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Abstract

Glycan analysis by mass spectrometry has rapidly progressed due to the interest in understanding
the role of glycans in disease and tumor progression. Glycans are complex molecules that pose
analytical challenges due to their isomeric compositions, labile character, and ionization
preferences. This study sought to demonstrate infrared matrix-assisted laser desorption
electrospray ionization (IR-MALDESI) as a novel approach for the direct analysis of A-linked
glycans. The glycoprotein bovine fetuin was chosen for this analysis as its glycome is well
characterized and heavily composed of sialylated glycans. Native A-inked glycans produced by
enzymatic cleavage (via PNGase F) of bovine fetuin were analyzed directly by IR-MALDESI in
both positive and negative ionization mode. In this study, we detected 12 Atlinked glycans in
negative mode and 4 A-linked glycans in positive mode, a significant increase in the amount of
underivatized glycans detected by other ionization sources. Importantly, all A-linked glycans
detected contained at least one sialic acid residue which are known to be labile. This work
represents a critical first step for A-linked glycan analysis by IR-MALDESI with future efforts
directed at mass spectrometry imaging.
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Liquid droplets of A-linked glycans digested from bovine fetuin glycoprotein ionized by IR-
MALDESI.
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INTRODUCTION

Infrared matrix-assisted laser desorption electrospray ionization (IR-MALDESI) is an
ambient ionization source developed in 2006 combining laser desorption techniques with
electrospray ionization (ESI).12 IR-MALDESI fires a mid-IR laser at sample material,
desorbing neutral species into the gas-phase where they encounter an orthogonal
electrospray plume. Neutral molecules partition into the plume and are post-ionized by
charged electrospray droplets. Existing evidence shows characteristics of the ionization
mechanism in IR-MALDESI resembles those of ESI, making IR-MALDESI a soft and
versatile ionization source.34 IR-MALDESI has been demonstrated as an effective
technique for the direct analysis of biological tissues for metabolites and lipids as well as
liquid substrates for high-throughput screening of enzyme activity and biological buffers.> A
significant opportunity not yet pursed is the use of IR-MALDESI for the analysis of A+
linked glycans.

Glycans are structurally diverse polysaccharides that pose many analytical challenges
affecting the detection of diverse coverage in soft ionization techniques such as ESI and
matrix-assisted laser desorption ionization (MALDI). The first challenge involves the labile
nature of sialic acid residues, where sample preparation and ionization conditions cause
sialic acid residues to dissociate from glycans. This results in misidentified glycans with
reduced sialic acid content. Existing evidence shows that sialic acid dissociation is more
prevalent in MALDI than ESI, likely as a result of large energy transfer from MALDI
matrices during proton transfer.8 Many chemical derivatization reactions exist, such as
esterification, in attempts to stabilize sialic acid residues.” However these sample
preparation methods are time-consuming and have variable reaction efficiencies. Another
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challenge for native glycan analysis is due to the negative charge on the carboxylic acid in
sialic acid, which causes the preference for negative ionization. While ESI is capable of
achieving sensitive measurements in negative mode, MALDI platforms primarily operate in
positive mode due to low sensitivity in negative mode, thereby reducing the diversity of
glycans detected by MALDI.8 Due to these limitations, an ESI-like ionization method would
be more ideal for A-linked glycan profiling.

The ESI-like characteristics of IR-MALDESI suggest that it would be a good alternative to
analyze N-linked glycans due to preservation of sialic acid residues during ionization and
the increased sensitivity of negative mode ionization. IR-MALDESI is coupled to a high-
resolution accurate mass spectrometer which will provide confident glycan identifications by
mass and spectral accuracy. Additionally, IR-MALDESI has been coupled with ion mobility
for isomer separation opening up future opportunities for glycan analyses.® In this study, we
report the first analysis of A-linked glycans by IR-MALDESI. The detection of A-linked
glycans digested from bovine fetuin was compared between positive and negative ionization
modes and putative A-linked glycan structures are reported. This work demonstrates the
fundamental ionization of Atlinked glycans by IR-MALDESI with the goal to pursue mass
spectrometry imaging of biological tissues for changes in A-glycosylation.

METHODS

Digestion and Preparation of N-linked Glycans

N-linked glycans were cleaved from bovine fetuin (Sigma Aldrich, St. Louis, MO, USA)
using methods previously described.1® 100 mM ammonium bicarbonate (Acros Organics,
Geel, Belgium) at pH = 8.3 was prepared for digest buffer. 250 ug of bovine fetuin was
loaded onto a 10 kDa MWCO filter with 2 uL of 1 M dithiothreitol (Sigma Aldrich, St.
Louis, MO, USA) and 200 pL of digest buffer for incubation at 56°C. The denatured
proteins were alkylated with 50 uL of 1 M iodoacetamide (Sigma Aldrich, St. Louis, MO,
USA) and incubated at 37°C to prevent reformation of disulfide bonds. The glycoprotein
was concentrated onto the filter by centrifuging for 40 minutes. Three washes cycles with
100 pL digest buffer and 20 minutes of centrifugation were completed. 1000 units of
PNGase F (Bulldog Bio, Portsmouth, NH, USA) were added to the filter to cleave A-linked
glycans from the protein and incubated overnight at 37°C for 18 hours. Glycans were eluted
by centrifugation for 20 minutes followed by three wash cycles as previously described.
Samples were incubated in the —80°C freezer for 30 minutes and subsequently dried to
completion in a vacuum concentrator at room temperature for 5 hours. The dried A-linked
glycans were resuspended in 50 pL of optima LC/MS grade water (Fisher Scientific,
Waltham, MA, USA) directly before IR-MALDESI analysis.

IR-MALDESI Analysis

5 uL of resuspended glycans were pipetted onto a Teflon microwell slide (Prosolia,
Indianapolis, IN, USA). A mid-IR laser (JGM Associates, Burlington, MA, USA) operating
at a wavelength of 2.97 um was used for laser ablation with an energy of 0.4 mJ per burst.
911 The electrospray solvent consisted of 50% acetonitrile (Fisher Scientific, Hampton, NH,
USA) containing 1 mM acetic acid (Sigma Aldrich, St. Louis, MO, USA) for negative mode
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and 60% acetonitrile containing 0.1% formic acid (Sigma Aldrich, St. Louis, MO, USA) for
positive mode. Stable electrospray was achieved with a flow rate of 2 uL/min at a voltage of
3.2 kV. IR-MALDESI was coupled to a Q Exactive HF-X (Thermo Fisher Scientific,
Bremen, Germany) set to a mass resolving power of 240,000rywHnm at m/z 200, analyzing
between 150-1500 7/z in positive and negative ionization mode. Automatic gain control
(AGC) was turned off and a fixed injection time of 50 ms was used. High mass measurement
accuracy was achieved using lock masses for internal calibration.

Data Analysis

A list of AAlinked glycans detected previously from bovine fetuin and reported in literature
were compiled to search in the data.12-1% ALlinked glycans were identified manually by
searching for monoisotopic masses and confirming isotopic distributions in XCalibur.
GlycoWorkbench was utilized to compare theoretical monoisotopic masses and search
glycan databases by experimental /m/z. Putative glycan structures were drawn using the
SNGF nomenclature.16:17

RESULTS AND DISCUSSION

The aim of this work was to demonstrate: 1) the ionization of A-linked glycans by IR-
MALDESI; 2) the detection of sialylated glycan species; and 3) the comparison of glycans
detected in positive and negative ionization. To easily compare structure types, the detected
glycan structures were putatively drawn according to literature-based characterization. As
shown in Figure 1, each detected A-linked glycan contains at least one sialic acid residue
and more than half the structures contain three and four sialic acid residues. Additionally,
the most abundant glycan detected by IR-MALDESI is the trisialylated triantennary form.
No dissociation of sialic acid was observed in this analysis, which is supported by the
detected glycans being reported in literature as derivatized species. Other abundant peaks in
the mass spectrum are unidentified multiply-charged ions that were not found in bovine
fetuin literature and are listed in Supplemental Material (Table S1).

Multiply-charged protonated and deprotonated A-linked glycans were detected by IR-
MALDESI. The production of multiply-charged ions by IR-MALDESI will be directly
beneficial for enhanced structural elucidation by MS/MS fragmentation in untargeted glycan
analyses.1® From a list of 42 previously reported Atlinked glycans, 12 were detected in
negative mode and 4 were detected in positive mode (Table 1, Figure S1). The higher
number of glycans detected in negative mode is attributed to the negative charge on sialic
acid residues. Additionally, positive mode ionization collects a high number of ambient ions
which fill the C-trap due to their constant flux. It is important to note that the 42 previously
reported glycans were discovered using chemical derivatization methods. Analyses of native
glycans have reported up to 5 and 6 native glycans by negative mode ESI and MALDI,
respectively.13:14 Therefore, the 12 native Atlinked glycans detected by IR-MALDESI
represents a significant increase compared to previous reports in the literature. The glycans
not detected by IR-MALDESI were primarily high-mannose glycans which are significantly
less abundant than the sialylated glycans in bovine fetuin.
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In this study, A-linked glycans were detected with a primary amine terminus. During
enzymatic digestion, PNGase F cleaves N-linked glycans from asparagine residues. This
produces glycosylamines which are subsequently hydrolyzed in slightly acidic conditions to
form an alcohol terminus at the reducing end. The theoretical /7/z of the alcohol terminus
was approximately 10 ppm from the experimental A+1 peak for all observed glycans,
leading us to investigate further. Due to the pH of the ammonium bicarbonate buffer (pH =
8.3) and a lack of an acidic quench in this experiment, A+linked glycans with a primary
amine terminus were produced, as observed previously.1 The presence of the primary amine
terminus was confirmed based on mass and spectral accuracy.2? Using
Gal3GIlcNAcsManzNeuAcs as an example in Figure 2, the mass accuracy of the
monoisotopic peak was reduced to 2.1 ppm when considering the primary amine terminus.
Additionally, the theoretical isotopic distribution of a primary amine terminus closely
resembles the experimental distribution. Each isotopologue is slightly more abundant than
each theoretical abundance due to the presence of both primary amine and alcohol termini,
with the primary amine being the predominant form.

CONCLUSIONS

The work presented here demonstrates the enhanced potential of IR-MALDESI for A-linked
glycan analysis. Highly abundant and multiply-sialylated glycans were detected without
stabilization by chemical derivatization. Additionally, we demonstrated the improved
ionization of glycan species in negative mode compared to positive mode ionization. This
work indicates IR-MALDESI as an alternative approach for profiling underivatized A-linked
glycans by negative mode ionization. In future work, mass spectrometry imaging of A-
linked glycans in biological tissues by IR-MALDESI will be pursued.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IR-MALDESI mass spectrum of detected A-linked glycans in negative mode with their
experimental /7/z shown below each putative identification. These A-linked glycans were
detected as glycosylamines which is discussed in more detail below. Putative structures were
assigned based on accurate mass and literature-based characterizations and are heavily

composed of sialic acid residues ().
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Figure 2.
Full experimental isotopic distribution of GalzGIcNAcsMansNeuAcs. Mass and spectral

accuracy indicate this glycan as having a primary amine terminus. The monoisotopic peak in
this distribution was observed at 777/2958.3369 where the expected alcohol terminus
structure would have been at /7/7958.6629. Each isotopologue is slightly more abundant
than the theoretical abundance due to the presence of both primary amine (major form) and
alcohol termini (minor form).
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List of A-linked glycans detected as glycosylamines in both positive and negative mode ionization with high
mass measurement accuracy (MMA\) in parts per million (ppm). More glycans were detected in negative mode

ionization. Putative identifications were made based on accurate mass and reported glycans in literature.

Negative Mode [M-2H*]%& [M-3H*]3-
N-Linked Glycan Theom/z | MMA | Theom/z | MMA
Gal,GleNAc,MangNeuAc, 1109.8922 | 2.1 739.5924 11
Gal,GIcNAcsMansNeuAc;NeuGe, | 1117.8897 25
Gal,GlcNAc,MangFuciNeuAc, | 1182.9212 | 0.1 788.2784 | 0.2
Gal,GIcNAcsManzNeuAcs 836.6242 1.0
GalzGIcNAcsManzNeuAc, 861.3031 1.7
Gal3GIcNAcsMansFuc;NeuAc, 909.9891 0.0
GalzGIcNAcsManzNeuAcs 1438.0060 2.3 958.3349 2.1
GalsGlcNAcsMansNeuAc,NeuGey | 1446.0035 | 1.3 963.6666 1.9
GalzGIcNAcsMansFuc; NeuAcs 1007.0209 2.9
GalzGIcNAcsMansNeuAc, 1055.3667 2.2
Gal;GlcNAcsNeuAczNeuGey 1060.6984 1.4
GalsGlcNAcgManzNeuAc, 1177.0775 4.0
Positive Mode [M+2H*]2* [M+3H*]3*
N-Linked Glycan Theom/z | MMA | Theom/z | MMA
Gal,GIcNAcsManzNeuAc, 966.3591 2.0
Gal,GIcNAcsMansNeuAc, 1111.9068 0.1
GalzGlcNAcsManzNeuAcs 1440.0206 0.6 960.3495 0.2
GalzGIcNAcsManzNeuAc, 1057.3813 0.4

JAm Soc Mass Spectrom. Author manuscript; available in PMC 2022 January 09.



	Abstract
	Graphical Abstract
	INTRODUCTION
	METHODS
	Digestion and Preparation of N-linked Glycans
	IR-MALDESI Analysis
	Data Analysis

	RESULTS AND DISCUSSION
	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Table 1.

