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ABSTRACT: O-Glycans in saliva and tear isolated from patients
suffering from ocular rosacea, a form of inflammatory ocular surface
disease, were profiled, and their structures were elucidated using high
resolution mass spectrometry. We have previously shown that
certain structures, particularly sulfated oligosaccharides, increased in
the tear and saliva of rosacea patients. In this study, the structures of
these glycans were elucidated using primarily tandem mass
spectrometry. There were important similarities in the glycan
profiles of tears and saliva with the majority of the structures in
common. The structures of the most abundant species common to
both tear and saliva, which were also the most abundant species in
both, were elucidated. For sulfated species, the positions of the
sulfate groups were localized. The majority of the structures were
new, with the sulfated glycans comprising mucin core 1- and core 2-
type structures. As both saliva and tear are rich in mucins, it is suggested that the O-glycans are mainly components of mucins.
The study further illustrates the strong correspondence between the glycans in the tear and saliva of ocular rosacea patients.

KEYWORDS: O-glycan, saliva, tear, mass spectrometry, structural characterization, sulfated O-glycan, sialylated O-glycan

■ INTRODUCTION

Glycomics, the comprehensive study of glycans expressed in a
biological system, has recently emerged as a promising area for
disease marker discovery.1−7 Glycosylationmediates a number of
essential biological functions including cell−cell and cell−-matrix
recognition, cellular adhesion, and inter- and intracellular
interaction.4,7,8 It is also one of the most common forms of
post-translational modifications.9 Two main forms of glyco-
sylation occur in eukaryotes: N-glycosylation, in which a glycan
moiety is attached to an asparagine (Asn) residue, and O-
glycosylation, in which a glycan moiety is attached to either a
serine (Ser) or threonine (Thr) residue.10−14

Human tear and saliva are biological fluids that are readily
accessible and may act as a mirror of health status. Saliva is a
complex and versatile body fluid that supplies a wide range of
physiological needs. It is secreted by salivary glands (parotid,
submandibular, and sublingual) and is composed of a complex
mixture of mucin, amylase, lingual lipase, electrolyte solutions,
proteins, and enzymes.15,16 Tear includes a complex mixture of
proteins including mucin and electrolytes. Interestingly, mucins

are one of the primary components in both saliva and tears.
Mucins are biopolymers consisting of very long polypeptide
chains that are highly O-glycosylated with heterogeneous
collections of structures. From this perspective, they are a
remarkable source of material for glycomics analysis. Recent
studies show that several diseases are associated with aberrant
glycosylation in mucins.17−25

The glycomes of tear and saliva have not been well
characterized possibly due to the complexity of the glycosylation
and limitations in analytical tools.19,26,27 Mucins are remarkably
heavily glycosylated proteins, consisting of as much as 50−80%
carbohydrates by mass. As a result, mucin-type O-glycosylated
proteins are usually greater than 200 kDa, with the O-glycan
attached to the protein in deny clusters. O-Glycosylated mucins
generally interface between epithelial cells and the external
environment.26,28 Mucins impact the biological processes of
many diseases. For instance, recent studies indicate that many
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transmembrane mucins are aberrantly overexpressed in various
cancers29 as well as cystic fibrosis.30 O-Glycosylation has no
known consensus sequence and may potentially be found at any
serine or threonine residue inmucin.O-Glycans are built on eight
possible core structures, with core 1 and core 2 being the most
common.26,31,32

Sulfated glycans make up mucin glycosylation along the
respiratory and gastrointestinal tracts. They are also found in
salivary glands. Sulfated oligosaccharides are involved in
chemical defense, hormone biosynthesis, and bio activation.
For example, Helicobacter pylori can bind avidly to sulfated
glycans on high molecular weight salivary mucins.33−35

Generally, sulfate-containing glycans protect against the toxic
or potentially toxic effects of numerous xenobiotics and their
metabolites. Sulfated glycoconjugates are polar and are highly
water-soluble, making them more readily excreted in urine or
bile. They may exhibit reduced pharmacological/biological
activity with respect to the parent compound.31,36

Rosacea is a common and chronic cutaneous disorder. It is
characterized by inflammation that is primarily localized on
central face where the cheek, nose, chin, forehead, and eyelid
become red. Ocular rosacea is a specific subtype of rosacea. The
diagnosis of ocular rosacea is remarkably challenging especially
for the patients that do not present with typical skin findings but
have ocular signs and symptoms such as dry eye and a
characteristic form of blepharitis. At the present time, there is
currently no objective diagnostic method for ocular rosa-
cea.37−39The frequent presence of dry eye in patients with
rosacea can make clinical studies difficult due to the paucity of
tear samples. Hence, other biological fluids such as saliva may be
used as an alternative to tears.40

An earlier study from this group demonstrated significant
differences between control and rosacea patients in the O-glycan
profiles of tear fluids.19 We found that sulfated oligosaccharides
released from mucins in tears were highly up-regulated in ocular
rosacea patients. However, basal tear samples from individuals
are limited, and there were insufficient amounts to confirm
glycan compositions or structures. Instead, accurate mass was
used to determine the glycan compositions, but the presence and
the positions of the sulfated groups could not be confirmed by
tandem mass spectrometry (MS).
In the present study, we confirm the presence of sulfated

glycans in the tear fluid of rosacea patients. Furthermore, because
the tear and saliva are distinct but physiologically connected
fluids, it was decided that the inclusion of saliva in this study
would provide additional and possibly novel insights into the
ocular disease. This study demonstrates that glycan structures in
tears and saliva are related and correlate in disease states. The
rapid and sensitive characterization of novel glycans found in
these fluids offers a promising new method for the diagnosis of
ocular rosacea and other related diseases.

■ MATERIALS AND METHODS

Sampling

Tear fluid and saliva samples were collected from patients with
ocular rosacea and the control group. Tear fluid samples (23
patients with ocular rosacea and 28 controls) were collected from
the inferior tear meniscus by using 10 μL microcapillary tubes
(Microcaps, Drummond Scientific Co, Broomall, PA). Saliva
samples (17 patients and 25 controls) from the same subjects
were obtained with the aid of disposable plastic pipettes from
sublingual glands. The subjects were required to avoid eating,

drinking, or the use of oral hygiene products for at least 1 h prior
to saliva collection. The patients were also required to cease the
use of any eye drops 1 h prior to tear collection. All samples were
frozen at −80 °C until analysis.
Chemical Release ofO-Glycans fromTear Fluid and Saliva by
β-Elimination

O-Glycans were directly released from human fluids without
protein identification. There is currently no general enzyme for
O-glycan release. Thus, samples were directly released by β-
elimination. Saliva and tear samples were pooled in the range of
8−15 samples depending on how much sample was available.
Five microliters of saliva and tear from each subject was pooled to
obtain a homogeneous representative sample. Twenty micro-
liters of the pooled sample and 20 μL of alkaline borohydride
solution (mixture of 1.0 M sodium borohydride and 0.1 M
sodium hydroxide) were mixed. The mixture was incubated at 42
°C for 16 h in a water bath. The reaction was stopped by adding
1.0M hydrochloric acid solution until pH of the solution reached
pH 5. During this procedure samples were kept in an ice bath.19

Glycan Purification and Fractionation

The chemically released oligosaccharides were purified and
fractionated by a porous graphitized carbon (PGC) cartridge to
minimize suppression of glycans. The GC cartridge was washed
with an aqueous solution of 80% (v/v) acetonitrile and 0.01% (v/
v) trifluoroacetic acid (6 mL total) at a flow rate of about 3 mL/
min. The cartridge was equilibrated by adding 6 mL of nanopure
water at a flow rate of 3 mL/min. Tear fluid and saliva samples
were loaded onto the PGC cartridge by gravity. Subsequently,
the cartridge was washed by gravity with nanopure water (12 mL
total) at a flow rate of 1 mL/min. The glycans were eluted by 6
mL of 20% acetonitrile in water and 6 mL of 40% acetonitrile in
water with 0.05% (v/v) trifluoroacetic acid solutions according to
their polarities. Each fraction was evaporated to dryness and
reconstituted by adding 15 μL of nanopure water prior to matrix-
assisted laser desorption/ionization mass spectrometry
(MALDI-MS) and liquid chromatography (LC) chip quadru-
pole-time-of-flight (Q-TOF) analyses.
Mass Spectrometric Analysis by MALDI-FTICR-MS

Glycan profiling was monitored by using MALDI-FTICR-MS.
Mass spectra were recorded on an external source HiResMALDI
(IonSpec, Irvine, CA, USA) equipped with a 7-T magnet. The
instrument was equipped with a pulsed Nd:YAG (neodymium-
doped yttrium aluminum garnet; Nd:Y3Al5O12) laser (355 nm).
2,5-Dihydroxybenzoic acid was used as a matrix (50 mg/mL in
50% acetonitrile (AcN)). A saturated solution of NaCl in was
used as a cation dopant.
Mass Spectrometric Separation by LC Chip Q-TOF MS

Fractionated and enriched glycans were analyzed by using an
Agilent 1200 series LC system connected to an Agilent 6520 Q-
TOFMS (Agilent Technologies, Santa Clara, CA). The nanoLC-
Chip/Q-TOF system was equipped with a micro well-plate auto
sampler (maintained at 6 °C), a capillary loading pump for
sample enrichment, a nanoflow pump as the analytical pump for
sample separation, a nano LC-Chip Cube, and the Agilent 6520
Q-TOFMS detector. Data dependent tandemMSwere obtained
following LC separation on themicrofluidic chip consisting of a 4
mm × 0.040 mm i.d. enrichment column and a 43 mm × 0.075
mm i.d. analytical column, both packed with 5 μm porous
graphitized carbon (PGC) as a stationary phase. LC separation
was obtained by using binary gradient solvent A, 3.0%
acetonitrile/water (v/v) with 0.1% formic acid and B, 90%
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acetonitrile/water (v/v) with 0.1% formic acid. A flow rate of 4
μL/min of solvent A was used for sample loading with a 2 μL
injection volume. Gradient separation was performed using 0% B
(0.00−2.50 min), 0 to 16% B (2.50−20.00 min), 16% to 44% B
(20.00−30.00 min), 44% to 100% B (30.00−35.00 min), and
100% B (35.00−45.00 min). The drying gas temperature was set

to 325 °C with a flow rate of 4 L/min. MS and MS/MS spectra
were obtained in the positive ionizationmode with an acquisition
time of 1587ms per spectrum and acquisition rate of 0.63 spectra
per second. Tandem MS obtained by collision induced
fragmentation with nitrogen as the collision gas using a series
of collision energies that were dependent on the m/z values of

Figure 1. Representative MALDI FT-ICR mass spectrum ofO-glycans released from tear of a patient with ocular rosacea in negative mode. The signals
correspond primarily to sulfated oligosaccharides. The label numbers correspond to specific glycan compositions listed in Table 1.

Table 1. Acidic O-Glycans Found in Diseased Tear As Observed by Negative Mode MALDI FT-ICR MSa

peak ID [M − H]− H F N SA s peak ID [M − H]− H F N SA s

1 667.191 1 2 1 32 2012.619 2 6 1 2
2 829.241 2 2 1 33 2045.625 4 6 2
3 975.283 2 1 2 1 34 2054.700 4 2 5 1
4 1178.379 2 1 3 1 35 2070.695 5 1 5 1
5 1194.374 3 3 1 36 2086.687 6 5 1
6 1324.437 2 2 3 1 37 2095.727 3 2 6 1
7 1340.431 3 1 3 1 38 2101.645 2 2 5 1 2
8 1397.459 3 4 1 39 2126.737 3 3 4 1 1
9 1470.498 2 3 3 1 40 2141.744 7 2 2
10 1486.484 3 2 3 1 41 2183.749 3 2 5 1 1
11 1543.506 3 1 4 1 42 2200.758 4 3 5 1
12 1559.512 4 4 1 43 2216.753 5 2 5 1
13 1615.545 2 2 3 1 1 44 2241.782 3 3 6 1
14 1632.556 3 3 3 1 45 2257.788 4 2 6 1
15 1689.559 3 2 4 1 46 2273.790 5 1 6 1
16 1705.557 4 1 4 1 47 2289.798 4 5 4 1
17 1714.632 1 3 5 1 48 2305.790 5 4 4 1
18 1730.588 2 2 5 1 49 2321.742 3 3 6 2
19 1746.594 3 1 5 1 50 2329.837 6 3 3 1
20 1762.592 4 5 1 51 2346.824 4 4 5 1
21 1794.597 4 3 3 1 52 2362.811 5 3 5 1
22 1835.624 3 3 4 1 53 2371.849 2 5 6 1
23 1851.611 4 2 4 1 54 2403.844 4 3 6 1
24 1867.625 5 1 4 1 55 2435.829 6 1 6 1
25 1892.656 3 2 5 1 56 2449.765 2 1 6 2 2
26 1908.647 4 1 5 1 57 2465.759 3 6 2 2
27 1924.660 3 5 3 1 58 2549.899 4 4 6 1
28 1938.609 4 3 2 1 59 2611.821 3 1 6 2 2
29 1965.658 4 6 1 60 2622.918 5 2 7 1
30 1980.672 3 2 4 1 1 61 2636.935 7 2 3 2
31 1997.677 4 3 4 1

aH = hexose, F = fucose, N = N-acetylhexosamine, SA= sialic acid, s = sulfate group.
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the different glycans. The collision energies correspond to
voltages (Vcollision) that were based on the equation Vcollision =m/z
(1.8/100 Da) V − 2.4 V, where the slope and offset of the
voltages were set at (1.8/100 Da) and (−2.4), respectively.

■ RESULTS AND DISCUSSION
Sulfated glycans were shown to increase in ocular rosacea.40

However, in the previous study limited amounts of sample made

structural analysis of the sulfated species impractical.19 In general,
the associated dry eye syndrome makes it difficult to collect a
sufficient amount of tear sample from patients to perform both
glycan profile and structure elucidation. In this study, tear fluids
were pooled into groups to obtain sufficient amounts to perform
structure elucidation. Although the collection of saliva samples
for analysis was easier, the saliva samples were similarly pooled
for consistency.

Table 2. Low Abundance O-Glycans in Diseased Tear
Obtained by Positive Mode Nano LC CHIP Q-TOF MSa

peak ID [M] H F N SA s

1 426.185 2
2 465.138 1 1
3 514.199 1 1
4 531.210 1 1 1
5 676.253 1 1 1
6 750.290 2 2
7 756.233 1 1 1 1
8 880.354 1 2 2
9 910.250 2 2 2
10 967.349 1 2 1
11 1042.406 2 2 2
12 1066.417 1 3 1
13 1201.346 2 2 1
14 1412.461 2 2 2 1
15 1558.519 2 1 2 2 1

aH = hexose, F = fucose, N = N-acetylhexosamine, SA = sialic acid, s =
sulfate group.

Figure 2.Neutral O-glycans released from saliva of a patient with ocular rosacea obtained from positive mode MALDI FT-ICRMS. The label numbers
correspond to specific glycan compositions listed in Table 3.

Table 3. Neutral O-Glycans Isolated from Diseased Saliva by
Positive Mode Nano LC CHIP Q-TOF MSa

peak
ID [M + Na]+ H F N

peak
ID [M + Na]+ H F N

1 1268.475 2 2 3 34 2160.792 5 2 5
2 1284.470 3 1 3 35 2217.839 3 6 4
3 1414.533 2 3 3 36 2224.797 7 3 3
4 1430.528 3 2 3 37 2233.834 4 5 4
5 1487.549 3 1 4 38 2249.829 5 4 4
6 1503.544 4 4 39 2274.860 3 5 5
7 1576.586 3 3 3 40 2281.818 7 2 4
8 1633.607 3 2 4 41 2290.855 4 4 5
9 1649.602 4 1 4 42 2306.850 5 3 5
10 1690.629 3 1 5 43 2363.872 5 2 6
11 1713.607 6 2 2 44 2370.855 7 4 3
12 1722.644 3 4 3 45 2379.892 4 6 4
13 1738.638 4 3 3 46 2395.887 5 5 4
14 1779.665 3 3 4 47 2427.876 7 3 4
15 1786.623 7 3 48 2436.913 4 5 5
16 1795.660 4 2 4 49 2443.871 8 2 4
17 1811.655 5 1 4 50 2452.908 5 4 5
18 1836.687 3 2 5 51 2468.903 6 3 5
19 1852.681 4 1 5 52 2493.935 4 4 6
20 1859.665 6 3 2 53 2516.913 7 5 3
21 1868.701 3 5 3 54 2541.944 5 6 4
22 1884.696 4 4 3 55 2582.971 4 6 5
23 1916.686 6 2 3 56 2589.929 8 3 4
24 1925.723 3 4 4 57 2598.966 5 5 5
25 1932.681 7 1 3 58 2671.982 6 3 6
26 1941.718 4 3 4 59 2678.966 8 5 3
27 1957.712 5 2 4 60 2735.987 8 4 4
28 1998.739 4 2 5 61 2745.024 5 6 5
29 2014.734 5 1 5 62 2761.019 6 5 5
30 2071.781 3 5 4 63 2818.040 6 4 6
31 2087.776 4 4 4 64 2907.077 6 6 5
32 2103.771 5 3 4 65 3028.103 8 6 4
33 2144.797 4 3 5

aH = hexose, F = fucose, N = N-acetylhexosamine, SA = sialic acid, s =
sulfate group.
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Saliva and tear samples were treated directly to release O-
glycans using alkaline sodium borohydride, which is also the
most commonly used method for releasing O-glycans.40 A
potential complication of releasing O-glycans from proteins is
that N-glycans, when abundant, may also be released. There are
two solutions for to deal with the issue. One is to remove the N-
glycans first. However, removal of N-glycans with PNGase F is
never complete, soN-glycan contamination can potentially never
be eliminated. The other solution is to simply release the O-
glcyans and use the MS characteristics of the peaks to distinguish
one from the other. There are indications in the mass spectra to
distinguish the two types. A common reaction for N-glycan
under this release condition is the peeling reaction, which is the
basic degradation of carbohydrates. These products, typically the
loss of 60 and 90 mass units from integer monosaccharides
values, are readily observed by MALDI FT-ICR MS.40 The
tandemMS of the glycans, described in greater detail below, also
help differentiate between N- and O-glycans. N-Glycans yield
distinct fragment ions such as those that correspond to the
chitobiose (2HexNAc) core and the conserved N-glycan core
(2HexNAc3Hex), which were not observed in any of the spectra.
Released O-glycans were purified and enriched using PGC

before analysis by mass spectrometry. All glycan compositions
were initially deduced from accurate masses. In order to
minimize glycan suppression in the MS, O-glycans were
fractionated according to their size and polarity using solid
phase extraction with PGC. In this procedure, 20% AcN fractions
yielded relatively smaller and neutral glycans while 40% AcN
fraction yielded larger neutral and acidic glycans. In all, around
140O-glycan compositions were obtained in both saliva and tear
samples that we classify into four major types: (1) neutral, (2)
sulfated (only), (3) sialylated (only), and (4) sulfated + sialylated
species. Glycan belonging to groups 3 and 4 were further
confirmed by LC−MS due to their low abundances as discussed
in greater detail below.

O-Glycan Profile of Diseased Tear

Figure 1 shows the acidic O-glycan profile isolated from pooled
diseased tear (n = 13) obtained by negative mode MALDI MS of
the 40% fraction. As described previously, several of the samples
contained insufficient amounts for analysis. For these samples,

equal amounts were combined to yield a combined profile.
MALDIMS profile of 20% fraction, which typically contained the
neutral O-glycans, showed very few peaks (Supplementary
Figure 1).The region between m/z 750 and 3500 of the 40%
fraction yielded most of the signals in Figure 1. The spectra
produced over 61 compositions that are tabulated in Table 1.
Each compound is composed of various numbers of hexose (H),
N-acetylhexosamine (N), fucose (F), sulfate (s), and sialic acid
(SA). These glycans are described by the formula [H2−7, N2−7,
F0−5, s 0−2, SA0−2]. Among this group, those that are sulfated (S >
0) make up the majority of the glycan species with the
monosulfated (s = 1) being the most common. Species that
are sialylated (only) and sulfated + sialylated were of relatively
lower abundances in the diseased tear sample. For comparison,
neutralO-glycans are relatively minor components in disease tear
samples. The O-glycan MALDI MS profiles from all three
fractions are shown in Supplementary Figure 1.
The mass profile of mixtures often leads to suppression of

lowly abundant species. In order to characterize the less
abundant species, the 20% and 40% fractions were combined
and introduced directly to the nano flow LC CHIP-QTOF MS.
Separation on PGC chip enabled detection as well as
characterization of low abundant species. Table 2 lists at least
15 low abundant O-glycans that were found in diseased tear by
this method but were not observed in the MALDI MS profile.
Those glycans are either small neutral species or sialylated (only)
and sulfated + sialylated acidic species.

O-Glycan Profile of Diseased Saliva

The rosacea diseased saliva is dominated by both neutral and
anionic O-glycans. A representative MALDI MS spectrum of
neutralO-glycan profile from diseased saliva is shown in Figure 2.
Sixty-five neutralO-glycans isolated from diseased saliva with the
formula [H2−7, N3−7, and F0−6] are listed in Table 3. The neutral
O-glycans found in saliva are remarkably large and diverse. The
majority of these glycans were uniquely fucosylated with some
having as many as six fucoses. A recent report from this
laboratory showed little variation in the neutral O-glycans
between disease and control saliva.40

Acidic O-glycans, eluted with 40% AcN fractions, were also
highly abundant in diseased saliva. In Figure 3, the dominant

Figure 3. MALDI FT-ICR mass spectrum of O-glycans isolated from saliva of patient with ocular rosacea in negative mode. The label numbers
correspond to specific glycan compositions listed in Table 4.
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signals correspond to acidic species with the majority being
sulfated as was observed in diseased saliva. The series of acidicO-
glycans found in saliva are listed in Table 4. The group consisting
ofm/z 1689.56, 1851.61, 1543.51, 1340.44, 1486.49 corresponds

to the top five most abundant sulfated O-glycans with
compositions corresponding to [H3N4F2s1], [H4:N4:F2:s1],
[H3:N4:F1:s1], [H3:N3:F1:s1], [H3:N3:F2:s1], respectively. The
same acidic species were found in controls but were significantly
decreased.40 However, the number of glycans that were found in
diseased saliva was higher than that of diseased tear samples.
As with tears, low abundant species in saliva were also

observed and characterized by nano LC CHIP Q-TOF MS.
These species comprise mainly neutral and sulfated + sialylated
species. Table 5 gives the compositions of these species in
diseased saliva. The compositions were further confirmed with
CID (tandem MS).

Structural Elucidation by Tandem MS

To obtain structural information, tandem MS using collision-
induced dissociation CID and infrared multiphoton dissociation
(IRMPD) in the FT ICR and CID in the Q-TOF were used.

Table 4. Acidic O-Glycans in Diseased Saliva Obtained by Negative Mode MALDI FT-ICR MSa

peak ID [M − H]− H F N SA s peak ID [M − H]− H F N SA s

1 667.191 1 2 1 42 1980.672 3 2 4 1 1
2* 813.249 1 1 2 1 43 1997.677 4 3 4 1
3 829.241 2 2 1 44 2012.619 2 6 1 2
4* 870.266 1 3 1 45 2045.625 4 6 2
5 975.282 2 1 2 1 46 2054.700 4 2 5 1
6* 1016.308 1 1 3 1 47 2070.695 5 1 5 1
7* 1032.303 2 3 1 48 2086.687 6 5 1
8* 1121.357 2 2 2 1 49 2095.727 3 2 6 1
9 1178.379 2 1 3 1 50 2101.645 2 2 5 1 2
10 1194.374 3 3 1 51 2126.737 3 3 4 1 1
11* 1235.408 2 4 1 52 2141.744 7 2 2
12* 1283.408 3 2 2 1 53 2183.749 3 2 5 1 1
13 1324.437 2 2 3 1 54 2184.772 3 4 5 1
14 1340.431 3 1 3 1 55 2200.758 4 3 5 1
15* 1381.462 2 1 4 1 56 2216.753 5 2 5 1
16 1397.459 3 4 1 57 2241.782 3 3 6 1
17 1470.498 2 3 3 1 58 2257.788 4 2 6 1
18 1486.484 3 2 3 1 59 2273.790 5 1 6 1
19* 1502.478 4 1 3 1 60 2289.798 4 5 4 1
20* 1527.520 2 2 4 1 61 2305.790 5 4 4 1
21 1543.506 3 1 4 1 62 2321.742 3 3 6 2
22 1559.512 4 4 1 63 2329.837 6 3 3 1
23* 1584.556 2 1 5 1 64 2344.814 7 3 2
24 1615.545 2 2 3 1 1 65 2346.824 4 4 5 1
25 1632.556 3 3 3 1 66 2362.811 5 3 5 1
26* 1648.547 4 2 3 1 67 2371.849 2 5 6 1
27* 1673.573 2 3 4 1 68 2403.844 4 3 6 1
28 1689.559 3 2 4 1 69 2435.829 6 1 6 1
29 1705.557 4 1 4 1 70 2449.765 2 1 6 2 2
30 1730.588 2 2 5 1 71 2465.759 3 6 2 2
31 1746.594 3 1 5 1 72 2549.899 4 4 6 1
32 1762.592 4 5 1 73 2611.821 3 1 6 2 2
33 1794.597 4 3 3 1 74 2622.918 5 2 7 1
34 1835.624 3 3 4 1 75 2636.935 7 2 3 2
35 1851.611 4 2 4 1 76 2695.955 4 5 6 1
36 1867.625 5 1 4 1 77 2784.957 6 2 7 1
37 1892.656 3 2 5 1 78 2800.976 5 6 5 1
38 1908.648 4 1 5 1 79 2931.031 6 3 7 1
39 1924.660 3 5 3 1 80 2947.039 7 2 7 1
40 1938.609 4 3 2 1 81 3004.035 7 1 8 1
41 1965.658 4 6 1

aMany are common to both tear and saliva. Those with asterisks represent compounds found only in saliva. H = hexose, F = fucose, N = N-
acetylhexosamine, SA = sialic acid, s = sulfate group.

Table 5. Low AbundanceO-Glycans Found in Diseased Saliva
by Positive Mode Nano LC CHIP Q-TOF MSa

peak ID [M] H F N SA s

1 588.237 1 2
2 734.295 1 1 2
3 1201.346 2 2 2 1
4 1412.461 2 2 2 1
5 1558.519 2 1 2 2 1

aH = hexose, F = fucose, N = N-acetylhexosamine, SA = sialic acid, s =
sulfate group.
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Shown in Chart 1 is a summary of the partial structures deduced
by tandemMS as described below for neutral, sulfated, sialylated,
and sulfated + sialylated species. These compounds were selected
because they were present in both tear and saliva. Tandem MS
was ideal for obtaining structural information of sulfated species
in the MALDI FT-ICR/MS. For compounds that were weakly
abundant such as the sulfated species, tandemMS experiments in
the QTOF were performed.
NeutralO-Glycans. Structural elucidation of a representative

neutral glycan using CID in the MALDI FTICR is illustrated in
Figure 4. This species is relatively large for an O-glycan with the
composition [H4N3F4N1-ol + Na] obtained from accurate mass.
Tandem MS provides general structural features as well as the

composition. It also produces a number of fragmentation
pathways; following these pathways yields information to aid
in elucidating the structures. In Figure 4, the MS/MS spectrum
shows 4 representative pathways. For each pathway, there exists
an initial loss of one [F] to yield m/z 1941.104. There are no
other residues lost from the molecular ion, suggesting that all
antennae are capped with [F]. The first pathway (1) contains the
loss of [F] followed by the loss of [H + N] (1576.179-label in
spectra) indicating the presence of lactose amine. Additionally,
sequential losses of 3 fucoses after (1576.179) yielded m/z
1138.203, followed by the loss of a second lactosamine. The
pathway 1 ends up with m/z 773.184, which corresponds to
[H2N1N1-ol + Na]. This pathway provides the following

Chart 1. Partial O-Glycan Structures Elucidated by CID Tandem MSa

acircle = hexose, square = N-acetyl hexoseamine, triangle = fucose, S = sulfate (SO3H).
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information: (i) the glycan composition is confirmed by
sequential residue losses, (ii) the glycan has more than one

lactosamine group, and (iii) the four fucoses are on terminal
positions. Pathway 3 shows the loss of [F] followed by [H],

Figure 4. Representative CID tandemmass spectra used for the structure elucidation of neutralO-glycans isolated from saliva. circle = hexose, square =
N-acetyl hexoseamine, triangle = fucose, S = sulfate (SO3H).

Figure 5.Representative MALDI FT ICRMSCID spectra of pooled patient saliva: (a) CID fingerprinting of core1mucin-typeO-glycan including motif
a. (b) Fragmentation pattern of core 2mucin-typeO-glycan composed of motif b. circle = hexose, square =N-acetyl hexoseamine,▲ = fucose, S = sulfate
(SO3H).
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consistent with a terminal [F + H]. There are no losses of [N]
immediately after the loss of [F] in any of the pathways. Thus,
[N] is not at a terminal position further suggesting that all
terminal fucoses are attached to hexoses. The structure that best
fits this fragmentation pattern is given in Figure 4 (inset). This
approach was used to elucidate all structures listed in Chart 1.
Because no chromatographic separation was performed, these
compositions may be due to several isomers. However, the
tandem MS are consistent with the connectivity so that the
isomers may be primarily due to variations in linkages.
Sulfated O-Glycans. We confirm the presence of sulfated

groups in the tandem MS. Representative tandem spectra of
MALDI FT ICRMS of core 1- and core 2-type sulfatedO-glycans
are shown in Figure 5. The tandem MS of the ion at m/z
1178.378 consisting of [H2:N2:F1:s1:N-ol1 ] was shown in Figure
5a. Four different pathways were observed in the tandem MS
spectra. [H], [F], [N], and reducing end losses from molecular
ion indicate that those four residues should be placed at the
terminal positions. Core 2 structures are readily differentiated
from core 1 because the former is branched at the reducing

terminus, while the latter maintains a linear structure. Core 2
structures cannot therefore lose the reducing end, whereas core 1
structures can. The loss of the reducing end alditol (-ol) was
therefore used as a unique indicator for distinguishing core 1 from
the core 2 type structures. The presence of [N-ol] loss andmotif a
[H1:N1:N-ol1−H] demonstrated the presence of a core 1mucin-
type O-glycan. On the other hand, 1340.430 corresponds to
[H3:N2:F1:s1:N-ol1]. The composition is confirmed by CID as
shown in Figure 5b. The losses of [F] (m/z 1194), [H] (m/z
1178, and [N] (m/z 975) from the molecular ion at m/z 1178
indicate that three residues (H, N, and F) are present as
nonreducing termini. The latter two ions subsequently lose a [H]
and [N], respectively, to yield m/z 975. In parallel, the fragment
ionm/z 829 [H2:N1:s1:N-ol1−H] was obtained from the loss of
[F] in 975 m/z.From the tandem mass spectra, it can be readily
deduced that the [N] residue loss is only possible after the loss of
the [H] residue. The fragmentation pattern suggests that the
reducing terminus, [N-ol], links to both [H] and [N], which
indicates core 2-typeO-glycans. The presence of motif bm/z 829
[H2:N1:s1:N-ol1 − H] corresponds to core 2 mucin-type O-

Figure 6. Tandem mass spectra of (a) disialylated and (b) sulfated-sialylated O-glycans isolated from individual patient tear obtained by chip-based
nano-LC Q-TOF. circle = hexose, square = N-acetyl hexoseamine, triangle = fucose, S = sulfate (SO3H).
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glycan. Themajority of sulfated glycans are core 1- and core 2-type
O-glycans. In all the sulfated structures observed, tandem MS
data suggest that the sulfate group is located in an internal
position bound to either [H] or [N]. While tandem MS cannot
precisely determine the position of the sulfate group, it has been
previously reported that sulfate groups in mucins human are
attached to C-3, C-4, or C-6 of a galactose or C-6 of N-
acetylglucosamine.41 It should be noted that in these tandemMS
spectra, losses of the sulfate groups are not observed.
Sialylated O-Glycans. Oligosaccharides containing only

sialic acid or both sulfate and sialic acid, simultaneously, could
not be readily observed in the MALDI MS profile described
above because of their low abundances. To observe these
structures, it was necessary to separate the compounds using
chromatography. Figure 6a represents a tandem MS of a
sialylated O-glycan obtained from nano LC Q-TOF MS/MS.
This small compound distributes the sialic acid between the two
constituent of a core 1 motif. The sialic acid loss from the
precursor ion (m/z 676.270) shows the sialic acid at the terminal
position. Furthermore, the loss of the reducing end (N-ol) yields
m/z 453.190, which corresponds to [H + SA]. The same glycan
structure that has been previously reported from several sources
including saliva,42 endocrine gland,43 and intestine colon
mucosa.44

An example of a sialylated and sulfatedO-glycan fragmentation
pattern is shown in Figure 6b.There are two main fragmentation
pathways that suggest the presence of sulfation, sialylation, and
fucosylation. The initial losses of sulfate group and sialic acid
suggest that these two residues are at the terminal position. The
spectrum contains a number of small fragment ions that yield
structural information as annotated in Figure 6b. The proposed
structure is provided in the figure based on the fragment ions
observed. This structure corresponds to that previously reported
and isolated from respiratory mucins.27

■ CONCLUSION
The simultaneous analysis of saliva and tear fluid shows a
correlation between the two fluids interms of glycan content as
we previously discussed in detail.40 The structure of the most
abundant components, found in both tear and saliva, are now
elucidated and presented in Chart 1 as determined by tandem
MS. They range in size from small di- and trisaccharides, typical
for O-glycans, but some are quite large for O-glycans, consisting
of over 10 residues.
Tear and saliva from patients with ocular rosacea are rich in

sulfated glycans. Sulfated oligosaccharides are the most abundant
anionic component, with a single sulfated group and little or no
di- and trisulfated species detected. Because both tear and saliva
are rich in mucins, the glycans presented here are likely released
from mucin proteins. The increase in sulfation may have major
consequences in the tear and saliva fluids. They alter the physical
properties of the mucins relative to neutral glycans, making them
more anionic and in turn changing their interactions with
epithelial cells.
The differences in mucin glycosylation accompanying rosacea

may affect the microbiome in the eyes and in the mouth. It has
been previously shown that glycosylation can mediate specific
binding between host cells and the microbiome.45 Further
studies indicate that mucin sulfation and sialylation further
modulate bacterial interactions.45 Both sulfate (sulfomucins) and
sialic acid containing mucins (sialomucins) give the mucins their
overall negative charge, which contribute extra protection from
bacterial degradation due to their resistance to most bacterial

mucin-degrading enzymes.46 From this perspective, changes in
the abundances of acidic O-glycans in the tear and saliva of
rosacea patient may signal a potential change in the interaction
between the host and its microbiome. This situation could
further lead to a change in the microbiome perhaps favoring
specific groups of bacteria. We therefore encourage future studies
that examine changes in the microbiomes of mouth and eye of
dry eye diseases such as rosacea.
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