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Sialic acid O-acetylation patterns and
glycosidic linkage type determination by ion
mobility-mass spectrometry

Gaёl M. Vos 1,5, Kevin C. Hooijschuur1,5, Zeshi Li 1, John Fjeldsted2,
Christian Klein2, Robert P. de Vries1, Javier Sastre Toraño1 &
Geert-Jan Boons 1,3,4

O-acetylation is a commonmodificationof sialic acids that has been implicated
in amultitude of biological and disease processes. A lack of analyticalmethods
that can determine exact structures of sialic acid variants is a hurdle to
determine roles of distinct O-acetylated sialosides. Here, we describe a drift
tube ion mobility-mass spectrometry approach that can elucidate exact O-
acetylation patterns as well as glycosidic linkage types of sialosides isolated
fromcomplex biological samples. It is based on the use of a library of synthetic
O-acetylated sialosides to establish intrinsic collision cross section (CCS)
values of diagnostic fragment ions. The CCS values were used to characterize
O-acetylated sialosides from mucins and N-linked glycans from biologicals as
well as equine tracheal and nasal tissues. It uncovered contrasting sialic acid
linkage types of acetylated and non-acetylated sialic acids and provided a
rationale for sialic acid binding preferences of equine H7 influenza A viruses.

Sialic acids are negatively charged nine-carbon monosaccharides that
are often part of complex glycans of higher animals1,2. Several patho-
genic microorganisms also express sialylated glycoconjugates which
are used for molecular mimicry to evade host immune detection3–5.
Sialoglycans regulate many biological and disease processes6–8, and
can function as receptor for many pathogens including viruses, bac-
teria and protozoa9. Sialylation of glycans also modulates half-life,
immunogenicity, and properties of biologicals10–12.

N-Acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid
(Neu5Gc) are major forms of sialic acid expressed by mammals. They
can be modified by acetyl esters at the 4-, 7-, 8-, and/or 9-position to
give as many as 15 different patterns of O-acetylation13. Further struc-
tural diversity comes from different Neu5Ac and Neu5Gc glycosidic
linkage types and the most common ones are α2,3-linked to galactose
(Gal), α2,6-linked to Gal and N-acetyl-galactosamine (GalNAc) and
α2,8-linked to another sialic acid. The resulting glycotopes can be
presented at different underlying glycan moieties and can be part of

Asn- and Ser/Thr-linked glycans (N- and O-linked glycans, respec-
tively), glycolipids as well as free floating glycans such as human milk
oligosaccharides. The expression of sialic acids is regulated in a
developmental and tissue-specific manner. Furthermore, there are
marked differences in the expression of sialoglycans in different spe-
cies, which likely is due to evolutionary pressure evoked by
host–pathogen interactions14.

A growing body of literature associates sialic acid O-acetylation
with various diseases including cancer, immune disorders, and
infection15–18.O-acetylation canpreclude recognition by glycan binding
proteins such as the Siglec immune-receptors and complement pro-
tein factor H and as a result can function as amolecular switch19. It also
substantially reduces the rate of hydrolysis by several human endo-
genous sialidases thereby regulating properties of glycoconjugates
such as turnover and degradation20. In addition, it can block the
activity of bacterial sialidases andby thismeansprotect the integrity of
the epithelial mucus barrier. O-acetylated sialic acids serve also as
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receptors for many viruses including embecoviruses (family Cor-
onaviridae), toroviruses (Tobaniviridae), and influenza C and D viruses
(Orthomyxoviridae)21. Recent analysis of receptor specificities of these
viruses infecting different species of animals and humans demon-
strated host-specific patterns of receptor recognition in relationship to
both the pattern of acetylation and glycosidic linkage type. It was
found that human respiratory viruses uniquely bind 9-O-acetylated
α2,8-linked disialoside found on glycosphingolipids21.

Despite advances, the roles of distinct O-acetylated sialosides in
health and disease remain difficult to explore. A major hurdle is a lack
of convenient experimental approaches to determine exact structures
of the sialic acid variants including the pattern of acetylation and
glycosidic linkage type. These molecules are chemically labile and
prone to acetyl ester migration and hydrolysis complicating isolation
and characterization22. O-acetylated sialosides have been analyzed at
the peptide level23 or released fromglycoconjugates by treatmentwith
acetic acid at elevated temperatures, labeled with 1,2-dihydroxy-4,5-
methylendioxybenzol (DMB) and then analyzed by high-performance
liquid chromatography (HPLC) or liquid chromatography-mass spec-
trometry (LC-MS)24. Although thesemethods are sensitive, they do not
provide information about glycosidic linkage type. In another
approach, carboxylic acids of sialosides of N-linked glycan were
modified as methylamines to increase the stability and then analyzed
by matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF) MS25. This approach only provides compositions and cannot
assign positions of acetyl esters and glycosidic linkage type. Soluble
hemagglutinin-esterases have been used as lectins for tissue staining
to qualitative assess acetyl ester display26–28. Although powerful, vir-
olectins exhibit promiscuous binding behavior and cannot detect all
common O-acetylation patterns21.

Here, we describe a drift tube ion-mobility (IM)-MS approach that
can elucidate exactO-acetylation patterns as well as glycosidic linkage
types of sialosides isolated from complex biological samples. In IM
spectrometry (IMS), gas-phase ions are separated based on their
mobility through a gas-filled drift cell under the influence of an electric
field. Themobility of the ions depends on their charge state and size as
well as on their shape, making IMS suitable for the separation of
isomers29,30. In drift tube IMS, large ions experience more ion-neutral
collisions andmigrate through the drift cell at a lower speed than small
ions, while ionswith a higher charge statemigrate faster than ions with
a lower charge state, resulting in a distinctive arrival time distribution
(ATD) at the end of the drift cell. The arrival times can be converted
into rotationally averaged ion-neutral collision cross sections (CCS), as
described by the fundamental Mason-Schamp equation29,31. These
intrinsic CCS values are related to the surface areas of the ions and
provide, in combination with m/z values, molecular descriptors for
reliable compound identification.

Isomeric glycans can have different surface areas and therefore
may exhibit distinct CCS values32–34. Several studies have shown that
contemporary IM-MS equipment offers sufficient resolution to sepa-
rate isomeric glycans30,35 and has the potential to determine exact
structures. Trapped IM-MS, for example, has been applied in combi-
nation with electronic excitation dissociation to separate several gly-
can fragments36. Drift tube and traveling wave (TW)IM-MS have been
used to separate glycan conformers34 and fragment ions of sialic acid
isomers37, respectively, to determine sialic acid linkages of released
glycans. Cyclic TWIM-MS has very high resolution capabilities and has
been employed to resolve anomers and open-ring forms of
oligosaccharides38. In addition, the TWIM technique has been used in
structures for lossless ion manipulation (SLIM)-based IMS to achieve
very high resolution separation of isomeric glycans39 and exact glycan
structure elucidation in combination with cryogenic infrared
spectroscopy-MS40. Despite these advances, the challenge of imple-
menting IM-MS for exact glycan structure determination is a lack of
standards to determine CCS values of diagnostic fragment ions.

In this study, we employed a large panel of syntheticO-acetylated
N-acetyl and N-glycolylneuraminic acids to establish CCS values of
diagnostic B1 and B3 fragment ions21. We demonstrate that the library
of CCS values can be employed to determine the exact pattern of O-
acetylation and glycosidic linkage type of sialosides isolated from
complex biological samples. An important aspect of the approach was
the implementation of methods that can release N- and O-glycans
without affecting acetyl esters. N-linked glycans could be released by
treatment with PNGase or ENDO-F2 under neutral or slightly acidic
conditions whereas O-glycans could be oxidatively cleaved by sodium
hypochlorite at pH 6.841. The approach can be employed for the ana-
lysis of biotherapeutics for quality control and be used to examine
structures of N- and O-linked sialosides obtained from tissue samples
and secretedmucins. The uncovering of sialylation provides insights in
the biosynthesis of this class of compounds. Furthermore, analysis of
equine upper airway tissue uncovered contrasting sialic acid linkage
types of acetylated and non-acetylated sialic acids which provided a
rationale for sialic acid binding preferences of equine H7 influenza A
viruses.

Results
IM-MS of O-acetylated sialosides
Previously, we developed a methodology to synthesize sialosides that
differ in the pattern ofO-acetylation and glycosidic linkage type21. It is
basedon the chemical synthesis of 2,3-, 2,6- and 2,8-linked sialoglycans
having acetyl esters at C-4, C-7, and C-9 (Fig. 1a). These compounds
were treated with hemagglutinin-esterases (HE) from bovine cor-
onavirus (BCoV) or mouse hepatitis virus strain S (MHV-S), which
cleave acetyl esters on the C-9 and C-4 position of sialic acid, respec-
tively and in combination with controlled acetyl ester migration from
C-7 to C-9 could readily be diversified to give a large panel of com-
pounds (Fig. 1b, compounds 1–27). In this study, the resulting sia-
loglycans were employed as standards to establish a library of CCS
values of informative fragment ions for compound identification. Each
compound was analyzed by HPLC coupled to an Agilent Technologies
6560B drift tube IM/quadrupole time-of-flight MS. Measurements
were performed in positive ion mode and in-source collisionally acti-
vated dissociation was used by applying a fragmentor voltage of
600V, to achieve glycosidic bond fragmentation and produce infor-
mative B-ions (Fig. 1c). The fragment ions were analyzed by drift tube
IM-MSusing nitrogen asbuffer gas. Arrival timedistributions (ATDs)of
standards were obtained in triplicate using drift tube IM with ion
multiplexing and associated demultiplexing42 combined with high‑re-
solution demultiplexing43. CCS values of the ions were directly calcu-
lated from their IM arrival times (Fig. 2 and Table 1) using single field
CCS calibration with standards with known m/z and CCS values.

Most fragment ions gave rise to a unimodal ATD, while a few
distributions showedmore complex signals for a singular ion, which is
most likely due to the presence of different gas phase conformers44. B1

ions of the three mono-acetylated Neu5Ac types could be resolved
with the fragment ions from 4-O-acetylated Neu5Ac having the smal-
lest CCS, followed by the fragment ions of 7- and 9-O-acetylated
Neu5Ac. The B1 ions for the Neu5Gc derivatives showed a similar trend
although the B1 ions from 4- and 7-O-acetylated Neu5Gc had a smaller
difference inCCS value. B1 ions could also distinguish 4,9- and 7,9-di-O-
acetylatedNeu5Ac andNeu5Gc. In the case ofNeu5Ac the fragment ion
from the 7,9-isomer was the smaller isomer whereas the opposite was
observed forNeu5Gcwith the fragment ion from the4,9-isomer having
the smaller CCS. As anticipated, the CCS values of B1 ions derived from
α2,3- and α2,6-linked sialosides, having the same acetylation pattern,
as well as those from α2,8-linked Neu5Ac derivatives 25–27 were in
close agreement.

B3 ions also provide informative structural information, and it was
found that those of the α2,3-linked structures have longer drift times
and thus higher CCS values compared to the corresponding α2,6-
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linked compounds, making it possible to determine sialic acid glyco-
sidic linkage type. Furthermore, most B3 ions having the same number
of acetyl esters could be separated enabling determination of O-acet-
ylation positions. Only the B3 ions derived from the 7- and 9-O-acety-
lated α2,6-linked Neu5Ac-LacNAc (2 and 4) and Neu5Gc-LacNAc (14
and 16) could not be sufficiently resolved for direct unambiguous O-
acetyl position determination. De-O-acetylation, which can result in
misassignment of structures was minimally observed (<1%).

O-acetylation of N-linked sialosides derived from biologicals
The database of ATDs and CCS values was employed to analyze O-
acetylated sialosides of two biologicals that are produced in Chinese
hamster ovary (CHO) cell lines. These cell lines are commonly
employed for the expression of therapeutic proteins and have been
reported tomodifyN-linked glycanswithO-acetylated sialosides45. The
pattern of O-acetylation can, however, differ between CHO cell lines

and change during purification or storage46.Myozyme (Genzyme) is an
alpha-glucosidase employed for enzyme replacement therapy for
patients with Pompe disease and has at least 6 confirmed N-glycosy-
lation sites. Both mono- and di-O-acetylated sialic acids have been
reported on the N-glycans of Myozyme47. Aflibercept (Regeneron) is a
fusion protein of the extracellular domainof the humanVEGF receptor
modified and the Fc region of human IgG1 and used for the treatment
of metastatic colorectal cancer. Aflibercept has four N-glycosylation
sites on the VEGF receptor domain and one on its Fc domain which
predominantly carry biantennary N-glycans48. The recombinant gly-
coproteins were dialyzed to remove additives and then the N-glycans
were released enzymatically by treatment with ENDO-F2 under mild
acidic conditions (100mM sodium acetate, pH 4.5) to prevent acetyl
ester migration and hydrolysis. Pretreatment of the glycoprotein
with ENDO-F2 releases the abundant biantennary complex N-glycans
by cleavage between the two GlcNac residues of the chitobiose core,

Fig. 1 | O-acetylated sialoglycan standards. a Structure of O-acetylated Neu5Ac
andNeu5Gc. Annotated to the structure are the reactions that enable the controlled
synthesis of well-defined O-acetylation patterns. b Library of synthetic glycan

standards containing O-Acetylated (O-Ac) Neu5Ac (1–12), Neu5Gc (13–24) and di-
Neu5Ac (25–27); R = pentylaminobiotin. c Nomenclature of glycan fragment ions54.
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which should improve the detection of low abundant O-acetylated
structures that may otherwise not be detected due the heterogeneity
introduced by core fucosylation. A total of 29 biantennary N-glycans
were identified for Myozyme and 21 for Aflibercept (Supplementary
Data 1 and 2). The MS data for Myozyme revealed the presence of
O-acetyl modified sialosides on ~3% of the total N-glycan content,
which corresponds to ~15% of the sialylated N-glycans. For five

N-glycans, the measured molecular weights indicated the presence of
mono- and di-O-acetylated sialic acids (Fig. 3b). The CCS of the B1

fragment ions confirmed the presence of 7- and 9-O-mono- and 7,9-di-
O-acetylated Neu5Ac. B3 fragment ions could be detected for most of
the mono-O-acetylated N-glycans and confirmed these are α2,3-linked
sialosides that are acetylated at the C-7- or C-9 position. The CCS of B1

fragment ions detected for three di-O-acetylated N-glycans correlated
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Fig. 2 | Arrival time distributions of sialoglycan fragment ions. a Combined
arrival timedistributions (ATDs) of single chargedB1 andB3 fragment ions ofmono-
(B1 atm/z 334.1134, B3 atm/z 699.2455), di- (B1 atm/z 376.1243, B3 atm/z 741.2560)
and tri-O-Acetylated (O-Ac) Neu5Ac (B1 at m/z 418.1348, B3 at m/z 783.2666).

b Combined ATDs of single charged B1 and B3 fragment ions of mono- (B1 at m/z
350.1090, B3 atm/z 715.2404), di- (B1 atm/z 392.1192, B3 atm/z 757.2509) and tri-O-
Acetylated Neu5Gc (B1 at

am/z 434.1293, B3 at m/z 799.2615).
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with a 7,9-di-O-acetylation pattern in our database. CCS values of B3

fragment ions could be determined for the two most abundant
structures and confirmedα2,3-linkage types. Theseobservations agree
with the fact that CHO cells only express α2,3-linked sialosides49.

The MS data showed only one O-acetylated N-glycan in the Afli-
bercept sample. Ionmobility analysis of the B1 ion revealed that this N-
glycan contains exclusively 9-O-acetylated sialic acid (Fig. 3a). Due to
the low abundancy, no B3 fragment ions could be detected and
therefore the sialic acid linkage type could not be established. Col-
lectively, the results demonstrate that IM-MS can assign both acetyl
ester position and sialic acid linkage type of N-glycans released from
biologicals using CCS values of B1 and B3 fragment ions. Previously,
only compositions of O-acetylated structures could be determined by
MS showing the presence of mono- and di-O-acetylated sialosides in
Myozyme47.

O-acetylation of N-linked sialosides from equine tracheal and
nasal tissues
Respiratoryviruses,whichcause enormousdiseaseburden, commonly
employ glycans for cell attachment and/or entry50. The relentless
pressureofmicrobial infections at themucosal interface has driven the
evolution of host and pathogen51. It has shaped the glycomes of the
host and even closely related species express substantially different
glycans. In turn, pathogens evolved glycan receptor specificities that
determine host range and tissue tropism. To understand this co-evo-
lution, it is necessary to determine exact structures of glycans of
respiratory tissues. Previous tissue staining of equine respiratory tract
tissues with the plant lectins SNA and MAH revealed similar levels of
α2,3- andα2,6-linked sialic acids52. Furthermore, the 4-O-acetyl specific
lectin MHV-S showed abundant presence of this sialoglycan52.
Although MHV-S has an obligatory requirement for sialate-4-O-acet-
ylation, it tolerates the presence of acetyl esters at C-7 and C-9 and can
bind to 2,3- as well as 2,6-linked sialosides. Thus, this lectin cannot
determine fine structural details of O-acetylated sialosides. Therefore,

we analyzedN-glycans obtained fromequine tracheal and nasal tissues
by the IM-MS approach.

N-glycans from nasal tissue from three different horses were
released using PNGaseF in TRIS buffer (100mM, pH 7.0) and analyzed
by IM-MS. The MS data of the nasal samples revealed the presence of
mainly biantennary glycans. The fragmentation spectra, obtained after
in-source activation, showed severalN-glycan subclasses in addition to
the terminal sialylated structures, such as core fucosylated and α-
galactosylated structures. Core fucosylation was demonstrated by the
presence of Y1α and Y2 fragment ions with m/z 587.3286 and m/z
790.4080 (Supplementary Fig. 1), while antenna fucosylation could be
excluded by the absence of fucosyl-LacNAc fragment ions with m/z
512.1974. α-Galactosylation was identified by a Hex2HexNAc fragment
(m/z 528.1923) arising in high abundance from a single cleavage
resulting in a Gal2GlcNAc B3 fragment ion (Supplementary Fig. 1). No
further diagnostic fragment ions were detected in the samples for
exact glycan structure determination, although the identification of
specific fragment ions in combination with known biosynthetic
pathways53 allowed for the compilation of a list of glycan compositions
(SupplementaryData 3–5 and SupplementaryNote 1). The eight glycan
compositions thatwere shared across all three tissue samples were the
most abundant ones (adding up to over 60% for each sample, Sup-
plementary Fig. 2). O-acetylation was observed on 33–53% (relative
abundance) of the total N-glycan content of the three samples (Sup-
plementary Data 3–5). Two di-sialylated N-glycans with one or two
acetyl esters accounted for 73% of the observed O-acetylated ions in
one sample and over 98% in the other samples.

O-acetylated sialosideswere identified by their B1 and B3 fragment
ions by IM as depicted in Fig. 4a, b. According to the CCS values of the
B1 fragment ions, all O-acetylated sialic acids are exclusively 4-O-
acetylated. CCS values of the B3 ions confirmed the O-acetylation
assignment and revealed the presence of both α2,3- and α2,6-linked
Neu5Ac and Neu5Gc derivatives. B3 ions corresponding to α2,6-linked-
Neu4,5di-Ac were abundantly present, whereas those for α2,3-linked

Table 1 | Average DTCCSN2 values of B1 and B3 ions of compounds 1–24 (n = 3)

Compound Sialic acid Sialic acid linkage Acetyl ester position m/z B1-ion m/z B3-ion CCS B1-ion (Å2) CCS B3-ion (Å2)

1 Neu5Ac α2,3 9 334.1134 699.2450 174.77(±0.05) 248.26(±0.08)

2 Neu5Ac α2,6 9 334.1134 699.2450 174.82(±0.06) 238.48(±0.04)

3 Neu5Ac α2,3 7 334.1134 699.2450 173.34(±0.02) 250.74(±0.07)

4 Neu5Ac α2,6 7 334.1134 699.2450 173.23(±0.04) 238.38(±0.11)

5 Neu5Ac α2,3 4 334.1134 699.2450 171.90(±0.01) 253.59(±0.02)

6 Neu5Ac α2,6 4 334.1134 699.2450 171.91(±0.08) 242.24(±0.15)

7 Neu5Ac α2,3 7,9 376.1243 741.2561 183.53(±0.07) 258.75(±0.06)

8 Neu5Ac α2,6 7,9 376.1243 741.2561 183.36(±0.02) 246.26(±0.08)

9 Neu5Ac α2,3 4,9 376.1243 741.2561 184.48(±0.04) 259.88(±0.11)

10 Neu5Ac α2,6 4,9 376.1243 741.2561 184.29(±0.03) 248.73(±0.08)

11 Neu5Ac α2,3 4,7,9 418.1348 783.2663 191.52(±0.05) 265.83(±0.04)

12 Neu5Ac α2,6 4,7,9 418.1348 783.2663 191.52(±0.06) 254.13(±0.02)

13 Neu5Gc α2,3 9 350.1090 715.2401 179.30(±0.11) 253.37(±0.03)

14 Neu5Gc α2,6 9 350.1090 715.2401 179.30(±0.05) 242.17(±0.12)

15 Neu5Gc α2,3 7 350.1090 715.2401 176.69(±0.11) 253.37(±0.03)

16 Neu5Gc α2,6 7 350.1090 715.2401 176.89(±0.06) 241.62(±0.07)

17 Neu5Gc α2,3 4 350.1090 715.2401 176.30(±0.05) 257.20(±0.03)

18 Neu5Gc α2,6 4 350.1090 715.2401 176.42(±0.23) 244.93(±0.01)

19 Neu5Gc α2,3 7,9 392.1192 757.2510 187.02(±0.03) 261.56(±0.09)

20 Neu5Gc α2,6 7,9 392.1192 757.2510 186.98(±0.07) 247.88(±0.02)

21 Neu5Gc α2,3 4,9 392.1192 757.2510 188.31(±0.06) 263.43(±0.09)

22 Neu5Gc α2,6 4,9 392.1192 757.2510 188.25(±0.05) 251.71(±0.05)

23 Neu5Gc α2,3 4,7,9 434.1293 799.2594 195.12(±0.11) 268.92(±0.02)

24 Neu5Gc α2,6 4,7,9 434.1293 799.2594 195.22(±0.07) 254.64(±0.06)
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sialosides were only sparsely detected (Fig. 4a, b)54. For mono-
acetylated Neu5Gc, only B3 ions that matched with a α2,6 linkage
configuration (DTCCSN2 = 245.16 Å2) were observed.

In addition to nasal, three tissue samples from three different
sections of the trachea (frontal, middle and rear) from one horse were
analyzed. Acetyl esters were observed on 32%of all detectedN-glycans
in the upper trachea, on 17% in the middle trachea and on 11% in the
lower trachea, which indicates a decrease in O-acetylated sialic acids
throughout the trachea (Supplementary Data 6–8). O-acetylation of
theseN-glycans wasmainly found on Neu5Ac butminor amounts ofO-
acetylated Neu5Gc were also detected (less than 1% of total N-glycan
contents). Like the nasal tissues, all tracheal tissues expressed exclu-
sively 4-O-acetylated sialic acids that were predominantly α2,6-linked.
In tracheal tissue, 41% of all detected Neu5Gc was 4-O-acetylated
compared to 47 to 82% for Neu5Ac. Thus, the IM-MS analysis indicates
that the prevalence of C-4 acetylation is dependent on sialoside type
and is more abundantly present on α2,6-linked Neu5Ac.

Surprisingly, it was observed that core-fucosylation reduced
modification by O-acetylated sialosides. The abundance of core-
fucosylated structures was 8–88 times greater for non-acetylated sia-
losides than for O-acetylated sialosides, compared to their non-
fucosylated counterparts. This observation suggests a possible bio-
synthetic bifurcation between core-fucosylation and 4-O-acetylation in
equine tissues.

O-acetylation of N-linked sialosides from equine α2-
macroglobulin
Equineα2-macroglobulin is a serumprotein that has inhibitory activity
for human influenza A virus (IAV) infections55,56, which is associated
with 4-O-acetylation of sialic acid on N-glycans. It appears that 4-O-
acetylation does not increase the affinity for hemagglutinin of IAV but
confers resistance to cleavage by viral neuraminidases, and as a
result can function as a decoy receptor57. Human A/H3N2 variants
can become equine serum resistant by losing binding affinity to
4-O-acetylated sialic acid, indicating that 4-O-acetylation of sialic acid
can assert selective pressure and possibly prevents cross-species
transmission58. IM-MS analysis of N-glycans released from equine
α2-macroglobulin revealed the presence of 50 N-glycans (Supple-
mentary Data 9), of which 16 are modified by acetyl esters. Among
theseO-acetylatedN-glycans are 3 structures that containO-acetylated
Neu5Gc which have not previously been detected in equine
α2-macroglobulin. CCS values of the B1 ions of O-acetylated Neu5Ac
and Neu5Gc corresponded to the standards containing an acetyl ester
at the C-4 position. Analysis of B3 ions confirmed that both O-acety-
lated and non-acetylated Neu5Ac and Neu5Gc were almost exclusively
present in the α2,6-linkage type. The detected linkage type is in
agreement with previously reported analysis by nuclear magnetic
resonance spectroscopy56. Additionally, we observed a ten-fold
reduction in core-fucosylation among the O-acetylated N-glycans.

Fig. 3 | O-acetylated (O-Ac) N-glycans derived from biologicals. a Extracted ion
chromatograms of glycans released from Myozyme and derivatized with procai-
namide (PrA) (n = 1) from left to right at m/z 925.8682 ([M+H +Na]2+, yellow),m/z
1006.8946 ([M +H+Na]2+, burgundy),m/z 1027.8999 ([M+H+Na]2+, green), m/z

1173.4476 ([M +H+Na]2+,cyan),m/z 1030.8934m/z ([M + 2Na]2+, dark blue) and (b)
Aflibercept (n = 1) (at m/z 1017.8856 ([M + 2Na]2+). The peaks were assigned to
structures using accurate m/z values and sialic acid linkage and acetyl ester posi-
tions were determined by the CCS values of B1 and B3 ions; n.d. not determined.
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Glycan microarray analysis of receptor specificities of influenza
A viruses
The IM-MS approach revealed that horse upper airway tissues abun-
dantly express 4-O-acetylated α2,6-linked Neu5Ac receptors57. It is
known that neuraminidases of influenza A viruses (IAVs) cannot cleave
sialic acids that are modified by an acetyl ester on the C-4 position57,
and the utility of such a receptor may hamper viral egress. Therefore,
we expect that hemagglutinins (HAs) of equine IAVs have evolved not
to interact with 4-O-acetylated sialosides. Rather, equine IAVs appear
to use the less abundant α2,3-linked-Neu5Gc as receptor59. The N-gly-
cans of equineα2-macroglobulin are differentlymodified compared to
those of upper airway tissues, and abundantly express α2,6-linked
Neu5Ac lacking acetyl esters. Equine α2-macroglobulin is a decoy
receptor for many IAVs, including those infecting humans. To gain
further insight in receptor specificities of HAs and link these to
receptor expression, we screened several HAs on a glycan microarray
populated with the O-acetylated sialoglycan shown in Fig. 1b. It inclu-
ded the now extinct, but highly pathogenic equine A/H7N7, an equine
A/H3N8 and three human A/H3N2 viruses.

The equine H7 protein showed no binding to compound 6, which
represents the most common sialoform in equine upper respiratory
tissue (Fig. 5a). It was, however, observed that it can bind to 4-O-
acetylated Neu5Gc on glycan microarray but only to the α2,3-glycosi-
dic linkage type (compound 17). EquineH3 showed a greater tolerance

forO-acetylation than the examined H7 and could accommodate both
Neu5Ac and Neu5Gc (Fig. 5b). This, H7 also does not bind to the most
abundant sialoform expressed in equine respiratory tissue. This
observation is consistent with the notion that 4-O-acetylated sialic
acids are dead-end receptors for IAVs57,58.

A/H3N2 was introduced in the human population in 1968 as the
Hong Kong strain57. By glycan microarray, we evaluated the ability of
this strain, and more recent H3N2 strains to bind O-acetylated sialo-
sides. We selected and evaluated three time separated human A/H3N2
viruses: HK68, NL03 and CH13 (Supplementary Fig. 3 and Supple-
mentary Tables 1 and 2). We found that strong interaction of HK68 to
acetylated sialic acids is specific for 4-O-acetylated Neu5Ac and does
not depend on linkage type. This binding ability is abolished in later
strains, which suggests that the inhibition of more recent human A/
H3N2 by equine α2-macroglobulin is only mediated by the non-
acetylated-α2,6-linked sialic acids. The ability of 4-O-acetylated sialic
acids detected on equine α2-macroglobulin to act as neuraminidase
resistant decoy receptors appears to be lost during H3N2 evolution.

O-acetylation of O-linked sialoglycans from mucins
Next, the scope of the IM-MS approachwas extended to the analysis of
acetylated O-glycans. Glycomics of this compound class is commonly
performed by base-mediated beta-elimination to release a reducing
glycan that in-situ is either reductively labeled or reduced to the

Fig. 4 | O-acetylated (O-Ac) N-glycans derived from equine nasal tissue.
a Extracted ion chromatograms (EIC) of B3 ions of PNGaseF released glycans from
one of the equine nasal tissue, analyzed by HPLC-IM-MS (n = 3). b ATDs of single
charged B1 and B3 fragment ions of di- (I) and mono-acetylated N-glycans (I)

released from equine nasal tissue (n = 1). TheO-acetylatedN-glycan structures were
assigned using accurate mass values; Sialic acid linkage and acetyl ester positions
were determined by the CCS values of B1 and B3 ions.
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Fig. 5 | Binding ofO-acetylated (O-Ac) sialosides to influenzaA viruses. aGlycan
microarray analysis (mean ± SD, n = 4) of the HA ectodomain of equine H7(A/
Equine/New York/49/73 H7N7, GenBank accession no. LC414434)59. R =
pentylaminobiotin.bGlycanmicroarray analysis (n = 4, with SDas error bars) of the

HAectodomain of equineH3(A/Equine/Miami/1/1963H3N8,GenBank accessionno.
AAA43105.1). The compound numbers refer to the structures in Fig. 1. Source data
are provided as a Source Data file.
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corresponding alditol60. The employed alkaline conditions will
hydrolyze acetyl esters making the analysis of acetylated O-sialogly-
cans of O-glycans very challenging. Recently, we implemented an
oxidative release method for O-glycans under neutral conditions that
preserves O-acetylated sialoglycans. In this approach, O-glycans are
released by hypochlorite that is neutralized to pH 6.8 to prevent
degradation of glycan structures41. Thus, bovine submaxillary mucin
(BSM) was incubated for 1 h with a 3% hypochlorite solution that was

neutralized by the addition of 1M HCl to pH 6.8. The released glycans
were isolated by solid phase extraction using porous graphitized car-
bon and subjected to IM-MS analysis, which identified 65 O-glycans
(Fig. 6a and Supplementary Data 10). Sialic acids were detected on
39 glycan structures (25 Neu5Ac and 14 Neu5Gc) of which 21 were
O-acetylated. We found 70% of all Neu5Ac to be O-acetylated which is
higher than previously reported, although this difference can poten-
tially be attributed to sample variations61. Mono-acetylated sialic acids

Fig. 6 | O-acetylated (O-Ac) O-glycans derived from submaxillary mucin.
a Extracted ions chromatogram and structures of the most abundant O-glycans
(>0.1% relative concentration) of bovine submaxillary mucin (BSM) released with
neutralized hypochlorite at pH 6.8 (n = 1). Ser and Thr refer to the conjugated
amino acid in bovin submaxillary mucin. After release, the O-glycan previously
conjugated to Ser is detected as a glycolic acid glycoside and to Thr as a lactic acid

glycoside. b ATDs and CCS of O-acetylated Neu5Ac B1 ion of selected O-glycan
structures of BSM (n = 1). ATD in blue. Left dashed line corresponds to the B1 ion
from the 7-O-acetylated Neu5Ac standard. Right dashed line corresponds to the B1

ion from 9-O-acetylated Neu5Ac standard. c Stacked ATDs and CCS of B1 ions from
di-O-acetylatedNeu5Ac of BSM.Dashed line corresponds to the B1 ion from the 7,9-
di-O-acetylated Neu5Ac standard.
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were detected on 14 O-glycans corresponding to a relative abundancy
of 29%. On 17 O-glycans, two acetyl esters were detected which cor-
responds to 21%of the glycan abundancy. Theoligosaccharides consist
mainly of di- and trisaccharides and although no informative frag-
ments could be identified to discriminate between isomeric cores,
based on composition and the established biosynthetic pathway of
O-glycans62, several structures could be assigned (Supplementary
Note 1). Although we were not able to differentiate between core 1 vs.
core 2 and core 3 vs. 5, it is expected that the synthesis of various core
structures will facilitate the development of IM-MS based methodol-
ogies for isomeric core identification.

IM-MS analysis of the B1 ions from acetylated sialic acid (at m/z
334.11) revealed a doublet of peaks corresponding to 7-O-acetyl and
9-O-acetyl Neu5Ac (Fig. 6b). The high abundance of 7-O-acetylated
Neu5Ac compared to the C-9 isomer, such as STn antigen, is in
agreement with previous findings that sialic acids in BSM are primarily
acetylated on the C-7 hydroxyl, while 9-O-acetylation may be acquired
via acetyl ester migration63. We found differences in the ratio of
7/9-acetylation amongdifferent sialylated structures,whichcanbedue
to differences in rate of acetyl ester migration or differences in pre-
ference of sialyl transferases for O-acetylated donors. O-glycans bio-
synthesized by ST6GalNAc-I (STn antigen), had more 7-O-acetylation
compared to O-glycans modified by ST6GalNAc-II or IV (sialyl core-3
or 5). Additionally, sialyl core 3 or 5 structures were largely mono-
acetylatedwhile STnwas abundantly non- and di-O-acetylated. No 4-O-
acetyl B1 fragments were observed, which was expected since the
4-sialate-O-acetyltransferase has not been identified in bovine, and
acetylation on the C-4 hydroxyl cannot be achieved through
migration63. The B1 ion of di-O-acetylated Neu5Ac corresponded
exclusively to acetylation of the C-7 and C-9 hydroxyls (Fig. 6c).

Discussion
Understanding structures and functions of glycans is hampered by
methods that can precisely determine all aspects of regio- and
stereochemistry35. MS approaches can generally provide glycan com-
positionsbut not exact structures.Collisional- andphotoactivation can
result in glycosidic linkage or cross-ring fragmentation, which can give
positional and regio-isomeric information. Although these approaches
can provide snippets of structural information, it usually does not
reveal exact structures35.

IMS is an emerging technology that has the potential to identify
isomeric glycan structures. It is the expectation that comparing
experimentally derived CCS values to database values34,64 will make it
possible to determine exact structures of glycans65. Despite the pro-
mise of IM-MS for sequence determination of glycans, it is hampered
by a lack of methods to obtain CCS values of informative glycan
fragments in particular for sensitive glycan epitopes such as O-acety-
lated sialosides. Here, we addressed this challenge by taking advantage
of advances in methods for chemoenzymatic synthesis of complex
glycans that can provide panels of well-defined synthetic glycan stan-
dards including O-acetylated sialoglycans21. The latter type of com-
pound was employed to create a database ofm/z and CCS values of B1

and B3 fragment ions forO-acetylated Neu5Ac and Neu5Gc derivatives
containing 4-O-acetyl, 7-O-acetyl or 9-O-acetyl and combinations
thereof. The resulting CCS values could be employed to assign both
O-acetylation position as well as sialic acid linkage type of N-glycans
and O-glycans of complex biological samples. The chemoenzymatic
synthesis of complex glycans has progressed considerably66, and it is
nowpossible to preparepanels of isomericN- andO-glycans that differ
in linkage patterns.We anticipate that such compounds will bemake it
possible to identify CCS values for other informative fragment ions for
complete sequence determination of complex glycans.

The IM-MS approach described here was showcased by analyzing
N-glycans of two glycoprotein therapeutics. In this respect, glycans are
important determinants of biological and pharmacokinetic properties

of biologicals, and thus glycan structure is a critical quality attribute
that must be monitored during drug development and
manufacturing67. The methodology described here will for example
make it possible to examine the influence of host cell type and cul-
turing conditions on the expression of O-acetylated sialoglycans and
establish their possible influence on biological and pharmacokinetic
properties.

O-acetylated sialosides have been implicated in host-virus inter-
actions, and the expression of specific glycoforms are expected to be
determinants of host range and tissue tropism52. Here, we analyzed N-
glycans of equine respiratory tissue and showed the abundant pre-
sence of C-4 acetylation on α2,6-linked sialosides. Using glycan
microarray technology, we demonstrated that equine H3 and H7 IAVs
can interact with 4-O-acetylated sialic acids but not of the α2,6-linkage
type expressed in equine upper airway tissue, which is consistent with
the notion that 4-O-acetylated sialic acids are dead-end receptors for
IAVs57,58. It is the expectation that the use of IM-MS, to examine which
O-acetylated sialosides are expressed by various tissues of different
species, combined with glycan microarray technology to determine
receptor specificities of viruses, will provide opportunities to establish
to what extent differences in sialoglycan repertoire between verte-
brate species hamper cross-species transmission and how zoonotic
viruses have overcome these barriers.

O-acetylation is a post-synthetic modification that takes place in
the Golgi involving sialic acid O-acetyltransferases (SOATs). One
mammalianSOAT (CASD1, capsule structure1 domain containing 1) has
been identified so far that can transfer an acetyl ester from acetyl-CoA
to C-9 of cytidine-monophosphate-linked sialic acid (CMP-Neu5Ac) to
give CMP-Neu5,9Ac2

68. The resulting O-acetylated CMP-Neu5Ac deri-
vative can then be employed by sialyl transferases for the biosynthesis
of O-acetylated sialoglycans. Although CASD1 is ubiquitously expres-
sed by mammalian cell lines69, only a limited number express cell
surfaceO-acetylated sialosides. This observation has been rationalized
by cell specific expression of sialyl transferase isoenzymes that have
different preferences for CMP-Neu5,9Ac2. The ability of IM-MS to
resolve O-acetylation patterns as well as glycosidic linkage type pro-
vides opportunities to pinpoint possible preferences of sialyl trans-
ferases to introduce O-acetylated sialoglycans. For example, we
observed that O-acetylated sialic acids displayed on N-glycans of
equine upper airway tissues are predominantly of theα2,6-linked type.
ST6Gal1 and ST3Gal4 are the enzymes that introduce 2,6- and 2,3-
linked sialosides on N-glycans, respectively, and thus it appears that
equine ST6Gal1 prefers C-4 acetylated CMP-Neu5Ac. It was also found
that Neu5Ac was more prominently modified by acetyl esters com-
pared to Neu5Gc. CMP-Neu5Gc is biosynthesized in the cytosol from
CMP-Neu5Ac by CMP-Neu5Ac hydroxylase (CMAH)-catalyzed
oxidation70, and thus it appears there is an interplaybetween oxidation
and acetylation of CMP-Neu5Ac. In the case of BSM, it was found that
sialyl core 3 or 5 was largely mono-acetylated while STn was abun-
dantly non- and di-O-acetylated, which suggests that the various
bovine sialyl transferases have different preferences for the acetylated
CMP-Neu5NAc derivatives. It is the expectation that the analysis of
O- and N-glycans from various tissues of different species will provide
insight in how differences in substrate specificities of isoforms of sialyl
transferases may contribute to species-specific biosynthesis of sia-
loglycan repertoires.

Methods
Samples, materials, and reagents
Aflibercept was purchased from Bayer (Leverkusen, Germany).
Myozyme, Influenza hemagglutinin, Endoglycosidase F2 (Endo-F2),
Peptide:N-glycosidase F (PNGaseF) and recombinant hemagglutinin
(HA) were produced in-house. Vivaspin2 10 kDa spinfilters were
obtained from Sartorius (Göttingen, Germany). Sodium hypo-
chlorite 15% was acquired from Acros Organics. Trifluoroacetic acid
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(TFA), ethanol, dimethyl sulfoxide (DMSO), dichloromethane (DCM)
and hydrochloric acid (HCl) were purchased from Merck (Darm-
stadt, Germany). Sodium acetate, sodium cyanoborohydride,
tris(hydroxymethyl)aminomethane (TRIS), procainamide, acetic
acid (LC-MS grade), formic acid (LC-MS grade), ammonium acetate,
phosphate-buffered saline (PBS), PBS with Tween 20 (PBS-T) and
bovine submaxillarymucin (BSM)were acquired fromSigma-Aldrich
(Saint Louis, MO). Hypercarb 25mg porous graphitized carbon
(PGC) solid phase extraction (SPE) cartridges, mouse anti-streptag-
Alexa647 was produced in house and goat-anti mouse-Alexa647 was
obtained from Thermo Fisher Scientific (Waltham, MA, Ref#A21235,
Lot#2306581). Acetonitrile (LC-MS grade) was purchased from Bio-
solve B.V. (Valkenswaard, The Netherlands). Ultrapure water was
produced by a Synergy UV water purification system from Merck
Millipore (Burlington, MA). Equine respiratory tissues and plasma
were obtained from a dead horse which was sent for diagnostic and
educational purposes to the veterinary pathologic diagnostic center
(Faculty of Veterinary Medicine, Utrecht University, The Nether-
lands). α2-Macroglobulin was extracted from equine plasma.
No animals were killed for this study. LC/MS calibration standard
for ESI-TOF MS was obtained from Agilent Technologies
(Santa Clara, CA). Streptavidin-coated glass slides were purchased
from ArrayIt (Sunnyvale, CA). Three hundred KDa Spectra/Por Bio-
tech CE Dialysis membranes were obtained from Repligen
(Waltham, MA).

Release of N-glycans from biologicals
N-glycans were released enzymatically from the proteins Aflibercept
and Myozyme by Endo-F2. Aflibercept/Myozyme solutions (1mg pro-
tein) were loaded on a 10 kDa spinfilter and centrifuged till near
dryness at 2717 × g. A 4 × 1-ml volume of 100mM sodium acetate
(pH 4.5) was added and the sample was centrifuged again (2717 × g)
leaving at least 100 µl solution. The samples were diluted to 2mg/ml
with 100mM sodium acetate (pH 4.5) and 10 µl EndoF2 (1mg/ml) was
added. The samplewas incubated at 37 °C for 16 h undermild agitation
and then purified by PGC SPE.

Release of N-glycans from equine upper airway tissue
N-glycans were released enzymatically from equine upper airway tis-
sue by PNGaseF. Nasal epithelium/tracheal tissue (~1 cm3) in ethanol
was decanted and washed with 2 × 20ml water for 15min. To each
tissue 1ml 100mM TRIS buffer (pH 7) and 10 µl PNGaseF (10mg/ml)
were added. Tissues were incubated for 72 h at 37 °C under mild agi-
tation, then the sampleswere centrifuged for 15min at 2717 × g and the
supernatant was collected, lyophilized, dissolved in a minimal volume
of water and purified by PGC SPE.

Release of N-glycans from equine α2-macroglobulin
α2-Macroglobulin was extracted by loading 10ml equine plasma on a
300KDadialysismembrane anddialyzed at 4 °Cagainst 5 l of ultrapure
water for 24 h,with thewater changed after 1 h. The remaining solution
in the membrane was collected and lyophilized to yield a white
powder71. N-glycans were released from equine α2-macroglobulin by
PNGaseF. Equine α2-macroglobulin (1mg) was dissolved in 1ml
100mM TRIS buffer (pH 7) and 10 µl PNGaseF (10mg/ml) was added.
The reaction was incubated for 24 h at 37 °C under mild agitation and
then purified by PGC SPE.

PGC SPE purification and derivatization of released N-glycans
The released N-glycans were purified by PGC SPE by equilibrating a
cartridge with 1ml of 0.1% TFA and loading the dissolved glycans on
the cartridge. The cartridge was washed with 1ml of 0.05% TFA fol-
lowed by 1ml 5%/95% ACN/water. Glycans were eluted with 50/50%
ACN/water and then the eluent was evaporated under a nitrogen flow,
yielding N-glycans for derivatization.

The positively chargeable mass label procainamide was attached
to N-glycan free reducing ends via reductive amination. A 50-µg
amount of glycan was dissolved in 120 µl water and mixed with 40μl
labeling solution (32.5 µg/µl procainamide HCl and 75 µg/µl sodium
cyanoborohydride in DMSO) and 23 µl acetic acid. The mixture was
vortexed and incubated at room temperature for 4 h to prevent
desialylation. The reaction mixture was evaporated under nitrogen
flow, redissolved in a small volume of water and extracted with
3 × 200 µl DCM to remove residual procainamide. Then the water layer
was desalted by PGCSPE by equilibrating the cartridgewith 1mlwater,
loading the sample in a minimal amount of water, washing first with
1ml of water and then with 1ml of 5/95% ACN/water and eluting the
glycans with 60/40% ACN/water with 0.1% TFA. The eluent was eva-
porated under nitrogen flow and analyzed by HPLC-IM-MS.

O-glycan release from bovine submaxillary mucin
O-glycans were released fromBSMusing sodium hypochlorite. The pH
of a 15% sodium hypochlorite solution was adjusted to 6.8 by adding
~3ml of 1M HCl to 5ml of the hypochlorite solution. BSM was dis-
solved in water to a concentration of 1mg/ml, 0.5ml of the neutralized
sodium hypochlorite solution (pH 6.8) was added and the reaction
mixture was kept on ice for 60min before quenching with 15 µl 1%
formic acid. The mixture was directly freeze dried and then purified
with PGCSPE by equilibrating the cartridgewith 1mlwater, loading the
sample in a minimal amount of water, washing first with 1ml of water,
thenwith 1ml of 5/95%ACN/water and eluting the glycanswith 60/40%
ACN/water with 0.1% TFA. The eluent was evaporated under nitrogen
flow and the released glycans were analyzed with HPLC-IM-MS.

HPLC-IM-MS analysis of glycans
All standards and released glycans were analyzed with HPLC-IM-MS
using an Agilent Technologies 1290 LC system coupled via a dual-
source AJS electrospray interface to an Agilent Technologies 6560B
drift tube ion mobility/QTOF MS instrument.

Synthetic standards were analyzed using a SeQuant ZIC-HILIC LC
pre-column (Merck, Darmstadt, Germany). Solutions of standards in
80%/20% ACN/water were injected into the chromatographic system,
eluted with 60%/40% ACN/water containing 0.1% formic acid at a flow
rate of 0.2ml/min and further analyzed with IM-MS.

The derivatized N-glycans derived from biologicals, tissue sam-
ples and equine α2-macroglobulin were dissolved in 80%/20% ACN/
water, injected into the chromatographic systemand separatedusing a
ZIC-HILIC (150× 4.6mm, 3.5 µm) column (Merck, Darmstadt, Ger-
many), with a linear 30min gradient from 80%/20% ACN/water con-
taining 0.1% formic acid to 50/50% ACN/water at a flow rate of
0.25ml/min.

Released O-glycans were separated on a ZIC-HILIC column
(150× 2.1mm,3 µmparticles) using 85/15%ACN/waterwith0.1% formic
acid for 5min, followed by a linear gradient to 50/50% ACN/water with
0.1% formic acid over 30min and then further analyzed by IM-MS.

IM-MS was performed with a transfer capillary voltage of 3500V,
nozzle voltage of 2000V, nebulizer pressure of 40psi, nitrogen drying
gas at a temperature of 300 °C and a flow rate of 8 l/min and a sheath
gas at 300 °C with a flow rate of 11 l/min. IM was operated with a
transient rate of 16 transients/frame, a trap fill time of 3900 µs, a trap
release time of 250 µs, a drift tube entrance voltage of 1400V and a
multiplexing pulsing sequence length of 4 bit. The instrument was
modified with a lens that was installed at the exit of the ion transfer
capillary. By increasing the voltage applied to the fragmentor, this lens
creates a potential difference between the capillary and the front high-
pressure funnel in the instrument. The potential difference between
the fragmentor voltage and the voltage at the capillary exit determines
the voltage for in-source collisionally activated dissociation. The
capillary exit and high-pressure funnel entrance are kept at 360V,
resulting in a maximum potential difference of 240V that can be
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applied for ion activation when the fragmentor is set to the maximum
of 600V.

IM-MS data processing
Masses of raw 4 bit multiplexed IM-MS data were recalibrated on
reference masses with m/z 121 and m/z 922 using the IM-MS Data File
Reprocessing Utility in the Agilent Technologies Masshunter software
(v10.0). Reprocessed data was demultiplexed using the PNNL Pre-
processor software v4.0 (Pacific Northwest National Laboratory,
Richland, WA) using an interpolation of 3 drift bins and a 5 point
moving average smoothing42. Features were identifiedwith the Agilent
Technologies Masshunter IM browser software v10.0 using an
unbiased isotope model, allowing for single features with a maximum
charge state of 5 and a minimal ion intensity of 500. High resolution
ATDs were obtained using Agilent Technologies HRdm v2.0 software
at processing level high, with anm/z width multiplier of 12, saturation
check of 0.40 and an IF multiplier of 1.125 with SSS and Post QC
enabled43. CCS values were calculated directly from the arrival times,
by using single field CCS calibration with standards for ESI TOF-MS
calibration with known m/z and CCS values.

Microarray analysis
Biotinylated glycans 1–27 were printed in replicates of six using a
Scienion sciFLEXARRAYER S3 (Berlin, Germany) on streptavidin-
coated glass slides21. Recombinant HA was premixed with mouse
anti-streptag-Alexa647 and goat-anti mouse-Alexa647 antibodies in a
molar ratio of 4:2:1 in PBS-T (50 µl) for 15min on ice. Sub-arrays
(6 × 27 spots) were incubated with the premixed HA for 90min in a
humidified chamber before washing of the whole slide in 4 successive
steps with PBS-T, PBS and deionized water with 5-min soak times.
Arrays were dried by centrifugation and fluorescence was scanned
using an Innopsys InnoScan 710 microarray scanner (Carbonne,
France). The data were processed with GenePix Pro 7 (Molecular
Devices, San Jose, CA) and analyzed with an in-house developed Excel
macro using Excel 201672. The highest and lowest replicates were
removed, and themean and standarddeviationwerecalculated (n = 4).
Data were plotted using GraphPad Prism 7.0 (San Diego, CA).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Information files.
The ion mobility-mass spectrometric source data that support the
findings of this study are available inMassIVE with the dataset identifier
MSV000090864. Glycan microarray Source data are provided as a
Source Data file with this paper. The Excel macro for batch processing
of the glycan microarray data is available on the GitHub platform
(https://github.com/enthalpyliu/carbohydrate-microarray-processing).
The sequence of HA ectodomain of equine H3 (A/Equine/Miami/1/1963
H3N8) is available at GenBank, accession no. AAA43105.1. Source data
are provided with this paper.

References
1. Varki, A. Sialic acids in human health and disease. TrendsMol. Med.

14, 351–360 (2008).
2. Chen, X. & Varki, A. Advances in the biology and chemistry of sialic

acids. ACS Chem. Biol. 5, 163–176 (2010).
3. Comstock, L. E. & Kasper, D. L. Bacterial glycans: key mediators of

diverse host immune responses. Cell 126, 847–850 (2006).
4. Severi, E., Hood, D. W. & Thomas, G. H. Sialic acid utilization by

bacterial pathogens. Microbiology 153, 2817–2822 (2007).

5. de Jong, H., Wosten, M. M. S. M. & Wennekes, T. Sweet imperso-
nators: molecular mimicry of host glycans by bacteria. Glycobiol-
ogy 32, 11–22 (2022).

6. Stencel-Baerenwald, J. E., Reiss, K., Reiter, D. M., Stehle, T. &
Dermody, T. S. The sweet spot: defining virus-sialic acid interac-
tions. Nat. Rev. Microbiol. 12, 739–749 (2014).

7. Lubbers, J., Rodriguez, E. & van Kooyk, Y. Modulation of immune
tolerance via Siglec-sialic acid interactions. Front. Immunol. 9,
2807 (2018).

8. Laubli, H. &Varki, A. Sialic acid-binding immunoglobulin-like lectins
(Siglecs) detect self-associated molecular patterns to regulate
immune responses. Cell Mol. Life Sci. 77, 593–605 (2020).

9. Wasik, B. R., Barnard, K. N. & Parrish, C. R. Effects of sialic acid
modifications on virus binding and infection. Trends Microbiol. 24,
991–1001 (2016).

10. Walsh, G. & Jefferis, R. Post-translational modifications in the
context of therapeutic proteins. Nat. Biotechnol. 24, 1241–1252
(2006).

11. Liu, L. Antibody glycosylation and its impact on the pharmacoki-
netics and pharmacodynamics of monoclonal antibodies and Fc-
fusion proteins. J. Pharm. Sci. 104, 1866–1884 (2015).

12. Vattepu, R., Sneed, S. L. &Anthony, R.M. Sialylation as an important
regulator of antibody function. Front. Immunol. 13, 818736 (2022).

13. Visser, E. A. et al. Sialic acid O-acetylation: from biosynthesis to
roles in health and disease. J. Biol. Chem. 297, 100906 (2021).

14. Varki, A. Colloquium paper: uniquely human evolution of sialic acid
genetics and biology. Proc. Natl Acad. Sci. USA 107,
8939–8946 (2010).

15. Chava, A. K., Chatterjee, M. & Mandal, C. O-acetyl sialic acids in
parasitic diseases. in Handbook of Carbohydrate Engineering (ed.
Yarema, K. J.) Ch. 3 (CRC Press, 2005).

16. Varki, N. M. & Varki, A. Diversity in cell surface sialic acid pre-
sentations: implications for biology and disease. Lab. Invest. 87,
851–857 (2007).

17. Mahajan, V. S. & Pillai, S. Sialic acids and autoimmune disease.
Immunol. Rev. 269, 145–161 (2016).

18. Cavdarli, S. et al. Identification of 9-O-acetyl-N-acetylneuraminic
acid (Neu5,9Ac(2)) as main O-acetylated sialic acid species of GD2
in breast cancer cells. Glycoconj. J. 36, 79–90 (2019).

19. Shi,W. X., Chammas, R., Varki, N.M., Powell, L. & Varki, A. Sialic acid
9-O-acetylation on murine erythroleukemia cells affects comple-
ment activation, binding to I-type lectins, and tissue homing. J. Biol.
Chem. 271, 31526–31532 (1996).

20. Yang, W. H. et al. An intrinsic mechanism of secreted protein aging
and turnover. Proc. Natl Acad. Sci. USA 112, 13657–13662 (2015).

21. Li, Z. et al. Synthetic O-acetylated sialosides facilitate functional
receptor identification for human respiratory viruses.Nat. Chem. 13,
496–503 (2021).

22. Kamerling, J. P. et al. Migration of O-acetyl groups in N,O-acet-
ylneuraminic acids. Eur. J. Biochem. 162, 601–607 (1987).

23. Shen, J., Zhu, B., Chen, Z., Jia, L. & Sun, S. Precision characterization
of site-specific O-acetylated sialic acids on I-glycoproteins. Anal.
Chem. 95, 1995–2003 (2023).

24. Hara, S. et al. Determination of mono-O-acetylated
N-acetylneuraminic acids in human and rat sera by fluorometric
high-performance liquid chromatography. Anal. Biochem. 179,
162–166 (1989).

25. Wu, Z. et al. Characterization of O-acetylation in sialoglycans by
MALDI-MS using a combination of methylamidation and per-
methylation. Sci. Rep. 7, 46206 (2017).

26. Biswas, C., Sinha, D. & Mandal, C. Investigation on interaction of
Achatinin, a 9-O-acetyl sialic acid-binding lectin, with lipopoly-
saccharide in the innate immunity of Achatina fulica snails. Mol.
Immunol. 37, 745–754 (2000).

Article https://doi.org/10.1038/s41467-023-42575-x

Nature Communications |         (2023) 14:6795 11

https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?accession=MSV000090864
https://github.com/enthalpyliu/carbohydrate-microarray-processing
https://www.ncbi.nlm.nih.gov/search/all/?term=AAA43105.1


27. Aamelfot, M., Dale, O. B., Weli, S. C., Koppang, E. O. & Falk, K. The
in situ distribution of glycoprotein-bound 4-O-Acetylated sialic
acids in vertebrates. Glycoconj. J. 31, 327–335 (2014).

28. Langereis, M. A. et al. Complexity and diversity of the mammalian
sialome revealed by nidovirus virolectins. Cell Rep. 11,
1966–1978 (2015).

29. Kurulugama, R. T., Darland, E., Kuhlmann, F., Stafford, G. & Fjelds-
ted, J. Evaluation of drift gas selection in complex sample analyses
using a high performance drift tube ion mobility-QTOF mass
spectrometer. Analyst 140, 6834–6844 (2015).

30. Hofmann, J. & Pagel, K. Glycan analysis by ion mobility-mass
spectrometry. Angew. Chem. Int. Ed. 56, 8342–8349 (2017).

31. Mason, E. A. & Schamp, H. W. Mobility of gaseous lons in weak
electric fields. Ann. Phys. 4, 233–270 (1958).

32. Marchand, A., Livet, S., Rosu, F. & Gabelica, V. Drift tube ion mobi-
lity: how to reconstruct collision cross section distributions from
arrival time distributions? Anal. Chem. 89, 12674–12681 (2017).

33. Sastre Toraño, J. et al. Ion mobility spectrometry can assign exact
fucosyl positions in glycans and prevent misinterpretation of mass
spectrometry data after gas-phase rearrangement. Angew. Chem.
Int. Ed. 58, 17616–17620 (2019).

34. Sastre Toraño, J. et al. Identification of isomeric N-glycans by con-
former distribution fingerprinting using ion mobility-mass spectro-
metry. Chem. Eur. J. 27, 2149–2154 (2021).

35. Gray, C. J. et al. Advancing solutions to the carbohydrate sequen-
cing challenge. J. Am. Chem. Soc. 141, 14463–14479 (2019).

36. Wei, J. et al. Accurate identification of isomeric glycans by trapped
ion mobility spectrometry-electronic excitation dissociation tan-
dem mass spectrometry. Anal. Chem. 92, 13211–13220 (2020).

37. Manz, C. et al. Determination of sialic acid isomers from released
n-glycans using ion mobility spectrometry. Anal. Chem. 94,
13323–13331 (2022).

38. Ujma, J. et al. Cyclic ion mobility mass spectrometry distinguishes
anomers and open-ring forms of pentasaccharides. J. Am. Soc.
Mass Spectrom. 30, 1028–1037 (2019).

39. Nagy,G. et al. Unraveling the isomeric heterogeneity of glycans: ion
mobility separations in structures for lossless ion manipulations.
Chem. Commun. 54, 11701–11704 (2018).

40. Bansal, P. et al. Using slim-based IMS-IMS together with cryogenic
infrared spectroscopy for glycan analysis. Anal. Chem. 92,
9079–9085 (2020).

41. Vos, G. M. et al. Oxidative release of O-glycans under neutral con-
ditions for analysis of glycoconjugates having base-sensitive sub-
stituents. Anal. Chem. 95, 8825–8833 (2023).

42. Bilbao, A. et al. A preprocessing tool for enhanced ion mobility-
mass spectrometry-based omics workflows. J. Proteome Res. 21,
798–807 (2022).

43. May, J. C., Knochenmuss, R., Fjeldsted, J. C. & McLean, J. A. Reso-
lution of isomeric mixtures in ion mobility using a combined
demultiplexing andpeakdeconvolution technique.Anal.Chem.92,
9482–9492 (2020).

44. Yamaguchi, Y., Nishima, W., Re, S. & Sugita, Y. Confident identifi-
cation of isomeric N-glycan structures by combined ion mobility
mass spectrometry and hydrophilic interaction liquid chromato-
graphy. Rapid Commun. Mass Spectrom. 26, 2877–2884 (2012).

45. Shi, W. X., Chammas, R. & Varki, A. Linkage-specific action of
endogenous sialic acid O-acetyltransferase in Chinese hamster
ovary cells. J. Biol. Chem. 271, 15130–15138 (1996).

46. Thomson, R. I. et al. Analysis of three epoetin alpha products by LC
and LC-MS indicates differences in glycosylation critical quality
attributes, including sialic acid content. Anal. Chem. 89,
6455–6462 (2017).

47. Park, H. et al. Seventeen O-acetylated N-glycans and six
O-acetylation sites of Myozyme identified using liquid

chromatography-tandem mass spectrometry. J. Pharm. Biomed.
Anal. 169, 188–195 (2019).

48. Shen, Z. et al. Analytical comparability assessment onglycosylation
of ziv-aflibercept and the biosimilar candidate. Int. J. Biol. Macro-
mol. 180, 494–509 (2021).

49. Xu, X. et al. The genomic sequence of the Chinese hamster ovary
(CHO)-K1 cell line. Nat. Biotechnol. 29, 735–741 (2011).

50. Thompson, A. J., de Vries, R. P. & Paulson, J. C. Virus recognition of
glycan receptors. Curr. Opin. Virol. 34, 117–129 (2019).

51. Koropatkin, N. M., Cameron, E. A. & Martens, E. C. How glycan
metabolism shapes the human gut microbiota. Nat. Rev. Microbiol.
10, 323–335 (2012).

52. Wasik, B. R. et al. Distribution of O-acetylated sialic acids among
target host tissues for influenza virus. mSphere 2,
e00379–00316 (2017).

53. Moremen, K. W., Tiemeyer, M. & Nairn, A. V. Vertebrate protein
glycosylation: diversity, synthesis and function. Nat. Rev. Mol. Cell
Biol. 13, 448–462 (2012).

54. Domon, B. & Costello, C. A systematic nomenclature for carbohy-
drate fragmentation in FAB-MS/MS spectra of glycoconjugates.
Glycoconj. J. 5, 397–409 (1998).

55. Levinson, B., Pepper, D. & Belyavin, G. Substiuted sialic acid pros-
thetic groups as determinants of viral hemagglutination. J. Virol. 3,
477–483 (1969).

56. Hanaoka, K. et al. 4-O-acetyl-N-acetylneuraminic acid in the
N-linked carbohydrate structures of equine and guinea pig alpha 2-
macroglobulins, potent inhibitors of influenza virus infection. J. Biol.
Chem. 264, 9842–9849 (1989).

57. Pritchett, T. J. & Paulson, J. C. Basis for the potent inhibition of
influenza virus infection by equine and guinea pig alpha
2-macroglobulin. J. Biol. Chem. 264, 9850–9858 (1989).

58. Matrosovich, M., Gao, P. & Kawaoka, Y. Molecular mechanisms of
serum resistance of human influenza H3N2 virus and their invol-
vement in virus adaptation in a new host. J. Virol. 72,
6373–6380 (1998).

59. Spruit, C. M. et al. N-glycolylneuraminic acid binding of avian and
equine H7 influenza A viruses. J. Virol. 96, e0212021 (2022).

60. Wilkinson, H. & Saldova, R. Current methods for the characteriza-
tion of O-glycans. J. Proteome Res. 19, 3890–3905 (2020).

61. Song, X. et al. Oxidative release of natural glycans for functional
glycomics. Nat. Methods 13, 528–534 (2016).

62. Wandall, H. H., Nielsen, M. A. I., King-Smith, S., de Haan, N. &
Bagdonaite, I. Global functions of O-glycosylation: promises and
challenges in O-glycobiology. FEBS J. 288, 7183–7212 (2021).

63. Srinivasan, G. V. & Schauer, R. Assays of sialate-O-
acetyltransferases and sialate-O-acetylesterases. Glycoconj. J. 26,
935–944 (2009).

64. Struwe, W. B., Pagel, K., Benesch, J. L., Harvey, D. J. & Campbell, M.
P. GlycoMob: an ion mobility-mass spectrometry collision cross
section database for glycomics. Glycoconj. J. 33, 399–404
(2016).

65. Glaskin, R. S., Khatri, K., Wang, Q., Zaia, J. & Costello, C. E. Con-
struction of a database of collision cross section values for glyco-
peptides, glycans, and peptides determined by IM-MS.Anal. Chem.
89, 4452–4460 (2017).

66. Li, W., McArthur, J. B. & Chen, X. Strategies for chemoenzymatic
synthesis of carbohydrates. Carbohydr. Res. 472, 86–97 (2019).

67. O’Flaherty, R., Trbojevic-Akmacic, I., Greville,G., Rudd, P.M.&Lauc,
G. The sweet spot for biologics: recent advances in characterization
of biotherapeutic glycoproteins. Expert Rev. Proteom. 15,
13–29 (2018).

68. Baumann, A. M. et al. 9-O-Acetylation of sialic acids is catalysed by
CASD1 via a covalent acetyl-enzyme intermediate.Nat. Commun.6,
7673 (2015).

Article https://doi.org/10.1038/s41467-023-42575-x

Nature Communications |         (2023) 14:6795 12



69. Dumermuth, E., Beuret, N., Spiess, M. & Crottet, P. Ubiquitous 9-O-
acetylation of sialoglycoproteins restricted to the Golgi complex. J.
Biol. Chem. 277, 18687–18693 (2002).

70. Varki, A. LossofN-glycolylneuraminic acid inhumans:mechanisms,
consequences, and implications for hominid evolution.Am. J. Phys.
Anthropol. 116, 54–69 (2001).

71. Dubin, A., Potempa, J. & Silberring, J. Alpha 2-macroglobulin from
horse plasma. Purification, properties and interaction with certain
serine proteinases. Biochem. Int 8, 589–596 (1984).

72. Liu, L. Enthalpyliu/carbohydrate-microarray-processing: carbohy-
drate microarray processing (v1.0). Zenodo. https://doi.org/10.
5281/zenodo.5146251 (2017).

Acknowledgements
We thank E. Mastrobattista and E.M. Redout for providing Aflibercept
and Myozyme. This research was supported by an Agilent Technologies
Applications and Core Technology University Research grant (ACT-UR-
4725 to J.S.T.), the European Commission (grants 101020769 and
802780 to G.J.B. and R.P.V., respectively), Health~Holland (TKI-
LSHM21030 to G.J.B.), and the Mizutani Foundation for Glycoscience
(to R.P.V.).

Author contributions
G.M.V., K.C.H., Z.L., and R.P.V. performed the experiments. G.M.V.,
K.C.H., R.P.V., J.F., and C.K. analyzed the data and G.M.V., K.C.H., and
R.P.V. interpreted the results. G.M.V., J.S.T., and G.J.B. wrote the
manuscript. J.S.T. andG.J.B. supervised the research project. All authors
have given approval to the final version of the manuscript.

Competing interests
J.F. and C.K. are employees of Agilent Technologies. The remaining
authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42575-x.

Correspondence and requests for materials should be addressed to
Javier Sastre Toraño or Geert-Jan Boons.

Peer review information Nature Communications thanks Gabe Nagy,
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-42575-x

Nature Communications |         (2023) 14:6795 13

https://doi.org/10.5281/zenodo.5146251
https://doi.org/10.5281/zenodo.5146251
https://doi.org/10.1038/s41467-023-42575-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Sialic acid O-acetylation patterns and glycosidic linkage type determination by ion mobility-mass spectrometry
	Results
	IM-MS of O-acetylated sialosides
	O-acetylation of N-linked sialosides derived from biologicals
	O-acetylation of N-linked sialosides from equine tracheal and nasal tissues
	O-acetylation of N-linked sialosides from equine α2-macroglobulin
	Glycan microarray analysis of receptor specificities of influenza A viruses
	O-acetylation of O-linked sialoglycans from�mucins

	Discussion
	Methods
	Samples, materials, and reagents
	Release of N-glycans from biologicals
	Release of N-glycans from equine upper airway�tissue
	Release of N-glycans from equine α2-macroglobulin
	PGC SPE purification and derivatization of released N-glycans
	O-glycan release from bovine submaxillary�mucin
	HPLC-IM-MS analysis of glycans
	IM-MS data processing
	Microarray analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




