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Abstract

Mass Spectrometry (MS) is the primary analytical technique used to characterise the complex oligosaccharide
structures which decorate cell surfaces. The relatively limited number of monomeric glycan building blocks
found in mammals can be assembled in numerous ways to produce a diverse set of higher-order structures. A
number of these monosaccharide units are simple epimers of one another and when combined produce
diastereomers of glycoconjugates that cannot be distinguished by existing MS-based techniques. Structure
elucidation frequently relies on assumptions that biosynthetic pathways are highly conserved. Here we show
that biosynthetic enzymes can display unexpected promiscuity. We demonstrate that human UDP-GalNAc:
peptide a-N-acetylgalactosaminyltransferase 2 (pp-a-GanT2) is able to utilise UDP-GIcNAc as well as its natural
donor (UDP-GalNAc) as a substrate, leading to the synthesis of epimeric glycopeptides in vitro. We describe
the use of ion-mobility MS (IM-MS) for the separation of these isobaric structures which contain multiple
asymmetric centres and differ only in their configuration at a single position. Significantly, collision-induced
dissociation (CID) of these glycopeptides followed by IM-MS provides a method for the distinction and
identification of epimeric glycans that is independent of polypeptide sequence. Finally, the combination of CID
and IM-MS performed on a series of isobaric disaccharides demonstrates that the nature of both the reducing
and non-reducing glycans can be determined, and supports the future application of this technique in the
sequencing of complex oligosaccharides. The results presented clearly demonstrate the potential of IM-MS to
overcome a major limitation currently associated with glycomic and glycoproteomic analysis by providing a
platform for the distinction of epimeric structures.

Introduction

It is well established that protein glycosylation plays a critical role in the regulation of a diverse range of
biological processes.m To improve our understanding of these complex mechanisms, it is necessary to perform
detailed studies regarding carbohydrate structure-function relationships. However, the characterisation of
glycan and glycopeptide structures from biological samples represents a significant challenge due to the
microheterogeneity and diversity of these molecules. Although a surprisingly limited pool of monomeric glycan
building blocks are found in mammals, they can potentially be combined to produce a large variety of linear
and branched oligosaccharide structures which may differ in glycan sequence, regiochemistry and
stereochemistry.[z] Mass spectrometry (MS) has played a pivotal role in the characterisation of these structures
due to its high sensitivity and minimal sample requirements. As a result of significant advances in MS-based
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Figure 1 | Examples of common isobaric glycoconjugates and families of enzymes involved in their biosynthesis. (top) pp-
a-GanT family of enzymes mediate the transfer of an a-linked GalNAc linked to the hydroxyl groups of serine and
threonine residues in proteins. This modification is common in higher eukaryotes (including humans) and represents the
first step in the biosynthesis of mucin-type O-glycans. (middle) In unicellular eukaryotes, mucin-type O-glycans have been
found initiated with an a-linked GIcNAc residue generated by a pp-a-GnT family of enzymes. (bottom) B-linked GIcNAc is a
common post-translational modification (PTM) observed in many organisms and is especially prevalent among
multicellular eukaryotes. The attachment of this residue is mediated by O-GIcNAc Transferase (OGT). B-linked GIcNAc is
also transferred to the Notch epidermal growth factor (EGF) repeats by extracellular OGT (EOGT)BG]. The differentiation of
epimeric glycopeptides by mass spectrometry alone has not been reported previously.

techniques, impressive structural information including peptide/protein glycosylation site and regiochemistry
of glycosidic linkages can now be obtained from complex mixtures of glycoconjugates from biological
samples.[3][4]5”6] However, a major limitation that remains unresolved is the distinction of isobaric epimers of
glycoconjugates (Fig. 1) which can occur as a result of alternative configuration at the anomeric linkages or due
to the presence of epimeric glycan monomers such as the three hexoses (Hex) glucose (Glc), galactose (Gal)
and mannose (Man) or the two HexNAcs N-acetylglucosamine (GIcNAc) and N-acetylgalactosamine (GalNAc).
This is of particular importance as these five monosaccharides are amongst the most abundant building blocks
present in mammalian glycans.m We currently rely on our understanding of the glycan biosynthesis to make
predictions regarding the stereochemistry of glycoconjugates with the assumptions that (i) all biosynthetic
enzymes are known and (ii) that they have strict substrate specificities. These assumptions expose the
opportunity for structural misinterpretation, potentially hindering the identification of novel glycan structures
with unexplored functions.

The biosynthesis of glycans is mediated by the sequential action of a series of glycoenzymes which are
considered to act with a high degree of donor-, acceptor- and linkage speciﬁcity.[8] However, the specificity of
these enzymes has not been extensively investigated due to a lack of high-throughput analytical techniques.
Here we describe the use of peptide microarray technology to investigate glycoenzyme specificity. During
these studies, we have discovered a highly unexpected activity of the common human UDP-GalNAc: peptide a-
N-acetylgalactosaminyltransferase 2 (pp-a-GanT2) which is able to mediate the synthesis of epimeric
glycopeptides containing both GlcNAc and GalNAc residues in vitro (Fig 1). These results evoked our interest in
developing an analytical technique with the necessary sensitivity and resolution to distinguish epimeric
glycoconjugates which may be present in biological samples. We now describe the use of travelling wave ion
mobility-mass spectrometry (TWIM-MS) for the separation of diastereomeric glycoconjugates (shown in Figure
1) containing multiple asymmetric centres which differ only in their configuration at a single position.
Additionally, we demonstrate that the GIcNAc and GalNAc oxonium ions generated following collision-induced
dissociation (CID) of the different glycopeptides are also distinguishable by ion mobility. These results highlight




the potential utility of this technique for screening native glycopeptides for the different isobaric
monosaccharide building blocks in a manner that is independent of peptide sequence. More generally, the
distinction of epimeric glycan product ions generated following CID suggests the potential application of IM-
MS in the development of a carbohydrate sequencing strategy, additionally permitting elucidation of
stereochemical information. To explore this possibility, a series of isobaric disaccharides were analysed by IM-
MS and CID. The results presented demonstrate that the nature of both the reducing and non-reducing glycans
can be determined using this approach, enabling us to move towards a general glycan sequencing strategy.
Combined, the data presented clearly demonstrates that IM-MS provides a platform with the necessary
resolution and sensitivity to overcome the current limitation of stereoisomer differentiation associated with
glycomic and glycoproteomic analysis.

Results and Discussions
Promiscuity of the glycosyltransferase pp-a-GanT2

pp-a-GanT2 is one of the most ubiquitous members of a family of approximately twenty human pp-a-GanTs.
These enzymes mediate the first step in the biosynthesis of mucin-type O-glycans by catalysing the transfer of
an a-linked GalNAc residue from the activated sugar UDP-GalNAc to the hydroxyl groups of serine and
threonine residues in proteins (Fig. 1, top). As a result of their pivotal role in mucin biosynthesis, there has
been considerable interest in elucidating the specificity of individual pp-a-GanT2 isoforms towards defined
acceptor peptide sequences.m However, the sugar donor promiscuity of these enzymes remains largely
unexplored and it is generally assumed that these glycosyltransferases display a high degree of specificity
towards UDP-GalNAc. We have recently reported the use of peptide and carbohydrate microarrays to probe
glycoenzyme specificity in a high-throughput manner. Acceptor substrates of interest are covalently
linked to a self-assembled monolayer (SAM) of alkanethiols on a gold platform. This technology offers the
distinct advantage that the modification of immobilized substrates can be conveniently monitored using
MALDI-ToF MS, providing a highly sensitive and label free method of analysis.m] We now describe the use of
this technology to investigate the sugar donor promiscuity of recombinant human pp-oa-GanT2, which was
expressed in Pichia pastoris (see supplementary information 2.2). Since reactions can be performed on a
minute scale in a high-throughput manner, we were able to rapidly screen a set of 15 naturally occurring and

synthetic sugar donors™4

against a panel of peptide sequences 1-14 immobilized on the array platform (Fig.
2). Full structures of the sugar donors screened are given in supplementary information Fig. S1. Peptides 1-13
represent fragments of naturally occurring proteins and contain threonine or serine residues which are
reported to be glycosylated in vivo, whilst peptide 14 is a non-natural sequence which has previously been

shown to be an optimised sequence for pp-oc-GanTZ.[gl

The results of the microarray studies are summarised in Fig. 2 and indicate that pp-a-GanT2 displays a
surprising degree of promiscuity with regards to its sugar donor substrate. As expected, the natural donor
substrate UDP-GalNAc was shown to be the best substrate and the enzyme was successful in transferring a
GalNAc residue to thirteen of the fourteen immobilised acceptor peptides (1-2, 4-14). Multiple glycosylation of
a number of these peptides was observed by MALDI-ToF MS. UDP-Gal was also shown to be a substrate for
human pp-o-GanT2, with a galactose residue being transferred to five of the immobilised peptides. The ability
of pp-0-GanT2 to accept UDP-Gal as a donor substrate has been reported previously.[lsl Further modifications
at the 2-position of the glycan donor have also been shown to be tolerated by the enzyme. Qasba et al. have
demonstrated that pp-a-GanT2 is able to transfer modified galactose units presenting an azido or a ketone
functional group as a chemical handle for further bioconjugation.[w] Importantly, these structures all retain the
galacto-configuration of the enzyme’s natural substrate, UDP-GalNAc. More interestingly, results in Fig. 2
show that wild-type human pp-a-GanT2 is able to transfer a GIcNAc residue from UDP-GIcNAc to seven of the
fourteen immobilised acceptor peptides. The ability of pp-a-GanT2 to utilise UDP-GIcNAc, a naturally occurring
sugar donor with the alternative C-4 configuration to the natural substrate, is highly unexpected. To our



knowledge, the resulting a-GlcNAc modification has been observed in unicellular eukaryotes,[17][18] but not
identified in humans thus far.
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Figure 2 | The application of peptide microarrays to investigate the sugar donor promiscuity of pp-a-GanT2. (top)
Peptides are immobilised on a self-assembled monolayer (SAM) on a gold platform through the N-terminus of the peptide
by formation of an amide bond. The immobilised peptides are then incubated with pp-a-GanT2 and the relevant NDP-
sugar donor and the reaction is monitored by MALDI-ToF MS. (bottom) The table shows the peptide sequences 1-14
immobilised with their parent protein in parentheses. The activated sugar donors screened against 1-14 are listed along
the top of the table (for full structures see supplementary information). Positive activity as detected by MS is denoted with
+.

Having identified unexpected catalytic activity of pp-a-GanT2 towards UDP-GIcNAc on the microarray
platform, our attention turned to validating this result in solution phase. Reactions were carried out with both
UDP-GalNAc and UDP-GIcNAc in combination with a panel of biologically significant peptide sequences (see
supplementary information 6 for full details). The enzymatic modification of the peptides was analysed using
MALDI-ToF MS. The results proved to be consistent with those obtained during the microarray studies. For
unambiguous characterisation of the glycopeptide products, the glycosylation of peptide 14 was carried out on
a preparative scale using both UDP-GIcNAc and UDP-GalNAc as the donor substrate (Fig. 3). After isolation and




purification, the structures of the resulting glycopeptides 15 and 16 were then unambiguously assigned using
detailed NMR studies. Such characterisation was important to exclude the potential activity of a contaminating
epimerase, which is well known to convert UDP-GIcNAc to UDP-GalNAc."™ The anomeric resonances of the
monosaccharides in the glycopeptides were assigned using multiplicity-edited 1H,BC-HSQC spectra, in which a
single cross-peak corresponding to a hexopyranosyl residue was observed at 6,/6¢ 4.98/99.40 and 5.00/99.55
in 15 and 16, respectively. The 'H and C chemical shifts of the sugar residues were assigned using 1H,1H—
TOCSY and multiplicity-edited 'H,®c-HsQc experiments (see supplementary information table S1) and
compared to those of the corresponding monosaccharides.””" From the analysis of 'H,'H-TOCSY spectra (Fig.
3a and 3b) and 'H and ™C chemical shifts, the sugar residue in 15 has the gluco-configuration whereas the
sugar residue in 16 has the galacto-configuration. Note that whereas all the protons can be traced from H1 of
GIcNAc, only those up to H4 can be identified from H1 of GalNAc, due to the small coupling constant between
H4 and H5, which is typical for a hexopyranose residue with the galacto-configuration. The residues are a-
linked since the lchHl coupling constants are 174 and 172 Hz and the 3JH1,H2 coupling constants 3.6 and 3.7 Hz
in 15 and 16 respectively. In addition, only one intra-residue NOE correlation from the anomeric proton to H2
was observed in the "H,"H-NOESY spectra of 15 and 16 (Fig. 3c and 3e respectively), which is consistent with
the a-configuration of the anomeric centers. The substitution of a threonine residue (T) with the
corresponding sugar residue was confirmed by long-range NOE correlations from the respective anomeric
proton to the resonances at 4.29 and 1.36 ppm (H3 and H4 in T) in 15 (Fig. 3c and 3d) and to 4.29 and 1.36
ppm (H3 and H4 in T) in 16 (Fig. 3e and 3f). Corresponding nOe signals were previously observed for
oligosaccharides in which a-D-Manp residues were attached to threonine in glycopeptides related to the a-DG
glycoprotein.m] The spin systems of the threonine residues in 15 and 16 were assigned using 'H,'H-TOCSY
experiments, and correlated to the respective BC resonances using the multiplicity-edited 'H,"c-HsacC
(supplementary information table S1). Thus, 15 contains an o-D-GlcpNAc group and 16 contains an o-D-
GalpNAc group, both of which are linked to a threonine residue in their glycopeptide.
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Figure 3 | Synthesis and characterisation of epimeric glycopeptides 15 and 16 — (top) Treatment of peptide 14 with
ppGanT2 and either UDP-GIcNAc or UDP-GalNAc results in the synthesis of glycopeptides 15 and 16 respectively. (bottom
left) Selected regions from the *H,"H-TOCSY spectra (T, 100 ms) of 15 (a) and 16 (b) showing the spin systems originating
from the anomeric protons, and (bottom right) selected regions from the 'H,"H-NOESY spectra (Tmix 300 ms) of 15 (c and d)
and 16 (e and f) showing, inter alia, inter-residue correlations from the anomeric protons to H3 and H4 in the
corresponding threonine residues.




The ability of human pp-a-GanT2 to transfer an a-linked GIcNAc residue from UDP-GIcNAc to biologically
significant peptide sequences raises a number of interesting points. Firstly, this observation provides evidence
regarding the potential evolutionary origin of the ppGanT family of glycosyltransferases. The evolutionary
pressure to increase the structural diversity of glycans which are able to serve as discrete ligands for various
recognition events is well documented.” In unicellular eukaryotes, mucin-type O-glycans are initiated by an
a-linked GIcNAc moiety in place of the a-linked GalNAc structure which is observed in mammals. Based on
detailed bioinformatics and mechanistic studies it has been proposed that mammalian ppGanTs have evolved
from the early UDP-GIcNAc: peptide a-N-acetylglucosaminyltransferases (ppGnTs) responsible for the
attachment of the GIcNAc residue in these organisms.[24] The discovery of residual UDP-GIcNAc activity in
human pp-a-GanT2 lends strong evidence in support of this theory. The fact that closely related UDP-activated
sugars with the gluco-configuration were not substrates for pp-a-GanT2 (Fig. 2), demonstrates that this
enzyme is not simply displaying general promiscuity.

Secondly, the discovery of substrate promiscuity associated with an important human glycosyltransferase
suggests that glycan microheterogeneity may occur in vivo as a result of glycoenzyme promiscuity, which has
not been considered previously. In this instance, the ability of a human pp-a-GanT2 to transfer a GIcNAc
residue to biologically relevant peptide sequences in vitro raises the possibility that a-GIcNAc could be a
natural post-translational modification (PTM) in humans. The kinetic parameters for UDP-GalNAc and UDP-
GIcNAc with pp-a-GanT2 in combination with acceptor peptide 14 were determined (UDPGalNAc: K, = 18 uM,
K.t = 20 min'l, UDPGIcNAc: K, = 273 uM, K = 1.3 h'l). Although the K, for UDP-GIcNAc is an order of
magnitude greater than that for UDP-GalNAc, the value lies in the range of other mammalian

(2511261 (see supplementary information Fig. S6). However, the low

glycosyltransferases that utilise this substrate
K.a: value observed for UDP-GIcNAc suggests that it is unlikely to be a viable substrate for pp-a-GanT2 in vivo.
Additionally, incubation of peptide 14 with mixtures of UDP-GIcNAc and UDPGalNAc (up to 5:1 UDP-
GIcNAc:UDPGalNAc) failed to result in competitive transfer of the GIcNAc moiety to the peptide in vitro.
Studies are currently ongoing to determine whether alternative isoforms of the ppGanT family display similar
or enhanced activity towards UDP-GIcNAc. Initial investigations suggest that pp-a-GanT1 is unable to utilise
UDPGIcNACc as a substrate. A detailed phylogentic analysis (supplementary information Fig. S7) of the catalytic
domains of available pp-a-GanTs and pp-a-GnTs shows that human pp-a-GanT11 is the most closely related
isoform to the pp-a-GnTs from lower eukaryotes, suggesting that this may be a good candidate to display

enhanced activity towards UDP-GIcNAc.
Differentiation of a-GIcNAc and a-GalNAc modified peptides by lon Mobility-Mass Spectrometry (IM-MS)

The studies described above highlight the advantages of MS as a sensitive analytical technique which meets
the significant demands associated with glycomic analysis. However, the results presented also illustrate the
limited stereochemical information provided by this technique, and detailed NMR studies using relatively large
amounts of purified material were required to characterize the stereochemistry of the glycan transferred to
the peptide sequences. The development of new analytical methods which provide more precise
stereochemical information on glycoconjugates whilst retaining the high sensitivity associated with MS would
greatly facilitate the identification of novel glycosylation patterns occurring in vivo. IM-MS is an emerging
analytical strategy now finding utility in a number of fields including glycomics and glycoproteomics.[27][28][29”30]
This technology has the potential to greatly enhance the analysis of complex glycopeptide mixtures due to its
ability to separate ions of identical m/z in the gas phase by virtue of changes in their collisional cross section
(CCS). Creese et al. recently reported the separation of glycopeptides with identical peptide sequences but
with different sites of glycosylation using high field asymmetric wave ion mobility spectrometry (FAIMS)W] and
Li et al. were able to separate a series of methyl glycosides by both travelling wave ion mobility spectrometry
(TWIMS) and drift tube ion mobility spectrometry (DTIMS).[ZS] During the course of preparation of this
manuscript, the same authors described the development of an instrument capable of performing tandem IM-



MS (a hybrid IMS-TWIMS instrument), which they used to analyse select isomeric carbohydrates.lzg]

Encouraged by these studies, we investigated the potential application of IM-MS for the distinction and
characterization of epimeric glycoconjugates, which presents a considerably greater challenge and has not
been described previously.

TWIMS-MS (14 repeats) was initially performed on epimeric glycopeptides 15 and 16, containing o-linked
GlcNAc and GalNAc motifs respectively. The mobilograms associated with the [M+H]" peak at m/z 1081.54 for
these glycopeptides are shown in Fig. 4 and drift time data is shown in table S2 (supplementary information).
Interestingly, the a-GalNAc peptide 16 has a significantly longer drift time than the a-GIcNAc peptide 15 (p = 2
x 10™%), indicating that the a-GalNAc induces a more open/extended conformation in these glycopeptide
structures. The broader arrival time distribution further suggests the possibility of multiple extended
conformations which cannot be resolved under these conditions. CID of each of the glycopeptides
preferentially resulted in neutral loss of the sugar moiety and formation of the unmodified peptide ([AM+H]",
m/z 878.51). The mobilograms and drift time data associated with the deglycosylated peptides are shown in
Fig. 4a and table S2a (supplementary information) respectively, and demonstrate that the drift times of the
unmodified peptide ion following neutral loss of the sugar is identical in both cases (p = 0.63), as would be
expected. This difference in conformation of the modified peptides is empirically represented by a box-whisker
plot (Table S2b supplementary information) of the difference in drift times between glycosylated and
deglycosylated peptides. The significance of these differences in drift times was assessed by means of
independent T-tests (p<3 x 10™"). The drift times of the corresponding B-linked GIcNAc glycopeptide 17, before
and after CID, were also determined. B-linked GIcNAc is a naturally occurring human PTM mediated by UDP-
GIcNAc: peptide B-N-acetylglucos-aminyltransferase (0GT).®Y The results clearly demonstrate that isobaric
stereoisomers of glycopeptides containing either a-GalNAc or B-GlcNAc linked to threonine, both commonly
occurring PTMs in humans, can be separated by IM-MS. No significant difference was observed in the drift
times of the singly charged B-GIcNAc glycopeptide 17 compared to the analogous a-linked GIcNAc
glycopeptide 15 under the conditions employed (p = 0.67). However, a significant difference in drift times were
observed between the corresponding doubly charged species (Fig S2a supplementary information).
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Figure 4 | Mobilograms showing the discrimination of epimeric glycopeptides 15-17 and 19-20 and the distinction of
HexNAc oxonium ions generated following CID. (A,i) Mobilogram showing that glycopeptide 16 (a-GalNAc) (blue) can be
distinguished from the isobaric glycopeptide 17 (B-GIcNAc) (red). (A,iii) CID of glycopeptides 15, 16 and 17 (a-GalNAc/ai-
GIcNAc/B-GIcNAc) prior to ion mobility separation results in neutral loss of the glycan moiety leaving the unmodified
peptide that cannot be differentiated by IM-MS (as would be expected). (B,i) Mobilograms associated with both the
glycosylated Muc 2 (PTTTPITTTTTVTPTPTPTGTQT) species 19 and 20 demonstrates separation of multiple glycoforms which
can be partially resolved under the conditions employed. The more abundant conformations of the epimeric glycopeptides
can still be differentiated by IM-MS by differences in their drift time. (B, ii) CID of glycopeptides 19 and 20 prior to ion
mobility separation, results in the formation of epimeric oxonium ions that are distinguishable by TWIMS-MS. Vertical lines
represent 1/2fwhh.




Having demonstrated the utility of IM-MS to distinguish epimeric glycopeptides derived from the optimized
peptide sequence 14, our attention turned to the separation of glycopeptides based on a structurally more
complex natural peptide (PTTTPITTTTTVTPTPTPTGTQT 18), that is a tandem repeat unit of the Muc 2 protein
(Fig. 4b). IM-MS was performed on glycopeptides derived from the Muc 2 sequence containing both a single a-
GIcNAc and a single a-GalNAc modification. The mobilograms associated with the [M+2H]*" ion for these two
glycopeptides are depicted in Fig. 4b. The presence of multiple threonine residues in this sequence presents
the added complication that glycosylation occurs on a number of sites, leading to the formation of a
heterogenous mixture of glycoforms (see supplementary information Fig. $10-11 for details regarding sites of
glycosylation). These glycoforms could be partially resolved under the ion mobility conditions employed, as
evidenced by the presence of two peaks in the mobilograms associated with each of the glycopeptides 19 and
20. In contrast with the optimal glycosylated peptides, the a-GalNAc glycopeptide 20 has a significantly shorter
drift time than that of the a-GIcNAc species 19 (p = 1.2 x 107), indicating that the differences in observed drift
times are not simply due to differences in conformation of the GIcNAc and GalNAc glycans themselves, but
rather differential glycosylation-induced changes in peptide structure. This observation of glycan-induced
changes in glycopeptide structure is further supported by the mobility analysis of this peptide comprising
sequential addition of multiple a-GalNAc moieties, as the differences in drift times after each addition are not
uniform (Table S4 supplementary information).

In order to utilise IM-MS as a generally applicable tool to enable the distinction of epimeric glycans linked to
peptides, it is necessary to develop a method for the separation of stereoisomeric glycoconjugates that is
independent of peptide sequence. This was achieved by combining CID with subsequent ion mobility
separation. The [Muc 2 + GIcNAc + 2H]2+ and [Muc 2 + GalNAc + 2H]2+ ions at m/z 1260.13 were isolated and
subjected to CID resulting in the formation of epimeric GIcNAc and GalNAc oxonium ions which were
distinguishable by TWIMS. The GIcNAc oxonium species was shown to have a significantly longer drift time
than the corresponding GalNAc species (n=3, p = 2.9 x 10’6) (Fig. 4b). Since the structure of these product ions
will be specific to the nature of the hexose, rather than the precursor ion from which it is derived, this
combination of CID and IM-MS provides a broadly applicable strategy for the distinction and characterisation
of epimeric glycans linked to peptides, and could potentially be developed as a screening strategy for
biologically-derived glycopeptides. More generally, the observation that epimeric glycan CID product ions can
be distinguished by IM-MS highlights the potential application of this technique for sequencing more complex
oligosaccharides presented on cell surfaces.

Towards carbohydrate sequencing using IM-MS

The characterisation of oligosaccharides from biological samples typically involves the initial release of the
glycans from the peptide or protein (using beta elimination for O-glycans or glycosidase treatment for N-
glycans) followed by multistage tandem MS (MS"). Analysis of the resulting fragment ions provides detailed
structural information including regiochemistry of the glycosidic linkages and branching patterns. The major
limitation of this technique lies in its inability to provide adequate (detailed) stereochemical information that is
required for a comprehensive carbohydrate sequencing strategy. IM-MS has great potential to overcome this
limitation due to its ability to distinguish epimeric structures.

To explore the application of IM-MS in carbohydrate sequencing, TWIMS-MS was initially performed on the
isobaric hexoses 21-23 (Glc, Gal and Man) and HexNAcs 24-26 (GIcNAc, GalNAc and ManNAc) (n=3). Only
sodiated ions of these monosaccharides were observed under the conditions employed. The drift times and
collision cross sectional areas of 21-26 (as determined by comparison with a standard with known cross-

B2 are given in Table 5. The data demonstrates that the three HexNAcs 24-26 are all

sectional area)
distinguishable using IM-MS. Interestingly, the mobilogram associated with GIcNAc consists of a minor peak
followed by a major peak at a longer drift time, suggesting the presence of multiple conformations, potentially

arising due to differential sites of sodiation associated with this structure in the gas phase. The drift time of Glc



21 is significantly longer than that of both Man (p = 7.7 x 10'5) and Gal (p = 7.1 x 10"5). Although a small
difference in drift time was observed between Gal 22 and Man 23, this difference was not significant (p = 0.1)
under the conditions employed. This result is unsurprising since both structures are similar in that they possess
a single axial hydroxyl substituent.

Drift-time (ms) Drift-time (ms)
Hex Structure (and CCS (A%) HexNAc Structure (and CCS (A2))
OH OH
(@] o
Gle (21) HOHO 3.84 (78) GIcNAC (24) HOHO 4.58 (90)
OH OH AcHN OH
OH OH OH OH
(0] o
Gal (22) HO 3.68 (75) GalNAc (25) HO 4.25 (85)
OH OH AcHN OH
on OH on NHAc
-0 -0
Man (23) HOHO 3.70 (76) ManNAc (26) HOHO 4.23 (84)
OH OH

Table 1 | Drift times and collision cross section (CCS) values of naturally occurring, isobaric monosaccharide building
blocks: hexoses (Glc, Gal, and Man) and HexNAcs (GIcNAc, GalNAc and ManNAc). A significant difference in drift time was
observed for all monosaccharides with the exception of Gal and Man. Although a small difference in CCS was determined
for these two structures, this difference was not significant under the conditions employed and further optimization would
be required to potentially enhance the separation of these two structures. The mobilogram associated with GIcNAc
consisted of two peaks, suggesting the presence of multiple conformations or sites of sodiation. In this instance, the drift-
time and CCS measurements are reported for the most intense species. All drift-times and CCS values were determined for
the [M+Na]® species. CCS values were calculated following calibration of the drift times in the TWIMS device using
polyglycine peptides with known CCS values.*?

A series of isobaric beta-1,4 linked disaccharides 27-31, each containing one hexose and one HexNAc unit was
subsequently analysed using the same strategy. Disaccharides 28-31 are commercially available and
disaccharide 27 was synthesised from N-acetyl glucosamine in nine linear steps (see supplementary section
17). TWIMS analysis demonstrated that all intact disaccharides 27-31 were distinguishable under the
conditions employed, with the exception of structures 27 and 29 which displayed identical drift times.
Interestingly, separation of these structures was achieved under optimised conditions on the first generation
Synapt HDMS instrument (Fig S14 and Tables S6 and S7 supplementary), suggesting that further optimisation
of separation conditions on the G2 may enable discrimination of these species, albeit under slightly modified
conditions. In an attempt to derive glycan sequence information using a combination of IM and MS data, each
of the disaccharides 27-31 was then subjected to CID prior to TWIMS. The commonly observed product
resulting from collisional dissociation of a disaccharide into its monosaccharide components are B and C ions
(charge retained on the non-reducing glycan) and Y and Z ions (charge retained on the reducing glycan) (Fig
5a), observation of which allows glycan sequencing to be performed from either the reducing and/or non-
reducing termini. The mobility data and CCS values of the CID product ions are presented in Fig 5b. All the
product ions derived from the three hexoses and the two HexNAcs that we expected to separate are
distinguishable (see below) and follow the same trend in drift times reported for the monosaccharides (Table
1). Significantly, the C-ions derived from disaccharides 28 and 29/30 (with Man and Gal at the reducing
terminus) are distinguishable, in contrast with the identical drift times observed for the native
monosaccharides 22 and 23. The finding that the Y-ions derived from carbohydrates presenting GIcNAc or
GalNAc at the reducing terminus can be discriminated by IM-MS, suggests that this strategy can be used to
explore the possibility that a-linked GIcNAc is a naturally occurring modification present in mucin-type glycans,
possibly arising due to ppGanT promiscuity (as discussed above).




The Y-ions derived from glycans 27-29 (ie with the same reducing sugar) are identical, as are the C-ions from
the glycans with the same non-reducing sugar, as would be expected. Also as expected, the C-ion derived from
disaccharides 29 or 30 has an identical CCS as the Y-ion derived from disaccharides 31. The formation of a Z-ion
arises as a result of loss of the C-4 hydroxyl group (Fig 5a), and these fragment ions derived from disaccharides
27-30 (with either GIcNAc or GalNAc residues at the reducing terminus) also have identical drift times (as
expected). Only disaccharide 31, which has a GalNAc residue at the non-reducing end, yielded a B-ion with
sufficient intensity to enable mobility data to be obtained. The drift time of this B-ion is consistent with
previously reported enhancement of B-ion formation at non-reducing HexNAc (cf hexose) glycosidic bond
cIeavage.m] The mobilograms associated with the B-ion derived from disaccharide 31, and of the Y-ions
derived from disaccharides 27-29 (GIcNAc at the reducing terminus) consist of two peaks, again indicative of
multiple conformations (potentially due to different sites of sodiation). The mobilograms associated with the
Y-ions consist of a minor peak followed by a major peak at a longer drift time, in agreement with the
mobilogram associated with the native monosaccharide (Fig X supplementary info). Combined, the results
presented demonstrate that monosaccharide product ions corresponding to the most abundant isobaric
glycan building blocks (Glc/Man/Gal and GlcNAc/GalNAc) are all distinguishable by IM-MS. Additionally, the
drift times (and calculated CCS values) of these species are independent of the starting disaccharide structures
from which they are derived. These observations highlight the potential of IM-MS to contribute to the
development of a broadly applicable carbohydrate sequencing strategy.
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Figure 5 | Drift times of isobaric disaccharides 27-31 and the monosaccharide product ions generated following CID. (A)
CID of a disaccharide commonly results in the formation of B-, C-, Y- and Z-ions which arise as a result of a single bond
cleavage.m] The combination of CID and TWIMS allows the drift-times and CCS values of these product ions to be
determined. (B) Structures of the B-1,4 linked disaccharides 27-31 and representative structures of the monosaccharide
product ions (highlighted in red) formed as a result of CID of the respective disaccharide precursor ion. Drift-times for the
[M+Na]” species and calculated CCS values are shown below each of the structures. For cases where two conformations
(potential sites of sodiation) were observed, the drift-time and CCS measurements are reported for the most prominent
species. CCS values were determined following calibration of the TWIMS device using polyglycine peptides with known CCS
values.® CCS values for the disaccharides were not determined (ND) as the drift times values lie outside the range of this
calibration.

Conclusions

IM-MS is an emerging analytical technique which combines the benefits traditionally associated with mass
spectrometry such as high sensitivity and mass accuracy, with the ability to distinguish ions with identical
masses such as regio- and stereo-isomers.?" The development of instrumentation with significantly enhanced
sensitivity and mobility resolution will undoubtedly further improve the degree of separation of these species
and it is predicted that this powerful technology will find broad application in a variety of research areas.

We have demonstrated the application of IM-MS to distinguish stereoisomers of glycans and glycoconjugates
which represents a major limitation currently associated with glycomic and glycoproteomic analysis. This
technique has the necessary resolution to distinguish epimeric glycoconjugates which contain multiple
asymmetric centres and crucially is able to distinguish epimeric glycan product ions formed following CID of
glycopeptide or oligosaccharide structures.. The methodology described is expected to facilitate the
identification of novel glycosylation patterns occurring in vivo. It is expected that the sequencing of complex
carbohydrates will be made possible by the incorporation of an ion trapping device prior to the mobility cell,
allowing multi-stage tandem MS to be performed prior to ion mobility. This methodology may ultimately
enable the development of a comprehensive carbohydrate sequencing strategy, a goal which remains a
significant challenge at the forefront of glycomic analysis.

Methods
Travelling wave ion mobility-mass spectrometry (TWIMS-MS) separation of glycopeptides

Glycopeptides 15, 16 and 17 were diluted to 1 pmol/uL and Muc 2 glycopeptides 19, 20, (2xGalNAc) and
(3xGalNAc) to 2 pmol/pL with 1:1 acetonitrile:water 0.1% (v/v) formic acid prior to analysis. Free
monosaccharides and disaccharides were diluted to 5 pmol/uL in 1:1 methanol:water. Samples were infused
into a Synapt HDMS instrument (See supplementary) or Synapt G2 HDMS (Waters, UK) using borosilicate
emitters (Proxeon, Odense, Denmark). For the Synapt G2 HDMS instrument, the capillary, cone voltage and
source temperature were typically set to 1.1-1.5 kV, 35 V and 80°C respectively. The IM travelling wave speed
was set to 700 m/s and the wave height set at its maximum 40 V for the analysis of glycopeptides and the
disaccharides. For the analysis of glycan product ions (post CID), the travelling wave velocity was increased to
1200 m/s. The nitrogen drift gas flow was set at 90 mL/min for all experiments. CID of glycopeptides or
disaccharides was induced in the trap cell using an argon collision gas at collision energy (CE) of 45 and 35 kV
respectively and prior quadrupole mass selection. Data were collected between 50-2500 m/z for glycopeptides
15-17 and 19-20 and between 50 and 1200 for monosaccharides 21-26 and disaccharides 27-31with a product
ion tolerance of £100 ppm. The significance of analyte separation was determined using independent T-tests.
The mass measurements were calibrated using product ions following CID of Glu-fibrinopeptide (trap CE 35 kV)
by infusion (500 fmol/uL; 1:1 acetonitrile:water, 0.1% (v/v) formic acid) at a flow rate of 0.1 uL/min. Drift
times were calibrated to calculate collision cross sectional area for glycopeptides by infusion of a tryptic digest
of QCal-IM, according to the procedure described previously.[35] Product ion and monosaccharide collision
cross sections were calibrated against a series of [Gly,+H]+ peptides (n=3-6), with previously verified collision




cross sections.*?'Mass spectra were processed using MassLynx V4.1 and mobilograms using DriftScope v2.1
(both Waters, UK).
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