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Advances in mass spectrometry are leading to new methods to sequence glycans. While MS/MS methods can distinguish some glycan structural features,1-3 their resolution is limited. These limitations are especially apparent in analyzing bacterial glycans, as over 600 different monosaccharide building blocks can be included.4,5 Many monosaccharides in this pool have identical masses and differ only in substituent stereochemistry. Moreover, a single saccharide building block can exist in pyranose and furanose forms, as is the case for galactose. Finally, the regiochemistry of glycan attachment can vary, as can the configuration at the anomeric position. Thus, the challenges of glycan analysis require new analytical methods.6-9 Major advances have been made in microarray methods,10,11 and mass spectrometry-based glycomics. In particular, ion mobility spectrometry (IMS) can be used for upfront separation and structural characterization, and infrared ion spectroscopy of mass-selected ions (MS-IR) provides an additional diagnostic of isomers.8, [START_REF] Both | Discrimination of Epimeric Glycans and Glycopeptides Using IM-MS and Its Potential for Carbohydrate Sequencing[END_REF][START_REF] Gray | Applications of Ion Mobility Mass Spectrometry for High Throughput, High Resolution Glycan Analysis[END_REF][START_REF] Deng | Ion Mobility Separations of Isomers Based upon Long Path Length Structures for Lossless Ion Manipulations Combined with Mass Spectrometry[END_REF][START_REF] Ujma | Cyclic Ion Mobility Mass Spectrometry Distinguishes Anomers and Open-Ring Forms of Pentasaccharides[END_REF][START_REF] Gray | Bottom-Up Elucidation of Glycosidic Bond Stereochemistry[END_REF][START_REF] Ben Faleh | Combining Ultrahigh-Resolution Ion-Mobility Spectrometry with Cryogenic Infrared Spectroscopy for the Analysis of Glycan Mixtures[END_REF][START_REF] Warnke | Separation and Identification of Glycan Anomers Using Ultrahigh-Resolution Ion-Mobility Spectrometry and Cryogenic Ion Spectroscopy[END_REF][START_REF] Mucha | Glycan Fingerprinting via Cold-Ion Infrared Spectroscopy[END_REF] The need for advanced methods for glycan analysis is exemplified by the complexity of fully defining a single residue-galactose-within a glycan. Galactose exists in the cyclic five-membered ring furanose and the more common six-membered ring pyranose forms.20,21 Mammals use only the more stable galactopyranose isomer in their glycans; however, the galactofuranose isomer occurs in many microorganisms, including some bacterial species, protozoan parasites, and even multicellular organisms such as nematodes. Numerous organisms generate Galfcontaining glycans, many of which also possess galactopyranose-containing glycans, indicating the importance of accurately distinguishing between different isomers.

Until recently, the means to distinguish between galactopyranose and galactofuranose within a glycan required the application of multiple methods. Nuclear magnetic resonance spectroscopy and vibrational circular dichroism structural analysis in tandem proved to be reliable methods for conformational elucidation of furanose rings.22,23 Alternatively, techniques derived from gas-phase molecular spectroscopy could be used to identify subtle isomeric variations.24,25 More efficient methods, however, are needed to streamline analysis.

MS-IR is a method for glycan analysis that unites tandem mass spectrometry and gas-phase IR spectroscopy. [START_REF] Schindler | Anomeric Memory of the Glycosidic Bond upon Fragmentation and Its Consequences for Carbohydrate Sequencing[END_REF] In short, a mass spectrometer is modified to allow laser irradiation of m/z selected ions. In traditional IR absorption spectroscopy, the transmitted light is measured as a function of the wavelength and the spectrum retrieved using the Beer-Lambert formula. This approach cannot be applied to MS-IR because of the extremely low density of ions. We addressed this issue using an "action spectroscopy" strategy called infrared multiple photon dissociation (IRMPD). In IRMPD, absorption, as a function of wavelength, is detected via the observation of photoinduced fragmentation of the irradiated ions. In general, this hybrid approach has three benefits. First, in a heterogeneous sample, optical signatures are obtained for each analyte after m/z-based separation. Second, the mass spectrometric data is augmented with spectroscopic information, allowing one to observe subtle differences between isomers. IRMPD has been broadly used to analyze biomolecular ions,27 and can successfully identify diastereoisomers,28,29 epimers,30,31 anomeric configuration,16,26 ring size,37 and regiochemistry of different saccharides.32,33 Third, in absence of solvent, the O-H and N-H stretching vibrations are better resolved than in the condensed phase. This spectroscopic technique has the advantages of sensitivity, as only small sample quantities typical of MS are needed and low temperatures are not required.19,34 Thus, in the appropriate wavelength range, the coupling of IR spectroscopy with MS enables the analysis of glycans with identical weight because different isomers will give rise to distinct O-H stretch patterns. We postulated that MS-IR could be used to characterize galactose monosaccharide isomers and galactose-containing saccharides.

Distinguishing between galactopyranose and galactofuranose and their anomers is a challenge. Most pyranose sugars have well-defined conformations, but the galactofuranose ring is highly flexible. The lack of rigidity complicates its analysis by spectroscopic methods, including sensitive techniques such as nuclear magnetic resonance spectroscopy.23 Second, these hexoses are not basic; therefore, they do not easily protonate.

Carbohydrates can readily form stable ionic complexes in electrospray ion sources, provided the cations are introduced as salts. For example, Li+ and Na+ adducts of carbohydrates can increase ion signal and sensitivity in mass spectrometry. [START_REF] Kailemia | Oligosaccharide Analysis by Mass Spectrometry: A Review of Recent Developments[END_REF] For MS-IR analysis, however, the ion adduct must both promote ionization and enable structural resolution of the spectroscopic fingerprint. Carbohydrate complexation with such Li+ and Na + can yield IRMPD data with fewer spectroscopic features.28,29 As a rule, protonated ions tend to have more distinct IR fingerprints than alkali adducts. For acidic carbohydrates, the formation of ammonium adducts has been suggested to be an alternative to protonation. [START_REF] Schindler | IRMPD Spectroscopy Sheds New (Infrared) Light on the Sulfate Pattern of Carbohydrates[END_REF] To date, MS-IR reports on neutral sugars are scarce and are limited to alkali adducts.26,34,36 For neutral sugars, however, each hydroxyl group is equally basic. We envisioned that ammonium ions could form a bifurcated hydrogen bond network with hydroxyl groups. This interaction should localize the ion to specific sites on the glycan and give rise to a distinct fingerprint. Here we test this hypothesis using a panel of neutral galactose isomers.

To determine whether MS-IR would be effective, we examined four isomers of galactose with fixed ring size and anomeric configuration (Figure 1). Their structures, which were validated by NMR spectroscopy, were designed to assess whether distinctive MS-IR signatures could be obtained. When the four methylated galactose isomers were analyzed, ions were detected at m/z 212 for the ammonium adducts. Under collision-induced dissociation (CID), fragmentation of the most labile group should occur, which is generally the anomeric substituent. In the case of methyl glycosides, cleavage of the methoxyl group ensues. As a result, the ammonium adducts yielded two main fragments: m/z 195, corresponding to the loss of ammonia, and m/z 163, indicating a release of both methanol and ammonia (Figure S1). Spectra of the Li + adducts showed loss of methanol (Figure S2). Though protonated galactose ions are not produced in the source, they are easily obtained by fragmentation of the ammonium adduct and are detected at m/z 195 in the MS/MS spectrum of ammonium adducts. This fragment can be re-isolated for further MS/MS study (Figure S3).

Features of the spectra from the ammonium adducts include C-H vibrational activity around 2950 cm-1, intense N-H vibrational activity around 3350 cm-1 from the NH4 + moiety, and a resolved hydroxyl group stretch pattern above 3500 cm-1 (Figure 2). For methyl-α-D-Galp (1) and methyl-β-D-Galp (2), this pattern consists of two bands, while methyl-α-D-Galf (1) or methyl-β-D-Galf (2) afforded a single band. The intense peak centered around 3580 cm-1 is visible in both pyranose anomers but absent from either of the furanose spectra. Thus, we could distinguish galactofuranose and galactopyranose isomers.

The ammonium adduct data are less distinguishing of anomers. For galactopyranose, the α-and βanomers give rise to distinctive C-H bond stretching profiles around 2950 cm-1. Specifically, α-Galp 1 gives rise to a single peak centered at 2955 cm-1, whereas β-anomer 2 affords a more complex spectrum consisting of a doublet at 2914/2955 cm-1, with moderate vibrational activity extending toward 3200 cm-1. For galactofuranose glycosides, the vibrational fingerprints of the α and β anomers are similar, yet a slight shift of about 20 cm-1 is visible in the O-H mode: 3640 cm-1 for α-Galf 3 and 3660 cm-1 for β-Galf 4. The IR signatures of the Li+ adducts are more congested and less distinguishing of the four isomers, yet the minor bands reveal reliable differences between them (Figure S4). The protonated ions did not afford diagnostic spectra (Figure S5).

Although the spectra of the ammonium-galactose adducts of the anomeric isomers were more difficult to interpret, they were diagnostic of ring size. The IR fingerprint of galactopyranose is characterized by an intense O-H signal at 3580 cm-1, which is absent from the spectra of galactofuranose. Additionally, although the bands from the lithium adducts show less contrast, they are diagnostic of α and β anomers. Thus, different adducts can be used to reveal distinct structural information: the ammonium adducts are diagnostic of the ring size, while the lithium adducts can distinguish stereochemistry.

We used our fingerprint for the monomers to analyze two galactose-containing disaccharides (Figure 3). Specifically, we tested whether the IR fingerprint could distinguish between galactopyranose-containing and galactofuranose-containing disaccharides: N-acetyllactosamine (β-D-Galp-(1,4)-GlcpNAc, 5) and β-D-Galf-(1,4)-GlcpNAc, 6. For these isomers, the Nacetylglucosamine residue has a basic substituent that ensures the facile formation of protonated ions. We therefore acquired IR data from the protonated species and the lithium-ion adducts in water/methanol. The mass spectra of the disaccharides revealed signals at m/z 384 and m/z 390 for protonated ions and the lithium-ion adducts, respectively. The CID spectra of the protonated and lithium disaccharide adducts (Figures S6 andS7, respectively) had signatures consistent with the expected fragmentation patterns: a loss of water (at m/z 366 and m/z 372 for the protonated and lithium-ion species). The protonated disaccharides also afforded two intense fragments at m/z 222 and m/z 204 that correspond to the Y and Z fragments after cleavage of the glycosidic bond. The lithium-complexed disaccharides show a small amount of B, C, Y, and Z fragments and cross-ring fragments. Overall, MS/MS analysis featured the same fragments for both galactose-containing isomers, highlighting the need for IRMPD analysis.

The IRMPD signatures of the protonated galactosecontaining disaccharide adducts were consistent with the ammonium adducts of the monosaccharide standards. First, they show an intense vibrational activity throughout the whole frequency range (Figure 4). The furanose and pyranose forms have similar IR profiles but feature distinctive O-H patterns above 3500 cm-1. Compound 6 gives rise to a doublet of O-H modes at 3630 and 3660 cm-1. The IRMPD spectrum of N-acetyllactosamine 5 also has a third significant O-H mode at 3600 cm-1, which is indicative of galactopyranose (Figure 4). The features of the IRMPD fingerprints of lithium cation adducts in the [2700, 3700] cm-1 range align with those observed for the monosaccharide standards (Figure S8). The IR fingerprints of the lithium adducts show significantly less vibrational activity than those of the protonated species; however, a secondary band of lower intensity at 3600 cm-1 is visible in the spectrum of Nacetyllactosamine 5 yet absent from the spectrum of isomer 6. Thus, the galactose ring size between these two compounds can be resolved in both protonated and lithiated species.

The disaccharide data above indicate that the protonated species is an excellent reporter of ring size: the overall spectra of the isomers show many different features. Determination of ring size is also possible, albeit with less contrast, using lithium adducts. Thus, MS-IR can distinguish galactopyranose-and galactofuranose-containing oligosaccharides.

The relationship between the structure and function of bacterial polysaccharides can be difficult to dissect. Developing analytical methods to discriminate pyranose and furanose building blocks in polysaccharides is critical for sequencing bacterial glycans. For example, the O-antigens of some Klebsiella pneumoniae strains have sequences with both galactofuranose and galactopyranose.22 Because our MS-IR strategy can distinguish ring size and the anomeric configuration, it can aid in polysaccharide analysis. The IRMPD signatures of the α and β isomers of methyl galactoside in pyranose and furanose forms were obtained with ammonium and lithium adducts. For ring size determination, ammonium adducts offer a reliable diagnostic. If knowledge of the ring size and the anomeric configuration is required, the IRMPD spectra of Li+ adducts exhibit distinct patterns for all four isomers. In contrast, the spectra of protonated ions did not give rise to diagnostic patterns. Similarly, we collected IRMPD signatures of galactose-containing disaccharides for protonated and Li+ adducts. The galactose residue ring size could be resolved with either adduct.

Our results highlight the power of MS-IR spectroscopy for analyzing glycans. The identification of ring size and anomer demonstrated here is promising for the analysis of oligosaccharides. We anticipate that the proposed MS-IR diagnostic for the presence of galactofuranosyl rings will help determine glycan structures in microbes that range from pathogenic to commensal bacteria, as well as in protozoan and fungal pathogens. Such data can also benchmark computational approaches, which are notoriously less effective for hexofuranose than for hexopyranose rings, as the former has greater conformational flexibility.23,37,38 More broadly, these data highlight the capabilities of IRMPD in developing highresolution carbohydrate sequencing methods, including the analysis of neutral sugars.
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