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Abstract

Quantification of proteins by LC-MS/MS-MRM has become a standard method with broad
projected clinical applicability. MRM quantification of protein modifications is, however, far less
utilized, especially in the case of glycoproteins. This review summarizes current methods for
quantitative analysis of protein glycosylation with a focus on MRM methods. We describe
advantages of this quantitative approach, analytical parameters that need to be optimized to
achieve reliable measurements, and point out the limitations. Differences between major classes of
N- and O-glycopeptides are described and class-specific glycopeptide assays are demonstrated.
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1 Introduction

Quantification of drugs and metabolites by SRM or MRM is a standard analytical approach
with well documented applicability to quantification of proteins [1-3]. Chosen analytes are
typically separated by LC and detected, at high sensitivity, by selected ion monitoring mode
on triple quadrupole mass analyzers. Selected ion monitoring of a precursor ion in the first
quadrupole and its fragments in the second quadrupole reduces background noise and allows
reliable quantification with linear response across a broad dynamic range [4, 5]. Current
MRM methods achieve specific multiplex detection of proteins with sensitivity comparable
to ELISA, even in serum [6-8]. This is important because large-scale LC-MS/MS workflows
are optimized for proteome coverage but limited in quantitative accuracy. Adoption of LC-
MS/MS-MRM was made feasible by large repositories of peptide fragmentation spectra
obtained during a long phase of proteomic discovery studies [3, 9, 10]. Exploration of
protein modifications is now a dynamic field of research in a productive discovery phase but
quantification of the modified peptides by MRM or SRM methods, especially in the case of
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glycoproteins, has not reached broad acceptance. We discuss differences in the
quantification of proteins and their glycoforms, review advantages, and limitations of the
approach, and point out pre-requisites for reliable quantification of glycopeptides.

2 Biology and impact of glycosylation

Glycosylation is an integral part of life whose impact increases with the complexity of the
organism [11]. Glycans mediate interactions of all cells, including reproductive cells, and
regulate fundamental biological, chemical, and physical processes including evolution [12,
13]. Specific types of glycosylation carry out distinct functions but, to focus the review, we
discuss two clinically relevant types of glycosylation associated with human proteins: N-
GIcNAc (or N-glycosylation of asparagines) and O-GalNAc (or mucin-type O-glycosylation
of serines or threonines). These two types of glycosylation, observed on secretory and
membrane proteins, are constructed from similar monosaccharides and exhibit similar
degree of complexity but they differ in their biosynthetic origin and site of protein
attachment [14, 15]. The similarities and differences between these two glycosylation types
provide a useful framework for discussion of their quantification.

In case of N-glycosylation, a common glycan building block conjugated to a lipid is
synthesized prior to its attachment to asparagine (N), typically in the NXS/T sequon (X#£P)
[16]. The N-glycosylation process is initiated by the oligosaccharyl transferase (OST)
complex localized in the endoplasmic reticulum [17]. N-glycans assist with protein folding,
are trimmed during the protein maturation process, and further assist with protein sorting
[16]. Following transfer of the properly folded glycoprotein to the Golgi apparatus, the
intermediate glycan structures are further modified by glycosy! transferases that synthesize
the mature N-glycans associated with secreted/membrane proteins. These mature N-glycans
have a different function than the N-glycans involved in protein folding and export from the
ER and are typically microheterogeneous (several different structures observed at each
attachment site). It is essential to consider the microheterogeneity of protein glycosylation in
the quantitative analysis of glycopeptides.

Of 15 946 human proteins with NXS/T sequons, 4383 are annotated as documented or
predicted N-glycoproteins in the UniProtKB (release 2014_01). The difference is in part due
to the fact that only some sequons are occupied and in part due to the as yet incomplete
experimental knowledge of the N-glycoproteome [18]. Prediction algorithms are not reliable
enough to assign occupancy [19] but LC-MS workflows continue to expand our knowledge
of N-glycosylation [20,21]. Two recent LC-MS/MS studies of N-glycosylated peptides in
multiple mouse tissues following de-glycosylation of lectin-captured peptides with peptide:
N-glycosidase F (PNG-aseF) explore the extent of N-glycosylation. Zielinska et al., reported
identification of 6367 N-glycosylation sites on 2352 proteins [22] and Kaji et al., reported
5060 N-glycosylation sites on 2556 proteins [23]. The majority of sequons of secreted and
membrane proteins identified in these studies were glycosylated in contrast to the sequons of
cytoplasmic and nuclear proteins that were unoccupied [22]. Comparison of the datasets
showed an overlap of only 2195 sites on 1811 proteins from 1281 genes. This suggests that
the total number of experimentally verified N-glycosylated proteins and peptides will grow
as methods further improve and studies continue to explore tissues under more diverse
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physiological conditions. These studies provide excellent overview of macroheterogeneity
(utilization of N-glycosylation sequons) enabling subsequent glycoproteomic studies of
microheterogeneity.

Mucin-type O-glycans, on the other hand, are attached to serine/threonine, in loose sequence
context, by a process initiated in the Golgi compartment by about 20 different GaINAc
transferases in humans [24]. Mature O-glycans are built sequentially one monosaccharide at
a time and tend to be smaller, generally 1-6 monosaccharides, compared to N-glycans that
are generally 7-15 monosaccharides in size [25]. Despite this, O-glycoforms are just as
diverse and as frequently observed as N-glycans. O-glycosylation, similar to N-
glycosylation, exhibits site-specific microheterogeneity with a wide range of structures for
some O-glycoproteins, such as mucins [26]. Expression of truncated O-glycosylated proteins
in genetically modified cells suggests that nearly all proteins targeted to the secretory
pathway are O-glycosylated [27]. Proteins can be O-glycosylated on multiple serines/
threonines and both N- and O-modifications of the same protein have been observed [24].
Even a single isolated protein can therefore represent very complex mixture of glycosylated
species [28]. It is expected that characterization of site-specific glycoforms will continue to
elucidate structure—function relationships and site-specific quantification of glycan changes
will provide insights into glycobiology and pathophysiology [15,27].

3 Expanding repertoire of N- and O-glycan structures

The diversity of glycans experimentally observed on proteins continues to increase, in
addition to the number of verified glycosylation sites. Analytical glycoscience faces the
challenge of defining and quantifying this common and structurally diverse group of
biopolymers [29]. Naturally occurring glycoproteins [30-32], recombinant glycosylated
therapeutics [33,34], or even synthetic glycans incorporated into glycoproteins [35,36]
represent analytical targets of growing biomedical relevance.

Characterization of glycoproteins is typically carried out by separate analysis of detached
glycans (glycomics) and peptides following enzymatic or chemical deglycosylation [31, 37].
Methods of structural analysis of detached glycans were recently reviewed and will not be
discussed in detail here [38—41]. Suffice to say that site-specific quantification of
glycopeptides would not be possible without the structural glycomic foundation. The in vivo
biosynthetic processes somewhat limit the space of potential glycan structures but the
variety is enormous [14]. With the complex connectivity of the glycan building blocks and
their nonsaccharide modifications, mass spectrometric analysis of glycans is more analogous
to de novo sequencing of modified peptides than to bottom-up proteomics. Methods for
complete characterization of glycan structures are therefore varied and challenging but
improving analytical know-how continues to expand the experimentally verified N- and O-
glycan repertoire.

N-glycans with mass up to 13 kDa (permethylated) were recently detected in extracts of
mouse lung tissue by MALDI MS using methods of analysis optimized for this large mass
range [42]. Canis et al., identified more than 300 N-glycan structures on commercial
preparations of von Willebrand factor (Haemate P, ZLB, Behring) isolated from human
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plasma [43]. Even though full linkage detail was not assigned for all structures, the authors
were able to propose a VWF structure/function model taking into account the diverse
glycoforms. Modified glycans, especially sulfated glycoforms, continue to expand the N-
and O-glycan repertoire [44]. Cheng et al., point out that negative ion-mode MALDI
MS/MS is reported [44] to be sufficient to assign some structures but previously unreported
6-O-sulfated GIcNAc of disulfated O-glycans or structural isomers of the Lewis Y epitope
require LC-MS" analysis of permethylated glycans. Ashline et al., used a set of synthetic
glycan standards to further expand structural assignments, based on MS" analysis of
permethylated glycans, by spectral matching of fragment ion intensities [45]. Reinhold et al.,
now propose a consolidated pipeline for analysis of detached glycans, which is projected to
allow determination of sites of attachment, quantification, and detailed structural analysis
[40].

As structural information accumulates, a unified representation of the growing family of
glycans in well-designed databases is essential for further advances of glycoscience [46].
Glycan databases are relevant to our discussion because glycoproteomic studies typically
identify glycopeptide masses and their fragments based on libraries of known glycans that
are expected to further mature and grow [47,48].

4 Analysis of quantitative differences in the context of disease

The glycan repertoire is not uniform between species or even within cells and organs of the
same organism; the same protein isolated from different cells or tissues may carry different
glycoforms [15,33,49]. Activities of various components of the glycosylation apparatus,
their competition for substrates, the structure of protein substrates, and the dynamics of local
glycoprotein distribution define which N- and O-glycoforms are observed [25]. The
assembly of glycans in a given physiological context is relatively constant but varies
considerably at successive stages of an organism’s development or in disease [11, 28, 50]. In
many diseases, changes in protein glycosylation are detectable and glycoproteins are well
represented among serological markers approved by regulatory agencies [30,51].
Quantification of glycoforms is therefore of considerable interest. Many studies assess
changes in glycosylation by quantitative comparison of detached glycans [52,53]. We will
briefly introduce recent findings that highlight importance of targeted quantification of
glycopeptides.

A series of large population studies quantified fluorescently labeled glycans detached from
serum proteins in search of associations with genetic and environmental factors [54, 55].
This methodology is based on well-established techniques combining serial enzymatic
digests of glycans with hydrophilic interaction chromatography (HILIC) retention times,
normalized to a dextran ladder [49, 56]. Glycosidases are used to remove glycan building
blocks, often in linkage-dependent manner, which provides information for structure
determination [57] (Fig. 1).

Lauc et al., quantified 16 peaks in HILIC chromatograms plus 13 peaks in chromatograms
recorded after treatment of the detached glycans with nonspecific sialidase, in a study of
2700 people [55]. The analysis correlates glycan intensities with the presence or absence of
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300 000 single nucleotide polymorphisms in a genome-wide association study (GWAS). In
this study, glycans were detached from the entire serum proteome and fluorescent labeling
of the reducing-end allowed their relative quantification, following normalization by the sum
of all fluorescent peaks. The results show that the FUT8 gene, responsible for core
fucosylation, accounts for 5% of the variability in the intensity of the biantennary
agalactosylated glycan (A2 in Oxford nomenclature). This conclusion was obtained even
though many of the peaks of the HILIC chromatograms represent mixtures of glycan
structures.

Resolution of glycan structures by HILIC chromatography was further improved in a study
that examined N-glycans detached from IgG isolated from the plasma of 4000 people [55].
The narrower range of N-glycan structures associated with 1gG and separation on 1.7 um
amide HILIC particles [56] allowed for the resolution of glycans into 24 peaks that
contained, in most cases, just one dominant glycan. LC-MS in combination with serial
exoglycosidase digests was used for structure assignments of the isolated peaks [55]. An
expanded GWAS study found new associations between peaks and glycosyltransferases as
well as genes previously not known to regulate glycosylation [58]. The authors conclude that
the new discoveries are possible, at least in part, thanks to reduced variability of glycans
detached from isolated 1gG. The isolation of 1gG eliminates interferences from other serum
proteins on the relative intensities of glycans. The limited variation in the serum proteome
among healthy individuals limits impact of contaminating proteins but proteome remodeling
in context of disease is expected to impact quantitative glycan comparisons. For example,
studies of liver disease show that increased immunoglobulin titers are the major reason for
the observed changes in profiles of glycans detached from unfractionated serum proteome
[59-61]. One way to account for differences in protein concentrations is quantification of
glycopeptides.

In an interesting development of the GWAS study [58], measurements of glycopeptides of
IgG1 and 1gG2 were carried out, in parallel to HILIC-fluorescence, by negative ionization
MALDI-TOF with 4-chloro-a-cyanocinnaminic acid matrix [62]. The MALDI-TOF
analysis carried out relative quantification of glycopeptides without the introduction of
quantitative standards. The quantitative results were comparable to UPLC-fluorescence for
all except sialylated structures that are of lower intensity in the MALDI-TOF assay. The
MALDI-TOF glycopeptide quantification is site-specific and resolves 1gG1 and 1gG2
isoforms based on the glycopeptide sequence. In addition, site-specific quantification of Fc
glycopeptides avoided interference from the glycosylation of the Fab portion of IgG.
However, the authors quantified only six glycoforms of each 1gG (five ratios normalized to
the intensity of mono-galactosylated core-fucosylated biantennary glycan) as opposed to 23
peaks in the HILIC-fluorescence workflow. The GWAS MALDI-TOF analysis confirmed
the association of MGAT3 with two bisected core fucosylated glycans and the association of
B4GALTI with A2G2F (galactosylated core-fucosylated biantennary glycan). The
consistency of the findings, even though partial, is encouraging and the scale of the studies is
impressive.

Quantification of glycans by UPLC-fluorescence and MALDI-TOF MS was subsequently
compared to two additional methods [63]. The first method is based on separation of
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glycopeptides by reversed phase capillary LC interfaced with a quadrupole TOF (QTOF)
using sheath-flow ESI ionization [64] while the second method is based on capillary gel
electrophoresis of detached fluorescently labeled glycans, similar to previously described
workflows [59]. The study did not use standard analytical measures but compared feasibility
and practicality of high-throughput analyses on thousands of samples. The main evaluation
criterion was the observed strength of association in the GWAS study and weaknesses of
each approach were summarized. The authors conclude that methods using chromatographic
separation of either glycans (UPLC-fluorescence) or glycopeptides (RP-LC ESI QTOF) lead
to stronger associations but have lower throughput. Since each method measures somewhat
different analytes, this conclusion may not be justified. Nonetheless, the study shows that all
four methods are feasible and provide comparable outcomes. The RP-LC ESI QTOF method
[64] resolves 20 glycoforms of 1gG1, 20 glycoforms of 19G2/3, and 10 glycoforms of 1gG4
in a single analysis; in an analysis of detached glycans, the IgG source of the glycans would
not be apparent. Quantification is based on relative intensity of each precursor, measured as
sum of three isotopic peaks in +2 and +3 charge states, to the sum of peaks considered for
each 1gG subclass. This method achieved reliable multiplex quantification of site-specific
glycoforms in this relatively simple protein mixture. This is important because growing
evidence supports functional impact of glycosylation at specific sites of attachment to
proteins. As an example, a recent study of IgE shows that of its seven N-glycosylation
sequons, one is not glycosylated, five carry various complex glycans, and N275 is associated
exclusively with oligomannose structures [65]. The N275 site is homologous to the N297
site of IgG whose glycosylation regulates receptor mediated responses. Mutation of N275
resulted in the loss of receptor binding [66] that suggests that glycoforms of this particular
differentially glycosylated sequon of IgE regulate functional responses. Such insights into
the structure function of glycoproteins [67] make exploration of site-specific glycoforms
interesting and desirable.

5 Glycopeptide analysis

A number of creative solutions that facilitate glycoproteomic research were recently covered
in comprehensive summaries [25, 30, 31, 37, 68] but, in spite of these advances, the
properties of glycopeptides make their detection and quantification challenging [25, 69]. As
we have already discussed, the total extent of N- and O-glycosylation of proteins is
unknown; and while the NXS/T sequon narrows down the search space for N-glycopeptides,
the attachment sites for O-glycosylation are less predictable. It is important to note that
comprehensive enzymatic deglycosylation of O-glycans is not feasible even though various
chemical methods have been introduced and B elimination/Michael addition can be used to
label sites of O-glycan attachment [31,37]. Knowledge of glycan structures is incomplete
and their variety overwhelming. Recent studies suggest, however, that the N- and mucin type
O-glycans contain common structural cores [47]. This simplifies the search for
glycopeptides and facilitates detection of the less common glycoforms. Detailed structural
analysis of detached glycans often involves permethylation that stabilizes glycans, prevents
gas phase rearrangements, and allows informative fragmentation [37, 70]. In addition,
derivatization of the reducing end or terminal sialic acid provides a useful strategy for
structural analysis or the quantification of glycans [39,71]. Options for derivatization of
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glycopeptides are more limited but provide significant inroads to desired fragmentation and
structure identification.

Peptides can be viewed as a useful tag and further modification of the peptide attached to a
glycan may prove helpful. Improved detection of glycopeptides derivatized with 1-
pyrenyldiazomethane in the presence of peptides was documented [72]. 1-
pyrenyldiazomethane reacts selectively with carboxyl groups of sialic acid, the peptide C-
terminus and side chains which can be used to distinguish a.2,3 and a.2,6 linked sialylated
glycopeptides in negative-ion MALDI-MS using 3AQ-CHCA ionic liquid matrix [73]. Liu
et al., introduced methylamidation of sialic acids in the presence of (7-azabenzotriazol-1-
yloxy) trispyrrolidinophosphonium hexafluorophosphate (PyAOP) [74]. This strategy was
adopted by Nishikaze et al., for complete derivatization of carboxy groups of glycopeptides
(Asp, Glu, C-terminus, and sialic acids). CID of the methylamine-labeled glycopeptides in
negativeion MALDI MS/MS provides informative glycan fragment ions, while positive-ion
CID provides information on peptide sequence and glycan composition. Kurogochi et al.,
selectively oxidized sialic acids of glycopeptides with NalOg4, conjugated to hydrazide
beads, removed unbound peptides, and reductively amidated with 2-aminopyridine (PA)
under acidic release conditions [75]. This improved the CID fragmentation of the PA-labeled
glycopeptides resulting in specific oxonium ion series and relatively intense Y1 (peptide-
GIcNAc) fragments in the ESI-MS/MS spectra. Quantification of the Y1 fragment ion by
LC-MS/MS-MRM identified sialylated glycopeptides increased in serum of diabetic
animals. Enhanced formation of the Y1 fragment in combination with MRM quantification
is suggestive of targeted glycoproteomics but the emerging derivatization methods require
further validation to become practically useful quantification strategies.

N-glycosylation is relatively sparse but inhibition of proteolysis by N-glycosylation can still
occur [76]. This can be a serious problem in the analysis of O-glycosylated proteins as the
O-glycoforms tend to cluster; mucins are notoriously resistant to proteolysis which is part of
their biological function [77]. The effect of proteolysis on quantitative studies of proteins
should not be underestimated [3]. It is a major factor in the variability of targeted proteomic
studies and is expected to have an even larger impact on glycoproteomics. Proteolysis has
been improved and accelerated by introduction of immobilized enzyme reactors and
denaturation under pressure cycling to 25 kpsi [78]. Such developments will be critical for
standardization of proteolysis for quantitative glycoproteomics.

Glycopeptides ionize less well than peptides [79] and carry multiple glycoforms per peptide
that means that they are substoichiometric in protein digests. In a stimulating development,
Stavenhagen et al., introduced synthetic glycopeptide standards to show that ionization of N-
glycopeptides decreases to 10-50% ionization of the corresponding peptide [79]. The extent
of reduction of ionization depends on LC-MS conditions but after trimming the glycopeptide
to the Y1 structure, ionization efficiency was observed to be similar to that of the peptide.
We do not know of a formal study confirming lower ionization efficiency for O-
glycopeptides but they likely ionize less efficiently as well and we know that they are
microheterogeneous [31]. These are the major drivers of the need to enrich glycopeptides for
analysis and many successful strategies for glycopeptide enrichment were developed
[25,30].
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Lectins have been used for many years for enrichment of the glycoproteins and
glycopeptides [22, 23, 80]. Lectins have been also used for the selective capture of specific
glycan structures. Kaji et al., enriched glycopeptides on aleuria aurantia (fucosylated
glycans) or datura stramonium (branched glycans) lectins for LC-MS/MS identification of
peptides deglycosylated by PNGaseF under H,80 [81]. Besides lectins, efficient capture of
glycoproteins on hydrazide solid support was introduced by Zhang et al., [20]. Cis
configured vicinal diols of glycans were oxidized to aldehydes with NalO4 and bound
covalently to the hydrazide beads. Capture was followed by tryptic digestion and washes of
the immobilized glycopeptides with subsequent PNGaseF catalyzed release of
deglycosylated peptides. This method has been used by many groups to capture N-
glycoproteins or N-glycopeptides but O-glycopeptides are typically not analyzed by this
approach due to the lack of a universal release method. An exception to this rule is the study
of Nilsson et al., that used mild NalO4 oxidation and acid release of glycopeptides leading to
desialylation instead of deglycosylation [82]. This allowed analysis of both N- and O-
glycopeptides by Fourier transform ion cyclotron resonance-MS with assignment of 80
glycosites, including 44 O-glycosites on glycoproteins from human cerebrospinal fluid.
Parker et al., compared glycopeptide enrichment from heart tissue using titanium dioxide
(sialylated glycoforms) [83], hydrazide capture [20], and HILIC chromatography [84].
HILIC enrichment was most efficient at capturing glycopeptides but hydrazide was more
selective [85]. The sets of captured peptides were complementary with 1556 total N-
glycosylation sites identified on 972 glycoproteins. Identifications were again achieved after
deglycosylation of the peptides while differences in quantities of the peptides were
determined by iTRAQ labeling. At the same time, detached glycans were analyzed by
porous graphitized carbon (PGC) chromatography with LC-ESI-MS/MS detection. The
authors conclude that quantitative changes were not due to glycosylation but rather due to
changes in protein quantity. Only 3% of peptides identified as originally N-glycosylated
were estimated to be false-positive deamidations; more than 50% of those occurred in the
NS and NG sequence context.

We conclude this section with a brief discussion of discovery glycoproteomics. CID and
higher-energy C-trap dissociation (HCD) of glycopeptides in positive ion mode generate
dominant B- and Y-ions (glycosidic bond fragments) with limited fragmentation of the
peptide backbone [86—-88]. This provides information on glycan composition but
unequivocal assignment of the peptide sequence typically needs additional methods of
analysis or detachment of the glycans. Fragmentation of the peptide backbone of
glycopeptides was much improved by introduction of electron-assisted methods (electron
transfer dissociation (ETD) or electron capture dissociation (ECD)) [89,90] that leave the
glycan largely intact [91,92]. These complementary methods are now combined in efficient
workflows alternating collision- and electron-assisted fragmentation with high resolution
analysis on various combinations of mass analyzers [25, 88]. Parker et al., analyzed
glycopeptides enriched on zwitter-ionic HILIC cartridges by HCD/ETD on LTQ-Orbitrap
Velos (Thermo Fisher); at the same time, detached glycans were analyzed by PGC LC-ESI-
MS/MS [93]. The combined analyses led to the assignment of 863 N-glycopeptides
corresponding to 276 glycosites on 161 glycoproteins starting with 5 mg of membrane
glycoproteins extracted from rat brain tissue. In the same study, the authors identified 1989
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formerly N-glycosylated peptides (glycosites) de-glycosylated with PNGaseF. This
demonstrates the complexity of site-specific glycoform analysis that has lower coverage of
glycosites than the analysis of deglycosylated peptides but adds another dimension of
information content. We refer readers to recent reviews covering additional advances like
stable isotope labeling, ion mobility, or informatic solutions [31,32,37].

Combination of efficient sample processing, glycopeptide enrichment, streamlined analysis
of detached glycans and glycosylated peptides, efficient management of glycopeptide ions in
mass analyzers, as well as improved informatic solutions allow meaningful glycoproteomic
discovery studies in spite of all the limitations discussed above. Discovery glycoproteomic
studies are now capable of identifying thousands of site-specific glycoforms [47] and
discovery workflows of deglycosylated peptides identify thousands of glycosites [22, 27].
The discovery workflows identify differences in abundance that are, in the proteomic
studies, followed by targeted verification workflows [3]. Proteomic verification studies
reached a mature state where multiplex LC-MS/MS-MRM workflows reliably quantify
hundreds of peptides and the libraries of peptide data are comprehensive enough to allow
data independent quantification (SWATH MS) of even larger numbers of peptides at
somewhat lower sensitivity [94] (Fig. 2).

LC-MS/MS-MRM verification studies of formerly N-glycosylated peptides are documented
as well [95, 96]. We review these developments in the next section and then discuss the
current state of verification studies of site-specific protein glycoforms.

6 SRM and MRM Quantification

Decades of method optimization established stable isotope dilution as the gold standard for
quantitative mass spectrometry [97]. Measurement of the ratio of an analyte to its stable
isotope standard (SIS) accounts for fluctuations of analysis and matrix effects [5]. SRM or
MRM workflows maximize sensitivity because they select a narrow mass window (about 1
Da) for detection of precursor and product ions; this eliminates much of the noise associated
with scanning methods [98]. Domon and Aebersold compared benefits of shotgun
proteomics with directed (precursor ion list) or targeted (product ion list with assumed
precursors) methods based on selected lists of analytes [99] (Fig. 3). Targeted methods
sacrifice novelty (discovery of new targets) but work reliably at lower LOD and LOQ. Such
methods are by definition hypothesis driven (we select up-front what will be measured) and
databases of observable peptide spectra or in house generated spectral libraries provide
necessary information to design assays for the selected targets [10].

Outstanding performance of LC-MS/MS-SRM in quantification of small molecules derives
from the fact that polymers in biological matrices like serum are efficiently separated from
the target analytes during sample preparation. Proteins, to the contrary, compete for
detection with all the other proteins in biological matrices. In addition, proteins are
quantified by LC-MS/MS-MRM indirectly; each protein is represented by a unique
(proteotypic) peptide. Introduction of SIS peptides allowed the thorough evaluation of the
analytical performance of assays, identification of the sources of variability, and the
evaluation of limitations. A systemic study of 45 proteins in unfractionated serum, ranging
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in concentration from albumin to moderately abundant I-selectin (28 pmol/mL), showed
specific detection (same ratios of endogenous/SIS peptides for all transitions with/out
plasma matrix) with 2—4 logs of linearity [4]. Retention time constraints were used for two
peptides with coeluting impurities. Measurements of reproducibility showed that CV
decreased from >20% to <5% for most peptides when the SIS peptides were introduced at
concentration-balanced amounts, corresponding to the mean analyte concentration in
plasma. The assays proved reproducible for proteins in plasma at microgram/mL
concentration across multiple laboratories, although the SIS peptides were added after
proteolytic digest to avoid a substantial increase in variability [100]. Comparison with
interlaboratory glycomic [101] and glycoproteomic [102] studies shows the value of the SIS
in development of reliable workflows. Such standards and improved MRM methods
described below will be of great benefit to glycoprotein analyses as glycosylation creates a
quantification task of substantially higher complexity.

Further improvements in sensitivity [6-8] and throughput [95,103] brought LC-MS/MS-
MRM of peptides closer to practical clinical use even though a number of the analytical
steps, including the proteolytic digest, need further validation [3]. Immunoaffinity
enrichment, using stable isotope standards captured by anti-peptide antibodies (SISCAPA),
was automated for capture in a 9-plex format with quantification by nanoLC-MS/MS-MRM
[104]. The assay achieves ng/mL detection limits with median CV 12.6%. Validation of the
results in an interlaboratory study of the 8-plex immuno-MRM assay confirmed limits of
detection below 1 ng/mL with 12-14% CV in 30 pL of plasma [6]. The reported variability
includes the entire assay process, including enzymatic digest of plasma; with the tryptic
digest contributing the largest portion of variability. Introduction of a stable isotope-labeled
protein as an internal standard instead of SIS peptides nearly doubled assay accuracy and
improved assay precision to 5%.

Shi et al., achieved 100 pg/mL sensitivity by introducing PRISM-SRM workflow [7].
Peptide mixtures spiked with SIS standards were separated by high-resolution high pH RP
chromatography [105] at 3 pL/min flow rates. Split effluent was used for on-line monitoring
of the SIS peptides and simultaneous fraction collection. Fractions containing peptides of
interest were pooled and further separated by low pH nanoLC-MS with SRM quantification.
This workflow achieved reliable quantification of prostate-specific antigen in serum. To
avoid 2D fractionation, Burgess et al., optimized RP chromatography on 30 cm long 75 pm
id columns packed with 1.9 um/120 A beads and operated at 50°C to reduce back pressure
[8]. This setup achieved median LOQ of 4.2 ng/mL (0.9-60 ng/mL range) of 41 spiked SIS
peptides and allowed multiplex quantification of 800 peptides (2400 transitions, including
SIS standards) in one 3-h scheduled MRM run (average 20 points per peak, 1 min typical
width, dwell times from 8 to 107 ms). Scheduled MRM allowed efficient handling of the
large number of transitions by monitoring transitions corresponding to the known LC elution
time of specific peptides [95].

Segmenting acquisition into about 5 min windows increases the number of peptides
monitored and maintains sampling rate (cycle time) with the same degree of sensitivity by
limiting sacrifice in dwell time [5]. Introduction of peptides as chromatographic landmarks
allows for the transfer of methods between analytical platforms and permits selection of
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narrower time-windows for the scheduled MRM experiments, and further improves
throughput [106]. Kiyonami et al., introduced intelligent SRM (iSRM) to further improve
the number of peptides analyzed and the specificity of detection [103]. In this workflow, two
primary transitions are used to trigger acquisition of additional transitions that target less
intense fragment ions. The additional transitions increase the specificity of detection without
the time-expense of extra scans [107]. iSRM allowed detection of tryptic peptides in the
digest of yeast proteome with sensitivity in the tens of attomole range on column and
throughput of 6000 transitions in one 60-min run [103].

LC-MS/MS-MRM quantification has been reported frequently in case of deglycosylated N-
glycopeptides but in only a few cases for glycopeptides [95, 96]. Quantification of the
formerly N-glycosylated peptides does not differ in principle from peptide MRM but needs
to consider glycopeptide enrichment and restrictions due to the glycopeptide target. MRM
assays of peptides usually select the most reliable observed peptide(s) for protein
quantification, not necessarily the glycopeptide of interest. Consequently, some studies
quantify captured glycoproteins by targeting other non-glycosylated peptides [108, 109].
Ahn et al., reported detection of attomolar amounts of TIMP-1 protein, captured with a
lectin, using SISCAPA MRM assays that achieved protein quantification at 0.8 ng/mL in
serum. While the assay performance is excellent the glycoprotein quantification is indirect
[109]. MRM assays quantifying de-N-glycosylated peptides captured on hydrazide solid
support have also been used extensively [30, 95, 96, 110]. For example, a study of a mouse
model of prostate cancer, based on the knockout of PTEN tumor-suppressor gene, identified
775 N-linked glycoproteins from sera and prostate tissues of wild-type and PTEN-null mice
[110]. Label-free quantitative proteomics was used to select 57 candidate proteins for a
verification study of human orthologs in 209 men with prostate cancer or enlarged prostate
controls. Targeted LC-MS/MS-MRM assays using stable isotope labeled standards were
able to consistently quantify 36 of the peptides in human serum at median serum
concentrations ranging from 320 to 5.5 ng/mL. Such informative assays achieve excellent
performance in relevant biomedical contexts but, admittedly, cannot distinguish in their
current format between changes in the quantity of protein and changes in occupancy [96].
We conclude this section with a brief discussion of MRM assays of detached glycans.
Targeted assays of site-specific protein glycoforms will be discussed in the following
section.

Zhang et al., introduced LC-MS/MS-SRM quantification of detached glycans based on
PNGaseF-catalyzed release of N-glycans, reductive amination of the reducing end with
aniline, PGC separation of labeled glycans, and quantification of common glycan fragments
(Y2, Y1, and the oxonium ion at /m/z 366) [71]. Introduction of anilin-d5 by reductive
amination created a set of isotopically labeled standards for improved quantification. A
library of SRM assays was developed based on prior knowledge and Zhang et al., discuss
that their approach is analogous to targeted protein quantification. This MRM workflow
achieved resolution of isomers by capillary flow PGC chromatography and attomole
sensitivity. The authors were able to quantify 98 different glycan compositions and resolve
162 isomers in a study of pancreatic cancer, detecting glycans in as few as 100 cells. PGC-
based isomer separation with MS detection has been used by others for profiling of detached
glycans [111]. Since the MRM methods use same set of fragments for all analytes, it is not
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clear whether this detection mode offers much benefit compared to the previously reported
MS! assays besides, perhaps, an increase in sensitivity. Quantification of ions in MS? is
typically preferred because fragmentation is structure dependent and introduces bias into
relative quantification of glycans (profiles). Fragment-based methods, however, have the
advantage that they may be able to provide structural resolution in positive or negative
ionization mode. Negative ionization is rarely explored in quantitative analysis of glycans
[112] but informative fragmentation in negative ion MS is well documented [113-115].
Accurate quantification of specific glycans between samples (e.g. disease groups) has its
own benefits and the merits of profiling or targeted MRM assays must be considered with
respect to the specific research context. Jensen et al., describe use of exoglycosidases in
structural resolution of glycans, a strategy that may be useful for MRM assays, too [116].
Additional separation could be achieved by introduction of ion mobility selection into the
quantitative workflows [117,118]. And last but not least, chemists get progressively closer to
producing synthetic standards that are expected to facilitate development of targeted assays
[119, 120]. If we replace the aniline label with a peptide, we can immediately draw parallels
with the quantification of site-specific protein glycoforms discussed in the next section.

7 MRM quantification of glycopeptides

Quantification of site-specific glycoforms of proteins provides a more specific measurement
than is possible for detached glycans or deglycosylated peptides. For analysis by MRM,
glycopeptides must be ionized and produce specific, quantifiable fragments. Efficiency of
ionization depends primarily on the peptide but is also significantly affected by the attached
glycan [79]. Enrichment of microheterogeneous glycopeptides improves detectability
against a complex peptide background. It is important to note that the proteolytic digest of
any glycoprotein is a relatively complex mixture [64,65] and quantification of minor
glycoforms can be a challenge even in digests of purified proteins [121].

PGC [34, 37] and HILIC [25, 85, 122] offer efficient-mixed mode chromatographic
enrichment, in addition to lectins and hydrazide capture discussed above. PGC separates
glycoconjugates based on size, polarity, and structure (glycan linkage) [123]. PGC has been
used by many groups to separate carbohydrates and their isomers [116,124] but the sorbent
is versatile enough to separate glycopeptides, especially short glycopeptides generated by
nonspecific proteases [34]. HILIC is a family of resins (mostly silica and its derivatives) that
primarily exploit hydrophilic interactions [37]. HILIC (chromatography or SPE) separates
O- from N-glycopeptides more efficiently than PGC, is less affected by the peptide, and
minimizes the N-glycopeptide loss observed with PGC [25, 122, 125]. HILIC has been used
primarily as the first dimension of glycopeptide enrichment for RP nano-LC-MS; nanoflow
HILIC columns are less efficient and are not commercially available [93,126]. Nonetheless,
2D-LC-MRM of prostate specific antigen in human plasma with a HILIC-MS interface
achieved 1 ng/mL sensitivity. The advantage of glycopeptide separation by RP is the
peptide-driven retention-time that leads to coelution of a peptide and its glycoforms in a
narrow chromatographic window [93,126] (Fig. 4).

Retention time can be used as an efficient identification constraint and the concepts of iRT/
scheduled MRM adopted from peptide workflows.
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Fragmentation of glycopeptides is a critical element of glycopeptide MRM design. We focus
on current MRM workflows that rely almost exclusively on CID fragmentation in positive
ion mode. Glycosidic bonds are more susceptible to CID fragmentation than peptides
[88,127] and typical MS/MS spectra of complex N-glycopeptides are dominated by intense
glycan fragments (B-type oxonium ions) with some contribution of the glycosylated peptide
('Y-ions) and minor peptide b-and y-ions (Fig. 5).

The extent of b- and y-ion fragmentation observed depends on the peptide sequence but the
size and structure of the attached glycan is another major factor. With successive trimming
of the glycopeptide by exoglycosidases, the spectra of the same glycopeptide can change
from being dominated by B-oxonium ions to being dominated by Y-ions (Y1, peptide-
GIcNACc or YO, peptide +) and y- and b-ions (peptide fragments). The outer arm GIcNAc
contributes most to the intense oxonium ions; when the glycan is trimmed to the chitobiose
core, the Y1 ion becomes most intense. YO is a major fragment of peptide-GIcNAc
precursors. O-glycopeptides are typically smaller and less branched; a major fragment of the
less stable O-glycosidic bond is typically the YO fragment (Fig. 6) [31, 128]. Distribution of
these CID fragments also depends on the instrument and acquisition parameters, especially
collision energy, a major part of assay optimization [88,121,128].

With this in mind, we discuss recent papers on MRM of glycopeptides [75, 121, 128-131].
Kurogochi et al., used reverse glycobloting to enrich sialylated glycopeptides from mouse
serum [75]. Sixty-seven glycopeptides derived from 26 glycoproteins were identified by
MS/MS and by comparison to chromatographic retention-time of deglycosylated peptides;
however, the retention-time shown for PA-labeled and deglycosylated peptide pair differ by
4 min. Y1 fragments were selected for monitoring and collision energy (CE) optimized to
maximize sensitivity; a series of ions typical for PA-labeled sialylated glycopeptides was
observed as well. Yolk egg glycopeptide standard labeled with PA was used for method
validation and showed linearity in the range of 1-6 pmol while 25 glycopeptides derived
from abundant serum proteins were quantified with CV<20%. Complexity of the
background likely limited accuracy of quantification even with the elegant enrichment;
however, disease-related quantitative differences in sialylated transferrin were observed.

Song et al., showed that glycopeptides can be quantified by monitoring of B-oxonium ions
and suggested that additional specific transitions for each precursor are not needed [129].
Optimization of CE was carried out on 17 glycopeptides of fetuin carrying 1-4 sialic acids
by monitoring 1-3 transitions (138, 274, and 657 Da). It is not clear why two ions specific to
sialylated structures were chosen in combination with the 138 fragment of HexNAc for
general monitoring of glycoforms. The authors conclude that relative intensities (profiles)
are reliably quantified by comparing measured values with literature reports of others;
however, glycan fragmentation is known to be structure-dependent and relative intensities
not typically quantified by MRM-MS [131]. The authors further suggest that uniform CE
(normalized CE of 40%) is optimal for any glycopeptide that has yet to be corroborated by
others. While a proof of principle measurement in serum is shown, we believe that the
general applicability of a workflow using only the 138, 274, and 657 Da ions will not be
adequate.
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Toyama et al. thoroughly evaluated the oxonium ion yield with increasing CE using
glycopeptides isolated by 2D HPLC from a tryptic digest of monoclonal antibodies and
quantified by UV absorbance [132]. Oxonium ions were measured at CE 25-125 eV and the
138 Da HexNAc fragment found to have similar yield curve for all glycan structures,
regardless of the number of GIcNAc monosaccharides in the glycan. Differences in the yield
of the m/z 366 ion distinguished a.1,3 and 1,6 galactose linkage to GIcNAc. The m/z138
provided a common monitoring ion for IgG quantification, with LOD of 30 attomole
injected, linearity over four orders of magnitude, and tenfold higher intensity than the
corresponding optimal transition of the peptide EEQYNSTYR. The optimal CEs were,
however, much higher than is commonly used. It is interesting to note that such high CEs
were also used by Lee et al., to observe otherwise undetectable reporter ions of tandem mass
tags labeled glycopeptides [133].

Targeted quantification of core fucosylated glycopeptides was examined by Zhao et al.,
using glycans trimmed with endoglycosidase F3 (Endo F3) [130]. This is an interesting
development showing that specific structural motifs (core fucosylation in this case) can be
quantified by a combination of glycosidase digests of glycopeptides in combination with
MRM. At CE <30, dominant fragment was the YO peptide ion; at CE <30, 40>, peptide b, y,
by, and yg ions were observed; and at CE >50, fragments of the glycans, including /2 138,
were observed. YO0 and peptide fragments could be monitored efficiently with a linear
response over three orders of magnitude. Presence of the GIcNAc-fucose on these peptides
did not affect peptide fragmentation. The authors suggest that labeling with 180 during
tryptic digestion can be used to generate labeled quantification standards and present a proof
of principle quantification of Endo F3 treated glycopeptides in serum.

Hong et al., took advantage of high intensity oxonium ions to quantify 1gG glycopeptides
directly in digests of serum [131]. lons /772204 and 366 were used for quantification and CE
was optimized based on precursor mass (range 13-25 eV). A detection limit of 60 amol and
linear response over three orders of magnitude were demonstrated, with intraday CVs <6%.
Higher interday CVs for some glycoforms were attributed to the tryptic digest. Proteotypic
peptides of 1gG subclasses 1-4 were monitored simultaneously and glycoforms were
normalized to the quantity of protein. The authors point out that MRM-MS is less
appropriate for comparison of relative glycoform amounts and use MS scans for this purpose
[62,64].

We have analyzed site-specific glycoforms of haptoglobin [128]. We were interested in
quantification of low abundance (<1% total) fucosylated glycoforms observed in connection
with liver disease [126]. To minimize interference and ionization suppression, haptoglobin
was isolated from serum. Structure-specific optimization of CE was used to maximize
sensitivity of quantification by B-oxonium ions while ensuring specificity by peptide-
specific ions and retention times (Fig. 7). The suitability of transition ions depends on glycan
structure, peptide sequence, and structure-specific optimization of CE for each glycopeptide.
In the absence of labeled glycopeptide standards, intensities are normalized to a haptoglobin
peptide known to be stable across comparison groups. To resolve the glycoform structure,
structure-specific ions (e.g. m/z512 of fucosylated structures) and exoglycosidase digests of
the glycopeptides were used. Application of exoglycosidases to the resolution of
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glycopeptide structures, especially isobaric linkage isoforms, is an important technique with
broad applicability, as for the well-developed analyses of detached glycans [134]. We
specifically quantified Le-Y type glycoforms, in trace amounts, in clinical samples with the
help of appropriate glycosidases [121].

These studies collectively show that quantification of glycoforms by LC-MS/MS-MRM is
feasible. The ability to quantify minor glycoforms in simple protein mixtures with linkage
resolved by glycosidases and fragmentation is an important development. Monitoring of
intense oxonium ions allows detection of abundant protein-glycoforms in matrices as
complex as serum, though specificity may be difficult to maintain under such conditions for
less abundant analytes. Lack of appropriate standards limits options for optimization of
assay conditions but new developments in the synthesis of glycans and glycopeptides are
expected to accelerate progress in this area [79,120].

Additional increases in sensitivity and specificity can be achieved for appropriate
glycopeptides by MS? quantification [135]. We have used MS? on the 4000 QTRAP (AB
Sciex) to quantify O-glycoforms of hemopexin. CID fragmentation of O-glycopeptides
typically generates a dominant YO ion that can be selected for ion-trap fragmentation (Fig.
6) [31,88]. We have used the sum of three linear ion trap peptide fragments (at /m/z716.3,
802.4, 100.5) to show a fivefold increase in sensitivity of detection of a minor glycoform of
hemopexin by the MRM cubed workflow compared to MRM quantification of the Y0 and y-
ions observed in MS2. The results show that MRM and MS2 are feasible strategies for
quantification of O-glycopeptides with the added specificity of more abundant peptide
fragments. MRM and MS3 workflows for quantification of site-specific protein glycoforms
are summarized in Fig. 8.

In summary, quantification of proteins by LC-MS/MS-MRM is a well-established procedure
that can be efficiently adopted for quantification of site-specific protein glycoforms.
Enrichment of target proteins minimizes suppression of ionization and improves specificity
of quantification of minor glycoforms that could be affected by coeluting glycopeptides or
abundant peptides. Glycopeptide and glycoform-specific optimization of assay conditions
improves both sensitivity and specificity of detection. With the introduction of SIS
glycopeptide standards and reliable enrichment strategies, the MRM and MS3 assays are
expected to provide sensitive quantification of even minor site-specific glycoforms.
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Figurel.
(A) Cleavage sites of commonly used exoglycosidases for glycan fingerprinting. (B)

Representative HILIC profiles of 2-AB-labeled N-glycans from human 1gG before (UND,
undigested) and after exoglycosidase digestion. Reprinted with permission from [57].
Copyright 2010 Nature Publishing Group, Macmillan Publishers Limited.
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Figure 2.

Quantitative measurements of N-linked glycoproteins by SRM or SWATH-MS. Reprinted
with permission from [92]. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA.

Proteomics Clin App/. Author manuscript; available in PMC 2018 January 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Goldman and Sanda

Page 26

7 - -
Shotgun Directed Targeted
= 61 3 3 1
[=] 4
£
3 59 1 1
o
S
= 41 1 / 1
= /
2 /.
§ 3 4 . 2 -
3 .
£ 27 1 1
3
g 11 1 1
% LLOQ
2 4 6 2 4 6 2 4 6

Amount loaded (log (amol))

Figure 3.
Effect on biochemical background on quantification by the shotgun (discovery), directed,

and targeted proteomics strategies. Whereas dotted lines indicate a low-complexity
background, full lines represent a complex background, such as a full-cell lysate. LLOQ,
lower limit of quantification; ULOQ, upper limit of quantification. Reprinted with
permission from [97]. Copyright 2010 Nature America, Inc.
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Figure4.
Site-specific glycoforms of sialidase treated hemopexin (HPX) and complement factor H

(CFH) separated by RP chromatography and detected by MRM-MS. Inset: composition of
four coeluting glycoforms quantified at glycosite N882 of CFH. Structural schemes: blue
square (N-acetylglucosamine), red triangle (fucose), green circle (mannose), yellow circle
(galactose), and purple diamond (N-acetylneuraminic acid).

Proteomics Clin Appl. Author manuscript; available in PMC 2018 January 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Goldman and Sanda

B Sialylated
] <. =07 | glycopeptide
N e ([ De-sialylated
EE glycopeptide

Chitobiose core
glycopeptide

7 GlcNAcylated
glycopeptide

Page 28

-~

138.1,163.1, 204.1, 274.1,
292.1, 366.1, 657.2 minor YO,
Y1, y and b ions + GIcNAc

~

X
138.1,163.1, 204.1, 366.1

minor Y1, YO, y and b ions %
GlcNAc

138.1, 163.1, 204.1, 366.1
major YO, Y1,y and b ions +
GlcNAc (based on peptide)

Figureb.

138.1,204.1 dominant YO, y
and b ions £ GIcNAc (based
on peptide)

~

Typical B-oxonium ions, peptide (Y0), and peptide GIcNAc (Y1) ions, and y/b £ GIcNAc
peptide backbone fragments observed in CID spectra of N-glycopeptides. Color of letters
corresponds to color of ions in the figure. Structural schemes: blue square (N-
acetylglucosamine), red triangle (fucose), green circle (mannose), yellow circle (galactose),

and purple diamond (N-acetylneuraminic acid).
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Figure®6.
MS?2 CID spectrum of an O-glycopeptide of hemopexin. Reprinted with permission from

[127]. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA.

Proteomics Clin App/. Author manuscript; available in PMC 2018 January 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Goldman and Sanda Page 30
280y
e * |*204.09 A
g 13806 27430 T A A2G2S - 1203.8 > 138.1 | quantification
! ; 1203.8 - 204.1 | quantification
220 R SWPAVGNC(cam)SSALR 2 quantiical
2001 1203.8 = 804.4 | confirmation
804.4 - 667.8 uantification
§F ™ o i B: GEcNAc - 804.4 - 1067.5 quantification
2 160 SWPAVGNC(cam)SSALR | > | quanrice
E Ll 804.4 - 204.1 confirmation
1204 *
b * . (Peptide-GlcNAc)2+
804 L ]
*292.11 *804.39 .
601 T ' '657.24 | y8-GlcNAC y11-GlcNAc 1&&7.]?2
. (y11-GleNAc)2+ 1067.99 *1334.64 poruid
x 528.19 erss | \ _MP;‘.;
. . *1149.03
I.l gy L. . fl‘”‘z‘ — '963.48 [ pal: I. Ii
1100 L*as?.az +804.37 B
10001 (y11-GlcNAc)2+| (Peptide-GlcNAc)2+
9001
ety y11-GleNAc
£™ yB-GlcNAC *1334.68
£ 600 bl *1067.47
- 27412 yil
500 (y1zj2+ *1131.55
400 y9-GleNAe Peptide
*1166.55 *1404.66
300{ | y10-GleNAc
*1237.58
200(
100
dolusy ldie won B8 o bl 100

Figure7.

1000 1100
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Selection of transitions for quantification and confirmation based on CID spectrum of (A)
biantennary sialylated glycopeptide (A2G2S2); (B) GIcNAc-glycopeptide generated by
Endo F3. Inset: Sequence of the peptide and selected transitions for each glycopeptide are

tabulated.
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Figure8.
Schematic of MRM and MS3 workflows for quantification of glycopeptides.
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