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Abstract: Reductive alkylation of the carbonyl group of carbohydrates with fluorescence or ionizing labels is
a prerequisite for the sensitive analysis of carbohydrates by chromatographic and mass spectrometric tech-
niques. Herein, 1-(2-aminoethyl)-3-methyl-1H-imidazol-3-ium tetrafluoroborate ((MIEA][BF,]) was successfully
synthesized using tert-butyl N-(2-bromoethyl)carbamate and N-methylimidazole as starting materials. MIEA*
was then investigated as a multifunctional oligosaccharide label for glycan profiling and identification using
LC-ESI-ToF and by MALDI-ToF mass spectrometry. The reductive amination of this diazole with carbohydrates
was exemplified by labeling N-glycans from the model glycoproteins horseradish peroxidase, RNase B, and
bovine lactoferrin. The produced MIEA* glycan profiles were comparable to the corresponding 2AB labeled
glycan derivatives and showed improved ESI-MS ionization efficiency over the respective 2AB derivatives,
with detection sensitivity in the low picomol to the high femtomol range.
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Introduction

N-glycans decorating the surface of glycoproteins participate in protein-protein interactions or in interac-
tions between glycoproteins and other large biological molecules, therefore delicately regulate different
cellular processes [1, 2]. The full comprehension of the structure of these carbohydrates is the basis of fully
understanding the functions of glycoproteins, the detection and analysis of these N-glycans from minute
amounts of samples is challenging. Mass spectrometry (MS) coupled with liquid chromatography (LC) is
currently the first choice for the analysis of N-glycan structure and composition. Although the latest genera-
tion of electrospray ionization-time of flight (ESI-ToF) MS allows the profiling of N-glycosylation directly on
the native, intact protein. However, this technique is still limited by its relatively low sensitivity, especially
when screening for N-glycans with a low abundance [3]. The routine procedure of N-glycan profiling is still
based on analysis of derivatized N-glycans by chromatographic and/or mass spectrometric techniques.

In general, N-glycan analysis starts with an enzymatic release of the N-glycan portion from glycoproteins
[4,5]. Thereducing end of the released N-glycans can be then functionalized to enhance the detection sensitivity
by using reductive amination [6], hydrazine-mediated release [7] or oxime formation [8]. 2-Aminobenzamide
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(2AB) is an example of a commonly used compound for functionalizing N-glycans by reductive amination and
subsequent chromatographic glycan analysis using fluorescence detection [9, 10]. However, due to its poor
ionization capability, 2AB-derivatized oligosaccharides show relatively low signal intensities in electrospray
ionization-mass spectrometry (ESI-MS). Recently, a series of other amines have been described to have higher
ionization capabilities than 2AB, namely 4-amino-N-[(2-diethylamino)ethyl]benzamide (procainamide) [10],
2-hydrazino-4,6-bis-(dipropylamino)-s-triazine (n-Pr2N) [11], and aminoquinoline-based derivatives (RapiF-
luor) [12]. Although these derivatization compounds demonstrated a significant improvement in the ioniza-
tion of N-glycans, there is still space for improvement. For example, the separation of procainamide-labeled
N-glycans was described to be more challenging when compared to 2AB-labeled N-glycans using normal-
phase chromatography (NP-HPLC) [13]. For RapiFluor-labeled N-glycans, an additional purification step was
needed to remove sodium 3-[(2-methyl-2-undecyl-1,3-dioxolan-4-yl)methoxy]-I-propanesulfonate from the
reaction mixture [12]. The development of novel derivatization agents for N-glycan analysis, which is suitable
for both chromatographic separation and sensitive mass spectrometric detection is therefore highly desirable.
Ionic liquids (ILs) are salts which exist in liquid form at room temperature, and usually consist of organic
cations (i.e. 1-alkyl-3-methylimidazolium or N-alkyl pyridinium ions) and inorganic anions (i.e. tetrafluorobo-
rate or hexafluorophosphate) [14]. ILs have attracted great interests in organic chemistry due to their proper-
ties since first reported in 1914 [15]. The high polarity and solubilizing properties of ILs can accelerate reactions
involving cationic intermediates, which was applied in acetylation- [16], esterification- [17], benzylidenation-
[18] and glycosylation reactions [15, 19]. Moreover, ILs are also widely applied in analytical chemistry, taking
advantage of their low vapor pressure, good thermal stability, and their miscibility with both water and organic
solvents. ILs were also successfully applied as carrier matrices for detection of polymers, peptides, sugars in
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-ToF MS) [20-23].
Recently, ILs containing glycosides have been synthesized and proved to be very versatile probes for the
sensitive detection of biochemical glycosylation reactions [24]. The Galan research group which developed
these I-methylimidazole/BF,-based glycan probes (I-tags) allowed the sensitive monitoring of enzymatic glyco-
sylation by recombinant B-1,4-galactosyltransferase [25], or the detection of enzymatic fucosylation reactions in
human milk samples [26]. Motivated by these results, we decided to design a novel tag based on N-methylimi-
dazolium, containing an amino group which can also functionalize native N-glycans via reductive amination.

Materials and methods

Chemicals and reagents

tert-Butyl N-(2-bromoethyl)carbamate was purchased from J&K (Shanghai, China). N-methylimidazolium,
2-aminobenzoic acid (2AA), dextran (Pharmacy grade, 1500 Da), maltotriose, N-acetyl-D-glucosamine, and
RNase B were supplied by Aladdin (Shanghai, China). Acetonitrile used for HPLC analysis was purchased
from Merck (Nanjing, China). Horseradish peroxidase (HRP) was obtained from BioDuly (Nanjing, China).
N,N-Diacetylchitobiose was obtained from Carbosynth Ltd (Compton, UK). Lactoferrin from bovine milk was
purchased from Wako Chemicals (Osaka, Japan). Anhydrous maltose was obtained from Ryon (Shanghai,
China). All other chemicals used in this study were bought at the highest grade from commercial suppliers
without further purification or modification. Recombinant PNGase H* and PNGase F were expressed and
purified as reported previously [27].

Synthesis of 1-(2-aminoethyl)-3-methyl-1H-imidazole-3-ium bromide [MIEA][Br]

tert-Butyl N-(2-bromoethyl)carbamate (1.232 g, 5.5 mmol) was reacted with N-methylimidazolium (0.410 g,
5 mmol) in anhydrous CH,CN and ¢-BuOH [25 mL (4/1, v/v)] in a round bottom flask with reflux at 80 °C for
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2 days under a nitrogen atmosphere. Any unreacted starting materials were removed by washing with ethyl
acetate (two times), and the product was dried under reduced pressure resulting in a light yellow viscous liquid.

Synthesis of 1-(2-aminoethyl)-3-methyl-1H-imidazol-3-ium tetrafluoroborate
(IMIEA][BF,])

The [MIEA][Br] salt (0.865 g, 4.2 mmol) was stirred with KBF, (1.1 eq.) in water for 24 h at room temperature.
After 24 h, the reaction mixture was filtered and dried under vacuum. Then the compound was washed with
dichloromethane and ethyl acetate, respectively. After drying for 6 h under vacuum at 80 °C, the expected
ionic liquid [MIEA][BF,] was obtained.

Enzymatic release and purification of N-glycans

Ten milligrams of either RNase B or bovine lactoferrin glycoprotein was suspended in 500 pL water. Twenty-
five microliter of sodium phosphate buffer (500 mM, pH 7.5), 25 uL sodium dodecyl sulfate (2% w/v) and
2-mercaptoethanol (3% v/v) were added in the solution. The mixture was first heated at 95 °C for 10 min.
After cooling the reaction mixture down to room temperature, 40 uL of a Triton-X100 solution (10 % w/v) and
recombinant PNGase F (1 mU) were added in the reaction mixture. Then the reaction mixtures were incubated
for 16 h at 37 °C, respectively.

N-glycans from horseradish peroxidase (HRP) were releases as described previously [28, 29]. In brief,
HRP glycoprotein (10 mg) was dissolved in 500 pL water, and 25 uL of sodium citrate buffer (500 mM, pH
2.5) was added to the solution. The glycoprotein solution was denatured by heating for 10 min at 95 °C. After
cooling the reaction mixture back to room temperature, 1 mU of recombinant PNGase H* was added. Then,
the reaction mixture was incubated for 16 h at 37 °C, and the supernatant was collected by centrifugation at
14 000 g for 15 min and purified with a ready-made solid-phase extraction carbon column (Supelco Supel-
clean ENVI Carb, 500 mg cartridge). The SPE column was equilibrated with the 3 mL of deionized water, and
the enzymatic reaction mixtures loaded to the SPE column. After washing the column with 3 mL of deionized
water, the N-glycans were eluted in 1 mL of aqueous acetonitrile (40 % v/v) containing 0.1% TFA (v/v) and
dried using centrifugal evaporation.

Derivatization of oligosaccharides and N-glycans with MIEA*

An aliquot (10 pL) of MIEA* derivatization solution [70 mM (MIEA)(BF,) and 0.1 M sodium cyanoborohydride
in dimethyl sulfoxide/acetic acid solution (7:3, v/v)] was added to each sample and vortexed until completely
dissolved. This mixture was heated at 70 °C for 4 h.

UPLC-MS profiling of oligosaccharides and N-glycans

Chromatographic analyses were performed on a Shimadzu LCMS 8040 system (Shimadzu Corporation, Kyoto,
Japan) consisting of an LC-30AD pump equipped with a low-pressure gradient mixing unit and a SIL-30AC
autosampler coupled to the ESI mass spectrometer. Analyte separation was achieved by HILIC separation
(Hydrophobic interaction liquid chromatography) using an ethylene-bridged hybrid (BEH) UPLC column
(Waters Acquity glycan column, 1.7 um, 2.1x150 mm). Samples were analyzed at a column temperature of
60 °C. The flow rate was adjusted to 0.4 mL/min, and aqueous NH ,COOH (pH 4.5, 50 mM, solvent A) and ace-
tonitrile (solvent B) were used as mobile phases. The separation of the MIEA*derivatized oligosaccharides
was achieved using the following gradient elution: A linear gradient of 88-53 % of solvent B was applied from
1.5 to 35 min, then decreased to 0 % and held for 0.5 min. Solvent B was then increased to 88 % and the column
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was equilibrated with the initial conditions for 3.5 min. For the separation of MIEA*-derivatized N-glycans,
a slightly different elution gradient was used: A linear gradient of 78—-60 % of solvent B was applied from 0
to 6 min and decreased to 45 % over 44.5 min followed by a further decrease to 30 % over 2 min, then held at
30 % for 2 min. The relative amount of solvent B was then increased to 78 % and the column was equilibrated
with the initial conditions for 6.5 min.

MALDI-ToF mass spectrometric analysis

Derivatized samples were diluted 20-fold with deionized water, then analyzed by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-ToF-MS). A Bruker Autoflex Speed mass
spectrometer (equipped with a 1000 Hz Smartbeam-II laser) was used for analyzing the samples using
2,5-dihydroxybenzoic acid as matrix. Mass Spectra were processed using Bruker Flexanalysis software
version 3.3 and were annotated manually.

NMR analysis of MIEA*

'H and “C spectra were obtained on a 400 MHz Bruker BioSpin NMR spectrometer fitted with a 5 mm PABBO
BB-1H/D Z-GRD probe at 296 K. The data were processed using MestReNova version 8.1.

Sample quantification

MIEA*maltose was quantified using the quantitative monosaccharide analysis protocol developed by Stepan
etal. [30], with optimized conditions [31, 32]. MIEA*-maltose was first isolated using HILIC-UPLC, dried by vacuum
concentration, and then resuspended in 100 uL deionized water. Ten microliter was taken out and hydrolyzed
with 1 mL of trifluoroacetic acid (TFA, 4 M) at 110 °C for 6 h. The hydrolyzed sample was dried by vacuum con-
centration, and residual TFA was removed by three cycles of adding/drying of methanol (0.5 mL) using vacuum
centrifugation. The dried sample was then resuspended in 5 uL of aqueous NaAc solution (48.2 mg/mL). Ten
microliter of 2AA solution (3 mg of 2AA and 30 mg of sodium cyanoborohydride in 1 mL of 2 % (w/v) boric acid in
methanol) was added, mixed thoroughly and incubated at 80 °C for 60 min. The derivatized sample was diluted
10-fold with deionized water and analyzed with a Shimadzu Nexera HPLC system equipped with an RF-20Axs
fluorescence detector and a reverse-phase column (Phenomenex Hyperclone, 5 um ODS, 120 A, 250 x 4.60 mm).
The separation on HPLC was achieved as follows: Solvent A consisted of 1% (v/v) tetrahydrofuran (THF), 0.5 %
(v/v) phosphoric acid, and 0.2% (v/v) n-butylamine in water; solvent B was acetonitrile. The flow rate was
adjusted to 1 mL/min and the excitation/emission wavelengths were set at 360/425 nm. Solvent B was started at
a relative concentration of 2.5 % and held for 7 min, and a linear gradient of 2.5 - 18 % of solvent B was applied
from 7 to 25 min. Then solvent B was increased to 95 % in 2 min and held for 5 min. Solvent B was then decreased
t0 2.5% in 1 min and the column was equilibrated with the same conditions for 7 min.

Results and discussion

Synthesis of 1-(2-aminoethyl)-3-methyl-1H-imidazole-3-ium tetrafluoroborate
[MIEA][BF,]

A novel amino-functionalized ionic liquid [1-(2-aminoethyl)-3-methyl-1H-imidazole-3-ium][BF,], abbreviated
[MIEA][BF 4], was synthesized from commercially available N-methylimidazolium and tert-butyl N-(2-bromoethyl)
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carbamate, followed by recrystallization and using KBF, for exchanging bromide with tetrafluorobromide. The
overall total yield of this two-step synthesis was calculated to be 49 %. The structure and purity of [MIEA][BF ]
was verified by 'H and 3C NMR spectroscopy. NMR signals were annotated as following:

'H NMR (400 MHz, D,0): § (ppm) 8.61 (s, 1H, H-2), 7.38 (s, 2H, H-4, H-5), 4.44-4.40 (t, J=8 Hz, 2H, H-6),
3.86 (s, 3H, H-9), 3.60-3.55 (t, /=12, 8 Hz 2H, H-7). »C NMR (101 MHz, D,0): § (ppm) 135.02 (C-2), 123.02 (C-4),
119.48 (C-5), 66.14 (C-6), 40.52 (C-7), 35.61 (C-9) (Supplementary Fig. S1).

Detection of MIEA*-labeled standard sugars with LC-MS and MALDI-ToF MS

To explore the application of [MIEA][BF,] in the derivatization of saccharides, maltose was chosen as a
test substrate. The labeling reaction was taken in dimethyl sulfoxide/acetic acid solution with sodium
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Fig. 1: MALDI-ToF-MS and LC-ESI-MS spectra of MIEA* labeled standards maltose (a), maltotriose (b), GIcNAc (c), and chitibiose (d).
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cyanoborohydride and monitored with MALDI-ToF MS. After incubation of the mixture at 70 °C for 4 h,
almost no underivatized maltose could be detected, and a new mass peak with an m/z value of 452.2 was
observed, which matches the calculated molecular mass of MIEA*maltose (452.2 Da for [M]*, Fig. 1a).
The product was further verified by detection of a hexose fragment (162.2 Da) by MALDI-ToF MS/MS
(Supplementary Fig. S2). Given these obtained mass values, we presume that the derivatization of maltose
by MIEA* follows the expected reaction mechanism referred as reductive amination [33]: the free aldehyde
at the reducing end of maltose is converted to an imine by the reaction with the amine group of MIEA*
(Scheme 1b). The same amination reaction was also observed in the derivation of maltotriose as judged by
MALDI-ToF MS and LC-ESI-MS analysis. An m/z value about 614.0 was detected fitting the calculated mass
value of MIEA*-maltotriose (in [M]*form).

To determine the detection limit of the MIEA* labeled sugars, MIEA*-maltose was purified with HILIC
chromatography and the concentration determined using quantitative monosaccharide analysis. Various
concentrations of MIEA*maltose (1-150 M) were then prepared and subsequently analyzed by LC-ESI-MS.
The obtained peak areas correlated in a linear manner with the expected concentrations in the range of
10 pmol to 150 pmol. The limit of detection (LOD, S/N=3) for MIEA* labeled maltose was determined to be
6.8 pmol, and the limit of quantification (LOQ, S/N=10) was determined to be 28.0 pmol.

N-Acetylglucosamine (GIcNAc) and chitobiose (GIcNAc,), which share the same configuration of the
hemiacetal moiety with N-glycans, were further selected to confirm the versatility of the MIEA* derivatiza-
tion agent, and mass spectrometric analyses showed the corresponding masses for GlcNAc (313.0 [M]*) and
chitobiose (516.4 [M]*) of the reaction products (Fig. 1c and d). According to the MS spectra, the MIEA* labeled
sugars could be detected by both MALDI-ToF-MS and LC-ESI-MS analyses.

Detection of MIEA*-labeled dextran with LC-MS and MALDI-ToF MS

Dextran oligomers (o1,6-linked D-glucopyranosides consisting of 2-20 monomer units) are routinely
applied as a standard for deduction of N-glycan structure based on the calculated standard glucose
value (GU value) [34-36]. After derivatization of dextran oligomers with MIEA*, the reaction mixture was
analyzed by both MALDI-ToF-MS and LC-ESI-MS. The observed m/z values of [M]* ions (614.3, 776.3, 938.3,
1100.3, 1262.4, 1424.4, 1586.5, 1748.5, 1910.5, 2072.5, 2234.5, 2396.5, 2559.5, 2721.6) correlated well with the
theoretical mass values for MIEA*labeled dextran oligomers (Fig. 2a). A total of 14 different MIEA*labeled
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Scheme 1: The synthetic route of [MIEA][BF,] and derivation of glycoses and aminoglycosides.
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oligomers ranging from 3 to 16 glucose units were detected. As expected, the sequential addition of a
hexose residue (AHEX =162.0 Da) was observed between each observed mass peak. The same sample was
also analyzed by LC-ESI-MS. After separation of the analytes by HILIC chromatography, the MIEA*dextran
analytes with a degree of polymerization between 1 and 8 were detected in the elution time range between
12.5 and 42.5 min (Fig. 2b).

Detection of MIEA*-labeled N-glycans from glycoprotein standards

Three different standard glycoproteins including horseradish peroxidase (HRP), RNase B and bovine lactofer-
rin were chosen as starting material for N-glycan preparation. These glycoproteins bear a range of glycoforms,
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Fig. 2: MALDI-ToF-MS and LC-ESI-MS spectra of MIEA*-labeled dextran oligomers. (@) MALDI-ToF-MS spectrum; (b) LC-ESI-MS
spectrum.
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including high-mannose-, complex- and hybrid-type N-glycans. The high proportion of glycosylation of HRP
(>20% of the glycoprotein mass are N-glycans) makes it an ideal source to verify the methodology of MIEA*
labeling of N-glycans. According to previous reports [37, 38], HRP contains mainly two different N-glycan
structures, the biantennary complex-type bearing both core o1,3-fucosylation and B1,2-xylosylation (MMXF,
~80 %), and a glycoform without core fucosylation (MMX, ~13 %). The LC-ESI-MS analysis of the MIEA*-labeled
HRP N-glycans showed that MMXF was eluted at 12.9 min as the main peak with an observed m/z value of
1280.4 ([M]*, Fig. 3a). Higher charged ions of MIEA-MMXF (640.7 [M+H]*, 651.7 [M+ Na]* and 659.7 [M+K]*)
were also detected at the same retention time. The MIEA-MMX derivative was detected at a retention time of
12.4 min with the expected m/z values of 1134.3 [M]*, 567.5 [M+ H]*, 578.5 [M+ Na]** and 586.5 [M + K]*.

RNase Bis a glycoprotein bearing only high-mannose type N-glycans and consists mainly of M5, M6, M7,
M8 and M9 glycoforms (Fig. 3b) [39, 40]. The N-glycans from RNase B were labeled with MIEA*, separated
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Fig. 3: Extracted ion chromatogram (EIC) profile for MIEA*-labeled N-glycans from HRP, RNase B and lactoferrin. (a) EIC profile
of MIEA*-labeled N-glycans from HRP; (b) a summary of all annotated MIEA*-labeled N-glycan structures; (c) EIC profile of MIEA*-
labeled N-glycans from RNase B; (d) EIC profile of MIEA*-labeled N-glycans from lactoferrin.
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on HILIC-UPLC and detected with ESI-MS using the same procedures as HRP. As shown in Fig. 3c, all of
the five glycoforms of RNase B of both mono-charged ions and di-charged ions were observed, including
MIEA*M5 (1326.3 [M]*, 663.7 [M+H]* and 674.7 [M + Na]*), MIEA*M6 (1488.3 [M]*, 744.8 [M +H]*, 755.7
[M+NaJ* and 763.8 [M + K]**), MIEA*-M7 (1650.4 [M]* and 825.8 [M + H]?*), MIEA*-M8 (1812.4 [M]* and 906.9
[M+ H]*), and MIEA*-MS9 (1975.5 [M]* and 988.1 [M + H]*).

Bovine lactoferrin was described to bear up to 42 different glycoforms at five potential N-glycosylation
sites [41]. After labeling by MIEA*, 18 distinct MIEA* labeled glycoforms were detected and separated by
LC-ESI-MS (Fig. 3b and d, Supplementary Table 1). It is notable that also the isomeric separation of MIEA*
labeled N-glycans was observed. For example, two peaks exhibited the same m/z value of 1716.5, which can be
assigned as an MIEA*labeled, monofucosylated, monogalactosylated, biantennary complex N-glycan (theo-
retical m/z=1716.7 [M]*). Other examples for isomeric separations were observed for M5A1, M5A1G1, M7, A3G1
and M8 N-glycans.

Conclusion

In this report, we describe the synthesis and application of a new ionizing label for the derivatization of
carbohydrates. The synthesis can be performed in only two steps, and the simple purification procedure by
recrystallization and filtration allows the isolation of the pure compound in gram scale. The derivatization of
carbohydrates by MIEA* was demonstrated using various monosaccharides, disaccharides, and oligosaccha-
ride standards. The analysis of the reaction products by MALDI-ToF-MS or LC-ESI-MS does not require prior
purification of the analytes and showed high sensitivity. MIEA* was furthermore successfully applied for the
derivatization and subsequent analysis of N-glycans from various glycoproteins. The separation of MIEA*-
dextran oligomers and MIEA* derivatized N-glycans with HILIC-UPLC was comparable to that described for
other N-glycan derivatization agents such as 2-aminobenzamide or 2-aminopyridine. It is worth noting that
some isobaric N-glycans were also separated by this method, which could not easily be achieved by other
standard N-glycan analysis procedure using 2-aminobenzamide labeled N-glycans.

Abbreviations

2AA 2-aminobenzoic acid

2AB 2-aminobenzamide

LC-ESI-TOF Liquid chromatography-electrospray ionization-mass spectrometry
GlcNAc N-acetyl-B-D-glucosaminide

GU Glucose units

HILIC Hydrophilic interaction liquid chromatography

HRP Horseradish peroxidase

LOD Limit of detection

LOQ Limit of quantification

MALDI-ToF-MS Matrix assisted laser ionization-time of flight-mass spectrometry
MIEA* 1-(2-Aminoethyl)-3-methyl-1H-imidazole-3-ium

NMR Nuclear magnetic resonance spectroscopy

PNGase Peptide-N4-(N-acetyl-B-gluccosaminyl)asparagine amidase
RNase B Ribonuclease B

SDS Sodium dodecyl sulfate

TFA Trifluoroacetic acid

UPLC Ultra high-performance liquid chromatography
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