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            Abstract
Carbohydrates are ubiquitous biological polymers that are important in a broad range of biological processes1,2,3. However, owing to their branched structures and the presence of stereogenic centres at each glycosidic linkage between monomers, carbohydrates are harder to characterize than are peptides and oligonucleotides4. Methods such as nuclear magnetic resonance spectroscopy can be used to characterize glycosidic linkages, but this technique requires milligram amounts of material and cannot detect small amounts of coexisting isomers5. Mass spectrometry, on the other hand, can provide information on carbohydrate composition and connectivity for even small amounts of sample, but it cannot be used to distinguish between stereoisomers6. Here, we demonstrate that ion mobility–mass spectrometry—a method that separates molecules according to their mass, charge, size, and shape—can unambiguously identify carbohydrate linkage-isomers and stereoisomers. We analysed six synthetic carbohydrate isomers that differ in composition, connectivity, or configuration. Our data show that coexisting carbohydrate isomers can be identified, and relative concentrations of the minor isomer as low as 0.1 per cent can be detected. In addition, the analysis is rapid, and requires no derivatization and only small amounts of sample. These results indicate that ion mobility–mass spectrometry is an effective tool for the analysis of complex carbohydrates. This method could have an impact on the field of carbohydrate synthesis similar to that of the advent of high-performance liquid chromatography on the field of peptide assembly in the late 1970s.
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                    Figure 1: Structural features of complex carbohydrates.[image: ]


Figure 2: Structure and IM–MS data of trisaccharides 1–6.[image: ]


Figure 3: Relative quantification of configurational trisaccharide isomers.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Automated synthesis of oligosaccharides 20–25.
Ar, 2-methyl-5-tert-butylphenyl; Bn, benzyl; Bz, benzoyl; Cbz, carboxybenzyl; Et, ethyl; Fmoc, fluorenylmethyloxycarbonyl.


Extended Data Figure 2 Automated synthesis of oligosaccharides 26–28.
Ac, acetyl; Bn, benzyl; Bu, butyl; Bz, benzoyl; Cbz, carboxybenzyl; Et, ethyl; Fmoc, fluorenylmethyloxycarbonyl; lev, levulinoyl; TCA, trichloroacetimidate; UV, ultraviolet.


Extended Data Figure 3 Drift-time distributions of trisaccharides 1–6 as different species in positive- and negative-ion mode.
The CCS difference between the most compact and the most extended isomer of each set is given as a percentage. Small CCS differences are observed in positive-ion mode (a, b), which makes an unambiguous identification of the trisaccharides difficult. The largest CCS differences are observed using deprotonated ions (c), allowing the identification of linkage isomers (for example, 3 + 6) and stereoisomers (for example, 2 + 3). A clear identification of regioisomers with a terminal 1→3 or 1→4 glycosidic bond can be obtained for chloride adducts (d).


Extended Data Figure 4 Comparison of drift times and CCSs of structurally similar precursor ions and fragments.
a, Mass spectra of trisaccharides 5 and 6, as well as a tandem MS spectrum of 7 (β-Gal-(1→3)–β-GlcNAc-(1→3)–α-Gal-(1→4)–β-Gal-(1→4)–β-Glc-L; L = C5H10NH2) in negative-ion mode. The pentasaccharide 7 has the same core structure as the trisaccharide 6. Collision-induced dissociation of deprotonated 7 consequently produces a fragment with the same mass as the deprotonated precursor ion of 6. b, Drift-time distributions of [M-H]− = 588 ions. The collision-induced dissociation fragment arising from deprotonated 7 exhibits an drift time and CCS identical to those of the intact deprotonated trisaccharide 6. This indicates that glycans and glycan fragments with identical structures also exhibit identical CCSs. Seen from a broader perspective, this highlights the exceptional potential of negative-ion CCSs to be used as a diagnostic parameter for glycan sequencing.


Extended Data Figure 5 IM–MS differentiation and identification of the hexasaccharides 8 (black) and 9 (red).
As deprotonated ions, 8 and 9 show almost identical drift times and therefore cannot be distinguished. However, smaller collision-induced dissociation fragments containing five, four, or three monosaccharide building blocks (m/z 1,017, 832, and 652, respectively) exhibit highly diagnostic drift times. At m/z 832, a double peak is observed for the branched oligosaccharide 8 (inset, black trace), because two isomeric fragments are formed. Both fragments can be detected simultaneously using IM–MS, with cleavage at the 3-antenna being clearly preferred. The disaccharide fragments at m/z 467 and 364 are identical for 8 and 9 and consequently exhibit identical drift times.


Extended Data Figure 6 Alternative synthesis of oligosaccharide 5 and corresponding IM–MS analysis.
a, An alternative route for synthesizing 5 uses building block 11 instead of 12, which results in a mixture of the disaccharides 31 and 32 and subsequently in a mixture of trisaccharides 5 and 30. Neither the fully protected trisaccharides 29 and 29-by-product, nor the deprotected sugars 5 and 30, can be separated by HPLC. The formation of 29-by-product can be detected using NMR analysis, but a clear structural assignment is not possible owing to the low relative concentration. b, [M-H]− = 588 and c, [M+Cl]− = 624 drift-time distributions of trisaccharides 1–6 compared to the drift time of the crude mixture consisting of 5 and 30 clearly reveal a content of about 5% by-product 30. In particular, the drift time of the chloride adduct of 30 is very diagnostic, because it differs considerably from the drift times of all other trisaccharides investigated here.


Extended Data Figure 7 Correlation between signal intensity and ion mobility peak width in mixtures of 2 and 4.
a, Drift-time distributions of [M + H]+ and [M + Na]+ ions at high (upper panels) and low (lower panels) signal intensity. The given average ion count per second corresponds to the signal detected for the major isotope peak. High signal intensities result in peak broadening and reduced ion mobility resolution, whereas a considerably improved separation is achieved at lower intensity. b, Drift-time distributions of [M-H]− ions from a mixture of <1% 4 and >99% 2. Measurements at high signal intensity can be used to qualitatively detect 4. At low intensity, however, 4 is discriminated and no signal can be detected.


Extended Data Table 1 Sequences and conditions for automated oligosaccharide synthesis.Full size table


Extended Data Table 2 Estimated nitrogen CCSs (TWCCSN2) for trisaccharides 1–6 and by-product 30.Full size table


Extended Data Table 3 Relative concentrations of 2 and 3 in the investigated mixtures and their corresponding relative concentration ratio x(3) = [3]/[3 + 2].Full size table
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The branched structure and stereoisomerism of carbohydrates make them difficult to analyse, especially if they are synthetic. Peter Seeberger and colleagues demonstrate here that ion mobility–mass spectrometry (IM–MS), a method that separates molecules according to mass, charge, size, and shape, can unambiguously identify glycan regio- and stereoisomers. Six synthetic carbohydrate isomers that differ in composition, connectivity, or configuration were analysed. The analysis is rapid and requires only small amounts of sample, suggesting that IM–MS will be an exceptionally effective tool for the analysis of complex carbohydrates.
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