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Rheumatoid arthritis is a common and debilitating systemic
inflammatory condition affecting up to 1% of the world’s
population. This study aimed to investigate the immunolog-
ical significance of O-glycans in chronic arthritis at a local
and systemic level. O-Glycans released from synovial gly-
coproteins during acute and chronic arthritic conditions
were compared and immune-reactive glycans identified.
The sulfated core 1 O-glycan (Gal�1–3GalNAcol) was im-
mune reactive, showing a different isomeric profile in the
two conditions. From acute reactive arthritis, three isomers
could be sequenced, but in patients with chronic rheuma-
toid arthritis, only a single 3-Gal sulfate-linked isomer could
be identified. The systemic significance of this glycan
epitope was investigated using the salivary mucin MUC7 in
patients with rheumatoid arthritis and normal controls. To
analyze this low abundance glycan, a selected reaction
monitoring (SRM) method was developed to differentiate
and relatively quantitate the core 1 O-glycan and the sul-
fated core 1 O-glycan Gal- and GalNAc-linked isomers. The
acquisition of highly sensitive full scan linear ion trap
MS/MS spectra in addition to quantitative SRM data al-
lowed the 3- and 6-linked Gal isomers to be differentiated.
The method was used to relatively quantitate the core 1
glycans from MUC7 to identify any systemic changes in this
carbohydrate epitope. A statistically significant increase in
sulfation was identified in salivary MUC7 from rheumatoid
arthritis patients. This suggests a potential role for this
epitope in chronic inflammation. This study was able to
develop an SRM approach to specifically identify and
relatively quantitate sulfated core 1 isomers and the
unsulfated structure. The expansion of this method may
afford an avenue for the high throughput investigation of
O-glycans. Molecular & Cellular Proteomics 12:
10.1074/mcp.M113.028878, 921–931, 2013.

Glycosylation is a prevalent and significant post-transla-
tional modification, exemplified by the existence of a number
of congenital and genetic diseases; 64 gene defects have
been identified that affect glycan biosynthesis (1). This can
result in quite devastating diseases, such as leukocyte-adhe-
sion deficiency type II, which is caused by a loss of sialyl
Lewis x production leading to mental retardation, or Wiskott-
Aldrich syndrome, which results from problems with O-linked
glycans in lymphocytes, leading to immunodeficiency (2). De-
termining specific and global glycan changes is becoming
increasingly important, as we gain greater understanding of
their significance in health and disease by continuing to im-
prove our tools to investigate them (3).

Glycosylation changes have been observed in many dis-
ease states, with several different carbohydrate groups iden-
tified as significant. These include carbohydrates from a va-
riety of glycoproteins, including the heavily O-glycosylated
mucins and mucin-like proteins. Mucins are a group of pro-
teins predominantly found on mucosal surfaces and can be
membrane-bound, such as MUC1, MUC4, MUC3A, MUC3B,
and MUC16 (also known as CA125), and secreted gel-forming
multimeric mucins, including MUC2, MUC5AC, MUC5B,
MUC6, MUC19, or monomeric MUC7 (4). Mucin glycosylation
is dynamic, and changes have been observed in several types
of cancer (5, 6), including testicular germ cell cancer (7),
breast cancer (8, 9), and gastric cancer (10). Glycovariants are
increasingly being investigated as potential biomarkers such
as in pancreatic cancer (11) and immunotherapeutics such as
in breast cancer (12).

Although many different O-glycans have been associated
with disease, it is becoming clear that sulfation of O-glycans
is critical in many disease states, particularly those of immu-
nological significance. Ulcerative colitis pathogenesis has
been associated with an increase in sulfated O-glycans (13),
and sulfated mucins have also been identified in patients with
Helicobacter pylori infection (14) and in severe ventilator-
associated pneumonia (15).

In this study, O-glycosylation changes were addressed in
immunological arthritic patients. Arthritis is a large group of
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joint conditions, with the most common being rheumatoid
arthritis (RA)1 and osteoarthritis. There are many other forms
of arthritis, including the more acute forms such as allergic
arthritis and reactive arthritis (ReA). These latter two are gen-
erally agreed to be caused by molecular mimicry, resulting in
cross-reactive antibodies from gastrointestinal or genitouri-
nary tract bacterial infections, as in ReA, or allergens (16, 17).
ReA onset is acute from 1 to 6 weeks post-infection, and
usually lasts weeks to months, except for those 30–50% of
patients that go on to form a chronic inflammatory response
(17). RA is, however, a systemic chronic autoimmune inflam-
matory disease, affecting 0.5–1% of the world’s population. It
leads to an altered immune response and hyperproliferation of
the synovial lining, causing debilitating joint pain and swelling
(18, 19).

Sulfation of O-glycans in the synovial tissue and fluid has
been suggested to play a role in the pathology of RA, because
sulfation was found to be a constituent of the major O-glyco-
protein, lubricin, found in synovial fluid (SF) from RA patients
(20). The level of sulfation correlated with the quantity of
rheumatoid factor, indicating a role in chronic state inflamma-
tion. However, sulfation has also been indicated to participate
in acute phase inflammation, including neutrophil migration
(20, 21). Hence, in acute immunological joint conditions like
ReA, there may be a different role for sulfation than has been
suggested in chronic inflammatory joint disease. The low
abundance of these potentially immunologically relevant sul-
fated oligosaccharides makes them challenging to study.

Mass spectrometry has developed into the most accepted
method for analysis of O-glycans (22–24). The large scale
analysis of O-glycans is inhibited by the laborious nature and
the expertise required for this analysis, as well as the lack of
standards to expedite the annotation process. Furthermore,
the need to analyze low abundance glycans requires more
sensitive and specific methods and relative quantitation to
allow comparison of samples. Selected reaction monitoring
(SRM), also known as multiple reaction monitoring, is just
such a sensitive and specific quantitative mass spectrometric
technique (25, 26). This method uses a triple quadrupole or
triple quadrupole/linear ion trap hybrid mass spectrometer
(27, 28), where the two mass analyzers are used for filtering.
The first quadrupole, Q1, selects the parent mass of interest,
which is then fragmented in Q2, and fragment ions analyzed in
Q3 for specific ions. Specific transitions are used, i.e. pairs of
parent and fragment masses that identify an ion of interest,
making it highly specific for the target and sensitive due to the
reduction in noise. The hybrid mass spectrometer gives the

advantage of scanning MS/MS capabilities; this means when
an SRM signal satisfies certain threshold criteria, a full scan
linear ion trap MS/MS spectrum (enhanced product ion (EPI)
spectrum) is triggered of the parent compound. This is re-
ferred to as the MIDAS (multiple reaction monitoring initiated
detection and sequencing) methodology (29). SRM method-
ologies are used extensively with small molecules for large
scale screening purposes, for example the testing for up to
240 pesticides in food (30) or toxicological analysis of patient
samples with several hundred drugs (31, 32). It has also
become prevalent in the proteomics field on a large scale (26).

SRM methodologies have been used successfully with gly-
cans, although all have focused on N-glycans. Most have
used glycopeptides, with methods developed for the quanti-
tation of N-glycosylated peptides that have had their glyco-
sylation sites removed (33). Using oxonium ions, which are
diagnostic or characteristic ions of glycoproteins, has been
effective in identifying and quantifying glycopeptides. Less
emphasis has been placed on the identification of specific
transitions, instead focusing on compositional information of
the identified glycans (34). This approach allows for the gen-
eral identification of glycopeptides rather than identification of
specific ones. A similar method has also been used to analyze
variation in N-glycan site occupancy in glycopeptides using a
standard indicator fragment ion for all glycans (35).

Other methods have focused on specific sugar epitopes.
Twenty five SRM transitions for 2-aminopyridine-labeled sialic
acid, containing glycopeptides from enriched mouse serum,
were successfully created using a fragment ion containing an
innermost GlcNAc fragment and quantitatively used to com-
pare normal and diabetic mice (36). A method directed at
identification of core-fucosylated proteins has also been de-
veloped. Simplified core-fucosylated peptides, containing the
fucosyl-GlcNAc glycan, were enriched and used for SRM
analysis. This proved to be an effective method, even if unable
to differentiate glycoforms (37). Lectins, however, have been
used to enrich for various glycosylations associated with dis-
ease, before SRM analysis of peptides of interest to analyze
glycoforms (38).

Much less work has focused on released glycans; compo-
sitional analysis of N-glycans has been investigated using a
general approach. Compositions of interest were set as the
Q1 transition (parent mass) and general N-glycan masses for
Q3 to identify all N-glycans of that mass in a sample (39).

An SRM approach has yet to be developed for O-glycans.
The highly specific nature of an O-glycan SRM approach has
the potential to not only allow relative quantitation but also to
drastically improve the time-consuming annotation process.
Here, the investigation of sulfated core 1 O-glycans in acute
ReA SF compared with that of chronic RA patients was un-
dertaken. To further investigate the possibility of a systemic
sulfation effect and as SF sampling is an invasive technique,
sulfation changes in mucin rich- saliva were analyzed. This led
to the development of an SRM approach to identify and

1 The abbreviations used are: RA, rheumatoid arthritis; EPI, en-
hanced product ion; SRM, selected reaction monitoring; PGC, porous
graphitized carbon; PGM, porcine gastric mucin; ReA, reactive arthri-
tis; SDS-AgPAGE, SDS-agarosePAGE; SF, synovial fluid; CE, colli-
sion energy; DP, declustering potential; CXP, collision cell exit poten-
tial. GalNAcol, N-Acetylgalactosaminitol.
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relatively quantitate the isomers of the sulfated and unsulfated
core 1 O-glycans in RA and control salivary MUC7.

EXPERIMENTAL PROCEDURES

Isolation of Acidic Glycoproteins from SF—SF samples from arthri-
tis patients were collected during therapeutic joint aspiration at the
Rheumatology Clinic, Sahlgrenska University Hospital (Gothenburg,
Sweden). All patients used in this study gave informed consent, and
the procedure was approved by the Ethics Committee of the Univer-
sity of Gothenburg. All RA patients fulfilled the American College of
Rheumatology 1987 revised criteria for RA (40). The samples were
clarified by centrifugation at 10,000 � g for 10 min and stored at
�80°C before use. The acidic proteins were purified as described
previously (41). In brief, the SF sample was diluted with wash buffer
(250 mM NaCl, 20 mM Tris-HCl, 10 mM EDTA, pH 7.5) before applying
to a 1-ml DEAE-fast flow Hi-Trap column (GE Healthcare). Enriched
acidic glycoproteins were eluted with wash buffer containing 1 M

NaCl. This fraction was precipitated with 80% ethanol for 16 h at
�20°C. The precipitate was collected by centrifugation at 12,100 � g
for 20 min, air-dried, and then resuspended in PBS. Protein concen-
tration was determined by the BCA protein assay kit (Thermo Scien-
tific, San Jose, CA) using BSA as standard.

The major Alcian blue-staining glycoprotein in the fraction was
isolated by SDS-PAGE after reduction by adding 10 mM DTT and
heating at 95°C for 20 min and alkylation (25 mM iodoacetamide for
1 h at room temperature) before separation on a 3–8% Tris acetate
NuPAGE gel (Invitrogen). Gels were then transferred to PVDF mem-
brane using a semi-dry blotter as described previously (42). Mem-
branes were stained for 20 min using Alcian blue solution (0.125%
Alcian blue in methanol with acetic acid) and destained in methanol.

Saliva Samples, AgPAGE Gel Separation, Western Blotting, and
Staining—Whole saliva samples were collected from control and RA
patients a minimum of 2 h after eating. Saliva was centrifuged at
5000 � g for 3 min, and saliva was removed from any remaining
pellet.

MUC7 was isolated from whole saliva. The samples were reduced
(50 mM DTT, 70°C for 2 h) and alkylated (125 mM iodoacetamide, 30
min at room temperature in the dark) before separation using com-
posite agarose and polyacrylamide (SDS-AgPAGE) gels that were
prepared as described previously (42). Each saliva sample was
loaded into 4 wells to be sure to account for low abundance of MUC7
in some individuals. Gels were transferred to PVDF and stained with
Alcian blue as described for the SF samples, and the lower MUC7
band was excised.

O-Glycan Preparation—O-Glycans were released from MUC7 on
Alcian blue-stained PVDF membranes by reductive �-elimination. All
bands from a single sample were prepared on the same day with the
same reagents. Bands were cut from the membrane, and each band
was further cut into small squares. Membrane pieces were wet with
methanol before the addition of 20 �l of freshly made reductive
elimination solution (50 mM sodium hydroxide, 0.5 M sodium borohy-
dride) and incubated at 50°C for 16 h. Samples were neutralized with
1 �l of glacial acetic acid before clean up. Cation exchange columns
(AG50WX8 resin, Bio-Rad) were prepared in Ziptips (Millipore, Bil-
lerica, MA) using 25 �l of resin suspension (1:1 resin/methanol).
Columns were prepared before neutralized samples were washed
through, and residual sugar was eluted with water. Samples were
dried using a speedvac (45°C) and washed five times with 1% glacial
acetic acid in methanol until all borate salts were removed.

Linear Ion Trap Analysis of SF—Porous graphitized carbon (PGC)
columns (5-�m particles) were used with an inner diameter of 250 �m
and a length of 10 cm packed in-house. Mobile phases consisted of
10 mM ammonium bicarbonate for solvent A and 10 mM ammonium
bicarbonate with 80% acetonitrile for solvent B. The gradient, after 5

min of 100% solvent A, increased solvent B to 45% in 41 min and
stayed at 100% solvent B for 8 min and then equilibrated at 100% A
for 25 min. Columns were attached to an Agilent 1100 series HPLC
with a flow rate after passive splitting of 7–10 �l/min. An LTQ linear ion
trap (Thermo Fisher Scientific) in negative ion mode was used for MS
and MS/MS analysis. A top three data-dependent method was used
with normalized collision energy of �35 eV, isolation width of 1.0 m/z,
and an activation Q value of 0.250 and time of 0.250 ms.

SRM Analysis—Mobile phases and PGC columns were used as
above with a constant flow of 10 �l/min using an ekspertTM microLC
200 HPLC system (Eksigent, AB Sciex, Framingham, MA). Gradient
was as follows: 100% A for 5 min, then a gradient up to 23% B in 21
min, and to 95% B in 5 min. A 20-min wash at 95% was used to keep
the column sensitivity high and prevent carry-over, and a 25-min
equilibration with 100% A completed the gradient.

SRM analyses were created and carried out on a QTRAP� 5500
ESI-triple quadrupole linear ion trap hybrid mass spectrometer (AB
Sciex, Framingham, MA) in negative mode. A ReA lubricin sample
was used for creation of the sulfated core 1 O-glycan transitions, and
O-glycans released from porcine gastric mucin (Sigma-Aldrich) were
used for the core 1 structure. Optimization of collision energy (CE),
declustering potential (DP), and collision cell exit potential (CXP) was
performed for each transition tested. The final method for SRM in-
cluded the following transitions and specifications: 384.1/101.1 (CE
�29 eV, DP �25, and CXP �15), 464/241.1 (CE �41 eV, DP �15, and
CXP �20), and 464/302.1 (CE �40 eV, DP �15, and CXP �20). A
dwell time of 35 ms was used for all. EPI spectra were acquired for the
384 and 464 ions, providing full scan MS/MS data from which se-
quence analysis could be performed.

Relative Quantitation and Statistical Analysis—MultiQuantTM soft-
ware version 2.1.1 (AB Sciex, Framingham, MA) was used for semi-
quantitation. GraphPad Prism version 5 (GraphPad Software, La Jolla,
CA) was used for unpaired two-tailed t test statistical analysis.

RESULTS

Identification of Immune-reactive Sulfated Glycans in SF—
Glycans have been shown to be essential to a range of
immune functions. Here, glycans from the acidic glycoprotein
fraction in SF were investigated under either acute or chronic
inflammatory conditions to identify specific glycans that were
altered. To specifically target O-glycans, acidic glycoproteins
were isolated from SF using ion exchange chromatography
and, following SDS-PAGE separation, transferred to PVDF
membrane, and stained with Alcian blue. O-Glycans were
released from the dominant band by reductive �-elimination
and analyzed by LC-MS/MS using PGC chromatography. The
pattern of the sulfated core 1 (Gal�1–3GalNAcol) O-linked
oligosaccharide isomers showed a dramatic difference be-
tween the acute and chronic arthritic conditions. It was ob-
served that the patient with the more acute form of arthritic
inflammation (ReA) had a more complex pattern of sulfation of
core 1 glycans compared with the chronic RA patients. As
shown in Fig. 1A, the extracted ion chromatograph of the
sulfated core 1 with [M � H] of m/z 464.1 indicated four
different isomers in the ReA patient. The chronic RA patients
consistently contained only a single isomer of the sulfated
core 1 O-glycan at m/z 464.1, as shown in the extracted ion
chromatograph in Fig. 1D.
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Investigation of the Type of Sulfation of Core 1 Isomers,
Differentiating Gal-linked Sulfate Isomers—MS/MS spectra of
the sulfated core 1 isomers were analyzed to determine the
location of the sulfate group on the disaccharide. The four
isomeric O-glycans released from the acidic synovial glyco-
proteins from the ReA (Fig. 1A) sample produced MS/MS
spectra indicating that the location of the sulfate was on either
the Gal or the GalNAcol residue. For three of these, the
location of the sulfate could be assigned to either of the res-
idues by detection of diagnostic fragment ions in the MS/MS

spectra. However, the first peak (RT 14.9 min) showed a
MS/MS spectrum indicating a mixed sulfate position between
the two-residue isomers. This may be due to sulfate migra-
tion, which has been shown to occur during MS/MS fragmen-
tation under certain conditions (43). Because the biological
significance of this mixed isomer was not clear and the sulfate
could not be assigned, further work focused on the structures
that could be assigned by MS/MS.

The second chromatographic peak (Fig. 1A) with RT 15.4
min was identified as having the sulfate group attached to the
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FIG. 1. Extracted ion chromatograph
of the sulfated core 1 isomers at m/z
464.1 was from the O-glycans released
from synovial acidic glycoproteins from
an ReA patient (A) and RA patient (D).
Three isomers were identified in the ReA
patient, one GalNAc-linked (RT 15.4 min)
and two Gal-linked (RTs 16.6 and 17.2
min). A single Gal-linked isomer was
identified in the RA patient (RT 15.6 min).
The MS/MS (using a linear ion trap) from
the two Gal-linked isomers from the ReA
patient (A) are shown in B and C. The
3-linked sulfated isomer is shown (B)
with the site-indicative cross-ring frag-
ments and the 6-linked in C. The MS/MS
(using a linear ion trap) of the Gal-linked
isomer from the RA patient (D) is shown
in E with the cross-ring fragments indi-
cating a 3-linked sulfate. Yellow square
represents GalNAc; yellow circle is Gal,
and S indicates sulfate.
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GalNAcol moiety (intense Y ion of m/z 302 and Z ion of m/z
284) (this spectrum not reproduced here as it is consistent
with the spectra shown in Fig. 4A, see under “Development of
an SRM Method for Relative Quantification of Sulfated and
Unsulfated Core 1 O-Linked Glycans”). Both 3- and 6-linked
sulfation has been recorded for sulfation of the reducing end
GalNAc; however, because the 3-position was occupied by
the Gal residue, the component most likely consists of the
6-linked sulfate linked to GalNAc. The third (RT 16.6 min) and
fourth (RT 17.2 min) components in the chromatogram were
both characterized as isomers where sulfate is linked to the
Gal moiety (Fig. 1, B and C). When observing the MS/MS of
these isomers, the m/z 241 fragment, consisting of the sul-
fated Gal B type ion, dominated the spectra, in effect damp-
ening the rest of the spectrum. Despite this, it was possible to
observe low intensity fragments that revealed the location of
the sulfate in the S-Gal isomer that eluted at RT 16.6 min (Fig.
1B). The 0,4X (m/z 404.1) and 3,5X (m/z 390.1) fragments
together with a 0,4X-CH2O (m/z 374.1) fragment were found to
be exclusive to this isomer, as they were not found in the
later-eluting sulfate-Gal isomer eluted at RT 17.2 min (Fig.
1C). These site-indicative cross-ring fragments designate ei-
ther the 2nd or 3rd carbon of the Gal to be sulfated. Biolog-
ically, sulfate has been described as attached to the 3rd and
6th carbon of Gal. Hence, it can be surmised that the peak at
RT 16.6 min is the 3-linked isomer. This then also implied that
the other Gal-linked isomer with RT 17.2 min (Fig. 1C) was the
6-linked isomer.

Analysis of the MS/MS of the single sulfated core 1 O-gly-
can isomer (RT 15.6 min, Fig. 1D) identified in the chronic RA
patients was also undertaken. Fragmentation spectra showed
that the sulfate was linked to Gal, determined by the promi-
nent m/z 241.1 fragment (Fig. 1E). The position of the sulfate
on the Gal was also able to be determined as the 3-linked
isomer due to presence of cross-ring fragments as described
above.

Comparison of Salivary and SF O-Linked Oligosaccharides,
Identification of Sulfation of Core-1 O-Glycan in Saliva—Given
the identification of the sulfated core 1 O-glycans as an im-
mune-reactive epitope at the site of inflammation, these gly-
cans were investigated further. RA is a chronic systemic in-
flammatory disease, and the possibility that the sulfated core
1 epitopes are also immunologically reactive at a systemic
level was considered. The noninvasive sampling of saliva (a
rich source of O-linked mucin glycoproteins) was deemed
suitable for analyzing systemic sulfation. Therefore, the O-
glycans released from salivary MUC7 were compared with
those from the major acidic glycoprotein of SF to ascertain if
this is an appropriate sample.

Whole saliva samples were separated by SDS-AgPAGE, as
was described for the SF glycoproteins. The Alcian blue-
stained PVDF membranes for SF and saliva are shown in Fig.
2, A and C, respectively. Although the SF sample had a
distinct major band, the saliva sample shows a higher molec-

ular weight MUC5B and lower MUC7 band. After excising the
appropriate MUC7 band, O-glycans were released by reduc-
tive �-elimination and analyzed by LC-MS/MS using PGC
chromatography (Fig. 2, B and D).

The difference between SF glycosylation and saliva glyco-
sylation is illustrated by the level of complexity of the released
oligosaccharide detected. LC-MS of oligosaccharides from a
representative (ReA) SF sample (Fig. 2B) was dominated by
core 1 structures (Gal�1–3GalNAcol) with and without the
extension of sialic acid as identified previously in SF glyco-
proteins (41). The most intense [M � H] ion of m/z 675.2
corresponds to the monosialylated core 1 structure
NeuAc�2–3Gal�1–3GalNAcol, and the prominent but less in-
tense [M � H] ions of m/z 966.3 and m/z 384.1 correspond to
the disialylated (NeuAc�2–3Gal�1–3(NeuAc�2–6)GalNAcol)
and nonsialylated (Gal�1–3GalNAcol) core 1 structures, re-
spectively. Further investigation of low abundance oligosac-
charides identified the sulfated core 1 structure with an [M �

H] ion at m/z 464.1 (Fig. 2A, inset). In comparison, MUC7 (Fig.
2D) was found to have a more diverse and abundant O-gly-
cosylation profile, including more complex oligosaccharides
as described previously (44). Fewer core 1 structures were
observed as shown in Fig. 2D. The most abundant peak, like
the SF sample, was the monosialylated core 1 structure
NeuAc�2–3Gal�1–3GalNAcol with an [M � H] ion of m/z
675.2. The sulfated core 1 structure with an [M � H] ion at m/z
464.1 and unsulfated core 1 structure with an [M � H] ion of
m/z 384.1 were both identified in low abundance, although in
some saliva samples, these structures were below the level of
detection by full scan LC-MS using a linear ion trap.

The identification of the sulfated core 1 O-glycan on MUC7
confirmed this glycoprotein as an appropriate sample to in-
vestigate the systemic importance of this epitope in chronic
inflammation. However, the abundance of this and the unsul-
fated precursor was low and inconsistently detected between
patients because of the limit of detection of the full scan
LC-MS approach used. A more specific and sensitive ap-
proach was needed to further this research; hence, a targeted
SRM approach was developed to address the issue of sys-
temic core 1 sulfation.

Development of an SRM Method for Relative Quantification
of Sulfated and Unsulfated Core 1 O-Linked Glycans—To
further investigate core 1 sulfated isomers in salivary MUC7, a
more sensitive and semiquantitative SRM method was devel-
oped for these low abundance glycans. The method aimed to
determine the relative proportion of the sulfated core 1 struc-
ture in relation to its unsulfated core 1 biosynthetic precursor,
as well as being able to distinguish the sulfate isomer as either
S-Gal or S-GalNAc. Ideally, the method would also differen-
tiate the two possible S-Gal isomers.

SRM method development was made more difficult by the
lack of appropriate commercially available O-glycan stand-
ards. However, the O-glycans released from ReA SF glyco-
protein containing all possible sulfated isomers, along with the
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O-glycans released from PGM for the unsulfated core 1 O-
glycan, provided an appropriate although complex sample.
This complexity necessitated the need for the optimization to
be performed on the column.

The unsulfated core 1 precursor at m/z 384 required little
CE for fragmentation in the QTRAP� hybrid instrument, as
observed in Fig. 3A where a CE of �23 eV was used, resulting
in numerous strong fragments as candidates for use in an
SRM transition. It was, however, found that the fragmentation
of this small O-glycan was variable. This variability is illus-
trated in Fig. 3B. The eight most prominent MS/MS fragments
were chosen and the intensities compared for 50 randomly
selected scans. The range of relative intensities for the frag-
ments is observed. The fragments at m/z 89, 222, and 229
had a low median and were often not apparent, and although
the fragments at m/z 126, 138, and 156 had a higher median
and high relative intensities in many scans, they were still
absent in some scans. The Z-type fragment at m/z 204 was
consistently the most intense fragment. This is the mass of a
GalNAcol in negative ion mode making it a ubiquitous frag-
ment in O-glycans, also observed in the sulfated isomers (see
Fig. 4). This suggests specificity rather than sensitivity could
be an issue, particularly if this method was extended to larger
O-glycans in the future. The second most intense fragment of
m/z 101 was therefore chosen as it was consistently observed
in the unsulfated core 1 MS/MS spectra and was not ob-
served in the sulfated isomers. The stability of this ion was
further optimized for use in the SRM method.

During the optimization process, it was observed that the
fragmentation of the sulfated core 1 disaccharides resulted in
few highly dominating fragments (Fig. 4), similar to that ob-
served in the linear ion trap (Fig. 1). The MS/MS fragmentation
patterns of the sulfated isomers were distinct from each other
as well as from the unsulfated glycan (Fig. 3). For each of the
S-Gal and S-GalNAc isomers, the most prominent peaks were
the monosaccharide with the sulfate attached, making an
ideal, specific, and intense SRM transition. The S-GalNAc
isomer (Fig. 4A) had both the Z (m/z 284.1) and Y (m/z 302.1)
fragments, and the two S-Gal-linked isomers (Fig. 4, B and C)
both have only the B fragment (m/z 241.1). The increase in CE
between the sulfated glycans (�40 eV) and unsulfated glycan
(�23 eV) was much greater than anticipated by mass increase
alone, suggesting interestingly that the sulfate may increase
the stability of this small O-glycan.

EPI spectra were used to differentiate the two S-Gal iso-
mers, as differentiation was possible in the MS/MS fragmen-
tation spectra acquired in the linear ion trap. This method
acquires fragmentation spectra for all compounds that meet
the SRM criteria. The MS/MS spectra acquired in the QTRAP�

instrument for the two S-Gal isomers were able to differentiate
between the isomers, despite the prominence of the dominat-
ing m/z 241.1 fragment. The S-Gal isomer eluting first (RT 9.8
min) had the 3,5X (m/z 390.1) and 0,4X (m/z 404.1) cross-ring
fragments (Fig. 4B) indicating the 3-linked sulfate isomer,
consistent with the ion trap data. These identifying cross-ring
fragments were low in relative abundance; however, the low
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FIG. 2. Comparison of Alcian blue-

stained PVDF membranes after SDS-
AgPAGE separation and base peak
chromatographs from the O-glycans,
which were then released by reduc-
tive �-elimination of an enriched SF
sample from a ReA patient (A and B)
and salivary MUC7 from a control
sample (C and D). Core 1 structures are
indicated on the base peak with [M � H]
ions for the core 1 O-glycan of m/z
384.1, sulfated core 1 of m/z 464.1, sia-
lylated core 1 of m/z 675.2, and disialy-
lated core 1 of m/z 966.3. The ReA sam-
ple shows a major band (A), and when
O-glycans were released, the sample
showed an abundance of core 1 struc-
tures, with the lower abundance sulfated
core 1 structure inlaid (B). The saliva
sample shows a higher molecular weight
MUC5B and lower molecular weight
MUC7 band (C). O-Glycans were re-
leased, and the base peak is shown in D.
The base peak is more complex than the
SF (B) with a single sulfated core 1 peak.
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background given in the SRM method and the identification of
these fragments even at low sample concentrations provide
confidence in this approach. This indicates the S-Gal isomer
eluting later (RT 10.1 min) was the 6-linked sulfate isomer.

The final SRM method contained three transitions as fol-
lows: the unsulfated core 1 (384.1/101.1), S-Gal isomer
(464.1/241.1), and S-GalNAc isomer (464.1/302.1). The use of
EPI spectra, giving the MS/MS fragmentation information,
along with retention time, allowed the differentiation of the two
Gal-linked isomers. The three transitions are shown in Fig. 5,
which is the mixture of the biological standards used for
optimization (synovial glycoprotein and PGM).

Relative Quantitation of Systemic Core 1 Sulfation in RA
Patients—To investigate the role of sulfation in inflammation,
control and RA patient saliva were compared using the SRM
method developed in this study. MUC7 was isolated by SDS-
AgPAGE and transferred to PVDF membrane for reductive

�-elimination. Following SRM analysis, the area under the
curve was calculated for both the 384 and 464 isomers. The
MultiQuant program was found to be the most appropriate

FIG. 3. A, MS/MS of the unsulfated core 1 O-glycan with an [M � H]
ion at m/z 384.1 fragmented in the QTRAP� ESI-triple quadrupole
linear ion trap hybrid mass spectrometer. B, relative intensities of the
10 most intense fragments were collected for 50 MS/MS scans at
the standard CE of �35 eV. A boxplot presents these data. A large
variation was observed in the relative intensities for the fragments
shown by the broad boxes indicating the median and lower first and
upper third quartiles. The large ranges for the fragments are shown by
the maximum and minimum.
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FIG. 4. MS/MS fragmentation of the three possible sulfated iso-
mers with [M � H] of m/z 464.1 in the QTRAP� ESI triple-quadru-
pole linear ion trap hybrid mass spectrometer used for SRM anal-
ysis. The glycosidic fragments used in SRM transitions are indicated.
The GalNAc-linked sulfate isomer is shown in A and the two possible
Gal-linked isomers, the 3-linked Gal isomer (B) showing site indicative
cross-ring fragments (inlaid) and the 6-linked Gal isomer (C). Yellow
square represents GalNAc; yellow circle is Gal, and S indicates sulfate.

FIG. 5. SRM trace of the final SRM method using the ReA SF and
PGM released O-glycans that were used for SRM method devel-
opment. The three transitions are observed. The 384/101 transition
(indicating the unsulfated core 1 structure) is shown in blue. The
464/302 transition (indicating the GalNAc-linked sulfate isomer) is
shown in green. The 464/241 transition (indicating the Gal-linked
sulfate isomers) is displayed in red showing two peaks for the two
isomers. The faster gradient for the SRM as described under “Exper-
imental Procedures” was used for the experiments.
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program for selecting the broad and jagged peaks seen with
the PGC chromatography of these small O-glycans. This au-
tomation reduced the need for manual peak selection, reduc-
ing the time and variability when analyzing large data sets.

In all control and RA patients (see Fig. 6A), there was only a
single isomer of the sulfated 464 structure with the sulfate
attached to the Gal, transition 464.1/241.1. This isomer, as
well as the unsulfated structure, was present in all 10 control
and all the 11 RA samples. The MS/MS spectra obtained
using the full scan linear ion trap MS/MS spectra enabled the
identification of the sulfated isomer as the 3-Gal-linked isomer
(as in Fig. 3B), as was observed in the RA synovial sample,
suggesting the core 1 3-Gal-linked isomer is consistent in
chronic inflammation.

The relative proportion of sulfated compared with unsul-
fated core 1 O-glycans was ascertained and the data shown
in Fig. 6B as a percentage of sulfated versus unsulfated. In all
samples, there was a higher proportion of the unsulfated core
1 structure compared with the 3-Gal-sulfated core 1 isomer
detected in the salivary MUC7 of control and RA patients.
When comparing the relative quantities between controls (n �

10) and RA patients (n � 11), it was found on average (mean �

S.E.) that there was 25.5% (�1.75) sulfated core 1 O-glycan in
the controls and 37.2% (� 3.11) in the RA patients. When
comparing the control and RA patients using an unpaired

two-tailed t test, there was a statistically significant difference
(p value of 0.0055). Hence, we demonstrate that in this small
sample set there is a statistically significant increase in core 1
sulfation in the salivary MUC7 of RA patients compared with
normal controls. This may suggest that core 1 O-glycan sul-
fation is not only reactive to the immunological conditions at
the site of inflammation but also at a systemic level.

DISCUSSION

Development of an SRM Method for Core 1 O-Glycans—
The large scale analysis of glycans is hindered by the time-
consuming nature and expertise necessary for analysis. This
is due to the lack of resources for automatic interpretation
making manual annotation necessary. Here, the need for a
more sensitive method was also apparent, and an SRM
method for sulfated and unsulfated core 1 O-glycans was
successfully developed. Current glycan SRM methods have
focused solely on N-glycans. These studies have investigated
the detection of total N-glycans (34, 35), compositional anal-
ysis (39), or identification of specific traits (38), rather than
annotation or structural elucidation of individual glycans. The
work described here concentrated on O-glycans, and a more
specific approach was attempted to distinguish isomeric
structures.

FIG. 6. O-Glycans were released by reductive �-elimination from the salivary MUC7 of 10 control and 11 RA patients after separation
of whole saliva by SDS-AgPAGE. SRM traces of the control (A) and RA patients (B) show the 384/101 transition (indicating the unsulfated core
1 structure) is shown in blue, and 464/241 transition (indicating the Gal-linked isomer) is shown in red. The single Gal-linked isomer was shown
to be the 3-linked sulfate in all samples. The SRM method was used to relatively quantitate the proportion of sulfated core 1 O-glycan
compared with the unsulfated core 1 O-glycan. The data are shown graphically (C) as the percentage of sulfated and unsulfated core 1
O-glycan in each sample. A two-tailed t test showed a statistically significant difference (p value 0.0055), with an increase in sulfation in the
RA patients. The faster gradient for the SRM as described under “Experimental Procedures” was used for the experiments.
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Chromatographic separation of glycan isomers is essential
for the complete investigation of an O-glycan sample, espe-
cially as our understanding of the importance of specific
isomers continues to develop. PGC chromatography has
been used for almost 2 decades in conjunction with mass
spectrometry (45), and it has become a robust method for
separation of both N- and O-glycans, particularly due to its
ability to separate isomers (46). PGC was able to show that
the number and type of sulfated core 1 isomers were distinctly
different between the acute ReA and chronic RA samples of
released glycans from synovial glycoproteins (see Fig. 1). It
was used here to aid in distinguishing glycan isomers in this
SRM method.

The core 1 structure showed some variability when frag-
mented with changes in the relative abundance of each frag-
ment between MS/MS spectra as represented in Fig. 3. The
impact of this variation was reduced given the large number of
available MS/MS fragments. The two most consistent frag-
ments were the glycosidic Z fragment at m/z 204 and the
cross-ring fragment m/z 101. The Z fragment was the most
intense and has been used in other methods that aim to
identify total glycans, as the fragment is ubiquitous in glycan
analysis (35). However, this study aimed to develop a method
to provide specific structural information, not only glycan
identification. For this reason, the cross-ring fragment was
chosen because of its greater specificity as it is rarely ob-
served in larger core 1 structures (Fig. 4). This would also be
an advantage should the method be expanded to include
larger core 1 structures that may undergo degradation and
disrupt semi-quantitative analysis. The more specific, slightly
less intense fragment was considered the most appropriate
choice for this method.

The aims of the developed SRM method were first to iden-
tify and distinguish the sulfated and unsulfated core 1 struc-
tures and second to successfully differentiate the Gal and
GalNAc sulfated isomers. The linear ion trap used for the initial
investigation (Fig. 1) and QTRAP� instrument (Figs. 3 and 4)
used for SRM analyses gave very similar fragmentation pat-
terns for the sulfated structures studied. In both instruments,
the glycosidic fragments were dominant, providing optimal
specific and intense transitions for distinguishing the isomers.
The ability of the QTRAP� instrument to acquire highly sen-
sitive full scan linear ion trap MS/MS spectra, in addition to
quantitative SRM data, allowed more specific annotation of
the two possible S-Gal isomers. The site-specific 3,5X and 0,4X
cross-ring fragments (Fig. 4, A and B) allowed the distinction
of the 3-linked isomer from the 6-linked isomer (Fig. 4). The
time required for analysis as well as the amount of sample
necessary are reduced by performing both EPI and SRM
analysis in a single run, a unique feature of the QTRAP�

instrument. It also allowed the SRM method developed here
to distinguish the unsulfated and all three possible sulfated
isomers of the core 1 structure.

The success of this method has opened the possibility of
expansion into a much larger range of O-glycans. The devel-
opment of O-glycan resources, such as Unicarb-DB, will aid in
this process (47). Unicarb-DB is an LC-MS database of pub-
lished glycan data. It includes HPLC and MS data and meth-
ods, including MS/MS spectra, as well as annotation where
available, which has the potential to significantly increase the
ease of developing SRM experiments. This is especially sig-
nificant given the lack of commercially available O-glycans for
method development. Although development of O-glycan
SRM methods is challenging, the ease of data analysis makes
it an ideal approach to make O-glycan analysis more acces-
sible and make high throughput analysis possible.

Investigation of Sulfation in Inflammatory Disease—A differ-
ence in the sulfated core 1 isomers in acute and chronic
arthritic inflammation was observed in the O-glycans released
from synovial glycoproteins at the site of inflammation. An
increase in sulfated core 1 isomers was observed in the SF in
acute arthritis at the site of inflammation. The acute ReA
O-glycans contained all possible isomers of the sulfated core
1 O-glycan with the sulfate on the GalNAc and on both the 3-
and 6-positions of the Gal (Fig. 1). An additional peak was also
observed; however, this was unable to be identified as a
single isomer, and its biological significance is currently un-
determinable, particularly given it was not identified by further
SRM analyses. This range of sulfated isomers was not ob-
served in the chronic RA samples. A single isomer, the 3-Gal
isomer, was observed in all RA patients.

The presence of the 6-linked isomers, either to Gal or
GalNAc, in acute inflammation and not in chronic inflamma-
tion indicates a role for these epitopes in the acute phase.
This suggests that the sulfotransferases that add 6-linked
sulfate to Gal and GalNAc are active in the acute and not
active in chronic inflammation. This is consistent with the
suggestion that that there is one sulfotransferase that can act
on both these sites and is active in acute inflammation (8).
These data suggest that sulfated glycans are important at the
site of inflammation, and isomers are regulated to the specific
stage of inflammation to which they are necessary.

RA is a complicated immunological disease, and sulfotrans-
ferases and sulfated glycans have been indicated as impor-
tant to specific disease processes. RA begins with an acute
innate inflammatory response. This involves the antigen-pre-
senting cells as follows: dendritic cells, macrophages, and
activated B cells presenting arthritis-associated antigens to T
cells. T cells pass through the synovium membrane via high
endothelial venules (48, 49). These high endothelial venules
have been shown to up-regulate a specific sulfotransferase,
GlcNAc6ST-2 (50); however, this enzyme is not responsible
for the sulfation seen here. This up-regulation is due to the
importance of this epitope for lymphocyte homing where sialyl
Lewis x and other similar core 2 glycans with sialic acid, core
fucosylation, and sulfation have been shown to bind the lym-
phocyte L-selectin (51). There has been no evidence that core
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1 structures can be involved in lymphocyte homing; however,
it has been suggested in previous studies on synovial O-
glycans that a conformational grouping of important epitopes
are effective in L-selectin binding (41), in which the isomers
seen here may be involved.

The identification of these glycan epitopes as reactive to the
immediate immunological conditions led to the investigation
of this glycan at a systemic level under chronic inflammatory
conditions. Salivary MUC7 was investigated as an appropriate
sample to investigate core 1 sulfation changes in RA. The total
O-glycans were compared with those from the SF acidic
glycoproteins (Fig. 2). The Gal 3-linked sulfate core 1 structure
was identified in MUC7 along with the unsulfated form, al-
though in very low abundance (Fig. 2). The development of the
SRM method negated the concern of low abundance due to
its increased sensitivity, making this an appropriate sample
for analysis of sulfation at a systemic level.

The SRM method was used to relatively quantitate the
proportion of sulfated compared with unsulfated core 1 O-
glycans in RA and control salivary MUC7. This allowed the
investigation into a possible shift in the level of sulfation
during systemic inflammation. The SRM method was also
able to show a statistically significant difference with a relative
increase in the sulfated structure compared with the unsul-
fated in saliva from RA patients. This suggests a possible
systemic up-regulation of this structure specifically, or sul-
fated structures in general, in chronic systemic inflammation;
however the small sample size makes it difficult to determine
the biological significance of this finding.

In RA there is a shift to chronic inflammation, and there
remains an increase in T cells compared with healthy joint
tissue. There is also B cell differentiation and autoantibody
production leading to the destruction observed in RA patients
(48, 49). This study suggests that it is at this point that up-
regulation of 3-linked sulfated core 1 occurs. Previous work
has indicated that nonfucosylated sulfated glycans may be
specific to joint inflammation (41); however, the possibility of
systemic up-regulation of this small sulfated glycan sug-
gests that this sulfated epitope, or sulfate in general, may
have a role in systemic inflammation. Whether this role is
related to the cause or the result of systemic inflammation
and whether it is specific to this glycan epitope requires
further investigation.

Concluding Remarks—Here, a streamlined SRM workflow
was presented to allow high throughput sample analysis to
differentiate and relatively quantitate sulfated isomers and
unsulfated core 1 O-glycan structures from salivary MUC7
samples. The specificity of this approach aids in the annota-
tion of these structures, greatly reducing the time needed for
data analysis of O-glycans. This method could be extended to
include other O-glycans and make the large scale high
throughput analysis of O-glycans more accessible and real-
istic. This method was then applied successfully to identify
systemic changes in O-glycosylation on salivary MUC7 during

the chronic inflammatory disease rheumatoid arthritis. This
result suggests an as yet unidentified role for core 1 O-glycan
sulfation in chronic systemic inflammation.
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