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SMG (submucosal gland) secretions are a major component of the
airway surface liquid, are associated with innate immunity in
the lung, and have been reported to be altered in lung disease.
Changes in lung mucosal glycosylation have been reported in CF
(cystic fibrosis), which may be responsible for differential bac-
terial binding to glycosylated components in the lung mucosa and
hence increased pre-disposition to pulmonary infection. Glyco-
proteomic analysis was performed on SMG secretions collected
from explanted bronchial tissue of subjects with severe lung dis-
ease, with and without CF, and controls without lung disease.
Mucins MUC5B and MUC5AC were shown to be the dominant
high-molecular-mass glycoprotein components, with a minor non-
mucin glycoprotein component, gp-340, also present. Oligosac-
charides containing blood-group determinants corresponding to
subjects’ blood type were abundant on MUC5B/MUC5AC, as
were Lewis-type epitopes and their sialylated analogues, which

are ligands for pathogens and leucocytes. No significant dif-
ferences were found in the glycosylation of MUC5B/MUC5AC or
gp-340 between CF and non-CF subjects with severe lung disease,
implying that CF does not influence SMG secretion mucin glyco-
sylation in end-stage lung disease. There were also no significant
differences found in the glycosylation of these components in
severe lung disease compared with non-diseased lungs. This sug-
gests that previously reported changes in the glycosylation of
respiratory glycoconjugates in CF, and other pulmonary condi-
tions, are not due to the glycosylation of components in SMG
secretions, but may involve other secretions, responses or extra-
cellular factors.
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INTRODUCTION

SMG (submucosal gland) secretions, together with secretions
from epithelial goblet cells, contribute the bulk of mucous secre-
tions in the lung [1]. With the periciliary liquid, this forms the
airway surface liquid. Mucociliary clearance of the airway surface
liquid and entrapped particles, including pathogens, is a primary
innate defence mechanism in the lung [2,3]. SMG secretions
themselves are thought to be important in the innate immune res-
ponse, by contributing antimicrobial components such as lyso-
zyme, lactoferrin, secretory IgA, antimicrobial peptides and
defensins to the airway surface liquid as well as several high-mo-
lecular-mass highly glycosylated mucins [4]. Glandular hyper-
trophy and hyperplasia of SMGs have been associated with
chronic lung disease, including asthma [5], chronic obstructive
pulmonary disease [5] and cystic fibrosis (CF) [6]. SMGs are of
particular interest in CF lung disease, as serous cells of the SMG
epithelium are the predominant site of expression of CFTR (CF
transmembrane conductance regulator protein) in the lung [7].
Lack of CFTR function causes CF [8]. The lack of functional
CFTR in CF contributes directly to the increased viscosity of SMG
secretions [9], which in turn probably contributes significantly to
CF lung disease by reducing mucus clearance in the lung [6,10].

Chronic pulmonary infection by organisms such as Pseudo-
monas aeruginosa is a primary pathology of CF, resulting in
permanent lung tissue damage, progressive deterioration in lung
condition, and often, eventually, death (reviewed in [11]). Mucus
in the airway surface liquid is the primary location of pulmonary

infection in CF [12], and mucins are an important component
of mucus. Mucin glycosylation involves a wide diversity of
oligosaccharide structures that have not been extensively studied,
except in CF, where alterations have been reported (reviewed in
[13]). It is proposed that these differences in glycosylation may
cause increased bacterial adhesion, colonization and infection
[12]. Investigations of glycoconjugates present on lung epithelial
cell-surface proteins have suggested increased fucosylation and
decreased sialylation in the absence of functional CFTR [14]. This
pattern does not appear to occur in the glycosylation of secreted
airway mucins and other glycoconjugates of CF subjects [13].
However, several reports have described increased sulphation
in secreted respiratory mucins from CF subjects [13], whereas
increased levels of sialylation and sulphation have also been
associated with the severity of infection in CF and chronic
bronchitis [15]. These changes may be important for the biological
function of glycoconjugates in the lung, as they affect terminal
oligosaccharide epitopes involved in protein–protein interactions,
thereby potentially altering the adhesion and localization of var-
ious components and cells in the respiratory mucosa. The mucous
cells of the SMGs, together with epithelial goblet cells, produce
MUC5B and MUC5AC, which are the dominant secreted mucins
in the lung [16,17]. Immunohistochemical studies have shown
that glycoconjugates in SMG mucous cells are heavily O-gly-
cosylated, and contain Lewis-type and blood-group antigens
[18,19]. It is therefore possible that SMG secretions contribute
to the reported alterations in the glycosylation of components of
the lung mucosa associated with lung infection.

Abbreviations used: CF, cyotic fibrosis; CFTR, cystic fibrosis transmembrane conductance regulator protein; 1D SDS/Ag/PAGE, one-dimensional SDS/
agarose/PAGE; GlycoSuiteDB®, GlycoCompTM, BioinformatIQTM and GlycosidIQTM are trademarks of Proteome Systems Limited, Sydney, Australia;
LC-ESI-MS, liquid chromatography–electrospray ionization–MS; Lea, Lewis a; Leb, Lewis b; Lex, Lewis x; Ley, Lewis y; MALDI-TOF-MS, matrix-assisted
laser-desorption ionization–time-of-flight MS; MS/MS, tandem MS; PMF, peptide mass fingerprinting; SMG, submucosal gland.
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Table 1 Summary of subjects from which SMG secretions were analysed

Group Subject Condition Age Gender Blood group

CF 1 CF 31 M A+
2 CF 31 F O−
3 CF 26 F A+
4 CF 22 M A−
5 CF 36 M O+

Non-CF 1 Emphysema 59 M A+
2 Emphysema 63 M O+
3 Bronchiectasis 27 M O−
4 Emphysema 57 M O+
5 Emphysema 52 F B+

Control 1 Head trauma 37 F O+
2 Head trauma 22 M A−
3 Meningitis 50 M O+

Given the previously observed changes to SMGs in various lung
diseases, it is possible that differences in the composition of SMG
secretions may be associated with, or contribute to, particular con-
ditions. While some of the protein constituents of SMG secre-
tions have been investigated previously [4], the present paper
describes the first differential analysis of the high-molecular-mass
proteins in SMG secretions from humans with CF and non-CF
lung disease, and also controls without lung disease, incorporating
protein identification and characterization of the glycosylation of
the major mucins. As in vitro collection of SMG secretions from
tissue cultures of explanted human bronchial tissue yields only
limited sample quantities (≈1 µl of secretion per subject), we
utilized an MS-based fragmentation approach for sample analy-
sis, after separation of protein components by gel electrophoresis,
which has been most efficient in simultaneous detailed character-
ization of a broad range of protein and carbohydrate species.

EXPERIMENTAL

SMG secretion collection

Human bronchial explants were received after lung transplant-
ation surgery (subjects with CF and non-CF lung disease) or from
cadavers without lung disease (controls). Consent was obtained
for accessing all lung-explant samples after appropriate ethics
approval by the institutions involved. In the case of cadavers,
subjects had provided consent prior to their death [e.g. on driver’s
licences (U.S.A.)] for use of their organs for research purposes.
Explants were kept at 4 ◦C throughout the course of sample
collection. Collection of SMG secretions was performed within
1–3 h of explantation, using methods similar to those described
previously [20]. Briefly, bronchial tissue segments were dissected,
cleaned, dried, mounted mucosal-side-up on to silica gel and
covered with mineral oil. Gland secretion was stimulated by addi-
tion of about 2 ml of Krebs buffer containing 250 µM pilocarpine
hydrochloride underneath the tissue section to cover the lower
surface. Tissue sections were incubated in a humidified environ-
ment at 37 ◦C for 45 min, and then SMG secretion droplets were
collected using fine glass rods. Droplets were subsequently pooled
under mineral oil to prevent evaporation and placed on ice.
Typically, three to five bronchial sections (size about 2 cm × 2 cm)
were prepared from each subject, resulting in the collection of
about 1 µl of secretion. Secretions were stored under mineral
oil at −80 ◦C before further processing. Subject information is
summarized in Table 1. Information regarding the subjects’ Lewis
or secretor status was not available.

Sample preparation and gel electrophoresis

Mineral oil was removed from the ≈1 µl SMG secretion samples
before they were diluted in 100 µl of sample buffer, reduced and
alkylated, concentrated, separated by 1D SDS/Ag/PAGE (one-
dimensional SDS/agarose/PAGE), electroblotted to Immobilon-
PSQ PVDF membrane (Millipore) and stained for the presence of
acidic oligosaccharides with Alcian Blue, as described previously
[21]. Each entire sample was loaded into a single gel lane. The
molecular-mass spread of the intensity of glycoprotein staining,
normalized to the total amount of staining within each subject,
was determined from spot-densitometry data of adjoining bands
down the region of staining, and was obtained with FluorChem
software (Alpha Innotech, San Leandro, CA, U.S.A.).

Protein identification

Protein bands on PVDF membrane were digested with trypsin, and
the peptide mixture was analysed using an Axima CFRTM instru-
ment (Kratos, Manchester, U.K.) for MALDI-TOF-MS (matrix-
assisted laser-desorption ionization–time-of-flight MS) as
described previously [22]. Protein identities were assigned
by PMF (peptide mass fingerprinting) with BioinformatIQTM

(Proteome Systems). Some tryptic-digest samples were also
analysed by LC-ESI-MS/MS (liquid chromatography coupled to
electrospray-ionization tandem MS) using an LCQ DECA system
(Thermo Electron Corp., Waltham, MA, U.S.A.) as described
previously [23], with protein identities confirmed by SEQUEST
database searching (Thermo Electron).

Oligosaccharide analysis

O-linked oligosaccharides were released from protein bands off
PVDF membranes by reductive β-elimination, desalted with
cation-exchange beads and analysed by LC-ESI-MS/MS with an
LCQ DECA XP system (Thermo Electron) as described pre-
viously [21,24]. Oligosaccharide compositions were assigned
from the parent ion using GlycoCompTM (Proteome Systems). It
was assumed that all deoxyhexoses were fucose, and the reduced
terminal N-acetylgalactosamine was included as an N-acetyl-
hexosamine. Oligosaccharide structural characterization was per-
formed using MS/MS fragmentation data, the GlycoSuiteDB®

glycan database (http://www.glycosuite.com) and the associated
glycan mass fingerprinting tool GlycosidIQTM [25] (Proteome
Systems). Assigned structures were also manually validated.
The relative intensity of each oligosaccharide was determined
from integrated single-ion chromatograms normalized to the total
intensity of oligosaccharide ions within each sample. Weighted
average occurrences of each monosaccharide or substructure were
determined using oligosaccharide intensities calculated from
single-ion chromatograms, together with the number of times each
monosaccharide or substructure was present in each particular
oligosaccharide. Oligosaccharides previously reported from res-
piratory secretions in humans were determined from those
reported in GlycoSuiteDB®.

RESULTS

The components or composition of SMG secretions may be af-
fected by the lack of functional CFTR in CF and may also exhibit
changes caused by chronic severe lung disease. Any changes that
are specific to individuals with CF may reduce or alter any contri-
bution to innate immunity of SMG secretions in the lung, and
thereby contribute to the progression of CF lung disease. In addi-
tion, any changes in SMG secretions associated with chronic lung
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Figure 1 High-molecular-mass glycoproteins in SMG secretions collected from explanted bronchial tissue from non-CF and CF subjects with lung disease
and controls

SMG secretions were collected from human explanted bronchial tissue, reduced and alkylated, separated by 1D SDS/Ag/PAGE, electroblotted to PVDF membrane and (A) stained for acidic
oligosaccharides with Alcian Blue. All samples contained major components at ≈4 MDa, with minor components present down to ≈1 MDa. (B) Normalized intensity of Alcian Blue staining down
the molecular-mass range containing glycoproteins. Error bars show S.E.M. values.

disease may reflect or contribute to the chronic inflammation
typical of such conditions. As the small amount of material (about
1 µl) able to be collected from individuals limited the biochemi-
cal characterization that was possible, and high-molecular-mass
glycoproteins are abundant in SMG secretions [17,26], we fo-
cused on protein and glycosylation analysis of these compo-
nents.

Gel electrophoresis

To separate and display the high-molecular-mass proteins present
in SMG secretions from diseased and non-diseased explanted
bronchial tissue, reduced/alkylated SMG secretion samples were
separated by 1D SDS/Ag/PAGE, electroblotted to PVDF mem-
brane and stained with Alcian Blue, which is an effective stain
for mucins and highly glycosylated proteins. The molecular-mass
range containing stained proteins, together with the molecular-
mass spread of normalized protein abundances, is shown in Fig-
ure 1. SMG secretions from CF and non-CF subjects with lung dis-
ease, and from controls without lung disease, showed the presence
of several high-molecular-mass proteins at about 4 MDa. The
observed molecular masses should only be regarded as reference
points rather than actual molecular masses of mucins. The mi-
gration of mucins by electrophoresis is influenced strongly by
levels of sialylation and sulphation, as well as the size of the mu-
cins. Owing to the lack of available molecular-mass markers in
the high-molecular-mass region, the observed molecular mass
is estimated by extrapolation. Intense Alcian Blue staining sug-
gested that these were negatively charged highly glycosylated
proteins. Low-intensity bands at about 1 MDa were more abundant
in control subjects, although this difference was not statistically
significant. The protein profile, as detected by 1D SDS/Ag/PAGE,
did not show any significant differences in expression of the high-
molecular-mass glycoproteins between SMG secretions from
CF and non-CF diseased lungs, nor between these diseased sam-
ples and SMG secretions from controls (Figure 1).

Protein identification

To determine the identities of the high-molecular-mass proteins
separated by gel electrophoresis, protein bands which stained
with Alcian Blue were excised, digested with trypsin and ana-
lysed by MALDI-TOF-MS. PMF was performed for these spectra,
identifying several components. LC-ESI-MS/MS analysis also
confirmed the identity of these protein components. Figure 2
shows MALDI-TOF-MS spectra representative of the ≈4 MDa
and ∼1 MDa protein bands, and Table 2 shows a summary of pro-
teins identified in all samples. The details of the PMF protein iden-
tifications, in which the peptides mapped to the non-glycosylated
regions of the mucin proteins, are shown in Supplementary
Tables S1 and S2 (http://www.BiochemJ.org/bj/387/bj3870911
add.htm). The proteins identified in the high-molecular-mass
range of SMG secretions from all subjects were the highly gly-
cosylated mucins MUC5B and MUC5AC (≈1–4 MDa) and the
mucin-like protein gp-340 (≈1 MDa). The number and relative
intensity of peptide hits indicates that the most intense band in all
CF and non-CF samples, at ≈4 MDa, is dominated by MUC5B,
with MUC5AC also present. This is in agreement with previous
immunohistochemical studies, which showed that the mucous
cells of SMGs produce predominantly MUC5B [16], together with
small amounts of MUC5AC [16,17,26], in contrast with lung epi-
thelial goblet cells, which produce both MUC5B and MUC5AC.
MUC5B and MUC5AC were also detected in the bands seen
between ≈1 MDa and ≈4 MDa. The protein gp-340 was detected
in the ≈1 MDa band in two of five CF lung diseases, all non-
CF lung disease and all control samples (Table 2). Although not
statistically significant, gel image analysis (Figure 1B) suggested
that MUC5B and MUC5AC are more abundant, relative to
gp-340, in SMG secretions from subjects with severe lung disease
compared with controls without lung disease. This may be due to
a decrease in the amount of gp-340, or relative increases in the
amount of MUC5AC and MUC5B, present in SMG secretions
from subjects with lung disease.
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Figure 2 MALDI-TOF-MS spectra of tryptic digests from SMG secretions from explanted bronchial tissue

Major protein components were excised from the PVDF membrane, digested with trypsin, and the resulting peptide mixture was analysed by MALDI-TOF-MS. (A) Spectrum from the ≈4 MDa protein
band from CF subject 1. Peptide ions shown in boldface, MUC5B peptides; peptide ions shown in italics, MUC5AC peptides; Trypsin, autodigest peak; ACTH (adrenocorticotropic hormone), internal
calibration peptide. (B) Spectrum from the ≈1 MDa protein band from non-CF subject 3. Bold peptide ions, gp-340 peptides. Spectra are typical of all subjects.

Table 2 High-molecular-mass glycoproteins in SMG secretions

Proteins were separated by 1D SDS/Ag/PAGE, digested with trypsin, and identified by MALDI-TOF-MS and PMF. MUC5B and MUC5AC were detected in a protein band at ≈4 MDa, and gp-340
variant protein was detected in a protein band at ≈1 MDa. The peptide coverage (%) for each protein is shown for each subject.

Peptide coverage (%)

Protein Identified SwissProt CF lung disease Non-CF lung disease Control

band protein accession no. 1 2 3 4 5 1 2 3 4 5 1 2 3

≈4 MDa Mucin 5B Q9HC84 10.6 7.1 7.1 9.2 7.2 10.3 7.7 13.2 9.2 8.7 9.9 10.3 14.7
Mucin 5AC Q8WWQ4 14.7 N.D.* 8.0 12.6 11.0 14.0 4.8 6.4 9.3 8.0 6.4 12.2 9.2

≈1 MDa gp-340 Q9UKJ4 9.7 6.9 N.D. N.D. 12.0 11.4 20.7 19.9 22.8 23.5 29.2 17.2 28.8

* N.D., not detected.

Oligosaccharide compositional characterization

O-linked oligosaccharides are the major post-translational modi-
fication of mucins, and account for many of their physical and bio-
logical properties. Oligosaccharides were released from Alcian-
Blue-staining protein bands by reductive β-elimination and
analysed by LC-ESI-MS. The monosaccharide composition of
oligosaccharides was determined on the basis of the mass of de-
tected ions, and their corresponding relative intensities were deter-

mined from single-ion chromatograms. This compositional ana-
lysis can be performed even with limiting amounts of material or
when MS/MS spectra are not of sufficient quality to unambigu-
ously assign complete structures to oligosaccharide components.
Oligosaccharide ions from MUC5B/MUC5AC and gp-340 from
SMG secretions from CF and non-CF subjects with lung disease,
and controls, are shown in Supplementary Tables S3 and
S4 (http://www.BiochemJ.org/bj/387/bj3870911add.htm). Fig-
ure 3 shows the weighted average monosaccharide compositions
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Figure 3 Monosaccharide compositions of O-linked oligosaccharides from MUC5B/MUC5AC and gp-340 in SMG secretions from non-CF and CF subjects
with lung disease and controls

The gp-340 containing band at ≈1 MDa and the MUC5B/MUC5AC containing band at ≈4 MDa were excised and O-linked oligosaccharides were released by reductive β-elimination. The resulting
oligosaccharide alditols were analysed by LC-ESI-MS, and their relative intensities were determined based on single-ion chromatograms. GlycoCompTM was used to determine the monosaccharide
composition of the detected oligosaccharides. Weighted average monosaccharide compositions, with error bars representing S.E.M. values, and typical MS spectra, are shown for (A and B)
MUC5B/MUC5AC and (C and D) gp-340. MUC5B/MUC5AC was found to have a glycosylation pattern different from that of gp-340 variant protein, specifically with regard to fucosylation and
sialylation, but there were no significant differences between CF and non-CF subjects with lung disease or controls. Abbreviations: HexNAc, N-acetylhexosamine; Hex, hexose; Fuc, fucose; NeuAc,
N-acetylneuraminic acid; Sulf, sulphate.

for these components, together with typical LC-ESI-MS spectra
of released oligosaccharide alditols. In the cases where gp-340
was not detected by MALDI-TOF-MS and PMF, oligosaccharides
were analysed from the molecular-mass region of the gel where
gp-340 was predicted to be localized. Visual inspection of the
LC-ESI-MS spectra of released oligosaccharide alditols from
the lower-molecular-mass MUC5B/MUC5AC-containing bands
(≈1–4 MDa) showed that they were not substantially different
from the major ≈4 MDa band, in each subject (results not shown).
This compositional analysis did not show any statistically signifi-
cant differences in the monosaccharide compositions of oligosac-
charides from the major glycoproteins in SMG secretions between
subjects with CF lung disease, non-CF lung disease or controls.

MUC5B/MUC5AC and gp-340 from SMG secretions have
significantly different O-linked glycosylation profiles, both with
low sulphation, but with gp-340 showing more sialylation relative
to fucosylation than MUC5B/MUC5AC (Figure 3). The low
sulphation of glycoproteins in SMG secretions from both CF and
non-CF subjects with severe lung disease is in contrast with the
increased sulphation of whole lung mucus previously reported
in CF (reviewed in [13]). It is possible that very large highly
sulphated oligosaccharides may have not been detected by our
methods, which only detected components with an m/z of less than
2000 (including doubly charged ion components of <4000 Da).
However, using this methodology we have also detected abundant
sulphated oligosaccharides in saliva [21], sputum (results not
shown) and epithelial-cell-secreted mucins [27]. Therefore, it is
probable that the differences in glycosylation reported in whole
lung mucus are due to contributions from sources other than SMGs

or to regulated changes in glycosylation as a response to infec-
tion or inflammation.

Oligosaccharide structural characterization of MUC5B/MUC5AC

While monosaccharide composition is a useful description of
overall oligosaccharide properties, biologically important inter-
actions mediated by oligosaccharides are actually determined by
their structural terminal epitopes. Released O-linked oligosac-
charides from the high-molecular-mass bands of MUC5B and
MUC5AC were therefore fragmented by LC-ESI-MS/MS to
determine their structures. Structural characterization of oligosac-
charides by MS/MS requires high-quality spectra. The lower-
molecular-mass MUC5B, MUC5AC and gp-340-containing
Alcian Blue-staining protein bands were not sufficiently abundant
for this structural characterization. Empirically determined rules
can be used to interpret MS/MS fragmentation data and assign
structural epitopes to the corresponding components [28]. Fig-
ure 4 shows several typical features of oligosaccharide MS/MS
fragmentation that were used to assign various structural elements
of oligosaccharides. The bioinformatic tool GlycosidIQTM [25]
automates this process, and was used to interpret MS/MS spectra
for components from all subjects, which were also manually
validated. Over 90 oligosaccharides ranging from tri- to nona-
saccharides were sequenced, with each structure typically de-
tected from several individuals (Supplementary Table S5; http://
www.BiochemJ.org/bj/387/bj3870911add.htm). Structural char-
acterization was in agreement with the assigned monosaccharide
compositions and showed the presence of a high diversity of
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Figure 4 Example of structural characterization of typical O-linked oligosaccharides from MUC5B/MUC5AC in SMG secretions by MS/MS

Oligosaccharides were released by reductive β-elimination from high-molecular-mass glycoproteins in SMG secretions from non-CF subject 4 and analysed by LC-ESI-MS/MS. Structures were
assigned from fragment ions using the GlycosidIQTM glycan mass-fingerprinting tool. (A) Example of a sialyl-Le-type structure. (B) Example of blood-group A/Le type structure. Abbreviations:
Gal, galactose; GlcNAc, N-acetylglucosamine; GalNAc, N-acetylgalactosamine; GalNAcol, N-acetylgalactosaminitol; Fuc, fucose; NeuAc, N-acetylneuraminic acid; a, α linkage; b, β linkage;
1, 2, 3, 4, 6, linked carbon position.

structures. Qualitatively, Lewis-type epitopes, blood-group anti-
gens and sialylated structures were found to be the dominant ter-
minal epitopes, with all common N-acetyl-lactosamine chain
types and core structures also detected.

To describe more accurately the glycosylation of oligosacchar-
ides from MUC5B/MUC5AC in SMG secretions from subjects
with CF and non-CF lung disease, and from controls, the relative
abundance of the different structural features was semi-quanti-
tatively determined, and the three subject groups were statistically
compared (Figure 5). The relative abundances of these structural
features were in general agreement with the occurrence of pre-
viously reported oligosaccharides from human respiratory glyco-
proteins containing these structural epitopes, as determined by
querying GlycoSuiteDB®. Several features of the oligosaccharide
structures were compared, including charge, core structures,
N-acetyl-lactosamine chain-extension types and terminal epitopes
(summarized in Figure 5). We did not find any significant differ-
ences in the relative abundances of any of the oligosaccharide
internal substructures or terminal epitopes detected in SMG secre-
tions between subjects with CF lung disease, non-CF lung disease
or controls, but instead found large individual variation that over-
shadowed any differences between these groups (Figure 5).

Several of the terminal oligosaccharide epitopes that we de-
tected on mucins in SMG secretions have been reported to be high-
affinity ligands for binding by leucocytes [29] and pathogens such
as P. aeruginosa [12], particularly Lex (Lewis x) and sialyl-Lex

structures [30]. It was not possible to unambiguously differentiate
between Lea (Lewis a) and Lex, nor between Leb (Lewis b) and

Ley (Lewis y) by MS/MS data of individual oligosaccharide
components (Figure 5D). However, the greater relative abundance
of type 2 chains over type 1 chains (Figure 5C) suggests that these
epitopes are predominantly Lex, Ley and sialyl-Lex, since these ter-
minal epitopes are extensions of the dominant type 2 N-acetyl-
lactosamine chains. This suggests that the oligosaccharides pre-
sent on the major mucins in SMG secretions from CF and non-CF
subjects with lung disease, and from controls, are high-affinity
ligands for cells of the immune system, as well as for potential
pathogens.

DISCUSSION

The high-molecular-mass protein components of SMG secretions
from explanted human bronchial tissue from patients with severe
lung disease are very similar in subjects with CF lung disease,
non-CF lung disease and controls without lung disease. The repro-
ducibility between samples indicates that the SMG secretion sam-
ple analysis procedure, including tissue dissection, collection of
secretions, sample preparation and protein separation, is repro-
ducible and robust. The apparent molecular mass and abundance
of MUC5B, the major high-molecular-mass protein component of
SMG secretions, shows no differences between subjects with CF
lung disease, non-CF lung disease or controls. Although both
MUC5AC and MUC5B were detected in SMG secretions, PMF
data suggest that MUC5B is the dominant mucin present, in
agreement with previous immunohistochemical studies [16,17].
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Figure 5 Epitopes and substructures of O-linked oligosaccharides from MUC5B/MUC5AC in SMG secretions from explanted bronchial tissue from CF and
non-CF subjects with lung disease and controls

The weighted average abundances of each structural epitope in oligosaccharides from MUC5B/MUC5AC (Supplementary Table S5; http://www.BiochemJ.org/bj/387/bj3870911add.htm) are shown
as bar charts, with error bars representing S.E.M. values. There were no significant differences between CF lung disease, non-CF lung disease or control subjects in any of the structural epitopes
detected. The occurrences of previously characterized oligosaccharides from human respiratory glycoproteins containing these epitopes were determined from GlycoSuiteDB® and are shown as pie
charts. (A) Oligosaccharide charge: neutral, non-sialylated and non-sulphated; acidic, sialylated or sulphated. (B) O-linked core type (1, 2, 3 or 4). (C) N-Acetyl-lactosamine chain elongation type
(1 or 2). (D) Terminal epitopes: Le a/x, Lea or Lex; Le b/y, Leb or Ley; Si Le a/x, sialyl-Lea or sialyl-Lex; Su Le a/x, sulpho-Lea or sulpho-Lex; A,B,H, blood-group A, B or H (O) antigen; Si Gal, sialylated
galactose; Si GalNAc, sialylated core N-acetylgalactosamine; Su Gal, sulphated galactose. Abbreviations: Gal, galactose; GlcNAc, N-acetylglucosamine; GalNAcol, N-acetylgalactosaminitol; Fuc,
fucose; NeuAc, N-acetylneuraminic acid; a, α linkage; b, β linkage; 1, 2, 3, 4, 6, linked carbon position.

The gp-340 glycoprotein is a minor component of SMG secre-
tions and appears to be present at a lower abundance in subjects
with severe lung disease compared with controls without lung
disease. This may represent either a down-regulation of gp-340
or an overproduction of MUC5B in SMG secretions from these
subjects. Immunohistochemistry has shown that gp-340 in the
lung is mainly produced by serous cells of the SMGs, with lower
amounts also produced by glandular mucous cells and epithelial
goblet cells [31]. In contrast, MUC5B is produced by glandular

mucous cells and epithelial goblet cells, but not glandular serous
cells [16]. The results presented here suggest that, in subjects
with severe lung disease, serous cell products (including gp-340)
contribute relatively less, and mucous cell products (mucins, in-
cluding MUC5B) contribute relatively more, to total SMG secre-
tions. This may be caused by increased mucin secretion by the
glandular mucous cells in the disease or inflammation, suggested
by glandular hypertrophy [6] and glandular-cell culture mucin
hypersecretion [32]. Another contributing factor in CF subjects
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may be that a lack of functional CFTR causes changes in general
protein secretion from glandular serous cells, where CFTR is
normally present at high levels. It has been reported that inhibition
of ion transport reduces lysozyme secretion in glandular serous
cells [33], and it is therefore likely that secretion of other glandular
serous-cell products, including gp-340, is similarly reduced in the
absence of functional CFTR.

O-linked oligosaccharides from high-molecular-mass glyco-
protein gp-340 and MUC5B/MUC5AC mucins in SMG secre-
tions show no statistically significant differences between CF and
non-CF subjects with lung disease, nor between these subjects
and controls. Whereas the monosaccharide composition of gp-
340 is different from that of MUC5B, there are nonetheless no
significant differences in the composition of oligosaccharides
from either protein between CF and non-CF subjects with lung
disease, and in controls. O-linked oligosaccharide structures and
substructures present on MUC5B/MUC5AC in SMG secretions
were also found to be very similar in all subjects (CF lung disease,
non-CF lung disease and controls). Le, sialyl-Le and related oligo-
saccharide epitopes were found to be abundant on mucins in SMG
secretions, in agreement with previously reported oligosacchar-
ides in human respiratory mucosa. These epitopes are important
in interactions with leucocytes [34] and bacteria [30,35]. Blood-
group structures (A, B and H/O) are also abundant as terminal
epitopes on MUC5B from CF and non-CF SMG secretions.
There are large S.E.M. values associated with the relative abun-
dances of the various terminal epitopes present. This suggests a
high degree of population diversity in these terminal epitopes,
which is probably due to the importance of heritable Le-blood-
group- and ABO-blood-group-antigen determining enzymes in
the biosynthesis of these substructures. Whilst we acknowledge
the small population size used in the present study, the similar
mean values and high variation evident in the abundances of ter-
minal epitopes nevertheless suggest that these differences are not
sufficient to account for different pathogen interactions which
may be responsible for the increased bacterial colonization that
occurs in CF subjects.

Several previous studies in epithelial-cell culture [36,37] and
tracheal xenograph [38] models have shown increased sulphation
associated with CF. However, another study [27] of mucins from
epithelial-cell culture showed no glycosylation differences in CF
compared with non-diseased samples. In addition, sulphation of
whole lung mucus has also been shown to be higher in CF than in
chronic bronchitis, and also to show increases in sialylation and
sulphation with increased severity of pulmonary infection [15].
Our observations indicate that these reported increases in sulpha-
tion on CF glycoconjugates are not due to differences in the glyco-
sylation of SMG secretion components of the lung mucosa.

The similarity in the glycosylation of high-molecular-mass
glycoproteins in SMG secretions from all subjects is striking,
given the range of conditions analysed, including severe con-
genital disease (CF), severe acquired lung disease (bronchiectasis
and emphysema) and non-pulmonary-related conditions (physical
trauma and meningitis). Unfortunately, it is exceedingly difficult
to study SMG secretions in a truly in vivo or healthy condition, and
it is therefore possible that this analysis of control subjects does
not reflect truly ‘healthy’ SMG secretions. However, previous
immunohistochemical analysis in diseased and non-diseased sub-
jects show results similar to those presented here, with MUC5B
as the main mucin produced by SMGs, along with small amounts
of MUC5AC [16,17] and blood-group determinants, Le-type
structures and sialylation characterizing the glycosylation of SMG
secretion components [18,19]. Together, this suggests that there
are no large or significant differences in the glycosylation of
high-molecular-mass glycoproteins in SMG secretions between

subjects with severe lung disease and controls, and also that CF
does not influence the glycosylation of secreted high-molecular-
mass proteins in SMG secretions in severe lung disease. This is in
contrast with the reported increased sialylation of glycoconjugates
in sputum during infection and inflammation ([13] and our on-
going studies on CF sputum (results not shown)). However, spu-
tum comprises secretions from a mixture of sources, including
SMGs and epithelial goblet cells, suggesting that sources of mu-
cus other than SMGs are important in determining the physi-
cal and biological properties, including glycosylation, of whole-
lung mucus in relation to infection and inflammatory responses.

Mucin oligosaccharide structural epitopes with high affinity for
bacteria such as P. aeruginosa are abundant in SMG secretions.
Previous studies suggest that micro-organisms tend to adhere
strongly to sialylated and fucosylated oligosaccharide structures
[35,39]. P. aeruginosa produces lectins with affinity to a wide
spectrum of glycoconjugate epitopes, and these affinities have
been studied with a variety of experimental models: (i) PA-IL
shows high affinity for galactose [40]; (ii) PA-IIL has a very high
affinity for fucose [39]; (iii) flagellin [41], as well as pili [42], bind
non-sialylated gangliotetraosyl ceramide (asialo-GM1); (iv) FliD,
the flagellar cap protein, binds sialyl-Lex and sialyl-sulpho-Lex

[35]. In addition, different strains of P. aeruginosa have different
lectin expression patterns and appear to show different affinities
for various oligosaccharides [30]. This diversity of adhesion mol-
ecules means that it is difficult to predict specific bacterial bind-
ing in vivo based on literature reports. However, it appears that
pathogens such as P. aeruginosa do display differential adhesion
to different oligosaccharide epitopes, and this may play an import-
ant role in the subsequent progression of infection in both CF and
non-CF lung disease.

Glycoproteomic analysis has revealed that the same major high-
molecular-mass glycoproteins and mucins are present in CF and
non-CF SMG secretions from patients with severe lung disease
and also in controls without lung disease. Additionally, the oligo-
saccharides of these major glycoconjugates in SMG secretions
are not significantly different between these subject groups. Lack
of functional CFTR in CF must therefore result in changes in
physical and biological properties of the lung, other than the gly-
cosylation of secreted glycoconjugates from SMGs, which lead
inexorably to chronic lung infection. These changes may be bio-
logical, including decreased concentrations of antimicrobial pro-
teins such as gp-340, or altered cell-surface glycoconjugates, or
physical, such as increased mucous viscosity and reduced muco-
ciliary clearance. The glycosylation of mucins and glycoproteins
in SMG secretions with epitopes which display affinity for leuco-
cytes and pathogens, together with the presence of antimicrobial
proteins such as gp-340, lactoferrin and lysozyme, are in agree-
ment with previous suggestions of an important role for SMG
secretions in the innate immune response in the lung [4]. It is pos-
sible that, once secreted from SMGs into the lung mucosa, these
antimicrobial proteins remain associated with the mucins in SMG
secretions, to which leucocytes and pathogens may be recruited.
These might then provide a localized, but intense, antimicrobial
attack, while protecting the bulk of the lung mucosa from an ex-
cessive inflammatory response. Increased mucous viscosity and
decreased mucous clearance could then predispose not only to
bacterial infection, but also to chronic inflammation, in the CF
lung.
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