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ABSTRACT: Glycosylation is a fundamental post-transla-
tional modification, occurring on half of all proteins. Despite
its significance, our understanding is limited, in part due to the
inherent difficulty in studying these branched, multi-isomer
structures. Accessible, detailed, and quantifiable methods for
studying glycans, particularly O-glycans, are needed. Here we
take a multiple reaction monitoring (MRM) approach to
differentiate and relatively quantify all detectable glycans,
including isomers, on the heavily O-glycosylated protein
lubricin. Lubricin (proteoglycan 4) is essential for lubrication
of the joint and eye. Given the therapeutic potential of
lubricin, it is essential to understand its O-glycan repertoire in
biological and recombinantly produced samples. O-Glycans
were released by reductive β-elimination and defined, showing a range of 26 neutral, sulfated, sialylated, and both sulfated and
sialylated core 1 (Galβ1-3GalNAcα1-) and core 2 (Galβ1-3(GlcNAcβ1-6)GalNAcα1-) structures. Isomer-specific MRM
transitions allowed effective differentiation of neutral glycan isomers as well as sulfated isomeric structures, where the sulfate was
retained on the fragment ions. This strategy was not as effective with labile sialylated structures; instead, it was observed that the
optimal collision energy for the m/z 290.1 sialic acid B-fragment differed consistently between sialic acid isomers, allowing
differentiation between isomers when fragmentation spectra were insufficient. This approach was also effective for purchased
Neu5Acα2-3Galβ1-4Glc and Neu5Acα2-6Galβ1-4Glc and for Neu5Acα2-3Galβ1-4GlcNAc and Neu5Acα2-6Galβ1-4GlcNAc
linkage isomers with the Neu5Acα2-6 consistently requiring more energy for optimal generation of the m/z 290.1 fragment.
Overall, this method provides an effective and easily accessible approach for the quantification and annotation of complex
released O-glycan samples.

Our understanding of O-glycosylation in essential bio-
logical processes from lubrication1 and defense2 to

interactions with other biomolecules in health and disease3

continues to expand. O-Glycosylation alters in disease states
such as cancers,4 particularly of the gastrointestinal tract,5 and
chronic inflammation.6,7 In these instances, we begin to see
that specific structural changes may have biological implica-
tions: for instance, structural isomers differing between
inflammation states in arthritic disease have been observed.7

Annotation of O-glycan data is difficult, requiring practice and
specialized skills and knowledge. The need to more accurately
define the glycan structures on proteins of interest using a
simpler methodology more accessible to a larger range of
scientists is imperative to fully understand the meaning of
these glycan changes in disease.

Lubricin is one such protein of interest, a heavily O-
glycosylated mucin-like protein also known as superficial zone
protein and proteoglycan 4, is found in the synovial fluid (SF)
and joint tissues, where it is essential for boundary lubrication
and protecting the cartilage surface.8−10 Also found in the
blood, urine, and ocular surface,11−13 its 150 kDa backbone is
doubled in mass by the 168 O-glycosylation sites identified
primarily within the serine-, threonine-, and proline-rich
central domain.14 The lubricating properties of lubricin are
conferred by its glycosylation, likely due to the high negatively
charged sialic acid content it holds.15 A recombinant form of
the full-length lubricin protein, with a similar molecular mass,
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is an effective lubricant at the ocular surface12,16 and may have
potential for reforming the surface of the joint, lost during
arthritis,17 if administered at a very early stage of the disease.
With this in mind, and given that a recombinant lubricin shows
such promise as a biologic, it is important to be able to define
and quantify the glycans on the native version to better
understand the role of these glycans in health and disease.
GalNAc or mucin-type O-glycosylation biosynthesis begins

with the addition of a GalNAc monosaccharide to the hydroxyl
group of serine or threonine (Ser/Thr), referred to as Tn
antigen (GalNAcα1-), by one of 20 redundant uridine
diphosphate-N-acetyl-α-D-galactosamine:polypeptide N-acetyl-
galactosaminyltransferases (GalNAc transferases), which pos-
sess a range of unique and overlapping specificities.18 The core
1 structure backbone (Galβ1-3GalNAcα1-), formed by the
addition of a galactose by core 1 β3-galactosyltransferase and
the Cosmc chaperone,19 can then go on to form the core 2
structure backbone (Galβ1-3(GlcNAcβ1-6)GalNAcα1-) by
the core 2 β-1,6-N-acetylglucosaminyltransferase family.20

Lubricin, like the majority of O-glycosylated nonmucin
proteins, holds both core 1 and 2 structures.21 These core
structures can then be extended by the addition of sialic acid,
N-acetylneuraminic acid (Neu5Ac) in humans, by sialyltrans-
ferases22 or sulfate by sulfotransferases,23 giving an extensive
range of isomeric structures.
Mass spectrometry is commonly agreed to be the most

information rich method for analyzing glycans, although it is
not without limitations and is aided by the power of separation
techniques such as porous graphitized carbon liquid
chromatography.24,25 The intricacies of MS fragmentation
complicate the understanding of the final data, particularly
subtleties such as isomer differentiation, making annotation
difficult. An O-glycan analytical method should reflect this
subtlety while also being highly sensitive so that all isomers can
be detected; here we describe an innovative MRM approach.
Although this method is more difficult to develop in
comparison to the data-dependent acquisition method most
often used for O-glycan identification,24 it is widely valued for
stable quantification of both small and large molecules. MRM
has also been applied to the field of glycobiology, with the
majority of work focusing on glycopeptides26−30 and, to a
lesser extent, released N-glycans.31,32 The methods developed
for O-glycans have been fewer33 and more restricted, although
they have shown biologically important results, such as
focusing on subsets of biological- or disease-related O-glycans,
including important sulfated O-glycans.7,34 There have also
been MRM analyses of oligosaccharides from human milk35,36

as well as from bovine samples.37 We take the novel approach
of not only using MRM for quantification but also including
additional transitions to allow the annotation of released O-
glycans, including isomers. This greatly increases the ease of
use to the end user, in effect building the O-glycan knowledge
into the method, expanding accessibility. A QTRAP 6500 ESI-
triple-quadrupole linear ion trap hybrid mass spectrometer38,39

with its added ion trap functionality was able to facilitate
method development for these challenging structures without
standards. This meant that, although an extensive series of LC-
MS optimization runs were necessary, the acquisition of full
scan product ion spectra aided in fragment ion selection and a
range of optimization and analysis, allowing extensive MRM
method optimization without the infusion of standards.

■ EXPERIMENTAL SECTION

Sample Preparation. Synovial Fluid Samples. Pooled
synovial lubricin samples were used for method development,
given that more lubricin was required than is possible to obtain
from a single patient and a consistent sample was required for
comparison between a number of optimization runs. The
pooled samples included samples from patients diagnosed with
a range of arthritis diseases, both acute and chronic in nature,
to cover the entire spectrum of potential glycans. Three pooled
samples were prepared over the length of the study. Samples
were grouped randomly into each of the pooled samples to
obtain enough biological material for optimization of the
MRM method for each single released O-glycan. The single
sample that is shown in Figure 6 is from an individual who was
diagnosed with rheumatoid arthritis and 36 years of age at
collection. Synovial fluid (SF) samples were collected during
aspiration of knee joints from arthritis patients at the
Rheumatology Clinic, Sahlgrenska University Hospital (Goth-
enburg, Sweden). All patients fulfilled the American College of
Rheumatology 1987 revised criteria for rheumatoid arthritis
(RA).40 All patients gave informed consent, and the procedure
was approved by the Ethics Committee of University of
Gothenburg. The SF samples were clarified by centrifugation
at 10000g for 10 min and stored at −80 °C until use.

Preparation of Lubricin. Lubricin was isolated via a
multistage process. The acidic fraction was first isolated from
SF samples by DEAE chromatography as previously
described.41 Briefly, SF samples were diluted with wash buffer
(250 mM NaCl, 20 mM Tris-HCl, 10 mM EDTA, pH 7.5) and
sheared with a needle and syringe before loading onto a 1 mL
DEAE fast flow Hi-Trap column (GE Healthcare, Piscataway,
NJ, USA). Enriched acidic glycoproteins were eluted with wash
buffer containing 1.0 M NaCl. Eluted samples were
concentrated and buffer-exchanged with PBS using Amicon
Ultra 0.5 mL 30 kDa cutoff centrifugal filters (Millipore).
Samples were then reduced (50 mM DTT, 70 °C for 2 h)

and alkylated (125 mM iodoacetamide for 30 min at room
temperature in the dark) and separated by SDS-PAGE using
NuPAGE 3−8% Tris-acetate gels (Thermo Fisher Scientific)
to allow separation at the high molecular mass range. This
cation exchange chromatography followed by SDS-PAGE has
previously been shown by MS to effectively isolate lubricin.21

Recombinant lubricin was also run on each gel as a positive
control. The recombinant lubricin has previously been shown
to have the same molecular mass as native lubricin when it is
separated by SDS-PAGE.16 Recombinant lubricin was a kind
gift from Lubris BioPharma. Gels were transferred to a PVDF
membrane by semidry transfer as previously described.42

Membranes were stained with Alcian blue (0.125% Alcian blue
in 25% methanol with 0.125% acetic acid) and destained with
methanol.

Standards. Porcine gastric mucin (PGM) type II (Sigma
M2378) was used for method optimization of glycans present
on both PGM and lubricin. PGM O-glycans were released by
reductive β-elimination, generating alditols for analysis. All
structures and methods were confirmed with lubricin.
Glycan standards used to compare Neu5Ac linkage collision

energy differences were obtained from Dextra Laboratories
(Reading, U.K.). These included the Neu5Acα2-3Galβ1-4Glc
(SL302) and Neu5Acα2-6Galβ1-4Glc (SL306), as well as the
Neu5Acα2-3Galβ1-4GlcNAc (SLN302) and Neu5Acα2-
6Galβ1-4GlcNAc (SLN306), isomer pairs. Glycans were
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solubilized in acetonitrile and water 20%/80% (v/v) with 10
mM ammonium bicarbonate at 5 μg/mL and infused at 7 μL/
min. These standards were used without reduction.
Release of O-Glycans. The lubricin band was cut from the

PVDF membrane and then into small pieces for O-glycan
release. O-glycans were released by miniaturized reductive β-
elimination,42 allowing the sensitive release and detection of O-
glycans including low-abundance sulfated and sialylated
structures without interfering signals from introduced sample
preparation contaminations. All glycans had a reducing end,
making them alditols. O-Glycans from all arthritis samples were
then pooled. Membrane pieces were placed in a 0.5 mL tube
and wet with methanol before the addition of 20 μL of freshly
prepared reductive β-elimination solution (50 mM sodium
hydroxide, 0.5 M sodium borohydride). The reactions were
incubated at 50 °C for 16 h, in tubes that allowed gas exchange
to the surrounding humidified environment. Glacial acetic acid
(1 μL) was used to neutralize the reaction followed by cleanup.
Cation exchange columns (AG50WX8 resin, Bio-Rad,
Hercules, CA, USA) were prepared in 10 μL pipet tips with
0.2 μL of C18 resin held at the point of the tip (Ziptips;
Millipore, Billerica, MA, USA). The C18 resin was used as a
frit to hold the cation exchange resin and form a small column,
and 40 μL of cation exchange resin suspension (1:1 resin to
methanol) was added to each tip column. Samples were added,
and the released glycans that washed through the columns
were collected, with residual glycans eluted with water.
Samples were dried using a centrifugal evaporator (45 °C)
followed by extraction (five times) with 1% glacial acetic acid
in methanol until all borate salts were removed. O-Glycans
from all arthritis samples were then pooled, creating the sample
used for method development. Glycans were released from the

PGM standard as described above, with the exception that the
reductive β-elimination reaction was carried out in solution.
Glycans were released and detected as reduced alditols and

it was assumed that all reducing ends were GalNAc-ol. O-
glycans were identified by manual annotation of MS/MS
spectra using previously described fragmentation principals.43

Fragmentation patterns were also compared to the UniCarb-
DB glycan MS/MS and retention time database44 (www.
unicarb-db.org). Structures used accurately depict the level of
annotation.

LC and Mass Spectrometric Setup and Methodology.
Liquid Chromatography. Porous graphitized carbon (PGC)
chromatography was used to separate isomers. PGC columns
were 10 cm in length with an i.d. of 250 μm and packed in
house with 5 μm particles (Hypercarb, Thermo). An Eksigent
microLC 200 HPLC system (Eksigent, SCIEX, Redwood City,
CA, USA) was used with a constant flow rate of 10 μL/min.
The gradient was as follows: 5 min of 98% solvent A (10 mM
ammonium bicarbonate), increased solvent B (80% acetoni-
trile in 10 mM ammonium bicarbonate) from 2% to 45% in 41
min and then to 95% solvent B in 4 min, staying at 95% solvent
B for 5 min, then re-equilibration at 98% A for 35 min.

Mass Spectrometry. The method was developed on a
QTRAP 6500 triple-quadrupole linear ion trap mass
spectrometer (SCIEX) in negative ion, high mass mode. A
Turbo V ion source was used with an Eksigent 25 μm
electrode. An ion spray voltage of −4200 V was used. MRM-
specific voltages (collision energy, CE; declustering potential,
DP; collision cell exit potential, CXP) were optimized for each
transition (Table 1 in the Supporting Information). Each
transition had a dwell time of 20 ms, which resulted in a cycle
time sufficient to give 10 points on the curve to the fastest-
eluting peak. All MRM transition selections and optimizations

Figure 1. O-Glycan repertoire of lubricin. Core 1 O-glycans identified on lubricin are shown in the orange box, noncore simple structures in the red
box, and predominately core 2 and larger glycans in the green box. The [M − H]− value is shown under the structure diagram in black for
previously identified structures and in red for structures not previously identified on lubricin. Structures outside the boxes were not identified on
lubricin in the study but are monitored in the final method so that they can be evaluated should they be identified on future samples. An ambiguous
structure or single structure is shown to represent isomers for simplicity. When one isomer is dominant as for the [M − H]− values m/z 675.2 and
587.2, the dominant isomer is shown. The number of isomers is shown in bold next to each structure (×2, ×5). Arrows represent biosynthetic
pathways.
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were performed with an extensive series of LC-MS runs,
because standards are not available for more efficient
optimization by infusion. MRM fragment ion selection was
facilitated by the use of the MIDAS workflow.45,46 Using the
MIDAS workflow, a set of MRM transitions was used as a
survey scan to trigger the acquisition of highly sensitive linear
ion trap MS/MS data. These data allowed confirmation of the
glycan structure, isomer discrimination, and optimization of
MRM fragment ion selection. MultiQuant 3.0 (SCIEX) was
used for MRM peak integration. The method was run on two
different QTRAP 6500 triple-quadrupole linear ion trap mass
spectrometers (SCIEX) for comparison. MRM transition
information and CXP (instrument dependent) information
comparing instruments are given in Table 1 in the Supporting
Information.

■ RESULTS AND DISCUSSION
Glycan Repertoire. An MRM-initiated detection and

sequencing approach was undertaken to scan for previously
undetected glycans. The glycan repertoire of synovial lubricin
was determined to consist of 26 glycan structures (Figure 1).
Simple O-linked glycans were identified, at low abundance,
including the Tn antigen (GalNAc) and sialyl Tn antigen
(Neu5Acα2,6GalNAc). Twelve of the structures were core 1
structures (Galβ1-3GalNAcol), including structures with the
addition of sulfate or Neu5Ac. Five isomers were also
identified that held both a sulfate and Neu5Ac on the core 1
structure. A range of core 2 (Galβ1-3(GlcNAcβ1-6)GalNAcol)
structures were also identified, including structures with an
additional galactose residue and/or Neu5Ac and sulfate. This
direct approach at glycan discovery identified glycans not
previously identified on lubricin, including structures with m/z
755.2 (5 isomers, sulfated and sialylated trisaccharide), 667.2
(2 isomers, sulfated trisaccharide), 587.2 (2 isomers, neutral
trisaccharide), and 878.3 (1 isomer, sialylated trisacchar-
ide).21,47−49 One sulfated and sialylated core 2 structure at m/z
1120.3 was previously identified on lubricin isolated from a
single osteoarthritis patient and was not identified in this
study.21

Neutral Glycans. Five neutral structures were identified on
lubricin (Figure 1) at [M − H]− m/z 222.1, 384.1, and 749.3
and the two structures at m/z 587.2. The GalNAcol
monosaccharide structure was able to be retained on the
PGC column. While this is usually difficult to isolate on PGC,
it was possible using an extended re-equilibration, which
increased the reproducibility of the retention of this
monosaccharide. Although extending the LC method to
almost 90 min, it gave the advantage of consistently re-
equilibrating the PGC column to allow for monosaccharide
retention, allowing the full coverage of the glycan repertoire
with reproducible retention time. An MRM for the
disaccharide, core 1 structure (Galβ1-3GalNAcol), has
previously been described, including using cross-ring fragments
that are rarely observed in other, larger glycans,7 allowing for
increased specificity. For the current method, the m/z 204.1 Z
fragment and m/z 222.1 Y fragment showed the greatest
intensity when the ion source and fragment parameters were
optimized for intensity and stability (Figure 1 in the
Supporting Information).
The [M − H] − ion at m/z 587.2 had two isomers, the

branched (Galβ1-3(GlcNAcβ1-6)GalNAcol) core 2 structure
and a linear form (Figure 2). The linear form had a m/z 407.17
Z1 fragment, as shown in Figure 2, as well as the low-

abundance m/z 425.17 Y1 fragment, too low for effective
MRM optimization and monitoring. These fragments indicate
a HexNAc residue with an adjoining HexNAcol moiety, and
the structure was confirmed to be the Galβ1-GlcNAcβ1-
3GalNAcol core 3 structure. The branched isomer included a
prominent m/z 262.1 (4A0α) fragment derived from the
cleavage of the linear GalNAcol moiety. This peak was not
observed in the linear form and has been shown to be
indicative of the C-6 substitution of the GalNAcol moiety of
core 2 structures.43 The absence of this ion in the earlier
eluting linear form is consistent with the fragmentation of
previously identified Galβ1-GlcNAcβ1-3GalNAcol.
The neutral glycan with [M − H]− ion at m/z 749.3 was

identified as the branched core 2 glycan with the addition of a
galactose residue and had only a single structure (Galβ1-
3(Galβ1-4GlcNAcβ1-6)GalNAcol). However, a larger range of
transitions for annotation were included to exclude other
potential structures, as well as to allow identification of
additional potential isomers. For instance, a linear version of
this composition is also possible (Galβ1-GlcNAcβ1-Galβ1-
3GalNAcol). As there are no adjacent HexNAc residues in this
structure, it does not create the m/z 407.17 fragment.2,43,50

Hence, due to the separation ability of graphitized carbon, we
would expect to find additional peaks with an [M − H] ion at
m/z 749.3, now without the m/z 749.3/407.2 transition.

Sulfated O-Glycans. Three different sulfated glycan
compositions were identified, including the compositions
corresponding to sulfated core 1 ([M − H]− ion at m/z
464.1), sulfated core 2 trisaccharide ([M − H]− ion at m/z
667.2), and galactose extended core 2 tetrasaccharide. Only a
single isomer of the [M − H]− ion at m/z 829.2 sulfated core 2
tetrasaccharide was identified, and transitions focused on the
loss of galactose, including the Y-fragment transition m/z
829.2/667.2.
The MRM differentiation of core 1 sulfated isomers has

previously been described;7 however, this study went on to
further characterize these isomers. The retention of the sulfate
on the monosaccharide unit makes isomer differentiation
possible. The m/z corresponding to the sulfated core 1
presented up to five isomers in total; however, no single sample
showed all of these isomers. Different batches of the pooled
lubricin were shown to have different combinations of the
three Gal-linked sulfate and two GalNAc-linked sulfate isomers
(Figure 2 in the Supporting Information). This composition
([M − H]− ion at m/z 464.1) was the only one to show isomer

Figure 2. MRM identification of neutral glycans. Extracted ion
chromatogram of two isomers from the PGM standard. The first
eluting peak is shown by the m/z 587.2/407.2 transition, which shows
that the HexNAc and HexNAcol residues are adjoining. The second
peak is shown by the m/z 587.2/262.1 transition, the 4A0α fragment,
identifying the core 2 branched structure.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.9b01485
Anal. Chem. 2019, 91, 9819−9827

9822

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01485/suppl_file/ac9b01485_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01485/suppl_file/ac9b01485_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01485/suppl_file/ac9b01485_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.9b01485


differences between batches, and the significance of the
sulfated core 1 structure specifically to the inflammation
state of the joint has been shown previously with alternate
glycan profiles between chronic and acute disease states.7

Given that the samples used in the pooled samples here were
collected from patients as part of treatment, these are all from
arthritis patients differing in specific disease diagnosis and
stage. The presence of these five isomers indicates that
traditional sulfate positions of 3- and 6-, on both Gal and
GalNAc, cannot account for all of the identified isomers and
nontraditional sites need to be considered. Sulfate migration
has been observed previously,51 apparent as a mixed isomer
MS/MS in the same peak. Sulfate migration was not observed
here using the QTRAP 6500 system, which would be observed
as the identification of both the m/z 464.1/241.0 and m/z
464.1/302.1 transitions in the same peak.
The sulfated core 2 (([M − H]− ion at m/z 667.2), not

previously identified on lubricin, was shown to have two
isomers (Figure 3). Again, as sulfate was retained on intense

fragments, MRM transitions were optimized for the m/z
667.2/505.1 Y-type fragment as well as the m/z 667.2/241.0 B-
type fragment. This allowed the differentiation of the
structures and annotation of the sulfate to the monosaccharide
to which it was attached. The core 2 sulfation appears to be
limited to Gal and GlcNAc residues.
Sialylated O-Glycans. Of the eight identified structures

holding Neu5Ac, four structures including the sialylated
GalNAc (sialyl Tn, [M − H]− ion at m/z 513.2), disialylated
core 1 ([M − H]− ion at m/z 966.3), disialylated core 2 ([M −
H]− ion at m/z 1331.5), and the low-abundance sialylated core
2 ([M − H]− ion at m/z 878.3) only displayed as single peaks
in LC-MS, indicating single isomers. The presence of a single
isomer was confirmed by fragmentation spectra. The optimized
transitions for these structures focused primarily on
quantification (Table 1 in the Supporting Information).
Sialic acid is labile; therefore, it is difficult to get consistent

ions to differentiate isomers, since the one dominant peak is
the prominent m/z 290.1 Neu5Ac B fragment. Differentiation
of the isomers was possible using an alternative MRM
approach. The optimal CE for the same transition, using the
Neu5Ac m/z 290.1 fragment, was different between isomers.
This allowed the same transition, at different CEs, to act as a
differentiator between isomers. This also shows that CE not

only is a function of m/z or composition but also is directly
affected by the structure of the glycan, apparent in multiple
isomer pairs. The sialylated core 1 structure ([M − H]− ion at
m/z 675.2) had two isomers, corresponding to branched
(Galβ1,3(Neu5Acα2,6)GalNAcol) and linear (Neu5Acα2-
3Galβ1-3GalNAcol) structures (Figure 4A). Differentiation

Figure 3. MRM identification of sulfated glycans. Extracted ion
chromatograms of two isomers from a pooled lubricin sample. The
first eluting peak at 12 min is shown by the m/z 667.2/505.1
transition, the Y-type fragment (red), to have the sulfate attached at
the GalNAc. The second peak is shown by the m/z 667.2/241.0
transition, the B-type fragment (green), to hold the sulfate on the Gal
residue.

Figure 4. MRM identification of sialylated glycans by optimal CE.
Extracted ion chromatogram of sialylated isomer pairs showing the
same transition differing by CE. Isomer pairs are differentiated by the
optimal CE for fragmentation of the Neu5Ac B fragment from the
glycan structures. (A) MRM differentiation by optimal CE of Neu5Ac
of sialylated core 1 branched and linear isomers from a pooled
lubricin sample. (B) MRM differentiation by optimal CE of Neu5Ac
position on core 2 pentasaccharide isomers from the pooled lubricin
sample. (C) CE ramps of the m/z 632.2/290.1 transition for the
Neu5Acα2-3Galβ1-4Glc (blue) and Neu5Acα2-6Galβ1-4Glc (red)
standards. (D) CE ramps of the m/z 673.2/290.1 transition for the
Neu5Acα2-3Galβ1-4GlcNAc (blue) and Neu5Acα2-6Galβ1-
4GlcNAc (red) standards. Both CE ramps show a difference in the
optimal CE for the release of Neu5Ac at m/z 290.1, with the α2-3
linked Neu5Ac requiring less collision energy to release the peak
amount of the m/z 290.1 fragment in comparison to the α2-6 linked
Neu5Ac.
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between the two isomers was made possible by use of the
optimal CE for generation of the fragment at m/z 290.1
fragment when O-glycans released from lubricin (Figure 4A),
as well as from PGM (Figure 3 in the Supporting Information),
were analyzed. This approach allowed the consistent differ-
entiation of this isomer pair, where the diagnostic m/z 495.2 Z
fragment, which is also able to differentiate this pair, is very low
in intensity and inconsistent even on optimization due to the
labile nature of sialic acid on this small structure, as has been
observed previously.52 Another isomer pair, the monosialylated
galactose extended core 2 structures ([M − H]− ion at m/z
1040.4), was annotated on the basis of PGC retention time
with the Neu5Acα2-3Galβ1−3(Galβ1-4GlcNAcβ1-6)GalNAc
structure eluting before the Galβ1-3(Neu5Acα2-3Galβ1-
4GlcNAcβ1-6)GalNAc structure.53 These isomers were also
able to be differentiated by using a larger CE difference (CE 55
and 65, Figure 4B) in comparison to the core 1 structures ([M
− H]− ion at m/z 675.2, CE 40 and 45, Figure 4A). The
Neu5Acα2-3Galβ1-3(Galβ1-4GlcNAcβ1-6)GalNAc structure
had a lower optimal CE for the m/z 1040.4/290.1 transition
in comparison to the Galβ1-3(Neu5Acα2-3Galβ1-4GlcNAcβ1-
6)GalNAc structure. This showed that the CE difference is
effective on a range of Neu5Ac isomer pairs, including linkage
and position pairs.
Given that the optimal CE for Neu5Ac loss was different

between isomers and hence able to differentiate isomeric pairs,
standards were investigated to see if this approach would allow
consistent differentiation between Neu5Acα2-3 and Neu5A-
cα2-6 linkage isomer pairs. Two isomer pairs were compared:
Neu5Acα2-3Galβ1−4Glc and Neu5Acα2-6Galβ1-4Glc (Fig-
ure 4C) and Neu5Acα2-3Galβ1-4GlcNAc and Neu5Acα2-
6Galβ1-4GlcNAc (Figure 4d). The optimal CE differed
between the isomers in both of the isomer pairs. The optimal
CE was also consistent between the pairs with the α2-6 linked
isomer requiring additional energy to fragment the Neu5Ac
from the glycan structure (Figure 4C,D). This agrees with
previous reports that also showed more energy was required to
remove the Neu5Ac, B fragment, from similar O-glycans and
purchased standards.54,55

Sulfated and Sialylated O-Glycans. The addition of
both a sulfate and Neu5Ac to the core 1 O-glycan ([M − H]−

ion at m/z 755.2) gave a large range of isomeric structures,
with five prominent isomers consistently observed on lubricin

(Figure 5). This makes annotation and differentiation difficult;
however, it was able to be achieved using a range of transitions
and PGC chromatography for isomer separation. This included
transitions for sulfated fragments able to localize the sulfate
either to the Gal or GalNAc (analyzed as the reduced
GalNAcol) residue. These fragments were m/z 241.0, the B
fragment of the Gal-sulfated structure, and m/z 302.1, the Y
fragment of the GalNAc-sulfated structure. The sulfated core 1
fragment at m/z 464.1 was also monitored. For Neu5Ac
annotation the labile Neu5Acb fragment at m/z 290.1 and the
structure with loss of sulfate at m/z 675.2 was monitored as
well as the m/z 370.0 fragment, which is the B fragment of a
sulfated Neu5Ac residue. As discussed above, the labile nature
of Neu5Ac, even when it is carefully optimized in negative ion
mode, makes its location difficult to determine, particularly for
lower abundance structures. The same was shown in the
sulfated and sialylated structure, particularly when the sulfate
was attached to the Neu5Ac residue. Despite these intricacies,
this method was able to annotate and differentiate each of the
five isomers. One isomer was Gal-sulfated (transition m/z
755.2/241.0 observed, peak 3) and two GalNAc-sulfated
(transition m/z 755.2/302.1 observed, peaks 1 and 4), all with
the addition of the Neu5Ac residue (transition m/z 755.2/
290.1 observed). The two others include the sulfated Neu5Ac
(transition m/z 755.2/370.0 observed, peaks 2 and 5). Neu5Ac
can carry the sulfate at the hydroxyl groups of C-4, C-7, C-8, or
C-9;56 however, the location of the sulfate was unable to be
determined in these analyses.
Little is known about the biological significance of the

sulfated Neu5Ac, primarily due to the difficultly in analyzing
this unstable structure. It has been detected in a limited range
of biological samples, including sea urchin sperm and eggs.57,58

Sulfated sialic acids have also been shown to have potentially
critical pathogen and binding blocking roles, including in
blocking HIV infection,59 blocking of L- and P-selectin
dependent cobra venom factor binding,60 as well as inhibiting
the cytotoxic effects of other snake venoms and bees61 and
inhibition of in vitro fertilization of mice,62 although all of
these studies have centered on low molecular mass sulfated
Neu5Ac (2,8-linked Neu5Ac) polymers. The importance of
the sulfated sialylated structures observed here on lubricin, a
critical lubricating molecule of the human joint, is currently
unknown and is of particular interest, given that the boundary

Figure 5. MRM identification of sulfated and sialylated core 1 glycans. Extracted ion chromatogram of five isomers from glycans released from a
pooled lubricin sample separated by PGC chromatography. The parent is monitored in blue, showing all five isomers. The transitions to monitor
sialylated fragments include m/z 755.2/675.2 (core 1, green) and m/z 755.2/290.1 (Neu5Ac, purple). The transitions to monitor sulfated
fragments include m/z 755.2/464.1 (core 1, red), m/z 755.2/302.1 (GalNAc, black), and m/z 755.1/241.0 (Gal, magenta). The m/z 755.2/370.0
(aqua) transition is the sulfated Neu5Ac B-ion.
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lubrication imparted by lubricin provides both a low binding
and low friction surface to the joint.8−10 It is essential to have
subtle and sensitive methods, such as the method demon-
strated here, to be able to continue such detailed O-glycan
analyses to allow the comprehensive understanding of these
poorly understood glycans.
Final Method. The final method included 77 transitions to

differentiate and annotate the 26 structures as well as to
monitor the parent mass (singly and doubly charged) of six
other larger structures (Figure 1), the next likely extensions as
apparent from other mucin proteins.6,50 Should these be
identified, then that patient sample can be used to optimize
more specific transitions for the identified structures and
extend the MRM method. This is important, because it was
essential to optimize conditions such as CE specifically for
each isomer, and therefore samples with the necessary isomer
profile are required for MRM optimization.
This method allows the full definition of the glycan

structures described here, and although separation with the
PGC chromatography is ideal, particularly for sialylated
isomers, the method does not rely on the chromatographic
pattern to define isomers. This is essential given that an isomer
may be missing, as observed with the sulfated core 1 structures.
The MRM approach is sensitive: low-abundance interme-

diary structures were able to be identified and quantified that
have not previously been identified on lubricin. These low-
abundance structures included the [M − H]− ion at m/z 587.2
corresponding to the core 2 structure and the [M − H]− ion at
m/z 755.2 corresponding to the sulfated and sialylated core 1
structures. It is also able to identify these structures using a
single patient sample, as shown in Figure 6, which shows the
O-glycans released from lubricin isolated from an RA patient.
Core 1 structures, unmodified, and the linear sialylated

structure (Neu5Acα2-3Galβ1-3GalNAcol), dominate the
glycoprofile of lubricin, with other core 1 and core 2 structures
of a much lower intensity (Figure 6). This glycoprofile is
similar to what has been described previously for lubricin;14,21

however, this MRM method had the addition of the
identification of the previously undetected low-abundance
glycans.

■ CONCLUSIONS
Different glycan classes are best annotated by specific MRM
approaches. Neutral monosaccharides and sulfate are retained
during optimized fragmentation, allowing annotation through
isomer-specific transitions. Sialic acid is more labile, but the
loss of the Neu5Ac m/z 290.1 fragment B-ion is optimal at
different CE for different Neu5Ac-containing isomers. The
generation of this fragment is also characteristic, following
consistent trends of structure and linkage such as an increased
collision energy required for the α2-6 linked Neu5Ac in
comparison to the α2-3 linked Neu5Ac. This approach allows
identification and annotation of the structure in a manner that
is simplified with the presence of specific peaks or relative
abundance of the same transition at different CEs.
The sensitivity of this approach allowed the identification of

a range of novel O-glycan structures, including five isomers of
the sulfated and sialylated core 1 structure, two of which
contained a sulfated sialic acid. Five isomers of the sulfated
core 1 structure were also identified, three Gal-linked and two
GalNAc-linked.
The inclusion of a broader range of larger glycans, not yet

identified on lubricin, allows for the potential identification of
these glycans in future samples, giving the method flexibility.
Taking a novel approach to the MRM method rather than
focusing only on data analysis opens up this flexibility.
Annotation of O-glycans is difficult, requiring practice and

specialized skills and knowledge. Creating an isomer-specific
MRM profile for each structure, as shown here, makes the
method accessible to a broader audience because the profiles
have already been defined. This method is also suitable for
routine automation and high-throughput analyses of released
O-glycan samples.
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