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Abstract

Sialic acids play many important roles in several physiological and pathological processes,
including cancers, infection and blood diseases. Sialic acids are fragile and prone to fragmentation
under electrospray ionization and matrix-assisted laser desorption/ionization. It is crucial to
modify sialic acids for qualitative and quantitative identification of their change in abundance in
complex biological samples. Permethylation is a method of choice for sialic acid stabilization, but
the harsh conditions during permethylation may lead to the decomposition of O-acetyl groups.
Esterification or amidation in solution effectively protects sialic acids, yet, it is not trivial to purify
glycans from their reagents. Quantitative analysis of glycans can be achieved by labeling their
reducing end using fluorescent tags. Loss of sialic acids during labeling is a major concern. In this
study, we demonstrated the utility of sialic acids modification for the analysis sialyl
oligosaccharides and glycopeptides. Without modification, sialic acids are partially or completely
lost during sample preparation, leading to the presence of false glycans or glycopeptides in the
sample. The stabilized sialic acids not only result in accurate identification of sialylated glycans,
but they also improve the characterization of intact glycopeptides. The modification of sialic acids
on the solid support facilitates analysis of glycans and their intact glycoproteins.
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INTRODUCTION

Sialic acids have a nine-carbon backbone and are the most diverse sugars found on glycan
chains of mammalian cell surfaces 1:2. The diversity of sialic acids arises from their various
linkages to the underlying sugar chain on the 2-position and different types of substitutions
at position 4, 5, 7, 8, and 9. However, the sialic acids are fragile in acidic solution and can
also be easily lost in matrix-assisted laser desorption/ionization (MALDI) or in positive-ion
mode electrospray ionization (ESI)-mass spectrometry (MS) 34, In addition, acid-catalyzed
hydrolysis can cause severe loss of sialic acids °. Therefore, it is crucial to protect sialic
acids to prevent their loss during sample preparation and MALDI or ESI ionization.

Chemical derivatization methods are commonly used for the stabilization of sialic acids.
Methyl esterification converts carboxylic acid to methyl ester, producing strong positive-ion
signals and stabilizing the sialic acid moieties under MALDI conditions 67,
Perbenzolylation replaces carboxylic acids and hydroxides with benzoyl groups 819,
However, the perbenzolylation is performed at 110°C under aerobic conditions, which is
unfavorable for the modification of sialylated glycopeptides. Permethylation has been
widely used for substituting carboxylic acids, amines and hydroxides with methyl groups in
recent decades 1. Yet, the harsh conditions used for permethylation may impact the stability
of O-acetyl groups 4. In addition, proteins or peptides are severely degraded under strong
basic conditions. Recently, an amidation approach by carbodiimide coupling has been
developed to convert the carboxylic acids to amide in the presence of both an amine
constituent and a condensing agent 3. Amidation is performed in water solution at room
temperature in the presence of a condensation reagent such as 1-ethyl-3-(3-
dimentylaminopropyl) carbodiimide (EDC) 4. This chemical derivatization is an effective
method for sialic acid modification. It is difficult to remove reagents such as EDC from the
products when the reaction is performed in solution because the chemical compound has a
similar hydrophobicity as the reacted product. As a result, it is challenging to get rid of
excess reagents by chromatography-based purification 12:13,

Anal Chem. Author manuscript; available in PMC 2017 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 3

Fluorescent labeling on glycan reducing-end has been widely used for the analysis of
glycans without sialic acid stabilization 1417, When N-glycans are released by PNGase F
from their glycoproteins (on asparagine), they contain an active alditol on their reducing-end
that can be tagged with a primary amine. For example, 2-aminobenzamide (2-AB) or 2-
aminobenzoic acid (2-AA) has been used for tagging N-glycans by a reductive amination
reaction 1418, The tagged N-glycans are hydrophobic and photoactive so that they can be
purified or separated by high performance liquid chromatography (HPLC) 1920, To
determine the structure of the labeled N-glycans, the same tag can be used to generate a
dextran ladder as an internal standard for the assignment of glucose units (GU) to unknown
glycans 19. The labeling reaction involving a two-step process, Schiff’s base formation and
reduction, is usually conducted in 30% acetic acid (HOAc) and 70% dimethyl sulfoxide
(DMSO) at 65°C for 2—4 h. Given the pKa of HOAc at 4.76, the pH for 30% acetic acid is
approximately 2.02 (Sl Table S1). It has been shown that sialic acids may be lost when they
are subjected to high temperature (> 28°C) or extreme pH (such as low pH) (Ludger product
guide: glycan labeling kit). A slightly lower temperature (60°C) is reported to reduce the
acid-catalyzed loss of sialic acids within 2 h of labeling 2. Loss of sialic acids is indeed a
concern during fluorescent labeling, possibly resulting in the formation of false glycans in
the sample. However, the systematic characterization of sialic acids in low pH solution has
not yet been conducted.

Solid-phase methods are an alternative approach for the analysis of glycoproteins via
chemical immobilization 22 or affinity enrichment 23. Chemoenzymatic methods offer
excellent specificity since they enable the permanent conjugation of amino acids 2425 or
glycans 22 of glycoproteins on the solid support for versatile chemical and enzymatic
reactions. To study glycosite-containing peptides, glycans on glycoproteins are oxidized for
specific enrichment of N-linked glycopeptides via hydrazide chemistry 22, To analyze
glycans and intact glycopeptides, lysines or N-termini of glycoproteins are conjugated to
amine-reactive solid supports via reductive amination 24-26. Several advantages have been
demonstrated for the analysis of glycans using chemoenzymatic methods. For example,
polymers (optimal cutting temperature medium (OCT)) for fixing tissues are successfully
removed by washing while proteins are immobilized on the solid support 27; sialic acids are
effectively protected using glycoprotein immobilization for glycan extraction (GIG) 24:28;
and intact glycopeptides are directly analyzed by a solid-phase platform 1726, These
techniques have great potential for the quantitative analysis of protein glycosylation.

Questions are raised as to why the chemoenzymatic solid-phase method is necessary in the
analysis of protein glycosylation in comparison with conventional approaches. As discussed
previously, solid-phase methods such as GIG allow for the convenient modification of sialic
acids, while the excess chemical reagents are removed by washing steps 26. Without
protection of sialic acids in advance, it is highly probable that sialic acids will be partially or
completely lost during sample preparation, especially in high temperature and low pH
solution such as fluorescent labeling. In this study, we demonstrate that stabilization of sialic
acids using GIG can mitigate the loss of sialic acids, preventing the occurrence of false
glycans. Moreover, we investigate the possible loss of sialic acids in low pH solutions such
as 0.1% and 1% Trifluoroacetic acid (TFA). The loss of sialic acids can be prevented by
carbodiimide coupling and our method can improve sialic acid identification and
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quantification. The intact sialylated glycopeptides are simultaneously stabilized for accurate
analysis.

EXPERIMENTAL PROCEDURES
Sialic Acid in DMSO-HOAc

Glycoproteins on resin were subjected to 30% HOACc at different temperatures (SI Figure
Sla). To compare whether sialic acids are hydrolyzed in 30% acetic acid (typical conditions
for glycan fluorescent labeling), one set of samples was incubated in DMSO-HOAC prior to
sialic acid protection, while the second set was modified by pT in the presence of EDC. The
first set was further modified by pT-EDC for protection of the remaining sialic acids; the
second set was then incubated in the DMSO-HOAC solution. N-glycans were cleaved off by
PNGase F digestion (37°C, overnight). The purified N-glycans were dried in Speed-Vac for
QUANTITY (Quaternary Amine Containing Isobaric Tag for Glycan) labeling (65°C, 4 h)
29. Ten pL of 100 mM QUANTITY was mixed with N-glycans in the presence of 1 M
NaCNBHs3. The QUANTITY-tagged N-glycans were purified by either Carbograph or C18
solid-phase-extraction (SPE) column. Materials, chemical reagents, glycoprotein
immobilization, TFA concentration effect on sialic acids, acid-catalyzed hydrolysis of intact
glycoprotein, and mass spectrometry is described in Supporting Information.

RESULTS AND DISCUSSION

Acid-catalyzed Sialic Acid Hydrolysis

The goal of this set of experiments is to demonstrate whether sialic acids are affected by a
high concentration of acids (30% HOAC) at different temperatures. Fluorescent labeling of
glycans is typically conducted at 65°C in 30% HOAc and 70% DMSO 14,21. To inspect the
dynamics of sialic acid hydrolysis, SGP (sialylglycopeptide) was incubated for 4 h at 4°C,
23°C (room temperature), 37°C, and 65°C respectively. One set of samples was directly
treated by HOAc-DMSO prior to protection by pT-EDC; while another set was protected by
pT-EDC before incubation in HOAc-DMSO solution (Figure 1a). This is a unique feature of
the chemoenzymatic technique since samples can be conveniently treated in solution with
glycoproteins immobilized on the solid support. According to the manufacturer’s
specifications (Fushimi; Japan), SGP contains N2H2S2 (dominant), N2H2S, and H2HS
(least) (where N = HexNAc, H = Hexose, and S = Neu5Ac; N-glycan core is excluded
(N2H3)). When one sialic acid of N2H2S2 is lost, the dominant peak becomes N2H2S in
MS; if both sialic acids of N2H2S2 are lost, it yields N2H2. Overall, we expected a
decreased amount of N2H2S2 at higher temperatures, whereas N2H2 would increase
significantly with increased temperature. The results in Figure 1 revealed such prediction:
without protection by pT-EDC first, we observed a decreased amount of N2H2S2 due to the
hydrolysis of sialic acids, or a significantly decreased amount of N2H2S2 at 65°C (Figure
1a). With protection by pT-EDC first, the hydrolysis of sialic acids was negligible (Figure
1b). More importantly, a gradually increased amount of N2H2S or N2H2 was observed from
4°C to 65°C, in which one or two sialic acids were lost (Figure 1c&e); while the N2H2S
remained at the same level (Figure 1d). These results indicate that acid-catalyzed hydrolysis
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does occur during reducing-end labeling. The loss of sialic acids, however, can be effectively
prevented if they are protected on the solid support first.

Sample preparation is often conducted at room temperature. To determine whether the
prolonged incubation of samples in 0.1% TFA could lead to increased acid-catalyzed
hydrolysis of sialic acids, a time course study was performed from 1 h to 24 h. We chose
0.1% TFA since it is commonly used for sample clean up (e.g., C18) or buffer for LC-MS.
Figure 1f illustrates the increased amount of N2H2 glycan with the extended incubation in
0.1% TFA (all tested at room temperature). The data indicates that loss of sialic acids (from
N2H2S2) occurs within one hour incubation in 0.1% TFA. The pKa of TFA is
approximately 0.23 at room temperature, thus the pH of 0.1% TFA equals 2.09 (Sl Table
S1). The loss of sialic acids become fast with a longer incubation. This will cause the
inaccurate characterization of intact sialylated glycopeptides if samples are stored in 0.1%
TFA for a longer period of time.

Temperature effect on hydrolysis of sialic acids

To test the degree of hydrolysis of sialic acids in low pH at different temperature, we
dissolved 10 ug of SGP in 0.1% TFA and incubated for 4 h at 4°C, 23°C, 37°C, and 65°C.
Figure 2a demonstrates the relative abundance of each N-glycan at different temperatures.
Several observations were made: (1) the amount of native sialylated N-glycans (N2H2S2)
decreases when incubated in high temperature; (2) the intermediate glycans (N2H2S or
NHS) also decrease with increased temperature; (3) however, glycans that lost both sialic
acids (N2H2) are highly abundant at an elevated temperature. These results indicate that loss
of sialic acids is a severe issue in the analysis of sialylated glycans since samples are often
treated in 0.1% TFA at room temperature or 37°C.

We then used bovine fetuin to illustrate the loss of sialic acids and the resulting increase of
asialo N-glycans. Bovine fetuin has five major N-glycans: N2H2S, N2H2S2, N3H3S2,
N3H3S3, and N3H3S4. If sialic acids are completely removed, the two remaining asialo N-
glycans are N2H2 and N3H3. We compared the change of two asialo N-glycans and their
sialylated N-glycans (N2H2S2 = N2H2 and N3H3S3 = N3H3). Figure 2b shows the
relative abundance of N2H2 and N3H3 incubated at different temperatures. At low
temperature (4°C or 23°C), there are few N2H2 detectable, while their abundance
significantly increased at 37°C up to 65°C. Compared to the amount of N2H2 at 4°C, it
increases by 10 fold at 37°C and ~200 fold at 65°C. Similar observations were made for
N3H3. Its relative abundance increased by ~3 fold at 37°C and ~10 fold at 65°C. On the
other hand, the reverse change is observed for sialylated N-glycans of N2H2S2 and N3H3S3
(Figure 2c). Without pT modification, both N2H2S2 and N3H3S3 have decreased abundance
versus the elevated temperature, indicating their enhanced hydrolysis. As a comparison, the
modified N2H2S2 and N3H3S3 have been well preserved even though they are incubated in
0.1% TFA at 65°C for longer than 4 h. These results reveal that it is important and necessary
to protect sialic acids in order to prevent acid-catalyzed hydrolysis; the pT stabilization is
effective and can prevent hydrolysis at an elevated temperature.

Anal Chem. Author manuscript; available in PMC 2017 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 6

Perspectives of Glycan and Intact Glycopeptides

Stabilization of sialic acids is an effective approach for accurate characterization of protein
glycosylation. Without sialic acid modification, the hydrolysis of sialic acids can complicate
the analysis and generate false species which do not exist endogenously in the sample. To
this end, we plotted a schematic diagram to illustrate how a sialylated glycan or
glycopeptide can produce additional glycans after the hydrolysis of sialic acids (SI Figure
S2). Using N2H2S2 as an example, it can change to N2H2S and N2H2 if one or two sialic
acids are lost. Samples can contain three N-glycans, including N2H2S2, N2H2S, and N2H2
(SI Figure S2a). For intact glycopeptides, they can generate quite a few additional intact
glycopeptides by the partial or complete loss of sialic acids. For example, as shown in SI
Figure S2 and Sl Table S4, an intact glycopeptide with N3H3S4 can form four additional
intact glycopeptides, including peptides linked to N3H3S3, N3H3S2, N3H3S, and N3H3. In
addition, the second glycopeptide that may have the same or different peptide sequence has
asparagine conjugated with N3H3S3; after partial hydrolysis, it generates N3H3S2, N3H3S,
and N3H3. These additional glycopeptides will undoubtedly change the relative abundance
of each intact glycopeptide, causing inaccurate or even incorrect characterization of
glycopeptides from the sample. Therefore, it is essential to stabilize sialylated glycopeptides
in order to identify the actual abundance of each glycopeptide in the complex biological
sample.

Our studies show that sialic acids can be affected by acid-catalyzed hydrolysis in acidic
buffer at room or elevated temperature. Sialylated glycans are often reacted in acid solution
without stabilization. For example, N-glycans are labeled with fluorescent compounds such
as 2-AA, 2-AB, 2-AP (2-Aminopyridine), via Schiff’s base reaction. The labeling is
typically conducted in 30% acetic acid and 70% DMSO, whose pH is approximately 2.02
(SI Table S1). Samples are also heated up to 65°C for 2—4 h for completion. As shown in
Figure 1, over 50% of sialic acids could be lost during the reaction (65°C for 4 h) without
sialic acid modification, while the sialylated glycans remain stable after modification.
Therefore, it is likely that some of the sialylated glycans have been de-sialylated by acid-
catalyzed hydrolysis. A lower temperature may be applied for labeling; however, it requires
a much longer incubation time to be completed. The longer the incubation, the more
extensive the hydrolysis (Figure 1d).

Acid has been widely used in sample preparation. One example is to use 0.1% TFA for
peptide cleanup. As calculated in SI Table S1, the pH of 0.1% TFA is approximately 2.09.
For C18 cartridges, the cleanup procedure is usually performed at room temperature. In
0.1% TFA, sialic acid is partially lost after 4 h incubation (Figure 2a), resulting in the
formation of false glycans after C18 cleanup. Our data on Fetuin N-glycans in 0.1% TFA
demonstrated that asialo N-glycan (N3H3) at 23°C is increased by 2-fold in comparison to
its abundance at 4°C (Figure 2b). The sialylated N-glycans such as N3H3S3 were slightly
decreased, as expected (Figure 2c). The second example is to use 1% TFA in 80% ACN as
the washing buffer for intact glycopeptide enrichment with a hydrophilic interaction liquid
chromatography (HILIC) column 30 or 1% TFA used in mobile phases for increased
glycopeptide enrichment efficiency 31. When using 1% TFA, we observed a significant loss
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of sialic acids in fetuin N-glycans at room temperature (SI Figure S3). It is thus possible that
we lost some of the sialic acids during HILIC enrichment and separation.

Several strategies can be applied for the stabilization of sialic acids. In addition to our
method, sialic acids can be modified by esterification, such as methyl esterification 732 and
ethyl esterification 33. Non-reduced N-glycans are directly reacted with methanol or ethanol
in the presence of equal molar of 1-Hydroxybenzotriazole hydrate and EDC. Intact
glycopeptides can also be modified by esterification 34, providing an approach for the
stabilization of sialylated glycopeptides. The chemical compound, 4-(4,6-dimethoxy-1,3,5-
triazin-2yl)-4-methlmorpholinium chloride (DMT-MM) has been synthesized for the
modification of sialic acids 3; methyl ester can also be achieved by dissolving glycans in
methanol and treating with DMT-MM 35, enabling concomitant differentiation of a.2,3 and
a2,6. Amidation is another effective method for stabilizing sialic acids. Acetohydrazide can
modify sialylated glycans in the presence of EDC at room temperature 436,
Methylamidation is performed in the presence of methylamine and (7-azabenzotriazol-1-
yloxy) trispyrrolidinophosphonium hexafluorophosphate (PyAOP) 37. These methods are
very effective for stabilizing sialic acids. Adapting them to the solid-phase can further
simplify the modification of sialylated glycans and glycopeptides.

CONCLUSION

Sialic acids are one of the important forms of protein glycosylation that regulates diverse
biological functions. Accurate characterization of protein sialylation can provide insight into
how sialylation is associated with physiology and pathology. Loss of sialic acids has been a
major concern in sample preparation. Samples are often processed in acidic buffer at room
or elevated temperature, causing significant hydrolysis of sialic acids.

In this study, we characterized the dynamics of the acid-catalyzed hydrolysis of sialic acids.
This characterization was conducted on the solid support, in which glycoproteins are
immobilized on Aminolink resin. We compared N-glycans with and without p-Toluidine
modification, showing that sialic acids are hydrolyzed even at room temperature and over
50% are lost at 65°C. On the other hand, sialic acids modified by pT are very stable in low
pH even at elevated temperatures. Without modification, sialic acids on sialylated
glycopeptides are also partially or completely lost during sample preparation. This led to the
increased number of false glycopeptides, consequently impacting the analysis of
glycopeptides. It is thus significant to stabilize sialylated glycans for the accurate
characterization of both glycans and their glycopeptides (SI Table S2).

This study demonstrates that it is a prerequisite to characterize protein sialylation by first
stabilizing sialic acids. We confirm the loss of sialic acids as a result of fluorescent labeling
and HILIC cleanup. Carbodiimide coupling on the solid support, together with other
methods for sialic acid modification, should be incorporated for glycan and glycopeptide
analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Acid-catalyzed hydrolysis of sialic acidsin dimethyl sulfide (DM SO)-acetic acid (AA)
(a) Hydrolysis of native sialic acid (N2H2S2) (Sialylglycopeptide; SGP) in DMSO-AA at
4°C, 23°C, 37°C, and 65°C; (b) p-Toluidine stabilized sialic acid (N2H2S2) in DMSO-AA
at 4°C, 23°C, 37°C, and 65°C; (c) Increase of N2H2S from hydrolysis of N2H2S2 in
DMSO-AA; (d) No change on N2H2S due to the stabilized N2H2S2 with p-Toluidine; (€)
Increase of N2H2 due to hydrolysis of N2H2S and N2H2S2 in DMSO-AA at different
temperature; (f) Increase of N2H2 due to hydrolysis of N2H2S and N2H2S2 incubated 0.1%

TFA from 2h to 24h (23°C). Triplicate experiments were conducted.
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Figure 2. Effect of 0.1% TFA on the hydrolysis of Sialylglycopeptide (SGP) at different

temperatures

(a) Without hydrolysis, SGP consists of N2H2S2 only. Incubated in 0.1% TFA, it gradually
hydrolyzed at low temperatures while most sialic acids were lost at an elevated temperature
(65°C). SGP glycan was converted to asialo N2H2. The relative abundance was N2H2S2
(4°C) > N2H2S2 (23°C) > N2H2S2 (37°C) > N2H2S2 (65°C), while N2H2 (4°C) < N2H2
(23°C) < N2H2 (37°C) < N2H2S2 (65°C); (b) Increased asialo N-glycans in bovine Fetuin;
(c) pT-stabilized sialic acids remained constant at different temperatures, while without pT,
the sialic acid content was significantly reduced at an elevated temperature.
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