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Evidence of Gas-phase Pyranose-to-furanose Isomerization in 
Protonated Peptidoglycans  

Shanshan Guana,b and Benjamin J. Bythella,b*  

Peptidoglycans are diverse co- and post-translational modifications of key importance in myriad biological processes. Mass 

spectrometry is employed to infer their biomolecular sequences and stereochemisties, but little is known about the critical 

gas-phase dissociation processes involved. Here, using tandem mass spectrometry (MS/MS and MSn),  isotopic labelling and 

high-level simulations, we identify and characterize a facile isomerization reaction that produces furanose N-acetylated ions. 

This reaction occurs for both O- and N-linked peptidoglycans irrespective of glycosidic linkage stereochemistry (α/β).  

Dissociation of the glycosidic and other bonds thus occur from the furanose isomer critically altering the reaction feasibility 

and product ion structures.

1. Introduction  

Protein glycosylation covalently attaches oligosaccharides to 

amino acid side-chains is one the most abundant and diverse 

co- and post-translational modification classes of proteins in 

eukaryotes.1 It is estimated that more than 50% of human 

proteins are glycosylated.2 The two most common types of 

glycosylation are N- and O-, classified according to the 

heteroatom involved in the glycan-protein (amino acid) linkage. 

N‐linked glycans attach the carbohydrate via an amide group on 

amino acid sidechain (for example asparagine, Asn) whereas 

O-linked glycans attach the glycan to a side-chain hydroxyl 

group (generally serine, Ser, or threonine, Thr).3 Mammalian N-

linked glycans commonly have a core structure  that combines 

mannose and N-acetyl glucose residues, (Man)3(GlcNAc)2-N-, 

attached to the Asn-X-Ser/Thr(Cys) motif, where X is any amino 

acid other than proline, and cysteine, Cys, is rare.4 The 

structural diversity of N-glycans is built onto this core structure 

with addition of further carbohydrate residues. Conversely, 

O-linked glycosylation shares neither a consensus peptide 

sequence to indicate the likely potential glycosylation site(s) nor 

a conserved core structure in the glycan part.5 In humans, the 

most common O-linked glycosylation begin with alpha N-acetyl 

galactose, α-GalNAc6–8, while β-GlcNAc-linked glycosylation of 

Ser/Thr is a reversible post-translational modification of nuclear 

and cytoplasmic proteins.9 β-GlcNAc-linked glycosylation is 

unusual in that the β-GlcNAc is not typically glycosylated 

(extended) further or modified.10,11 This type of glycosylation 

plays a significant role in cellular signal transduction and has 

shown a complex interplay with phosphorylation post-

translational modifications.12–14 Protein glycosylation is 

involved in diverse metabolic processes such as immune 

response, protein secretion and transportation, and also affects 

the properties of the attached protein.15–23 Protein 

glycosylation has a significant impact in the pathogenesis of 

numerous diseases resulting in glycoproteins being identified as 

disease biomarkers.24–32 The variations of the glycoform on one 

glycosylation site among different samples and/or the changes 

in the glycosylation sites are hypothesized to be further disease 

biomarkers. Consequently profiling of site-specific glycans has 

gained increased interest recently.8,33–35 

Mass spectrometry (MS) is one of the principal techniques 

for the analysis of glycoproteins. The heterogeneity of 

glycoforms presents a significant challenge for analyses.16,36 

MS-based analyses of glycoproteins typically are preceded by 

enzymatic proteolysis.37–39 There are two general glycoprotein 

digestion strategies commonly employed: (1) Removal of the 

oligosaccharide chain(s) from the protein by a glycosidase.37–40 

This arguably reduces the complexity of data interpretation in 

the following MS-based analysis by independently analyzing the 

carbohydrate (glycan) and protein components. Regrettably, 

this is done at the cost of total loss of glycosylation site 

information;41–44 (2) The alternative approach uses a proteolytic 

enzyme to cleave amide bonds within the protein without loss 

of post translational modifications, resulting in a mixture of 

peptides and glycopeptides.40 i.e., retaining peptidoglycan site-

information provided the glycopeptide can be sequenced.38,44 

This approach is reliant on being able to successfully obtain the 

entire glycopeptide sequence from tandem mass spectrometry. 

Irrespective of the digestion strategy employed, tandem 

mass spectrometry (MS/MS) methods are the key to 

subsequent sequencing of the glycopeptides or glycans. 

Collision-induced dissociation (CID) is commonly utilized for 

glycopeptide analysis. CID fragmentation is dominated by 

glycosidic bond cleavages forming B- and Y-type fragments at 
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the glycosidic bond.38–40,44,45 The detection of charged glycan 

fragments of specific m/z values (m/z 204.09  for HexNAc;  m/z 

163.06 for hexose, Hex), as diagnostic for the presence of 

glycopeptides.5 Identification of the glycans by the currently 

available algorithms is largely reliant on m/z differences 

between the fragment ion series.46–48 The heterogeneity of the 

glycoforms, the large number of stereo- and linkage isomers 

coupled with the limited understanding of the dissociation 

chemistry32,49 in protonated glycopeptides all limit our ability to 

extract structural information from the tandem mass spectra. 

Advances in these areas would substantially improve 

confidence in structural assignments32 and thus subsequent 

experimental design and inference.  

In this study, we utilize tandem mass spectrometry, 

deuterium labelling, and computational chemistry to elucidate 

the diagnostic fragmentation chemistry of three 

peptidoglycans: GlcNAc-β-1-Asn, GalNAc-α-1-Ser, and GlcNAc-

β-1-Ser. These analytes represent the core structures of 

N-linked glycosylation, mucin-type glycosylation, and 

O-GlcNAcylation, respectively.  

2. Methods Section 

Chemicals. 

GlcNAc-β-1-Asn, GalNAc-α-1-Ser, and GlcNAc-β-1-Ser were 

purchased from Biosynth Carbosynth (San Diego, CA). 

Deuterium oxide was purchased from Cambridge Isotope 

Laboratories, Inc (Tewksbury, MA). HPLC-grade Acetonitrile and 

water were purchased from Sigma-Aldrich (St. Louis, MO). 
 

Experimental methods. 

Experimental work was carried out using a Q-Exactive 

Orbitrap Mass Spectrometer (Thermo Fisher Scientific, 

Waltham, MA). Tandem mass spectra for [GlcNAc-β-1-Asn+H]+ , 

[GalNAc-α-1-Ser+H]+, and [GlcNAc-β-1-Ser]+ were obtained by 

mass selecting the appropriate ion with the quadruple, 

collision-induced dissociation (CID) in the HCD cell followed by 

mass-to-charge analysis by the orbitrap mass analyzer. 

Ionization was by electrospray with the samples infused into the 

instrument in ~2µM acetonitrile/water/formic acid (50/50/ 

0.1%) solutions at a flow rate of 5 μl min-1. Nitrogen was used 

as nebulizing, drying, and collision gas. Spectra were collected 

at mass resolution of 140,000 (FWHM). 

Hydrogen–deuterium exchange (HDX) is a chemical reaction 

in which a covalently bonded hydrogen atom is replaced by a 

deuterium atom, or vice versa. In D2O exchangeable protons 

such as those in hydroxyl or amide group exchanged with 

deuterons from the solvent. Because the mass of a deuterium 

is 1 u heavier than a proton, the integer mass shift of the analyte 

ions provides the number of exchanged protons. By comparing 

the fragmentation spectra of unlabelled and deuterium labelled 

samples, the mass shifts of the fragment ions provide insight 

into both the product ion structures and their mechanism(s) of 

gas-phase formation. The model analyte systems were 

dissolved in D2O for 10 min at room temperature. The resulting 

solutions were then further diluted in acetonitrile/D2O (50/50) 

to a final concentration of ~2µM prior to tandem mass spectral 

analysis. 

 

Theoretical Methods.  

Simulations were performed to enable characterization of 

the potential energy surface of each protonated analyte. Initial 

candidate structures for protonated and multiple potential 

isomerized ions were generated with Fafoom50,51 via a genetic 

algorithm utilizing the MMFF94 force field52–56. Fafoom 

systematically alters dihedral and other angles including 

sampling ring structure types (chair, boat, and skew) enabling 

thorough interrogation of the many structural possibilities.49,57–

60 Geometry optimizations of the resulting candidate 

conformations were performed at the HF/3-21g, B3LYP/6-

31G(d), B3LYP/6-31+G(d,p)61,62 levels and M06-2X/6-31+(d,p) 
63,64 levels of theory. Degenerate structures were removed at 

each stage with the non-degenerate structures utilized as the 

starting points of subsequent refinement. All density functional 

calculations of minima, transition structures, product ions and 

neutrals were performed with the Gaussian 09 suite of 

programs.65 Multiple transition structures (TSs) were calculated 

from multiple precursor ion structures for each potential 

fragmentation pathway. Vibrational analyses were performed 

for minima and TSs (all real frequency for minima and 1 

imaginary frequency for TSs). The zero-point energy (ZPE) was 

added to the electronic energy (Eel, 0 K) to improve the accuracy 

of the potential energy surface generated (∆Eel+ZPE, 0 K). In 

addition, the corresponding standard entropy (∆H298K), Gibbs 

free energy (∆G298K), and entropy (∆S298K) corrections at 298K 

were calculated. The reaction pathway through each TS was 

determined by intrinsic reaction coordinate (IRC) calculations 

with up to 18 steps in each direction. The terminating points of 

these calculations (one on product-side, one on reactant-side) 

were then optimized further to the minima that connect via the 

TS. Single point calculations of key minima and TSs were 

performed with 6-311+(2d,p) basis sets for comparison. 

Rice–Ramsperger–Kassel–Markus (RRKM) calculations were 

performed using the energetics, vibrational frequencies, and 

rotational constants derived from the modeling to approximate 

the time scale of the fragmentation reactions66,67. The Beyer–

Swinehart direct count algorithm68 is used for rotational–

vibrational treatment of both the reactant and the transition 

structure. 

3. Results and discussion 

Tandem Mass Spectrometry. 

The MS/MS spectrum of singly protonated GlcNAc-β-1-Asn 

(Figure 1a) shows major peaks at m/z 204 and m/z 133. These 

are assigned as C8H14N1O5
+, the protonated glycan B1 fragment 

and C4H9N2O3
+, protonated asparagine, [Asn+H]+. These peaks 

nominally result from direct dissociation of the glycosidic 

linkage with the ionizing proton retained either by the glycan 

fragment to produce the B1 ion or the asparagine to form the 

[Asn+H]+ ion. The third abundant peak, m/z 126, C6H8N1O2
+, 

corresponds to neutral loss of C2H6O3 (or potentially H2O and 
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C2H4O2 consecutive losses) from the B1 ion. The less abundant 

peak with m/z 186, C8H12N1O4
+, corresponds to loss of water 

from the B1 ion. Similar fragmentation patterns were observed 

on the MS/MS spectra of singly protonated GlcNAc-β-1-Ser and 

GalNAc-α-1-Ser (Figure 1b and 1c). Both protonated 

O-glycosylated-Ser spectra indicate that the major bond 

cleavage occurs at the glycosidic bond too. Substantial peaks at 

m/z 186, C8H12N1O4
+, and m/z 126, C6H8N1O2

+, support the 

occurrence of consecutive dissociation reactions. These peaks 

differ markedly in abundance to those present in the [GlcNAc-

β-1-Asn+H]+ spectrum (Figure 1a).  

 

Figure 1. Tandem mass spectra of (a) GlcNac-β-1-Asn, (b) 

GlcNac-β-1-Ser, and (c) GalNac-α-1-Ser.  

 

Hydrogen-to-deuterium exchange experiments were 

performed to assess the contributions of C-H versus hydroxyl 

and N-H protons (Figure S1). Full deuteration of the OH and NH 

sites in singly charged GlcNAc-β-1-Asn analyte results in a 9u 

increase in m/z corresponding to replacement of 8 OH/NH 

hydrogens with deuterons and an ionizing D+. Shifts in m/z of 

the dissociation products were observed as a function of their 

structures. The B1 peak shifts 4 u to m/z 208, C8D4H10N1O5
+. Two 

distinct peaks are produced for the [deuterated Asn+D]+ peak; 

5u and 6u shifts, corresponding to C4D5H4N2O3
+ and 

C4D6H3N2O3
+. Loss of HDO from the B1 ion produces a B1-HDO 

peak at m/z 189. Lastly, a 2u shift (m/z 126 to 128) was observed 

for the B1-C2H6O3 peak (Figure S1a).  

For the O-linked analytes we observe exchange of 8 protons 

to deuterons (7 OH/NH hydrogens and 1 D+). MS/MS spectra of 

the resulting [GlcNAc-β-1-Ser-7H+8D]+ ions reveal the mass 

shifts for the B1 ion population and its fragments. i.e., Consistent 

with either forming the same B1 ion structure(s) derived from 

GlcNAc (or isomers which dissociate to coincidentally identical 

elemental compositions). The deuterated serine displays two 

peaks, [Ser-4H+4D]+ at m/z 110 and [Ser-5H+5D]+ at m/z 111 

(Figure S1b). The GalNAc-α-Ser spectra also show similar mass 

shift patterns for most peaks. The clear exception is the 

B1-water population which splits into two distinct peaks 

corresponding to B1-HDO and B1-D2O (Figure S1c).   

 

Direct Glycosidic Bond Dissociation Reactions  

Consistent with previous reported CID of glycopeptides38–

40,44,45, the three glycosylated amino acids investigated in this 

study produce dominant bond cleavages at the glycosidic bond. 

How do these reactions occur?  

 Our calculations predict that mobilization of a proton to the 

glycosidic bond nitrogen or oxygen weakens the glycosidic 

bond49 enabling its subsequent dissociation. Direct cleavage of 

the glycosidic bond results in a B1 ion, m/z 204, and neutral 

asparagine/serine as illustrated in Scheme 1 (Schemes S1 & S2). 

For the [GlcNAc-β-1-Asn+H]+ precursor our calculations indicate 

that the rate-determining glycosidic bond cleavage transition 

structure requires at least 149.3 (B3LYP) or 177.5 (M06-2X) kJ 

mol-1 (Figure S2, Table S1, & Table S2). Glycosidic bond cleavage 

produces a proton-bound dimer of neutral asparagine and the 

GlcNAc oxacarbenium ion. The oxacarbenium ion is 

comparatively unstable and collapses to form a substantially 

more energetically favorable (by >80 kJ mol-1) bicyclic 

glucopyranosyl oxazolinium B1 ion via nucleophilic attack of the 

carbonyl oxygen into the electropositive carbon 1. This reaction 

is less energetically demanding than the preceding glycosidic 

bond cleavage (120.6 or 158.0 5 kJ mol-1, Figure S2b, Table S1 

and Table S2). Dimer separation without proton transfer is 

barrierless and results in bicyclic glucopyranosyl oxazolinium B1 

ions and neutral asparagine. If the neutral asparagine abstracts 

a proton from the carbohydrate fragment prior to dimer 

separation, a protonated asparagine ion, [Asn+H]+, will be 

detected. The [Asn+H]+ is product limited requiring at least 215-

267 kJ mol-1 (depending on chemical model and site of proton 

abstraction, Tables S1 & S2). The differing proton (deuteron) 

abstraction mechanisms prior to dimer separation produce the 

mass shifts observed in the deuterated analytes. 

The same general reaction type was also calculated for the 

[GlcNAc-β-1-Ser+H]+ and [GalNAc-α-1-Ser+H]+ ions. For 

[GlcNAc-β-1-Ser+H]+ this direct glycosidic bond cleavage 

reaction begins with glycosidic oxygen protonation. This is 

followed by concerted formation of a bicyclic glycopyranosyl 

oxazolinium B1 ion and glycosidic bond cleavage (Scheme S1) in 

essentially a simplified form of the preceding (Asn) mechanism. 

Glycosidic bond cleavage is rate-limiting for both B1 and 

[Ser+H]+ formation (166.2 (B3LYP) or 190.0 (M06-2X) kJ mol-1, 

Figure S3, Tables S3 & S4). The availability of 2 energetically 
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similar and feasible proton (deuteron) abstraction pathways is 

consistent with the doublet of serine ion produced from the 

deuterated analytes. Lastly, the direct glycosidic bond cleavage 

reaction of [GalNAc-α-1-Ser+H]+  parallels the other O-glycan in 

both mechanism and energetics (160.9 (B3LYP) or 184.9 

(M06-2X) kJ mol-1, Scheme S2, Figure S3, Tables S3 & S4).  

 

Scheme 1. Conventional (direct) glycosidic bond dissociation 

illustrated for [GlcNac-β-1-Asn+H]+. 

The preceding discussion offers a reasonable mechanism for 

the glycosidic bond cleavage reactions. However, there are 

difficulties. We found no feasible direct means of formation of 

the m/z 126 peak. Our and literature45,69,70  MS3 data support 

the hypothesis that this ion is formed from the m/z 204, B1 ion 

population, by loss of C2H6O3. We were unable to locate any 

energetically feasible means of losing C2H6O3 from this 

glycopyranosyl oxazolinium B1 ion as either one neutral 

molecule or as water then C2H4O2. Consequently, the possibility 

of alternate means of dissociation leading to other B1 ion 

structures were investigated.  

 

Pyranose to Furanose Isomerization followed by Glycosidic Bond 

Cleavage 

In solution the pyranose ring form of hexose sugars 

overwhelmingly predominates. As tandem MS occurs in the gas-

phase, we wondered if isomerization were feasible under CID 

conditions? Our calculations indicate that it is. The 

isomerization process begins with opening  of the pyranose ring. 

For [GlcNAc-β-1-Asn+H]+ this reaction occurs by initially 

protonating the glycan ring oxygen (Scheme 2).  The carbonyl 

oxygen of the N-acetyl group then nucleophilically attacks into 

carbon 1 in an SN2-like TS which cleavages the ring-ether bond 

to carbon 1 forming an oxazoline-derivative (Scheme 2; 

Schemes S3 & S4 for the O-Ser congeners). The new oxazoline-

derivative enables free rotation of the glycan carbon chain 

(carbons 3 to 6). Ergo, the hydroxyl oxygen on carbon 4 can now 

nucleophilically attack into carbon 1 eliminating the oxazoline-

derivative in a further SN2 reaction that generates a furanose 

ring structure (Figure 2, Figure S4). In direct contrast to all 

preceding literature proposals, our calculations indicate these 

isomerization reactions are energetically less demanding than 

the previously calculated direct glycosidic bond cleavage 

reactions in all cases. (Table S1-S6). i.e., for both the N- and O-

linked glycans. The obvious next question is whether this 

enables formation of the glycosidic bond cleavage products?  
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Scheme 2. Pyranose to furanose isomerization pathway for 

[GlcNac-β-1-Asn+H]+. (a) Concerted SN2 pyranose ring-opening 

and oxazoline derivative formation; (b) oxazoline derivative 

ring-opening and formation of furanose structure; (c) proton 

transfer from the protonated furanose ring oxygen to the low-

energy N-terminal amine of the Asn. 

 

Figure 2. Transition structures of pyranose to furanose 

isomerization reaction in [GlcNac-β-1-Asn+H]+. (a) Concerted 

SN2 pyranose ring-opening and oxazoline derivative formation; 

(b) oxazoline derivative ring-opening and formation of furanose 

structure; (c) proton transfer from the protonated furanose ring 

oxygen to the low-energy N-terminal amine of the Asn. 

 

Glycosidic Bond Cleavage Reactions from the Furanose Isomers  

Glycosidic bond cleavage reactions are again initiated by 

proton mobilization to the glycosidic nitrogen/oxygen which 

weakens the glycosidic bond.49 Nucleophilic attack by the 

carbonyl oxygen of the N-Acetyl group into carbon 1 with 

concerted cleavage of the glycosidic bond results in a dimer 

comprised of a glycofuranosyl oxazolinium B1 ion and neutral 
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amino acid (Schemes 3, S5, S6, and Figure S5).  Both levels of 

theory predict these dissociations to be more energetically 

favorable than the corresponding glycosidic bond cleavage 

reactions from the initial pyranose forms (Table S1-S6). All other 

aspects of this pathway are consistent with the previous 

discussion (D/H and charged amino acid ion formation 

mechanisms).   

Scheme 3. Glycosidic bond cleavage following pyranose-

furanose isomerization illustrated for [GlcNAc-β-1-Asn+H]+. 

 

As a check of the viability of these reactions, we performed 

a series of RRKM unimolecular dissociation rate calculations to 

investigate whether the isomerized furanose form glycosidic 

bond cleavage pathway is kinetically competitive (Figures 3 and 

S6-S9). Figure 3 summarizes these data by comparing the rate 

limiting steps of the two pathways for each analyte ion. In all 

cases relevant to our CID conditions (logk ≈ 2-6), the furanose 

pathways are favored. The GlcNAc reaction rates (Figure 3a & 

3b) are more similar at high internal energies. Practically most 

of the analyte ions will have dissociated well before these 

internal energies can be accessed in our instrument. The 

reaction rate of protonated GalNAc O-glycans favors the 

isomerization followed by dissociation to a greater degree. 

Consequently, we would expect furanose oxazolinium B1 ions to 

be the major component of our m/z 204 ion population in all 

cases. This finding, if general, directly contradicts many of the 

prevailing assumptions about glycan sequence and glycan ion 

dissociation chemistry.  

 

Figure 3. Plots of log(unimolecular rate constants, k) vs. internal 

energy for the rate-determining steps of peptidoglycan 

dissociation: (a) [GlcNAc-β-1-Asn+H]+, (b) [GlcNAc-β-1-Ser+H]+ 

(c) [GalNAc-α-1-Ser+H]+. 

 

Consecutive dissociation of the furanose oxazolinium B1 ion: 

Formation of m/z 126  

The bicyclic furanose oxazolinium B1 ion can dissociate 

further to produce the m/z 126 ion. For the GlcNAc B1 ions, our 

calculations predict that H2O loss is initiated by C-alpha proton 
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abstraction from carbon 2 by the adjacent hydroxyl oxygen on 

carbon 3 resulting in a newly formed double bond between 

carbons 1 and 2 and concerted opening of the oxazoline ring 

(Scheme 4; Figure 4 a & b). This proton extraction step is rate-

limiting and requires at least 296.9 or 360.0 kJ mol-1 for [GlcNAc-

β-1-Asn+H]+, or 284.3 or 351.0 kJ mol-1 for [GlcNAc-β-1-Ser+H]+ 

(B3LYP then M06-2X). 

For our deuterated GlcNAc spectra, this water loss occurred 

as HDO consistent with the present mechanism. The resultant 

carbocation is then able to abstract a proton from the hydroxyl 

group on carbon 5. Concerted bond cleavage between carbons 

4 and 5 enables loss of glycolaldehyde, C2H4O2, to generate the 

m/z 126 ion (Scheme 4; Figure 4c). This C2H4O2 loss (203.4 or 

257.9 kJ mol-1, B3LYP then M06-2X) for [GlcNAc-β-1-Asn+H]+, 

190.7 or 248.8 kJ mol-1 for [GlcNAc-β-1-Ser+H]+) is less 

energetically demanding than the preceding H2O loss reaction 

so will occur spontaneously after the H2O loss. Furthermore, 

consecutive reactions are very entropically favorable (Table S1-

S4). Consequently, the small amount of B1-H2O ion, m/z 186, 

detected relative to the abundant m/z 126 peak in Figure 1 is 

rationalized.  

  

Scheme 4. Mechanism of m/z 126 formation from the bicyclic 

furanose oxazolinium structured B1 ion (β-GlcNAc-form).  

 
Figure 4. Transition structures that generate the m/z 126 ion 

from the β-GlcNAc-bicyclic furanose oxazolinium B1 structure: 

(a) proton extraction, (b) H2O loss, and (c) loss C2H4O2.  

 

The furanose oxazolinium B1 ion structure produced from 

[GalNAc-α-1-Ser+H]+ also produced a substantial peak at m/z 

126. Our calculations predict that the same type of consecutive 

reaction mechanism is primarily responsible for this peak too 

(Scheme S7, Table S5-S6, Figure S10). Our combined data offer 

a mechanistic explanation of the dissociation chemistry 

consistent with Nilsson and co-workers69,71 conclusion that the 

m/z 126 and 144 peaks “correspond to entirely different 

structures, which have followed completely different 

decomposition pathways”71. Consistent with the present 

dataset,  Mookherjee et al.72 recently provided evidence that 

cast doubt on the mechanism and product ion structure 

originally proposed by Yu et al.71 for the key m/z 126 peak using 

model protonated HexNAc analytes rather than peptidoglycans.  

 

Mechanistic Support from 2D Labelling: Differentiation of GalNAc 

and GlcNAc O-Glycans by Deuteration of Hydroxyl and NH Groups 

The MS/MS spectra of the isomers, protonated O-linked 

GlcNAc-β-1-Ser and GalNAc-α-1-Ser analytes are quite similar, 

making confident differentiation nontrivial. In contrast, the 

deuterium labelling data shows a clear difference between 

these analytes; the B1-H2O peaks (originally m/z 186) enable 

differentiation between these two isomeric ions: (1) The 

[B1-H2O]+ ions produced by the [GlcNAc-β-1-Ser/Asn+H]+ 

predominantly have a 3 u shift to  m/z=189, [B1-4H+4D-HDO]+; 
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(2) The [B1-H2O]+ ions from [GalNAc-α-1-Ser+H]+ split into 2 

peaks at m/z 188 and m/z 189, shifts of 2 or 3 u respectively. 

These correspond to [B1-4H+4D-D2O]+ and [B1-4H+4D-HDO]+ 

ions. 

For the GlcNAc furanose oxazolinium B1 ion the H2O loss 

reaction involves abstraction of a Calpha-H proton by the 

hydroxyl oxygen (Scheme 4). i.e., Consistent with loss of HDO in 

the deuterated experiments to yield [B1-4H+4D-HDO]+ at 

m/z=189.   Calculated barriers support this pathway.  

In contrast, the GalNAc furanose oxazolinium B1 ion places 

C5 and C6 and their hydroxyl groups on the same side of the 

furanose ring (Scheme 5). In addition to enabling differing 

hydrogen bonding and charge solvation patterns, this allows a 

second competitive water loss pathway (Scheme 5). This water 

loss pathway is initiated by proton (deuteron) mobilization the 

from oxazolinium nitrogen to the C3 hydroxyl oxygen (Scheme 

5; Figure 5a). The proximity of the C5 and C6 backbone and 

hydroxyl groups now permits nucleophilic attack by the C6 

primary alcohol group into the electropositive C3 position with 

concerted expulsion of a water molecule (Scheme 5). This ring-

forming reaction is once again SN2-like (Figure 5b) and is 

followed by immediate abstraction of the C6 hydroxyl proton by 

the newly adjacent amide nitrogen. Loss of D2O from the 

deuterated form is consistent with this mechanism and the 

calculations indicate this pathway is energetically comparable 

with the HDO loss pathway (Table S5 and S6), consistent with 

the deuterium labelling experimental results.  

Scheme 5. H2O (D2O) loss pathway of the bicyclic α-GalNac-

furanose oxazolinium B1 ion.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Transition state structures of H2O (D2O) loss reactions 

of the GalNAc bicyclic furanose oxazolinium B1 ion: (a) proton 

(deuteron) transfer from oxazolinium nitrogen to Carbon 3 

hydroxyl group, (b) loss of H2O (D2O).  

Conclusions 

We investigated the fragmentation chemistry of three 

peptidoglycans, GlcNAc-β-1-Asn, GalNAc-α-1-Ser, and GlcNAc-

β- 1-Ser which represent the core structures of N-linked 

glycosylation, mucin-type glycosylation, and O-GlcNAcylation. 

We find that the glycosidic bond cleavage reactions following 

pyranose to furanose isomerization are more favorable than the 

direct glycosidic bond cleavage from the pyranose form. Ergo, 

furanose oxazolinium B1 ions are the predominant m/z 204 ion 

structure within the gas-phase populations.  The furanose 

oxazolinium B1 ion structures enable subsequent formation of 

the abundant m/z 126 ions a major impediment to earlier 

hypotheses. Our mechanisms are consistent with the present 

deuterium labelled MS/MS data, unimolecular rate constants 

calculations and the literature.  

Future work will involve testing the generality of these 

findings and their potential application in sequencing of larger 

protonated peptidoglycans.  Whether similar processes are 

accessible to protonated oligosaccharides/glycans which lack 

the charge solvating amino acid/peptide functional groups 

adjacent to the reducing end of the carbohydrate will be 

addressed.   
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