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Protonated α-GalNAc-Glycopeptide Dissociation Chemistry

We recently provided mass spectrometric, H/D labeling, and computational evidence of pyranose to furanose N-Acetylated ion isomerization reactions occurring prior to glycosidic bond cleavage in both O-and N-linked glycosylated amino acid model systems (Phys. Chem. Chem. Phys., 2021, 23, 23256-23266). These reactions occurred irrespective of glycosidic linkage stereochemistry (α/β) and N-Acetylated hexose structure (GlcNAc/GalNAc). In the present article we test the generality of the preceding findings by examining Threonyl α-GalNAc glycosylated peptides. We utilize computational chemistry to compare the various dissociation and isomerization pathways accessible with collisional activation. We then interrogate the structure(s) of the resulting charged glycan and peptide fragments with infrared "action" spectroscopy. Isomerization of the original pyranose, protonated glycopeptide, [AT(GalNAc)A+H] + , is predicted to be facile compared to direct dissociation, as is glycosidic bond cleavage of the newly formed furanose form. i.e., furanose oxazolinium ion structures are predicted to predominate. IR action spectra for the m/z 204, C8H14N1O5 + , glycan fragment population support this prediction. The IR action spectra of the complementary m/z 262, peptide fragment are assigned as a mixture of the lowest energy structures of [ATA+H] + consistent with the literature. If general, the change to a furanose m/z 204 product ion structure fundamentally alters the ion population available for MS 3 dissociation and glycopeptide sequence identification.

Peptide and protein glycosylation is widespread in biological systems. Glycosylation is involved in the pathogenesis of diseases, with variations of glycan at each particular site thought to provide further biomarkers of disease [START_REF] Bones | Ultra Performance Liquid Chromatographic Profiling of Serum N-Glycans for Fast and Efficient Identification of Cancer Associated Alterations in Glycosylation[END_REF][START_REF] Saldova | Ovarian Cancer Is Associated with Changes in Glycosylation in Both Acute-Phase Proteins and IgG[END_REF][START_REF] Miyoshi | Fucosylated Haptoglobin Is a Novel Marker for Pancreatic Cancer: Detailed Analyses of Oligosaccharide Structures[END_REF][START_REF] Okuyama | Fucosylated Haptoglobin Is a Novel Marker for Pancreatic Cancer: A Detailed Analysis of the Oligosaccharide Structure and a Possible Mechanism for Fucosylation[END_REF][START_REF] Dube | Glycans in Cancer and Inflammation -Potential for Therapeutics and Diagnostics[END_REF][START_REF] Rachagani | Current Status of Mucins in the Diagnosis and Therapy of Cancer[END_REF][START_REF] Cazet | Consequences of the Expression of Sialylated Antigens in Breast Cancer[END_REF][START_REF] Tian | Characterization of Disease-Associated N -Linked Glycoproteins[END_REF][START_REF] Chernykh | Towards Structure-Focused Glycoproteomics[END_REF] and immune response. [START_REF] Gornik | Changes of Serum Glycans during Sepsis and Acute Pancreatitis[END_REF][START_REF] Sperandio | Glycosylation in Immune Cell Trafficking[END_REF] The spike, envelope, and membrane structural proteins of SARS-CoV-2 and other coronaviruses are glycosylated, affecting their attachment to host, entry, replication, and infection. [START_REF] Shajahan | Glycosylation of SARS-CoV-2: Structural and Functional Insights[END_REF][START_REF] Arnaud | Adding the Missing Sugars to Coronavirus Protein Structures[END_REF] These also affect the viruses ability to mask the proteins from the body's immune system. [START_REF] Arnaud | Adding the Missing Sugars to Coronavirus Protein Structures[END_REF] Consequently accurate profiling of sitespecific glycan modifications has great importance. [START_REF] Darula | Analysis of Mammalian O-Glycopeptides -We Have Made a Good Start, but There Is a Long Way to Go[END_REF][START_REF] You | Recent Advances in Methods for the Analysis of Protein O-Glycosylation at Proteome Level[END_REF][START_REF] Ohtsubo | Glycosylation in Cellular Mechanisms of Health and Disease[END_REF][START_REF] Reily | Glycosylation in Health and Disease[END_REF] Despite numerous studies/approaches involving these analytes' there are still many challenges to glycoprotein sequencing. [START_REF] Chernykh | Towards Structure-Focused Glycoproteomics[END_REF][START_REF] Darula | Analysis of Mammalian O-Glycopeptides -We Have Made a Good Start, but There Is a Long Way to Go[END_REF] Current large-scale sequencing and identification of glycopeptides is contingent on algorithms almost wholly reliant on m/z differences between the fragment ion series. [START_REF] Peltoniemi | De Novo Glycan Structure Search with the CID MS/MS Spectra of Native N-Glycopeptides[END_REF][START_REF] Ozohanics | A New Software Tool to Elucidate Glycopeptide Composition[END_REF][START_REF] Goldberg | Automated N-Glycopeptide Identification Using a Combination of Single-and Tandem-MS[END_REF] Thus our ability to differentiate a hexose (Hex) from a N-Acetylated-hexose (HexNAc) residue or fragment, far outstrips our ability to determine which Hex or HexNAc was present. [START_REF] Chernykh | Towards Structure-Focused Glycoproteomics[END_REF][START_REF] Darula | Analysis of Mammalian O-Glycopeptides -We Have Made a Good Start, but There Is a Long Way to Go[END_REF] A greater understanding of the dissociation chemistry of these analytes is one way to improve the accuracy of structural assignments and subsequent confidence in claims based on these assignments. [START_REF] Chernykh | Towards Structure-Focused Glycoproteomics[END_REF][START_REF] Bythell | Cationized Carbohydrate Gas-Phase Fragmentation Chemistry[END_REF][START_REF] Guan | Evidence of Gas-Phase Pyranose-to-Furanose Isomerization in Protonated Peptidoglycans[END_REF] We recently investigated the dissociation chemistry of single-residue glycopeptide model systems for the core structures of N-linked glycosylation, mucin-type glycosylation, and O-GlcNAcylation. [START_REF] Guan | Evidence of Gas-Phase Pyranose-to-Furanose Isomerization in Protonated Peptidoglycans[END_REF] O-linked glycosylation is more varied than N-linked glycosylation due to the lack of either core glycan structures and the lack of consensus peptide sequences to ease identification of potential sites of glycosylation. [START_REF] Zhu | Carbohydrates on Proteins: Site-Specific Glycosylation Analysis by Mass Spectrometry[END_REF] However, O-linked glycosylation to an alpha N-Acetyl galactose, α-GalNAc [START_REF] Reily | Glycosylation in Health and Disease[END_REF][START_REF] Jensen | Mucin-Type O-Glycosylation -Putting the Pieces Together[END_REF][START_REF] Alley | Structural Glycomic Analyses at High Sensitivity: A Decade of Progress[END_REF] , residue is the most common residue and linkage type combination in humans and is also the subject of the present manuscript. Dissociation of these analytes produces GalNAc reporter ions at m/z 204 (Scheme 1). 23 Recently we provided mass spectral, isotopic (H/D) labelling, and computational evidence indicating that the dissociation chemistry of glycosylated amino acid model systems was more complex than had previously been believed. [START_REF] Guan | Evidence of Gas-Phase Pyranose-to-Furanose Isomerization in Protonated Peptidoglycans[END_REF] Earlier labelling and tandem mass spectrometric work had proposed mechanisms for these dissociation processes. [START_REF] Yu | Distinctive MS/MS Fragmentation Pathways of Glycopeptide-Generated Oxonium Ions Provide Evidence of the Glycan Structure[END_REF] In contrast, further, extensive [START_REF] Arnaud | Adding the Missing Sugars to Coronavirus Protein Structures[END_REF] C and [START_REF] You | Recent Advances in Methods for the Analysis of Protein O-Glycosylation at Proteome Level[END_REF] N labelling and ion-mobility data from Mookherjee et al. [START_REF] Mookherjee | Dissection of Fragmentation Pathways in Protonated N -Acetylhexosamines[END_REF] on bare N-Acetylated hexose model systems was not consis-tent with these early mechanistic proposals. [START_REF] Yu | Distinctive MS/MS Fragmentation Pathways of Glycopeptide-Generated Oxonium Ions Provide Evidence of the Glycan Structure[END_REF] i.e., HexNAc ions not attached to a peptide/amino acid. Our findings [START_REF] Guan | Evidence of Gas-Phase Pyranose-to-Furanose Isomerization in Protonated Peptidoglycans[END_REF] were more consistent with the Mookherjee et al.. [START_REF] Mookherjee | Dissection of Fragmentation Pathways in Protonated N -Acetylhexosamines[END_REF] We found evidence for pyranose to furanose isomerization prior to glycosidic bond cleavage. i.e., that furanose oxazolinium B1 ions are the predominant m/z 204 ion structure within the gas-phase populations (Scheme 1b). The newly released carbons 5 and 6 in the furanose structures are then available for secondary fragmentation to form the m/z 126 peak (loss of C2H4O2 and H2O) utilized to differentiate HexNAc-linked peptides based on MS 3 abundances. [START_REF] Guan | Evidence of Gas-Phase Pyranose-to-Furanose Isomerization in Protonated Peptidoglycans[END_REF][START_REF] Halim | Assignment of Saccharide Identities through Analysis of Oxonium Ion Fragmentation Profiles in LC-MS/MS of Glycopeptides[END_REF][START_REF] Yu | Distinctive MS/MS Fragmentation Pathways of Glycopeptide-Generated Oxonium Ions Provide Evidence of the Glycan Structure[END_REF][START_REF] Ashwood | Discrimination of Isomers of Released N-and O-Glycans Using Diagnostic Product Ions in Negative Ion PGC-LC-ESI-MS/MS[END_REF] METHODS SECTION Chemicals. HPLC grade Acetonitrile, HPLC grade water, and the formic acid were purchased from Sigma Aldrich (St. Louis, MO). Glycopeptides were custom synthesized by Karebay Biochemical, South Brunswick Township, New Jersey. All samples were used as received.

Tandem Mass Spectrometry. An electrospray ionization (ESI) Bruker MaXis plus quadrupole time-of-flight mass spectrometer (Bruker, Billerica, MA) was utilized for the initial MS and MS/MS experiments. Nitrogen was used as both nebulizing and drying gas in the ESI source. MS/MS spectra were obtained by quadrupole isolation of the precursor ion (E.g., [AT(GalNAc)A+H] + , m/z 465.1±4) followed by collision-induced-dissociation (CID) with nitrogen in the hexapole collision cell. Product ion dispersion was achieved by the time-of-flight mass analyzer. Data were collected as a function of collision energy (averages of 120 spectra presented). Ionization was by electrospray with the samples infused into the instrument in ~1 µM acetonitrile/water/formic acid (50/50/0.1) solutions at a flow rate of 3 µl min -1 .

IRMPD Spectroscopy. Spectra were collected at the Centre Laser Infrarouge d'Orsay [START_REF] Prazeres | Two-Colour Operation of a Free-Electron Laser and Applications in the Mid-Infrared[END_REF][START_REF] Lemaire | Gas Phase Infrared Spectroscopy of Selectively Prepared Ions[END_REF] in the X-H (X=N, O) stretching region (3200-3700 cm -1 ) provided by an optical parametric oscillator/amplifier (OPO/OPA from LaserVision) laser system [START_REF] Bakker | Gas-Phase Structure of a π-Allyl-Palladium Complex: Efficient Infrared Spectroscopy in a 7 T Fourier Transform Mass Spectrometer[END_REF][START_REF] Bakker | Tautomerism of Uracil Probed via Infrared Spectroscopy of Singly Hydrated Protonated Uracil[END_REF] light source. An Innolas Spitlight 600 non-seeded Nd:YAG (1064 nm, 550 mJ/pulse, bandwidth ~1 cm -1 ) laser running at 25 Hz and delivering pulses of 4-6 ns duration pumps this system. Typical output energy of the OPO/OPA was 12-13 mJ/pulse at 3600 cm -1 with a 3-4 cm -1 (FWHM) bandwidth.

Experimental spectroscopic work was carried out in a Bruker Apex IV Qe, a 7 Tesla Fourier transform-ion cyclotron resonance (FT-ICR) tandem mass spectrometer (Bruker, Bremen, Germany) [START_REF] Bakker | Gas-Phase Structure of a π-Allyl-Palladium Complex: Efficient Infrared Spectroscopy in a 7 T Fourier Transform Mass Spectrometer[END_REF] . Precursor ions were pulseextracted into the ICR cell where they were irradiated with IR light. With the OPO/OPA tuned on a vibrational transition of the mass-selected ion a significant boost in signalto-noise is achieved by irradiating the ions for a few ms with a CO2 laser pulse [10 Watt continuous wave (CW), BFi OPTiLAS, France] following each OPO/OPA pulse with a delay of ~1 μs. The total irradiation period was 1 s. This combination has been used previously. [START_REF] Yeh | Vibrational Spectroscopy of the Hydrated Hydronium Cluster Ions H3O+⋅(H2O)n (N=1, 2, 3)[END_REF][35][36][START_REF] Peiris | Infrared Multiple Photon Dissociation Spectra of Gaseous Ions[END_REF][START_REF] Lagutschenkov | Structure and Infrared Spectrum of the Ag+-Phenol Ionic Complex †[END_REF] The abundances of the precursors and their corresponding photo fragments were recorded at each IR wavenumber, which was scanned stepwise. IR action spectra were derived by plotting the IRMPD efficiency against the photon energy. A Savitzky-Galoy [START_REF] Savitzky | Smoothing and Differentiation of Data by Simplified Least Squares Procedures[END_REF] filter, with a rolling window length of 5 and a quadratic polynomial fit was used to smooth the raw datapoints.

IR action spectra were collected for the m/z 204.087 (C8H14N1O5 + ), produced from [AT(GalNAc)A+H] + , [PT(GalNAc)P+H] + , and [RVT(GalNAc)AG+2H] 2+ . i.e., the glycan fragment. The IR action spectrum of the m/z 262.143 [ATA+H] + , [AT(GalNAc)A+H-C8H14N1O5] + peptide fragment was also collected. These ions were formed by low-energy collisional activation and thermalization with Ar (∼10 -3 mbar) in the linear hexapole. For the m/z 204.087 ions the IRMPD fragments followed were m/z 186.076, 168.066, 144.066, and 126.055. For [ATA+H] + , the fragments followed were m/z 244.129 and 173.092.

Theoretical Methods. Similar to prior systems [START_REF] Guan | Evidence of Gas-Phase Pyranose-to-Furanose Isomerization in Protonated Peptidoglycans[END_REF][START_REF] Abutokaikah | Fragmentation Pathways of Lithiated Hexose Monosaccharides[END_REF][START_REF] Bythell | Sequence Ion Structures and Dissociation Chemistry of Deprotonated Sucrose Anions[END_REF][START_REF] Rabus | Sodium-Cationized Carbohydrate Gas-Phase Fragmentation Chemistry: Influence of Glycosidic Linkage Position[END_REF][START_REF] Rabus | Deprotonated Carbohydrate Anion Fragmentation Chemistry: Structural Evidence from Tandem Mass Spectrometry, Infra-Red Spectroscopy, and Theory[END_REF][START_REF] Rabus | Unravelling the Structures of Sodiated β-Cyclodextrin and Its Frag-ments[END_REF] we performed quantum chemical calculations to model the potential energy surfaces of [AT(GalNAc)A+H] + , [ATA+H] + , [GalNAc-H2O+H] + , ATA, and (GalNAc-H2O). Initial candidate structures were systematically generated via the tool Fafoom [START_REF] Supady | adrianasupady/fafoom[END_REF][START_REF] Marianski | Assessing the Accuracy of Across-the-Scale Methods for Predicting Carbohydrate Conformational Energies for the Examples of Glucose and α-Maltose[END_REF][START_REF] Supady | First-Principles Molecular Structure Search with a Genetic Algorithm[END_REF][48] , a genetic algorithm with the generated structures initially optimized using the MMFF94 Force Field 49- 53 . Geometry optimizations of the resulting candidate conformations were performed with the Gaussian 09 software package 54 at four increasing levels of theory: HF/3-21g, B3LYP/6-31G(d), B3LYP/6-31+G(d,p), [START_REF] Lee | Development of the Colle-Salvetti Correlation Energy Formula into a Functional of the Electron Density[END_REF][START_REF] Stephens | Ab Initio Calculation of Vibrational Absorption and Circular Dichroism Spectra Using Density Functional Force Fields[END_REF][START_REF] Becke | Density-functional Thermochemistry. III. The Role of Exact Exchange[END_REF] and M06-2X/6-31+G(d,p) [START_REF] Zhao | Exchange-Correlation Functional with Broad Accuracy for Metallic and Nonmetallic Compounds, Kinetics, and Noncovalent Interactions[END_REF][START_REF] Zhao | The M06 Suite of Density Functionals for Main Group Thermochemistry, Thermochemical Kinetics, Noncovalent Interactions, Excited States, and Transition Elements: Two New Functionals and Systematic Testing of Four M06-Class Functionals and 12 Other Functionals[END_REF] . Degenerate structures were removed after each level and the remaining structures were utilized as the starting points of the subsequent calculation set. Supplemental manual manipulation and adjustment of the lowest energy structures followed by re-optimizations were also undertaken to ensure that other important conformers had not been missed.

Calculations of reaction pathways including transition structures, product ions and neutrals were performed at the B3LYP/6-31G(d), B3LYP/6-31+G(d,p), and M06-2X/6-31+G(d,p) levels of theory. Multiple transition structures (TSs) were systematically generated and calculated from multiple precursor ion structures for each potential fragmentation pathway. All minima and TSs were tested by vibrational analysis (all real frequencies or 1 imaginary frequency, respectively). The potential energy surface generated combines the zero-point energy correction (ZPE) to the electronic energy (Eel,0K) for improved accuracy (ΔEel+ZPE,0K). The related, standard enthalpy (ΔH298K), Gibbs free energy (ΔG298K), and entropy (ΔS298K) corrections to 298 K were also determined. The reaction pathway through each TS was tested with intrinsic reaction coordinate calculations (GS2 keyword) with up to 10 steps in each direction. The terminating points of these calculations (one on product-side, one on reactant-side) were then optimized further to determine which minima were connected to each TS. Targeted single point calculations utilizing the B3LYP, M06-2X, and ωB97XD 54,60 models with 6-311+G(2d,2p) basis sets to assess the extent of energetic variability followed.

B3LYP/6-311+G(2d,p) vibrational frequencies from optimized structures at the same level of theory were utilized for comparisons with the experimental IRMPD spectra. A 20 cm -1 full width at half maximum Gaussian line shape and a scaling factor of 0.960 was utilized for the vibrational frequencies for comparison to the experimental spectra. Facile cleavage of the glycosidic bond to produce substantial peaks at m/z 204 is consistent with the literature. [START_REF] Bones | Ultra Performance Liquid Chromatographic Profiling of Serum N-Glycans for Fast and Efficient Identification of Cancer Associated Alterations in Glycosylation[END_REF][START_REF] Dube | Glycans in Cancer and Inflammation -Potential for Therapeutics and Diagnostics[END_REF][START_REF] Darula | Analysis of Mammalian O-Glycopeptides -We Have Made a Good Start, but There Is a Long Way to Go[END_REF][START_REF] Yu | Distinctive MS/MS Fragmentation Pathways of Glycopeptide-Generated Oxonium Ions Provide Evidence of the Glycan Structure[END_REF][START_REF] Ashwood | Discrimination of Isomers of Released N-and O-Glycans Using Diagnostic Product Ions in Negative Ion PGC-LC-ESI-MS/MS[END_REF][START_REF] Mariño | A Systematic Approach to Protein Glycosylation Analysis: A Path through the Maze[END_REF] At increased collision energies consecutive losses from these ions become increasingly prevalent (m/z 186, 138, 126). [AT(GalNAc)A+H] + Minima. The lowest energy conformer of [AT(GalNAc)A+H] + (Figure 2, Table S1) is predicted to have a highly folded structure [START_REF] Mookherjee | Thermodynamics and Reaction Mechanisms of Decomposition of the Simplest Protonated Tripeptide, Triglycine: A Guided Ion Beam and Computational Study[END_REF] offering excellent charge solvation through hydrogen bonding side-chain Nacetyl and C-terminal carbonyl oxygens to the protonated N-terminus. These beneficial interactions result in a skew hexose ring which in turn has an additional hydrogen bonding network between the hydroxyls. Other low energy structures (Figure S1, Table S1) are predicted to be a mix-ture of highly folded (II) and more extended, so entropically favorable conformations (III, IV). fragments are complementary resulting from cleavage of the glycosidic bond. Consistent with the wider understanding of peptide dissociation chemistry, the key difference is which fragment keeps the ionizing proton. [START_REF] Wysocki | Mobile and localized protons: a framework for understanding pep-tide dissociation[END_REF][START_REF] Tsaprailis | Influence of Secondary Structure on the Fragmentation of Protonated Peptides[END_REF][START_REF] Paizs | Fragmentation pathways of protonated peptides[END_REF] For the [AT(GalNAc)A+H] + ions, the lowest energy mechanism involves isomerization [START_REF] Guan | Evidence of Gas-Phase Pyranose-to-Furanose Isomerization in Protonated Peptidoglycans[END_REF][START_REF] Abutokaikah | Leaving Group Effects in a Series of Electrosprayed CcHhN1 Anthracene Derivatives[END_REF] prior to glycosidic bond dissociation (Scheme 2). This pathway begins with mobilization of the ionizing proton to the carbonyl oxygen of the N-terminal alanine. The reactive configuration positions the pyranose ring oxygen solvating the ionizing proton (V, Figure S2, Table S1). Transfer of the proton to the ring oxygen and concerted nucleophilic attack into carbon 1 of the GalNAc residue in a SN2-like transition structure (TS_V_VI, ΔH298K (ΔG298K) = 113 (113) kJ mol -1 (M06-2X/6-31+G(d,p)), Table S1, Figure 3) forms an oxazoliniumderivative that allows free rotation of carbons 3 to 6. Once the hydroxyl group of carbon 4 is appropriately positioned a second SN2-like transition structure may occur (TS_VII_VIII, 131 (116) kJ mol -1 , Figure 3, Table S1) to produce a furanose GalNAc residue and protonation back at the carbonyl oxygen of the N-terminal alanine. Further proton transfers and rotations enable population of the furanose glycosidic bond cleavage reactive configuration (IX, Table S1, Figure S2). This elongated structure positions the ionizing proton close to the glycosidic oxygen while simultaneously bridged between the threonyl carbonyl oxygen and the carbonyl oxygen of the GalNAc residue. Proton transfer weakens the glycosidic bond, [START_REF] Bythell | Cationized Carbohydrate Gas-Phase Fragmentation Chemistry[END_REF][START_REF] Guan | Evidence of Gas-Phase Pyranose-to-Furanose Isomerization in Protonated Peptidoglycans[END_REF] enabling cleavage with concerted oxazolinium ion formation through nucleophilic attack by the carbonyl oxygen of GalNAc into carbon 1 of the GalNAc residue (TS_IX_X, 132 (111) kJ mol -1 , Table S1, Figure 3, Figure S2). The resulting proton bound dimer of ATA and the furanose oxazolinium ion, X, then either dissociates directly to yield the m/z 204 ion and neutral ATA or transfers a proton to ATA prior to dissociation, thereby generating m/z 262, [ATA+H] + . For all these reactions the peptide provides key charge solvation to lower the barriers substantially. [START_REF] Guan | Evidence of Gas-Phase Pyranose-to-Furanose Isomerization in Protonated Peptidoglycans[END_REF] Without this solvation this complicated dissociation mechanism would not be feasible. The conceptually simpler direct mechanism [START_REF] Halim | Assignment of Saccharide Identities through Analysis of Oxonium Ion Fragmentation Profiles in LC-MS/MS of Glycopeptides[END_REF][START_REF] Yu | Distinctive MS/MS Fragmentation Pathways of Glycopeptide-Generated Oxonium Ions Provide Evidence of the Glycan Structure[END_REF][START_REF] Ashwood | Discrimination of Isomers of Released N-and O-Glycans Using Diagnostic Product Ions in Negative Ion PGC-LC-ESI-MS/MS[END_REF] of dissociation (Scheme S1) is again [START_REF] Guan | Evidence of Gas-Phase Pyranose-to-Furanose Isomerization in Protonated Peptidoglycans[END_REF] predicted to be more energetically demanding (TS_XI_XII, 143 (130) kJ mol -1 , Table S1, Figure S3). The mechanism begins with mobilization of a proton from the global minimum, N-terminally protonated structure to the glycosidic oxygen via the carbonyl oxygen of the GalNAc residue enabling concerted glycosidic bond cleavage and nucleophilic attack into carbon 1 to form a pyranose GalNAc oxazolinium ion. A summary of the 2 pathways and their relative energetics is provided in Figure S4.

The predicted reaction energetics are consistent for both the M06-2X and B3LYP models with 6-31+G(d,p) basis sets although the magnitude of the predicted barriers differs. To assess the effect of chemical model as a function of basis set, we utilized the larger 6-311+G(2d,2p) basis set and the ωB97XD functional too. All 3 models consistently predict the furanose-forming mechanism be most likely (Table S2). Like the Kuo group, [START_REF] Chiu | Improved Agreement between Experimental and Computational Results for Collision-Induced Dissociation Mass Spectrometry of Cation-Tagged Hexoses[END_REF] we find that the newer models which contain dispersion terms and larger proportions of exact exchange produce larger barriers for gasphase glycan reactions. [START_REF] Bythell | Cationized Carbohydrate Gas-Phase Fragmentation Chemistry[END_REF][START_REF] Guan | Evidence of Gas-Phase Pyranose-to-Furanose Isomerization in Protonated Peptidoglycans[END_REF][START_REF] Bythell | Sequence Ion Structures and Dissociation Chemistry of Deprotonated Sucrose Anions[END_REF] Here, the key reactions are SN2-like which is a known weakness of the B3LYP model which systematically underestimates SN2 reaction barriers. [START_REF] Laerdahl | Gas phase nucleophilic substitution[END_REF][START_REF] Bythell | Formation of a 1 Ions Directly from Oxazolone b 2 Ions: An Energy-Resolved and Computational Study[END_REF][START_REF] Gritsenko | Comparison of the Accurate Kohn-Sham Solution with the Generalized Gradient Approximations (GGAs) for the SN2 Reaction F-+ CH3F -> FCH3 + F-: A Qualitative Rule To Predict Success or Failure of GGAs[END_REF][START_REF] Bleiholder | Competing Gas-Phase Fragmentation Pathways of Asparagine-, Glutamine-, and Lysine-Containing Protonated Dipeptides[END_REF] IR Action Spectra of dissociation products: m/z 204. Figure 4 shows our experimental IR action spectroscopy data for the m/z 204 population compared to theoretical spectra of the six lowest energy furanose oxazolinium ion structures predicted within 20 kJ mol -1 (Figure S5). All theoretical spectra have at least one intense band predicted at ~3460 cm -1 corresponding to the NH stretch, and higher energy bands predicted in the 3640-3680 cm -1 region corresponding to free OH stretches. H-bonding pattern strongly affects which OH stretch this corresponds to. i.e., all three hydroxyl stretches are predicted as the highest energy band for at least one structure in Figure 4 (Table S3). No individual structure's theoretical spectrum explains all experimental features. Population of several low energy structures is more plausible. In particular, one low energy structure (panel d, ~3525 cm -1 , C5-OH hydrogen bonded to C6-OH, Table S3) predicts a substantial band assignable to the experimental feature ~3510-3550 cm -1 ; conversely, the experimentally lower signal-to-noise band at ~3580 cm -1 is only predicted for one low energy structure (panel g, C5-OH hydrogen bonded to the free C6-OH, Table S3). What about the typically invoked [START_REF] Halim | Assignment of Saccharide Identities through Analysis of Oxonium Ion Fragmentation Profiles in LC-MS/MS of Glycopeptides[END_REF][START_REF] Yu | Distinctive MS/MS Fragmentation Pathways of Glycopeptide-Generated Oxonium Ions Provide Evidence of the Glycan Structure[END_REF][START_REF] Ashwood | Discrimination of Isomers of Released N-and O-Glycans Using Diagnostic Product Ions in Negative Ion PGC-LC-ESI-MS/MS[END_REF] pyranose oxazolinium ion structures?

Calculated IR spectra of the lowest energy pyranose oxazolinium ion structures (Figure S6) are compared to the experimental spectrum in Figure S7. Both experimental and theoretical spectra show a substantial band at ~3460 cm -1 again corresponding to the NH stretch. However, no pyranose oxazolinium structure has a predicted band which could explain the intense experimental at ~3510-3550 cm -1 . The much less intense experimental feature at 3575-3600 cm -1 is potentially consistent with an intense band predicted for the lowest energy pyranose oxazolinium ion structure (Figure S7, panel f). Although we cannot rule out a population of the pyranose oxazolinium ion structures based on these data, these structures are insufficient to explain all experimental features. Additionally, data from the m/z 204 peaks produced from 2 other protonated glycopeptides, [PT(GalNAc)P+H] + and [RVT(GalNAc)AG+2H] 2+ collected on a subsequent days produced similar, but noisier spectra (Figure S8) to those in Figure 4. While these spectra are lower signal-tonoise, the consistency in band position supports a similar distribution of m/z 204 ion gas-phase ion populations despite changes in peptide sequence and charge state. i.e., indirect support for current MS [START_REF] Miyoshi | Fucosylated Haptoglobin Is a Novel Marker for Pancreatic Cancer: Detailed Analyses of Oligosaccharide Structures[END_REF] -based approaches to residue identification. [START_REF] Halim | Assignment of Saccharide Identities through Analysis of Oxonium Ion Fragmentation Profiles in LC-MS/MS of Glycopeptides[END_REF][START_REF] Yu | Distinctive MS/MS Fragmentation Pathways of Glycopeptide-Generated Oxonium Ions Provide Evidence of the Glycan Structure[END_REF] IR Action Spectra of dissociation products: m/z 262. Figure S9 shows our experimental IR action spectroscopy data for the m/z 262 population compared to the 6 lowest energy theoretical IR action spectra of [ATA+H] + . These are O-protonated structures of similar energy (range <10 kJ mol -1 , Figure S10) and band position making definitively excluding structures difficult. The enthalpically lowest energy structure (Figure S9, panel f, Figure S10) is insufficient to explain the higher energy bands in the spectrum as it lacks a band predicted at ~3665 cm -1 . This is consistent with the greater entropic favorability of these structures (Figure S10).

Conclusions. Our combined tandem mass spectrometric, computational, and spectroscopic analyses provide evidence indicating that protonated α-GalNAc glycosylated peptides can produce furanose oxazolinium ion, m/z 204, C8H14N1O5 + , structures. Multiple levels of theory support isomerization prior to glycosidic bond dissociation to produce this ion. In principle, these reactions should be general for glycopeptides as the primary function of the peptide is to facilitate dissociation by providing charge solvation. However, multiple, low energy structures are necessary to explain the IR action spectrum. Concomitantly, we are unable to entirely rule out simultaneous production of at least some pyranose oxazolinium ion population due a combination of similar predicted bands and reaction barriers not being drastically different.

Future work will involve testing the generality of these findings for a wider range of glycan linkage types, glycan and peptide compositions, and at differing photon energies.
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Scheme 1 .

 1 Scheme 1. Simplified formation of m/z 204 α-GalNAc oxazolinium reporter ion structures from protonated glycopeptides (R = peptide): (a) Direct, pyranose B1 ion; 26-29 (b) Indirect, furanose B1 ion 22 .

  Description of Reactions. Roman numerals are utilized to label calculated structures (consistent with other ACS journals) in the text. Transition structures are labelled in a similar manner as: TS_reactant_product. For example: TS_I_II would be the TS structure linking reactant structure I to product structure II. RESULTS AND DISCUSSION Tandem Mass Spectrometry. For [AT(GalNAc)A+H] + our electrospray-quadrupole time-of-flight tandem mass spectra show abundant peaks at m/z 204 and 262 (Figure 1). These peaks are complementary from a single cleavage of the glycosidic bond: m/z 204 is [GalNAc-H2O+H] + , C8H14N1O5 + , and m/z 262 is protonated alanylthreonylalanine, [ATA+H] + , C10H20N3O5 + .

Figure 1 .

 1 Figure 1. Electrospray-quadrupole time-of-flight MS/MS data: (a) Example spectrum of [AT(GalNAc)A+H]⁺, m/z 465.1±4, at 12 eV laboratory frame collision energy. (b) Breakdown graph summarizing the [AT(GalNAc)A+H]⁺ MS/MS spectra as a function of laboratory frame collision energy.

Figure 2 .

 2 Figure 2. Global minimum precursor ion structure, I, of [AT(GalNAc)A+H]⁺.Glycosidic Bond Cleavage. The m/z 204, C8H14N1O5 + , [GalNAc-H2O+H] + and m/z 262, C10H20N3O5 + , [ATA+H] + fragments are complementary resulting from cleavage of the glycosidic bond. Consistent with the wider understanding of peptide dissociation chemistry, the key difference is which fragment keeps the ionizing proton.[START_REF] Wysocki | Mobile and localized protons: a framework for understanding pep-tide dissociation[END_REF][START_REF] Tsaprailis | Influence of Secondary Structure on the Fragmentation of Protonated Peptides[END_REF][START_REF] Paizs | Fragmentation pathways of protonated peptides[END_REF] For the [AT(GalNAc)A+H] + ions, the lowest energy mechanism involves isomerization[START_REF] Guan | Evidence of Gas-Phase Pyranose-to-Furanose Isomerization in Protonated Peptidoglycans[END_REF][START_REF] Abutokaikah | Leaving Group Effects in a Series of Electrosprayed CcHhN1 Anthracene Derivatives[END_REF] prior to glycosidic bond dissociation (Scheme 2). This pathway begins with mobilization of the ionizing proton to the carbonyl oxygen of the N-terminal alanine. The reactive configuration positions the pyranose ring oxygen solvating the ionizing proton (V, FigureS2, TableS1). Transfer of the proton to the ring oxygen and concerted nucleophilic attack into carbon 1 of the GalNAc residue in a SN2-like transition structure (TS_V_VI, ΔH298K (ΔG298K) = 113 (113) kJ mol -1 (M06-2X/6-31+G(d,p)), TableS1, Figure3) forms an oxazoliniumderivative that allows free rotation of carbons 3 to 6. Once the hydroxyl group of carbon 4 is appropriately positioned a second SN2-like transition structure may occur (TS_VII_VIII, 131 (116) kJ mol -1 , Figure3, TableS1) to produce a furanose GalNAc residue and protonation back at the carbonyl oxygen of the N-terminal alanine. Further proton transfers and rotations enable population of the furanose glycosidic bond cleavage reactive configuration (IX, TableS1, FigureS2). This elongated structure positions the ionizing proton close to the glycosidic oxygen while simultaneously bridged between the threonyl carbonyl oxygen and the carbonyl oxygen of the GalNAc residue. Proton transfer weakens the glycosidic bond,[START_REF] Bythell | Cationized Carbohydrate Gas-Phase Fragmentation Chemistry[END_REF][START_REF] Guan | Evidence of Gas-Phase Pyranose-to-Furanose Isomerization in Protonated Peptidoglycans[END_REF] enabling cleavage with concerted oxazolinium ion formation through nucleophilic attack by the carbonyl oxygen of GalNAc into carbon 1 of the GalNAc residue (TS_IX_X, 132 (111) kJ mol -1 , TableS1, Figure3, FigureS2). The resulting proton bound dimer of ATA and the furanose oxazolinium ion, X, then either dissociates directly to yield the m/z 204 ion and neutral ATA or transfers a proton to ATA prior to dissociation, thereby generating m/z 262, [ATA+H] + . For all these reactions the peptide provides key charge solvation to lower the barriers substantially.[START_REF] Guan | Evidence of Gas-Phase Pyranose-to-Furanose Isomerization in Protonated Peptidoglycans[END_REF] Without this

Scheme 2 .

 2 Scheme 2. The predicted lowest energy pathways to glycosidic bond dissociation m/z 204 α-GalNAc

Figure 3 .

 3 Figure 3. Transition structures enabling furanose, GalNAc oxazolinium ion, m/z 204 formation: (a) pyranose ring-opening; (b) SN2-like formation of furanose GalNAc; (c) Proton transfer and glycosidic bond cleavage. Dotted green lines indicate bond breakage/formation.

Figure 4 .

 4 Figure 4. IR action spectra of the m/z 204 population (a) compared to the six lowest energy furanose GalNAc oxazolinium ion structures (b-g).
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