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of glycoprotein sialylation – part II:
LC-MS based detection

Giuseppe Palmisano,*ab Martin R. Larsen,a Nicolle H. Packerc

and Morten Thaysen-Andersenc

Structural characterisation of sialylated glycoproteins in time and space is a requirement for further

understanding of their involvement in biology. In this second of two related reviews, our focus is on

the liquid chromatography (LC) and mass spectrometry (MS) based techniques, which have

become the golden analytical tools in recent decades for the analysis of N- and O-linked

glycoprotein sialylation. Analytical strategies for the analysis of N- and O-linked sialoglycoproteins

and pre-LC-MS aspects including enrichment, derivatisation and metabolic labelling techniques

were covered in the first review. Acknowledging that glycoprotein sialylation can be studied on

multiple analyte levels, LC-MS detection of sialoglycans, sialoglycopeptides and intact

sialoglycoproteins are separatedly discussed. All levels have benefitted from continuous

improvements of LC-MS technologies, which have gradually pushed the boundaries for separation

and detection capabilities to finally allow characterisation of sialoglycoproteins more directly

from biological samples. Although still not achieved from a single analysis, LC-MS facilitates

the characterisation of many aspects of the sialoglycoprotein structure including the identification

and quantitation of the protein carrier, the underlying glycan structure and the sialyl linkage as

well as the sialic acid speciation and its further modifications. It is evident from the body of

literature that the analytical glycoscientist now has a much improved, though not yet fully mature,

toolbox for the analysis of glycoprotein sialylation. This capacity enables structural based

investigations of the functional relevance of sialoglycoproteins. Understanding the chemistry and

biology of the conjugated sialic acids is essential in order to interpret the complex protein

glycosylation code.
1. Introduction

Mass spectrometry (MS) based molecular mass determination
in structural and dynamical biology is sensitive, accurate, fast
and robust, and has the ability to be coupled to a range of
separation techniques.1 These properties have made MS the
analytical detection tool of choice to structurally analyse the
multitude of biomolecules encountered in nature including
sialylated N- and O-linked glycoproteins,2 which are the focus of
these two related reviews. The general structures and diverse
biological functions of the most common mammalian sialic
acids (i.e. N-acetylneuraminic acid (Neu5Ac) and N-glyco-
lylneuraminic acid (Neu5Gc)) were introduced in Part I of the
two reviews.3 The importance of characterising the structures of
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sialic acids and their conjugates in order to increase our
understanding of their chemistry and biology and to take further
steps towards being able to interpret the complex protein
glycosylation code were stressed.

Modern day mass spectrometers are capable of handling the
large mass range spanning the spectrum from the relative low
molecular mass of released sialoglycans (typically 0.5–3 kDa)
over proteolytically generated sialoglycopeptides (typically 2–10
kDa) to intact sialoglycoproteins (typically >10 kDa) with high
resolution, sensitivity and mass accuracy, in particular in the
lowerm/z end of the spectrum.4 In addition, free sialic acids (e.g.
Neu5Ac or Neu5Gc) and their modied counterparts,5 sialic acid
sugar nucleotides (e.g. CMP–Neu5Ac or CMP–Neu5Gc)6 and free
(non-protein linked) sialoglycans7 can also be detected by MS,
but will not be covered here as we will focus strictly on the
analysis of the sialic acids carried by N- and O-linked glyco-
proteins. Although the linear repeats of sialic acid residues,
termed oligo- and poly-sialic acids, can be carried by N-glyco-
proteins, this review will only briey touch on these structures
since very limited literature is available regarding their
analysis.8,9
This journal is ª The Royal Society of Chemistry 2013
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Depending on the purity of the sialylated glycoconjugate(s)
of interest it is oen desirable to separate the analytes prior to
MS detection to avoid ion suppression and to maximise the
number of molecular precursors that can be fragmented by
tandem MS in order to facilitate further structural character-
isation and conrmation. This is particularly useful for sialy-
lated glycoconjugates wheremultiple isobaric molecules may be
hidden under an identical molecular mass. Although other
techniques are showing promising potential for the separation
of sialylated compounds including capillary electrophoresis
(CE) and ion mobility spectrometry (IMS) as discussed briey in
this review, separation is most commonly performed using a
variety of liquid chromatography (LC) techniques. On-line LC
separation, where the sialylated analytes are eluted directly
from the LC column into the hyphenated mass spectrometer, is
preferred when detection is performed using electrospray ion-
isation (ESI) MS. In contrast, different types of off-line LC
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separation techniques are usually favoured, or even avoided,
when using matrix assisted laser desorption ionisation (MALDI)
MS detection. Although MALDI MS has certain advantages
including higher speed of data acquisition and ease of data
interpretation, ESI MS is the most used detection technique in
glycosicence due to the potential for LC hyphenation.10,11 The
LC method should be carefully chosen by considering the
physicochemical or structural properties of the sialylated ana-
lytes of interest. The negative charge of sialoglycoconjugates is
naturally a useful molecular feature that can be used to separate
asialo and sialo-compounds as well as differently sialylated
species. Loss of sialic acids from the sialylated analyte during
LC is usually not a problem even when the chromatography is
carried out in very acidic solvents, however, it is recommended
that excessive column heating is avoided and that acidic
solvents are evaporated if the sialylated analytes are stored for
an extended period post separation.12–14 The conditions applied
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during sample preparation are also very important to consider
in order to keep the sialoglycoconjugates intact and avoid
undesired derivatisation.3

Following on from the rst of these two related reviews,
which described the analytical strategies and pre-LC-MS tools
for the analysis of glycoprotein sialylation,3 this second part
summarises the present LC-MS based techniques in the context
of glycoprotein sialylation analysis. Here released sialoglycans
and sialoglycopeptides are covered separately due to the dedi-
cated workows and considerations required for their respec-
tive analyses (see overview of topics covered by parts I and II in
Fig. 2 (ref. 3)). Relatively little analytical work has been pre-
sented for sialoglycoproteins; techniques dealing with these
larger analytes are consequently discussed under the sialogly-
copeptide section. The techniques and tools for general analysis
of protein glycosylation have been reviewed previously.2,15–18

Here we will focus strictly on the sialylated component of the
glycome/glycoproteome. It is stressed that the majority of the
presented LC-MS based techniques are not only capable of
analysing sialylated glycoproteins, but also their neutral coun-
terparts; however, the techniques are irrespectively discussed
Fig. 1 PGC LC-MS separation and detection of sialylated N-linked glycans released
underivatised. Detection of the separated sialoglycans was performed using nega
chromatograms for five m/z ratios corresponding to the major monosaccharide com
separation power of PGC for sialylated N-glycan isomers is showcased by its ability
residues and their linkages/branch points. Increasing number of sialic acid residues a
a2,6-linked sialic acid residues elute significantly before the a2,3-linked counterpar

22708 | RSC Adv., 2013, 3, 22706–22726
with a sialic acid centric focus in this review. The bioinfomatics
tools for the management and interpretation of LC-MS and
tandem MS data and the use of glycosylation databases/repos-
itories will not be covered here. Instead the reader is referred to
other recent resources for detailed reviews.15,19–21
2. LC-MS analysis of sialoglycans
2.1 LC separation of sialoglycans

The hydrophilicity and small molecular mass/size are physico-
chemical features that allow relatively easy isolation of N- or O-
linked glycans following release from their protein carriers in
biological samples.3 In addition, the mammalian glycome has a
somewhat limited number of analytes due to the enzymatic
restrictions in the biosynthetic glycosylation machinery.22

Together, this means that the glycan mixtures released from
proteins usually have much lower analyte complexities
compared to equivalent peptide mixtures encountered in pro-
teomics type experiments. The complexity is naturally reduced
even further when the focus is restricted to encompass only the
sialylated component of the N- and O-linked glycome. The main
from bovine fetuin. The sialoglycans were reduced prior to analysis, but otherwise
tive ion ESI IT MS. Structures have been assigned in the relevant extracted ion
positions for the reported N-linked sialoglycans from bovine fetuin.250,251 The high
to separate sialoglycans with variations in their numbers of antennas/sialic acid
nd antennas generate a stronger retention on PGC. In addition, glycans containing
ts.

This journal is ª The Royal Society of Chemistry 2013
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Table 1 Overview of the isomer separation and retention behaviour of N- and O-linked sialoglycans and sialoglycopeptides for the most common LC methods in
glycomics/glycoproteomics (see main text for more information of the individual LC methods)

Chromatography
Separation of Neu5Ac
composition isomers

Separation of sialo-topology
isomers

Separation of sialo-linkage
isomers

Sialoglycans PGC Yes (higher # Neu5Ac / more
retention)

Yes (structure specic
retention)b

Yes (sialyl a2,6 < sialyl a2,3)

HILIC Yes (higher # Neu5Ac / more
retention)

Yes (Neu5Ac on 30 arm
< Neu5Ac on 60 arm)

Yes (sialyl a2,3 < sialyl a2,6)

RPCa Yes (higher # Neu5Ac / more
retention)

Weak separationc Weak separationc

Sialo-glycopeptides RPC Yes (higher # Neu5Ac / more
retention)d

Weak (if any) separation Weak (if any) separation

HILICe Yes (higher # Neu5Ac / less
retention)e

Weak (if any) separation Weak (if any) separation

a Permethylated or labelled glycans. b No general retention rule seem to apply; occasionally Neu5Ac on 30 arm < Neu5Ac on 60arm and occasionally
Neu5Ac on 30 arm < Neu5Ac on 60arm.38 c Weak separation of topology and/or linkage isomers was obtained using IP RPC of 2-AB labelled N-
glycans.52,58 d When IP conditions are used sialylated N-linked glycans containing a higher number of Neu5Ac residues are less retained on RPC.
e This retention behaviour applies for ZIC HILIC separated sialoglycopeptides; other HILIC phases may retain sialoglycopeptides differently.
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challenge in this context is, as such, usually not the number of
sialoglycans in the mixture, but the close molecular relatedness
that complicates their separation. For example, isobaric sialo-
glycans varying only in a sialyl linkage or in the location of a
terminal sialic acid residue commonly occurs in biological
samples. This emphasises the need for utilising LC techniques
with high separation power for analytes with such small
molecular discrepancies.

2.1.1 PGC. The general utility of porous graphitised carbon
chromatography (PGC) in the analysis of glycans has been
recently reviewed.23 PGC has been used for several decades to
separate glycans with high resolution of structural isomers.24,25

Nowadays, PGC is typically coupled directly to the mass spec-
trometers for on-line detection. The chromatography, which is
typically performed with HyperCarb� stationary phase at
micro- or nano-scale ow rates to maximise the detection
sensitivity, can be carried out in conventional capillary/nano-LC
columns26 or in microuidic chip based formats27 that have
become commercially available (e.g. mAB-Glyco Chip, Agilent).
Although the exact retention mechanism(s) of PGC remains
somewhat controversial, it is broadly accepted that the reten-
tion properties are of mixed character, involving hydrophobic,
polar and ionic interactions with the hexagonal graphite
structures of the stationary phase.25,28,29 The polar and ionic
nature of sialic acid residues allows sialoglycans to be well
retained on PGC. Slightly alkaline solvents (e.g. 10 mM ammo-
nium bicarbonate in water and acetonitrile, pH 7.8) are typically
used for the separation of neutral and sialylated N- and O-linked
glycans using PGC.30,31 These conditions are readily compatible
with the high PGC column stability (pH 0–14), the subsequent
MS ionisation, and the stability of sialoglycans. For the latter, it
should be considered that the a-glycosidic linkage of sialic acid
residues can hydrolyse under more acidic conditions.12 Another
benet is that the slightly alkaline mobile phases generate sia-
loglycans that are more efficiently ionised in negative ion MS as
discussed later. The separation of the sialoglycans on the PGC
column is enabled by a shallow gradient of increasing concen-
tration of acetonitrile. Some researchers use more alkaline
This journal is ª The Royal Society of Chemistry 2013
conditions e.g. 0.04% ammonium hydroxide in water and
acetonitrile (pH 11). This enhance the detection of N- and O-
linked sialoglycans in nano-ow PGC compared to the detection
using capillary PGC-MS at pH 8.32,33 In contrast, an acidic
solvent system consisting of 65 mM formic acid in water or
acetonitrile buffered to pH 3.0 showed other benets of strong
retention of sialylated glycans and an overall increase in the
peak capacity.34 The inuence of electrosorption, solvent,
temperature and ion polarity on the performance of PGC based
separation of sialylated glycans has been systematically inves-
tigated.34 Here it was concluded that ionic strength and pH of
the mobile phase signicantly inuence the elution prole and
the peak shape of the sialoglycans. In addition, it was stressed
that electrical grounding of the PGC column was needed in the
LC-MS setup to eliminate total retention of highly sialylated
glycans on the PGC column due to electrical polarisation of the
stationary phase even when non-conductive tubings from
the column to the source were used. Regeneration may also be
required to extend the life time and the performance of the PGC
column.34,35 PGC is, as such, a more challenging separation
technique to utilise compared to RPC. Weak heating of the PGC
column to 45–55 �C can be performed to lower the back pres-
sure and increase the retention and peak capacity, but higher
temperatures should be avoided due to the heat sensitive sialyl
linkages.14,34,36,37

Native (underivatised) sialoglycans are commonly separated
using PGC, which avoids qualitative and quantitative distor-
tions of the prole due to incomplete or biased chemical deri-
vatisation or degradation. However, simple NaBH4 based
reduction of the released sialoglycans to the alditol form is
needed to yield a single peak for each eluting compound due to
the a- and b-anomer formation of non-reduced glycans that
separate well on PGC.30 PGC is arguably the LC method with the
highest separation power of sialoglycans since its means of
separation to resolve for example isobaric isomers is more
orthogonal to the subsequent mass separation in the mass
spectrometer than other LC separation techniques.17 This is
evidenced by the separation by PGC of closely related structural
RSC Adv., 2013, 3, 22706–22726 | 22709

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c3ra42969e


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
13

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 2
:5

4:
21

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
variations of sialoglycans (see Fig. 1 for an example of a PGC
separation of N-linked sialoglycans and Table 1 for an overview
of LC based separation of sialoglycans and sialoglycopeptides).
As such, PGC has the potential to separate: (i) sialoglycans with
different monosaccharide compositions e.g. different number
of Neu5Ac residues and/or Neu5Ac/Neu5Gc variants, (ii) sialo-
glycans with the same monosaccharide composition, but with
different topologies e.g. Neu5Ac residues on the 30 or 60 arm of
N-linked sialoglycans, and (iii) sialoglycans with the same
monosaccharide composition and topology, but with different
sialyl linkage types e.g. a2,3- or a2,6-linked Neu5Ac residues.
Sialoglycans having a higher number of sialic acid residues and
a higher number of antennas have a greater retention on PGC
than less sialylated and less branched sialoglycans. In addition,
a2,6-sialylated glycans have been shown to elute well before
their a2,3-sialylated counterparts when applying a normal
gradient of increasing acetonitrile concentration. As such, the
retention order of the sialoglycans can assist in their structural
characterisation.38 This is particularly useful for linkage-type
isomers where molecular mass and tandem MS fragmentation
oen fail to condently differentiate isobaric sialoglycans e.g.
those isomers that differ only in the sialyl linkage type. The
separation power of PGC-MS was recently demonstrated in a
study where nearly 300 mouse serum N-glycan compounds from
over 100 distinct monosaccharide compositions were sepa-
rated.39 Together with MS/MS analysis this revealed a number of
novel sialylated N-glycan structures as well as other modica-
tions such as dehydration, O-acetylation and lactylation.

2.1.2 HILIC.Hydrophilic interaction liquid chromatography
(HILIC), also known as aqueous normal phase chromatography
(NPC), is another powerful tool to separate sialylated glycans. The
use of HILIC in structural glycomics and glycoproteomics has
recently been reviewed.40–42 Many different stationary HILIC
phases of polarised uncharged or charged nature are available43

and the solvent systems, which are usually made up of acetoni-
trile, water and a pH and salt modier/component, are mostly
compatible with the MS analysis of sialoglycans. The retention
mechanism of pure HILIC is described as hydrophilic partition-
ing of the analyte to the aqueous layer surrounding the hydro-
philic stationary phases.44 The retention time of glycans on
neutral polar stationary phases including polyhydroxyethyl
(PolyLC) and amide based phases (Tosoh) is largely dened by
the number of hydroxyl groups of the glycans and, hence, their
number of monosaccharides.43 On charged stationary phases
such as the zwitter-ionic (ZIC) HILIC (Sequant Merck), which
represents one of the most used sorbents for glycomics and gly-
coproteomics, additional contributions to the retention mecha-
nisms including electrostatic interactions/repulsions can
modulate the actual retention behaviour of glycans containing
sialic acid residues and other charged moieties. These secondary
effects can be altered by the organicmodier as well as by the salt
and pH of the mobile phase.45

In one of the rst glycomics applications using ZIC HILIC,
neutral N-glycans labelled at their reducing end with 2-amino-
pyridine (PA) were well separated.46 Later, ZIC HLIC was
demonstrated to be capable of separating 2-aminobenzoic acid
(2-AA) derivatised N-linked sialoglycans according to their
22710 | RSC Adv., 2013, 3, 22706–22726
number of sialic acid residues.47 In addition, the separation of
PA derivatised sialylated N-glycans including a2,3-/a2,6-Neu5Ac
and b1,3-/b1,4-Gal linkage isomers were convincingly achieved
using a ZIC HILIC phase.48 High separation capacity of ZIC
HILIC was also illustrated in another study where a two-
dimensional on-line LC approach consisting of HILIC and
anion-exchange chromatography was sufficient to separate
PA-labelled sialylated N-glycan topology isomers (i.e. Neu5Ac on
30 or 60 arm).49 Here, ZIC HILIC was shown to have a higher
separation power for sialoglycan isomers than a neutral amide
based (polar) stationary phase. a2,3-sialylated glycans have
been shown to elute slightly before their a2,6-sialylated coun-
terparts,50 but with less separation than on PGC (see Table 1 for
overview of sialoglycan retention behavior for a variety of LC
methods). New sub-2 mm particles of another neutral HILIC
sorbent have improved the peak capacity when operated with
ultra-high performance LC (UPLC).51 In a comparative study,
HILIC was evaluated to have a higher separation power of
labelled sialylated and neutral N-glycans than PGC and reversed
phase chromatography (RPC).52 Amide HILIC columns are now
available in chip-based formats for sensitive and easy analysis of
sialoglycans.53,54

2.1.3 RPC. Reversed phase chromatography (RPC), which is
the most common separation mode in modern LC-MS, can
retain and separate sialylated glycans, but only aer increasing
the hydrophobicity of the sialoglycans by permethylation/per-
acetylation or labelling of their reducing end with a hydro-
phobic tag.2,3 PA-labelled55 or permethylated and 2-
aminobenzamide (2-AB) derivatised56 sialoglycans have been
shown to be separated on RPC according to their number of
Neu5Ac residues. Derivatisation techniques of sialoglycans are
generally covered in the rst of these two reviews (Part I –

paragraph 3.1.2).3 Higher numbers of sialic acid residues and
antennas increase the relative retention time of such derivatised
sialoglycans on RPC, Table 1. Although RPC lacks the separa-
tion power observed for PGC and HILIC for most ne isomeric
glycan features, the a and b anomers of glycans with a free
reducing end can be resolved,56 stressing the need for per-
forming reduction or reductive amination of sialoglycans prior
to RPC analysis. One study demonstrated that labelled IgG N-
linked sialoglycans can be well separated from their asialylated
counterparts by their early elution from the RPC column.57

Recently, it has been shown that the addition of an ion pairing
(IP) reagent such as diethylamine or triethylammonium to the
mobile phase increases the resolution of RPC and enables
isomeric separation of derivatised sialoglycans.52,58 Some of the
common sialic acid monosaccharides i.e. Neu5Ac, Neu5Gc and
3-deoxy-manno-octulosonic acid (Kdo) can also be separated
efficiently on RPC in their free form aer hydrolysis and deri-
vatisation with 1,2-diamino-4,5-methylene dioxybenzene.59

2.1.4 Other separation techniques. As reviewed recently,60

high pH anion exchange chromatography (HPAEC), which is
mostly known for its ability to detect and quantify mono-
saccharides including free Neu5Ac and Neu5Gc,61 is also
capable of separating sialylated N-glycans according of their
number of sialic acid residues and even their linkage type.62 In
addition, polysialic acid containing N-glycans released from
This journal is ª The Royal Society of Chemistry 2013
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bovine neural cell adhesion molecule (NCAM) or free polysialic
acids were well-separated according to their number of a2,8-
and a2,9-linked sialic acid residues using HPAEC.63 Although
HPAEC has been directly coupled to MS,64 it is usually under-
taken off-line due to the high salt of the mobile phase. The
technique is rather insensitive compared to on-line MS detec-
tion as a consequence of the pulsed amperometric detection.
Off-line anion exchange chromatography (AEC) was also shown
to separate N-linked sialoglycans derived from erythropoietin
(EPO) according to their number of sialic acid residues.65 In
addition, PA-labelled sialylated N-glycans were accurately
mapped in three LC dimensions using AEC, hydrophobic and
hydrophilic interaction modes.66

Although not LC based, other techniques can separate
sialoglycans. Ion mobility spectrometry (IMS), which separates
analytes based on molecular cross-section in the gas phase, is
a promising separation technique for analytical glycoscience.
Similarly to PGC, the separation using IMS is more orthogonal
to the downstream mass based separation in the mass spec-
trometer compared to, for example HILIC, due to its structure
based distinguishing properties. IMS can be utilised alone
with MS based detection or in conjunction with other sepa-
ration techniques.67–69 A few examples demonstrate that IMS is
capable of separating sialylated N-glycan isomers including
ones with different numbers of sialic acid residues and
isobaric 30 and 60 arm sialic acid topological isomers.70,71 In
addition, capillary electrophoresis (CE), also known as capil-
lary zone electrophoresis, is a powerful separation technique
that was shown to separate underivatised N-linked sialogly-
cans differing in the number of sialic acid residues.72 In other
studies, CE combined with laser-induced uorescence, or with
MSn fragmentation in negative ion MS of N-linked glycans
labelled with 8-aminopyrene-1,3,6-trisulfonic acid trisodium
(APTS) or 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS)
was used to separate and identify sialylated and non-sialylated
N-glycans.37,73 In addition, APTS labelled O-acetylated sialy-
lated N-glycan isomers were recently separated using CE-MS
proving that the method has high separation power for
modied sialoglycans and is sufficiently gentle to retain the
labile acetyl moieties during analysis.74 Finally, uorophore-
assisted carbohydrate electrophoresis is a less used separation
technique that nonetheless is capable of separating ANTS
labelled N-linked sialoglycans with different number and types
of sialic acid residues, whilst it cannot resolve topology
isomers of isobaric sialoglycans.75
2.2 MS detection of sialoglycans

The general use of MS techniques in glycomics has been
covered elsewhere.18,76,77 Some MS aspects in sialic acid-focused
glycomics were recently introduced78 and the reader is referred
to this review as an alternative literature resource.

The relatively low molecular mass of sialoglycans is well-
suited for MS, where the technique generally shows its highest
sensitivity (low 10�12 to 10�15 mol), resolution (>10 000),
dynamic range (several orders of magnitude) andmass accuracy
(low or sub ppm). However, these optimal performance
This journal is ª The Royal Society of Chemistry 2013
characteristics are heavily instrument dependent and are rarely
achieved in a single experiment using a single instrument. The
high speed of modern mass spectrometers (i.e. 5–50 tandem
mass spectra per second) should be sufficient to cover multiple
co-eluting compounds from even the most complex mixtures of
sialoglycans; however, sialoglycan mixtures showing a large
dynamic range are still challenging to prole and may leave
some low-abundant sialylated glycans undetected in the mass
spectrometer.

2.2.1 MALDI MS. Many general aspects of matrix assisted
laser desorption ionisation (MALDI) MS for glycan analysis have
explicitly been reviewed.14,79–83 Although many researchers
prefer electrospray ionisation (ESI) MS for sialoglycomics,
MALDI MS has certain advantages such as higher sensitivity,
speed of analysis and ease of operation and data interpretation.
Recently, it was stated that “MALDI spectra of N-glycans are
more useful than ESI spectra because they give a better repre-
sentation of the glycan prole as the result of predominantly
one singly charged ion from each glycan in the mixture and a
general absence of fragment ions”.84 Because of the speed,
MALDI MS is ideal for structural characterisation of sialogly-
cans using sequential exo/endo-glycosidase treatment, which
can be performed directly on the MALDI target plate,85 and
reanalysis of the sample to observe mass shis as a result of
release of specic monosaccharides.86 This was for example
performed for polysialic acid containing sialylated N-glycans
derived from calf NCAM following removal of the a2,8-linked
sialic acids.63

2.2.1.a Ionisation. Where neutral glycans afford strong
signals as [M + Na]+ ions in positive ion MALDI MS, signals for
sialoglycans are usually stronger as [M � H]� in negative ion
mode. Sialoglycoconjugates are inherently challenging to
analyse in MALDI MS due to the instability of the a-glycosidic
sialyl bond yielding potential in-source and post-source frag-
mentation by the loss of CO2 or the entire sialic acid.87 In
addition, signicant cation adduction to the negatively charged
carboxyl group occurs in positive ion MALDI MS. Taken
together, this means that intact sialoglycans are oen observed
at low signal strength in MALDI MS and that special consider-
ations are required for their analysis. The matrix choice, sample
preparation and MS settings are consequently of prime impor-
tance to facilitate a successful structural characterisation of
sialoglycans using MALDI MS.

2.2.1.b Matrix choice. The common MALDI matrices for
protein chemistry and proteomics including 2,5-dihydrox-
ybenzoic acid (DHB), a-cyano-4-hydroxycinnamic acid (CHCA)
and 2-(40-hydroxyphenylazo)benzoic acid have repeatedly been
shown to be unsuitable for the MALDI MS based analysis of
sialoglycans due to signicant losses of sialic acids during
ionisation under normal acquisition settings. Instead, cooler
matrices with lower energy transfer to the analyte are typically
favoured such as 6-aza-2-thiothymine (ATT),88 2,6-dihydrox-
yacetophenone89 and 2,4,6-trihydroxyacetophenone (THAP) in
the presence of low concentrations of ammonium citrate.90 In
particular THAP yielded no evident in-source fragmentation of
sialoglycans in negative ion MALDI MS with linear mode
acquisition while retaining the high sensitivity of the detection
RSC Adv., 2013, 3, 22706–22726 | 22711
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Fig. 2 Site-specific relative quantitation of the six sialylated N-linked glycan monosaccharide compositions occupying the three N-glycosylation sites of bovine fetuin
i.e. (A) Asn81, (B) Asn138 and (C) Asn158. The relative quantitation is based on MALDI TOF MS signal intensities of free non-reduced sialoglycans, 2-AA labelled
sialoglycans and tryptic sialoglycopeptides were all recorded in negative ion linear mode. These profiles are compared to a reference profile of methylated (stabilised)
fetuin sialoglycans (black outline, see key for explanation). The figure is modified with permission from Thaysen-Andersen et al. Anal. Chem., 2009, 81, 3933–3943,102

which also contains more information about the specific experiment.
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technique in the low femtomolar range.88 Another systematic
study reported that D-arabinosazone was superior to other
matrices in negative ion MALDI MS by yielding higher signal
strength and lower salt adduct formation than more common
matrices.91 In addition, spermine minimised the adduct
formation of sialoglycans when used as a co-matrix with DHB.92

Furthermore, modied CHCAmatrices have proved superior for
the analysis of sialoglycans: chlorinated CHCA (Cl-CHCA) was
shown tominimise desialylation ofN- andO-linked sialoglycans
by eliminating MS induced in-source and metastable decay in
negative ion MALDI MS93 and the 1,1,3,3-tetramethylguanidium
(TMG) salt of CHCA generated preferential ionisation of
sialoglycans.94

2.2.1.c Instrument settings in MALDI MS. In addition to the
in-source (or ‘prompt’) fragmentation, the sialoglycans can also
be desialylated post source in the ion transfer or downstream in
the mass analyzer, a mechanism termed post-source decay. For
example, desialylation occurring post source is normally very
visible for MALDI time-of-ight (TOF) MS performed in reec-
tron mode with the extraction delay functionality enabled.12,40

This can largely be avoided by performing the acquisition in
linear mode with limited, or even without, extraction delay of
the generated ions, but at a signicant expense of signal
22712 | RSC Adv., 2013, 3, 22706–22726
resolution.95 Another example is the pulsed application of
cooling gas inMALDI fourier transform-ion cyclotron resonance
(FT-ICR) MS, which together with a low extraction voltage,
promises to minimise the loss of sialic acid residues from sia-
loglycans.40 In comparison, signicant losses of sialic acid
residues occur in a typical vacuum MALDI source without
cooling of the sialoglycan ions.79 Hence, abundant losses of
sialic acids seem avoidable by using intermediate pressure
MALDI sources where the sialoglycans are allowed to dissipate
excess energy prior to the mass analysis. This, in turn, opens up
the use of ‘hotter’ and more user-friendly matrices facilitating
easier sample preparation and data acquisition for MALDI MS
based analysis of sialoglycoconjugates.96–98

2.2.1.d Quantitation. Until recently, quantitative proling of
sialylated and neutral glycans was mostly performed using
normal phase chromatography (NPC) based separation and
uorescence detection of glycans labelled at the reducing end
e.g.with PA, 2-AB or 2-AA;99,100 but this approach lacks speed and
the capacity to resolve some structural congurations such as
some fucosylated structures from their non-fucosylated coun-
terpart. Recent advances in NPC, however, have increased its
peak capacity and the speed of acquisition.51 Due to the higher
speed and sensitivity, MALDI MS based quantitation has been
This journal is ª The Royal Society of Chemistry 2013
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investigated as an alternative to NPC for quantifying sialogly-
cans. It was found that MALDI MS signal intensities can be used
as accurate and reproducible quantitative measures of the
relative N-glycan distribution when populations consisting only
of sialylated or neutral glycans are analysed separately in their
native or derivatised forms, Fig. 2.88,101–104 In contrast, when
mixtures of sialylated and non-sialylated glycans are analysed
together, signicant detection biases for or against sialoglycans
are observed depending on the MS polarity mode.2,11,102,103,105,106

This limits the use of MALDIMS for direct accurate quantitation
of biological mixtures, which usually comprise sialo and asialo
N- and O-linked glycans. To obtain equal ionisation responses
for sialylated and neutral glycans it has been suggested to either
neutralise the charge on the carboxyl group of the sialic acid
residues by derivatisation or to modify the MALDI matrix. For
the charge neutralisation, the quantitative detection biases were
overcome by simple methyl esterication107–109 or amidation106

(see Part I of the review3 for more information). This permanent
charge neutralisation yielded very accurate relative quantitation
of sialylated and neutral reducing-end labelled N-glycans when
analysed in positive ion MALDI TOFMS in good agreement with
quantitation proles obtained by conventional NPC separation
and uorescence detection.109,110 For the matrix modication,
spiking the matrix with trace amounts of either H2SO4 or
alkylsulfonates yielded equal in-spectrum ionisation responses
in negative ion MALDI MS of neutral glycans (observed as [M +
H2SO4]

� or [M + RSO3]
� ions) and sialoglycans (observed as [M

� H]� ions).111,112 Another group introduced a light and heavy
tag in the reaction step for the reducing end labelling with 2-AA
to yield accurate glycoform quantitation of the glycans between
different samples (but not necessarily between the glycans
within a given sample) using negative ion MALDI TOF MS.113

2.2.2 ESI MS
2.2.2.a Ionisation. Non-reduced or reduced native sialogly-

cans are commonly analysed in negative ion ESI MS because of
the higher signal response in this ion polarity in which MALDI
MS shows lower performance. On the other hand, per-
methylated sialoglycans produce stronger signal responses in
positive ion ESI MS compared to their underivatised equiva-
lents.114 Compared to MALDI, ESI inherently generates cooler
ions and limited ionisation induced fragmentation is conse-
quently observed when gentle desolvation settings of the source
are used.17,77 Here deprotonation is the dominating ion forma-
tion rather than ionisation by anion adduction. Unlike sialo-
glycans, neutral glycans usually appear in negative ion ESI MS
as the anion adducts when doped with anions such as chlo-
ride.115 However, neutral glycans can also be ionised in negative
ion mode as [M � H]� ions without anion doping. As described
below, another advantage of negative ion ESI MS is that sialy-
lated and neutral native glycans ionise with more similar ion-
isation efficiencies, which is benecial for quantitation
purposes. In addition, negative ion MS usually gives more
informative CID fragmentation spectra when native reduced
glycans are analysed by tandem MS. This has paved the way for
detailed characterisation of many sialylated glycans derived
from both N- and O-linked sialoglycoproteins.116–119 Structural
information obtained includes monosaccharide compositions,
This journal is ª The Royal Society of Chemistry 2013
topologies, branches and linkage types; however, extraction of
parts of such structural information is oen dependent on the
simultaneous use of PGC retention time information and
parallel exoglycosidase treatment.120

2.2.2.b Quantitation. The same ionisation biases of neutral
and sialylated glycans observed in MALDI may apply for ESI,
but such ionisation differences, if any, have been reported to
be less prominent in ESI MS.11,34,40,121 Some researchers have
actually observed no signicant ionisation differences between
native sialo- and asialoglycans when analysed in negative ion
ESI MS when evaluated quantitatively against the glycan prole
obtained using conventional NPC analysis of the same
sample.122 In support, signal intensities were found to be an
accurate measure of the quantitative amounts of sialylated and
neutral reduced N-glycans from human prostate specic
antigen when recorded in negative ion ESI MS on an ion trap
(IT) MS.123 However, in ESI MS, the sialoglycans are observed
with different ion charge state distributions than neutral
glycans meaning that all observed charge states need to be
considered to obtain accurate quantitation.11 In a systematic
study using PGC ESI MS it was concluded that solvent pH has
marginal effect on the ionisation efficiency of sialoglycans in
positive and negative ion ESI MS, but that the content of the
organic solvent strongly inuences the signal strength.34 The
same researchers concluded that positive ion ESI MS appears
preferable when neutral and sialylated glycans are quantied
in the same sample. Others have calculated the difference in
signal response factors of some sialylated and non-sialylated
glycans released from mucins in negative ion ESI MS such that
the biased detection of sialoglycans is able to be compensated
for.124 The permanent charge neutralisation techniques used
for derivatisation of sialoglycans, including methyl esterica-
tion, amidation and permethylation as described previously,3

are also compatible with downstream ESI MS based analysis.
As an example, permethylation enabled accurate quantitation
of mixtures of neutral and sialylated N-glycans derived from
specic glycoproteins by MS driven glycoproling based on
comparison with proles obtained using NPC analysis of 2-AB
labelled N-glycans derived from the same glycoproteins.125

Detection biases for or against sialoglycan ion intensities in
ESI and MALDI MS becomes less important when comparative
studies are undertaken since any suppression or underrepre-
sentation of each glycan species would occur in both
samples. The literature harbours plenty of examples of such
comparative studies where the accuracy of the individual relative
amounts of each component within a sample is of lower
importance than the relative differences between samples. As an
example, this was illustrated in a study where the cytokines
interleukin-1b and tumor necrosis factor-a were shown to
quantitatively induce a shi towards expression of glycoproteins
carrying a2,3-linked sialic acid containing glycans in primary
human chondrocytes compared to the expression of this linkage
type before cytokine treatment.126 Direct quantitative compar-
ison of released sialoglycans from two sample origins may also
be quantied using a recently introduced glyco tandem mass
tag, which showed accurate quantication over a broad dynamic
range.127
RSC Adv., 2013, 3, 22706–22726 | 22713
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Fig. 3 Complementary fragmentation of 2-AA- (A and B) and 2-AB- (C and D)
labelled N-linked sialoglycans derived from human transferrin using IRMPD (A
and C) and EDD MS/MS (B and D). The resulting fragment ions are indicated on
the structures. Figure adapted with permission.151

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
13

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 2
:5

4:
21

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2.2.3 Fragmentation. The general fragmentation of native,
reducing-end labelled and permethylated glycans has been
covered previously.77,114,128 The fragmentation of sialylated
glycans using either ESI or MALDI MS will be briey discussed
in the following. The multiply charged protonated or deproto-
nated ions produced in ESI MS, as compared to the singly
charged and partly adducted ions typically formed in MALDI
MS, produce different fragmentation pathways in the different
charge states.129 Deprotonated sialoglycan ions in negative ion
MS appears to be more stable in the gas-phase than their
neutral counterparts meaning that more energy is required to
fragment such species to the same extent.130 Monosaccharide
rearrangements during the fragmentation event have been
systematically described and it appears that mostly protonated
glycans and glycoconjugates in positive ion mode as opposed to
deprotonated and adducted ions are affected during the ion-
isation process.131 Thus, caution has to be taken when inter-
preting tandem MS spectra obtained from protonated
glycoconjugate ions. However, rearrangements have predomi-
nantly been associated with deoxyhexose residues (i.e. fucose
residues) and not sialic acid residues on N- and O-linked
glycans.129,132,133

2.2.3.a CID for tandem MS and multistage MSn. Collision
induced dissociation (CID) is by far the most used fragmenta-
tion technique for biomolecules in modern MS. CID is also
routinely used to fragment sialylated and neutral N- and O-
linked glycans. The general monosaccharide compositions of
sialoglycans may be elucidated and conrmed by the presence
of abundant B/C- and Y/Z-type ions generated from glycosidic
bond cleavages using lower energy CID tandem MS fragmen-
tation which is feasible on various mass spectrometers
including triple quadrupoles (Q), IT, Q-TOF and FT-ICR
analyzers. Native sialylated glycans tend to produce an abun-
dant B1-ion (e.g. m/z 290 for Neu5Ac and m/z 306 for Neu5Gc
containing glycans, respectively in negative ion MS) reducing
the abundance of the informative C-type ions.114 Higher energy
CID fragmentation, which can be obtained on MALDI TOF-TOF
instrumentation yields more cross-ring cleavages such as X-type
ions of neutral and sialylated glycans.134 Fragmentation of sia-
lylated and neutral N-glycans labelled with 2-AA generates
mostly Y-type ions and some A-type cross-ring cleavages.135

Again it is stressed that the fragmentation pattern and, hence,
the structural information obtained by tandem MS varies
depending on the charge state and the polarity of the molecular
precursor.

Cross-ring cleavages in the forms of An- and Xn-ions are oen
needed to interpret the ne structure of native sialoglycans. In
contrast, some linkage and topology information can be
extracted from so-called ‘scars’ generated from glycosidic
cleavages of permethylated sialoglycans.76 Such information is
based on the appearance of unmodied hydroxyl groups formed
during tandemMS of the permethylated sialoglycans indicating
which glycosidic bonds have been broken and which hydroxyl
groups were originally free. The arm-specic position of sialic
acid residues on native multi-antennary N-glycans has been
obtained using negative ion ESI tandem MS on Q-TOF mass
22714 | RSC Adv., 2013, 3, 22706–22726
analyzers.136 For this type of analysis the D-ion, which is dened
as the fragment ion formed by the loss of the 30 antenna
together with the N-glycan chitobiose core, is very informative.14

In addition, it has been shown that the two common sialic acid
linkages (a2,3- or a2,6-) can be differentiated in positive ion ESI
MS using CID fragmentation in combination with transition
metal–ligand derivatisation.137 For permethylated sialoglycans,
the formation of specic A-type ions in positive ion ESI MS was
shown to allow differentiation of a2,3- or a2,6-sialyl linkage
isomers.138–140 Cross-ring cleavages that provided valuable
linkage information of the structure of permethylated sialogly-
cans were also observed in positive ion MALDI TOF-TOF MS
using higher energy CID fragmentation.141

Negative ion multistage MSn where the molecular precursor
is undergoing several rounds of isolation, fragmentation and
mass separation/analysis has been shown to be capable of dis-
tinguishing closely related PA-labelled N-linked sialoglycans
using a linear IT-TOF mass analyzer.142,143 The resulting frag-
ment mass spectra was sufficiently reproducible and unique to
enable differentiation of the topological isomers (e.g. specic
fragments could be used to distinguish between N-glycans with
sialic acid residues on either 30 or 60 arm) as well as the sialyl
linkage type isomers (e.g. distinguish between structures
carrying a2,3- or a2,6-Neu5Ac) by spectral matching. In addi-
tion, the C4- and D-type ions in MS3 enhanced the condence in
the assignment. The identication of glycans by MSn spectral
matching had been suggested previously.144 The need to
perform multistage MSn to structurally analyse sialoglycans by
rst removing the sialic acid(s) in the rst round of fragmen-
tation was stressed in a recent publication.33 Here the on-line
MSn analysis was enabled using nano-ow PGC MS with alka-
line mobile phases in negative ion mode for the sensitive
detection of the sialoglycans. In addition, sialic acid linkage
determination on O-linked sialoglycans using negative ion ESI
MSn on IT instrumentation was recently reported.145 Further-
more, polarity switching combined with MSn was found to be
benecial for characterising 2-AB labelled sialylated and neutral
N-glycans separated by RPC.146 Multistage MSn was also used to
fragment and characterise charge neutralised free oligosialic
acids using negative ion ESI MS.9 In the same study, MALDIMSn
This journal is ª The Royal Society of Chemistry 2013
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proved capable of characterising the larger polysialic acids.
Here, laser induced dissociation produced a range of different
fragments including novel cross-ring cleavages (e.g. 3,5L frag-
ment ions), more classical ring fragments (e.g. 0,2A- and 0,4A-type
ions) and common fragment ions generated by glycosidic bond
cleavages.9 Different pyrene labels including pyrene butanoic
acid hydrazide and 1-pyrenyl diazomethane (PDAM) derivatives
have proved useful for the characterisation of sialoglycans in
negative ion MALDI MSn by yielding A-, D- and Y-ions.147,148

Taken together, multistage MSn is a powerful approach for deep
characterisation of sialoglycans; however, considering the
much increased time and sample consumption of each addi-
tional tandemMS stage, multistage MSn is probably most useful
for abundant sialoglycan structures. Hence, for global glycome
proling purposes it is generally desirable to obtain the struc-
tural information in a single stage of tandem MS.77

2.2.3.b Other fragmentation techniques. Fragmentation
techniques other than CID have increasingly been used for
native and derivatised sialoglycans. Similar to CID, infrared
multiphoton dissociation (IRMPD) facilitates dissociation by
collisional heating and, hence, mostly generates cleavages of
the most labile bonds, the glycosidic bonds.77

Activated electron dissociation (ExD) has recently received
some attention in glycomics because cross ring cleavages of the
monosaccharides of the glycans are being generated upon
activation using ExD. This produces fragment ions which
complement the fragments obtained by glycosidic cleavages.
However, only limited work has been presented for sialoglycans.
In recent studies, electron capture dissociation (ECD)149 and
electron transfer dissociation (ETD)77 both produced glycan
fragment ions that complemented the ions obtained from CID
type fragmentation events. In addition, electron detachment
dissociation (EDD) of sialoglycans was shown to be efficient for
sialoglycan characterisation by yielding complementary struc-
tural information to that obtained from IRMPD by the forma-
tion of additional A-type cross-ring cleavages, Fig. 3.150,151 Even
better performance of EDD fragmentation of sialoglycans was
obtained with chloride anion attachment.152

Higher-energy C-trap dissociation (HCD) and pulsed-Q-
dissociation (PQD) are alternative fragmentation techniques to
CID on the LTQ-Orbitrap platform.153,154 The complementarity
of HCD and PQD to CID was shown for neutral linear and cyclic
glycans,155 but the performance of these fragmentation tech-
niques still needs to be established for sialoglycans.

Post-source decay fragmentation in MALDI TOF MS was also
shown to be capable of differentiating a2,3- and a2,6-linked
sialic acids on sialyllactose and sialyl-N-acetyllactosamines.156

Finally, laser-induced photofragmentation, which was shown to
produce diagnostic ions for specifying the sialyl linkages of N-
linked sialoglycans represents another exciting fragmentation
technique for native and modied sialoglycans.157
3. LC-MS analysis of sialoglycopeptides

Sialylated glycopeptides, which is usually generated by hydro-
lysis of sialoglycoproteins by specic or unspecic proteases
(see more in Part I of the reviews paragraph 3.2.13), can vary
This journal is ª The Royal Society of Chemistry 2013
dramatically in size and charge. Where N-linked sialoglyco-
peptides typically have a single, but larger, N-linked sialoglycan
per proteolytically generated peptide, mucin type O-linked sia-
loglycopeptides may contain multiple shorter O-sialoglycans in
clusters inaccessible to proteases. To date, a universal workow
capable of analysing the full range of sialylated glycopeptides
that can be encountered in nature remains undescribed.
Custom made experimental designs tailored to the specic
research question being investigated are consequently still
required in glycoproteomics to yield information-rich data. This
means that relative few glycoproteins has been site-specically
glycoproled (list of proled mammalian N-glycoproteins can
be found in supplementary data in a recent publication158). In
contrast to released sialoglycans, the negative charge provided
by the sialic acid on the sialoglycopeptides is not a unique
feature since it is buffered by negative and positive charges from
the acidic and basic amino acid residues of the attached poly-
peptide chain. Nonetheless, as described in the rst of these two
reviews,3 efficient enrichment tools are available to isolate
the sialoglycopeptides from the neutral subset of the glyco-
proteome (or glycopeptidome) as well as from the non-glycosylated
component for the enhanced analysis of sialoglycopeptides using
LC-MS techniques.
3.1 LC separation of sialoglycopeptides

3.1.1 RPC. Due to the high peak capacity and the compat-
ibility with conventional proteomics-based LC-MS platforms
present in many analytical laboratories, RPC is by far the most
popular technique for off- and on-line LC separation of glyco-
peptides.2 Although the peptides arising from proteolytic
digestion usually are very well resolved, there is limited sepa-
ration of the micro-heterogeneous glycopeptides using RPC.
Most neutral glycosylated variants of a given peptide will
generally elute together in a single broad peak just before the
non-glycosylated variant due to the higher hydrophilicity
conferred by the attached glycan moieties.2 This co-elution of
the various neutral glycopeptide isoforms can be an advantage
for identication and quantitation purposes, particularly for
more complex peptide mixtures, by limiting the signal inter-
ference from other peptides. Sialylated glycopeptides tend to
elute at a slightly higher acetonitrile concentration in RPC if no
ion pairing (IP) reagents are present in the mobile phase (see
Table 1 for overview of LC based separation of sialoglycopep-
tides). This indicates that sialic acid residues (i.e. Neu5Ac)
contribute with a signicant hydrophobicity to the sialoglyco-
peptide, possibly from the acetamido group at C5. In contrast,
the opposite retention behavior is observed in the presence of IP
reagents as shown by researchers using a modied mobile
phase system consisting of 1 mM ammonium acetate, pH 6.8 in
aqueous and acetonitrile containing solvents.159,160 Here, the
elution pattern of the sialoglycopeptides was changed to an
order of decreased retention for glycopeptides containing a
higher number of sialic acid residues although the reason
for this was not discussed. This IP containing mobile phase
yielded a highly efficient separation of N- and O-linked sialo-
glycopeptides from human EPO. In addition to promoting a
RSC Adv., 2013, 3, 22706–22726 | 22715
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more condent structural identication by enabling tandem
MS of the individual eluting species, the LC separation of sia-
loglycopeptides is useful to detect any related ionisation
induced fragmentation.

3.1.2 HILIC. Although under-represented in the literature,
HILIC is an interesting separation technique for sialylated
glycopeptides that shows large potential. For example, N-linked
sialoglycopeptides derived from recombinant human EPO
having different numbers of sialic acid residues and antennas
were convincingly separated.161,162 Even O-linked sialoglyco-
peptides could be isolated from human EPO aer removal of
N-glycosylation from the peptides with PNGase F. In addition,
the Neu5Ac and the Neu5Gc sialoglycopeptide isoforms could
be separated as well as their acetylated sialic acid derivatives.
Utilising triuoroacetic acid (TFA) and other IP reagents in the
mobile phase together with a ZIC HILIC stationary phase proved
highly efficient for the isolation and separation of N-linked
sialylated and neutral glycopeptides from non-glycosylated
peptides in a mixture of tryptic peptides.163–165 The loss of acid-
labile sialic acid residues in 0.1% TFA has been shown to be
negligible in the time scale of an LC experiment thus making
TFA a good choice for an IP reagent.13 In addition, the separa-
tion of a2,3- or a2,6-Neu5Ac sialoglycopeptide isomers was
impressively shown in other studies using ZIC HILIC.48,166

3.1.3 Other separation techniques. Other chromatographic
separation techniques have been used to separate sialylated
glycopeptides, but mostly in off-line setups. Early work proved
that neutral and sialylated glycopeptides can be separated using
PGC25,167 and HPAEC.168 For the former, it has been shown that
only relative hydrophilic (or small) glycopeptides will elute from
PGC once retained onto the column.169 To the best of our
knowledge, no recent studies using PGC or HPAEC to separate
N- and O-linked sialoglycopeptides have been published. In
another application, the non-retained fraction of strong cation
exchange chromatography was shown to effectively isolate sia-
loglycopeptides from neutral glycopeptides, which were selec-
tively retained on the solid phase.170,171 Similarly, separation of
sialoglycopeptides from asialoglycopeptides was achieved using
off-line CE with downstream MALDI MS detection.172 Finally,
serial lectin affinity chromatography consisting of immobilised
Sambucus nigra agglutinin (SNA) and concanavalin A has been
used to separate sialoglycopeptides prior to MS detection of
deglycosylated peptides.173,174 Here, complex tri- and tetra-
antennary sialylated N-glycopeptides could be separated from
bi-antennary N-linked sialoglycopeptides.
3.2 MS detection of sialoglycopeptides

3.2.1 MALDI MS
3.2.1.a Ionisation. Due to the lower stoichiometry and the

general hydrophilicity, sialoglycopeptides tend to have lower
ionisation strength in MALDI MS compared to nonglycosylated
peptides. Sialylated glycopeptides have mostly been analysed in
positive ionMALDIMSwhere the detection ismore sensitive.175–178

However, negative ion MALDI MS was shown to be a viable
alternative to positive ion mode because of less discrimination in
ionisation between neutral and sialoglycopeptides and more
22716 | RSC Adv., 2013, 3, 22706–22726
informative fragmentation of the sialoglycopeptides using
tandem MS.179 In another study, on-plate derivatisation of the
carboxyl group of the C-terminus as well as the acidic amino acid
side chains and the sialic acid residues of the sialoglycopeptides
with PDAM increased the intensities of sialylated and neutral
glycopeptides relative to the non-glycosylated peptides, increased
the stability of the sialoglycopeptides, and allowed their charac-
terisation using negative ion MALDI MSn.180 The same authors
also showed that the linkage of a2,3- and a2,6-Neu5Ac containing
glycopeptides derivatised with PDAM could be distinguished
using negative ion MALDI MS.5,148

3.2.1.b Matrix choice. As for sialoglycans, the commonly
used DHB and CHCA matrices are unsuitable for sialoglyco-
peptides due to signicant losses of sialic acids during frag-
mentation under typical MALDI acquisition settings (i.e.
reector mode with delayed extraction enabled). Instead, cooler
matrices are typically favoured. Both Cl-CHCA93 and THAP88,102

are suitable matrices for negative ion MALDI MS of under-
ivatised sialoglycopeptides with no ionisation-induced frag-
mentation observed, even with acquisition in reector mode
with delayed extraction enabled. Derivatised and thereby sta-
bilised sialoglycopeptides e.g. with PDAM, can be analysed
without sialic acid loss, even using the ‘hotter’ matrices
including the popular DHB matrix.148

3.2.1.c Instrument settings. As is the case for sialoglycans,
sialoglycopeptides can lose their sialic acids post source in the
ion transfer or downstream in the mass analyzer. Post source
desialylation is normally detectable for MALDI TOF MS per-
formed in reectron mode with extraction delay. This can
largely be avoided by performing the acquisition in linear mode
with limited or even without extraction delay, but results in
lower signal resolution. Another example of minimising the loss
of sialic acids from sialoglycopeptides is the pulsed application
of cooling gas in MALDI FT-ICR MS together with a low
extraction voltage.181 In comparison, it was shown that sialo-
glycopeptides formed in a typical vacuum MALDI source
suffered from signicant losses of sialic acid residues due to the
lack of cooling of the sialoglycopeptide ions.

3.2.1.d Quantitation. Relative quantitation of sialoglyco-
peptides by MALDI MS signal intensities has been shown to be
accurate when the sample preparation and MS settings are
carefully considered.102 However, sialylated glycopeptide
mass signals are weaker than the signals arising from their non-
sialylated counterparts irrespective of ion polarity, limiting the
use of signal intensities for relative quantitation when sialo-
and asialoglycopeptides are analysed together.86,182 Recently, it
was shown that positive ion MALDI FT-ICR MS discriminates
less against sialoglycopeptide ionisation than positive ion
MALDI TOF MS; when analysed together by MALDI FT-ICR MS
the sialylated glycopeptides and the asialylated counterparts
yielded essentially the same MS signal responses.181

3.2.2 ESI MS
3.2.2.a Ionisation. ESI MS of sialoglycopeptides has mostly

been carried out in positive ion mode. Although sialic acid
residues are negatively charged, the charge state of sialylated
glycopeptides, containing one or more sialic acid residues, is
surprisingly higher than the corresponding deglycosylated
This journal is ª The Royal Society of Chemistry 2013
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peptides in positive ion mode (unpublished observations and
Lendal et al., in preparation). The extra proton(s) may tenta-
tively be assigned to the nitrogen atoms of the sialic acid resi-
dues or the fact that sialoglycopeptides have a higher mass, but
more investigation is needed to conrm this. In a study
comparing ionisation efficiencies, HILIC separated sialoglyco-
peptides were analysed in positive and negative ionMSn.166 Here
positive ion mode was preferred since information on the sia-
loglycan structure was obtained already at the MS2 stage by
sequential glycosidic bond fragmentations (Yn-type ions).166

Information on the peptide structure was obtained at the MS3

stage through formation of polypeptide backbone fragment
ions including bn-type ions. In other studies, data acquisition
combining positive and negative ion polarities with different
fragmentation techniques was found to be very useful for
characterising N- and O-linked sialoglycopeptides.183,184

3.2.2.b Quantitation. ESI MS based relative quantitation of
sialoglycopeptides using MS signal intensities has been shown to
be accurate by careful consideration and optimisation of the
sample preparation and MS settings.102 It needs to be emphasised
that the intensities of all charge states of each sialylated glyco-
peptide need to be included in the quantitation since the glyco-
peptides isomers ionises in slightly different charge state
distributions.118 Positive ion ESI MS intensities were recently
shown to discriminate somewhat against sialoglycopeptides when
analysed together with the asialylated glycopeptide counterpart.181

Importantly, this study also highlighted that both the neutral and
negatively charged sialylated N-glycopeptide ions are dramatically
under-represented compared to the non-glycosylated and degly-
cosylated counterparts when equimolar amounts are analysed in
positive ion ESI and MALDI MS. These important ndings should
be considered when glycosylation site occupancy is evaluated by
MS signal strength.

3.2.3 Fragmentation. The general principles of MS frag-
mentation of glycopeptides have already been reviewed.114,185–189

Fragmentation aspects involving sialoglycopeptides will briey
be discussed below.

3.2.3.a CID for tandem MS and multistage MSn. The most
popular fragmentation technique for analysis of sialylated
glycopeptides is by far CID with acquisition in positive ion
polarity. CID fragmentation of sialoglycopeptides is dominated
by cleavages of the glycosidic linkages of the peptide bound
sialoglycans generating B- and Y-ions.190–194 In particular, the
sialic acid linkage to the penultimate residue is cleaved with
high efficiency leading to a strong B1 ion atm/z 290 (negative ion
mode) orm/z 292 (andm/z 274, B1-H2O) (positive ion mode) and
the corresponding Y-ions.195 Extracted ion chromatograms for
these B1 ions and some oxonium ions (e.g. m/z 366, HexHexNAc
in positive ion mode) are helpful in localising sialoglycopeptide
tandem MS CID spectra in the LC-MS data.161 CID fragmenta-
tion is usually sufficient to verify the monosaccharide compo-
sition of the sialoglycopeptides when combined with the
accurate molecular mass of the precursor.196 Dedicated soware
has been developed to aid the determination of glycopeptide
composition from tandem MS data.197 However, the identica-
tion of the peptide carrier and the site-specic attachment is
usually difficult due to low-intensity peptide fragment ions in
This journal is ª The Royal Society of Chemistry 2013
CID,198 but can be obtained either through MSn CID approaches
or by alternative fragmentation techniques including HCD199 or
ExD189 as described below. For the former, positive and negative
ion ESI linear IT-TOF MSn has been employed for the analysis of
sialylated N-linked glycopeptides with rich structural informa-
tion on the attached sialoglycans being generated.184,200 This led
to the suggestion that the structural assignment of sialylated
N-glycans on glycopeptides can be determined by MSn spectral
matching.184 As in the analysis of released glycans, rearrange-
ment during the tandem MS process is known to happen
particularly for glycopeptides that ionise by protonation, but
reports have mostly described deoxyhexose rearrangements and
not rearrangements of sialic acid residues.131,132

3.2.3.b HCD, ExD and other fragmentation techniques. Real-
ising the limitations of CID fragmentation in determining the
complete sialoglycopeptide structure, glycoscientists have
increasingly explored the possibilities for using alternative
fragmentation techniques for the characterisation of sialogly-
copeptides. Infrared multiphoton dissociation (IRMPD) facili-
tates dissociation by collisional heating and hence generates
cleavage of the most labile bonds, the glycosidic bonds. IRMPD
is consequently rather similar to CID in its fragmentation
behaviour,201 but with additional polypeptide backbone frag-
mentation being observed.202

Activated electron dissociation (ExD) methods have become
popular in MS of peptides, but limited work has been presented
for sialoglycopeptides. Electron capture dissociation (ECD) was
shown to produce ions that complement the ions generated
from CID type fragmentation events.183,203,204 Proof-of-concept
studies have also been presented for the related fragmentation
technique electron transfer dissociation (ETD). Here, multi-
sialylated glycopeptides were seemingly less efficiently frag-
mented compared to ETD of neutral glycopeptides, but
orthogonal information on the sialoglycopeptide structure
could still be obtained when dedicated bioinformatic tools were
used to interpret the obtained data.169,205,206 Nonetheless, most
researchers carry out ETD or ECD on neutral or desialylated
glycans.207,208 Neutral loss of the sialic acids and general charge
reduction were observed when sialylated N- and O-linked
glycopeptides were analysed using ETD MS195,209. An approach
has been presented where ETD and ECD were utilised
together with CID fragmentation to characterise formerly sia-
lylated N- and O-linked glycopeptides following enrichment
based on sialic acid capture and release of the sialic acids by
acid hydrolysis prior to MS detection; however, in this approach
no information on the conjugated sialoglycan is obtained.210–212

Finally, fragmentation techniques using negative ion polarity
including electron detachment dissociation (EDD) and negative
ETD (nETD) may very well be useful for the analysis of sialo-
glycopeptides, but these alternative fragmentation techniques
need more investigation.189

The performance of CID combined with either HCD or ETD
as parallel fragmentation techniques has been compared in a
study where the neutral N-glycoproteome of Campylobacter
jejuni was investigated.213 The combination CID/HCD enabled
identication of the glycan structure and peptide backbone
whereas CID/ETD enabled elucidation of the glycosylation site.
RSC Adv., 2013, 3, 22706–22726 | 22717
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In another study, 88 previously uncharacterised neutral N-
glycopeptides were identied from hen egg glycoprotein
mixtures using HCD and accurate molecular mass, but no
sialylated glycopeptides were reported.214 Recently, HCD and
ETD were utilised in combination to identify a high number of
neutral and sialylated N-linked glycopeptides of the secretome
of human endothelial cells.215 In this study alternating
HCD-ETD detected predominantly high-intensity, multiply
charged N-glycopeptides. HCD-product-dependent ETD pref-
erentially selected complex/hybrid N-glycopeptide precursors
for fragmentation. The benets of using HCD fragmentation
for N-linked sialoglycopeptides includes the presence of
distinct Y1 ions (peptide + GlcNAc), which can be used for
further MS3 based identication, abundant oxonium ions and
B-type ions (e.g. m/z 292 from Neu5Ac and m/z 657 from sialyl
LacNAc) and the high mass accuracy, resolution and extended
m/z range offered by the Orbitrap.199 The combined use of CID,
HCD and ETD on an Orbitrap instrumentation to characterise
intact glycopeptides originating from the partly sialylated rat
N-glycoproteome enabled identication of a total of 863
N-linked glycopeptides from 161 rat brain glycoproteins (Parker
et al., 2013, submitted). This deep N-glycoproteome analysis
was aided by a parallel characterisation of the released N-gly-
come and sophisticated bioinformatic tools to identify and
verify the glycopeptides as intact molecules. Moreover, a total of
569 unique N-linked intact sialylated glycopeptides from 190
unique peptide sequences were identied from 98 proteins in
human plasma (S. Lendal et al., in preparation). The identi-
cation of intact sialylated glycopeptides was performed using
high accuracy mass spectrometry combined with computa-
tional tools.
3.3 LC-MS of sialoglycoproteins

Limited data has been presented for the LC-MS based analysis
of intact sialoglycoproteins. However, this eld is maturing
quickly, driven by the well recognised analytical benets of
detecting the intact biomolecules instead of the post analysis
piecing together the structural information in bottom up
approaches.

3.3.1 LC separation of sialoglycoproteins. RPC is usually
insufficient to separate the individual glycoforms of sialogly-
coproteins showing extensive microheterogeneity such as
human EPO and bovine a1-acid-glycoprotein.216 The sialogly-
coforms elute as broad unresolved peaks since the larger
protein component, which is identical for the glycoforms,
largely determines the retention on RPC. Nevertheless, sialo-
glycoproteins from normal and pancreatic cancer sera, depleted
for the 12 most abundant proteins, were separated and
compared using wheat germ agglutinin, SNA and Maackia
amurensis lectin enrichment and subsequent off-line RPC
separation and UV detection of the intact sialoglycoproteins.
The downstream glycopeptide mapping identied approxi-
mately 130 sialylated glycoproteins and identied signicant
changes in the abundance of specic sialoglycoproteins and
glycosylation site occupancies in the pancreatic cancer sera
compared to the normal healthy sera.217
22718 | RSC Adv., 2013, 3, 22706–22726
For increased LC resolution of sialoglycoforms, physico-
chemical parameters other than hydrophobicity have been used
for separation. Anion exchange chromatography (AEC) is a
rational choice to separate the negatively charged sialoglyco-
proteins, although the negative charges from acidic amino acid
residues in the polypeptide backbone can dilute the charge
difference between the sialoglycoforms to a certain extent.
Nonetheless, AEC was able to differentiate human kallikrein-6
sialylated isoforms comprising different numbers of sialic acid
residues.218,219

In addition to LC based separations, CE has proven very
powerful in separating intact sialoglycoproteins. Glycoproteins
with different numbers of sialic acid residues can routinely be
separated using CE with either UV or molecular mass detection by
ESI MS.117,220–225 Examples include CE-MS based separation and
detection of glycoforms of intact bovine a1-acid-glycoprotein (AGP)
and fetuin that differed in the number of sialic acid residues.72

Glycoform separation was also shown for recombinant human
EPO and transferrin using CE-UV or CE-MS, but in neither of these
cases could the branching and linkage isoforms of the attached
sialoglycans be resolved.220,221 Another very useful alternative for
separating differently sialylated glycoproteins is two dimensional
(2D) gel electrophoresis where the isoelectric focusing (IEF) in the
rst dimension is capable of separating sialoglycoforms.36,226 The
higher the number of sialic acids residues, the more themigration
of the sialoglycoform to the acidic end of the pH region of the IEF
strip. Using high resolution IEF strips, sialoglycoforms differing
by a single sialic acid residue can usually be resolved. One of the
inherent limitations of this approach, however, is that membrane
sialoglycoproteins are under-represented due to their low solubility
in the detergents used for the IEF dimension.16 Recently, a
systematic study established rules for roughly predicting the pI of
sialoglycoproteins separated by 2D gel electrophoresis based on
their sialic acid content.227

3.3.2 MS detection of sialoglycoproteins. Very limited work
has been presented for the MS based detection of intact sialo-
glycoproteins. The microheterogeneity of apolipoprotein C3,
which is a small partly sialylated O-linked glycoprotein, was
determined by a mass prole at the intact glycoprotein level
using linear mode MALDI TOF MS with sinapinic acid as
matrix.228 A similar experimental setup was used for detecting
the sialoglycoforms of human interferon-b and soluble CD59,
two sialylated N-linked glycoproteins.176,229 However, a minor
degree of MS induced desialylation was observed. Neutral
glycoproteins appear with higher signal resolution in MALDI
TOF MS using a THAP matrix instead of the sinapinic acid
matrix which is commonly used for MALDI MS of intact non-
glycosylated proteins.216 Intact sialoglycoproteins were also
observed with better signal resolution using 4-hydroxy-3-
methoxycinnamic acid (also called ferulic acid) as a matrix in
linear mode positive ion MALDI TOF MS. Lately, DHB and ATT
were suggested to be suitable for MALDI TOF MS of sialylated
glycoproteins, but the sialoforms of the glycoprotein remained
partly unresolved.230,231 For this reason, most mass analyses of
larger sialoglycoproteins showing extensive micro-heteroge-
neity has been performed with prior desialylation, yielding
more resolved glycoforms.232 MALDI based in-source decay has
This journal is ª The Royal Society of Chemistry 2013
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been used to perform top-down sequencing of sialylated and
non-sialylated O-linked glycoproteins of the mucin type.233 This
revealed cell specic glycosylation site patterns (macro-
heterogeneity) and site-specic microheterogeneity of recombi-
nant human MUC1 produced in HEK-293 and Drosophila S2
cells. The low efficiency of desolvation of intact sialylated and
neutral glycoproteins has limited the use of ESI MS.16 However,
this obstacle can be reduced by using nanospray ESI MS, which
has resulted in the successful analysis of several sialylated and
neutral glycoproteins.234 The use of very low nozzle/skimmer
voltages, and smooth desolvation conditions were stressed as
being crucial to detect the sialoglycoforms of bovine AGP.235 In
other studies, a high number of sialylated glycoforms were
determined by using accurate molecular mass measurements
obtained using ESI TOFMS of CE separated isoforms of human
EPO with and without parallel glycan analysis.221,222 Another
group reported detection of the highly heterogeneous and
heavily sialylated human AGP using ultra-high resolution ESI
FT-ICR MS.236

3.3.3 Other detection techniques for sialoglycoproteins.
Until MS based techniques become sufficiently mature for the
analysis of intact sialoglycoproteins alternative techniques are
available for the detection of sialylated glycoproteins. As dis-
cussed in the rst of these two related reviews,3 sialic acid specic
lectins are ideal for detection and visualisation of sialoglycopro-
teins from tissues and uids by enzyme-linked immunosorbent
assay (ELISA) and histochemistry approaches. For example, SNA-
antibody lectin ELISA could detect differences in a2,6-linked
sialic acid content of intact human kallikrein-6 from ovarian
cancer ascites and cerebrospinal uid,218,219 and at the system-
wide cellular level on cancerous and healthy liver cell proteins.237

O-acetylated sialic acid residues on glycoproteins can be detected
with specic lectins i.e. crab lectin from Liocarcinus depurator
showing broad specicity towards O-acetyl sialic acid238 and lec-
tins from Cancer antennarius and Paratelphusa jacquemontii
showing specicity towards 4-O- and 9-O-acetylated sialic acid
residues.239,240 The general identication and analysis of O-acety-
lated sialoglycoproteins have been recently reviewed.241 Antibody
detection of sialylated glycoproteins is another interesting
approach that is currently being investigated. As an example, a
reliable antibody-based method for the highly specic and
sensitive detection of non-human Neu5Gc containing glyco-
conjugates in tissues and in biotherapeutics was recently pre-
sented.242 An alternative method to antibody-based detection of
sialoglycoproteins is the in vitro selection method from combi-
natorial RNA libraries that has been used for generating RNA/
DNA molecules with high affinity and specicity towards specic
biomolecules.243,244 Such RNA based aptamers have been devel-
oped to detect Neu5Ac sialoglycoproteins with high affinities.245

The technology may show the potential of discriminating subtle
structural differences in sialoglycoproteins, which can prove
useful for both enrichment and detection purposes.
4. Conclusion

Analytical glycoscience including the analysis of N- and
O-linked glycoprotein sialylation has benetted immensely
This journal is ª The Royal Society of Chemistry 2013
from the advancement of LC-MS technologies in recent
decades. Many of these advancements have been driven by
technology improvements within the larger proteomics
research eld. Due to the unique analytical challenges
encountered in structural glycobiology, many of these tech-
nological improvements have only become useful for
researchers in glycoscience aer tailored alterations of the
workows and tedious method optimisation. This is in
particular true for the analysis of glycoprotein sialylation
where the lability of the sialic acid residues together with their
negative charge, linkage and modication heterogeneity,
demands dedicated workows. Methods for sophisticated
analyte manipulation where the sialoglycoconjugates are
rendered more “LC-MS friendly” by chemical derivatisation
prior to the LC-MS analysis have also played a signicant part
in the successful analytical achievements in recent years.

Although it still is commonly accepted that no analytical
technique can yield the complete structural information
regarding glycoprotein sialylation in a single analysis from a
typical biological sample, LC-MS is gradually proving to be an
extremely powerful approach to dene the structure of sialogly-
cans and sialoglycopeptides at biologically relevant levels and
complexities. Here it is important to stress that the biological
function of the sialic acid and the protein glycosylation as a whole
oen can be learned from less-than-complete structural infor-
mation of the sialylated N- or O-linked glycoprotein. In many
known (and unknown) cases, however, the glycobiological func-
tion can be regulated by changes at the ne structural level such
that the detailed and exact structure of the sialoglycoproteins is
required to understand the underlying biology.

Although this review has focused on the analysis of the ubiq-
uitous terminal modication of sialylation on N- and O-linked
glycoproteins, it should be noted that our understanding of
system glycobiology cannot be expected to be achieved by
concentrating only on the sialylated protein component of the
glycome/glycoproteome. The neutral glycome/glycoproteome
equally needs to be specied from the same sample to dene the
entire glycosylation phenotype and to link this phenotype to
biological functions. The spatial and temporal relationship with
sialylated lipids is also important to consider particularly when
cellular or system-wide processes are investigated. However, at
this stage, holistic efforts are rarely undertaken due to the lack of
such broad analytical knowledge and technology in a single
laboratory.

At present, the main limitation of the available analytical
techniques for determining glycoprotein sialylation includes
the lack of automation of most experimental workows. This
obstacle severely limits the detailed structural character-
isation of glycoprotein sialylation on the system-wide
(cellular/organism) scale. Integration of bioinformatic tools
and glycan repositories to aid the data handling and inter-
pretation are on-going initiatives that are expected to facilitate
greater coverage of the sialylated glycoproteome within the
next few years by improving the throughput of data analysis.
Spectral matching to libraries of tandem MS CID spectra of
well-characterised sialylated N- and O-linked glycans is being
pursued and will reduce the dependence on manual data
RSC Adv., 2013, 3, 22706–22726 | 22719
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interpretation, which, at present, is limited to relatively few
expert research groups. The requirement for expertise is even
more pronounced for the interpretation of fragment MS
spectra of sialoglycopeptides. Since tandem mass spectral
matching approaches are presently unrealistic because of the
astronomical number of possible sialoglycopeptides that can
be encountered in a proteolytical digest of a biological sample
(number of glycosylated N- and O-linked peptides in the pro-
teome � number of N- and O-linked sialoglycans in the gly-
come), bioinformatic tools and workows must aim to assist
the identication by partial de novo characterisation. This, in
turn, relies strongly on the availability of well-understood
fragmentation techniques including CID, HCD and ExD to
allow acquisition of complementary structural information on
the glycan structure, the peptide carrier as well as information
on the sites of attachment.

LC-MS has proven capable of yielding accurate quantitative
evaluation of sialylated and neutral glycans/glycopeptides
comparable to the accuracy obtained using conventional
UV-HPLC based detection techniques. However, accurate
quantitation is highly dependent on the use of appropriate
experimental designs since signicant biases towards the
derivatisation/ionisation/detection of some structures over
others can be easily introduced during sample preparation
and analyte detection. Recent advancements in the synthesis
of sialoglycopeptides and glycoproteins using Fmoc solid-
phase peptide synthesis169,246,247 may provide standards that
will facilitate better understanding of fragmentation path-
ways and accurate denition of ionisation and detection
efficiencies to yield more condent characterisation and
quantitation of glycoprotein sialylation at the site-specic
glycopeptide level.181

Another milestone to reach is the development and the
further maturation and implementation of top-down MS tech-
nologies for the routine analysis of intact sialoglycoproteins. At
present, little analytical work on intact sialoglycoproteins has
been published, but the eld is maturing rapidly.248 In addition
to increasing the throughput of analysis by reducing the need
for the extensive sample handling and processing required for
bottom-up approaches, top-down approaches would allow
researchers to study the intra-molecular relationships between
sialoglycans on multiple glycosylation sites and other post-
translational modications to the intact polypeptide backbone.
This would facilitate a more accurate characterisation of the
individual “glycoforms” (more recently termed the “proteo-
form”) than present-day bottom-up approaches.249 In the
meantime migratory separation techniques such as 2D gels
remain a helpful tool to visualise and separate sialylation on the
intact glycoprotein level, but, needless to mention, at low
resolution.226

In conclusion, remarkable analytical advances in the LC-MS
technologies have been accomplished in recent decades
enabling increased depth, sensitivity and accuracy in the char-
acterisation of glycoprotein sialylation in biologically relevant
samples. However, there are still unmet needs in structural
glycobiology. Improvements are consequently needed at all
analyte levels from sample preparation through LC-MS
22720 | RSC Adv., 2013, 3, 22706–22726
acquisition to data analysis and interpretation. The combined
efforts will allow us to dig deeper into the barely explored sia-
lylated glycoproteome to address the functional relevance of
sialic acid residues attached to specic glycoproteins.
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