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Abstract Glycoconjugates and free glycan are involved
in a variety of biological processes such as cell—cell inter-
action and cell trafficking. Alterations in the complex
glycosylation machinery have been correlated with vari-
ous pathological processes including cancer progression
and metastasis. Mass Spectrometry (MS) has evolved as
one of the most powerful tools in glycomics and glyco-
proteomics and in combination with porous graphitized
carbon-liquid chromatography (PGC-LC) it is a versatile
and sensitive technique for the analysis of glycans and to
some extent also glycopeptides. PGC-LC—ESI-MS analy-
sis is characterized by a high isomer separation power ena-
bling a specific glycan compound analysis on the level of
individual structures. This allows the investigation of the
biological relevance of particular glycan structures and gly-
can features. Consequently, this strategy is a very powerful
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technique suitable for clinical research, such as cancer bio-
marker discovery, as well as in-depth analysis of recombi-
nant glycoproteins. In this review, we will focus on how
PGC in conjunction with MS detection can deliver specific
structural information for clinical research on protein-
bound N-glycans and mucin-type O-glycans. In addition,
we will briefly review PGC analysis approaches for glyco-
peptides, glycosaminoglycans (GAGs) and human milk oli-
gosaccharides (HMOs). The presented applications cover
systems that vary vastly with regard to complexity such as
purified glycoproteins, cells, tissue or body fluids revealing
specific glycosylation changes associated with various bio-
logical processes including cancer and inflammation.
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Introduction

Glycans, either in free form or attached to proteins and
lipids, are important key molecules found on cellular
surfaces, in the extracellular matrix and in secreted flu-
ids. These glycans and glycoconjugates are involved in a
variety of vital biological processes such as cell—cell and
cell-host interaction as well as cellular trafficking. Altera-
tions in the complex glycosylation machinery responsible
for the biosynthesis of glycoconjugates have frequently
been correlated with cancer progression and metastasis
[1-4]. As a consequence, several established biomark-
ers for different types of cancer such as colorectal cancer
(carcinoembryonic antigen—CEA), ovarian cancer (cancer
antigen-125—CA-125) or prostate cancer (prostate-spe-
cific antigen—PSA) are glycoproteins or specific glycan
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epitopes [5]. Despite the fact that glycosylation changes
in diseased tissues have already been discovered decades
ago [6], sophisticated approaches to capture the glycome
and glycoproteome of purified glycoproteins, cells, tissues
or body fluids in a sensitive and selective manner have just
recently been established, allowing to study these changes
in detail at a molecular level.

Various glycoanalytical technological developments
of recent years have enabled the detailed characteriza-
tion of disease-associated glycosylation changes. Many of
these technological advances have been realized by using
mass spectrometry (MS) techniques, which have evolved
as some of the most powerful tools for glycan and glyco-
conjugate analysis. Electrospray ionization (ESI)-MS and
matrix-assisted laser desorption/ionization (MALDI)-MS
are the most applied techniques for carbohydrate analy-
sis, performed in positive and negative ionization mode
[7]. MALDI-MS of carbohydrates in their native and also
derivatized form, such as permethylation, is widely applied
and has been comprehensively reviewed recently [8—14].
However, samples containing glycan isomers might be not
distinguished by this approach. Various online separation
techniques coupled to ESI-MS can overcome this issue.
There are well-established approaches for glycan analy-
sis using liquid chromatography (LC) and electrophoretic
separation coupled to MS which have been compared with
each other in several reviews, e.g., hydrophilic interaction—
liquid chromatography (HILIC) of fluorescently labeled
glycans, high-performance anion exchange chromatogra-
phy (HPAEC) or porous graphitized carbon (PGC)-LC—
ESI-MS of native and reduced glycans, as well as capillary
electrophoresis (CE)-MS and capillary gel electrophore-
sis (CGE)-MS of native and derivatized glycans [15-20].
Recently, several multi-institutional studies evaluated some
of these different techniques for the analysis of protein gly-
cosylation [21-23].

PGC-LC in combination with ESI-MS/MS detection
is a versatile and sensitive tool for the analysis of released
and free glycans and, with some limitations, also glycocon-
jugates such as glycopeptides [24]. In this review, we will
focus on how PGC-based approaches can deliver specific
structural information on protein-bound N-glycans, mucin-
type O-glycans and briefly also on glycopeptides, glycosa-
minoglycans (GAGs) and human milk oligosaccharides
(HMOs).

A common approach for the analysis of protein N-gly-
cosylation involves the enzymatic release of these glycans
using peptide-N-glycosidase F (PNGase F). The enzyme
releases the N-glycans by forming a glycosylamine inter-
mediate which may convert into a glycan exhibiting a free
reducing end. This enables the analysis of glycans either
with a reducing end or after reduction as alditols. Another
widely used strategy targets specifically the reducing end
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by chemical derivatization, where fluorescent labels such
as 2-aminobenzamide or 9-aminopyrene-1,4,6-trisulfonic
acid are added via reductive amination as reviewed before
[18]. Since there is no enzyme that would allow a global
release of O-glycans from the protein backbone, reductive
B-elimination is the method of choice concomitantly releas-
ing and reducing the O-glycans in a single-step procedure
[25-28]. However, this technique does not allow subse-
quent labeling with a fluorescent tag and thus non-reduc-
tive, chemical release approaches are further investigated
[29-33]).

Characteristic Features of PGC-Based Glycan Analysis

For the analysis of released glycans by PGC-LC, just
minimal sample preparation is required, since no chemi-
cal derivatization of the glycan compounds is required such
as labeling of the reducing end or permethylation. Thus,
PGC-LC coupled to tandem mass spectrometry is almost
exclusively performed on underivatized oligosaccharides in
their reduced or non-reduced (native) form, which has the
advantage that sample losses due to incomplete derivati-
zation and additional purification steps can be minimized.
This feature makes PGC-LC also one of the most wide-
spread methods for the analysis of O-glycans released by
reductive B-elimination [25, 26, 34].

PGC chromatography is frequently used in the solid-
phase extraction (SPE) mode for oligosaccharide desalt-
ing as well as purification prior to MS analysis [35]. It has
been successfully used for desalting and purification of
N-glycans [25, 36-41], O-glycans [42—44], GAGs [45-47]
and glycans derived from glycolipids [48]. Consequently,
also free oligosaccharides [49], including HMOs from dif-
ferent sources were enriched and cleaned-up by PGC-SPE
[50-52].

Due to the fact that glycans themselves cannot be
detected by any optical detection methods in sufficient
nano/picomolar sensitivity, coupling of PGC-LC with MS
has developed as a powerful approach for detection and
characterization of native and reduced glycans. Depending
on the type of solvent used for separation, the released gly-
cans are detected either as positively or negatively charged
species. Many approaches use negative ionization as the
preferred approach [24, 25], which results in fragmenta-
tion spectra that give rise to more specific cross-ring cleav-
ages in MS/MS spectra, facilitating structure characteriza-
tion [53-57]. Notably, signal intensities of acidic glycans
detected in negative-ion mode can be more pronounced
than those of the neutral glycans [58], and consequently
correction factors can be introduced to allow accurate rela-
tive quantitation [59]. Nevertheless, when reduced N-gly-
cans are analyzed in positive-ion mode, signal intensities
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of simultaneously analyzed acidic and neutral glycans tend
to show ratios that are comparable to results obtained from
HILIC separation with fluorescence detection of 2-AB-
labeled glycans [58]. Labeling glycans with a chromophore
followed by HILIC analysis with fluorescence detection is
an alternative approach, resulting in higher sensitivity, but
introduces also additional sample preparation steps [18].
One of the most distinguished features of PGC-LC of
glycans is the high separation power for structural and link-
age isomers, which complements in particular MS analy-
ses as compounds exhibiting exactly the same m/z can be
separately analyzed. This feature makes PGC-LC-ESI-
MS/MS a very capable tool for screening of disease spe-
cific glycosylation signatures. Particular structural features

of glycans are known to influence the elution behavior in
PGC chromatography, e.g., N-glycans carrying a bisect-
ing N-acetylglucosamine (GIcNAc) are eluting several
minutes earlier than their non-bisected structural isomers
that carry an additional antenna (Fig. 1). The linkage of
sialic acid residues has also been shown to alter the reten-
tion time behavior, with a(2,3)-linked structures eluting
later compared to their a(2,6)-linked counterparts [19, 58,
60], which is also demonstrated for a set of hybrid sialo
N-glycoforms in ovarian cancer cell lines in Fig. 2 [61].
This distinct feature of isomer separation provides valuable
information in studies focusing on cancer glycosylation, as
alterations in expression of a(2,6)-sialyltransferases and
thus a(2,6)-sialylated glycans are associated with cancer
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Fig. 1 PGC-LC-ESI-IT-MS EICs of m/z 913.84, showing the dif-
ferent elution times of three N-glycan isomers with the composition
Hexose,N-acetylhexosamine,Fucose;, derived from human colon
tissue of an ulcerative colitis patient. Separation of the isobaric
structures allows separate MS/MS analyses for in-depth structural

characterization of the respective N-glycans. The EIC illustrates the
different elution of structures with different glycan features, as the
N-glycans containing a bisecting GlcNAc elute earlier than structural
isomers with an additional antenna
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Fig. 2 PGC-LC-ESI-IT-MS EICs of monosialylated hybrid N-gly-
cans in a the non-cancerous epithelial cells (HOSE 6.3) and b ovarian
cancer cell line (SKOV 3). The authors found a set of different N-gly-
can structures containing a(2,6)-linked sialic acid exclusively in ovar-
ian cancer cell lines but not in non-cancerous cell lines as represented
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for HOSE 6.3 and SKOV 3. The EICs further illustrate the different
retention behaviors of linkage isomers with a(2,6)-linked and a(2,3)-
linked sialic acid, as a(2,3)-linked sialic acid containing glycans are
stronger retained and elutes later in the gradient [61]. © 2014 Ameri-
can Society for Biochemistry and Molecular Biology
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progression [62]. The separation power of PGC is not lim-
ited to sialylated glycans but has also been successfully
applied in the differentiation and characterization of fuco-
sylated N- and O-glycans, resolving glycan isomers with
LeX, LeA, LeY and LeB structural elements [44] as well
as oligomannosidic N-glycans [63]. The high capacity of
PGC to separate isomeric glycans thus makes it a perfect
tool to be combined with MS detection for relative quan-
titation of single structural isomers and structural charac-
terization. Besides PGC also other separation techniques
are able to separate isomers to a certain extent, as reviewed
elsewhere for HILIC [18, 20, 64-67], reversed phase (RP)—
LC [15, 18], high-performance anion exchange chromatog-
raphy (HPEAC) [68] and capillary as well as capillary gel
electrophoresis (CE and CGE) [18, 20, 69], which are not
detailed in this review. However, the isomer-selective sepa-
ration of PGC cannot be reached by these methods, as pre-
viously shown in a systematic comparison of RP, HPAEC,
HILIC and PGC [70] and as was reviewed for sialylated
glycoforms [19].

Several publications have focused on the elucidation of
N- and O-glycan fragmentation pathways of released gly-
cans in negative-ion mode. The determined fragmentation
patterns and diagnostic ions specific for different glycan
features allow a detailed structural elucidation [26, 53-57,
71, 72]. Recently, it has been shown that glycan fragmenta-
tion is conserved for negatively charged precursors in ESI-
ion trap(IT)-MS/MS, even if instruments from different
vendors are used in different laboratories [73]. Thus, the
collection of a large number of N- and O-glycan spectra in
an open access database organized by the UniCarb-DB ini-
tiative [74] presents an important first step to facilitate data
analysis using reference spectra and makes PGC-LC-ESI-
MS/MS-based glycomics accessible to a broader audience
of researchers.

Applications of PGC-LC-ESI-MS in the Analysis
of Disease-Associated Glycosylation Signatures

N-Glycans

PGC-LC-ESI-MS/MS allows monitoring and detailed
characterization of particular disease-associated N-gly-
cosylation signatures. This allows the evaluation of indi-
vidual glycan species data or further functional grouping
(e.g., complex, hybrid, high-mannose glycans) and rela-
tive quantification of glycan features and epitopes such as
Lewis-type and blood group epitopes, a(2,3)- and «(2,6)-
linked sialic acids or bisecting GIcNAc structures. The
comparative analysis of specific glycan features derived
from control and disease samples pinpoints to alterations
in the glycan biosynthesis such as differential expression
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of glycosyltransferases, providing important first hints for
further investigations, which aim to understand onset and
progression of a disease.

N-Glycan Analysis of Cancer Cell Lines

The PGC-LC-ESI-MS/MS glycomics approach has been
applied by the group of Nicolle Packer to investigate gly-
cosylation changes occurring in different cancer cell lines
such as colorectal cancer [75, 76], leukemia [77] and ovar-
ian cancer [61]. N-glycans and subsequently O-glycans
were released using a polyvinylidene fluoride (PVDF)
membrane protein immobilization approach, followed by
analysis of glycan alditols in negative-ion mode ESI-IT—
MS/MS [25]. Manual structural elucidation of glycan frag-
mentation spectra and relative quantification based on the
area under the curve (AUC) of the corresponding extracted
ion chromatograms (EICs) was used to obtain the identity
and the relative amount of the individual glycan compo-
nents present in a particular sample.

A recent study on ovarian cancer compared the mem-
brane N-glycome of two non-cancerous ovarian sur-
face epithelial cell lines and four ovarian cancer cell
lines with the gene expression of the corresponding key
glycosyltransferases [61]. In total 70 individual N-gly-
can structures derived from 53 identified compositions
were detected and their relative abundances determined.
The cancer cell lines showed a larger portion of high-
mannose glycans and a reduced amount of complex sia-
lylated N-glycans. Additionally, a set of N-glycans car-
rying a(2,6)-linked sialic acid and bisecting GlcNAc as
well as mono-, di-fucosylated, and sialylated LacdiNAc
(N-acetylgalactosamine P(1,4)N-acetylglucosamine P1-)
structures was exclusively found in the cancer cell lines
and not in non-cancerous ovarian surface epithelial cell
lines. In Fig. 2, two panels with representative EICs of
hybrid sialo N-glycans are depicted that show the spe-
cific expression of w(2,6)-linked sialic acid containing
structures in ovarian cancer cell lines compared to ovarian
epithelial cell lines. A gene expression analysis of vari-
ous glycosyltransferases including a(2,6) sialyltransferase
(ST6GAL 1 gene), bisecting GlcNAc transferase (MGAT
3 gene), P(1,3/4) N-acetyl-galactosaminyltransferases
(B3GALNT and B4GALNT3 genes), ST3Gal sialyl-
transferases (ST3GAL 1-5) and six a-(1,2/3/4/6) fucosyl-
transferases (FUT2-5,8,9) showed that gene expression
of the ST6GAL 1, MGAT 3, and BAGALNT3 genes was
increased, whereas the ST3GAL 5 gene expression was
decreased in cancer cell lines. This data confirmed the
direct correlation of gene expression and specific N-gly-
can changes occurring in the analyzed cell lines [61].

Sethi et al. compared the N-glycosylation of three dif-
ferent colorectal cancer cell lines classified as “moderately
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differentiated”, “moderately differentiated metastatic” and
“poorly differentiated—aggressive” [76]. They detected
42 N-glycan structures derived from 34 different compo-
sitions containing a high proportion of high-mannose gly-
cans as well as lower amounts of hybrid, complex and also
paucimannosidic glycans. When the sialic acid containing
glycans were grouped, they exhibited a different expression
profile between the three cell lines analyzed. In particular,
a(2,3)-linked sialic acid containing N-glycans were only
found in the more aggressive cell line, while a(2,6)-linked
sialic acid was present on N-glycans in all samples, indicat-
ing a correlation between sialic acid expression and tumor
progression. Furthermore, several N-glycans containing a
bisecting GIcNAc were exclusively detected in the meta-
static cell line. Orthogonal confirmation of these results
was obtained using the bisecting GlcNAc-recognizing
PHA-E lectin and mRNA expression level analysis of the
Mgat3 gene, which encodes the bisecting GIcNAc transfer-
ring GIcNAc transferase III [76].

A recent study by Chik et al. [75] compared the glyco-
sylation profiles of four colorectal cancer cell lines with the
ones obtained from human colorectal tumors and found dis-
tinct glycan differences in the tissue samples compared to
the cell line-derived samples. In total 173 N-glycan and 43
O-glycan structures were detected and confirmed by man-
ual annotation of fragmentation spectra and their relative
abundances were quantified. The expression of different
glycans in the cell lines compared to the tumor epithelial
tissue may indicate that cell surface molecule glycosylation
is adapted to cell culture conditions over time in established
cell lines. This work clearly indicates that the aspect of pro-
tein glycosylation needs to be carefully considered when
planning and performing cell line-based biomarker discov-
ery studies or when evaluating or reassessing tissue-derived
glycomics information within cancer cell lines [75].

Analysis of N-Glycans Derived From Cancer Patient
Human Plasma

Besides reduced N-glycans also non-reduced N-glycans
are commonly analyzed on PGC-LC. The analysis of non-
reduced glycans results in an additional separation of alpha
and beta anomers, which introduces an additional level of
complexity [78] that is caused by the PNGase F release:
On the protein, the N-glycan is exclusively attached in
beta configuration to the asparagine side chain while for
released N-glycans a spontaneous conversion of alpha
and beta anomers takes place resulting in an equilibrium.
The group of Carlito Lebrilla is using this approach for
biomarker studies in different cancer types by analyz-
ing human plasma N-glycans [79-81]. The authors use
a microfluidic chip including a PGC guard and analytical
column [82] which is mostly combined with an additional

PGC-SPE clean-up step prior mass spectrometric analy-
sis. This chip-based approach is featuring a highly repro-
ducible chromatography, since unstable absolute retention
times can cause problems in PGC-LC data analysis [83].
The released N-glycans were detected as positively charged
species, also because an acidic LC-buffer system consisting
of 0.1 % formic acid in water (solvent A) and 0.1 % formic
acid in acetonitrile (solvent B) was used. In this context, it
needs to be mentioned that ionic strength and pH in differ-
ent LC-buffer systems have an effect on the glycan recov-
ery, which has been systematically investigated recently by
Pabst and Altmann [58]. They reported a poor recovery of
highly sialylated structures in unbuffered systems with low
ionic strength. This needs to be considered carefully, since
reports using the 0.1 % formic acid in water and acetoni-
trile solvent system are observing a loss of higher sialylated
glycans [84].

Ruhaak et al. compared different protein enrichment
techniques from human plasma of 20 lung cancer patients
and 20 control persons for a lung cancer glycan biomarker
discovery study [81]. N-glycan profiles of whole plasma,
enriched IgG, enriched medium abundance proteins and
their corresponding wash fractions were analyzed. For sta-
tistical evaluation, relative intensities of structural isomers
were combined into single glycan compositions. In addi-
tion, these compositions (between 79 and 20 depending
on the fraction) were grouped according to general glycan
features such as high-mannose, complex or hybrid (C/H)
non-sialylated and non-fucosylated, C/H fucosylated, C/H
sialylated and C/H fucosylated and sialylated glycans. Data
analysis revealed significant differences in relative intensi-
ties of glycan compositions and features between cancer
patients and control persons for the IgG-enriched fraction
and whole plasma, but not for medium abundance pro-
teins. These results suggest that glycosylation differences
in plasma of lung cancer patients are more pronounced on
higher abundant proteins [81].

In a different study from the Lebrilla group serum
N-glycans were analyzed from a large cohort of ovarian
cancer patients (n = 199) and control subjects (n = 100) to
investigate potential glycan biomarkers [80]. Their statis-
tical analysis of glycan profiles was performed in 2 steps:
First, a model was developed based on a training set, which
was then used for classification of a second set of samples.
They found the differential expression of a set of 22 glycan
compositions in three different tumor stages when com-
pared to the control samples. From these 22 glycan compo-
sitions, two were being expressed in higher and 20 of them
in lower abundance in tumor patient sera. They could also
show that a combination of up to nine glycan compositions,
on an individual level as well as on a group level, could
be used for classification between cancer and control cases
[80].
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O-Glycans

PGC-LC has widely been applied in the analysis of O-gly-
cans, in particular derived from mucins. These mucin-type
O-glycans, which are generally attached via an O-GalNAc
to a serine or threonine residue, are largely found in mucous
membranes on secreted gel-forming mucins, including
MUC2, MUCS5AC, MUCS5B, MUC6, MUC7 and MUCI19,
or on membrane-bound cell surface mucins such as MUC1,
MUC3A, MUC3B and MUC4 [85]. However, mucin-type
O-glycans can be also attached to non-mucin glycopro-
teins such as plasma glycoproteins [86, 87]. Changes in
mucin-type O-glycosylation have also been associated with
inflammatory diseases and cancer [88, 89]. With the help
of PGC-LC-ESI-MS/MS mucin-type O-glycans were ana-
lyzed from different body fluids and tissues [42, 90-93],
investigating their role in pathogen binding [44, 94, 95],
and with respect to several diseases such as rheumatoid
arthritis [96, 97], cystic fibrosis [98, 99] and ovarian can-
cer [100]. The method of choice to release O-glycans from
the glycoproteins in all studies discussed in this review was
reductive B-elimination prior PGC-LC-ESI-MS/MS anal-
ysis [25].

The group of Niclas Karlsson published several dis-
ease-related O-glycan studies such as the investigation of
lubricin O-glycosylation derived from synovial fluids from
rheumatoid arthritis (RA) patients. Specific sulfotrans-
ferases are known to be expressed in inflamed synovial
fluids (SF) of RA patients [101] and the O-glycan charac-
terization of lubricin, the major component of the acidic
protein fraction in SF, revealed mainly mono- and disi-
alylated core 1 and core 2 structures, as well as sulfated
core 2 structures [97]. In a follow-up study, they analyzed
the acidic protein O-glycosylation in SF of RA patients
and found distinct differences in glycan expression in the
acute form (reactive arthritis—ReA) of the disease com-
pared to the chronic RA. ReA SF contained three structural
and linkage isomers of the sulfated core 1 glycan (Galp1-
3GalNAcol) (Fig. 3a), whereas in the SF of chronic RA
patients just one isomer could be detected (Fig. 3b) [96].
Since RA is a systemic disease glycosylation changes can
also be expected to be present on a global level in addition
to changes occurring at the site of inflammation. Conse-
quently, O-glycosylation of salivary MUC7 in RA patients
(n = 10) was analyzed and compared to control samples
(n = 11) with regard to the sulfated core 1 O-glycan using
a glycan-specific selected reaction monitoring (SRM)
approach developed by the Karlsson group. With this sensi-
tive and selective method, the sulfated 3-Gal-linked isomer
of the core 1 glycan (Galp1-3GalNAcol) could be quanti-
fied relative to the non-sulfated counterpart. They found a
significantly higher expression of the sulfated form in RA
patients (37.2 + 3.11 %) compared to the control group
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Fig. 3 PGC-LC-ESI-IT-MS EICs of sulfated core 1 O-glycan iso-
mers (m/z 464.1) from acidic glycoproteins of synovial fluid from
a patient with ReA (a) and RA (b). ReA patients showed a more
diverse isomer pattern as it contains one structure with the sulfate
linked to the GalNAc (RT 15.4 min) and two structures with a Gal-
linked sulfate (RT 16.6 and 17.2 min). In contrast RA patients carry
just a single Gal-linked sulfate structure on their synovial acidic gly-
coproteins (RT 15.6 min) [96]. © 2014 American Society for Bio-
chemistry and Molecular Biology

(25.5 £ 1.75 %) showing that in the case of RA a change
of glycosylation occurs at the site of inflammation and on
a systemic level [96]. This particular SRM approach for
the relative quantification of specific compounds benefits
significantly from the isomer separation power of PGC
chromatography.

A different study by Everest-Dass et al. [44] focused on
the potential role of N- and O-glycosylation in infection.
First, they provided a comprehensive inventory of the N-
and O-glycosylation present in human saliva and on buccal
epithelial cells (BEC) using PGC-LC-ESI-MS/MS, iden-
tifying 78 N-glycan and 112 unique O-glycan structures.
The resolving power of PGC chromatography and struc-
tural elucidation by manual glycan spectra interpretation
allowed a detailed comparison of specific glycan epitopes
present in saliva and on buccal epithelial cells, including
different Lewis and blood group epitopes, which are known
receptors for pathogen adhesion [102]. Overall, Everest-
Dass et al. [44] found similar glycan epitopes with differ-
ing relative intensities in both saliva and on buccal epithe-
lial cells (Fig. 4b). They further investigated the potential
of salivary protein glycosylation to inhibit Candida albi-
cans infection. A flow cytometry-based cell adhesion assay
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Fig. 4 Flow cytometry-based assay to quantify the adhesion of
Candida albicans to BEC. a5 shows the adhesion of C. albicans to
BEC normalized to 100 % and a4 the corresponding autofluorescence
of BEC only. The inhibition of interaction was analyzed after incu-
bation with 0.5 mL of whole saliva a3, N- and O-glycans released
from 0.5 mL saliva a2 and N- and O-glycans released from 5 mL
saliva al. Salivary glycans as well as whole saliva inhibits binding of
C. albicans to BEC. The graph contains the mean = standard error of

confirmed that salivary glycans in different amounts as
well as whole saliva inhibit binding of Candida albicans
to buccal epithelial cells [Fig. 4a (panel 1-5)]. These data
indicate a role of saliva glycans in mimicking epithelial cell
epitopes and inhibiting pathogen binding as part of a first
immune defense [44].

The Application of PGC Chromatography for the
In-depth Characterization of Glycoproteins
and Glycopeptides

Besides using PGC-LC-ESI-MS/MS as a tool for the
analysis of complex glycan mixtures it is also applied as
an important tool for the in-depth characterization of glyco-
proteins. Detailed elucidation of the protein-specific types

Lactosamine

Lewis y/b Sialyl Lewis x/a Sialylated Sulphated

three independent biological replicates and their technical triplicates.
(b) shows relative intensities of glycan epitopes from O-glycans of
salivary and BEC membrane proteins, which express similar gly-
can epitopes in different relative intensities. Relative quantification
was performed on MS ion intensities of all glycans carrying these
epitopes. The graph contains the mean =+ standard error of three tech-
nical replicates of both saliva and BEC collected from an individual
of blood group A secretor status [44]. © Oxford University Press

of glycans, their structures and compositions represents an
important pillar in the comprehensive analysis of glycopro-
tein micro- and macroheterogeneity.

Deshpande et al. used PGC-LC-ESI-MS/MS to analyze
the protein-specific glycosylation patterns of the four major
protein components of secretory IgA (secretory compo-
nent, IgA1&IgA?2 and joining chain) [103]. Distinct glycan
profiles of these proteins were determined, clearly showing
that the secretory component carries mostly neutral, LeX-
containing N-glycans, whereas neutral, bisected N-glycans
and core 1 and core 2 type O-glycans were the dominat-
ing structures on IgA. In contrast, the joining chain pro-
tein carried mostly mono- and disialylated N-glycans with
and without core fucose [103]. With this information the
respective site-specific glycosylation features were deter-
mined by RP-LC-ESI-MS/MS of glycopeptides showing
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Glycoprotein analysis

2D-gel electrophoresis

(IEF + SDS-PAGE) EapilianAER

Denaturated

Reduction/
Alkylation/
in-gel trypsin
digest

Reduction/ Alkylation/
Trypsin

N- and O-glycopeptides +
non-glycosylated peptides

* HILIC-SPE

N- and O-glycopeptides

RP-LC-ESI-IT-MS/MS
(CID/ETD)

Glycopeptide analysis

Fig. 5 A representative workflow for a multi-experimental compre-
hensive characterization of a purified glycoprotein that shows the
suitability of PGC-LC-ESI-MS/MS implementation into an ana-
lytical workflow. The glycoprotein is analyzed on three different lev-
els, including the analysis of the intact (glyco)protein in a top-down
approach (upper part). Besides that glycans are characterized in a
bottom-up approach by blotting the protein on a PDVF membrane

that every site in all of the glycoproteins carries a specific
set of glycans. A similar approach has also been applied
in studying human and recombinant IgGs [104], human
butyrylcholinesterase [105] and recombinant human folli-
cle-stimulating hormone [41].

Another elegant approach for the in-depth characteriza-
tion of a single, purified glycoprotein is shown in the rep-
resentative analytical workflow depicted in Fig. 5 that was
applied for the analysis of a purified plasma glycoprotein
[106], where the authors combined a variety of different
techniques to achieve a comprehensive characterization
of the glycoprotein. Besides top-down approaches on the
intact glycoprotein, e.g., MALDI-TOF-MS and 1D/2D gel
electrophoresis with and without the use of specific glycosi-
dases also PGC-LC-ESI-MS was integrated into the work-
flow as part of a bottom-up approach to elucidate the gly-
can moieties attached to the protein. The obtained glycan
information was then used for site-specific glycosylation
analysis on the glycopeptide level using RP-LC-ESI-MS/
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Native

1D-gel electrophoresis

MALDI-TOF-MS (SDS-/Native-PAGE)

+/- PNGase F N-glycan release

purified
glycoprotein

PNG

N-glycan B-elimination

Reduction

Clean-up with SCX/C18 (flow-through)

Glycan analysis

and subsequent release of N- and O-glycans, which are then analyzed
on PGC-LC-ESI-MS/MS (lower right part). This information is
then be used for peptide and glycopeptide characterization in a bot-
tom-up approach to elucidate the full micro- and macroheterogeneity
of the glycoprotein (lower left part). Modified from Sumer-Bayraktar
et al. [106]

MS to gain further information about which specific N- and
O-glycan species are attached to which glycosylation site.
PGC-LC-ESI-MS can also be applied for the analy-
sis of intact glycopeptides [107-112]. However, it needs
to be considered that the hydrophobicity of a glycopep-
tide increases with increasing peptide length, leading to a
stronger interaction with the PGC stationary phase [107,
108]. To avoid the loss of (glyco-)peptides during PGC
chromatography or SPE clean-up due to irreversible bind-
ing and low recovery, the peptide moiety should be kept as
small as possible, but still in an appropriate length to obtain
sufficient information on the peptide identity for unambig-
uous glycosylation site assignment. Unspecific or broad-
specificity proteases, such as proteinase K or pronase, can
be used for the enzymatic cleavage of glycoproteins result-
ing in small amino acid stretches that remain linked to the
glycan. These “peptide tags” on the glycans have been
described to be mostly sufficient for qualitative site-specific
glycosylation analysis [109, 110]. Despite the presence of
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a short peptide tag, it needs to be carefully considered that
highly sialylated glycopeptides generated by this approach
may be retained irreversibly by the PGC column because of
an increased interaction with the stationary phase, and thus
just partial site-specific glycoprofiles would be obtained,
with an expected bias towards low sialylation.

PGC-LC for the Analysis of Glycosaminoglycans
(GAGS)

GAGs such as heparan sulfate proteoglycans, for exam-
ple, are involved in several processes such as basement
membrane organization, cell signaling and morphogenesis
[113]. Consequently, alterations in heparan sulfate glycosa-
minoglycans have been identified in several diseases [114].
In contrast to the above-discussed N- and O-glycans, GAGs
are linear molecules consisting of repeating disaccharide
units of hexosamines and hexuronic acids. The overall size
of such GAG chains requires that they are digested by spe-
cific enzymes (e.g., keratanase, heparitinase or chondroi-
tinase) into their disaccharide units, which are then com-
monly analyzed using LC—ESI-MS/MS (for further reading
the detailed reviews by Joseph Zaia are recommended,
comprehensively describing various approaches for MS-
based GAG analyses) [17, 115]. PGC-LC-ESI-MS/MS is
well suited for the analysis of disaccharides generated from
GAGs [45, 116, 117] and has found numerous applications
in the analysis of GAGs from plasma and serum [46, 47,
118, 119]. In a study by Wei et al., a method was devel-
oped and applied to analyze disaccharides from heparan
sulfate (HS) GAGs in human serum using PGC-LC-ESI-
MS/MS in negative-ion mode, providing compositional
information on 12 disaccharides including structural iso-
mers [46]. In a different study, by the same group free HS
and heparan sulfate proteoglycans (HSPG) were analyzed
from serum of 26 premenopausal and 25 postmenopau-
sal women using PGC-LC-ESI-MS/MS [47]. Statistical
analysis of the 12 HS-derived disaccharides revealed dif-
ferences in four structures from HSPG and two structures
from HS, including N-acetylated and N-sulfated disaccha-
rides. These results indicated changes in the enzyme regu-
lation of N-deacetylase/N-sulfotransferase in the context of
menopause [47].

Human milk oligosaccharides (HMOs)

PGC-LC has also been successfully applied in the analysis
of HMOs, which are free sugars in milk of lactating women
and present in concentrations between 5 and 20 g/L [120].
They are considered to have prebiotic effects to bacteria
like Bifidobacterium bifidum and also to prevent pathogen

binding to the intestinal mucosa by acting as analogs to cell
surface epitopes [121]. In vitro studies have shown sys-
temic, immunomodulatory effects of HMOs [122], which
is also supported by their presence in urine [51], as well as
in plasma of breastfed infants [52, 123]. Further biological
functions of HMOs have been reviewed extensively else-
where [124-126].

The analysis of HMOs by mass spectrometry has been
discussed in detail by different groups, in part, also with
respect to the use of PGC as stationary phase for LC sep-
aration. Similar to the glycan species discussed above,
mainly HMOs with a free reducing ends were analyzed
using PGC-LC [127-129].

Alpha-(1,2)-Fucosylated structures are found in blood
group antigen secreting humans, specifically in their body
fluids, including milk. Milk of secreting women, that con-
tains high levels of a-(1,2)-fucosyloligosaccharides, has
been associated with protecting full-term infants from
diarrhea [130]. Using PGC-LC-ESI-MS «-(1,2)-linked
fucosylation can be clearly distinguished from a-(1,3)-
fucosylation by the different retention times of these iso-
mers. Thus, a PGC nano-HPLC chip/TOF-MS approach
provided a suitable analysis platform to compare HMOs
from milk of mothers giving birth to full-term infants com-
pared to preterm delivering mothers [131], since preterm
infants are considered to exhibit an immature immune sys-
tem [132]. The authors observed a large variation in the
relative abundance of fucosylated structures in the milk
derived from preterm delivering mothers. This example
also emphasizes the importance of studies focusing on the
analysis of specific fucosylation features [131].

Conclusions and Future Perspectives

Recent technological developments made way for faster sam-
ple preparation as well as more sensitive and selective mass
spectrometric analyses in glycomics and glycoproteomics. In
this regard, porous graphitized carbon is a versatile and pow-
erful tool, which has found a wide range of applications as
SPE material and as a stationary phase for PGC-LC-ESI-
MS applications for the analysis of predominantly native
and reduced glycans. PGC features a high isomer separation,
which in combination with tandem mass spectrometric analy-
ses offers unique opportunities for specific glycan compound
analyses of individual structures with high sensitivity and the
seamless integration into already existing proteomics work-
flows. This capacity allows that functional questions regard-
ing the role of specific glycan structures and features can now
be addressed in a more protein-specific way. Consequently,
this strategy becomes a more reliable technique also for clini-
cal research such as cancer biomarker discovery and detailed
characterization of therapeutic recombinant glycoproteins.
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As aresult of the isomer separation capacity of PGC-LC,
data complexity can be already considerably high for gly-
can analyses of purified glycoproteins. To date, data analy-
sis still represents a major bottleneck in glycomic analysis
and needs to be addressed appropriately by (partial) auto-
mation to make PGC-LC-ESI-MS/MS-based glycomics
approaches available and attractive to a broader scientific
audience. One step towards this direction is the presence
of several glycan databases containing experimental glycan
fragmentation spectra [133]. Unicarb-DB contains a large
selection of fragment spectra, which significantly facili-
tates the analysis of negative-ion mode PGC-LC-ESI-MS/
MS data of native reduced N- and O-glycans. This database
allows manual spectra matching with acquired data and is
also meant to be used for automated structural assignment
in the future [74]. Additionally, several research groups are
focusing on developing software tools for compositional
N-glycan identification on MS level and/or based on reten-
tion times, as well as tools that match acquired tandem MS
spectra with theoretical fragmentation spectra [134—137].
Nevertheless, to fully exploit the unique potential for glyco-
conjugate analysis offered by PGC-LC-ESI-MS/MS-based
approaches, concerted future efforts will be necessary to
facilitate confident and automated glycan identification and
quantification while maintaining sufficient data quality and
reducing false positive assignments [138, 139].

Acknowledgments M.W. acknowledges support by the European
Union (Seventh Framework Programme HighGlycan project, grant
number 278535). D.K. acknowledges support by the Max Planck
Society and European Union (Seventh Framework Programme “Gly-
coproteomics”, grant number PCIG09-GA-2011-293847 and IBD-
BIOM project, grant number 305479).

Conflict of Interest The authors declare no conflict of interest.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution License which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s)
and the source are credited.

References

1. Varki A, Cummings RD, Esko JD et al (2009) Essentials of gly-
cobiology, 2nd edn. Cold Spring Harbor Laboratory Press, NY

2. Haslam SM, Julien S, Burchell JM et al (2008) Characterizing
the glycome of the mammalian immune system. Immunol Cell
Biol 86:564-573

3. Van Kooyk Y, Rabinovich GA (2008) Protein-glycan interac-
tions in the control of innate and adaptive immune responses.
Nat Immunol 9:593-601

4. Hakomori S (2002) Glycosylation defining cancer malig-
nancy: new wine in an old bottle. Proc Natl Acad Sci USA
99:10231-10233

5. Drake PM, Cho W, Li B et al (2010) Sweetening the pot: adding
glycosylation to the biomarker discovery equation. Clin Chem
56:223-236

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

Meezan E, Wu HC, Black PH, Robbins PW (1969) Compara-
tive Studies on the Carbohydrate-containing membrane com-
ponents of normal and virus-transformed mouse fibroblasts.
II. Separation of glycoproteins and glycopeptides by Sephadex
chromatography. Biochemistry 8:2518-2524

Zaia J (2004) Mass spectrometry of oligosaccharides. Mass
Spectrom Rev 23:161-227. doi:10.1002/mas.10073

. Harvey DJ (1999) Matrix-assisted laser desorption/ioniza-

tion mass spectrometry of carbohydrates. Mass Spectrom Rev
18:349-450

Harvey DJ (2006) Analysis of carbohydrates and glycocon-
jugates by matrix-assisted laser desorption/ionization mass
spectrometry: an update covering the period 1999-2000. Mass
Spectrom Rev 25:595-662

Harvey DJ (2008) Analysis of carbohydrates and glycocon-
jugates by matrix-assisted laser desorption/ionization mass
spectrometry: an update covering the period 2001-2002. Mass
Spectrom Rev 27:125-201

Harvey DJ (2009) Analysis of carbohydrates and glycocon-
jugates by matrix-assisted laser desorption/ionization mass
spectrometry: an update for 2003-2004. Mass Spectrom Rev
28:273-361

Harvey DJ (2014) Analysis of carbohydrates and glycocon-
jugates by matrix-assisted laser desorption/ionization mass
spectrometry: An update for 2009-2010. Mass Spectrom Rev
1-155. doi: 10.1002/mas.21411

Harvey DJ (2011) Analysis of carbohydrates and glycoconju-
gates by matrix-assisted laser desorption/ionization mass spec-
trometry: an update for the period 2005-2006. Mass Spectrom
Rev 30:1-100

Harvey DJ (2012) Analysis of carbohydrates and glycocon-
jugates by matrix-assisted laser desorption/ionization mass
spectrometry: an update for 2007-2008. Mass Spectrom Rev
31:183-311

Wuhrer M, Deelder AM, Hokke CH (2005) Protein glycosyla-
tion analysis by liquid chromatography-mass spectrometry. J
Chromatogr B 825:124-133

Kailemia MJ, Ruhaak LR, Lebrilla CB, Amster 1J (2014) oli-
gosaccharide analysis by mass spectrometry: a review of recent
developments. Anal Chem 86:196-212

Zaia J (2009) On-line separations combined with MS for analy-
sis of glycosaminoglycans. Mass Spectrom Rev 28:254-272
Ruhaak LR, Zauner G, Huhn C et al (2010) Glycan labeling
strategies and their use in identification and quantification. Anal
Bioanal Chem 397:3457-3481

. Palmisano G, Larsen MR, Packer NH, Thaysen-Andersen M

(2013) Structural analysis of glycoprotein sialylation—part II:
LC-MS based detection. RSC Adv 3:22706-22726

Alley WR Jr, Novotny MV (2013) Structural glycomic analyses
at high sensitivity: a decade of progress. Annu Rev Anal Chem
(Palo Alto Calif) 6:237-265

Wada Y, Azadi P, Costello CE et al (2007) Comparison of the
methods for profiling glycoprotein glycans—HUPO human
disease glycomics/proteome initiative multi-institutional study.
Glycobiology 17:411-422

Wada Y, Dell A, Haslam SM et al (2010) Comparison of meth-
ods for profiling O-glycosylation: human proteome organisation
human disease glycomics/proteome initiative multi-institutional
study of IgA1. Mol Cell Proteomics 9:719-727

Leymarie N, Griffin PJ, Jonscher K et al (2013) Interlaboratory
study on differential analysis of protein glycosylation by mass
spectrometry: the ABRF glycoprotein research multi-institu-
tional study 2012. Mol Cell Proteomics 12:2935-2951

Ruhaak LR, Deelder AM, Wuhrer M (2009) Oligosaccharide
analysis by graphitized carbon liquid chromatography—mass
spectrometry. Anal Bioanal Chem 394:163-174


http://dx.doi.org/10.1002/mas.10073
http://dx.doi.org/10.1002/mas.21411

Graphitized Carbon LC-MS

317

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Jensen PH, Karlsson NG, Kolarich D, Packer NH (2012) Struc-
tural analysis of N- and O-glycans released from glycoproteins.
Nat Protoc 7:1299-1310

Karlsson NG, Schulz BL, Packer NH (2004) Structural deter-
mination of neutral O-linked oligosaccharide alditols by
negative ion LC-electrospray-MSn. J Am Soc Mass Spectrom
15:659-672

Carlson D (1968) Structures and immunochemical properties
of oligosaccharides isolated from pig submaxillary properties
mucins. J Biol Chem 243:616-626

Thomsson KA, Karlsson NG, Hansson GC (1999) Liquid chro-
matography-electrospray mass spectrometry as a tool for the
analysis of sulfated oligosaccharides from mucin glycoproteins.
J Chromatogr A 854:131-139

Kozak RP, Royle L, Gardner RA et al (2014) Improved nonre-
ductive O-glycan release by hydrazinolysis with ethylenediami-
netetraacetic acid addition. Anal Biochem 453:29-37

Kozak RP, Royle L, Gardner RA et al (2012) Suppression of
peeling during the release of O-glycans by hydrazinolysis. Anal
Biochem 423:119-128

Huang Y, Mechref Y, Novotny MV (2001) Microscale nonre-
ductive release of O-linked glycans for subsequent analysis
through MALDI mass spectrometry and capillary electrophore-
sis. Anal Chem 73:6063-6069

Yamada K, Hyodo S, Kinoshita M et al (2010) Hyphenated
technique for releasing and MALDI MS analysis of O-glycans
in mucin-type glycoprotein samples. Anal Chem 82:7436-7443
Chai W, Feizi T, Yuen CT, Lawson A (1997) Nonreductive
release of O-linked oligosaccharides from mucin glycoproteins
for structure/function assignments as neoglycolipids: applica-
tion in the detection of novel ligands for E-selectin. Glycobiol-
ogy 7:861-872

Thomsson KA, Biackstrom M, Holmén Larsson JM et al (2010)
Enhanced detection of sialylated and sulfated glycans with neg-
ative ion mode nanoliquid chromatography/mass spectrometry
at high pH. Anal Chem 82:1470-1477

Packer NH, Lawson MA, Jardine DR, Redmond JW (1998) A
general approach to desalting oligosaccharides released from
glycoproteins. Glycoconj J 15:737-747

Morelle W, Flahaut C, Michalski J-C et al (2006) Mass spec-
trometric approach for screening modifications of total serum
N-glycome in human diseases: application to cirrhosis. Glyco-
biology 16:281-293

Ozcan S, Barkauskas DA, Ruhaak LR et al (2014) Serum gly-
can signatures of gastric cancer. Cancer Prev Res 7:226-235
Lusch A, Kaup M, Marx U et al (2013) Development and
analysis of alpha l-antitrypsin neoglycoproteins: the impact of
additional N-glycosylation sites on serum half-life. Mol Pharm
10:2616-2629

Biskup K, Braicu EI, Sehouli J et al (2013) Serum glycome pro-
filing: a biomarker for diagnosis of ovarian cancer. J Proteome
Res 12:4056-4063

Balog CIA, Stavenhagen K, Fung WLJ et al (2012) N-glyco-
sylation of colorectal cancer tissues: a liquid chromatography
and mass spectrometry-based investigation. Mol Cell Proteom-
ics 11:571-585

Grass J, Pabst M, Chang M et al (2011) Analysis of recombi-
nant human follicle-stimulating hormone (FSH) by mass spec-
trometric approaches. Anal Bioanal Chem 400:2427-2438
Karlsson NG, Thomsson KA (2009) Salivary MUC7 is a major
carrier of blood group I type O-linked oligosaccharides serving
as the scaffold for sialyl Lewis x. Glycobiology 19:288-300
Gao Y, Ma F, Zhang W et al (2013) O-glycan profiling of serum
glycan for potential renal cancer biomarkers. Sci China Life Sci
56:739-744

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Everest-Dass AV, Jin D, Thaysen-Andersen M et al (2012)
Comparative structural analysis of the glycosylation of salivary
and buccal cell proteins: innate protection against infection by
Candida albicans. Glycobiology 22:1465-1479

Estrella RP, Whitelock JM, Packer NH, Karlsson NG (2007)
Graphitized carbon LC-MS characterization of the chon-
droitin sulfate oligosaccharides of aggrecan. Anal Chem 79:
3597-3606

Wei W, Nifionuevo MR, Sharma A et al (2011) A comprehen-
sive compositional analysis of heparin/heparan sulfate-derived
disaccharides from human serum. Anal Chem 83:3703-3708
Wei W, Miller RL, Leary JA (2013) Method development and
analysis of free HS and HS in proteoglycans from pre- and
postmenopausal women: evidence for biosynthetic pathway
changes in sulfotransferase and sulfatase enzymes. Anal Chem
85:5917-5923

Holst S, Stavenhagen K, Balog CIA et al (2013) Investigations
on aberrant glycosylation of glycosphingolipids in colorectal
cancer tissues using liquid chromatography and matrix-assisted
laser desorption time-of-flight mass spectrometry (MALDI-
TOF-MS). Mol Cell Proteomics 12:3081-3093

Faid V, Michalski J-C, Morelle W (2008) A mass spectromet-
ric strategy for profiling glycoproteinoses, Pompe disease, and
sialic acid storage diseases. Proteomics Clin Appl 2:528-542
Hong Q, Ruhaak LR, Totten SM et al (2014) Label-free abso-
lute quantitation of oligosaccharides using multiple reaction
monitoring. Anal Chem 86:2640-2647

Dotz V, Rudloff S, Blank D et al (2014) 13C-labeled oligosac-
charides in breastfed infants’ urine: individual-, structure- and
time-dependent differences in the excretion. Glycobiology
24:185-194

Ruhaak LR, Stroble C, Underwood MA, Lebrilla CB (2014)
Detection of milk oligosaccharides in plasma of infants. Anal
Bioanal Chem 406:5775-5784

Harvey DJ (2005) Fragmentation of negative ions from carbo-
hydrates: part 1. Use of nitrate and other anionic adducts for the
production of negative ion electrospray spectra from N-linked
carbohydrates. ] Am Soc Mass Spectrom 16:622-630

Harvey DJ (2005) Fragmentation of negative ions from carbo-
hydrates: part 2. Fragmentation of high-mannose N-linked gly-
cans. J Am Soc Mass Spectrom 16:631-646

Harvey DJ (2005) Fragmentation of negative ions from carbo-
hydrates: part 3. Fragmentation of hybrid and complex N-linked
glycans. J Am Soc Mass Spectrom 16:647-659

Harvey DJ, Jaeken J, Butler M et al (2010) Fragmentation of
negative ions from N-linked carbohydrates, part 4. Fragmenta-
tion of complex glycans lacking substitution on the 6-antenna. J
Mass Spectrom 45:528-535

Harvey DJ, Royle L, Radcliffe CM et al (2008) Structural and
quantitative analysis of N-linked glycans by matrix-assisted
laser desorption ionization and negative ion nanospray mass
spectrometry. Anal Biochem 376:44-60

Pabst M, Altmann F (2008) Influence of electrosorption, sol-
vent, temperature, and ion polarity on the performance of LC—
ESI-MS using graphitic carbon for acidic oligosaccharides.
Anal Chem 80:7534-7542

Olson FJ, Béckstrom M, Karlsson H et al (2005) A MUC1
tandem repeat reporter protein produced in CHO-K1 cells has
sialylated core 1 O-glycans and becomes more densely gly-
cosylated if coexpressed with polypeptide-GalNAc-T4 trans-
ferase. Glycobiology 15:177-191

Pabst M, Bondili JS, Stadlmann J et al (2007) Mass + reten-
tion time = structure: a strategy for the analysis of N-glycans
by carbon LC-ESI-MS and its application to fibrin N-glycans.
Anal Chem 79:5051-5057

@ Springer



318

K. Stavenhagen et al.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

Anugraham M, Jacob F (2014) Specific glycosylation of mem-
brane proteins in epithelial ovarian cancer cell lines: glycan
structures reflect gene expression and DNA methylation status.
Mol Cell Proteomics. doi:10.1074/mcp.M113.037085

Hedlund M, Ng E, Varki A, Varki NM (2008) A(2-6)-Linked
sialic acids on N-glycans modulate carcinoma differentiation in
vivo. 388-394. doi: 10.1158/0008-5472.CAN-07-1340

Pabst M, Grass J, Toegel S et al (2012) Isomeric analysis of oli-
gomannosidic N-glycans and their dolichol-linked precursors.
Glycobiology 22:389-399

Wauhrer M, de Boer AR, Deelder AM (2009) Structural glycom-
ics using hydrophilic interaction chromatography (HILIC) with
mass spectrometry. Mass Spectrom Rev 28:192-206

Zauner G, Deelder AM, Wuhrer M (2011) Recent advances
in hydrophilic interaction liquid chromatography (HILIC) for
structural glycomics. Electrophoresis 32:3456-3466

Domann PJ, Pardos-Pardos AC, Fernandes DL et al (2007)
Separation-based glycoprofiling approaches using fluorescent
labels. Proteomics 7(Suppl 1):70-76

Marifio K, Bones J, Kattla JJ, Rudd PM (2010) A systematic
approach to protein glycosylation analysis: a path through the
maze. Nat Chem Biol 6:713-723

Behan JL, Smith KD (2011) The analysis of glycosylation: a
continued need for high pH anion exchange chromatography.
Biomed Chromatogr 25:39-46

Mechref Y, Novotny MV (2009) Glycomic analysis by capil-
lary electrophoresis-mass spectrometry. Mass Spectrom Rev
28:207-222

Brokl M, Hernandez-Hernandez O, Soria AC, Sanz ML (2011)
Evaluation of different operation modes of high performance
liquid chromatography for the analysis of complex mixtures
of neutral oligosaccharides. J Chromatogr A 1218:7697-7703.
doi:10.1016/j.chroma.2011.05.015

Everest-Dass AV, Abrahams JL, Kolarich D et al (2013) Struc-
tural feature ions for distinguishing N- and O-linked glycan
isomers by LC-ESI-IT MS/MS. J Am Soc Mass Spectrom
24:895-906

Doohan RA, Hayes CA, Harhen B, Karlsson NG (2011)
Negative ion CID fragmentation of O-linked oligosaccharide
aldoses—charge induced and charge remote fragmentation. J
Am Soc Mass Spectrom 22:1052-1062

Campbell MP, Nguyen-Khuong T, Hayes CA et al (2014)
Validation of the curation pipeline of UniCarb-DB: building a
global glycan reference MS/MS repository. Biochim Biophys
Acta 1844:108-116

Hayes CA, Karlsson NG, Struwe WB et al (2011) UniCarb-
DB: a database resource for glycomic discovery. Bioinformatics
27:1343-1344

Chik JHL, Zhou J, Moh ESX et al (2014) Comprehensive glycom-
ics comparison between colon cancer cell cultures and tumours:
implications for biomarker studies. J Proteomics 108:146-162
Sethi MK, Thaysen-andersen M, Smith JT et al (2014) Compar-
ative N-glycan profiling of colorectal cancer cell lines reveals
unique bisecting GlcNAc and a(2,3)-linked sialic acid determi-
nants are associated with membrane proteins of the more meta-
static/aggressive cell lines. J Proteome Res 13:277-288

Nakano M, Saldanha R, Gobel A et al (2011) Identification of
glycan structure alterations on cell membrane proteins in des-
oxyepothilone B resistant leukemia cells. Mol Cell Proteomics
10(M111):009001

Fan J, Kondo A, Kato I, Lee YC (1994) High-performance lig-
uid chromatography of glycopeptides and oligosaccharides on
graphitized carbon columns. Anal Biochem 219:224-229

Hua S, An HJ, Ozcan S et al (2011) Comprehensive native gly-
can profiling with isomer separation and quantitation for the
discovery of cancer biomarkers. Analyst 136:3663-3671

@ Springer

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Kim K, Ruhaak LR, Nguyen UT et al (2014) Evaluation of gly-
comic profiling as a diagnostic biomarker for epithelial ovarian
cancer. Cancer Epidemiol biomarkers Prev 23:611-621

Ruhaak LR, Nguyen UT, Stroble C et al (2013) Enrichment
strategies in glycomics-based lung cancer biomarker develop-
ment. Proteomics Clin Appl 7:664—-676

Chu CS, Nifionuevo MR, Clowers BH et al (2009) Profile of
native N-linked glycan structures from human serum using high
performance liquid chromatography on a microfluidic chip and
time-of-flight mass spectrometry. Proteomics 9:1939-1951
Ruhaak LR, Taylor SL, Miyamoto S et al (2013) Chip-based
nLC-TOF-MS is a highly stable technology for large-scale
high-throughput analyses. Anal Bioanal Chem 405:4953-4958
Hua S, Williams CC, Dimapasoc LM et al (2013) Isomer-spe-
cific chromatographic profiling yields highly sensitive and spe-
cific potential N-glycan biomarkers for epithelial ovarian can-
cer. J Chromatogr A 1279:58-67

McGuckin MA, Lindén SK, Sutton P, Florin TH (2011) Mucin
dynamics and enteric pathogens. Nat Rev Microbiol 9:265-278
Royle L, Roos A, Harvey DJ et al (2003) Secretory IgA N-
and O-glycans provide a link between the innate and adaptive
immune systems. J Biol Chem 278:20140-20153

Nicolardi S, van der Burgt YEM, Wuhrer M, Deelder AM
(2013) Mapping O-glycosylation of apolipoprotein C-III in
MALDI-FT-ICR protein profiles. Proteomics 13:992-1001
Hollingsworth MA, Swanson BJ (2004) Mucins in cancer:
protection and control of the cell surface. Nat Rev Cancer
4:45-60

Obayashi MK, Ukuda MF, Akayama JN (2009) New era of gly-
coscience : intrinsic and extrinsic functions performed by gly-
cans role of sulfated O-glycans expressed by high endothelial
venule-like vessels in pathogenesis of chronic inflammatory
gastrointestinal diseases. Biol Pharm Bull 32:774-779

Schulz BL, Oxley D, Packer NH, Karlsson NG (2002) The
major high-molecular-mass glycoproteins in human tears. Bio-
chem J 366:511-520

Holmén Larsson JM, Karlsson H, Sjovall H, Hansson GC
(2009) A complex, but uniform O-glycosylation of the human
MUC?2 mucin from colonic biopsies analyzed by nanoLC/MSn.
Glycobiology 19:756-766

Bickstrom M, Thomsson KA, Karlsson H, Hansson GC (2009)
Liquid chromatography-electrospray mass spectrometry allows
for the analysis of the O-glycosylation of immunoprecipitated
proteins from cells or tissues: application. J proteome Res pro-
teome Res 8:538-545

Andersch-Bjorkman Y, Thomsson KA, Holmén Larsson JM
et al (2007) Large scale identification of proteins, mucins, and
their O-glycosylation in the endocervical mucus during the
menstrual cycle. Mol Cell Proteomics 6:708-716

Issa SMA, Moran AP, Ustinov SN et al (2010) O-linked oligo-
saccharides from salivary agglutinin: helicobacter pylori bind-
ing Sialyl-Lewis x and Lewis b are terminating moieties on
hyperfucosylated  oligo-N-acetyllactosamine. ~Glycobiology
20:1046-1057

Kenny DT, Skoog EC, Lindén SK et al (2012) Presence of
terminal  N-acetylgalactosaminef1-4  N-acetylglucosamine
residues on O-linked oligosaccharides from gastric MUCSAC:
involvement in helicobacter pylori colonization? Glycobiology
22:1077-1085

Flowers SA, Ali L, Lane CS et al (2013) Selected reaction mon-
itoring to differentiate and relatively quantitate isomers of sul-
fated and unsulfated core 1 O-glycans from salivary MUC?7 pro-
tein in rheumatoid arthritis. Mol Cell Proteomics 12:921-931
Estrella RP, Whitelock JM, Packer NH, Karlsson NG (2010)
The glycosylation of human synovial lubricin: implications for
its role in inflammation. Biochem J 429:359-367


http://dx.doi.org/10.1074/mcp.M113.037085
http://dx.doi.org/10.1158/0008-5472.CAN-07-1340
http://dx.doi.org/10.1016/j.chroma.2011.05.015

Graphitized Carbon LC-MS

319

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Schulz BL, Sloane AJ, Robinson LJ et al (2007) Glycosylation
of sputum mucins is altered in cystic fibrosis patients. Glycobi-
ology 17:698-712

Holmén JM, Karlsson NG, Abdullah LH et al (2004) Mucins
and their O-Glycans from human bronchial epithelial cell cul-
tures. Am J Physiol Lung Cell Mol Physiol 287:1.824-1.834
Karlsson NG, McGuckin MA (2012) O-Linked glycome and
proteome of high-molecular-mass proteins in human ovar-
ian cancer ascites: identification of sulfation, disialic acid and
O-linked fucose. Glycobiology 22:918-929

Pablos JL, Santiago B, Tsay D et al (2005) A HE V-restricted sul-
fotransferase is expressed in rheumatoid arthritis synovium and
is induced by lymphotoxin-alpha/beta and TNF-alpha in cultured
endothelial cells. BMC Immunol. doi:10.1186/1471-2172-6-6
Gagneux P, Varki A (1999) Evolutionary considerations in relat-
ing oligosaccharide diversity to biological function. Glycobiol-
ogy 9:747-755

Deshpande N, Jensen PH, Packer NH, Kolarich D (2010) Gly-
coSpectrumScan : fishing glycopeptides from MS spectra of
protease digests of human colostrum sIgA research articles. J
Proteome Res 9:1063-1075

Stadlmann J, Pabst M, Kolarich D et al (2008) Analysis of
immunoglobulin glycosylation by LC-ESI-MS of glycopep-
tides and oligosaccharides. Proteomics 8:2858-2871

Kolarich D, Weber A, Pabst M et al (2008) Glycoproteomic
characterization of butyrylcholinesterase from human plasma.
Proteomics 8:254-263

Sumer-Bayraktar Z, Nguyen-Khuong T, Jayo R et al (2012)
Micro- and macroheterogeneity of N-glycosylation yields size
and charge isoforms of human sex hormone binding globulin
circulating in serum. Proteomics 12:3315-3327
Thaysen-Andersen M, Wilkinson BL, Payne RJ, Packer NH
(2011) Site-specific characterisation of densely O-glycosylated
mucin-type peptides using electron transfer dissociation ESI-
MS/MS. Electrophoresis 32:3536-3545

Alley W (2009) Use of activated graphitized carbon chips for
liquid chromatography/mass spectrometric and tandem mass
spectrometric analysis of tryptic glycopeptides. Rapid Commun
Mass Spectrom 23:495-505

Hua S, Nwosu CC, Strum JS et al (2012) Site-specific protein
glycosylation analysis with glycan isomer differentiation. Anal
Bioanal Chem 403:1291-1302

Nwosu CC, Huang J, Aldredge D et al (2013) In-gel nonspecific
proteolysis for elucidating glycoproteins: a method for targeted
protein-specific glycosylation analysis in complex protein mix-
tures. Anal Chem 85:956-963

Davies MJ, Smith KD, Harbin AM, Hounsell EF (1992) High-
performance liquid chromatography of oligosaccharide alditols
and glycopeptides on a graphitized carbon column. J Chroma-
togr 609:125-131

Wagner-Rousset E, Bednarczyk A, Bussat M-C et al (2008) The
way forward, enhanced characterization of therapeutic antibody
glycosylation: comparison of three level mass spectrometry-
based strategies. J Chromatogr B Analyt Technol Biomed Life
Sci 872:23-37

Bishop JR, Schuksz M, Esko JD (2007) Heparan sulphate proteo-
glycans fine-tune mammalian physiology. Nature 446:1030-1037
Yang Y, MacLeod V, Dai Y et al (2007) The syndecan-1 heparan
sulfate proteoglycan is a viable target for myeloma therapy.
Blood 110:2041-2048

Zaia J (2013) Glycosaminoglycan glycomics using mass spec-
trometry. Mol Cell Proteomics 12:885-892

Barroso B, Didraga M, Bischoff R (2005) Analysis of proteo-
glycans derived sulphated disaccharides by liquid chromatogra-
phy/mass spectrometry. J Chromatogr A 1080:43-48

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Karlsson NG, Schulz BL, Packer NH, Whitelock JM (2005)
Use of graphitised carbon negative ion LC-MS to analyse
enzymatically digested glycosaminoglycans. J Chromatogr B
824:139-147

Toyoda H, Muraki F, Imanari T, Kinoshita-Toyoda A (2011)
Microdetermination of hyaluronan in human plasma by high-
performance liquid chromatography with a graphitized carbon
column and postcolumn fluorometric detection. J Chromatogr B
879:950-954

Oguma T, Tomatsu S, Montano AM, Okazaki O (2007) Ana-
lytical method for the determination of disaccharides derived
from keratan, heparan, and dermatan sulfates in human serum
and plasma by high-performance liquid chromatography/turbo
ionspray ionization tandem mass spectrometry. Anal Biochem
368:79-86

Thurl S, Munzert M, Henker J et al (2010) Variation of human
milk oligosaccharides in relation to milk groups and lactational
periods. Br J Nutr 104:1261-1271

Kunz C, Rudloff S, Baier W et al (2000) Oligosaccharides in
human milk: structural, functional, and metabolic aspects. Annu
Rev Nutr 20:699-722

Bode L, Kunz C, Muhly-Reinholz M et al (2004) Inhibition of
monocyte, lymphocyte, and neutrophil adhesion to endothe-
lial cells by human milk oligosaccharides. Thromb Haemost
92:1402-1410

Goehring KC, Kennedy AD, Prieto PA, Buck RH (2014) Direct
evidence for the presence of human milk oligosaccharides in
the circulation of breastfed infants. PLoS One 9:¢101692

Bode L (2012) Human milk oligosaccharides: every baby needs
a sugar mama. Glycobiology 22:1147-1162

Newburg DS, Grave G (2014) Recent advances in human milk
glycobiology. Pediatr Res 75:675-679

Boehm G, Stahl B (2007) Oligosaccharides from milk. J Nutr
137:847-849

Nifionuevo MR, Lebrilla CB (2009) Mass spectrometric meth-
ods for analysis of oligosaccharides in human milk. Nutr Rev
67:216-226

Ruhaak LR, Lebrilla CB (2012) Advances in analysis of human
milk oligosaccharides. Adv Nutr 3:406-414

Pfenninger A, Karas M, Finke B, Sawatzki G (2001) Mass spec-
trometric investigations of human milk oligosaccharides. Adv
Exp Med Biol 501:279-284

Morrow A, Ruiz-Palacios G, Altaye M et al (2004) Protection
against diarrhea in breast-fed infants. J Pediatr 145:297-303

De Leoz MLA, Gaerlan SC, Strum JS et al (2012) Lacto-N-
tetraose, fucosylation, and secretor status are highly variable in
human milk oligosaccharides from women delivering preterm. J
Proteome Res 11:4662—4672

Westerbeek EAM, van den Berg A, Lafeber HN et al (2006)
The intestinal bacterial colonisation in preterm infants: a review
of the literature. Clin Nutr 26:361-368

Campbell MP, Ranzinger R, Liitteke T et al (2014) Toolboxes
for a standardised and systematic study of glycans. BMC Bioin-
form 15(Suppl 1):S9

Kronewitter SR, De Leoz MLA, Strum JS et al (2012) The gly-
colyzer: automated glycan annotation software for high perfor-
mance mass spectrometry and its application to ovarian cancer
glycan biomarker discovery. Proteomics 12:2523-2538. doi:10.
1002/pmic.201100273

Li F, Glinskii OV, Glinsky VV (2013) Glycobioinformatics:
current strategies and tools for data mining in MS-based glyco-
proteomics. Proteomics 13:341-354

Maxwell E, Tan Y, Tan Y et al (2012) GlycReSoft: a software
package for automated recognition of glycans from LC/MS
data. PLoS One. doi:10.1371/journal.pone.0045474

@ Springer


http://dx.doi.org/10.1186/1471-2172-6-6
http://dx.doi.org/10.1002/pmic.201100273
http://dx.doi.org/10.1002/pmic.201100273
http://dx.doi.org/10.1371/journal.pone.0045474

320

K. Stavenhagen et al.

137. Aldredge D, An HJ, Tang N et al (2012) Annotation of a serum
N-glycan library for rapid identification of structures. J Pro-
teome Res 11:1958-1968

138. Kolarich D, Rapp E, Struwe WB et al (2013) The minimum
information required for a glycomics experiment (MIRAGE)

@ Springer

139.

project: improving the standards for reporting mass-spectrom-
etry-based glycoanalytic data. Mol Cell Proteomics 12:991-995
York WS, Agravat S, Aoki-Kinoshita KF et al (2014) MIRAGE:
the minimum information required for a glycomics experiment.
Glycobiology 24:402—-406



	Clinical Glycomics Employing Graphitized Carbon Liquid Chromatography–Mass Spectrometry
	Abstract 
	Introduction
	Characteristic Features of PGC-Based Glycan Analysis
	Applications of PGC–LC–ESI–MS in the Analysis of Disease-Associated Glycosylation Signatures
	N-Glycans
	N-Glycan Analysis of Cancer Cell Lines
	Analysis of N-Glycans Derived From Cancer Patient Human Plasma
	O-Glycans

	The Application of PGC Chromatography for the In-depth Characterization of Glycoproteins and Glycopeptides
	PGC–LC for the Analysis of Glycosaminoglycans (GAGs)
	Human milk oligosaccharides (HMOs)
	Conclusions and Future Perspectives
	Acknowledgments 
	References


