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Abstract

Detailed structural elucidation of protein glycosylation is a tedious process often involving several
techniques. Glycomics and glycoproteomics approaches with mass spectrometry offer a rapid
platform for glycan profiling but are limited by the inability to resolve isobaric species such as
linkage and positional isomers. Recently, ion mobility spectrometry (IMS) has been shown to
effectively resolve isobaric oligosaccharides, but the utility of IMS to obtain glycan structural
information on a site-specific level with proteomic analyses has yet to be investigated. Here, we
report that the addition of IMS to conventional glycoproteomics platforms adds additional
information regarding glycan structure and is particularly useful for differentiation of sialic acid
linkage isomers on both N- and O-linked glycopeptides. With further development IMS may hold
the potential for rapid and complete structural elucidation of glycan chains at a site-specific level.
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Glycosylation plays a role in nearly all aspects of biology including cell—cell
communication, differentiation and development, modulating enzymatic activity, and
immune regulation and is integral to many host-pathogen interactions.1:2 Glycan chains are
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attached to proteins either through the side chains of asparagine (N-linked) or serine and
threonine residues (O-linked). All glycan chains are composed of relatively few types of
monosaccharides, but the large number of possible branching patterns, linkage isomers, and
other modifications (e.g., sulfation) results in an enormous diversity of structural variants
with different biological effects. For example, sialic acids moieties can be linked a2-3 or
a?-6 to the outer sugars of the nonreducing end, which alter host recognition of the
influenza viruses.3 Despite their importance to clinical diagnostics and therapeutic
development, our knowledge of glycosylation has been hindered by the structural
complexity of carbohydrates, which create difficult problems for data analysis.*

Unlike DNA or proteins, for which technologies have enabled rapid sequencing, glycan
sequencing remains a very involved and specialized task, sometimes requiring several
orthogonal methods. Strategies for full glycan structural elucidation generally involve glycan
removal either enzymatically (N-glycanase) or chemically (e.g., hydrazine) and either liquid
chromatography or capillary electrophoresis to resolve each glycan structure.*~" In many
cases complex glycans need to be further analyzed with stepwise treatment using specific
exoglycosidases for full structural elucidation. While such methods have been established
for rapid parallel processing, one major limitation is the reliance on glycan removal from the
protein. With proteins containing multiple glycosylation sites, this approach does not resolve
differences among the glycan structures at the individual sites. Site-specific glycan
characterization typically necessitates additional prefractionation to isolate each
glycosylation site on a glycopeptide level. This additional step can be labor intensive and
generally requires significantly more starting material.

Modern glycoproteomics with mass spectrometry offer a rapid platform for site-specific
glycan profiling, but the information content is limited by the inability to resolve linkage-
and positional isomers.8 Additional information on the glycan structures requires specific
exoglycosidase treatments or derivatization schemes in conjunction with mass
spectrometry.9-14 Jon mobility spectrometry (IMS) adds a dimension capable of resolving
isobaric species by their gas-phase collision cross-section (CCS), which has proven useful at
resolving oligosaccharides'®28 and databases for carbohydrate CCS values have recently
been established.2® However, all of these studies have been limited to synthetic standards or
glycan chains isolated from glycoproteins. Additionally, because of gas-phase
rearrangements within certain types of sugars during typical collision-induced dissociation
(CID), mass spectrometry based glycan structural characterization has largely focused on
metal adducted glycan chains.39-32 Here we demonstrate how incorporation of IMS into
glycoproteomics platforms can provide additional information regarding glycan structure on
a site-specific level, particularly in regard to differentiation of sialylation linkages on N-
linked and O-linked glycopeptides.

Results and Discussion

As a first assessment of the potential of IMS to resolve sialic acid isomers the arrival time
distributions (ATD) of 3" and 6 sialyl-A~acetyllactosamine (SLN) were compared (Figure
1A). The two trisaccharides have identical structures with the exception of the linkage of the
sialic acid (NeuAc) to the galactose (Gal), which is either linked a2-3 or a2-6. The ATD of
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the [M — H,O + H]* species (657.24 Da), one of the abundant fragments that is observed
during typical CID of an intact glycan chain, showed remarkable separation of the two
linkage isomers. While 6" SLN had a clear Gaussian peak at ~6 ms, 3" SLN showed a
major peak at ~6.4 ms with a minor peak near 6 ms. The fragment corresponding to the
NeuAc-Gal species (m/z454.17) was also examined, but was very poorly detected,
presumably due to poor fragmentation efficiency at the Gal 81-4GIcNAc glycosidic bond and
therefore was not used for further analysis.

To test whether the additional peak in the 3" SLN was due to some 6" impurity, both
isomers were analyzed by hydrophilic interaction chromatography (HILIC), which was able
to resolve the two anomers of both 3" and ’6 species (Figure S1A). From the ATDs, only
one of the two anomers of the 3" SLN shows a strong signal near 6 ms (Figure S1B). The
presence of the second peak was not dependent on the collision energy used (Figure S2A).
Structural rearrangements in the gas-phase have been reported to occur on several protonated
glycan species even under mild CID conditions, albeit at relatively low levels.31-33 However,
the CID spectra of both 3 and 6" SLN isomers showed only a trace peak (less than 0.1%
base peak intensity) corresponding to a NeuAc-GIcNAc species (495.17 Da), that would
arise from such rearrangements. The sodium adduct, which should not undergo any gas-
phase rearrangements,32 also showed a second peak only in the 3" SLN (Figure S2B), and
its fragmentation pattern showed no evidence of any linkage rearrangements. A similar
pattern was seen with the intact protonated ion, though for this case even the 6” SLN
showed two peaks, likely relating to the different anomers (Figure S2B). At present, we
speculate that the minor peak in the 3" SLN ATD is due to an alternate gas-phase
conformation that is dependent on the anomeric configuration of the reducing sugar.

The same IMS separation was applied to resolve sialic acid linkage isomers on intact
glycopeptides from a tryptic digest of human alpha-1-acid glycoprotein (a1AGP). Intact
glycopeptides were resolved by LC, their precursor ions isolated in the quadrupole,
fragmented by CID, and separated by IMS to resolve the glycan fragment isomers (LC-CID-
IM-MS). Figure 1B shows the ATDs of the SLN fragment from one selected alAGP
glycopeptide with a biantennary, triantennary, or tetraantennary N-linked glycan chain.
There is a clear signal for both the 3" and 6" isomers that matches the major peaks observed
with the SLN standards. From the known structures of the N-linked glycans of alAGP, the
two peaks should correspond to NeuAca2-3Gal 51-4GIcNAc and

NeuAca2-6Gal B1-4GIcNAc.34 To confirm these assignments, the tryptic digests were
treated with Sialidase S to specifically cleave only a2-3 linked sialic acids. Accordingly, the
ATD of the Sialidase S treated sample showed only the single peak at ~6 ms (Figure 1B,
bottom trace).

LC-CID-IM-MS was similarly performed on a tryptic digest of bovine Fetuin. The two
peaks in the ATD for the SLN fragments matched those from a1lAGP and the SLN standards
(Figure 2A). An additional peak at ~5.7 ms was evident when analyzing the fragments from
the triantennary tetrasialo glycoform, which has been shown to contain a GICNAc-linked
sialic acid.35:36 After Sialidase S treatment the ~6.5 ms peak disappeared, leaving only the
5.7 and 6 ms peaks. The tryptic digest was further treated with Sialidase A to remove all
sialic acids. However, a signal for the triantennary glycoform bearing a single sialic acid
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remained, which has previously been observed to be resistant to sialidase treatment.3> The
ATD of the SLN fragment from this glycoform showed a predominant peak at ~5.7 ms,
which therefore corresponds to the Gal81-3(NeuAca2-6)GIcNAC structure present on a
fraction of triantennary N-linked glycans on Fetuin. Among the fragments from the
tetrasialo glycoforms, there was also an abundant signal at /7772 495.2 and 948.34 that had a
single peak in the ATD consistent with the fragments NeuAca2-6GIcNAc and
NeuAca2-3GalSL-3(NeuAca2-6)GIcNAC, respectively (Figure 2B). These ions were not
observed in the triantennary trisialo or bianternnary Fetuin glycopeptides or any of the
alAGP glycopeptides. Therefore, there is no detectable occurrence of gas-phase
rearrangements between the sialic acid and the GIcCNAc during CID of intact glycopeptides.
Calibrated CCS values for all observed sialylated glycan fragments are reported in Table 1.

In the course of examining the various glycoforms of each glycopeptide, we observed a
trend in which the higher degree of branching correlated with an increase in the content of
a2-3 linked sialylation. Such correlations have been previously observed during
comprehensive NMR structural elucidation of Fetuin N-linked glycans.3® However, with the
ability to resolve variations in sialylation patterns on a site-specific level we can see that not
all sites share identical patterns (Figure S3). For example, the biantennary bisialo
glycopeptide 142-169 shows 41.3% a2-3 while glycopeptide 54-85 with the same
glycoform contains only 23.2% (Table S1). These types of differences are also observed
among the different biantennary glycopeptides in alAGP, with the content of a2-3 linked
sialylation ranging from 4.3 to 23.6%. As a complementary way to monitor relative
sialylation levels, we examined the signal intensity of each glycoform before and after
sialidase S treatment as a qualitative assessment of the degree of a2-3 sialylation. Overall,
the trends are consistent with the IMS results in that biantennary glycans have the highest
content of 6” sialylation and tetraantennary glycans have the most 3" (Figure S4). While
several studies have examined the distributions of Fetuin and a1AGP glycoforms along with
relative amounts of sialylation linkages,3%37 to our knowledge this is the first example of
such a quantitative examination of sialylation at a site-specific level.

The Fetuin digest also provided a sample to test whether IMS can be used to obtain
structural information for glycopeptides bearing O-linked glycans. We examined peptides
316-330 bearing a single glycosylation site, and 228-288 which bears 4 well-characterized
glycosylation sites.38 The most abundant glycoforms with resolved precursor ions were
examined by IMS. Though the overall signal was relatively poor the ATDs of the sialyl-/N-
acetyllactosamine fragments could still be monitored (Figure 2C). With both peptides there
were three species with the predominant peak at 6 ms and minor peaks at 6.3 and 5.6 ms.
The most prevalent O-linked glycan structure on Fetuin is a2-3 sialylated with galactose
linked S1-3 to a A-acetylgalactosamine (NeuAca2-3GalB1-3GalNAc).32 Two other
glycoforms have a2-6 sialylation on the GalINAc: NeuAca2-3GalS1-3(NeuAca2-6)GalNAc
and GalB1-3(NeuAca2-6)GalNAc); the later of which might correspond to the peak at 5.6
ms, as seen with the Gal 81-3(NeuAca2-6)GIcNAC) on the Fetuin N-linked glycopeptides.
Additionally there is also a minor glycoform containing a second N-acetyllactosamine chain
attached to the GalNAc (NeuAca2-3Gal81-3(NeuAca2-3Gal f1-4GIcNACS1-6)-GalNAC).40
This hexasaccharide can fragment to yield NeuAca2-3Gal 51-4GIcNAc that would be
consistent with the peak at 6.3 ms, as observed with the N-linked glycopeptides. Further
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work will be necessary for definitively establishing the drift times of structures relevant to
O-linked glycosylation, but for now this data demonstrates the utility of IMS for resolving
different structures of O-linked glycans.

To assess the overall quantitative accuracy of sialylation by IMS an additional LC-MS run
was performed with a high cone voltage to induce fragmentation of all precursor ions and
observe the combined ATD from all glycopeptides (Figure 3). This signal should be
dominated by the N-linked glycans, as the Fetuin O-linked glycopeptide precursor ions were
of relatively weak intensity. From the combined ATD the overall ratios of sialic acid linkage
isomers observed on Fetuin is approximately 38.4% a2-3, 59.4% a2-6, and 2.2% attributed
to sialylation at the GIcNAc. These overall ratios are consistent with previous quantitative
measurements of sialylation of Fetuin that range from 38:62 up to 51:49 in a2-3:a2-6
sialylation, possibly reflecting differences in the methods used for glycan isolation,
detection, and variations in sample preparations.3®:37 Additionally, the overall content of
sialylation at GIcNAc is similar to that observed by nuclear magnetic resonance (~2.6%).3°

As an additional control we examined the sialylation pattern of a HIV-1 Env gp140
glycoprotein purified from Chinese Hamster Ovary (CHO) cells. gp140 trimers contain 28
N-linked glycosylation sites on each of the three subunits, some of which bear biantennary
monosialylated glycan structures.! Expression in CHO cells produces proteins with only
a2-3 linked sialylation as CHO cells lack a2-6 sialyltransferase.*2 A tryptic digest of gp140
was analyzed using the same high cone voltage approach as described for alAGP and
Fetuin. The resulting combined ATD showed only a single peak at 6.3 ms (Figure 3, lower
panel). Examining the individual patterns for each glycopeptide in such a complex
glycoprotein was beyond the scope of this study. However, this data sufficiently
demonstrates that the underlying cause for the multiple peaks observed in the ATD of the 3’
SLN standard (Figure 1A) is not confounding the analysis of sialyl- A-acetyllactosamine
fragments from intact glycopeptides.

Lastly we examined the effect of the collision energy (CE) on the ATD profile of the glycan
fragments. The m/z657.24 peak was observed even with the lowest CE (4 V), became more
abundant as the voltage was increased, and eventually diminished above 40 V, likely due to
further fragmentation of the SLN fragment (Figure S5A). Even at the highest CE the ATD
for m/z657.24 fit well to two Gaussian distributions, unlike that observed in the 3" SLN
standard (Figures S1B and S5C). The relative intensities of the 3" and 6° SLN peaks are
consistent at lower CE, but deviate above 20 V, with a drop in the observed 3" SLN content
(Figure S5B). The offsets at higher CE may be due to further fragmentation if one of the
sialylation isomers is more susceptible to secondary fragmentation. Overall, this indicates
that a lower CE is favorable for a more accurate quantitative measure of the sialylation
linkage by IMS.

Conclusion

A number of studies have demonstrated the power of IMS to resolve linkage and positional
isomers in synthetic oligosaccharides and differentiate intact glycan chains. However, the
utility of IMS to obtain glycan information on a site-specific level during glycoproteomics
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analyses is only now becoming appreciated. Here, we report that the addition of IMS to
conventional glycoproteomics platforms adds the ability to differentiate sialic acid linkage
isomers on both N- and O-linked glycopeptides. During the revision stage of this article,
another group reported a very similar strategy for differentiating sialylation linkage by
IMS, 43 further illustrating the utility of this approach. With further optimization of
separation conditions for closely related glycans present on biologically relevant glycan
structures, IMS has the potential to extract a higher level of information from
glycoproteomics. Such a tool can elucidate fine glycan structural information on a site-
specific level with minimal sample requirements and without additional sample preparation
steps beyond current proteomic protocols.

Preparation of Glycopeptides

LC-IMS-MS

In total, 4 mg of bovine Fetuin and human alAGP (Sigma-Aldrich, St. Louis, MO) were
resuspended in 100 s of 8 M urea, 100 mM Tris pH 8.0, 50 mM dithiothreitol (DTT) and
heated at 85 °C for 30 min. Cysteines were alkylated by the addition of 100 mM
iodoacetamide (IAM) and incubation for 1 h in the dark, followed by addition of 50 mM
DTT to quench remaining IAM. The samples were diluted 16-fold in 20 mM Tris pH 8.0
and proteins were digested with TPCK-treated trypsin (Sigma-Aldrich) at a 1:50 ratio of
trypsin—substrate overnight at 37 °C and subsequently quenched with 1 mM PMSF. A
volume of 100 gL of the digest was treated with 10 mU Sialidase A (Arthrobacter
ureafaciens, Prozyme, Hayward, CA) at 37 °C for 4 h. A second 100 gL portion was
acidified to pH 6.0 with sodium acetate and treated with 10 mU Sialidase S (Streptococcus
pneumoniae, Prozyme) at 37 °C for 4 h.

HIV-1 Env gp140 was expressed in CHO cells and purified as described previously.*4 A
volume of 50 w4 of Env gp140 (0.4 mg/mL in PBS pH 7.4) was reduced with 20 mM DTT
at 85 °C for 20 min, acidified to pH 2.5 with 0.5% formic acid, and digested with 3 /g of
pepsin (Worthington Biochemicals, MA) at 37 °C for 15 min. Samples were neutralized with
10 4L 1 M sodium acetate for a final pH of 5.0 to stop digestion.

Tryptic digests (2 g per injection) of glycoproteins were resolved with a Waters Aquity
HPLC over a1l mm x 100 mm 1.7 ym BEH C18 column (Waters, Milford, MA) with a
linear gradient of 3% to 37% B over 18 min at a flow rate of 70 gL/min (A, 0.1% formic
acid; B, 0.1% formic acid, 100% acetonitrile). Eluting peptides were analyzed online by
electrospray with a Synapt G2-Si mass spectrometer (Waters). Source and desolvation
temperatures were 100 and 250 °C, and the capillary and cone voltages were set to 2.5 kV
and 40 V. Initial runs were collected in a data-dependent fashion to select ions with a
quadrupole resolution of 7 and perform MS/MS on precursor ions from 800 up to 2000 Da
with a charge state of at least 2. Glycopeptides were identified by using fragmentation data
and exact mass to assess the glycan composition and the peptide sequence.*?
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Targeted glycopeptide runs were subsequently performed by running identical injections in a
data-independent manner with fragmentation in the trap prior to the IMS cell (premobility
MS/MS). Glycopeptides were selected by retention times and narrow /m/zwindows (2 Da)
for quadrupole selections. Two second acquisitions for each MS/MS were collected with the
collisions energy ramped from 30 to 50 V. The IMS cell pressure was ~2.85 mbar with a N,
gas flow of 90 mL/min and the traveling wave height and velocity were set at 40 V and 650
m/s, respectively. Six additional injections and LC runs were performed with a fixed trap CE
value of 0, 5, 10, 20, 35, and 50 V. For untargeted IMS analysis of glycan fragments from all
glycopeptides, an identical LC-IMS-MS run was performed with a cone voltage of 120 V.
For CCS calibration, IMS-MS was collected for 5 minutes before and after the series of LC
runs using a 0.01 mg/mL polyalanine ladder (Waters) in 0.1% formic acid infused at 40
HL/min with identical IMS and MS settings.

3’ and 6’ sialyl-A-acetyllactosamines (SLNs) were purchased from Prozyme (Hayward,
CA). SLNs were resuspended in 0.1% formic acid for a final concentration of 10 xM and
infused at 40 L/min into a Waters Synapt GS-Si mass spectrometer with settings as
described above. For HILIC separation, 4 zq of either 3" or 6 SLN was injected over a
GlycoSep 1 mm x 50 mm XBridge Glycan BEH amide column (Waters) in 90% acetonitrile.
A linear gradient of 95 to 65% B over 20 min was used to elute SLNs at 150 zL/min (A,
0.1% formic acid, B, 0.1% formic acid, 100% acetonitrile). The flow was coupled to a
Synapt G2-Si, and spectra were collected over a mass range of 300 to 1200 every 2 s with
ion mobility engaged as described above.

Data Analysis

Data were analyzed in MassLynx 4.1 and DriftScope v2.8 (Waters). ATDs for sialylated
glycan fragments (see Table 1) with a mass window of 0.05 Da were exported and copied
into Excel (Microsoft) for fitting Gaussian distributions with custom macros. The corrected
drift times of the 1+ ions for Alaz up to Alay4 relative to their known collision cross section
(CCS) values was used to calculate CCS values for all glycan fragments as described
previously.46:47

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Separation of a2-3 and a2-6 linked sialic acid by IMS. Arrival time distributions of the

[M - Hy0 + H]* fragment (/7/2657.24) of 3" (top) and 6" (bottom) sialyl- /-
acetyllactosamine. The signal at ~6 ms in the 3" standard was not due to impurities (Figure
S1) but most likely alternative gas phase conformations of the 3" SLN standard. (B)
Glycopeptide ENGTISR (residues 84-90) from a tryptic digest of a1AGP was isolated,
subjected to collision induced dissociation, and the fragments were resolved by IMS.
Differences in the ratio of a2-3 and a2-6 sialylation are evident between the biantennary
bisialo (top), triantennary trisialo (2nd trace), and tetraantennary tetrasialo (3rd trace)
glycoforms. Sialidase S treatment to specifically remove only a2-3 sialylation reveals an
ATD showing purely the signal for the a2-6 linked species (bottom).
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Figure 2.
Patterns of sialylation linkage on glycopeptides from bovine Fetuin. (A) Glycopeptide

127-141 was isolated and fragments were resolved by IMS for the biantennary bisialo (1st
trace), triantennary trisialo (2nd trace), and triantennary tetrasialo (3rd trace) glycoforms.
After Sialidase S digestion, the predominant signal corresponds to the a2-6 linkage with an
additional peak at ~5.7 ms that was also faintly observed in the triantennary tetrasialo
glycoform. ATD after Sialidase A digestion to remove all except certain GIcNAc-linked
sialic acids (last trace). Glycan structures are indicated next to each peak. (B) ATD of the
NeuAca2-6GIcNAc fragment (/m/z 495.2) and NeuAca2-3Gal 51-3(NeuAca2-6)GIcNAC
fragment (/m/z948.35) from the triantennary tetrasialo glycoform of peptide 127-141 of
Fetuin. (C) ATD of the SLN fragment obtained from isolation and fragmentation of Fetuin
peptides 316-330 and 228-288 bearing sialylated O-linked glycans. Peptide sequence and
glycan composition of the precursor ion is indicated within each panel.
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Figure 3.
Untargeted ATDs of glycoprotein digests. Digests of alAGP (top), Fetuin (middle), and Env

gp140 from CHO cells (bottom) were analyzed by LC-IMS using a high cone voltage to
induce glycan fragmentation in all eluting glycopeptides. The combined ATD for the sialyl-
N-acteyllactosamine fragment (/7/z 657.24) for the entire LC run is shown. Gaussian fits for
guantitation are shown in dashed lines. Relative percentages of different sialic acid linkages
are indicated above each peak, including the GIcNAc-linked sialic acid on Fetuin (*).
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Table 1

CCS Values for Sialic Acid Containing Glycan Fragment lons

m/z arrival time (ms) CCS (A%  structure

292,10 2.88 162.3+0.3 NeuAc

657.24 5.93 236.9+0.4 NeuAca2-6GalBl-4GIcNAc

657.24 6.41 2472+0.6 NeuAca2-3Galpl-4GIcNAc

657.24 5.67 231.0+£0.6 Galpl-3(NeuAca2-6)GIcNAC

495.18 4.47 204.0£0.7 NeuAca2-6GIcNAc

948.33  8.40 283.0+£0.9 NeuAca2-3Galpl-3(NeuAca2-6)GIcNAc
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