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Abstract

Glycosylation defines the adhesive properties of animal cell surfaces and the surrounding extracellular envi-
ronments. Because cells respond to stimuli by altering glycan expression, glycan structures vary according to
spatial location in tissue and temporal factors. These dynamic structural expression patterns, combined with the
essential roles glycans play in physiology, drive the need for analytical methods for glycoconjugates. In addition,
recombinant glycoprotein drug products represent a multibillion dollar market. Effective analytical methods are
needed to speed the identification of new targets and the development of industrial glycoprotein products, both
new and biosimilar. Mass spectrometry is an enabling technology in glycomics. This review summarizes mass
spectrometry of glycoconjugate glycans. The intent is to summarize appropriate methods for glycans given their
chemical properties as distinct from those of proteins, lipids, and small molecule metabolites. Special attention is
given to the uses of mass spectral profiling for glycomics with respect to the N-linked, O-linked, ganglioside, and
glycosaminoglycan compound classes. Next, the uses of tandem mass spectrometry of glycans are summarized.
The review finishes with an update on mass spectral glycoproteomics.
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Introduction

Glycoconjugate glycan expression is essential for
embryogenesis (Haltiwanger and Lowe, 2004), devel-

opment (Hacker et al., 2005), adult physiological processes
(Bishop et al., 2007), and evolutionary survival of animal
species (Varki, 2006). All animal cells express glycosylated
proteins and lipids in abundance on their surfaces. Adherent
cells synthesize extracellular matrices, essential components
of which are glycoproteins and proteoglycans. It is now ap-
parent that lectin domains in myriad proteins serve to define
adhesive properties by virtue of carbohydrate–protein bind-
ing interactions. The structures of glycoconjugate glycans are
regulated dynamically, resulting from biosynthetic reactions
in the endoplasmic reticulum and Golgi apparatus that are
under complex regulation. Because many of these reactions
do not go to completion, glycans modifying an individual site
are typically expressed as a mixture of glycoforms elaborat-
ing a core structure. This diversity multiplies the structural
and functional complexity of proteins and lipids by orders of
magnitude.

Glycans are now recognized as mediators of pathophysi-
ological events related to progression of tumors (Dwek and
Brooks, 2004; Fuster and Esko, 2005). To understand their
roles in physiology and pathophysiology, the macro- and
microheterogeneity of glycans is an impediment to the un-
derstanding of biological functions and the development
of carbohydrate-based vaccines, drugs, and therapeutics
(Bernardes et al., 2009; Seeberger and Werz, 2007). These ap-
proaches have enabled the development and use of carbo-
hydrate microarrays (Blixt et al., 2004; Blixt et al., 2008; Feizi
and Chai, 2004; Feizi et al., 2003; Liang et al., 2008; Seeberger
and Werz, 2007). There is also considerable interest in the
production of glycoproteins with defined homogeneous gly-
cosylation structure (Bennett et al., 2008; Bernardes et al.,
2009; Hsieh-Wilson, 2007) for therapeutic purposes.

Carbohydrate microheterogeneity may also be viewed as
a hallmark of glycoconjugate function. Evolutionary devel-
opment of multicellularity entailed the development of gly-
coconjugates that function to control the interactions among
cells (Lauc, 2006). Extracellular glycans mediate cell–cell
and cell–pathogen interactions (Varki, 2006). Intracellular
O-GlcNAc modifications serve as a dynamic regulatory
switch and nutrient sensor (Hart et al., 2007). Thus, the dy-
namic nature of glycosylation serves the need of long lived
species to respond to rapidly evolving pathogens (Varki,
2006).

The development of methods for mass spectrometry (MS)
of glycans is driven the two biomedical approaches outlined
above. MS is capable of providing structural constraints for
such purified molecules, although complete structural deter-
mination typically requires several analytical technologies
including MS, linkage analysis, and NMR. MS methods are
also used to maximize the structural information produced

given limiting resources in terms of time, labor, and sample
quantity. In ‘‘omics’’ fields, tasks are often divided between
discovery and targeted analysis. Thus, determination of gly-
can masses is often an early step in profiling glycan expression
related to a disease state. The masses of glycans released from
biological source may be determined rapidly and with low
sample consumption and high throughput. The resulting in-
formation reflects the abundances of all glycan compositions
present and do not determine the abundances of individual
glycan structures, because structural isomers are typically
present. Combinations of separations and tandem mass
spectrometry may be used to build information defining the
structures of glycans present from product ion patterns. In
many experiments, tandem mass spectra are acquired on
glycan masses that represent mixtures of structural isomers.
It is therefore important to learn to use such data, because it is
not practical to purify all glycans of interest to homogeneity.

This review summarizes mass spectrometry-based ap-
proaches for glycomics. Such methods divide generally into
mass profiling, in which the masses and abundances of re-
leased glycans are determined and compared among a set of
sample and fine structure determination, in which detailed
structures are determined. The discussion emphasizes ap-
proaches that are designed to produce structural information
while consuming minimal quantities of material. Such ap-
proaches have the sensitivity to meet the needs of biomedical
scientists for glycan analysis.

Mass Spectral Ionization Methods

Although fast atom bombardment ionization was used to
develop many of the principles of modern glycoconjugate
mass spectrometry (reviewed in Zaia, 2004), the matrix-
assisted laser desorption=ionization (MALDI) (Karas and
Hillenkamp, 1988; Karas et al., 1987) and electrospray ioni-
zation (ESI) (Meng et al., 1988; Whitehouse et al., 1985) tech-
niques are used in the vast majority of published work today.

The chemistry of the carbohydrate monosaccharide res-
idues strongly influences the ionization behavior of gly-
coproteins (Zaia, 2007). To a first approximation, animal
monosaccharides are either neutral hexoses or N-acetyl
hexosamines or they are acidic sialic acids, uronic acids, sul-
fated, or phosphorylated monosaccharide residues. Thus,
glycoconjugate glycosylation tends to increase the acidity of
glycocoproteins relative to the aglycon. Thus, glycosylation
increases both the hydrophilicity and surface activity of the
modified proteins and peptides. These effects strongly influ-
ence the ionization of glycoconjugates, relative to unmodified
proteins or peptides. Thus, if analyzing a glycoprotein tryptic
digest using positive ion mass spectrometry, the unmodified
peptides will be least acidic and more likely to form abun-
dant positive ions, with the result that the ionization of gly-
cosylated proteins will be suppressed. As a general principle,
samples to be analyzed using mass spectrometry should be
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separated into fractions of approximately equal acidities. Doing
so minimizes the extent to which ion suppression occurs.

The use of MALDI mass spectrometry entails mixing the
analyte with an acidic matrix and drying a low microliter
volume on a metal target, forming crystals. Subsequent irra-
diation with pulsed laser light creates a molecular plume
containing ionized analyte and matrix molecules that may be
mass analyzed. It is important to note that acidic glycan res-
idues dissociate to a substantial degree during the MALDI
process. The result is that losses of sialic acid, sulfate, and
phosphate residues are likely to be observed for native car-
bohydrates and glycoconjugates using MALDI.

The ESI process entails infusion of a solution containing the
analyte through a sharp electroconductive needle to which is
applied elevated electrical potential of positive or negative
polarity. The analyte solution is thereby caused to form ex-
tremely fine droplets that readily evaporate to form analyte
ions. The electrospray process is confers less vibrational en-
ergy on the analyte molecules with the result that fragmen-
tation of glycoconjugates is generally not observed. ESI may
be used either by direct infusion of an analyte solution or by
direct connection to a liquid chromatography column.

Mass Spectrometry of Glycans

Ionization

Ionization techniques for mass spectral analysis of glycans
have been reviewed recently (Zaia, 2006), and will be briefly
summarized here. As with any chemical compound class, ion
suppression effects are minimized when analyzing mixtures
with equivalent chemical properties in terms of acidity and
hydrophobicity. During ionization more hydrophobic com-
pounds will generally suppress less hydrophobic compounds
in a mixture. When analyzing compounds using positive ion-
ization mode, basic compounds will suppress acidic com-
pounds when analyzed as a mixture. The opposite is true
when using the negative ionization mode. Thus, it is advisable
to separate glycans according to acidity prior to mass spectral
analysis. On-line liquid chromatography=mass spectrometry
(LC=MS) accomplishes this by separating glycans according
to their chemical properties prior to infusion into the mass
spectrometer (Wuhrer et al., 2005a; Zaia, 2009).

Permethylation serves to render glycans hydrophobic,
improving their MS ionization responses, and equalizing their
chemical properties. Historically, carbohydrates were deri-
vatized to increase their volatility and stability for MS analysis
(Zaia, 2004). Permethylation of carbohydrates was perfected
during the 1980s at a time when fast atom bombardment
ionization was the best choice for analysis of biomolecules
(Ciucanu and Costello, 2003; Ciucanu and Kerek, 1984). Per-
methylated carbohydrates are ionized typically as sodium
cationized ions and are considerably more stable than native
glycans. This fact that is of particular importance because
it enables effective use of vacuum MALDI sources that are
widely available on modern mass spectrometers.

MALDI MS is used extensively for analysis of glycan
classes, as has been reviewed in detail (Harvey, 1999, 2003,
2006, 2008). Briefly, MALDI sample preparation methods are
relatively tolerant of salts and other nonsurfactant additives
or contaminants, with the result that data are obtained with
minimal sample workup. One limitation to the use of MALDI
for native and reductively aminated glycans is that a rela-

tively high degree of vibrational excitation of the ions occurs
during the ionization process (Moyer and Cotter, 2002; Moyer
et al., 2002; O’Connor and Costello, 2001; O’Connor et al.,
2002). As a result, there is a significant degree of fragmenta-
tion to fragile glycan substituents, including sialic acid and
fucose residues, sulfate, and phosphate groups. Thus, great
caution must be taken in the interpretation of such MALDI
mass spectra because the observed ions may have dissociated
to lose fragile substituents prior to detection. Permethylated
glycans are considerably more stable than their native coun-
terparts, and dissociation during the MALDI process is not a
problem.

During the electrospray ionization (ESI) process, multiply
charged ions are created during the relatively slow droplet
desolvation process. The extent of fragmentation of acidic
glycans and other fragile ions is much lower than observed
using vacuum MALDI (Zaia, 2007). As a result, ESI is ap-
propriate for direct analysis of acidic glycans for MS and
tandem MS. Native glycans reside in the center of ESI drop-
lets, and tend to be suppressed by more hydrophobic mole-
cules. This suppression is minimized through the use of
nanoscale ESI because the initial droplet size is smaller and
there is less concentration of suppressing molecules (Karas
et al., 2000). ESI produces inherently better resolved peaks for
glycoconjugates due to the absence of matrix adduct peaks
(Satterfield and Welch, 2005). ESI has the disadvantage that
it is more labor-intensive than MALDI and produces a com-
plex pattern of charge states. Samples must be free of salts
prior to introduction into the ion source to avoid the prob-
lem of multiple cation adduction due to salts in the sample
solution. This entails use of chromatography, either off- or on-
line prior to ESI MS. Unfortunately, routine on-line LC=MS
cannot be accomplished practically at the nano-ESI scale
(<50 nL=min).

Chromatographic interfaces for mass
spectral glycomics

Readers seeking detailed summary of LC=MS approaches
for determination of protein glycosylation are referred to the
following reviews (Hirabayashi and Kasai, 2002; Wuhrer
et al., 2005a). Quantitative measurement is facilitated by
chromatographic separation of glycans prior to MS so as to
minimize ion suppression effects. Although the structures of
glycans separated by chromatographic retention time may be
correlated based on retention time to a library of glycan
standards (Guile et al., 1996; Knezevic et al., 2009), the use of a
mass spectral detector facilitates the development of a reten-
tion time library against which unknown glycan compositions
may be referenced (Pabst et al., 2007).

A number of methods for on-line LC=MS for glycans are
practical. Reductive amination (Anumula, 2000, 2006) may be
used to increase the hydrophobicity of glycans to enable use of
reversed phase chromatography under MS-compatible con-
ditions. Aminopyridine (Kuraya and Hase, 1996; Yamamoto
et al., 1989), 2-aminobenzamide (Chen and Flynn, 2007; Royle
et al., 2002) 1-phenyl-3-methyl pyrazolone (Mason et al.,
2006; Saba et al., 2001) are widely used for derivatization
of N-glycans for on-line LC=MS. The most highly retained
compound is the unmodified reductive amination reagent.
As the size and polarity of the glycan increases, the degree
to which it binds the stationary phase decreases.
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Reversed phase ion pairing (RPIP) involves pairing acidic
glycans with amine compounds in the mobile phase to permit
interaction of the glycans with the hydrophobic stationary
phase. RPIP has been used quite effectively for on-line LC=MS
of glycosaminoglycans (Kuberan et al., 2002; Thanawiroon
et al., 2004) and may also be used for analysis of glycans
reductively aminated with a sulfonated alkyl group (Gennaro
et al., 2003). The use of RPIP has the advantage that high
chromatographic resolution is observed, albeit at the expense
of having to infuse amine-containing mobile phase into the
mass spectrometer source.

Graphitized carbon chromatography (GCC) separates com-
pounds based on hydrophobicity and polarizability. For
glycans, retention times increase as the glycan size increases
and as the number of acidic groups increases. On-line LC=MS
methods using packed capillary (Itoh et al., 2002; Kawasaki
et al., 2003) and chip-based (Niñonuevo et al., 2005; Zamfir
et al., 2005) GCC separation systems have been published for
glycan classes. GCC has the advantage of comparatively high
resolution resulting in separation of some types of glycan
structural isomers. The most acidic glycans, including poly-
sialylated, phosphorylated, or sulfated N-glycans and sul-
fated O-glycans including the glycosaminoglycans are highly
retained using GCC and tend to be poorly recovered. Basic
mobile phase conditions have been used to mitigate this
problem (Estrella et al., 2007; Karlsson et al., 2004).

Hydrophilic interaction chromatography (HILIC) is effec-
tive for separation of native glycans according to size and
polarity and has been used for on-line LC=MS analyses (Butler
et al., 2003; Mattu et al., 2000; Royle et al., 2002). Capillary
HILIC using amide silica has been used for on-line LC=MS
of N-glycans (Wuhrer et al., 2004), glycopeptides (Wuhrer
et al., 2005b), and glycosaminoglycans (Hitchcock et al., 2008;
Naimy et al., 2008; Staples et al., 2009, 2010) and off-line for
MALDI MS of glycosphingolipids (Zarei et al., 2008). HILIC
has the advantage that it is applicable to all glycan classes
from neutral to acidic without recovery problems. Retention
times are predictable based on the monosaccharide compo-
sition of the glycans. Although chromatographic resolution is
modest with respect to GCC and RPIP, the mobile phases are
directly compatible with mass spectrometry.

Capillary electrophoresis of glycoproteins
and released glycans

Developments in capillary electrophoresis (CE)=MS of
glycans have been reviewed recently (Campa et al., 2006;
Mechref and Novotny, 2006, 2009). Acidic glycans may be
analyzed directly using CE or reductively aminated using an
uncharged chromophore or fluorophore (Che et al., 1999;
Militsopoulou et al., 2002). Neutral glycans may be reduc-
tively aminated with a sulfated derivative such as amino-
pyrene trisulfonate (Evangelista et al., 1995; Suzuki et al.,
1997) or aminonapthalene trisulfonate (Klockow et al., 1995)
to enhance their electrophoretic mobility. The advantages of
CE are the high resolution separations, low sample con-
sumption, and rapid analysis.

Negatively charged glycans may be analyzed directly by
CE=MS using polyvinylalcohol coated capillaries and neutral
glycans may be analyzed following derivatization with ami-
nonaphthalene trisulfonate (Gennaro et al., 2002). Glycosa-
minoglycan oligosaccharides are readily amenable to CE

separation with MS detection due to their acidic character
(Zamfir et al., 2002, 2004). An alternative to use of reductively
aminated derivatives has been published in which N-glycans
released by peptide N-glycosidase F are derivatized with
9-fluorenylmethyl chloroformate using the reactivity of the
reducing end glycosyl amine using a commercial neutral
coated capillary (Nakano et al., 2009). The method was ap-
plied to the analysis of glycoproteins from SDS-PAGE bands
using in-gel digestion with peptide N-glycosidase F followed
by in situ derivatization prior to CE=MS.

The following is a summary of recent CE=MS applications
to glycoprotein analysis. Polyvinyl alcohol-coated capillar-
ies have been used to analyze glycopeptides from recom-
binant protein proteolytic digests (Gennaro et al., 2006).
Released glycans were then analyzed by CE=MS of the APTS
derivatives (Gennaro and Salas-Solano, 2008). The glyco-
peptide CE=MS data prove very useful for mapping N- and
O-glycosylation sites in recombinant glycoprotein molecules.
A method of analysis of intact recombinant glycoproteins has
been developed using polybrene-coated capillaries to mini-
mize the electroosmotic flow (Balaguer et al., 2006). The re-
sults show baseline electrophoretic separation of sialylation
variants of erythropoietin and a1 acid glycoprotein (Balaguer
and Neususs, 2006) with high-resolution mass spectrometric
detection. The CE=MS method may also be used for analysis
of released glycans from the recombinant glycoproteins.
Polyvinylalcohol coated capillaries have been used for gly-
coprotein CE coupled to a high-resolution Fourier transform
mass spectrometer for high mass accuracy glycoprotein
analysis (Thakur et al., 2009). The method enabled identifi-
cation of more than 60 glycoforms for recombinant human
chorionic gonadotrophin. Subsequent analysis of tryptic pep-
tides enabled identification of site-specific glycan variants.

Ion mobility MS applied to glycomics

Glycans released from glycoconjugates exist as mixtures
of nonisomeric and isomeric glycoforms. Gas phase ion
mobility separates ions according to their collisional cross-
sections, roughly proportional to the molecular size and shape
(Clowers and Hill, 2005; Clowers et al., 2005). In principle,
differences in ion mobility may be used to separate structural
isomers, provided that the isomers have significantly different
collisional cross sections. Ion mobility separations are also
used as a separation dimension prior to mass spectrometric
analysis. Seen in this way, the mobility separation helps re-
solve complex molecular mixtures. This capability may be of
use when applied to glycomics of complex mixtures.

Ambient pressure ion mobility has been used with a TOF
analyzer to resolve isomeric methyl glycosides and simple
sugars differing by anomeric configuration (Dwivedi et al.,
2007). Ion mobility spectrometry (IMS) has been applied to
the identification of candidate biomarkers from permethylated
N-glycans released from serum samples liver cancer, cirrhosis,
and control human patient populations (Isailovic et al., 2008).
In this case, the permethylated glycans were analyzed by direct
infusion without prior chromatographic separation. The data
were reduced using statistical plots and clustered the patterns
of glycan expression into groups correlating with disease state.
IMS has been used to resolve heparan sulfate isomers from
hexasaccharides purified by size-exclusion chromatography
followed by strong anion exchange chromatography (Sche-
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nauer et al., 2009). Two of the SAX peaks had the same mass
values but showed differences in product ion abundances
likely to reflect different structures. The two hexasaccharide
fractions showed ion mobility distributions, the peak centers
of which differed significantly. Subsequent one dimensional
1H-nuclear magnetic resonance spectroscopy indicated that the
differences were due to uronic acid epimerization.

Mass spectrometry of high molecular
weight glycoconjugates

Mass spectrometric analysis of high molecular weight
glycoconjugates is made challenging by both the comparative
fragility of glycan chains and their heterogeneity. Thus, al-
though MALDI produces low charge states that are readily
interpretable, glycans often undergo fragmentation during
the ionization process. Permethylation renders glycans sub-
stantially more stable than the native molecules. The deriva-
tization chemistry, however, entails dissolving the glycans in
DMSO, a solvent in which polysaccharides have decreasing
solubility with increasing size. Use of ESI is more likely to
result in ionization without fragmentation. The ion patterns,
however, may be extremely complex due to carbohydrate
polymeric complexity and overlapping charge state envelops.
These principles are shown in the analysis of a dextran 5000
polymeric mixture using ESI MS and MALDI-TOF MS (Deery
et al., 2001). Comparable results on these polysaccharides
were obtained using the two techniques for these neutral,
relatively stable, polysaccharides.

The bioactive bacterial extracellular polysaccharide Cur-
dlan has been analyzed in native form using MALDI-TOF MS
to show a polymeric mixture ranging from 5,000–14,000 Da
(Chan and Tang, 2003). The O-antigen from F. tularensis was
permethylated and analyzed using MALDI-TOF mass spec-
trometry and showed a polymer consisting of a series of
tetrasaccharide units attached to a core oligosaccharide of
composition (HexNAc3Hex)Kdo (Prior et al., 2003). Glycosa-
minoglycan polymers of up to degree of polymerization 40
have been observed using an LC=MS system employing re-
versed phase ion pairing chromatography (Kuberan et al.,
2002). This system has the advantage that the complexity of
the polysaccharides entering the MS source at a give time
is limited by the chromatography system. A low molecular
weight heparin preparation with average molecular weight of
*5,500 Da was analyzed using on-line SEC-MS (Henriksen
et al., 2004). Again, the chromatography stage increases the
extent to which the complex ion patterns may be interpreted.
Hyaluronan oligosaccharides have been analyzed using
MALDI-TOF MS (Sakai et al., 2007). This work that showed
increases in sensitivity for oligomers ranging from dp 4–34
when uronic acid residues are derivatized to methyl esters.
Nano-ESI FTMS has been used to analyze O-glycopeptides
from the S-layer glycoprotein of Geobacillus stearothermophilus
NRS 2004=3a (Bindila et al., 2007; Steiner et al., 2006). This
approach identified a 12 amino acid peptide backbone with
up to 51 monosaccharide residues.

Mass Spectral Glycomics Profiling

Approaches without stable isotope labels

N-linked glycomics. The recent Human Proteome Orga-
nization multi-institutional study of quantitative profiling of

glycoprotein glycans highlights the strengths and weakness
of methods that are used widely (Wada et al., 2007). Chro-
matographic quantitation results differed among laboratories
due to differences in reductive amination methods used. La-
boratories that used permethylation of the released N-glycans
MS showed more consistent results. Determination of relative
glycan quantities was most straightforward with the per-
methylation approach because of the chemical similarities of
the derivatized glycans. The ESI LC=MS approach was soft
enough so that sialylated glycans were not fragmented during
ionization. The ionizations responses depended on the degree
of sialylation, however, somewhat complicating the task of
determining the quantitative results. Underivatized sialylated
glycans tended to undergo in-source dissociation when ana-
lyzed using MALDI.

Permethylation both increases the ionization response and
equalizes the chemical properties of glycans. Permethylation
also renders the glycans stable enough so that they do not
fragment in the MALDI source. MALDI-TOF MS has been
used to differentially profile glycans expressed in the Cae-
norhabditis elegans model organism (Cipollo et al., 2002). The
studies elucidated a five major N-glycan series (high man-
nose, hybrid, complex, fuco-pausimannosidic, and phospho-
choline). This approach facilitated studies of phosphocholine
N-glycan biosynthesis (Cipollo et al., 2004a) and the expres-
sion of N-glycans in C. elegans mutants (Cipollo et al., 2004b).

A solid-phase permethylation procedure (Kang et al., 2005)
has been used to analyze N-linked glycan hepatocellular
carcinoma biomarkers in serum using MALDI-TOF MS
(Ressom et al., 2008). The released glycans were captured
using reversed phase solid phase extraction prior to MALDI
MS. A peak detection algorithm was developed for identifi-
cation of hepatocellular carcinoma from a high-risk patient
population using both glycan and peptide mass spectromet-
ric data. A platform for graphtitized carbon on-line LC=MS
has been developed to facilitate isomeric separation of per-
methylated glycans (Costello et al., 2007). Multistage tandem
MS has been used to determine detailed permethylated gly-
can structures in metastatic and non-metastatic tumor cells
(Prien et al., 2008). The multistage tandem MS approach has
identified a series of unique nonreducing terminal trisaccha-
rides that characterize the metastatic cells. The presence of
such structures is observed only when the glycans are dis-
assembled in the gas phase to enable formation of diagnostic
crossring cleavages.

Other glycomics approaches target native N-glycans. For
this purpose, steps must be taken to stabilize or remove sialic
acid residues if MALDI is to be used as the ionization method.
For example, a chemoselective glycoblotting technology has
been developed to capture enzymatically released glycans
from serum using immobilized hydrazide chemistry (Fur-
ukawa et al., 2008). The immobilized glycans were methyl
esterified while immobilized and then released and analyzed
by MALDI-TOF MS. The technique was used to profile
N-glycans from purified glycoproteins and from ascites and
pleural fluids.

A two-dimensional chromatography system has been de-
veloped to map N-glycans followed by MALDI TOF=TOF
structural analysis (Hato et al., 2006). The released glycans
were first fractionated by size exclusion chromatography,
reductively aminated with aminopyridine, and then fraction-
ated using amide hydrophilic interaction chromatography.
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Glycans were enzymatically desialylated and then analyzed
using MALDI TOF=TOF. The glycans were analyzed in
both a cool matrix (dihydrozybenzoic acid) and a hot matrix
(a-cyano-4-hydroxybenzoic acid) to increase the production
of structurally informative product ions.

O-linked glycomics. The characterization of neutral oli-
gosaccharide alditols released from Xenopus laevis egg jelly
coats (Tseng et al., 1997) led to the definition of a catalog
library approach for characterization of sub-structural motifs
(Tseng et al., 1999). Using this approach, product ion signa-
ture patterns determine the presence of known substructures
in related oligosaccharide molecules (Tseng et al., 2001). The
catalog library approach has also been used with exoglyco-
sidase digestion to identify the linkages of individual residues
(Zhang et al., 2004a). An LC=MS approach has also been used
to profile the morphological distribution of O-linked oligo-
saccharides in distinct jelly coat layers in Xenopus laevis
(Zhang et al., 2004b).

Mucin oligosaccharides have high value as potential dis-
ease biomarkers. Mucin O-glycans have been profiled from
gastric biopsies of Rhesus monkeys as a function of Helico-
bacter pylori infection (Cooke et al., 2007). The O-glycans re-
leased by b-elimination were profiled by ESI and MALDI
Fourier transform MS (FTMS). Unsupervised cluster analysis
was used to demonstrate differences between the two sample
populations. The data demonstrate that core structures with
compositions HexNAcHex and HexNAc2 to be absent in the
infected population. An approach for serum glycomics for
breast cancer biomarkers has been developed using released
O-glycans from cancer cell lines and serum samples (Kirmiz
et al., 2007). The compositions of the unfractionated released
glycans were compared for the sample sets from the MALDI
FT mass spectra. Principle component analysis was used to
group human serum samples according to cancer status.
Structural analysis was carried out using infrared multipho-
ton dissociation (IRMPD).

The glycan profiles of mucin oligosaccharides are instruc-
tive for glycomics efforts in general. A significant fraction of
the structures are sulfated and therefore not compatible with
permethylation. In native or reductively aminated forms, they
are likely to undergo a significant degree of fragmentation
during MALDI ionization. Use of ESI-based methods has
advantages for sulfated compound classes because the low
degree of in-source fragmentation observed. An on-line
graphitized carbon LC=MS has been developed with negative
ion ESI (Karlsson et al., 2004). This approach has been used for
analysis of glycosylation of sputum mucins in cystic fibrosis
patients (Schulz et al., 2007). Glycoproteins from sputum were
separated by gel electrophoresis and blotted onto membranes,
and stained with Alcian Blue. Glycans were released from
stained protein bands by reductive b-elimination and ana-
lyzed by graphitized carbon ESI LC=MS. Clear differences in
glycan structures were observed between cystic fibrosis pa-
tients and healthy controls. These differences included in-
creased abundances of specific structures in the cystic fibrosis
patients, including Lewis and other fucosylated and sialylated
epitopes that may serve as high affinity epitopes for bacteria.

A device has been developed for rapid nonreductive al-
kaline b-elimination of O-glycans for subsequent reductive
amination and mass spectral or chromatographic analysis
(Matsuno et al., 2007). Glycoproteins are injected into a flow

stream and reacted for 3 min to achieve recovery of reducing
O-glycans without peeling. A cation exchange resin is used to
rapidly neutralize the solution following reaction. This device
has been applied to the analysis of mucin oligosaccharides in
conjunction with reductive amination and MALDI-TOF MS
(Yamada et al., 2007). Released glycans were detected from as
low as 5 pmol starting glycoprotein.

Human milk glycomics. Studies of glycans derived from
milk have been of long standing interest (Kunz et al., 2000)
and mass spectrometry has played a pivotal role in these ef-
forts (Bruntz et al., 1988; Dreisewerd et al., 2006; Stahl et al.,
1994). It is now widely appreciated that human milk contains
a far higher concentration of complex oligosaccharides than
do most other species. Recently, high-performance thin layer
chromatography has been applied to comparative profiling of
elephant and human milk samples (Dreisewerd et al., 2006).
These studies demonstrate the potential of tandem MS for
comparison glycan expression in complex biological samples.

A strategy for quantitative profiling of the human milk
glycome has been described in which glycans are analyzed
using on-line chip-based porous graphitized carbon LC=MS
using a QTOF instrument (Ninonuevo et al., 2006). The MS
dimension serves to define the compositions and abundances
of milk oligosaccharide alditols in each of a series of human
milk samples. A combination of IRMPD FTMS and exogly-
cosidase digestion were used to determine structural details
on targeted milk glycan alditols. This method has been used to
study the consumption of milk oligosaccharides by bifido-
bacteria (LoCascio et al., 2007) and daily variations in oligo-
saccharides present in human milk (Ninonuevo et al., 2008).

Stable isotope labels for glycomics

Permethylation labeling. Permethylation using deuter-
ated methyl iodide has been used to introduce a stable iso-
tope label for quantitative purposes (Viseux et al., 1999). For
such labels, the mass shift varies according to the glycan
composition. A comparative glycoform mapping method
(C-GlycoMAP) has been developed based on differential sta-
ble isotope labeling (CH3I=CD3I) and permethylation (Kang
et al., 2007). Reliable comparisons were obtained when in-
tensity ratios were between 0.125 and 6 and the overall re-
producibility was better than 30% relative standard deviation.
Tandem MS has been used to gain additional structural in-
formation on differential stable isotope labeled glycans in
such MALDI mass spectra. The method was also shown to be
applicable to O-glycans. Stable isotope labels have also been
introduced using 13CH3I (Alvarez-Manilla et al., 2007; Aoki
et al., 2007). Released N-glycan mixtures were differentially
labeled with 12C or 13C forms of the permethylation reagent
and profiled using positive ion MALDI TOF MS and ESI
FTMS. Relative quantification was effective over two orders of
magnitude in mixture ratio and coefficients of variation
ranging from 15–25% were reported (Alvarez-Manilla et al.,
2007).

Use of an internal standard is a means to compensate for
subtle differences in MS ionization among analytes and for
compensating for changes in instrumental performance over
time. The chemical properties of the internal standard should
be the same as the analyte in question and thus stable isotope
labels are often used for this purpose. One limitation to the use
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of CD3-methylated or 13CH3-methylated labels is that the
mass difference varies according to the glycan composition.
The use of tandem mass spectrometric dissociation for com-
parison of isomeric mixture compositions among different
samples is best accomplished when both the heavy and light
isotopic forms may be isolated simultaneously. This is gen-
erally not possible for the relatively large mass differences
obtained with the above permethylation labels.

It is also possible to quantify glycans using stable isotope
labels that have the same nominal mass but different exact
mass (Atwood et al., 2008). Such labels have been introduced
by permethylation using 13CH3I versus CH2DI, differing in
mass by 0.002922 Da. It is possible to resolve permethylated
N-glycans modified with these variants using a mass spec-
trometer with greater than 30,000 resolution, such as are
becoming increasingly common in today’s market. This ap-
proach has the advantage that glycans labeled with heavy and
light forms may be mixed and subjected to tandem mass
spectrometry using narrow precursor ion isolation conditions.

Reductive amination. Commercially available amine
compounds available in stable isotope-labeled form are ap-
propriate for incorporation of stable isotope labels into gly-
cans using reductive amination chemistry (Hitchcock et al.,
2006a; Yuan et al., 2005). Deuterated anthranilic acid (d4)
has been used for quantitative studies on the expression
of chondroitin=dermatan sulfate in connective tissue using
LC=MS and LC=tandem MS (Hitchcock et al., 2006a, 2006b,
2008). A similar approach using deuterated pyridyl amine has
been used with graphitized carbond LC=MS for quantifica-
tion of N-glycans (Yuan et al., 2005). Deuterated tags have the
potential disadvantage that they are resolved by some chro-
matography systems. To overcome this, 13C6-aniline-based
tags have been developed and applied to profiling of GAGs
from several species (Lawrence et al., 2008). This tag has the
additional advantage of larger spacing between heavy and
light forms. A tetraplex deuterated tag has been developed
and applied to mass spectrometric quantification of GAG
oligosaccharides. This approach enables the simultaneous
analysis of four glycan samples using the d0, d4, d8 and d12

forms of the tags, respectively.

Tandem MS and the Analysis of Isomeric
Glycan Mixtures

The following discussion will use the well-known nomen-
clature for glycoconjugate tandem mass spectrometric prod-
uct ions (Domon and Costello, 1988a). Cleavage of the glycan
chain occurs by rupture of glycosidic bonds (B, C, X, Y types)
or across rings (A and X types). Product ion containing the
original nonreducing oligosaccharide end are A, B, and C
types, and those containing the original reducing end or
aglycon are X, Y, and Z types.

Permethylation of glycans has particular advantages for
tandem mass spectrometric structural analysis because all
glycan OH and NH groups are derivatized. As a result, glycan
bond scission occurring during tandem MS creates unmodi-
fied sites, commonly called ‘‘scars,’’ the presence of which
indicate which bond has been cleaved. The linkage position
for a given monosaccharide is therefore indicated by the
masses of the crossring cleavage ions (A or X types). Likewise,
crossring cleavage ion masses are useful for determining the

linkages and masses of substituents that modify branched
monosaccharide residues. These principles have been devel-
oped into a strategy for determination of glycan linkage and
branching structure (Ashline et al., 2005). This strategy in-
volves multiple stages of dissociation of the glycan to produce
substructures of approximately disaccharide size in the gas
phase that produce readily interpretable product ion patterns
(Lapadula et al., 2005; Zhang et al., 2005). A single stage of
tandem mass spectrometry produces less information than
multistage tandem MS but can be accomplished more rapidly
and on a smaller sample quantity (Costello et al., 2007).

Tandem mass spectra of native and reductively aminated
glycans produce less definitive structural information be-
cause the glycosidic bonds cleaved during dissociation do
not leave a mass scar. Thus, it is only possible to determine
residue linkage sites when a crossring cleavage is observed
to that residue in which the substituents remain intact. Bal-
ancing this, not all glycan classes are readily amenable to
permethylation, and are thus more appropriate for analysis in
native or reductively aminated form.

Lactosamine linkages

In positive ion mode, native and reductively aminated
glycans form abundant product ions from cleavages adjacent
to NeuAc, HexNAc, and Fuc residues. Crossring cleavages to
branching residues are typically low in abundances. Type 1
and type 2 chains differ in the N-acetyllactosamine link-
age and may be differentiated based on the product ions
using negative mode collisional-activated dissociation (CAD).
HexNAc residues with four linkages undergo facile A-type
cleavage. The formation of such A-ions is blocked for the
three-linked residues, and a D-ion is formed from combined
C=Z cleavages (Chai et al., 2001; Pfenninger et al., 2002a,
2002b).

Sialic acid linkage isomers

Sialic acid linkages may be differentiated from positive ion
CAD of transition metal complexes (Leavell and Leary, 2001).
Such linkages may also be differentiated in the negative mode
using MS2 of deprotonated ions in which an ion correspond-
ing to 0,4A4–CO2 correlates with an a2,6 isomer (Wheeler and
Harvey, 2000). In addition, an MSn series may be used to
differentiate sialic acid linkages by dissociation of C- or D-ions
(Deguchi et al., 2006b; Ito et al., 2007). For permethylated
glycans, the masses of specific A-type ions occurring to the
Gal residue to which NeuAc is attached differentiate a2,3 and
a2,6 linkages (Lemoine et al., 1991, 1993). These fragment ions
have been used to differentiate sialic acid linkages using
modern MALDI TOF=TOF instruments (Mechref et al., 2006).

Branching isomers

The determination of the glycan branching structure using
tandem MS entails the observation of crossring cleavage or
D-type ions occurring about the branching residue. Native or
reductively aminated glycans observed as sodiated precursor
ions dissociate to form A-type ions to the core branching
mannose residue of N-glycans that may be used to determine
the compositions of the three and six branches (Harvey, 2000a,
2000b). Such ions are often observed in increasing abundances
for deprotonated precursor ions in the negative mode, as has
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been observed for branched milk oligosaccharides (Chai et al.,
2002) and N-glycans (Harvey, 2005a, 2005b, 2005c). The for-
mation of the D-ion is particularly useful since it occurs only
for three-linked residues.

Electron detachment dissociation (EDD) of native glycans
has been shown to produce tandem mass spectrometric
patterns that are particularly useful for deriving structural
information (Adamson and Hakansson, 2007). Sialylated
glycans produce abundant negatively charged precursor ions
and, in contrast to CAD, do not undergo facile losses of acidic
residues. Product ions of types B, C, Y, and Z are observed for
most glycosidic bonds in N-glycans and an abundance of
A- and X-type crossring cleavages are observed.

Tandem MS of permethylated glycans carries the advan-
tage that ions formed from cleavage of glycosidic bonds have
a unique mass value that distinguishes an internal frag-
ment from a single bond cleavage. Single-stage tandem MS
of permethylated glycans is a well-established approach for
determining overall branching structure (Domon and Cost-
ello, 1988b) and some structural isomers (Mechref et al., 2006).
A single stage of dissociation gives rise to abundant B- and
Y- type ions. A-type crossring cleavages are often abundant,
and serve to define the compositions of antennae when they
occur to branching residues. Multistage dissociation of per-
methylated glycans has been used to determine detailed
linkage information for disaccharide units formed by gas
phase disassembly of the glycans (Ashline et al., 2005; Lapa-
dula et al., 2005; Sheeley and Reinhold, 1998; Zhang et al.,
2005). The key to multistage dissociation of glycans is the
selection of a series of precursor ions that isolate structural
branches for subsequent stages of dissociation. Subsequent
dissociation of B-type ions yields crossring cleavages that are
useful for determining linkage. Permethylated glycans may
also be subjected to high energy ECD, under which dissoci-
ation conditions complementary product ions are formed
(Zhao et al., 2008). High-energy ECD results in dominant C-
and Z-type glycosidic cleavage with complementary A- and
X-type crossring cleavages.

Fucosylated isomers

Determination of fucose positional isomers is a key issue
in the analysis of glycans bearing blood-group related deter-
minants and Lewis structures. For native or reductively
aminated glycans in the positive mode, the observation of
glycosidic cleavages (B- and Y-ions) often suffices to deter-
mine whether fucosylation is present on the antennae versus
the core (Suzuki et al., 2005; Vakhrushev et al., 2004). Like-
wise, in the negative mode, C-, A-, and D-ions may be used to
differentiate fucosylation isomers (Harvey et al., 2008; Sagi
et al., 2002). For permethylated glycans, fucosylation isomers
may be differentiated based on a combination of B-, Y-, and
A-type ions (Viseux et al., 1997).

Determination of other disaccharide linkages

In the process of disassembly of glycans in the gas phase,
the amount of information produced on individual structural
elements increases. The formation of B-type ions from disso-
ciation of permethylated glycans in a trapped ion instrument
has the advantage that subsequent crossring cleavages are
favored through retro-Diels Alder rearrangement. Such frag-

mentation has been shown to differentiate Gala(1–4)Galb
(1–4)Glc-ol from Glca(1–4)Glca(1–4)Glc-ol using MS3 of the B2

ion. This general approach has been applied to analysis of
N- and O-glycans (Anthony et al., 2008; Hanneman et al.,
2006; Lapadula et al., 2005; Prien et al., 2008; Zhang et al.,
2005). The multistage tandem MS approach necessitates ex-
tended data acquisition times and is therefore applicable to
either MALDI or infusion-based ESI approaches. On-line
LC=MS approaches are not likely to permit such extended
data acquisition (Ashline et al., 2007).

Glycosaminoglycan isomers

MS of glycosaminoglycans has been reviewed (Zaia, 2005).
Heparan sulfate and chondroitin sulfate glycosaminoglycans
are expressed as domains of high and low degrees of sulfation
(Esko and Selleck, 2002). The patterns of modification of the
nascent carbohydrate chain determine their biological activi-
ties with respect to binding of protein partners (Kreuger et al.,
2006). Glycosaminoglycans are readily depolymerized into
their constituent disaccharide repeats using polysaccharide
lyases (Ernst et al., 1995), the compositions of which mixtures
indicate the bulk properties of the parent chains. Such disac-
charides ionize readily using negative ion ESI MS, and the
tandem mass spectrometric product ion abundances may be
used to quantify disaccharides produced by enzymatic di-
gestion (Behr et al., 2005; Desaire and Leary, 2000; Desaire
et al., 2001; Saad and Leary, 2003; Saad et al., 2005). Extended
glycosaminoglycan chains may be produced by reducing the
polysaccharide lyase digestion stringency. Negative ion ESI
tandem MS may be used to differentiate the structural isomers
present in chondroitin sulfate mixtures based on the abun-
dances of diagnostic product ions using native (McClellan
et al., 2002; Miller et al., 2006; Zaia et al., 2001) or reductively
aminated glycans (Hitchcock et al., 2006a, 2006b, 2008; Zaia
et al., 2003).

EDD has also been applied to the analysis of glycosami-
noglycan oligosaccharides (Chi et al., 2008; Wolff et al., 2007a,
2007b). Product ions were observed that were diagnostic
for uronic acid epimerization state, a particularly important
question in glycosaminoglycan structural biochemistry.

MS of Glycopeptides

Enrichment approaches for glycoproteomics have been
reviewed recently (Wuhrer et al., 2007a; Xin et al., 2008) and
a few will be summarized here. Immobilized lectin may be
used to enrich glycoproteins or glycopeptides (Cummings,
1994; Cummings and Kornfeld, 1982; Hirabayashi, 2008) for
subsequent MS analysis (Madera et al., 2005; Patwa et al.,
2006; Qiu and Regnier, 2005; Yang et al., 2005). Glycopeptides
may also be isolated by hydrophilic interaction solid phase
extraction (Wada et al., 2004) or chromatography (Wuhrer
et al., 2005b) and graphitized carbon solid phase extrac-
tion (Larsen et al., 2005). They may be enriched based their
high molecular weight using size exclusion chromatography
(Alvarez-Manilla et al., 2006) or captured by binding to im-
mobilized boronic acid derivatives (Sparbier et al., 2005).

The simplest approach to analysis of the enriched glyco-
proteins or glycopeptides is to deglycosylate and to do pro-
teomic identification of the sites of occupancy (Qiu and
Regnier, 2005; Xiong et al., 2003). Enzymatic release of
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N-glycans converts glycosylated Asn residues to Asp. The
resultant mass difference can be used to determine sites of
N-glycosylation, provided that intrinsic rates of Asn deami-
dation are taken into account. Release of N-glycans in H2

18O
distinguishes the site of occupancy from an Asp produced by
deamidation and has been used in glycoproteomics work
flows (Kaji et al., 2003). Care must be taken to avoid spuri-
ous incorporation of 18O into peptide C-termini through
residual trypsin activity (Angel et al., 2007). A multiple reac-
tion monitoring method has been developed to quantify
18O-labeled peptides from selected serum glycoproteins to
assess the correlation of N-linked site occupancy with severity
of congenital disorders of glycosylation (Hulsmeier et al.,
2007).

Isotope-coded glycosylation-specific tagging (IGOT) is
based on the incorporation 18O at the site of N-glycosylation
in a proteomics workflow (Kaji et al., 2003; Kaji et al., 2007).
Glycoproteins are enriched from a complex mixture using
lectin affinity chromatography. The glycoproteins are di-
gested with trypsin and the resultant glycopeptides enriched
by repeating the lectin affinity step. The glycopeptides are
then digested with PNGase F in the presence of H2

18O, la-
beling the sites of N-glycosylation and analyzed using a two-
dimensional LC=MS=MS proteomics workflow. This method
has been applied to analysis of N-glycans in the C. elegans
nematode.

Another approach entails oxidation of glycoprotein using
periodate. This reaction converts cis-diols on carbohydrates
to aldehydes. The glycoproteins containing oxidized carbo-
hydrates are then coupled to a solid support using hydrazide
chemistry (Tian et al., 2007; Zhang et al., 2003). Non-
glycosylated proteins are washed away. The bound proteins
are then digested with trypsin and analyzed using MS-based
proteomics to identify the glycoprotein. This approach has
been used to capture glycoproteins from serum and showed
increased efficiency of glycoprotein identification compared
with a proteomics workflow that did not use an enrichment
step. This method does not identify directly the site of gly-
cosylation.

Several groups have published workflows for serum gly-
coproteomics based on use of lectins for affinity capture of
glycoproteins or glycopeptides (Geng et al., 2001). Serial lectin
affinity chromatography has been used to affinity enrich
glycopeptides (Geng et al., 2001) from tryptic digests of serum
(Qiu and Regnier, 2005). The bound and unbound frac-
tions are differentially stable isotope labeled using an amine-
specific tag (Chakraborty and Regnier, 2002). The fractions are
then mixed, deglycosylated, and analyzed using MS-based
proteomics. The results show the class of N-glycan based on
the known selectivity of the lectin(s) used.

Multiple lectin affinity chromatography entails use of a
single column with three lectins (ConA, WGA, and jacalin)
to achieve binding for a broad range of glycan structures
(Wang et al., 2006; Yang et al., 2005). The affinity enriched
glycoproteins are digested with trypsin and analyzed using
MS-based proteomics. This approach has been used in con-
junction with abundant protein depletion for analysis of
glycoprotein biomarkers in serum (Plavina et al., 2007). Silica-
based lectin microcolumns have been developed that im-
proved the binding capacity, trapping reproducibility, and
substrate selectivity over agarose-based materials (Madera

et al., 2005). These microcolumns have been used in a work-
flow in which enriched glycoproteins are fractionated using
high-temperature reversed-phase HPLC, followed by trypsi-
nization and LC=MS analysis of the resultant peptides (Ma-
dera et al., 2006). The results compare the distribution of
glycoproteins identified from serum using different lectins.

To gain information on the glycan structures modifying
individual amino acid residues, it is necessary to analyze the
glycopeptide directly. One approach is to digest the glyco-
protein with a nonspecific protease, generating glycopeptides
bound to very small peptides (An et al., 2003). A computer
program has been developed to determine the amino acid site
of occupancy and the glycosylation microheterogeneity at
each site (An et al., 2006). Another approach combines MS and
tandem MS data obtained on glycoprotein tryptic digests to
identify sites of glycan occupancy and microheterogeneity
(Goldberg et al., 2007). This approach leverages careful re-
calibration of Q-TOF data using known peptides to maximize
mass accuracy and certainty of assignment.

Tandem MS of Glycopeptides

Tandem MS for glycoproteomics has been reviewed re-
cently (Wuhrer et al., 2007a). One of the challenges to glyco-
peptidomics is that the glycan moiety has different chemical
properties than the peptide backbone and dissociates under
different mass spectrometric conditions.

Collision-induced dissociation and infrared
multiphoton dissociation

Dissociation of glycopeptides using CAD or IRMPD tends
to produce abundant ions from cleavage of glycosidic bonds
and low abundance ions from peptide backbone scission
(Wuhrer et al., 2007a). The balance of glycosidic versus pep-
tide backbone dissociation types depends on the glycopep-
tides structure. In particular, high mannose N-glycans do
not undergo glycosidic bond cleavage as readily as com-
plex N-glycans, and produce relatively abundant ions from
peptide backbone cleavage using IRMPD (Adamson and
Hakansson, 2006). The balance of fragmentation observed by
CAD also depends on the mass analyzer used. Trapped ion
instruments dissociate only a selected m=z window. As a
result, product ions are no longer excited, and the extent of
fragmentation is low. This can be a disadvantage for glyco-
peptides since glycosidic bonds dissociate most readily. The
extent of dissociation for glycopeptides is often higher for
QTOF type instruments in which a beam of ions are passed
through a collision cell. Product ions may continue to frag-
ment, generating a greater diversity of product ions in an
single stage of dissociation. Thus, it is possible to increase the
extent of peptide backbone fragmentation by increasing
the collision energy. A useful experiment is therefore to ac-
quire the positive ion tandem MS at low energy for glycan
fragmentation and higher energy for peptide backbone frag-
mentation.

Recently, the influence of charge state and cationization
form on IRMPD product ion pattern has been investigated for
a series of glycopeptides generated from pronase digestion of
glycoproteins (Seipert et al., 2008). The glycans were neutral,
primarily high mannose N-glycan type. Singly protonated
glycopeptide ions with a peptide containing a basic residue
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dissociated to form abundant ions from peptide backbone
cleavage. Multiply protonated ions for such glycopeptides
dissociated primarily through glycosidic bond cleavages.
Glycopeptides without basic amino acids dissociated primarily
through glycosidic cleavage regardless of protonated charge
state. Sodium-cationized glycopeptides dissociated primarily
through glycosidic cleavages. These results are consistent
with the observations made by researchers seeking to com-
bine ECD and CAD or ECD and IRMPD, in which multiply
protonated precursor ions are necessary.

Electron capture dissociation (ECD)

ECD selectively fragments the peptide backbone of glyco-
peptides, allowing the site of glycosylation to be determined
(Håkansson et al., 2001). IRMPD and CAD, by contrast, tend
to produce abundant glycosidic bond cleavages for glyco-
peptides (Wuhrer et al., 2007a). Thus, a combination of
ECD=ETD and dissociation based on increasing internal bond
energy (CID or IRMPD) produces the greatest amount of in-
formation on the glycopeptide structure. Commercial mass
spectrometers (ion trap and hybrid ion trap-FTMS) are
available with these capabilities. The use of ECD and IRMPD
have been reported for a xylosylated neutral N-linked glyco-
peptide (Håkansson et al., 2001; Hakansson et al., 2003)
and high mannose N-linked glycopeptides (Adamson and
Hakansson, 2006). The modification site and glycan mass was
determine for a monosialylated N-linked glycopeptide that
also carried an O-glycosylation site (Kjeldsen et al., 2003).

ECD has been used effectively to determine sites of
occupancy for glycopeptides bearing several sites of
O-glycosylation (Kjeldsen et al., 2003; Renfrow et al., 2005,
2007). ECD in a linear ion trap MS (Baba et al., 2004) has been
proposed in conjunction with negative ion CAD as a means
of complete glycopeptides analysis (Deguchi et al., 2007).
The advantage to the use of the negative mode for CAD is that
C-ions are abundant, from which A-type crossring cleavage
ions are formed. Thus, the CAD product ion profiles of the
glycan moiety are highly informative (Deguchi et al., 2006a).

Beyond these examples, there do not appear to be any re-
ports demonstrating the incorporation of ECD into an applied
N-glycan glycoproteomics work flow. There are only a few
reports showing ECD of sialylated glycopeptides (Deguchi
et al., 2007; Kjeldsen et al., 2003).

Electron transfer dissociation

The capability of electron transfer dissociation (ETD) in an
ion trap instrument has been demonstrated using the same
glycopeptide use with earlier ECD work (Hogan et al., 2005).
This glycopeptide has a composition of GlcNAc2Man3FucXyl.
It is xylosylated at the core branching mannose and fucosy-
lated at the GlcNAc residue bound to the peptide, and derives
from a plant lectin. The dissociation pattern generated by ETD
showed a series of c- and z-type product ions from peptide
backbone dissociation that defined the site of glycosylation
and the mass of the glycan. CAD of the glycopeptide pro-
duced a series of ions from loss of monosaccharide resi-
dues from the nonreducing termini. A similar series of plant
glycopeptides, containing xylosylated and fucosylated chit-
obiose structures, were analyzed using on-line LC=MS with a
combination of ETD and CAD dissociation (Hogan et al.,
2005). The ETD step produced a series of c- and z-type pep-

tide backbone fragments and glycosidic cleavages to a lesser
extent. A combination of ETD and CAD has been used for
on-line LC=MS of a high mannose N-glycosylated peptide
from human epidermal growth factor receptor (Wu et al.,
2007). The CAD stage resulted in a series of losses of Man
residues. The ETD stage showed peptide backbone dissocia-
tion of the 36-esidue peptide backbone, with limited coverage.
Increased peptide backbone coverage was obtained by CAD
MS3 of the charge-reduced ion from the ETD MS2 stage. The
glycan was attached to the amino-terminal residue, and only
z-type peptide product ions were observed. Complex im-
munoglobulin N-glycopeptides from human serum have
been analyzed by nano-LC=MS with a combination of CAD
and ETD dissociation (Wuhrer et al., 2007b). A nonapeptide
with Asn are position 5 and an N-glycan of composition
HexNAc4Hex3dHex dissociated by CAD to produce a series
of ions from loss of monosaccharide units from the nonre-
ducing glycan ends. ETD of the [Mþ2H]2þ ion showed a series
of z-type peptide backbone product ions that defined the site
of modification and mass of the glycan. No ETD spectra were
shown for sialylated glycopeptides.

At the time of this writing, glycoproteomic workflows
incorporating on-line LC=MS with a combination of ETD
and CAD have been demonstrated (Catalina et al., 2007;
Wu et al., 2007; Wuhrer et al., 2007b). ETD has been shown
only for neutral N-glycopeptides (high mannose and asialo-
complex).

Conclusions

Whether the concern is complete structural determination
of a high value purified or synthetic glycan target, glycomics
target discovery, basic scientific investigation, or commercial
product development, mass spectrometry is an essential an-
alytical tool. MALDI, with its ease of analysis of glycans from
surfaces, and ESI, with its many applications with on-line
chromatography, are complementary ionization methods
applied to glycan analysis. Either ionization method may be
applied to analysis of permethylated glycans. This deriva-
tization is useful for stabilizing the glycans, increasing ion-
ization responses, and for producing very useful product
ion patterns. Reductive amination of glycans adds chemical
functionality and is compatible with MS. Analysis of native
glycans is preferred when available quantities do not permit
derivatization. Reductively aminated and native glycans are
best analyzed either as sodium cation or deprotonated anions
for the purpose of generating useful tandem mass spectra.
Tandem mass spectrometry may be used to determine linkage
details from multistage dissociation studies, or general pat-
terns of branching when employed using a single stage of
dissociation. It has been the intent of this review to orient the
reader to the principles of glycan MS as appropriate for this
compound class.
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List of Abbreviations Used

CAD collisional-activated dissociation
ECD electron capture dissociation
EDD electron detachment dissociation
ETD electron transfer dissociation

ESI electrospray ionization
FTMS Fourier transform mass spectrometry

IRMPD Infrared multiphoton dissociation
LC=MS liquid chromatography=mass spectrometry
MALDI matrix-assisted laser desorption=ionization

MS mass spectrometry
QIT quadrupole ion trap

QQQ triple quadrupole
QTOF quadrupole time-of-flight
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