1&| 24,7 - 32151 -
H8N7" Isémero1 | 33,9 - - )

* Glicano no presente en la glicoproteina nativa. Detectado s6lo después de la digestién con sialidasa total.

& sémero no presente en la glicoproteina nativa. Detectado sélo después de la digestion con sialidasa a2-3.

Por otro lado, se llevé a cabo la digestion de los glicanos de la hAGP con sialidasa total. Los EICs

obtenidos para todos los glicanos desialilados no fucosilados asi como para los que presentan

una fucosa se muestran en la Figura 5.14. Como se puede observar, sélo en el caso de los

glicanos fucosilados se obtuvo mas de un pico cromatografico para cada glicano desialilado,

poniendo de manifiesto la presencia de isémeros que podrian diferir en el tipo de enlace de las

fucosas (Figura 5.14B).
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Intensidad (x 10%)

Intensidad (x 10%)

A) Glicanos desialilados (No fucosilados)

H6N5

4 H7N6
H5N4

H8N7

17 l HONS

25 26 27 28 29 30 31 32 33 34 35
tiempo (min)

B) Glicanos desialilados (Fucosilados)

HB6N5F1 »

\"’O
1,2 \\ Ny
O

¥ & HIN6F1

'

H8N7F1

l HION8F1
%

26 27 28 29 30 31 32 33 34 35 36
tiempo (min)

Figura 5.14.- EICs de algunos glicanos desialilados no fucosilados (A) y fucosilados (B) obtenidos de la

digestién de una muestra patrén de hAGP con PNGasa F y sialidasa total.

5.2.2.2. Caracterizacion de los enlaces de las fucosas

Las fucosas (Fuc) pueden presentar diferentes tipos de enlace (Fuc core al-6, Fuc antena al-
3/4 y Fuc al-2 unida a una galactosa), tal y como se explico en la introducciéon de esta tesis
doctoral (Figura 1.2). En el caso de la hAGP, aunque Unicamente se ha descrito la presencia de
Fuc antena al-3 y Fuc core al-6 en el glicano H5N4S2F1 [55], los resultados obtenidos de la
digestion con sialidasa total confirmaron la necesidad de hacer una caracterizacidon exhaustiva
de los enlaces de las fucosas en los glicanos de esta proteina. La presencia de Fuc antena al-4
se descarté dado que la hAGP sdlo presenta estructuras de Lewis tipo Il (Figura 1.5). Con el fin

de asignar los isdmeros debidos a diferencias en el enlace de las fucosas, se utilizd como
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exoglicosidasa especifica una fucosidasa al-3,4, aplicando una estrategia de marcaje isotdpico

GRIL con anilina [*2Cs]AN/[*3Cs]AN.

Primero, se evaluaron diferentes condiciones de digestion con fucosidasa ail-3,4,
confirmandose la necesidad de una digestién conjunta con sialidasa total para mejorar la
accesibilidad de la fucosidasa y liberar las fucosas enlazadas al1-3 de los glicanos de la hAGP.
Una vez seleccionadas dichas condiciones, se llevd a cabo la asignacidn de los enlaces de las
fucosas. Con este propdsito, tres muestras independientes de 10 pg de hAGP patrén se
digerieron con PNGasa F y sialidasa total y sus glicanos se derivatizaron con [*3*Cs]AN, mientras
que otras tres fueron digeridas con PNGasa F, sialidasa total y fucosidasa al-3,4 y sus glicanos
derivatizados con [*2C]AN. Siguiendo la metodologia GRIL, se prepararon mezclas equimolares
de estas muestras y se analizaron por CapZIC-HILIC-MS. Los resultados obtenidos para los

glicanos desialilados tri- y tetraantenarios con una fucosa se muestran en la Figura 5.15.

Iso-3

1,07 HBNS5F1-[3C,]AN H7N6F1-[2C,]AN

.

H6N5F1-[*2C;]AN Iso-1

H7N6F1-[13C;]AN

Intensidad (x 10%)

0,57

tiempo (min)

= PNGase F + sialidasa total
= PNGase F + sialidasa total + fucosidasa a1-3,4

Figura 5.15.- EICs de los N-glicanos tri- y tetraantenarios con una fucosa provinientes de la mezcla
equimolar de los N-glicanos obtenidos de la digestién de una muestra de hAGP con PNGasa F y sialidasa
total y derivatizados con [*3Cs]AN (EICs en rojo), y los obtenidos de la digestion de una muestra de hAGP

con PNGasa F, sialidasa total y fucosidasa a1-3,4 y derivatizados con [*2Cs]AN (EICs en negro).
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Como se puede observar en la figura, en ambos casos desaparecen ciertos isémeros después
del tratamiento con fucosidasa al-3,4, indicando que sdélo estos isdmeros presentan enlaces
de Fuc antena al-3. En el caso de los isdmeros cuyas areas de pico permanecen intactas, las
fucosas podrian estar enlazadas al-6 al core o al-2 a una galactosa (Gal). Para diferenciar
ambas uniones, se llevd a cabo una digestiéon adicional con una galactosidasa B1-4. La
deteccion del mismo numero de isdmeros que los obtenidos tras la digestion con fucosidasa
al1-3/4, confirmé que ninguno de los glicanos con una fucosa presentaba Fuc al-2 unida a Gal.
En la Tabla 5.6 se muestra la asignacidn realizada para las fucosas de los glicanos desialilados
fucosilados de la hAGP que se pudieron caracterizar y el procedimiento para la obtencién de

esta caracterizacion se detalla en el articulo 3.1 de esta tesis doctoral.

Tal y como ocurrié en la asignacién de los acidos sialicos (seccion 5.2.2.1), la caracterizacion de
los enlaces de las fucosas de glicanos minoritarios fue mas dificil de llevar a cabo. De este
modo, la asignacién de los glicanos con 1 o 2 unidades de LacNAc (H8N7F1, H8N7F2, H8N7F3 y
HION8F1) no pudo realizarse. En el caso de los glicanos con 2 o 3 fucosas, sélo se pudo
demostrar que todos ellos presentaban al menos una Fuc antena al-3, excepto el isémero 1

del H7N6F2.

Asi, los resultados obtenidos demostraron que, aunque la mayoria de glicanos de la hAGP
presentan Fuc antena al-3, tanto los glicanos bi- tri- como tetraantenarios con una fucosa
también presentan algun isémero con Fuc core al-6, al contrario de lo que se habia descrito
para la hAGP [55]. La diferencia en la estructura de los dos isémeros asignados como Fuc core
al1-6 en los glicanos H5N4F1 y H6N5F1 (Tabla 5.6) podria ser debida al enlace de la fucosa a

una u otra de las dos N-acetilglucosaminas (GIcNAc) presentes en el core.
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Tabla 5.6. Tiempos de retencidn y areas obtenidas para los glicanos de la hAGP desialilados
(derivatizados con ['*Cs]AN) y los desialilados digeridos también con fucosidasa a1-3,4 (derivatizados

con [*2Cs]AN) mediante CapZIC-HILIC-MS. Assignacién del enlace de las fucosas (Fuc) para cada isdémero.

; . Area glicano-[*2Cs]AN
. . . | Area glicano-[13C¢]AN . : i
Glicano tr (min) o desialilado + a1-3,4 Assignacion enlace Fuc
desialilado i
defucosilado
H5N4 Isémero 1 28,2 392811 348791 -
Isémero 1 28,3 31920 29711 1 Fuc core
H5N4F1 Isémero 2 29,0 20008 17474 1 Fuc core
Isémero 3 30,2 12472 - 1 Fuc antena al1-3
H6N5 Isémero 1 31,5 644160 666457 -
Isémero 1 31,5 92394 95158 1 Fuc core
H6NS5F1 Isémero 2 32,1 19997 25852 1 Fuc core
Isémero 3 32,5 183321 - 1 Fuc antena al-3
H6NS5F2 Isémero 1 32,6 48452 - Al menos 1 Fuc antena al-3
H7N6 Isébmero 1 33,5 298959 345043 -
Isémero 1 33,5 64200 76963 1 Fuc core
H7N6F1
Isémero 2 34,0 78593 - 1 Fuc antena a1-3
Isémero 1 33,5 24799 24713 2 Fuc core or al-2 unida a Gal
H7N6F2 Isémero 2 34,1 20435 - Al menos 1 Fuc antena al-3
Isémero 3 34,4 22952 - Al menos 1 Fuc antena al-3
Isémero 1 34,1 7247 - Al menos 1 Fuc antena al-3
H7N6F3
Isémero 2 34,4 8236 - Al menos 1 Fuc antena al-3

5.2.3. Caracterizacion de glicanos por espectrometria de masas en tandem

El establecimiento de metodologias por espectrometria de masas en tandem (MS/MS) para la
caracterizacion estructural de glicanos ha suscitado gran interés en los ultimos afios [213-218]
Aunque la digestion con exoglicosidasas es de gran utilidad en la caracterizacién de los glicanos
de una proteina, esta metodologia presenta ciertas limitaciones al no disponer
comercialmente de enzimas para todos los tipos de enlace, ademdas de que en ocasiones su
especificidad no puede ser completamente garantizada. Para solventar estos inconvenientes,
algunos autores han propuesto la espectrometria de masas en tdndem como alternativa para

identificar los isdmeros de un glicano a partir de sus espectros de masas, los cuales contienen
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iones fragmento caracteristicos de ciertas estructuras o tipos de enlace que pueden ser usados

como iones diagndstico [214,216-218].

En esta tesis doctoral, se ha establecido un método por CapZIC-HILIC-MS/MS en modo
negativo utilizando la hAGP como glicoproteina modelo. El método de separacién por CapZIC-
HILIC y la asignacion previa con exoglicosidasas permitid determinar qué iones fragmento
descritos en la bibliografia tenian realmente un valor diagndstico para caracterizar de manera
fiable los enlaces de los acidos sidlicos y de las fucosas. Se utilizaron dos espectrometros de
masas hibridos: un QTrap 6500 (AB Sciex®) y un LTQ Orbitrap Velos (Thermo Scientific®).
Aunque a nivel de nimero de iones fragmento se obtuvieron resultados similares, se decidié
llevar a cabo la caracterizacién de los glicanos empleando el LTQ Orbitrap dada la posibilidad
de obtener una masa exacta de los iones fragmento, su mejor resolucién y su mayor velocidad
de escaneo. Ademas, si lo comparamos con la fragmentacidn obtenida por CID, el uso de la
celda HCD del LTQ Orbitrap permitié detectar de mas iones producto con un mayor valor
diagndstico, como los iones fragmento cross-ring. En la Tabla 5.7 se recogen los iones
fragmento considerados en la bibliografia como diagndstico de caracteristicas estructurales
especificas, tales como el tipo de enlace de los acidos sidlicos para glicanos intactos o de las
fucosas para glicanos desialilados.

Tabla 5.7. Resumen de los iones fragmento diagndstico descritos previamente en la bibliografia para la

caracterizacion del enlace de los acidos sidlicos (SiA) y de las fucosas (Fuc) de N-glicanos mediante

espectrometria de masas en tdndem en modo negativo.

Nomenclatura m/z, m/z—-H,0 Fragmento diagndstico de:
_ lones fragmento para N-glicanos intactos
s <
pigi- S
2 2 04A,-CO; 306,1189 SiA 02-6
G2
g 3
S 3 04A, or L3A,; or 24A; 350,1087 SiA 02-3
(T
o &
2 3
2 Bs/Ye or 35A, 364,1243 SiA a2-6
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B,-CO, 408,1506 SiA a2-3
G 470,1510 SiA a2-6

lones diagndstico del enlace de las Fuc

lones fragmento para N-glicanos desialilados

Y1 297,1212, 279,1106 Ausencia de Fuc core
Cy 325,1134 Fuc unida a Galc
Y1 461,1898, 443,1791 Fuc core¢

B, 528,1928, 510,1823 Fuc antena®

0’4A4/Y5 or 1’3A4/Y5a or
04A; or L3A,

570,2034

Fuc antena¢

Y, 646,2585, 628,2479 Fuc core¢
15X, 674,2534 Fuc corec
02X, 688,2690 Fuc core¢

0’4A4/Y5 or 1’3A4/Y5a

789,2777,771,2671

Ausencia de Fucen la
antena ramificada

0’4A4/Y5 or 1’3A4/Y5a

935,3356

Fuc en la antena
ramificadac

1,SA3 or 1'5A5/Y3b

1009,3723

Fuc antena¢

a El fragmento 13A, se corresponde con la misma masa exacta que el fragmento 24A,.

b Unica estructura posible en el caso de glicanos biantenarios.

¢La masa exacta de este ion fragmento incluye la masa de una unidad de fucosa.

Ademas, se incluyen las diferentes posibilidades de ion fragmento que dan lugar a la misma
masa exacta, determinados con el programa SimGlycan 5 (Premier Biosoft®). La nomenclatura
empleada para la denominar los iones producto en esta tabla y a lo largo de toda esta seccién,
fue la propuesta por Domon y Costello [6] y posteriormente modificada por Harvey et. al.
[219]. Siguiendo esta nomenclatura, las letras A;, Bi y Ci se usan para designar los fragmentos
que contienen el monosacarido terminal de las antenas, mientras que las letras X, Yj y Z
representan los iones que aun contienen el monosacdrido del extremo reductor. Los
subindices indican la posicidn en relacion al monosacérido considerado terminal en cada caso y

los superindices indican los carbonos donde tiene lugar la fragmentacién dentro del anillo. Los
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fragmentos del tipo Ai/X; no contienen ninglin monosacarido terminal y se refieren al
fragmento de glicano comprendido entre los iones A y X;. A modo de ejemplo, la Figura 5.16
muestra la ilustracién de una antena de glicano con la representacién de algunos iones

fragmento usando esta nomenclatura.

NeuAc Gal GlIcNACc Man

o

J

: / NHCOCH, OH
/ C 2,4;:‘:-'
B, /
O,ZA3

Figura 5.16. Posible estructura de la antenna de un N-glicano (NeuAc(a2-6)-Gal-GIcNAc-Man) con la
representacion de algunos fragmentos tipicos empleando la nomenclatura propuesta por Domon and

Costello [39] y posteriormente modificada por Harvey et. al. [40].

5.2.3.1. Caracterizacion de los enlaces de los acidos sialicos

Para poder confirmar o descartar los iones fragmento descritos en la bibliografia como
diagndstico de cada tipo de enlace de acido sialico, se analizaron por CapZIC-HILIC-MS/MS los
glicanos intactos (de muestras de hAGP digeridas con PNGasa F). Los iones 306,1, 408,1 y
470,1, propuestos por Wheeler et al. para asignar el enlace de los SiA [218], fueron detectados
también en nuestro caso y seleccionados como iones fragmento diagndstico. Por el contrario,
en nuestro estudio no se consideraron los iones 350,1 y 364,1, descritos por Michael et al.
[217], dado que diversas estructuras daban lugar a estas masas demostrando su falta de
especificidad (ver Tabla 5.7). Los iones diagndstico observados en los espectros de masas en
tdndem para los glicanos bi- y triantenarios estudiados se muestran en la Tabla 5.8, mientras
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que en la Figura 5.17 se presentan, a modo de ejemplo, los espectros de MS/MS obtenidos

para los glicanos biantenarios (el H5SN4S1 y los dos isémeros del H5N4S2).

A) H5N4S2 B) H5N4S1
i) Isbmero 1 i) Isbmero 1
O.4A
B B1 % 2 D
290.0866 N
1007 1007 29-0872 > v
1
4 4 N
] ] T AN
04A-CO, ! =)
g 306.1184 , g L Sy 2 ap,
Z 2 . 5
S| e oin, L v s
S 507 ' ) £ 501 04p-CO,
g < 306.1186 B
2 e VAIYS  Ges 2186
5 S 424.1447 2186
2 B»CO; 2 A 240 Y,
i 408.1497 Bs i Co 1152397 ¢C, 2*AJYa 1386 4659
655.2185 470.1518 835-2805_H20 1201.3979
E 24p-CO; 4 E O4Pg/ Y+ 961.3136 D
oMbl by Jassa7es [y, 8352810 - o 1| | se8.18 | 979.3355
200 400 600 800 1000 1200 1400 m/z 200 400 600 800 1000 1200 1400 m/z
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B1
290.0869
1007
< 04p,-CO,
2 306.1186 K
T 2,4
":: 047/ Ye* Cz‘ » A6
5 507 424.1443
5
s
g C,
2 470.1862 24P/ Y4
i Ba D-H:0  1201.3946
b Mf§5-2185 C. 9613127 / 247g/Z5
] 4P/ Y A/ Vs 1386.4647
gt egl 835.2800 /
0 L 1L PRI 1 1095'.3713 | I
200 400 600 800 1000 1200 1400 m/z

Figura 5.17.- (A) Espectros de MS/MS de los isémeros 1 (i) y 2 (ii) del glicano intacto H5N4S2 en una
muestra patron de hAGP. (B) Espectro de MS/MS del glicano H5N4S1 obtenido de una muestra patrén
de hAGP después de su digestion con sialidasa a2-3. (*) Este idn fragmento puede corresponder a otras

posibles estructuras detalladas en el articulo 3.2 de esta tesis doctoral.

En el caso del H5N4S1 y del isémero 2 del H5N4S2 (Figura 5.17B y Figura 5.17A(ii)) se observan
dos iones a m/z 306,1 y 470,1, descritos como caracteristicos de SiA enlazados a2-6. En ambos
casos se constato la ausencia del ion 408,1, caracteristico de SiA a2-3, por lo que se deduce
que para estos dos glicanos todos los SiA se encuentran enlazados a2-6. Ademds, se puede
observar que el isémero 2 del H5N4S2 presenta una mayor intensidad relativa del ion 306,1

respecto al H5N4S1, lo que sugiere una proporcidn mas grande de SiA a2-6 como corresponde
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a la presencia de dos SiA. Respecto al isdmero 1 del glicano H5N4S2, se detectaron los iones
306,1 y 408,1 (ver Tabla 5.8 y Figura 5.17A(i)), aunque a una intensidad inferior debido a su
coelucidn con el glicano HEN5S3 que es mucho mas abundante, lo que confirmé la presencia
de un SiA de cada tipo en este isdmero. Estos resultados coinciden con la asignacion previa
llevada a cabo mediante digestidn con exoglicosidasas, confirmando el valor diagndstico de

estos tres iones fragmento (306,1, 408,1 y 470,1) para asignar los enlaces de los SiA.

Adicionalmente, y para obtener informacién sobre la localizacidn de los diferentes SiA en las
antenas del glicano, se analizaron mediante CapZIC-HILIC-MS/MS los glicanos desialilados a2-
3, obtenidos de muestras de hAGP digeridas con PNGasa F y sialidasa a2-3. La presencia de los
jones D y D-H,0 en el glicano H5N4S1 (m/z 979,3 y 961,3), caracteristicos de la presencia de
una antena al-6 (6-antena) con el SiA terminal, reveld que su SiA a2-6 se localiza en la 6-
antena (ver Tabla 5.8 y Figura 5.17B). Consecuentemente, estos resultados permitieron saber
que el isémero 1 del H5N4S2, que tras la digestion se convierte en H5N4S1 (apartado 5.2.2.1),
presenta el SiA a2-3 en la antena al-3 (3-antena) y el SiA a2-6 en la 6-antena. En este caso no
se pudieron detectar los esperados iones D y D-H,0 a m/z 979,3 y 961,3, posiblemente debido

a la coelucién de este isdmero 1 con el glicano H6N5S3, como se ha comentado anteriormente.
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Tabla 5.8. lones fragmento observados en el espectro de masas en tandem de los isémeros de los

glicanos bi- y triantenarios estudiados de la hAGP y usados para la caracterizacion del enlace y posicidn

de los acidos sidlicos. Se incluye la nomenclatura, asignacién y estructura de cada ion fragmento.

Fragmentos
Glicano Isémero observados Nomenclatura Diagndstico Estructura
(m/z, m/z - H,0)
306,1186 04A,-CO; SiA a2-6
H5N4S1 Isémero 1 470,1518 Cy SiA a2-6
979,3355, 961,3136 D 6-antena sialilada y no ramificada
3 306,1184 04A,-CO, SiA a2-6
Isbmero 1 i
408,1497 B,-CO, SiA a2-3
H5N4S2
306,1186 04A,-CO, SiA a2-6
Isémero 2 470,1862 Cy SiA a2-6
979,3333, 961,3127 D 6-antena sialilada y no ramificada
Isémero 12 - - -
306,1186 04A,-CO; SiA a2-6
3 470,1498 Cy SiA a2-6
Isémero 2 P,
775,2702 027, Ramificacid 4 sialilada
HENSS2 979,3119, 961,3134 D 6-antena sialilada y no ramificada
306,1186 04A,-CO, SiA a2-6
Isdmero 3P 470,1505 Cy SiA a2-6
979,3166, 961,3119 D 6-antena sialilada y no ramificada
306,1186 04A,-CO, SiA a2-6
) 408,1492 B,-CO, SiA a2-3
Isbmero 1 P o
775,2560 027, Ramificacié 4 sialilada
n.d., 961,3204 D 6-antena sialilada y no ramificada
306,1187 04A,-CO, SiA a2-6
, 408,1546 B,-CO, SiA a2-3
H6N5S3 Isdbmero 2 e g
775,2590 027, Ramificacié 4 sialilada
n.d., 961,3251 D 6-antena sialilada y no ramificada
306,1187 04A,-CO, SiA a2-6
, 470,1503 G SiA a2-6
Isdbmero 3 P o
775,2588 027, Ramificacié 4 sialilada
n.d., 961,3140 D 6-antena sialilada y no ramificada

2 |sémero no estudiado.

blsémero no presente en la glicoproteina nativa. Detectado sélo después de la digestion con sialidasa a2-3.

(n.d.) lon fragmento no detectado.
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La caracterizacidn de los glicanos triantenarios se llevd a cabo siguiendo la misma estrategia
que con los biantenarios. Los resultados obtenidos confirmaron, también con estos glicanos, la
asignacion previa realizada con exoglicosidasas y dieron validez a los iones fragmento
seleccionados, tal y como se explica en detalle en el articulo 3.2. Cabe destacar que mientras
el ion 306,1 se detectd en todos los isémeros que presentaban alglin SiA unido a2-6, el ion
470,1 solo se observd cuando todos los SiA del isémero en cuestion estaban enlazados a2-6

(Tabla 5.8).

Con el fin de mejorar la caracterizacion del glicano H6N5S3 asignando la posicién de cada SiA
en las antenas, se analizaron también por MS/MS los isémeros 2 y 3 del H6N5S2, obtenidos
después de la digestidn con sialidasa a2-3. Al eliminarse los SiA con enlace a2-3 tras la
digestion, los isomeros 1 y 2 del H6N5S3 se convierten en los isémeros 3 y 2 del HG6N5S2,
respectivamente (articulo 3.2.). La deteccion de los iones D a m/z 979,3 y 961,3 en ambos
isémeros, desveld la presencia de SiA en la 6-antena, igual que en el caso de los biantenarios.
Por tanto se pudo concluir que todos los isdmeros del glicano HEN5S3 poseen un Unico SiA a2-
6 en la 6-antena no ramificada. Asimismo, la identificacién del fragmento a m/z 775,3 en el
isdmero 2 del HBN5S2 y su ausencia en el isémero 3 del mismo glicano permitié localizar el SiA
a2-6 de la 3-antena en la ramificacion 2 (B1-2, Figura 1.2) en el caso del isémero 2 y en la
ramificacion 4 (B1-4, Figura 1.2) para el isomero 3 (Tabla 5.8). De este modo, se pudo

determinar la posicién de todos los SiA en los isémeros 1y 2 del glicano HGN5S3.

La caracterizacion de los glicanos tetraantenarios por MS/MS fue de nuevo muy complicada
dada su baja abundancia y su mayor dificultad para ionizarse. Sin embargo, se llevé a cabo una
estimacion de la composicién de SiA a2-6 en los cuatro isdmeros del glicano H7N6S3, teniendo
en cuenta la intensidad relativa del ion 306,1, tal y como se explica en el articulo 3.2 de esta
tesis. De esta manera, se identifico el ismero 2 con dos SiA a2-3 y uno a2-6 y el isémero 3 ala

inversa, mientras que se asignd el isémero 4 con todos los SiA a2-6 y el isémero 1 con todos
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los SiA a2-3. Por otro lado, la caracterizacién de los SiA de todos los glicanos realizada tanto en
el estudio con exoglicosidasas como por MS/MS, demostrd la existencia de una estrecha
relacidn entre el contenido de SiA a2-6 y el orden de elucidn de los isémeros en la columna
ZIC-HILIC, observandose que aquellos isémeros con mayor proporciéon de SiA a2-6 se eluyen

mas tarde.

5.2.3.3. Caracterizacion de los enlaces de las fucosas

La caracterizacidn de los enlaces de las fucosas de los glicanos de la hAGP también se llevd a
cabo por espectrometria de masas en tandem. Habitualmente, los iones diagndstico de los
enlaces de las fucosas son detectados a muy baja intensidad, o directamente no se observan
en los espectros de MS/MS, dado que las fucosas son muy labiles y se pierden con facilidad
durante la fragmentacion en la celda de colisién (especialmente la Fuc antena al-3) [214]. Por
este motivo, el establecimiento de metodologia analitica por MS/MS para identificar nuevos
iones producto que permitan diferenciar sin ambigiiedades entre una fucosa unida al core 0 a
la antena, resulta de especial interés. En esta tesis, para verificar el valor diagndstico de ciertos
iones descritos en la bibliografia (ver Tabla 5.7), se analizaron los glicanos desialilados de la
hAGP por CapZIC-HILIC-MS/MS (articulo 3.2). Se seleccionaron los glicanos fucosilados H5SN4F1
(isdmeros 1 y 2) y H6N5F1 (isémeros 1, 2 y 3), dado que estos glicanos presentan una
abundancia suficiente para identificar los iones fragmento con potencial valor diagndstico de
cada tipo de enlace de las fucosas. Ademas, los isdmeros 1 y 2 de estos glicanos habian sido
perfectamente caracterizados con exoglicosidasas como Fuc core y el isomero 3 del HGN5F1
como Fuc antena al-3. En la Figura 5.18 se muestran los espectros de MS/MS y en la Tabla 5.9

los iones fragmento detectados para los glicanos seleccionados.
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Figura 5.18.- Espectros de MS/MS de los glicanos H5N4F1 (isémeros 1y 2 (A)) y HGN5F1 (isémeros 1y 2

(B) e isdmero 3 (C)) en una muestra patron de hAGP después de la digestion con sialidasa total. (*) Este

ion fragmento puede corresponder a otras posibles estructuras detalladas en el articulo 3.2 de esta tesis

doctoral.
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Tabla 5.9. lones fragmento observados en el espectro de masas en tandem de los isémeros de los
glicanos de la hAGP estudiados y usados para la caracterizacidon del enlace de las fucosas. Se incluye la

nomenclatura, asignacion y estructura de cada ion fragmento.

Fragmentos
Glicano Isdmero observados Nomenclatura Diagndstico Estructura
(m/z, m/z - H,0)

»VYS
-
H5N4F1 Isomero 1y 2 461,2251, 443,2035 Y, Fuc core ‘ : AN
R ) \‘
2 "\A( Yl
. . AN
Isémero 1y 2 443,2040 Y1 Fuc core .
Y1
H6N5F1
297,1441 Y1 Ausencia Fuc core
Isdmero 3 570,2033 WA Fuc antena
670,2611 D 6-antena no ramificada

* Este fragmento puede corresponder a otras estructuras posibles detalladas en el articulo 3.2 de esta tesis doctoral.
# Detectado solo en la mitad de los analisis.

Algunos fragmentos diagndstico de Fuc core como el ion 443,2 (Y1, ver Tabla 5.9), se
detectaron en los isdmeros 1 y 2 de los glicanos H5N4F1 y H6N5F1 pero a muy baja intensidad
y no en todos los analisis, demostrando la falta de fiabilidad de este ion. En cambio, la ausencia
del ion 297,1 en los espectros de MS/MS de estos isdmeros (Figura 5.18A y B), reveld que
podian presentar la fucosa unida al core. Este idn corresponde al fragmento Yi pero sin la
fucosa enlazada y su abundancia en los espectros de los glicanos no fucosilados es muy
elevada. Ademas, se detectaron otros iones fragmento a m/z 1095,3 que podrian sugerir la
ausencia de Fuc antena en los isémeros 1 y 2 del glicano biantenario (Figura 5.18A y Tabla

5.9).

En relacién al isomero 3 del HEN5F1 (Figura 5.18C y Tabla 5.9), se detectd el ion a m/z 297,1

con practicamente la misma intensidad relativa que en el espectro de MS/MS del

- 224 -



Capitulo 5 | Resultados y Discusion

correspondiente glicano no fucosilado (articulo 3.2), demostrando que la fucosa no estaba
enlazada al core. Asimismo, se confirmd la existencia de Fuc antena en este isdmero por la
presencia del fragmento 570,2, a pesar de su baja abundancia (Figura 5.18C). Ademas, la
ausencia del ion 325,1 descrito en la bibliografia (Tabla 5.7) reveld que la fucosa se encontraba
unida al GIcNAc de la antena y no a la Gal, tal y como se describié en el estudio previo con
exoglicosidasas. Por otro lado, la presencia del fragmento D a m/z 670,1, correspondiente a la
6-antena no ramificada, puso de manifiesto que la fucosa del isémero 3 del H6N5F1 se
encontraba unida al GIcNAc de una de las ramificaciones de la 3-antena. Teniendo en cuenta
los resultados obtenidos en los diferentes isémeros estudiados, se corrobord la dificultad para
detectar fragmentos diagndstico que permitan caracterizar el tipo de enlace de las fucosas. De
este modo, de entre todos los fragmentos descritos en la bibliografia para este fin (Tabla 5.7),
sélo se pudo confirmar el valor diagndstico del iéon 297,1 para identificar la ausencia de Fuc

core asi como del i6n a m/z 570,2 para asighar los isomeros con Fuc antena al-3.

5.2.4. Caracterizacion de glicanos por espectrometria de masas de movilidad idnica
(IM-MS)

En esta tesis se ha demostrado que la cromatografia de liquidos capilar acoplada a la
espectrometria de masas (CapLC-MS) puede resultar muy util para separar y caracterizar
glicanos y sus correspondientes isdmeros, empleando fases estacionarias especificas como las
ZIC-HILIC. Sin embargo, el establecimiento de estas metodologias suele ser complejo vy

laborioso ademas de requerir tiempos de analisis bastante largos.

La espectrometria de movilidad iénica (IMS) ha suscitado gran interés en los Ultimos afios
como alternativa para el andlisis de glicoconjugados gracias a su capacidad para separar
directamente compuestos isoméricos [184,186,192—-194,220]. Tal y como se comentd en la
introduccion, esta técnica de separacion en fase gas permite separar compuestos en base a su

forma y tamafio ademas de por su carga, lo cual, junto con la deteccidon por MS (IM-MS), la
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convierte en una metodologia de alto potencial para el analisis de glicanos y sus isdmeros. En
este sentido, se han establecido diversos métodos por IM-MS para la separacion de isémeros
de glicanos y glicopéptidos utilizando travelling wave ion mobility spectrometry (TWIMS),
algunos de ellos centrandose en la diferenciacién de los enlaces a2-3 y a2-6 de los SiA
[186,193,221]. Sin embargo, mientras que para glicanos isoméricos muy pequefios se han
obtenido drift times que permiten su diferenciacion [186,221], sélo se ha conseguido una
separacion parcial en el caso de estructuras biantenarias mas complejas [193]. Recientemente,
fue descrito el uso del high-field asymmetric waveform ion mobility (FAIMS) para separar
isémeros [183]. Aunque en este caso se consiguieron separar estructuras biantenarias
isoméricas, las cuales presentaban diferentes tipos de enlace de SiA, estas correspondian a dos

glicanos sintéticos con una estructura perfectamente conocida.

Dada la necesidad de establecer metodologias por IM-MS que permitan caracterizar glicanos
mas ramificados en muestras mds complejas, como los glicanos obtenidos de la digestion
enzimatica de una glicoproteina, en esta tesis doctoral también se evalué la eficacia del TWIMS
para estudiar los isémeros de los glicanos de la hAGP. En primer lugar, fue necesario cambiar
el método de digestion con PNGasaF ya que el surfactante NP-40, utilizado en los estudios
anteriores de esta tesis (articulos 3.1 y 3.2), provocaba supresidn idnica disminuyendo la
intensidad de los glicanos y dificultando su deteccién. De este modo, la hAGP se tratd con
ditiotreitol (DTT) e iodoacetamida (IAA) antes de la digestion con PNGasa F, con el objeto de
reducir y alquilar los puentes disulfuro. Los glicanos obtenidos se analizaron tras su
purificacién, mediante nanoESI-IM-MS con infusién directa, tanto en modo negativo como en
positivo. Los resultados en modo negativo no fueron satisfactorios ya que no se consiguid una
separacion significativa entre isdmeros, ni a partir del andlisis del glicano intacto ni de sus
fragmentos obtenidos por MS/MS, tal y como ya se observé para los glicanos de la hAGP en un
estudio previo [193]. Por el contrario, en modo positivo, tras optimizar la altura y velocidad de
la onda de la celda de movilidad (WH y WV respectivamente), se obtuvo mas de un drift time
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para ciertos glicanos demostrando la presencia de estructuras isoméricas. En la Figura 5.19A, B
y C se muestran los resultados para los glicanos H5N4S1 y H5N4S2 intactos y para el fragmento
H5N4S1, obtenido a partir de la fragmentacidon en la celda de movilidad idnica del glicano

H5N4S2, respectivamente.

A) H5N4S1 intacto B) H5N4S2 intacto
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Figura 5.19.- ATDs de los aductos mayoritarios detectados para los glicanos intactos H5N4S1 (A) y
H5N4S2(B), en una muestra patron de hAGP, asi como para los fragmentos H5N4S1 (C), Bs (D) y Ba (E)
del glicano H5N4S2.

En los tres casos se detectaron dos aductos abundantes ([M+2H]* y [M+K+H]**) que
presentaban diferentes distribuciones del tiempo de llegada (arrival time distribution — ATD).
De este modo, mientras que para el glicano intacto H5N4S1 se observé un Unico drift time en
los dos aductos, para el glicano H5N4S2 se observaron claramente dos drift times en el caso
del aducto [M+2H]?*. Estos resultados demostraron, por un lado, que la formacién de aductos
afecta a la separacién por IM-MS, tal y como ya ha sido descrito por otros autores [222,223].
Por otro lado, la observacidon de un Unico drift time para el glicano H5N4S1 y de dos para el
H5N4S2 concordaria con las conclusiones alcanzadas en los capitulos anteriores acerca del
numero de isdmeros de cada uno de estos glicanos (Tabla 5.5). En cambio, en el caso del

H5N4S1, resultado de la fragmentacién del H5N4S2 (Figura 5.19C), se obtuvo mas de un drift
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time en los dos aductos detectados, demostrando también la presencia de compuestos
isoméricos, a diferencia de lo que ocurre con el glicano intacto H5N4S1. De nuevo se observd
la mejor separacion en el ATD del aducto [M+2H]?, y consecuentemente, este aducto fue el
escogido para continuar el estudio. También se examinaron los ATD de otros fragmentos del
glicano H5N4S2, tal y como se muestra en las Figuras 5.19C y D correspondientes a los
fragmentos Bs (H1N1S1) y Bs (H2N1S1), respectivamente, observandose dos drift times en
ambos casos. Para el fragmento B; se obtuvo una mejor separacion, tal y como ya habian
descrito otros autores [186,193], y ademas, la Unica diferencia posible entre estructuras es la
debida al acido sidlico, por lo que se selecciond este fragmento como el mas adecuado para
diferenciar SiA a2-6 y a2-3. La asignacion de enlaces de SiA para los isdmeros detectados en el
ATD del fragmento Bs se llevd a cabo segun los resultados de estudios anteriores [186,193],
donde el primer isémero con drift time menor (y por tanto seccidn transversal de colisidn

menor, CCS) corresponderia al SiA a2-6 y el segundo al SiA a2-3 (ver Figura 5.19D).

Con el fin de comprobar si las diferencias en los drift times detectados en el ATD del glicano
H5N4S2 y de sus fragmentos pueden atribuirse realmente a diferencias en el enlace de los SiA,
se llevd a cabo una digestién de los glicanos de la hAGP con sialidasa a2-3 y se analizaron por
nanoESI-IM-MS. Tal y como se muestra en la Figura 5.20A, después de la digestién con
sialiadasa a2-3 se siguen obteniendo dos drift times para el glicano H5N4S2, lo que demuestra
que las diferencias entre las estructuras de los compuestos detectados no son debidas a los
tipos de enlace de sus SiA. Por el contrario, con el fragmento H5N4S1, sélo se obtuvo un drift
time (Figura 5.20B), a diferencia de lo observado con el mismo fragmento del glicano antes de

la digestidn con sialidasa a2-3 (Figura 5.19C).
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Figura 5.20.- ATDs del glicano intacto H5N4S2 (A) asi como de sus fragmentos H5N4S1 (B) y Bs (C)

obtenidos de una muestra patrén de hAGP después de su digestidn con sialidasa a2-3.

Si se comparan los ATD obtenidos para el glicano intacto H5N4S1 (Figura 5.19A) y para el
fragmento H5N4S1 tras la digestion (Figura 5.20B), se puede observar que el valor del drift
time coincide en ambos compuestos con un valor de 7,94. Estos resultados demostraron que
ambos compuestos presentan sélo un isémero con el SiA unido a2-6, tal y como se describid
en los estudios anteriores por Cap-ZIC-HILIC-MS (articulos 3.1 y 3.2). De este modo, se pudo
confirmar que los isdmeros del fragmento H5N4S1, son debidos a diferencias en el tipo de
enlace de su SiA. Asimismo, tal y como muestra la Figura 5.20C, para el fragmento Bs después
del tratamiento con sialidasa a2-3 se obtuvo también sélo un drift time con un valor de 7,39,
que concuerda con al primer drift time del fragmento sin digerir, previamente asignado como
SiA 02-6 (Figura 5.19D). Con estos resultados se concluyd que en el caso de glicanos con un
solo SiA, como el H5N4S1, o de estructuras mas pequeiias, como el fragmento Bs, la IM-MS
permite la separacién de isGmeros que presentan diferentes tipos de enlace de SiA. Por el
contrario, se descarté que la presencia de diferentes drift times en el ATD de estructuras
complejas con varios SiA, como el H5N4S2, fuera debida a diferencias en los enlaces de los SiA,

contrariamente a lo descrito en otros estudios [193].

Asi pues, la caracterizacién de los enlaces de los SiA de los glicanos mediante IM-MS, debe
abordarse a partir del estudio de sus fragmentos. En esta tesis se estudiaron los ATD del
fragmento B; en diversos glicanos de la hAGP, incluyendo por primera vez estructuras
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triantenarias, y se compararon las abundancias relativas de los isémeros del fragmento B; con
los estudios previos por CapZIC-HILIC-MS realizados en esta tesis doctoral. Como se vio en la
Figura 5.19D, el ATD del fragmento Bs; para el glicano biantenario H5N4S2, mostré dos drift
times correspondientes a SiA a2-6 y a2-3, siendo mucho mads abundante el SiA a2-6 (drift time
7,39). Estas abundancias relativas podrian estar en concordancia con la asignacién previa de
dicho glicano donde se observaron dos isémeros, el primero muy poco abundante con un SiA
02-3 y un SiA a2-6 y el segundo muy abundante con los dos SiA a2-6 (ver Tablas 5.5 y 5.8). Del
mismo modo, se estudiaron los ATD del fragmento B; de los glicanos triantenarios de la hAGP
(HEN5S2 y HEN5S3). Como se puede observar en la Figura 5.21, en ambos casos se observaron

también dos drift times correspondientes a SiA enlazado a2-6 y a2-3, respectivamente.

A) Fragmento B; (HEN5S2) B) Fragmento B; (HEN5S3)

100y 1009

[0 asanans aases aanns anaas ton s aese e e e hoans Moot M MM
O e e e MAMAnaasaasataossstanns sesationns
6,00 650 700 750 8,00 850 9,00 600 650 7,00 750 800 850 9,00
tiempo (min) tiempo (min)

Figura 5.21.- ATDs del fragmento Bs de los glicanos triantenarios H6N5S2 (A) y H6N5S3 (B) en una

muestra patron de hAGP.

En el caso del H6N5S2, aunque la intensidad relativa del drift time SiA a2-6 sigue siendo
superior, la abundancia del drift time SiA a2-3 también es bastante elevada. En la
caracterizaciéon previa por CapZIC-HILIC-MS se obtuvieron dos isdmeros de la misma
abundancia (Tablas 5.5 y 5.6), el primero asignado con un SiA a2-3 y un a2-6 y el segundo con
los dos SiA a2-6. De este modo, la abundancia relativa de los drift times del fragmento Bs; no
coincidiria del todo con dicha caracterizacion dado que, en este caso, se deberia observar una

abundancia relativa del 75% para el drift time con SiA a2-6 y del 25% para el drift time con SiA
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a2-3. Para el glicano H6EN5S3 (Figura 5.21B), se obtuvo una abundancia relativa similar para los
dos drift times en el ATD del fragmento Bs. Estos resultados estarian de nuevo en discordancia
con los obtenidos en la caracterizacidn previa, donde claramente se observé una mayor
proporcién de SiA unido a2-6 en dicho glicano. De este modo, en términos generales, se
demostré que la abundancia relativa de los drift times obtenidos en el ATD del fragmento Bs
no puede ser utilizada para estimar la proporcidn de SiA enlazados a2-6 y a2-3 en un glicano.
Sin embargo, el estudio del ATD de dicho fragmento podria ser usado para comparar muestras
control y patoldgicas y asi evaluar, si existe, la sobreexpresion de un tipo concreto de enlace de
SiA en ciertas patologias como el cancer. Esta metodologia por nanoESI-IM-MS, empleando el
fragmento Bs obtenido de la fragmentacion del glicano de interés, en un futuro deberia ser

evaluada con fines diagndsticos dados sus cortos tiempos de analisis.

Finalmente, para investigar las diferencias estructurales responsables de la obtencién de dos
drift times en el ATD del glicano H5N4S2, se realizd también una digestidn con sialidasa total
de los glicanos de la hAGP y se analizaron por nanoESI-IM-MS. Los resultados obtenidos para el
glicano biantenario desialilado (H5N4) se muestran en la Figura 5.22. En este caso se estudid
el aducto [M+K+H]?** dado que era el mas abundante. Tal y como puede observarse en el ATD
del H5N4, también se obtuvieron dos drift times para el glicano desialilado confirmando que
las diferencias observadas no eran debidas al tipo de enlace de los SiA. Se llevd a cabo la
fragmentacién de dicho glicano con el fin de buscar fragmentos producto que desvelaran
alguna caracteristica estructural que diferenciara ambos isomeros. El espectro de MS/MS
obtenido para el glicano H5N4 se presenta en la Figura 5.22B, observandose el idn molecular y
un fragmento bastante intenso de m/z 657,73, que corresponderia a la pérdida de una Man +
GlcNAc (Figura 5.22C). La presencia de dos drift times también en el ATD del fragmento a m/z
657.73 puso de manifiesto que las diferencias entre estos isémeros son debidas a tipos de
enlace diferentes entre la Man y el GIcNAc, dado que es el Unico factor diferenciador que
puede presentar esta estructura.
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B) Espectro de MS/MS
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Figura 5.22.- ATDs del glicano H5N4 (A), proveniente de una muestra patrén de hAGP después de su

digestion con sialidasa total, y del ion 657,73 (C), observado en el espectro de MS/MS del glicano H5N4

(B).

De este modo, y teniendo en cuenta que el glicano desialilado H5N4 tiene que dar lugar a dos

enlaces GIcNAc-Man diferentes, se propusieron las posibles estructuras presentadas en la

Figura 5.22A para el glicano H5N4. Los resultados obtenidos desvelaron que en estructuras de

glicano complejas, la IM-MS es capaz de detectar diferencias entre ismeros que difieren en el

enlace de las antenas. No obstante, con IM-MS se requerirad de estudios de fragmentacion

complementarios como los realizados con el fragmento B; o bien de tratamientos con

exoglicosidasas especificas para identificar los isémeros debidos Unicamente a diferentes tipos

de enlace de los SiA.
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5.2.5. Comparacion de los métodos de caracterizacion de glicanos establecidos

Las tres metodologias establecidas para la caracterizacidn de glicanos y sus isdmeros en esta
tesis doctoral nos han proporcionado mucha informacién acerca de los glicanos de la hAGP y
cada una de ellas nos ha permitido profundizar mas en su identificacién. Por este motivo, las
tres técnicas deben ser consideradas complementarias. Aun asi, cabe destacar que la
caracterizacién mediante digestidon con exoglicosidasas en combinacién con la estrategia GRIL
fue la que mas glicanos permitié asignar, pudiendo caracterizar el enlace de los acidos sidlicos
asi como de las fucosas de la mayoria de glicanos de la hAGP. Ademas, dicha asignacidén sirvié
de base para evaluar el potencial de los métodos por MS/MS y IM-MS. Por su parte, la
metodologia por MS/MS, nos proporcioné mas informacién acerca de la posicion de los acidos
sidlicos y de las ramificaciones en las antenas. En cuanto al método por IM-MS, aunque fue el
qgue menos informacién nueva nos ofrecid de los glicanos de la hAGP, nos permitié establecer
un método rapido y sencillo, a diferencia de las laboriosas digestiones con exoglicosidasas y los
largos tiempo de analisis por CapZIC-HILIC-MS, para determinar los tipos de acidos sialicos
presentes en un glicano. Por todos estos motivos, si no es posible llevar a cabo una asignacion
completa utilizando los tres métodos, es necesario evaluar el tipo de metodologia a usar

dependiendo de la finalidad del estudio.
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5.3. Estudio e identificacion de glicanos biomarcadores

Las alteraciones en la glicosilacidn de las proteinas han sido descritas en diversas patologias
como el cancer y ciertos procesos inflamatorios [22,23,29,32,224]. La mayoria de las
modificaciones detectadas en los glicanos han sido asociadas a un aumento o disminucién de
determinadas glicosiltransferasas, las cuales dan lugar a: niveles elevados de acido sialico total
(TSA), cambios de proporcion de acidos sidlicos unidos a2-3 y a2-6, aumento de las
ramificaciones, adiciéon de unidades extra de N-acetillactosamina (poliLacNAc) asi como
sobreexpresion de ciertos epitopos fucosilados (Figura 1.5) [22,23,29,30,34,224]. Ademas, en
el caso del cancer, algunos autores han descrito modificaciones que podrian estar mas
relacionadas con fases iniciales de los tumores y otras con fases mds avanzadas o de
metdstasis que permitirian la extravasacion de las células tumorales [31-33,38]. Por este
motivo, en los ultimos afios, la busqueda de estructuras de glicano que puedan actuar como
biomarcadoras de diversos procesos patoldégicos ha suscitado gran interés biomédico, tanto
para ser usados en el diagndstico precoz de la enfermedad como para controlar su progresion.
Asimismo, se ha demostrado la importancia del andlisis de los diferentes isémeros de los
glicanos, dado que a veces es Unicamente el isémero con un cierto tipo de enlace el que esta

relacionado con una patologia y puede actuar como biomarcador de la misma.

En esta tesis doctoral, se han llevado a cabo dos trabajos diferentes (articulo 4.1 y 4.2) con el
fin de identificar los glicanos de la hAGP y de la transferrina de ratén (mTf), asi como sus
diferentes isdmeros, capaces de actuar como biomarcadores de cancer de pancreas (PDAC) o
artritis inducida por colageno (CIA), respectivamente. Se han seleccionado estas dos
glicoproteinas de fase aguda dado su potencial como biomarcadoras de estas enfermedades
evidenciado en la literatura [44,54,55,225,226]. Para identificar inequivocamente las
alteraciones en los glicanos de dichas proteinas en presencia de estas enfermedades, se han

comparado los perfiles de los glicanos en muestras control y patoldgicas empleando la
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estrategia GRIL de marcaje isotépico con [*2Cs]AN/[*Cc]AN. Asimismo, dada la variabilidad
existente entre muestras patoldgicas y el gran nimero de isémeros de glicanos identificados,
en ambos estudios se ha llevado a cabo un andlisis multivariante de datos para reducir la
complejidad de la interpretacidon de los mismos e identificar correctamente los glicanos con
mayor potencial biomarcador. Esta estrategia combinada nos ha permitido proponer isémeros

de glicanos que podrian ser biomarcadores de estas patologias.

5.3.1. Andlisis de los glicanos de la hAGP en muestras de cancer de pancreas y
pancreatitis cronica

En trabajos previos de nuestro grupo de investigacion, se analizaron los glicanos de la hAGP en
muestras de suero de pacientes con cancer de pancreas (PDAC) y pancreatitis cronica (ChrP)
[54,55]. En estos estudios se detectd un aumento de ciertas estructuras sialofucosiladas que
permitirian discriminar entre PDAC y ChrP, asi como diferencias en la expresién de ciertos
isdmeros en estadios iniciales de PDAC [54,55]. Estos resultados, obtenidos con un nimero
relativamente reducido de muestras patoldgicas, demostraron la necesidad de profundizar en

el estudio y caracterizacién de los glicanos de la hAGP como posibles biomarcadores de PDAC.

5.3.1.1. Andlisis de los glicanos intactos

Con el fin de encontrar isémeros de glicanos de la hAGP capaces de diferenciar PDAC de ChrP,
se analizaron 6 muestras de suero de pacientes con ChrP, 12 de pacientes con PDAC de
diferentes estadios de la enfermedad (estadios I, Il, lll y IV) y 4 muestras control de personas
sanas (HC). Los detalles relacionados con la edad y género de cada una de las muestras de
suero analizadas se presentan en el articulo 4.1 de esta tesis doctoral. En primer lugar, la
hAGP se purificd a partir de las muestras de suero mediante cromatografia de immunoafinidad
(IAC), utilizando el proceso previamente descrito para el andlisis de los glicanos de la hAGP

[54,55], y se cuantificd la cantidad de proteina mediante espectrofotometria UV-Vis
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(Nanodrop™). Después de la digestién de las muestras de hAGP con PNGasa F para conseguir
la liberacién de los glicanos y de la purificacidn de los mismos, se empleé la estrategia GRIL con
el fin de realizar una cuantificacion relativa fiable. Con este propésito, se preparon mezclas
equimolares de los glicanos de la hAGP de cada muestra patoldgica (derivatizados con
[*2C6]AN) y de los glicanos de la hAGP de una mezcla de muestras control (pool de HC,
derivatizados con [*3Cs]AN) y se analizaron por CapZIC-HILIC-MS. El pool de HC se prepard
mezclando la misma cantidad de hAGP purificada a partir de 4 muestras control diferentes (HC
44, HC 48, HC 51 y HC 200). Dada la gran cantidad de muestras y nimero de isomeros
identificados (42 isdémeros), se aplicaron métodos quimiométricos para interpretar los
resultados a partir de las areas relativas de todos los isomeros detectados (area del glicano en
la muestra patoldgica dividida entre el area del glicano en el pool de HC). En primer lugar, se
empled un andlisis por componentes principales (PCA) para explorar los datos y estudiar la
existencia de tendencias o grupos entre las diferentes muestras, asi como detectar la
presencia de outliers. De este modo, tal y como se explicé en el articulo 4.1, la muestra PDAC
IIB 86 se descartd para el siguiente andlisis de datos multivariante dado su comportamiento
andmalo en el modelo. A continuacidn, con el fin de mejorar la separacién entre grupos e
identificar qué isdémeros podrian diferenciar PDAC y ChrP, se llevd a cabo un andlisis
discriminante por minimos cuadrados (PLS-DA). En la Figura 5.23 se muestran los graficos de

scores (A), loadings (B) y de VIP scores (C) obtenidos en el modelo de PLS-DA.
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Figura 5.23.- A) Grafico de scores, B) Grafico de loadings y C) VIP scores del modelo de PLS-DA aplicado a
las relaciones de areas (area del isdmero de glicano en la muestra patoldgica vs. area del mismo isémero
en el pool de controles sanos) obtenidas para cada isémero de glicano intacto de la hAGP en todas las

muestras de PDAC y ChrP analizadas.

Como se observa en el gréfico de scores, dos variables latentes (LV) permitieron discriminar
entre los dos grupos de muestras (explicando un 63 y un 43% de la variancia de X e Y,
respectivamente). Sélo las muestras PDAC IIA 164 y ChrP 131 presentaron un comportamiento

anormal, tal y como ya se observé en un estudio previo [55], y fueron mal clasificadas por el
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modelo. En el grafico de loadings (Figura 5.23B) se observa que los isdmeros de los glicanos
fucosilados estan mas relacionados con PDAC, ya que aparecen en la misma zona del grafico
que la mayoria de muestras de PDAC en el grafico de scores, correspondiente a valores de LV1
negativos (Figura 5.23A). Ademas, el gréfico de VIP scores (Figura 5.23C) permitid cuantificar la
influencia de cada isémero en la separacion entre muestras de PDAC y ChrP. Aunque
habitualmente se consideran importantes todas las variables con VIP superior a 1, en este
caso, dado que habia muchos isémeros significativos, sélo se consideraron aquellos con VIP
superior a 1,2 (7 de un total de 42), de los cuales 5 tenian al menos una unidad de fucosa y
todos ellos habian sido caracterizados con todos o la mayoria de los SiA unidos a2-6. Con estos
resultados, se concluyd que los isomeros de los glicanos de la hAGP fucosilados con la mayoria

de los SiA unidos a2-6 son importantes para discriminar PDAC de ChrP.

5.3.1.2. Andlisis de los glicanos desialilados

Dado que en el estudio de los glicanos intactos se confirmd que la fucosilacidn juega un papel
importante en la diferenciacion entre PDAC y ChrP, se llevd a cabo el analisis de los glicanos de
la hAGP de muestras de suero una vez desialilados con sialidasa total, con el fin de averiguar
qué tipo de fucosilacién estaba mads relacionada con este tipo de cdncer. Las muestras
analizadas y sus caracteristicas se presentan en la tabla 1 del articulo 4.1 de esta tesis doctoral.
De nuevo se empled la cuantificacion relativa de los glicanos mediante GRIL. No obstante, en
este caso las muestras control (HC) se analizaron como muestras independientes y todas las
muestras patoldgicas (PDAC y ChrP) y control (HC) se cuantificaron de manera relativa
respecto a un patrén de hAGP comercial purificado a partir de suero humano, que presenta un
perfil de glicosilacidn significativamente igual al de las muestras control, tal y como ya se habia
demostrado en un estudio previo [54]. De este modo se dispone de un perfil de glicanos de
referencia constante para esta glicoproteina, ya que no siempre es posible disponer de un pool

adecuado de muestras HC. Con este propdsito, siguiendo la estrategia GRIL planteada en la
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Figura 1.10 de la introduccion, las muestras de hAGP purificadas de cada muestra patolégica o
control se marcaron con [*2C¢]AN, tras la liberacién de los correspondientes glicanos mediante
digestion con PNGasa F y sialidasa total, y las muestras de hAGP patrén se marcaron con
[**C¢]JAN. Seguidamente, se prepararon mezclas equimolares de cada muestra

patoldgica/control y de hAGP patrdn, y se analizaron por CapZIC-HILIC-MS.

Nuevamente se emplearon herramientas quimiométricas para el analisis de los datos a partir
de las relaciones de areas obtenidas para cada isomero (area del glicano en la muestra
patoldgica/control dividida entre el area del glicano en la muestra patrdén). Primero, se aplicd
un PCA pero no se detectd ningun outlier en el modelo, asi que todas las muestras se tuvieron
en cuenta para los siguientes tratamientos de datos. A continuacién, se aplicaron dos modelos
de PLS-DA, uno para estudiar la discriminacién entre muestras de PDAC y HC y otro para
diferenciar ChrP de HC. La separacién obtenida entre los dos grupos de muestras fue buena en
ambos casos, tal y como se detalla en el articulo 4.1 de esta tesis doctoral. En la Tabla 5.10 se
muestran los isdémeros identificados en el grafico de VIP scores como significativos (VIP > 1) en
ambas diferenciaciones. Se puede observar que algunos isdmeros son importantes tanto en
PDAC como en ChrP, lo cual no es sorprendente dado que la sobreexpresién de ciertos
isdmeros se observé en ambas patologias, aunque generalmente en mayor grado en el caso de
PDAC. Sin embargo, los glicanos H5N4F1 3, H6N5F2_1, H6N5F2 2 y H8N7 (marcados en
negrita en la Tabla 5.10) podrian ser interesantes ya que sélo fueron significativos en la

diferenciacion entre PDACy HC.
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Tabla 5.10.- Isémeros de glicano desialilados de la hAGP identificados por PLS-DA como significativos
(VIP scores > 1) en las diferenciaciones de muestras de PDAC vs. controles sanos (HC) y de muestras de

ChrP vs. HC.

PDAC vs. HC ChrP vs. HC
H5N4F1_1
H5N4F1_2 H5N4F1_2
H5N4F1_3
H6N5F1_2
H6NS5F2_1
H6NS5F2_2
H6N5F2_3 H6N5F2_3
H7N6F1_2 H7N6F1_2
H7N6F2_2 H7N6F2_2
H7N6F2_3 H7N6F2_3
H8N7
H8N7F1_1
H8N7F1_2
HONSF1_2

Por otro lado, con el objetivo de encontrar isdmeros Utiles para diferenciar entre diferentes
estadios de PDAC, se construyeron 3 modelos de PLS-DA, comparando los pacientes de ChrP
con los de PDAC a diferentes estadios de la enfermedad. Con este propdsito, los pacientes de
PDAC se dividieron en tres grupos diferentes: no avanzados (estadios | y Il), localmente
avanzados (estadio Ill) y con metdstasis (estadio V). Al contrario de lo ocurrido en el andlisis de
los glicanos intactos (apartado 5.3.1.1), en este caso el modelo clasificd correctamente las
muestras PDAC IIA 164 y ChrP 131 en los correspondientes graficos de scores (Figura 5,

articulo 4.1). En la Figura 5.24 se muestran los graficos VIP scores de cada modelo de PLS-DA.
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Figura 5.24.- VIP scores del modelo de PLS-DA aplicado a las relaciones de areas (area del isomero de
glicano en la muestra patoldgica vs. drea del mismo isdmero en la muestra patréon de hAGP) obtenidas
en A) las muestras de PDAC en estadios I-ll vs. las de ChrP, B) las muestras de PDAC en estadio Ill vs. las

de ChrP y C) las muestras de PDAC en estadio IV vs. las de ChrP.

Como puede observarse, los glicanos considerados importantes en la diferenciacién de PDAC y
HC (H5N4F1_3, H6N5F2_1, H6N5F2_2 y H8N7) no presentan VIP > 1 en todos los estadios de
PDAC y, por tanto, solo podrian actuar como biomarcadores de ciertos estadios de PDAC
respecto a ChrP. Por otro lado, comparando los graficos de VIP scores de los tres modelos, se

puede observar que sélo 3 de un total de 23 isémeros desialilados de la hAGP son significativos
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(VIP > 1) para distinguir PDAC de ChrP en todos los estadios de la patologia (H5N4F1 2,
H6N5F2_3 y HONS8, marcados en rojo en los tres graficos de VIP scores). De estos tres glicanos,
el H5N4F1_2 presenta Fuc core y el HGN5F2_3 presenta al menos una Fuc antena al-3, lo que

parece indicar que no hay un tipo de enlace de las fucosas especifico de PDAC.

Finalmente, teniendo en cuenta los resultados obtenidos en el analisis tanto de los glicanos
intactos como desialilados, se podria concluir que el glicano HEN5F2 (o HEN5F2S3 en el caso
de los glicanos intactos) parece jugar un papel importante en la busqueda de un nuevo
biomarcador para el diagndstico de PDAC ya que fue relevante en todos los modelos de PLS-
DA. A modo de ejemplo, en la Figura 5.25A se muestran los EICs del glicano intacto HGN5F2S3
en las muestras patoldgicas PDAC IIA 230 y ChrP 141 (EICS en rojo) y en el pool de HC (EICs en
negro). Del mismo modo, en la Figura 5.25B se presentan los EICs del correspondiente glicano
desialilado (HEN5F2), en las muestras patolégicas PDAC Il 157 y ChrP 141 (EICs en rojo) asi
como en la muestra patrén de hAGP (EICs en negro). En relacién al glicano intacto, se obtiene
una sobreexpresion en PDAC con respecto al control sano y ChrP (Figura 5.25A). Ademas, tal y
como puede observarse en el caso del glicano desialilado (Figura 5.25B), el isomero asignado
con almenos una Fuc antena al-3 (isomero 3, iso-3), aunque también se encuentra
sobreexpresado en ChrP respecto al patrdn, su sobreexpresion es mayor en el caso de PDAC.
No obstante, en el futuro se deberia analizar una cohorte superior de muestras de pacientes
con PDAC y ChrP, asi como controles sanos, para poder confirmar el potencial de este glicano

como biomarcador.
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Figura 5.25.- A) EICs obtenidos para el glicano H6N5S3 en las muestras patoldgicas PDAC 1IA 230 (i) y
ChrP 141 (ii). B) EICs obtenidos para el glicano H6N5F1 en las muestras patoldgicas PDAC IB 153 (i) y
ChrP 141 (ii). EICs de los glicanos en las muestras patoldgicas se muestran en rojo y los EICs de los

glicanos en el pool de controles sanos o en la muestra patron de hAGP se muestran en negro.

5.3.2. Anadlisis de los glicanos de la mTf en muestras de artritis inducida por colageno

Como se comentd en la introduccidn de esta tesis doctoral, la sialilacion, fucosilacion asi como
el grado de ramificacién de los glicanos de la transferrina (Tf) se han visto alterados en
presencia de diversas enfermedades inflamatorias, incluyendo la artritis reumatoide (RA)
[69,227]. Por este motivo, y dado que a dia de hoy no existe un Unico test para diagnosticar de
la RA, diversos autores han abordado el estudio de la glicosilacidon de la transferrina humana
(hTf) en muestras de pacientes con RA analizando las glicoformas intactas por enfoque
isoeléctrico (IEF) [227], y mas recientemente, por electroforesis capilar (CE) [69]. Sin embargo,

los resultados reportados resultan contradictorios ya que mientras Feelders et. al. [227]
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observaron un aumento de las glicoformas mas sialiladas (S5 y S6) en RA, Gudowska et. al.

[69] describieron un descenso de las sialoformas S3 y S5.

El estudio de enfermedades de origen humano en modelos de ratones se utiliza ampliamente
como estudio preliminar a la investigacién en humanos. En concreto, la artritis inducida por
colageno (CIA) en ratones se utiliza como alternativa para el estudio de la RA humana, debido
al gran numero de puntos en comun que comparten ambas patologias, como la evolucion de la
enfermedad, las afectaciones en los tejidos de las articulaciones o la respuesta a los farmacos
[65,228]. Por este motivo, este modelo se considerd adecuado como estudio previo que sirva
de base para evaluar los cambios en la glicosilacidon de la Tf causados por la artritis [226]. En
este sentido, en un trabajo anterior de nuestro grupo de investigacion, se analizaron los
glicopéptidos de la mTf de muestras de suero de ratones con CIA mediante CapLC-MS. En ese
estudio se demostré que dichos glicopéptidos se ven modificados en presencia de CIA,
observandose principalmente un aumento de la fucosilacién y de las ramificaciones de los
glicanos [225]. Estos resultados a nivel de glicopéptido, no proporcionan informacion sobre la
posible alteracién de los isémeros de los glicanos debido a la existencia de CIA. Por ello, en
esta tesis doctoral, se llevd a cabo el analisis de los glicanos de la mTf para confirmar a nivel
glicomico los resultados obtenidos en [225] y evaluar la relacién de los diferentes isémeros con

esta patologia.

5.3.2.1. Purificacidn de la mTf mediante cromatografia de inmunoafinidad

Con el fin de analizar los glicanos de la mTf obtenidos de muestras de suero, fue necesario, en
primer lugar, el establecimiento de una estrategia de purificacion mediante cromatografia de
inmunoafinidad (IAC), para capturar selectivamente la glicoproteina de interés evitando asi la
contribucidn de glicanos procedentes de otras glicoproteinas del suero. Con este propdsito se

empled una columna de sefarosa-CNBr con un anticuerpo inmovilizado contra la hTf y el
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proceso de purificacién previamente usado para el andlisis de los glicopéptidos de la hTf
[24,68,225]. La Tabla 5.11 muestra las proteinas identificadas por nanoLC-MS/MS en la
fraccion eluida por IAC de una muestra de suero de ratdn control usando estas condiciones. Se
han seleccionado aquellas que presentan valores de empAl superiores a 10% y que, por tanto,
pueden considerarse abundantes en la muestra purificada por IAC.

Tabla 5.11.- Proteinas identificadas mediante nanoLC-MS/MS con valores de emPAI superiores a 10%,

en la muestra de raton control purificada por cromatografia de inmunoafinidad (IAC), usando las

condiciones de IAC iniciales y optimizadas.

Puntos
Nombre proteina? Identificadort MW (kDa) . emPAI (%)
N-glicosilacion
Condiciones IAC iniciales
Serum albumin P07724 68,6 0 93,8
Serotransferrin Q92111 76,7 1 34,3
Apolipoprotein A-I Q00623 30,6 0 24,1
Vitamin D-binding
. P21614 53,6 1 23,2
protein
Pregnancy zone
. Q61838 165,7 11 21,0
protein
Alpha-1-antitrypsin 1-5 Q00898 45,9 3 18,0
Serine protease
o P07759 46,9 4 16,3
inhibitor A3K
Alpha-1-antitrypsin 1-3 Q00896 45,8 3 14,5
Immunoglobulin kappa
P01837 11,8 0 13,7
constant
Alpha-1-antitrypsin 1-4 Q00897 46,0 3 12,9
Alpha-1-antitrypsin 1-2 P22599 45,9 3 11,6
Serine protease
R Q03734 47,0 3 10,1
inhibitor A3M
Condiciones IAC optimizadas
Serotransferrin Q92111 76,7 1 55,2
Serum albumin P07724 68,6 0 21,3

aNombre proteina de acuerdo a UniProt o NCBI.

bldentificador proteina en UniProtkB/Swiss-Prot o NCBI.

¢Exponentially Modified Protein Abundance Index (emPAl): cuantificacidn relativa de las proteinas en una mezcla
en base a la cobertura de la proteina por las coincidencias en los péptidos en un resultado de busqueda en base
de datos.

En este caso, la mTf fue la segunda proteina mas abundante con un empAl del 34,3% pero,
dado que la mayoria de proteinas identificadas eran glicoproteinas, se decidié desarrollar un

nuevo método de purificacién mas selectivo. Se consiguieron mejores resultados preparando
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una columna IAC nueva, empleando un protocolo de unién del anticuerpo diferente, el cual se
detalla en el articulo 4.2, y modificando algunas de las etapas del proceso de purificacion:
aumentando los volumenes de lavado de la columna y de elucidn, y afiadiendo 0,25 M de NaCl
al tampdn de unidn para conseguir una mayor selectividad (articulo 4.2). Utilizando estas
condiciones dptimas, en la fraccidn eluida sélo se identificaron la mTf y la albimina mediante
nanolLC-MS/MS, con valores de empAl superiores a 10% (ver Tabla 5.11). Dado que la
albumina de ratédn es una proteina no glicosilada, se establecieron como éptimas estas
condiciones para la purificacién de la mTf en muestras de suero dado que no existe

contribucién de otras glicoproteinas al perfil de glicanos obtenido.

5.3.2.2. Analisis de los glicanos de la mTf

Con el objetivo de identificar modificaciones en la glicosilacion de la mTf en ratones con CIA, se
establecié en primer lugar un perfil de glicanos de referencia de dicha proteina. En la Tabla
5.12 se muestran los glicanos y sus correspondientes isomeros detectados por CapZIC-HILIC-
MS en una muestra de suero control comercial después de su purificacion mediante IAC. La
mayoria de glicanos corresponden a estructuras biantenarias, siendo el H5N4S2 el glicano mas
abundante. Todos los acidos sidlicos presentes en los glicanos de la mTf son acidos N-
glicolilneuraminicos (NeuGc), tal y como estd descrito en la bibliografia [229]. Estos resultados

estan en concordancia con los resultados previos a nivel de glicopéptido [225].
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Tabla 5.12.- Glicanos detectados mediante CapZIC-HILIC-MS en la muestra de suero de ratén control

después de su purificacion por IAC.

. P tr - . Error
Glicano Isdmero . Area relativa (%)? Mieo?
(min) (ppm)
H5N4S1 1 24,0 2,41 2024,7216 8,4
H5N4F1S1 1 24,8 1,53 2170,7796 9,5
1 21,2 9,99 2331,8120 3,1
H5N4S2
2 21,9 45,3 2331,8120 2,6
1 21,8 1,84 2477,8699 5,1
H5N4F1S2
2 22.5 13,4 2477,8699 4,3
1 20,8 1,61 2638,9023 6,3
H5N4S3
2 21,6 10,5 2638,9023 5,2
H5N4F1S3 1 21,9 1,21 2784,9602 10,9
H6N5S2 1 23,3 1,19 2696,9441 9,8
1 21,7 0,49 3004,0345 7,3
H6N5S3 2 22,3 3,45 3004,0345 5,2
3 22,9 5,90 3004,0345 5,6
1 24,2 0,67 3150,0924 9,7
HEN5F1S3
2 24,6 0,55 3150,0924 10,3

3Area relativa calculada como el drea de pico de cada isémero de glicano dividida entre la suma de las areas
de pico de todos los isémeros de glicano detectados.
bMasa tedrica del glicano derivatizado con [*2Cg]-anilina.

A continuacidn, se compard el perfil de glicanos de este suero con el obtenido al analizar un
pool de sueros de ratén wild-type antes de inducirles CIA (WT). Como puede observarse en el
grafico de barras de la Figura 5.26, en las dos muestras se detectaron los mismos glicanos y
con abundancias similares, confirmando que este suero comercial puede ser utilizado como

referencia para el analisis de los glicanos en ratones no inmunizados (WT) y con CIA (WT-CIA).
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Figura 5.26.- Grafico de barras del promedio de las areas relativas de los glicanos obtenidos en el pool
de muestras de ratén WT no inmunizadas y en el suero de ratén control purificados por IAC utilizando
las condiciones dptimas. Las areas relativas se calcularon como el drea de pico de cada glicano dividido

entre la suma de las dreas de pico de todos los glicanos detectados.

Seguidamente, se empled la estrategia GRIL con [?Ce]/[*3C¢]AN. Las muestras de mTf
purificadas de cada muestra (WT o WT-CIA) se derivatizaron con [*2Ce]AN, tras la liberacion de
los correspondientes glicanos mediante digestion con PNGasa F, y las muestras de mTf
purificadas del suero referencia se derivatizaron con [**C¢]JAN. Se prepararon mezclas
equimolares de cada muestra WT o WT-CIA y de mTf referencia, y se analizaron por CapZIC-
HILIC-MS. En este estudio se analizaron 4 muestras de suero de raton WT (WT1, WT2, WT6 y
WT7) y 4 WT con CIA (WT1-CIA, WT3-CIA, WT6-CIA y WT7-CIA), y se aplicd el mismo
tratamiento quimiométrico utlizado con la hAGP, a partir de las relaciones de areas de todos
los isdmeros de glicano detectados (area de cada isémero en la muestra WT dividido entre el

area del mismo is6mero detectado en la muestra de suero de referencia). En el modelo de PCA
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no se identificaron outliers y en el PLS-DA se usaron las mismas muestras clasificandolas en no
inmunizadas (WT) o con CIA (WT-CIA). En la Figura 5.27 se muestran los graficos de scores (A),
loadings (B) y VIP scores (C) obtenidos en este modelo. El grafico de VIP scores muestra que
solo 5 de los 15 isémeros de glicano de la mTf son representativos (VIP>1) para distinguir entre
ratones no inmunizados y con CIA (marcados en rojo en la Figura 5.27C). Tres de ellos
corresponden a estructuras triantenarias (H6N552, H6N5S3_2 y H6N5S3_3), sdlo uno presenta
fucosa (H5N4F1S1) y la mayoria estan altamente sialilados (H5N4S3 2, H6N5S3 2 vy
H6N5S3_3). Estos resultados concuerdan con los obtenidos en el estudio previo a nivel de
glicopéptidos [225], en el que se observd un aumento de las glicoformas triantenarias. A pesar
de que no se ha llevado a cabo una caracterizacién previa de los isomeros de los glicanos de la
mTf, éstos parecen contener un mayor nimero de SiA unidos a2-6 ya que se corresponden con
los isdmeros mas retenidos en la columna ZIC-HILIC dentro de un mismo glicano (articulos 3.1

y 3.2).

Con el fin de validar el modelo de PLS-DA, se analiz6 una nueva muestra con CIA (WT4-CIA) y
se procesaron los datos obtenidos siguiendo el mismo procedimiento explicado
anteriormente. Como puede observarse en el grafico de scores de la Figura 5.27A, la
prediccién de su clase fue excelente demostrando que el modelo puede diferenciar entre

muestras de ratédn no inmunizados y con CIA.
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Figura 5.27.- (A) Grafico de scores, (B) grafico de loadings y (C) VIP scores del modelo de PLS-DA aplicado

a las relaciones de areas (area del isémero de glicano en la muestra no inmunizada o con CIA vs. area del

mismo isdmero en la muestra de suero de ratdn de referencia obtenidos para cada isémero de glicano

de la mTf en todas las muestras de ratén WT no inmunizadas y con CIA analizadas). Set de calibracion:

cuatro muestras no inmunizadas (WT1, WT2, WT6 y WT7) y cuatro con CIA (WT1-CIA, WT3-CIA, WT6-CIA

y WT7-CIA). Muestra de validacion: WT4-CIA.

Finalmente, dado que se analizaron algunas muestras de suero que provenian del mismo ratén

antes y después de la induccion de CIA (WT1, WT6 y WT7), se decidié utilizar estas muestras

para evaluar si la sobreexpresion de los isdmeros, identificados por PLS-DA como importantes,

aumentaba con el score clinico de la enfermedad. En la Figura 5.28 se muestra el grafico de
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barras de la relacién de areas para las muestras WT-CIA (WT-CIA / referencia) divididos entre
la relacidn de areas para las correspondientes muestras no inmunizadas (WT / referencia) en

los 5 isdmeros considerados mas significativos por PLS-DA.
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Figura 5.28.- Grafico de barras de la relacién de &reas obtenida para las muestras con CIA (Area
CIA/Area referencia) dividida entre las relacion de areas obtenida para la correspondiente muestra no
inmunizada (Area no inmunizada/Area referencia) en las muestras de ratén WT1 (score 5), WT6 (score

8) y WT7 (score 8).

Como se observa, todos los isémeros se encuentran mds sobreexpresados en las muestras con
un score clinico de 8 (WT6 y WT7) respecto a la muestra con un score clinico de 5 (WT5), a
excepcion del isobmero H5N4S3 2 en la muestra WT6. Estos resultados sugieren que la
sobreexpresion de estos isémeros presenta relacién con el score clinico de CIA, especialmente
para los glicanos HEN5S2, H6N5S3_2 y HEN5S3_3. Por este motivo, aunque seria necesario
analizar un numero superior de muestras, estos ismeros podrian considerarse biomarcadores
potenciales de CIA y utilizarse para evaluar la respuesta a nuevos tratamientos, asi como para

controlar la progresion de la patologia.
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5.3.3. Comparacion de los resultados obtenidos en PDAC, ChrP y CIA

En los estudios realizados en esta tesis doctoral sobre las alteraciones de las estructuras de los
glicanos y sus isdmeros en procesos inflamatorios y cancer, se han observado en lineas
generales aumentos en la sialilacion, la fucosilacién y las ramificaciones, tal y como habian
descrito anteriormente otros autores en estos tipos de patologias [22,23,29-
31,34,38,43,224,230]. Sin embargo, es necesario abordar el estudio de la glicosilacién de la
glicoproteina de interés especificamente para cada patologia para poder identificar candidatos

biomarcadores.

En el caso de la CIA (proceso inflamatorio), se obtuvo un aumento de ciertas estructuras
altamente sialiladas y ramificadas, considerandose el glicano H6N5S3 (isémeros 2 y 3) de la
mTf posible biomarcador potencial de esta patologia. En relacion al PDAC, también se observé
un aumento de las estructuras mas sialiladas y ramificadas respecto a ChrP, pero solo para el
isémero mas retenido en la columna ZIC-HILIC dentro de un mismo glicano, es decir, aquel que
presentaba mas acidos sidlicos unidos a2-6. Por este motivo, el aumento de los acidos sidlicos
02-6 podria estar mds relacionado con PDAC. También se observd un aumento de las
estructuras fucosiladas en mayor medida que en ChrP, lo que demuestra que el aumento de la
fucosilaciéon guarda una relacién mas estrecha con la enfermedad PDAC. Teniendo en cuenta
todos los resultados obtenidos, se ha seleccionado el glicano H6N5F2S3 de la hAGP como
posible biomarcador de PDAC. Sin embargo, seria necesario llevar a cabo el andlisis de mas
muestras patoldgicas en ambos estudios para poder confirmar el potencial de estas

estructuras de glicano propuestas como biomarcadoras.
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The conclusions extracted from the work performed in this thesis are the following:

v" Two purification methods (precipitation with acetone and TiO,-SPE-CE-MS) for the

purification of glycopeptides from protein digests were developed.

Precipitation with acetone can be regarded as a simple and rapid method for

the isolation of glycopeptides from protein digests.

The variables responsible of the different trend to precipitate of
peptides, N- and O-glycopeptides in front of acetone were identified
by PLS-DA.

It was demonstrated that the amount of acetone can be finely tuned
for targeting the glycoforms of a certain O-glycopeptide.

An eight-fold volume of acetone was selected as the best conditions to
precipitate the Oix-glycopeptide of recombinant human

erythropoietin (rhEPO).

The on-line TiO,-SPE-CE-MS method allowed to selectively retain and enrich

glycopeptides from protein digests.

The LODs obtained for glycopeptides were up to 100 times lower than
by conventional CE-MS.

It was demonstrated that the established method allowed
preconcentrating glycopeptides with different compositions and
regardless of the protein derived from.

Certain higher affinity of the TiO, sorbent for the more sialylated
glycoforms, which would decrease with the size of the carbohydrate

moiety, was observed but not in all the studied glycopeptides.

v' Different strategies for the characterization of alpha-1-acid glycoprotein (hAGP)

glycan isomers were developed.
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A CapZIC-HILIC-MS methodology has been optimized for the separation and

characterization of glycan isomers.

Reliable assignations of sialic acid and fucose linkage-type isomers
were achieved using GRIL strategy with [*2Ce]/[*3Cé]-aniline and
specific exoglycosidase digestions.

Differences in the a2-3 and a2-6 sialic acid content were revealed that
could be correlated with the changes in the abundance of certain
isomers observed in previous works in pathological samples.
Characterization of fucose linkage-type isomers pointed out the
presence of both al-3 antennary and core fucosylation in most hAGP

glycans.

A CapZIC-HILIC-MS/MS methodology was established for the characterization

of glycan isomers.

Structural feature characterizations as well as sialic acid and fucose
linkage-type assignations of hAGP glycan isomers were performed.
Diagnostic ion fragments proposed in the literature were confirmed or
discarded using both the exact mass of the daughter ions provided by
the LTQ-Orbitrap mass spectrometer and the previous characterization
of hAGP glycans by exoglycosidase digestions.

The established MS/MS method also enabled the location of a2-3 and
a2-6 sialic acids on the antennas and the complete characterization of
some tetraantennary glycans.

The ion fragment 297.1 was novelty established as an important
diagnostic ion for fucose linkage-type assignation.

Robustness and future applicability of the MS/MS method for the

study of control and pathological serum samples, was demonstrated.
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v

= A nanoESI-IM-MS method has been developed and evaluated for the
assignation of sialic acid linkage-types in hAGP glycan isomers.

- Glycan isomer separation by IM-MS was only achieved in positive ion
mode.

- It was confirmed that adduct formation affects glycan isomer
separation by IM-MS. The best separation for hAGP glycan isomers
was obtained for [M+2H]?* adduct.

- It was demonstrated that the isomer separation obtained by IM-MS at
the intact glycan level was not caused by differences in the sialic acid
linkage-types.

- Sialic acid linkage-type assignations were only successfully performed
when using the glycan fragment B3 (H1IN1S1).

The CapZIC-HILIC-MS methodology was successfully applied for the study of the
alterations occurred in glycan isomers in relevant pathologies such as inflammatory
processes and cancer. Reliable glycan relative quantification using the GRIL strategy
with [12Cs]/[*3Cs]-aniline was carried out in order to unequivocally identify variations in
the glycoprofile of the studied protein. PCA and PLS-DA were used to properly identify
the glycan isomer biomarker candidates of these diseases.

= hAGP glycan isomers were observed to be altered in both pancreatic ductal

adenocarcinoma (PDAC) and chronic pancreatitis (ChrP).

- Seven out forty-two hAGP intact glycan isomers, with high proportion
of a2-6 sialic acids and most of them fucosylated, were considered the
most meaningful to distinguish PDAC and ChrP patients.

- An specific fucose linkage-type related only to PDAC, which would
allow the differentiation from ChrP patients, was not identified in the

analysis of desialylated hAGP glycans.
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- H6N5F2S3 glycan could have a great biomarker potential as it was
relevant in all PDAC and ChrP differentiations using PLS-DA for both
intact and desialylated glycans.

= Alterations in mouse transferrin (mTf) glycan isomers were also identify in
mice with collagen-induced arthritis (CIA), an autoimmune inflammatory
disease.

- Purification of mTf from serum samples by IAC was firstly optimized to
obtain a selective isolation of this glycoprotein.

- Five out of fifteen mTf glycan isomers were identified by PLS-DA as
important to distinguish CIA from control mice, most of them
corresponding to highly branched and sialylated structures.

- H6N5S2 and HEN5S3 seemed to be also related with the progression
of CIA, being more overexpressed in samples with higher clinical

scores.

The potential of this combined methodology in patho-glycomics to find novel glycan-based

biomarkers was demonstrated.
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