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Abstract

Protein glycosylation isinvolved in a broad range of biological processes that regulate protein
function and control cell fate. As aberrant glycosylation has been found to be implicated in
numerous diseases, the study and large-scale characterization of protein glycosylation is of great
interest not only to the biological and biomedical research community, but also to the
pharmaceutical and biotechnology industry. Due to the complex chemical structure and differing
chemical properties of the protein/peptide and glycan moieties, the analysis and structural
characterization of glycoproteins has been proven to be a difficult task. Large-scale endeavors
have been further limited by the dynamic outcome of the glycosylation process itself, and,
occasionaly, by the low abundance of glycoproteinsin biological samples. Recent advancesin
mass spectrometry (M S) instrumentation, and progress in miniaturized technologies for sample
handling, enrichment and separation, have resulted in robust and compelling analysis strategies
that effectively address the challenges of the glycoproteome. This review summarizes the key
steps that are involved in the development of efficient glycoproteomic analysis methods, and the
latest innovations that led to successful strategies for the characterization of glycoproteins and
their corresponding glycans. As afollow-up to this work, we review innovative capillary and
microfluidic-M S workflows for the identification, sequencing, and characterization of
glycoconjugates.

1. Introduction

Glycosylation is one of the most important post-translational modifications (PTM) of
proteins, playing crucia rolesin biological processes such as cell recognition, cell—cell
interaction, signaling, embryonic development and recognition of hormones and toxins. Itis
estimated that ~50 % of al proteinsin mammalian cells are glycosylated at any given time
[1]. Asabnormal protein glycosylation has been correlated with several diseases such as
cancer, inflammatory diseases, and congenital disorders, efc. [2-5], glycosylated proteins
have found utility as valuable targets for devel oping novel vaccines, and as useful
biomarkers for early detection and diagnosis of adisease. As aresult, the study of the
glycoproteome has received particular attention in the recent past.

Most PTMs are introduced by enzymes that target specific amino acids. In the case of
glycosylation, the Asn, Ser and Thr residues are mostly affected. Glycosylation can impact
the charge, conformation and stability of proteins, introducing heterogeneity into a protein
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as adirect consequence of various possible glycoforms. Compared to other PTMs, the
analysis of protein glycosylation is a particularly challenging enterprise, for several reasons.
To create the complete picture of a glycoprotein, information on the peptide sequence,
glycosylation site and glycan structure must be generated. However, glycosylation does not
conform to a single structure and does not rely on an underlying template. The glycans
attached to proteins in humans are composed of seven different monosaccharides: mannose
(Man), glucose (Glc), galactose (Gal), N-acetylglucosamine (GIcNAc), M-
acetylgalactosamine (GalNAc), fucose (Fuc) and sialic acids (SA) or neuraminic acids
(NeuNAC) [3]. They can belinked in linear or branching chains of various sequences and
lengths. While glycans such as Glc, Gal and Man have identical mass and charge, they
represent different stereoisomers of the same underlying chemical structure, and their
permutation in a glycan moiety resultsin abroad range of possible different glycoforms.

Because of the complexity and heterogeneity of glycans, large-scale analysis of glycosylated
proteins has been restrained by the lack of a suitable technology. The use of any single
analytical method has not been found to be sufficient to provide full compositional and
structural details. Thus, arange of multiple analytical methods and strategies have been
proposed [3]. Due to demonstrated sensitivity, selectivity, ability to map the sites of
glycosylation and throughput, the combination of high-resolution separations (both in
capillary and microfluidic format) with M S detection has evolved into the tool of choice for
the analysis of glycans and glycopeptides. Recent advances in analytical methodol ogies and
instrumentation have enabled improved processing of glycoproteomic samples (enrichment,
proteolytic digestion, glycan release and capillary separations) and advanced mass
spectrometric characterization (elucidation of both amino acid and glycan sequences and
identification of glycosylation site). The development of soft ionization techniques such as
electrospray ionization (ESI) and matrix-assisted laser desorption ionization (MALDI), as
well as of sophisticated ion activation/fragmentation techniques such as electron transfer
dissociation (ETD) or electron capture dissociation (ECD) that successfully complement
conventional collision induced dissociation (CID), has resulted in a significant expansion of
glycosylation analysisby MS. Thisreview aims to highlight the critical issuesinvolved in
the analysis of glycoproteins and to provide an update on the current status and recent
developments in capillary and microfluidic technologies with M S detection as applied to
glycoproteomics. Thefirst part is dedicated to reviewing the essential steps that are involved
in processing glycoproteomic samples for successful M S characterization, while the second
part to highlighting the strategies that have been incorporated into all-inclusive workflows
that enable a comprehensive exploration of the complex glycoproteome.

2. Types of glycoproteins

The variable composition, linkage, branching points, and configuration of monosaccharides
that result in the structural diversity of glycans, and the presence of various degrees of
glycosylation at different glycosylation sites on glycoproteins, are the main reasons for the
complexity of analytical approaches that have been developed for the study of this PTM [6].
Four main types of protein-linked glycans are known, including: (i) A-linked glycans, with
the glycan attached to the amino group of Asn residues, viaa GICNAC, in a consensus
sequence of Asn-Xxx-Ser/Thr (where Xxx can be any amino acid except Pro); (ii) Glinked
glycans, with the glycan attached to Ser, Thr and rarely to hydroxylysine and
hydroxyproline; (iii) G-glycans, with the glycan (Man) attached to Trp residues by aC-C
bond in a consensus sequence of Trp-Xxx-Xxx-Trp or Trp-Ser/Thr-Xxx-Cys; and (iv)
glycosylphosphatidylinositol (GPI) anchors, with the glycan attached to the carboxyl
terminus of certain membrane-associated proteins by a phosphoethanolamine bridge with
mannose [7]. The two most common forms of protein glycosylation include A- and O
glycosylation of Asn and Ser/Thr residues, respectively, but other amino acid residues, such
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as Cysor Lys, may aso be glycosylated [8]. Both /- and & linked glycoforms are
characterized by complex branched 3D structures that are greatly diversein form and size.
Common core structures are provided in Figure 1. Atlinked glycans contain a common
trimannosyl-chitobiose core (ManzGIcNAcy) with one or more antennage attached to each of
the two outer or inner mannose units (Figure 1A) [8]. Based on the location and nature of
the monosaccharides added to the core, A-linked glycans can be further classified into: (i)
the “high mannose” or “oligomannose’ type (Mans_gGIcNAC,) A-glycans that have only
mannose residues added to the core; (ii) the “ complex type” A-glycansthat contain A-
acetyllactosamine (Galb1-3/4GIcNAC) in their antennal region; and (iii) the “hybrid type’
N-glycans that contain both mannose residues and N-acetyllactosamine attached to the
trimannosy! chitobiose core residues. Some relevant structures are provided in Figure 2. &
linked glycans, on the other hand, are characterized by the stepwise addition of sugar
residues directly to aprotein. In mammals, normally, the initiating step is the addition of
GalNAc to Ser/Thr residues, although other monosaccharide units, such as GIcNAc, or
mannose-linked oligosaccharides, have been reported to be involved in O-glycosidic
linkages to hydroxyl amino acids [8]. Subsequent addition of Gal and/or GICNAc leads to
the formation of the common O-glycan core structures (Figure 1B). Biosynthesis of complex
N-and G-glycansis completed by avariety of capping reactions, the most important in
mammals being sialylation and fucosylation [9]. Siadlic acid residues, primarily A-
acetylneuraminic acid (NeusAc) and A-glycolylneuraminic acid (NeusGc), confer a net
negative charge on otherwise neutral glycans. Glycans can be further modified by
methylation, phosphorylation and sulfation, which can occur at internal or terminal positions
in the glycan structure [3].

3. Sample enrichment techniques for the analysis of glycoproteins

In the complex cellular milieu, proteins exist in a broad range of isoforms and carry a variety
of posttrang ational modifications. As aresult, enrichment either at the glycoprotein or
glycopeptide level, or both, is essential for a successful analysis. One of the most common
methods used to isolate glycosylated proteins takes advantage of the capability of lectinsto
selectively bind complex carbohydrate structures and discriminate between subtly different
glycan forms. The use of lectins for glycoprotein enrichment and detection has been
extensively reviewed [10, 11]. Some of the most common lectinsin use are: () ConA
(Concavalin A), LCA (Lens culinarisagglutinin) and AAL (Aleuria aurantialectin) for N-
glycan enrichment; (b) HPA (Helix pomatiaagarose), AlL or Jacalin (Artocarpus
integrifolialectin) and PNA (Peanut agglutinin) for O-glycan enrichment; and (¢) WGA
(Wheat germ agglutinin), SNA (Sambucus nigraagglutinin) and MAL (Maackia amurensis
lectin) for the enrichment of sialylated glycoconjugates. Lectin enrichment may target a
broad class of glycans (e.g., Con A is frequently used for the enrichment of high-mannose
N-linked glycans [10]), or only glycans with specific structures (e.g., L-PHA, L-
phytohemagglutinin, has been used for the targeted enrichment of B(1,6)-branched A-linked
glycans[12]). To extend the range of glycoproteins that can be targeted within one analysis,
seria lectin enrichment techniques have been developed [13-15]. For example, Hancock,
Hincapie and co-workers have described a multi-lectin affinity chromatography (M-LAC)
approach incorporating commercial ConA, Jacalin and WGA for the analysis of A-linked,
O-linked and sialylated glycoconjugates, and have demonstrated this technology for cancer
biomarker discovery in serum or plasmaat the 10-100 ng/mL level [13, 16-18].

A freguently used alternative to lectin enrichment involves the use of hydrazide chemistry to
perform solid phase extraction of glycopeptides (SPEG). A- or O-linked glycoproteins or
glycopeptides are oxidized (with periodate) at the carbohydrate ¢is-diol groups to aldehydes
that are further reacted with bead-immobilized hydrazine groups to form covalent hydrazone
bonds. The immobilized glycoproteins can be digested directly on the hydrazide column to
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remove the non-glycosylated peptides. Specific A- or G-linked glycopeptides can be further
released with the aid of various glycosidases. This method also enables intermediate stable
isotope labeling of the a.-amino groups of the immobilized peptides to facilitate accurate
quantitative analysis and comparisons [19-23]. A comparison of glyocopeptide vs.
glycoprotein enrichment by hydrazide chemistry on magnetic beads has revealed differences
between the two methods in specificity, reproducibility and number of detectable
glycopeptides from human plasma[24]. While hydrazide chemistry has the disadvantage of
destroying the glycan moiety for enabling the attachment of peptides or proteins, it allows
easier recovery of peptidesfor MS analysis, and it has been shown to be complementary to
lectin enrichment [25].

To improve the effectiveness of the enrichment process, especially for the analysis of minute
amounts of sample, abroad variety of aternative approaches have been explored. Lectin
immobilization can occur through physical adsorption, chemical binding or affinity
interactions. Traditionally, agarose-bound lectins have been used for glycoprotein
enrichment. Novotny and co-workers have developed silica-bound lectin microcolumns that
were used for the identification of 271 glyco-proteins from 20-30 pL of serum via nano-LC-
MS/MS[14, 26]. Alternatively, Feng ef a. have developed nanoscale chelating ConA
monolithic capillary columns that enabled the reproducible detection of twice as many A-
linked glycoproteins in human urine samples as conventional ConA columns [27]. Due to
easy removal from the system, magnetic bead/nanoparticle-based enrichment technologies
have been also pursued. Boronic-acid functionalized magnetic nanoparticles [28], or
biotinylated lectins captured on paramagnetic streptavidin beads [12, 29], have shown
promising capabilities for replacing traditional agarose lectin columns. To take advantage of
chromatographic separation power, several techniques have been advanced as versatile
methodol ogies for the enrichment and analysis of glycoproteins, including graphitic column
chromatography [30], size exclusion chromatography (SEC) [31], hollow fiber flow field-
flow fractionation [32] and hydrophilic interaction chromatography (HILIC) [33-35]. The
sequential use of reversed phase POROS R2 and graphitic microcolumns (0.5 mm long, nL
bed volumes) enabled the separation of glyco- from non-glycopeptides from gel-separated
glycoproteins [30]. SEC-based enrichment takes advantage of the substantial differencein
size between non-glycosylated and glycosylated peptides. A three-fold increase in the
number of identified glycopeptides was experienced when using SEC enrichment prior to
nano-LC-MS/MS analysis of A-linked glycopeptides[31]. HILIC chromatography presents
particular interest, asit can be used for the separation of both glycopeptides and glycans, and
can be coupled on-lineto ESI-MS or off-lineto MALDI-MS. Glycans are retained on HILIC
particles by a combination of interactions involving hydrogen bonding, ionic interactions
and dipole-dipole interactions. HIL1C-based methods can be used for sample preparation,
i.e., for glycopeptide enrichment prior to MALDI-MS analysis[33], or, for performing
chromatographic separations of complex peptide/glycopeptide mixtures prior to on-line ESI-
MS analysis. Oligosaccharide detection limits of 1 fmol have been demonstrated with
nanoscale HILIC techniques[35].

4. Glycan release from glycoproteins

The presence of the glycan moiety on a protein can impede proteolysis with site-specific
endopeptidases and reduce protein coverage by peptide mapping, ultimately, decreasing the
number of identified proteins during proteomic studies. To facilitate the separate anaysis of
proteins and their attached glycan moieties, the release of glycans from proteins by chemical
or enzymatic methods is frequently sought. Enzymatic or chemical methods have been
developed with the ultimate goal of achieving reproducible and quantitative rel ease, without
introducing procedural artifacts [36]. For A-linked glycoproteins, thistask istypically
accomplished by peptide A-glycanase (PNGase) enzymes (or N-glycosidases) such as
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PNGase F [ Peptide-N4-( V-acetyl-B-glucosaminyl) asparagine amidase], PNGase A or
endoglycosidases H or D (Endo H, Endo D) [37, 38]. One of the most frequently used
enzymes is PNGase F, which is a broad spectrum endoglycosidase that cleaves the sugar
moiety between the innermost GICNAc of high mannose, hybrid and complex
oligosaccharides, and the Asn residues from A-linked glycopeptides and proteins.
Microwave assisted enzymatic digestion [39] and pressure cycling technology (PCT) have
been shown to reduce deglycosylation times from hours to minutes [40]. Unlike PNGase F,
PNGase A is ableto cleave N-linked oligosaccharides that also contain a core a.1,3 fucose at
the innermost GIcNAc, but works on glycopeptides only and not on glycoproteins. Endo H
is an endoglycosidase that is specific for the cleavage of A-linked mannose-rich or hybrid,
but not complex, oligosaccharides from glycoproteins, while Endo D displays
complementary specificity for the removal of complex sugar chains. In the case of O-linked
glycans, due to alack of broad specificity enzymes such as the A-glycanases [36],
enzymatic release is not a straightforward process and can be accomplished only with a
combination of endoglycosidases. Therefore, the release of O-glycans has been rather
pursued by chemical means. Traditional approachesinvolve B-elimination (in the presence
of NaBH,) and hydrazinolysis (with anhydrous hydrazine). However, these methods are not
specific to O-linked glycans as they work on Atlinked glycans, as well. Moreover, B-
elimination (with possible incorporation of tags) involves harsh alkaline conditions and the
need for excessive cleanup steps that result in sample losses. Hydrazynolysis resultsin
simultaneous degradation of the protein backbone [41]. Milder procedures, ammonia or
alkylamine-based, have been devel oped as aternative methods [42, 43]. Side reactions often
accompany, though, such chemical release methods. Recently, an improved proteolytic
enzymatic/p-elimination release method of G-glycans, at the microscale level, has been
developed by Goetz er &. [36]. The method involves proteolytic digestion with multiple
enzymes (trypsin and pronase) to help expose the G-glycosylation sites that are buried
within the 3D structure of proteins, O-glycan release with an ammonia-borane complex, and
immediate solid-phase permethylation with iodomethane on a spin-column packed with
sodium hydroxide mesh beads. Alternatively, Hanisch ef &. have devel oped a cyclic method
for the sequential release of glycan moieties from the non-reducing end of the glycan chain
[41]. Desiaylated O-linked glycoproteins were immobilized on POROS beads, oxidized
with NalO4 to aldehydic moieties at vicinally hydroxylated sugar carbons, and treated with
NH3 or NaOH for the cleavage of the oxidized sugar. Up to four oxidation/elimination
cycles seemed to be enough for processing the mgjority of glycan structures. The method
has had only a minimal impact on the structural integrity of the peptide core.

5. Proteolytic digestion

Glycoproteins are enzymatically digested to generate peptides with m/z values that fall in
the analysis range of most available mass analyzers (<4000 m/z). Typically, trypsin is used
to generate Lys/Arg terminating peptides that favor the formation of multiply charged
peptides from which informative tandem mass spectra can be acquired. However, dueto a
rather substantial increase in the mass of a peptide upon glycosylation, such peptides may
fall outside of the preferred range of mass analysis. In addition, the large glycan groups may
prohibit trypsin access to the Lys and Arg residues that are found close to the glycosylation
site, further hampering the digestion process. As aresult, other broad substrate specificity
enzymes such as pepsin (cleaves preferentially at the carboxylic groups of aromatic amino
acids such as Phe, Trp and Tyr), thermolysin (cleaves preferentially peptide bonds
containing hydrophobic amino acids), proteinase K (cleaves preferentialy at the carboxylic
group of aliphatic and aromatic residues), or a combination of enzymes, have been used to
complement or corroborate data generated by tryptic digestion. Chen et &. have shown that
the combined use of pepsin and thermolysin enabled the identification of 317 glyco-sites
additional to the 622 identified by tryptic digestion alone [44]. Alternatively, to rather
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facilitate the generation of large mass peptides that can accommodate multiple charges for
favoring precursor peptide ion activation/fragmentation via ETD, endoproteinase Lys-C
(cleaves at the carboxyl end of Lys) was used for exploring glycosylation in model proteins
[45]. Aninteresting glycoproteomic analysis strategy, based on the digestion of
glycoproteins with pronase that produces glycopeptides with mono to hepto amino acid
residues, was developed (pronase is a mixture of exo- and endoproteases capable of
hydrolyzing essentially all peptide bonds). Progression of the digestion process resultsin the
generation of progressively shorter lengths of amino acid sequences attached to the sugar
moi ety [46-49]. The method was found to be particularly useful for the analysis of A-linked
glycans from bacterial glycoproteins that are not easily released by other available enzymes
[47]. Lebrillaand co-workers have advanced the method of pronase digestion by
immobilizing pronase to sepharose beads. Time-course analysis (90 min-24 h) of the
digestion products of /- and CG+linked glycoproteins enabled tracking the successive
removal of amino acid residues from the peptide attached to the glycan moiety, and an in
depth mass spectrometric characterization of the glycopeptides by infrared multiphoton
dissociation (IRMPD)/Fourier-transform ion cyclotron resonance (FTICR)-MS [48, 49].

6. Capillary separation systems for the analysis of glycoproteins

After preliminary sample processing, the last stage of sample analysis prior to MS detection
involvesin most cases a nano-L C separation of glycopeptides. Typically, ~10-15 cm long
capillaries, ~75-100 wm i.d., packed with reversed phase packing materials, are used.
Performing this stage of analysisin a capillary format is particularly important to improving
detection limits, especially in cases where the sampleis available only in limited amounts
(e.g., 10 pL of serum). Alternative strategies to conventional reversed phase nano-LC, such
as capillary electrophoresis (CE), capillary electrochromatography (CEC), monolithic LC/
CEC and capillary HILIC have been, however, explored. Due to the high resolving power
and capability to separate +/- charged analytes, avariety of CE methodologies (capillary
coatings, separation conditions, and CE-MS interfaces) have been developed for the analysis
of intact, purified and underivatized glycoproteins. In particular, the characterization of
glycoprotein heterogeneity, and the analysis of released carbohydrates from glycoproteins,
was pursued [50-55]. However, the integration of CE in workflows that involve the analysis
of complex samples has not yet been accomplished. For example, Thakur ef &. have
developed a 20 min long CE-M S method, on a high resol ution/high mass accuracy linear
trap quadrupole (LTQ)-FT-MS instrument, that enabled the identification of 60 different
glycoforms containing up to nine sialic acids from recombinant human chorionic
gonadrophin (r-ahCG). The separate analysis of released glycans and glycopeptides, by LC-
MS, confirmed the location of specific glycan compositions associated with the two
glycopeptides of r-ahCG [54]. To further explore the capabilities of capillary separationsin
glycoprotein analysis, Zhong and El Rassi have devel oped monoalithic capillary columns to
perform lectin affinity and normal-phase nano-L C and CEC of glycoconjugates [56, 57].
Severa neutral diol methacrylate-based monoliths, as well as silica monoliths with polar
functionality (2CN-OH), were prepared and demonstrated for the LC and CEC analysis of
high-mannose and hybrid glycans released from standard glycoproteins. LC silica monoliths
with immobilized ConA and WGA proved to be useful for the isolation and fractionation of
glycoproteins, glycopeptides and glycans. HILIC-PLOT (porous layer open tubular)
columns of only 10 pm i.d. have been developed for ultra-trace analysis [34]. The high
sensitivity of such columns was demonstrated by the capability to perform an MS?
characterization of glycan structures from only 10 fmol of neutral and sialylated glycans
(detection limit was 0.3 fmoal), and the capability to confidently identify 28 A-linked glycans
from only 3 ng of PNGase F digest of ovalbumin viaLC-MS/MS.
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7. MS techniques for the analysis of glycoproteins

The MS analysis of glycoproteins revolves around developing strategies for identifying the
glycosylated protein substrates, identifying the glycosylation site, and characterizing the
glycan structures (i.e., composition, sequence and linkage). Recent work makes use of the
entire plethora of mass spectrometry instrumentation equipped preponderantly with ESI and
MALDI sources (ion trap, quadrupole, time-of-flight (TOF), FTICR, ion mobility or hybrid
instruments).

7.1. Glycopeptide ionization

ES| and MALDI are commonly used for the MS analysis of carbohydrates and
glycoconjugates, and extensive reviews on these topics have been published [58-63]. The
MS analysis of glycocopeptides is complicated by their heterogeneous structure that dictates
the use of different experimental conditions for achieving optimized ionization. The
hydrophilic nature of the native glycans limits their surface activity and reduces ionization
efficiency. Neutral and basic glycoconjugates (amino sugar containing) may be analyzed as
protonated, positively charged ions, while acidic glyconjugates (sialic acid and sulfate
containing) as negatively charged, deprotonated ions, respectively. Alkaline/akaline earth
adduct ions can be analyzed in (+) ion mode. Derivatization by permethylation [64, 65] is
commonly used to increase the hydrophobicity, surface activity and volatility of
carbohydrates and glycopeptides, and to improve ionization efficiency. In addition,
permethylation facilitates MS analysisin (+) ion mode as either protonated or sodiated ions,
and increases chemical stability for the generation of more informative tandem mass spectra.
Other common methodologies that improve the ionization/M S analysis of glycansinvolve:
(a) reductive amination of glycans containing areducing end and of N-linked glycans
released enzymatically from proteins; and (b) methyl esterification or enzymatic removal of
sialic acids [63].

7.2. Tandem MS

To identify the sequence of amino acids in peptides, the sequence of sugarsin the glycan
moiety, and the glycosylation site, tandem MS must be performed. The tandem MS analysis
of glycopeptidesis, however, complicated by the dissimilar chemical properties of the
peptide and glycan moieties. |n addition, glycoconjugates encompass a distribution of
various glycoforms that build on a N-/O-linked core structure, a particular mass being
common not to one, but to several positional isomers. The outcome of performing ESI
tandem M S on glycopeptides via conventional CID islargely dependent on the energies
involved in the ion fragmentation process, on the glycopeptide structure and on its charge
state [62, 66, 67]. At relatively low CID energies, the tandem mass spectrum of
glycopeptides is dominated by ions generated from the sequential loss of sugar residues,
and, eventually, the intact deglycosylated peptide. lons generated from the fragmentation of
the peptide backbone are absent or observed only in low abundance, and the balance
between glycosidic vs. peptide backbone fragmentation products dependents on the
glycopeptide structure. The abundance of peptide fragments may be increased, however, at
somewhat higher CID energies, at the expense of losing carbohydrate sequence information
due to complete fragmentation [62, 66]. Information related to the stereochemistry (e.g., the
presence of specific Glu, Gal or Man residues), linkage (e.g., 14, 1—>3 or 1—6), and
branching patterns (e.g., linear vs. branched) of sugar residues cannot be, however, obtained
from such mass spectra. Such information can be generated only by the cross-ring
fragmentation of the carbohydrate moiety that is generally achieved only at high collision
energies (order of keV). Thisistypically accomplished with MALDI-TOFTOF-MS
instrumentation [62, 66]. The nomenclature for the glycoconjugate product ions generated
by tandem MSis provided in Figure 3[66]. The B, C, Y and Z ions are produced by the
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fragmentation of the glycosidic bonds, while the A and X ions are produced by the
fragmentation of the glycosidic rings. lons X, Y and Z contain the reducing ends of the
sugar, whileions A, B, and C the non-reducing ends, respectively. The A and X ions are
particularly useful for determining the glycan linkages. The nomenclature for the peptide
product ions generated by tandem MSis provided in Figure 4. The b and y ions and
produced by the fragmentation of the relatively week, protonated amide linkages, typically,
by low energy CID (order of ~100 eV). The a, ¢, x and z ions are produced by the
fragmentation of the peptide backbone at high collision energies. lons a, b and ¢ contain the
N-terminus, while ions x, y and z contain the C-terminus of a peptide, respectively [68].

A relevant tandem mass spectrum of a doubly charged glycopeptide analyzed on a Q-TOF
mass spectrometer, with low energy settings in the ion source and the collision cell, is
provided in Figure 5 (unpublished work, Lazar, A.C.). The peptide backbone is maintained
intact (see the glycopeptide parent at m/z 2796.0 and the Y 1 fragment at m/z 1392.6), while
the glycosidic bonds are fragmented and provide information related to the sequence of
sugar residues. The tandem mass spectrum of the same glycopeptide generated at higher
fragmentation energiesis provided in Figure 6. By using energetic conditionsin the MSion
source, the glycan residue is mostly removed to generate a glycopeptide fragment that
contains only one GIcNAc attached to the peptide (the Y 1 ion). In fact, all glycoforms
attached to the peptide collapse into the Y 1 form, which is the most stable fragment ion
generated in the ion source. The singly charged Y 1 ion can be further isolated in the
guadrupol e section of the Q-TOF mass spectrometer and fragmented in the collision cell.
The tandem mass spectrum displays the presence of the precursor Y 1 ion (m/z 1392.8), the
completely deglycosylated peptide ion (m/z 1189.6), the marker ion for HexNAc
carbohydrates (m/z 204.1), and the relevant a, b, and y peptide fragment ions.

Typically, large scale LC-MS analysis of complex glycoprotein cellular extractsis
performed either on the deglycosylated peptides or on the released glycans, to identify the
presence of specific glycoproteins or to elucidate the structure of the present glycans,
respectively. A specific glycan modification cannot be, however, always assigned to a
specific glycosylation site, especialy when using CID-MS alone. Alternativeion
fragmentation techniques such as ETD or ECD may provide, however, a successful
alternative to this problem (see following section of the manuscript). Nevertheless, selective
identification of glycopeptides with CID-MS can be performed with specialized MS
scanning functions, i.e, neutral loss and precursor ion scanning. Neutral |oss scans enable the
detection of glycopeptide ions carrying characteristic labile moieties, of a specific mass, that
are easily lost as neutral fragments upon CID (e.g., HexpsHexNAc,,). Combinations of
neutral loss and M S" scans provide peptide structural information and may enable the
identification of the glycan attachment site. Alternatively, precursor ion scans enable the
detection of glycopeptide ions that generate a specific oxonium product ion of the type Hex*
(C6H1105+, m/z 163.06), HexNAc* (C8H14NO5+, m/z 204.09), HexHexNAc*
(C14H24NO1gt, m/z 366.14), SA* (protonated neuraminic acid, m/z 292.1), or SA*-H,0O
(protonated dehydrated neuraminic acid, m/z 274.1) [69].

To capitalize on the developments of M S instrumentation, a variety of other MS ionization
and fragmentation strategies have been explored for the analysis of carbohydrates and
glycopeptides, i.e., IRMPD, photodissociation, ECD and ETD. In IRMPD, the absorption of
infrared light causes vibrational excitation of ions and bond fragmentation. Similar to CID,
glycopeptides will generate abundant glycosidic bond cleavage products, but low abundance
peptide backbone cleavage products [70]. The analysis of Olinked glycopeptides by ESI-
IRMPD has revealed that the glycan and peptide backbone fragmentation processis
controlled by the composition and the charge (H* or Na*) of the parent glycopeptide [71].
The photodissociation (157 nm) of A-linked glycopeptides has also shown that both
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MALDI-TOF/TOF-MS and ESI-MS, on alinear ion trap, will generate fragmentation of
both peptide and glycan moieties, but the nature of the fragments will dependent on the
charge state (1*, 2*) of the parent glycopeptide [72]. Techniques such as ECD and ETD rely
on alternative ion activation/fragmentation strategies. Irradiation with alow energy (<0.1
€V) beam of electronsin the case of ECD [73], and with radical anionsin the case of ETD
[74, 75], favor arather abundant and homogeneous peptide backbone fragmentation process
at the N-C, bonds with the formation of ¢/z ion pairs (see Figure 4). Aslabile PTMs are
preserved, the glycosylation site can be identified. As such, combinations of IRMPD/ECD
have been used to characterize N-linked glycopeptides [ 76], and combinations of CID/ETD
have been even incorporated in on-line LC-MS/M S glycoproteomic workflows [77]. Using
such techniques, Perdivara ef &. have performed LC-CID-MS/M S followed by LC-ETD-
MS/MS to elucidate the structure and linkages of O-linked sialylated glycansin the p-
amyloid protein [69]. Alternatively, Alley ef a. have used a combination of CID/ETD,
alternating within one single LC-MS/M S analysis, to characterize and identify the
glycosylation sitesin model A-linked and sialylated glycoproteins. CID generated glycan
seguence information, while ETD generated amino acid sequence information [78]. To
expand on this strategy, Wu ef &. devel oped an on-line LC-MS" method involving CID
(MS?) | ETD(MS?) / CID(MS?) that was used for the low fmol sequencing of both A+ and
O-linked glycopeptides. The method enabled the identification of phosphorylated sitesin
model proteins (a-casein, epidermal growth factor receptor and tissue plasminogen
activator) [45]. Asyet another MS development for the analysis of glycoproteins, Clemmer
and co-workers have used ion mobility spectrometry (IMS) to obtain information about
glycan conformational and isomeric composition. Without a front-end separation system,
IMS-M S was able to distinguish between 19 different glycan structures and 42 distinct
isomers/conformers of ovalbumin [79], and between the ion mobility distribution of specific
m/z ions derived from serum glycoproteins from liver cancer and cirrhosis patients [80].
While these examples highlight the progress that was made by mass spectrometry in
analyzing glycoproteomic samples, the full capabilities of all these technologies have yet to
be harvested.

7.3. Enzymatic sequencing for glycan sequence identification

An alternative method to tandem MS, that helps clarifying the sequence of specific
carbohydrates in a glycan moiety, relies on enzymatic sequencing. While the method is
laborious, and requires glycan purification by chromatographic techniques prior to
enzymatic treatment and MALDI-MS detection, it enables the identification of specific
carbohydrate isomers. An example of how enzymatic sequencing with MS detection can be
implemented in alaboratory is provided in the followings (unpublished work, Lazar, A.C.).
A purified glycan sampleisdivided in aliquots (1, 2, 3, 4 and 5) and subjected to sequential
exoglycosidase treatments with a series of enzymes such as Sialidase A, B (1-4)
Galactosidase, B-N-Acetylhexosaminidase, a-Mannosidase Jack Bean, and a.-Mannosidase
X. marihotis (Figure 7). Removal of specific sugar residues will occur from the non-
reducing end. Thefirst aliquot (1) will not be treated with any enzyme, aliquot 2 may be
treated with Sialidase A, aliquot 3 with Sididase A + B (1-4) Galactosidase, aliquot 4 with
Sidlidase A + B (1-4) Galactosidase + B-N-Acetylhexosaminidase, and aliquot 5 with
Sidlidase A + B (1-4) Galactosidase + B-N-Acetylhexosaminidase + a.-Mannosidase Jack
Bean + a-Mannosidase X. marihotis The MALDI-MS analysis of each aliquot reveals that:
aliquot 1 corresponds to the undigested glycan; digestion of aliquot 2 does not change the
mass of the glycan, which indicates that no sialic acid is present; digestion of aliquot 3 with
Sialidase A and B (1-4) Galactosidase decreases the mass of the glycan, and the mass
difference corresponds to the mass of two Gal residues; digestion of aliquot 4 reveals that
besides the removal of the Gal residues by B (1-4) Galactosidase, two GIcNAC residues are
also removed by the B-N-Acetylhexosaminidase enzyme; and, ultimately, the digestion of
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aliquot 5 with the mixture of all five enzymes indicates the removal of additional two Man
residues from the tri-mannose structure by the two Mannosidase enzymes.

7.4. ldentification of the glycosylation site

With advancementsin glycomic and proteomic methodologies, aswell asin MS
instrumentation, “glycosylation site-specific analysis’ for correlating the glycosylation site
on a peptide with the attached glycan has become possible. The identification of the
glycosylation siteis performed by enzymatic or chemical cleavage of the glycan moiety,
with possible incorporation of tags of a specific mass, or by MS fragmentation of

glycopeptides.

Enzymatic methods rely on the release of glycans with enzymes that will tag the
glycosylation site on the parent peptide. PNGase F, the most commonly used enzyme for
releasing A-linked glycans, has additional amidase activity and will convert Asn to Asp.
This conversion will result in an amino acid residue mass shift (Am) of 1 Dathat is
detectable by mass spectrometers with superior mass accuracy [81]. Assignment of a
glycosylation siteis performed by taking into account the Asn-to-Asp conversion as long as
the Asn residue is part of the AV-glycosylation consensus sequence Asn-Xxx-Ser/Thr.
However, as Asn deamidation may frequently occur as aresult of both /n vivoand in vitro
processes, to avoid false positive assignments, the PNGase F digestion is performed in
H,180 to incorporate the 180 isotope in the newly formed Asp residue (Am=3 Da) [38, 82].
PNGase F treatment can be complemented with PNGase A to enhance specificity vs. al1,3
core fucosylated N-linked glycoproteins [37], or with Endo H and Endo D to preserve the
innermost GICNAc of the conserved A-glycan core on the Asn residues. The Endo H/Endo
D strategy is applicable to the identification of O-glycosylation sites, aswell [38]. The use
of additional exoglycosidases (p-gal actosidase, neuraminidase, N-acetyl-p-glucosaminidase)
may beincluded in the analysis to facilitate the identification of glycosylation sitesin
complex and hybrid type N-glycans [38].

Mass spectrometry based methods for the identification of glycosylation sitesrely, as
described above, on the use of precursor ion activation/fragmentation strategies that preserve
the intact glycan on the peptide, i.e., ECD, ETD and photodissociation. Alternatively,
carefully selected fragmentation energies in the ion source and the MS analyzer, may enable
the preservation of sugar residues at the glycosylation site (see discussion of Figure 4).

8. Concluding remarks

While the analysis of glycoproteins continues to remain alaborious task, significant progress
has been accomplished as aresult of novel developments in sample enrichment, processing,
separation and M S detection. Sample processing timesin various stages of analysis have
been reduced from hours to minutes. The detection of glycoproteins with putative biomarker
attributes has become feasible from sample volume as small as 10 pL of serum.
Improvements in separation column technology and M S instrumentation have pushed the
detection limits to sub-fmoal levels. The capability to perform advanced MS" sequencing
with a combination of variousion activation strategies has enabled unprecedented
glycopeptide structural characterizations. The combined benefits of the technol ogies that
have been summarized in this manuscript have fused synergistically to facilitate the analysis
of not only afew glycoproteins, but of the entire glycoproteome as awhole. The workflows
that have emerged for the large-scale analysis of glycoproteinsin complex biological
samples are the subject of our next review.
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Figure 1.

Common glycoprotein core structures. (A) N-linked glycoproteins; (B) O-linked
glycoproteins. Annotation: numbers along the chemical bonds indicate the linkage in the
glycan chain, i.e,, 1—3, 1—4 and 1—6; a and B indicate the two stereoisomers of the
anomeric carbon (reprinted with permission from reference [66]).
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Figure 2.

N-glycan structures. (A) High-mannose; (B) Complex; and (C) Hybrid. Annotation: same as
in Figure 1; possible extensions of the glycan chain are provided (adapted from reference

8])-
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Nomenclature for glycopeptide fragmentation. Legend: B, C, Y and Z ions are produced by
the fragmentation of the glycosidic bond; A and X ions are produced by the fragmentation of
the glycosidic ring (reprinted with permission from reference [66]).
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Nomenclature for peptide fragmentation. Legend: a, b and y ions are produced by CID; ¢
and zions are produced by ECD or ETD (reprinted with permission from reference [83]).
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Figure5.

ESl tandem mass spectrum of an A-linked glycopeptide at low energy CID (glycan
seguencing). The peptide backbone remains intact, while the glycosidic bonds are
fragmented. The mass of the glycan can be determined from the difference between the m/z
of the precursor ion (m/z 2796.0) and the m/z of the Y1 ion (m/z 1392.6). The mass of the
glycan and the fragmentation pattern allows for the confirmation of the glycoform structure.
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Figure®6.

ESl tandem mass spectrum of an A-linked glycopeptide at higher energy CID (peptide
seguencing). The glycan moiety is removed in the MS ion source. The tandem mass
spectrum is generated by the sequencing of the Y 1 ion precursor of the tryptic glycopeptide
(m/z 1392.8). The peptide sequence is EEQYNSTYR (m/z 1189.6). A GIcNAc is preserved
on the Asn residue. The difference between the precursor ion mass and the mass of the
peptide corresponds to the mass of the GIcNAc residue (204.1 Da). The spectrum contains
b, y, and aionsindicative of the peptide sequence, several internal fragments, and
deamminated and/or dehydrated b, y, and aions.
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Figure7.

Set of MALDI mass spectraillustrating the principle of glycan enzymatic sequencing.
Enzymatic treatments: Aliquot 1: sample + no enzyme; Aliquot 2: sample + Sialidase A;
Aliquot 3: sample + Sialidase A + B (1-4) Galactosidase; Aliquot 4: sample + Sialidase A +
B (1-4) Galactosidase + B-N-Acetylhexosaminidase; and Aliquot 5: sample + Sialidase A +
B (1-4) Galactosidase + B-N-Acetylhexosaminidase + a-Mannosidase Jack Bean + a.-
Mannosidase X. manihotis
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