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Mass spectrometry (MS) has become an indispensable tool for analyzing post translational modifications
of proteins, including N-glycosylated molecules. Because most glycosylation sites carry a multitude of
glycans, referred to as “glycoforms,” the purpose of an N-glycosylation analysis is glycoform profiling and
glycosylation site mapping. Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS)
has unique characteristics that are suited for the sensitive analysis of N-glycosylated products. However, the
analysis is often hampered by the inherent physico-chemical properties of N-glycans. Glycans are highly
hydrophilic in nature, and therefore tend to show low ion yields in both positive- and negative-ion modes.
The labile nature and complicated branched structures involving various linkage isomers make struc-
tural characterization difficult. This review focuses on MALDI-MS-based approaches for enhancing ana-
lytical performance in N-glycosylation research. In particular, the following three topics are emphasized:
(1) Labeling for enhancing the ion yields of glycans and glycopeptides, (2) Negative-ion fragmentation for
less ambiguous elucidation of the branched structure of N-glycans, (3) Derivatization for the stabilization
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and linkage isomer discrimination of sialic acid residues.
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INTRODUCTION

The analysis of protein glycosylation, one of the most
common and ubiquitous forms of post-translational modi-
fications, is becoming an increasingly important issue in the
field post-proteomics studies. Protein glycosylation plays a
crucial role in biological functions such as cellular localiza-
tion, turnover, and protein quality control.'*

Due to structural variations of the attached glycans, there
are mainly three different levels for approaching a protein
glycosylation analysis (e.g., intact glycoprotein, glycopep-
tide, and released glycan).s) Classically, (released) glycan
analysis has been performed by high performance liquid
chromatography (HPLC) analysis with the UV or fluores-
cent detection mode. The use of mass spectrometry (MS) in
detecting glycans was a relatively new approach, but is now
an indispensable tool for analyzing protein glycosylation.
MS combined with a soft ionization technique has proven
to be a powerful analytical tool for the analysis of glyco-
peptides. Both electrospray ionization mass spectrometry
(ESI-MS)® and matrix-assisted laser desorption/ionization

mass spectrometry (MALDI-MS)”® have been used to ionize
fragile glycoconjugates. MALDI-MS offers several advan-
tages over ESI-MS with respect to the analysis of a small
amounts of sample. In particular, MALDI-MS facilitates (i)
relatively simple spectral interpretation; (ii) rapid operation
suited for high-throughput measurements and (iii) repeated
measurements of the same sample. Thus, MALDI-MS enjoys
widespread use in a variety of applications for the analysis of
glycans and glycopeptides.”"

However, the mass spectrometric analysis of glycosylation
still remains a challenging task due to the low ionization
efficiency, labile nature and complicated branched struc-
tures involving various linkage isomers. In general, released
glycans show lower ionization efficiency than other biopoly-
mers, such as peptides. Glycopeptides also tend to show re-
duced signals compared to non-glycosylated peptides. These
can be attributed to their highly hydrophilic properties
which potentially disturb effective desorption from the con-
densed- to the gas-phase. Enhancing ionization efficiency is
an important field of study in the area of MS-based glycosyl-
ation analysis.
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N-Guycosyiation Anatysis By MALDI-MS

Tandem mass spectrometry (MS/MS) using a collision-
induced dissociation (CID) technique for elucidating glycan
structures is generally carried out in the positive-ion mode.
Under these conditions, glycosidic bonds are relatively un-
stable, and therefore the CID of glycans leads to the prefer-
ential cleavages of the bonds, simply providing information
on the sequence and composition of glycans.” The cleav-
ages in the positive-ion CID are believed to occur through
multiple pathways'® and therefore are not always sufficient
for clarifying the fine structures of branched glycans. For
example, fucose residues are preferentially detached from
the glycan chain during CID and therefore cannot be local-
ized by positive-ion CID."”” Moreover, monosaccharide rear-
rangements may occur in the dissociation of (protonated)
glycoconjugates, making MS/MS-based structural elucida-
tion more difficult.'®'” Recent studies have revealed that the
use of the negative-ion mode in the analysis of glycoconju-
gates offers distinct advantages with respect to structural
elucidation. However, many aspects of the analysis such as
the effective production of negative-ion species from glyco-
conjugates and fragmentation characteristic of negative-ion
species from glycopeptides continue to be unclear.

The presence of sialic acids on glycans/glycopeptides
provides additional analytical difficulties. Sialyl bonds are
highly unstable compared to other glycosidic bonds, leading
to the instantaneous loss of sialic acid residues during MS
analysis. Strong negative charge retention on sialic acid resi-
dues can also cause difficulties associated with quantitation.
The presence of sialyl linkage isomers makes the analysis of
sialylated glycans more difficult.

In this review, I briefly summarize the analysis of glycans
and glycopeptides by MALDI-MS from the standpoint of
enhancing sensitivity and structural information with the
main focus on the analysis in the negative-ion mode and
chemical derivatization for solving sialic acid problems.

MALDI-MS OF GLYCANS
Labeling of glycans

The simplest way to improve ion yields of glycans in
MALDI-MS is to change the matrix molecules. In typi-
cal cases, the 2,5-dihydroxybenzoic acid (DHB) matrix
is more suited for ionizing glycans than the a-cyano-4-
hydroxycinnamic acid (CHCA) matrix. Various solid and
liquid matrices have been reported for enhancing the ion
yield of glycans.” Another way to improve ionization effi-
ciency is to perform derivatization (i.e., labeling). The chem-
ical labeling of the reducing end of glycans was originally
developed for HPLC analysis with UV or fluorescent detec-
tors. Most of the labeling reagents have aromatic structures
which increases the hydrophobicity of the products; there-
fore, labeling the reducing end typically enhances ionization
efficiency in MALDI-MS.?”

The gold standard for glycan labeling is a reductive ami-
nation in which glycans are labeled with aromatic hydrocar-
bons with amine groups in the presence of reducing agents.
However, these labeling methods are not always suited for
sensitive MALDI-MS detection. Figure 1 shows a reaction
scheme for forming derivatives by the reductive amination
of the reducing end of glycans. Glycans first react with a
large excess of an amine to form a Schiff base. The Schiff
base is at equilibrium with the respective glycosylamine.
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Fig. 1. Reaction scheme for forming derivatives by reductive amina-
tion on the reducing end of N-glycans. Reproduced with per-

mission from ref. 35. Copyright (2012) American Chemical
Society.

Since the Schiff base is unstable, it can be converted to a
stable covalent bond with a reducing agent, resulting in the
formation of an open reducing-terminal ring structure.
The reaction conditions for reductive amination are rela-
tively harsh (i.e., high temperature and long reaction time)
and generally requires a high-concentration of reagents.
Therefore, it is necessary to remove excess labeling reagents
prior to MS analysis. The clean-up step involves the risk of
sample loss. Furthermore, it is difficult to remove excess
reagents and, in many cases, residual reagents reduce the
ionization efficiency in MS. It should be noted that contami-
nation by boron compounds, which is a major component
of reducing reagents, can cause the unintended formation
of multiple boron adducts in glycans, decreasing analytical
performance in MALDI-MS.?"

As a sensitive and MALDI-suited labeling method,
Rohmer et al. reported on the use of a solid matrix
3-aminoquinoline (3-AQ) as a labeling reagent.zz) This reac-
tion takes place on a MALDI target, and 3-AQ plays the role
not only of a labeling reagent but also of a MALDI matrix;
hence, a purification step is no longer required. This method
is categorized as nonreductive amination, and therefore
contamination by boron compounds can be completely
avoided. Kaneshiro et al., who was a member of our group,
also developed another on-MALDI-target labeling method
using 3-AQ/CHCA liquid matrix.”*** This liquid matrix of-
fers complete, easy, and rapid glycan labeling directly on a
MALDI target. The excess derivatizing reagent (3-AQ) acts
directly as an effective matrix for ionization, thus avoiding
the sample loss caused by removing excess reagents. The
liquid matrix 3-AQ/CHCA has now been largely replaced
by the more versatile, sensitive, and “cold” liquid matrix
3-AQ/CA (3-aminoquinoline/p-coumaric acid).?®

An interesting feature of these on-target labeling methods
is that they enable effective negative-ion production from
neutral glycans. In general, neutral glycans do not produce
negative-ion species. Therefore, negative-ion production
can be accomplished by the non-covalent attachment of
an anion species. However, the negative-ion formation of
glycans in MALDI is difficult, probably because of a lack of
appropriate matrices. For the effective production of anion-
attached species, matrix molecules should not neutralize
anion species during the ionization event. In other words,
(deprotonated) matrix molecules should have a higher

Page 2 of 12



N-Guycosyiation Anatysis By MALDI-MS

gas-phase basicity than that of the anion species used. For
the negative-ion formation of underivatized N-glycans,
2,4,6-trihydroxyacetophenone (THAP) matrix*® and sev-
eral liquid matrices (e.g, G,CA)*” have proven to be effec-
tive. 3-AQ, 3-AQ/CHCA, and 3-AQ/CA are also excellent
matrices for avoiding the significant neutralization of anion
species, as well as being glycan-reactive. Rohmer et al. used
nitrate or chloride anions to ionize 3-AQ-labeled neutral
glycans, whereas Kaneshiro et al. used a phosphate anion.
Anion-adducted N-glycans can be directly subjected to
negative-ion CID experiments for less ambiguous structural
elucidation.

Negative-ion fragmentation of N-glycans

Unlike positive-ion fragmentation, the negative-ion frag-
mentation of neutral glycans mainly proceeds via a single
pathway.”® The negative-ion CID of neutral glycans thus
results in characteristic and “diagnostic” product ions that
are useful for less ambiguous structural determinations. In
particular, negative-ion fragmentation defines structural
features such as the specific composition of the antennae,
the location of fucose residues, and the presence or absence
of bisecting N-acetylglucosamine (GIcNAc) residues.?®*%
The negative-ion CID of acidic glycans such as sialylated
glycans, on the other hand, differs from those of neutral
N-glycans due to the charge retention on the acidic groups.
The resulting product ions are not as diagnostic as product
ions from neutral glycans. Additionally, extensive losses of
sialic acid residues hamper diagnostic structural elucida-
tion. Derivatization for removing negative charges on sialic
acids is one solution to these sialic acid problems and will be
discussed later in this review.

The negative-ion fragmentation of N-glycans has been
extensively investigated by Harvey et al.**>* They focused
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mainly on the fragmentation of underivatized N-glycans
ionized as nitrate or phosphate adducts under ESI and un-
der low-energy CID conditions. The CID of anion-adducted
glycan yields product ions originating from the glycan moi-
ety. The anion first abstracts a hydroxylic proton from the
glycan during CID; the deprotonated glycan then rapidly
decomposes due to its instability, resulting in the appear-
ance of glycan product ions. Figure 2 indicates negative-ion
MS? spectra of NO,-adducted NA2 glycans. The unique fea-
ture of the negative-ion mode fragmentation of N-glycans is
the production of antenna-specific D- and E-ions. The D ion
contains the intact 6-antenna and the branching mannose,
and defines the composition of this antenna. Similarly, the
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Fig. 2. Typical example of a negative-ion CID spectrum of N-glycan.

The spectrum was obtained from a nitrate adduct of a bian-
tennary NA2 glycan. Reproduced with permission from ref.
27. Copyright (2012) American Chemical Society.
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Negative-ion CID spectra of (a) 2PA-labeled NA4 glycan [M—H]™ and (b) on-target 3-AQ-labeled NA4 glycan [M—H]". A similar CID spec-

trum can be obtained from [M+H,PO,]” . The main product ions are illustrated in the inset without distinguishing between the 6-antenna
(upper) and the 3-antenna (lower), but D (E) ions are derived from only the 6-antenna (3-antenna). Reproduced with permission from

ref. 35. Copyright (2012) American Chemical Society.
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E ion reflects the composition of the 3-antenna. These ions
are often referred to as diagnostic fragments, which permit
the less ambiguous determination of N-glycan branching
structures.

We investigated the negative-ion fragmentation of vari-
ous labeled N-glycans and found that structural differ-
ences among labeling reagents have little influence on the
negative-ion fragmentation of labeled N-glycans, whereas
the open/closed status of the reducing-terminal GIcNAc
ring of N-glycans has a substantial impact on the spectral
patterns.’® Labeled N-glycans that are produced via reduc-
tive amination, which have an “opened” reducing terminal
GlcNAc ring, exhibit complicated CID spectra consisting
of numerous signals formed by dehydration and multiple
cleavages (Fig. 3a). On the other hand, labeled N-glycans
that are produced via nonreductive amination, which have
a “closed” reducing terminal GlcNAc ring, exhibited simple
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and informative CID spectra similar to those of underiva-
tized N-glycans, with product ions due to cross-ring cleav-
ages of the chitobiose core and antenna specific D- and
E-ions (Fig. 3b). Therefore, the interpretation of diagnostic
fragment ions suggested for underivatized N-glycans could
be directly applied to labeled N-glycans via non-reductive
amination. This study also indicates the suitability of (on-
target) 3-AQ-labeled N-glycans for structural analyses based
on negative-ion CID spectra.

Figure 4 depicts representative negative-ion CID spec-
tra of desialylated N-glycans derived from HER2 protein
(SK-BR-2 cell line). N-Glycans were ionized as phosphate ad-
ducts after on-target 3-AQ labeling using the 3-AQ/CHCA
liquid matrix. The appearance of D and E ions clearly indi-
cates the presence of branching structures and the location
of fucose units.
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Fig. 4. Representative negative-ion CID spectra of desialylated N-glycans derived from the HER2 protein (SK-BR-2 cell line). CID spectra of (a)
Hex,HexNAc, at m/z 1781.6, (b) Hex;HexNAc; at m/z 2228.8, (c) Hex;HexNAc,dHex, at m/z 2374.8, and (d) Hex,;HexNAc,dHex, at m/z
2520.9. N-Glycans were ionized as phosphate adducts after on-target 3-AQ labeling. Red letters indicate product ions originating from
a major isomer; blue letters indicate those from a minor isomer. Insets depict structures deduced from the negative-ion CID spectra.
Reproduced with permission from ref. 35. Copyright (2012) American Chemical Society.
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MALDI-MS OF GLYCOPEPTIDES

Labeling of glycopeptides

Compared with non-glycosylated peptides, glycopeptides
tend to show lower ionization efficiency and the ionization
of glycopeptides is suppressed by those of nonglycosylated
peptides. In addition, most glycosylation sites carry glycans
with multiple structures, giving rise to different glycoforms.
This phenomenon further reduces the relative amount of
individual glycopeptides and makes their detection difficult.
As a result, it is nearly impossible to detect glycopeptides
without specific enrichment or separation procedures. In
order to facilitate the detection of glycopeptide signals, sev-
eral glycopeptide enrichment methods have been developed
based on various types of interactions including lectin af-
finity,*® hydrophilic interaction,””*” and covalent interac-
tion between cis-diols and boronic acid.*” Nevertheless, the
drawback still remains that less abundant glycopeptides may
not be easily detected among many other nonglycosylated
peptides, which are still present even after such enrichment.

In order to enhance the signal intensities of glycopeptides,
Amano et al. introduced unique on-target derivatization
using 1-pyrenyldiazomethane (PDAM).*” PDAM mainly
reacts with carboxyl groups at room temperature, to form
an ester bond. Interestingly, the ester bond is subsequently
cleaved by in-source decay and the underivatized form is
observed in the MALDI mass spectrum. Nevertheless, gly-
copeptide signals are greatly enhanced. PDAM also reacts
with non-glycosylated peptides; however, the non-glycosyl-
ated peptide signals are significantly reduced. This probably
due to the non-specific multiple adduction of pyrene mol-
ecules to relatively long peptide chains. Such multiple ad-
duction increases the hydrophobicity of peptides excessively,
potentially suppressing the effective ionization. The most
dramatic signal enhancement effect is obtained for glyco-
peptides with a short peptide compared with the glycan part
of the molecule. Therefore, the authors concluded that the
selection of the protease used is an important factor.

The hydrophobic PDAM labeling of hydrophilic glyco-
peptides actually enhances the ionization efficiency of glyco-
peptides. The MS signal enhancement effect by hydrophobic
labeling seems to be a common-view shared by many re-
searchers, whereas less is known about the mechanism. We
investigated the reason for why hydrophobic PDAM labeling
enhances glycopeptide ion yields and concluded that signal
enhancement can be attributed to enlarged “sweet spots” as
discussed below.*”)

It is well known that a standard dried-droplet preparation
using DHB as the matrix results in a large variation in signal
intensity and poor shot-to-shot reproducibility in MALDL
These signal heterogeneity forces us to find the so-called
“sweet spot” for the acquisition of high quality mass spec-
tra. These differences can be attributed to the nature of the
crystal structures in the region of the sweet spot within the
MALDI samples. DHB crystals with and without analytes
on a target plate obtained by dried-droplet preparation con-
tain two polymorphs, which can be distinguished by Raman
spectra (Fig. 5). In comparing the Raman image with the
MS image of various peptides/glycopeptides/labeled glyco-
peptides, a clear correlation between the signal distribution
and crystal polymorphs of DHB can be made.

The hydrophobic peptide ions produced by the laser ir-
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Fig. 5. (a) Confocal laser microscopy image of a sample containing
a glycopeptide and DHB matrix. Raman spectra from every
point were obtained by scanning the crystals and the crystals
were divided into two types, denoted as Raman spectra A
(green) and B (red). Reproduced from ref. 43.

radiation are detected in both types of crystals. In contrast,
hydrophilic peptides including glycopeptides are domi-
nantly ionized by laser irradiation of the specific polymorph
(Raman spectrum B). The derivatization of glycopeptides
with a pyrene group enabled us to detect glycopeptides re-
gardless of the crystal form (Fig. 6). As the result, the num-
ber of sweet spots increased and mass spectra with a high
signal intensity were obtained.

To my knowledge, this represents the first study showing
a correlation between the distribution of sweet spots and the
crystal forms of DHB. The finding also indicates that two
distinct crystal forms of DHB are simultaneously formed
and is one of the factors for causing MS signal heterogeneity.
Hydrophobicity of the analyte appears to be a key param-
eter governing the interaction between analyte molecules
and crystallizing DHB during a dried-droplet preparation.
Although a recent study has shown that the incorporation
of the analyte into the matrix crystal is not a prerequisite for
the ionization of analytes, this study suggests that the effec-
tive ionization of analytes can be accomplished by the effec-
tive incorporation of the analyte into matrix crystals.

Negative-ion fragmentation of glycopeptides
Glycopeptides contain both glycan and peptide moieties,

and therefore structural characterization using MS/MS is

indispensable. CID is one of the most well established tech-
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Fig. 6. (a) Mass spectrum of a sample containing a glycopeptide (NA2-IRNKS) and PDAM-derivatized *C-NA2-IRNKS. (b) Confocal laser mi-
croscopy image and Raman microscopy image of the sample. Enclosed green area indicates the crystal with a Raman spectrum A and red
area is the crystal with a Raman spectrum B. The same areas are shown in MS images of Figs. 6(c)-(e). The area surrounded with the green
line corresponds to the crystal with Raman spectrum A. The area surrounded with the red line corresponds to the crystal with Raman
spectrum B. (c) MS image of protonated NA2-IRNKS (m/z 2239.9). The black area indicates no signal and a red dot with stronger signal is
shown more brightened. (d) MS image of protonated *C-NA2-IRNKS (m/z 2252.0). The black area indicates the absence of a signal and a
blue dot with stronger signal is shown more brightened. (e) The overlay images c and d. Reproduced from ref. 43.

niques for fragmenting glycopeptides and is therefore widely
used in glycopeptide structural analyses.***” The fragmen-
tation behavior of (multiple) protonated glycopeptides has
been extensively investigated.**™*® In general, the CID of
(multiple) protonated glycopeptides results in the cleavage
of glycosidic bonds, predominantly revealing information
on the composition and sequence of the glycan moiety.
“Radical-induced” dissociation techniques such as electron
capture dissociation (ECD) and electron transfer dissocia-
tion (ETD) offer complementary benefits for characterizing
glycopeptide structures, especially for determining their
amino acid sequences.

Glycopeptide analysis using non- or less-specific enzymes
has recently been represented as an alternative to the use of
a specific enzyme (e.g., trypsin).”’-*? This technique gener-
ally yields relatively short glycopeptides (i.e., glycopeptides
having short peptide chain), which often lack basic residues.
Glycopeptides lacking basic residues would be detected
with significantly lower intensities or actually escape de-
tection when the analysis involves the positive-ion mode.
Negative-ion mode analysis potentially serves as a comple-
mentary tool to positive-ion mode analysis. Actually, Nwosu
et al. reported on the enhanced detection of relatively short
glycopeptides in the negative-ion mode, compared to the
positive-ion mode.*”

Despite its potential usefulness in detecting glycopep-
tide signals, little information is available in terms of our
understanding of the fragmentation of deprotonated glyco-
peptides. So far, a greater production of different fragment
ions has been reported than in positive-ion mode.*>**"
We performed CID experiments using a large set of gly-
copeptides in an attempt to understand the fragmentation
behavior of deprotonated glycopeptides.”® The obtained
results indicate that the detectable fragment ion species are

Z, (peptide-NH;) Yy, z

3-antenna

b, c
24Ag b, c

O ; amino acid residue NH,

Fig. 7. Schematic representation of observed fragment ions of glyco-
peptides in the negative-ion mode. Annotations in red, green,
and blue indicate type (i), (ii), and (iii) fragment ions, respec-
tively. Reproduced with permission from ref. 58. Copyright
(2014) American Society for Mass Spectrometry.

variable, strongly dependent on their amino acid composi-
tion and sequence, and therefore assignment of the CID
spectra becomes somewhat complicated. The negative-ion
fragment ion species of glycopeptides can be classified into
three types: (i) glycan fragment ions, (ii) glycan-lost frag-
ment jons and their secondary cleavage products, and (iii)
fragment ions with an intact glycan moiety (Fig. 7). The CID
spectra of glycopeptides having a short peptide sequence are
dominated by type (i) glycan fragments (e.g., >*Ay, **Ag . D,
and E ions). These fragments share the same characteristics
with the fragments produced by the negative-ion CID from
released N-glycans and define detailed structural features
of the glycan moiety such as branching. For glycopeptides
with medium or long peptide sequences, the major frag-
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Fig. 8. Influence of methylamidation on negative-ion CID spec-
tra of desialylated SGP. (a) Underivatized forms. (b, ¢)
Methylamidated forms. (a, b) Negative-ion mode. (c)
Positive-ion mode. The precursor ion species and their m/z
values are given as insets. Reproduced with permission from
ref. 59. Copyright (2014) American Chemical Society.

ments were type (ii) ions (e.g, [peptide+*>*X,—H]™ and
[peptide—-NH,—H]"). The appearance of type (iii) ions was
strongly dependent on the peptide sequence, and especially
on the presence of Asp, Asn, and Glu. When a glycosylated
Asn is located on the C-terminus, an interesting fragment
composed of an Asn residue with an intact glycan moiety,
[glycan+Asn—36]", is abundantly formed. Although the
peptide sequence has a large impact on the fragment ions,
observed fragments are reasonably explained by a combina-
tion of existing fragmentation rules suggested for N-glycans
and peptides.

The negative-ion fragmentation of glycopeptides can
provide valuable information for in-depth structural char-
acterization of the glycan moiety, which is not available in
positive-ion fragmentation. In particular, the production
of type (i) fragments is unique and important because the
fragment ions directly indicate detailed structural features
in the glycan moiety on the glycopeptide. However, the pro-
duction of type (i) ions are susceptible to peptide sequences
and generally suppressed in the negative-ion CID spectra of
glycopeptides that contain long amino acid sequences. This
appears to be attributed to strong negative charge retention
on the peptide moiety, which inhibits the efficient abstrac-
tion of a proton from a hydroxyl group on the glycan moiety
during the negative-ion CID event.

Vol. 6 (2017), AOO6O

In order to decrease the negative charge retention on the
peptide moiety and enhance the production of type (i) frag-
ments, derivatization of carboxyl groups on glycopeptides
has been introduced.”” Various derivatization methods in-
cluding esterification and amidation have been investigated
and the best result was obtained for amidation with me-
thylamine using PyAOP as a condensing reagent. Although
the use of condensing reagents often causes unintended
side-reactions in the peptide moiety, these side-reactions
could be almost completely suppressed by optimizing the
reaction conditions. As depicted in Fig. 8, negative-ion CID
of a test glycopeptide (desialylated sialoglycopeptide, dSGP)
resulted in abundant formation of peptide fragments (e.g.,
92X, +peptide and peptide—NH;) with weak signals of type
(i) glycan fragments (e.g., >*A; and **A; ). MS® spectra of
the glycan fragments may provide additional information
on the glycan structure,*>***) but it is inefficient because of
weak signals. Derivatizing the C-terminal carboxyl group
on the peptide moiety greatly enhanced the production of
glycan fragments (Fig. 8b). An antenna structure-indicative
D ion was clearly detected, as well as signals by cross-ring
cleavages. This carboxyl group derivatization of a peptide
moiety enables the in-depth characterization of the struc-
ture of glycopeptides, negative-ion CID provides in-depth
structural information regarding the glycan moiety, and
positive-ion CID provides information regarding the pep-
tide sequence and glycan composition (Fig. 8c).

The benefits of carboxyl group derivatization are further
emphasized in the analysis of sialylated glycopeptides. Using
this derivatization procedure, the loss of sialic acids is com-
pletely suppressed. The impact of the derivatization on acid-
ic glycans and glycopeptide analysis will be discussed below.

SIALIC ACID

Overcoming the difficulties associated with in
analyzing sialylated glycans

Sialic acids often exist on the non-reducing ends of N-
glycans and O-glycans as capping residues, mainly via a2,3-
and o2,6-linkages. Sialylated glycans play important roles
in various biological processes including viral infections
and cancer development. In addition, it has been reported
that changes in the extent of sialylation on glycoproteins as
a consequence of various diseases can modify downstream
intracellular signaling.®” This indicates the importance of
elucidating glycan structures, including sialylation patterns
(i.e., the number of sialic acid residues and their linkage
types). However, the presence of sialic acid residues on gly-
cans causes various analytical problems in MS as follows:
(1) They confer a negative charge on the glycans and thus
generally decrease their ionization efficiency, biasing mass
spectrometric quantification; (2) Due to their instability,
sialic acids are readily lost in mass spectrometric steps (i.e.,
in- and post-source decay) as well as pre-treatment steps.
Unfortunately, the loss of sialic acid residues by MALDI-MS
are more prominent than that for ESI-MS, probably due to
the higher internal energy of ions formed in MALDI rather
than ESI-MS. To prevent the loss in MALDI-MS, the use
of several “cold” matrices have been investigated: however,
this was not a satisfactory approach because it was difficult
to fully stabilize the residues. Furthermore, the presence of
carboxyl groups in sialic acids often leads to the production
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of multiple alkali metal adducts, thereby complicating mass
spectral interpretation.

Linkage-nonspecific derivatization

Sialic acid derivatization provides a fundamental solution
to such problems. By neutralizing carboxyl groups by es-
terification or amidation, the loss of sialic acid and multiple
alkali metal adduction are suppressed. Moreover, sialic acid
derivatization inhibits preferential negative ion formation,
allowing acidic glycans to be ionized with similar efficien-
cies to those for neutral glycans. For this purpose, various
types of derivatization methods have been reported.

The most conventional derivatization method is esteri-
fication. Powell et al. first introduced methyl esterification
for stabilizing sialic acids in N-glycans and gangliosides.®”
Miura et al. introduced a unique procedure for methyl
esterification for derivatizing glycans attached to a solid
support.®? As another type of derivatization, the amidation
of sialic acid residues using condensing reagent(s) was in-
troduced by Sekiya et al.®® Amidation with methylamine®®
and acetohydrazide® was then investigated as more reliable
methods for derivatizing sialic acid residues, regardless of
their linkage types.

During an investigation of possible sialic acid derivatiza-
tion method suited to our MALDI-based negative-ion mode
analysis, we found that amidation with methylamine gave
the most reliable results. Esterification with methanol has
also been investigated; however, the resulting esterified
forms showed an extensive loss of methanol in the CID
processes thus depreciating the value of less ambiguous
structural characterization in negative-ion CID experi-
ments. The combination of methylamidation and on-target
3-AQ-labeling was found to be highly suitable for negative-
ion CID experiments and was successfully applied to the
N-glycan profiling of IgG from human serum.*®

Since methylamidation using the PyAOP condensing
reagent is highly effective and specific for carboxyl groups,
methylamidation can also be applied to glycopeptides with-
out causing significant unfavorable side reactions, such as
dehydration. This derivatization both suppresses the pref-
erential loss of sialic acid residues during MS analysis and
enhances important glycan fragments (i.e., type (i) fragment
ions discussed above) under negative-ion CID conditions.*

(a) 02,6-sialylation

OH 0Oy _OH

%&Wx

H

%

Alkylamidation
(Am = o Da)
EDC+HOBt

iPA-HCI
DMSO

Hac” YO Hac” O

(b) 02,3-sialylation
Fig. 9.

cHa (+41.063 Da)

(Am = 59 073 Da)
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Linkage-specific derivatization

Although the derivatization methods mentioned above
can effectively stabilize sialic acid restudies, sialyl linkage
isomers cannot be distinguished by these methods. There
are mainly two-types of sialyl linkages on glycan chains:
02,6- and @2,3-. Since changes in sialyl linkages can be as-
sociated with various biological processes, it is preferable to
precisely quantify the ratio of a2,3-/a2,6-linkages. Linkage
isomers have identical masses; therefore, mass spectrometric
distinction still remains a great challenge, even after these
“linkage-nonspecific” derivatization methods are employed.

To differentiate @2,3- and @2,6-linked sialic acids by MS,
several unique derivatization methods have been developed
for N-glycans in order to produce 2,3- and a2,6-linked si-
alic acid residues with different masses. Originally, Wheeler
et al. introduced linkage-specific methylesterification, which
is based on differences in the reactivity of carboxyl groups
on sialic acids.”” Under the derivatization conditions,
02,6-linked sialic acids are converted to esters, whereas
a2,3-linked sialic acids form lactones by intramolecular de-
hydration. The resulting mass difference obtained from the
mass spectra allows the linkage-specific differentiation of
the types of sialic acids. The method was further developed
as linkage-specific amidation followed by permethylation.*®
Reiding et al. recently reported a similar but more practical
linkage-specific esterification using a different condensing
reagent mixture.®” They concluded that the use of a carbodi-
imide-based condensing reagent mixture and ethanol re-
sults in the near-complete ethyl esterification of 2,6-linked
sialic acids and lactonization of a2,3-linked sialic acids.

Although the conversion from @2,3-linked sialic acids
into lactone forms actually stabilizes sialic acid residues, lac-
tone forms are still unstable. In fact, Wheeler et al. pointed
out that lactones can be completely degraded within 50h by
simply dissolving them in water.”’ This instability can limit
the downstream chemical and/or enzymatic treatments.”*”"
As pointed out by other researchers, lactone forms cannot
survive enzymatic digestion, resulting in partial de-lactoni-
zation.

To overcome the limitation caused by lactone instabil-
ity, two-step derivatization methods were recently devel-
oped.”*’" Li et al. introduced two-step reactions for the
linkage-specific derivatization of sialic acids on glycopro-
teins fixed to a solid support.”” More recently, Holst et al.

iPA

\(““3 (+41.063 Da)
H3
H;C\c/

1st /&\ 2nd gﬁ{ o

H NH N
" H

HILIC Alkylamidation o
> (Am = 28.031 Da)

+ MA(aq) PyBOP

OH Solvent removal ~ MA-HCI Ho on
R N-MM o o
DMSO on o Y

NH 1h, .t.(25°C)
c_on Ho. -t
N Lactone 8
" -18.011 Da) L
A5 H A (18 1

1h, rt.(25°C) o, o o W

MA
(+13.032 Da)

oo o OH

Reaction scheme of SALSA. Derivatization of (a) &2,6-linked and (b) @2,3-linked Neu5Ac residues on the terminal Gal-GlcNAc are de-

picted. SALSA consists of two sequential reactions, isopropylamidation and methylamidation. In the first alkylamidation, &2,6- and a2,3-
linked sialic acids are selectively converted into their iPA-derivatized and lactone forms, respectively. After the removal of excess reagents
by HILIC SPE, a 1% methylamine solution is added to promote alkali-driven lactone cleavage, and solvents were then removed in vacuo.
In the 2nd alkylamidation, lactonized and de-lactonized &2,3-linked sialic acids are derivatized by MA under mild reaction conditions.
Reproduced with permission from ref. 72. Copyright (2017) American Chemical Society.
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developed a linkage-specific double amidation method for
carrying out sialyl linkage-specific N-glycan mass spec-
trometry imaging from formalin-fixed paraffin-embedded
tissues.””

Our group has recently developed a similar but more
reliable method for amidation-based sialic acid linkage-
specific derivatization, which we refer to as SALSA (sialic
acid linkage-specific alkylamidation) for released N-glycan
analysis.”” SALSA converts carboxyl groups (-COOH) on
sialic acid residues into alkylamide forms (-CONHR) with
different length alkyl chains in a linkage-specific manner,
allowing direct discrimination of sialyl linkages based on
the difference in m/z values (Fig. 9).

RA. [M+HSO,]-
100 (a) 2471.9
. MA x2
60 AQ
40 18
20 t
0 .
100 (b) 2527.9
80 .
iPA x1 iPA x2
&0 MA x1
40 2499.9
AQ
20 " ‘118
NG,
2250 2300 2400 2500 2600 2700
m/z
(c) 0 20 40 60 80 100
iPAx1 (misconversion) MAx1 0.5%
el o
SGP
(12,6- iPAx1 MAXx1 (misconversion) 4.9%
SGP _
Fig. 10. Negative-ion MALDI mass spectra of SALSA-derivatized
g 8 P

A2-type N-glycans released from SGP standards; (a)
02,3-SGP and (b) 02,6-SGP. Mass spectra were obtained
by MALDI-QIT-TOF MS in the negative-ion mode after
on-plate 3-AQ labeling using 3-AQ/CA liquid matrix.
Associated dehydrated peaks correspond to laser-induced
dehydration between sulfate anions and N-glycans. The
100% stacked column chart (c) shows relative intensities of
the correctly-amidated forms (black) and their singly-mis-
converted forms (gray). Doubly-misconverted forms were
not detected in any cases. Error bars indicate standard de-
viations of quadruple analysis. Reproduced with permission
from ref. 72. Copyright (2017) American Chemical Society.
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Sialic acid linkage-specific alkylamidation (SALSA)

Since derivatization specificity is most important for dis-
tinguishing a2,3-/02,6-sialyl linkages, the linkage specific-
ity of amidation/lactonization was first investigated using
carbodiimide-based condensing reagent mixtures in com-
bination with various alkylamines. We found that the ratio
of amide and lactone forms varied significantly, depending
on the given (alkyl) amines. The best amine was isopropyl-
amine (iPA), showing a near-complete and selective conver-
sion from o2,6- and 02,3-linked sialic acids into isopropyl-
amide and lactone forms, respectively.

The lactone forms are relatively unstable and can cause
various difficulties as described above. Therefore, we in-
vestigated approaches for stabilizing lactone forms and
adopted amidation with methylamine (MA) to further sta-
bilize lactone forms originating from ¢2,3-linked sialic ac-
ids. Methylamidation appeared directly convert lactonized
02,3-sialic acids to their methylamide form; however, em-
ploying a lactone cleavage step before the methylamidation
improved the conversion efficiency, especially for highly
sialylated N-glycans containing o2,3-linkages.

To ensure precise a2,3-/a2,6-relative quantification,
MA/iPA conversion specificity is the most important.
Therefore, we investigated the specificity of this conversion
using N-glycan samples with known sialyl linkage types
(Fig. 10). Although the specificity of conversion for the
SALSA method was not yet perfect (95.1% for o2,6-linked
disialylated N-glycan), SALSA showed a better conversion
specificity as compared with the conventional double ami-
dation method,”” proving better reliability in quantifying
the relative ratio of a2,3-/a2,6-linkages.””

Solid-phase SALSA

SALSA can be readily combined with solid-phase glycan
purification. Figure 11 shows the workflow for solid-phase
SALSA using hydrazide beads. The reducing ends of glycans
are first bound to hydrazide beads. Solid-phase SALSA is
then performed on the beads. Since glycans are covalently
bound to them, the excess reaction reagents can be readily
removed by simply washing the beads. A lactone cleavage
step can also be incorporated. After two step alkylamida-
tion on the beads, glycans are released from the beads by
treatment with a weak acid as a native glycan form. Various
derivatization methods such as reductive and non-reductive
amination can then be applied without decomposing deriva-
tized sialic acid residues.

As an example of biological source samples, solid-phase
SALSA followed by glycan labeling was applied to the
analysis of a human plasma N-glycan. Owing to the high

SALSA

(4) 1%t Alkylamidation (6) 2" AlkylamidationE

EDC-HCI (500mM)  PyBOP (500mM)
HOBt (500mM) MA-HCI (1M)
iPA-HCI (2M) N-MM (15%) o
(1) Glycan DMSO DMSO ¢ (8) Glycan m.,
Capture 1h, rt. (25°C) 1h, rt. (25°C) Release
—> —_—
(2) Washing & il 1 °
(3) Hz group (5) Washing (7) Washing fj.
. Blocking MeOH MeOH ,.(;"
Hz; Hydrazide group 1% MA(aq) H,0
MeOH
DMSO

Fig. 11.

Chemical Society.

Schematic diagram of solid-phase SALSA using hydrazide beads. Reproduced with permission from ref. 72. Copyright (2017) American
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Negative-ion MALDI mass spectrum of SALSA-derivatized N-glycans released from human plasma glycoproteins. Released N-glycans

were captured by hydrazide beads, and then derivatized by solid-phase SALSA. SALSA-derivatized N-glycans were released from the
beads, labeled with 2-aminobenzoic acid (2-AA), and purified by HILIC microtip. Mass spectrum was obtained by MALDI-tandem
TOF-MS in the negative ion mode using DHB matrix. All ion species correspond to [M—H]". Reproduced with permission from ref. 72.

Copyright (2017) American Chemical Society.

chemoselectivity of hydrazide beads, N-glycans could be
purified and derivatized directly from human plasma after
PNGase F digestion. Consistent with previous research, a bi-
antennary N-glycan peak with two Neu5Ac residues (02,6-
linkages) was detected as the highest peak®’” (Fig. 12).
Several sialylated N-glycans were detected as peak clusters
with Am=28.0Da, indicating the presence of sialyl linkage
isomers.

N-Glycan samples from crude biological (real-world)
sources often contain unknown contaminants, which poten-
tially inhibit derivatization reactions. Adopting solid-phase
reaction is one of the more reliable approaches for removing
such contaminants, facilitating derivatization, as intended.
Hydrazide beads offer highly selective glycan purification
owing to their chemoselectivity for aldehyde groups. The
combination of hydrazide beads and solid-phase SALSA
has great potential and versatility in derivatizing biological
samples from various sources.

CONCLUSION

In this review article, various approaches for enhancing
analytical sensitivity and structural information regard-
ing glycans/glycopeptides are briefly described. In the first
half, an overview of the MALDI-MS analysis of protein N-
glycosylation mainly in the negative-ion mode is discussed.
The negative-ion mode analysis of glycans/glycopeptides
has several attractive features especially in structural analy-
sis, allowing for a less ambiguous elucidation of detailed
N-glycan structures. In the second half, derivatization
methods for stabilizing sialic acid residues are summarized.
Recently developed linkage-specific derivatization is a
unique technique allowing linkage isomer discrimination by
MS, as well as preventing instantaneous loss of the residues.

Compared to LC-MS approaches, MALDI-MS is rec-
ognized as being inadequate for the detailed analysis of
complex samples because online hyphenation with a chro-
matographic technique is somewhat difficult. Nevertheless,
the high-throughput measurement capability of MALDI-MS
makes it inherently suited for analyzing large sets of
analytes originated from biological sources. Although high-
throughput MALDI-MS measurements often fail to provide
detailed information on glycan structures, available infor-

mation can be enhanced by adopting chemical derivatiza-
tion techniques. Chemical derivatization for enhancing
sensitivity and structural information in glycan analysis
promise to contribute to MALDI-MS-based biomarker de-
velopments and drug discovery in the future.
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