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Glycosylation site occupancy in human lung decorin 
 
 
Mihaela Didraga, Begona Barroso, Marcel de Vries, Huib Kerstjens, Dirkje Postma, Wim 
Timens, and Rainer Bischoff 
 
Decorin is a small leucine-rich repeat proteoglycan, presenting three consensus sequences for 
the attachment of N-linked glycans on its protein core. We have previously shown that 
decorin may contribute to emphysema development, since it is immunohistochemically 
reduced in lung tissue of patients with severe emphysema. We purified decorin protein core 
with the attached N-linked oligosaccharides from two locations of a healthy human lung and 
similar locations of an emphysematous human lung. SDS-PAGE analysis of the four batches 
of purified decorin revealed a broad band in three of the preparations (both locations of the 
emphysematous lung and the lower lobe of the control lung) and a sharper band in the upper 
lobe of the control lung. MALDI-TOF-MS analysis of glycosylated decorin protein cores 
revealed that the broad band consists of two components of different molecular weights, the 
higher molecular weight component being more abundant and the only constituent of the 
sharp band. We set out to investigate whether the two decorin components differ in the degree 
of glycosylation of the same protein core. Therefore, using MALDI-TOF-MS and LC-
MS/MS, we studied the occupancy of all three potential glycosylation sites in each of the four 
decorin preparations. Tryptic decorin peptides, in combination with PNGase F treatment were 
used for this purpose. Our data suggest that all three glycosylation sites are variably occupied 
by N-Glycans in human lung decorin, but further experiments are needed in order to confirm 
this hypothesis. We did not find emphysema related changes with respect to glycosylation 
sites occupancy. 
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4.1 Introduction 
 
Decorin is a ubiquitous component of the extracellular matrix of many tissues. It may 
contribute to development of COPD since we previously showed less decorin and biglycan 
staining in lung tissue of emphysema patients, and less decorin production by fibroblasts of 
emphysema patients compared with healthy controls [1-3]. Moreover, we showed that decorin 
production by fibroblasts was more strongly inhibited by TGF-beta [4]. The protein core of 
decorin is divided into several distinct structural domains, comprising: 1) a 16 amino acid 
signal sequence that targets the protein to the rough endoplasmic reticulum; 2) a 14 amino 
acid propeptide with an as yet undetermined function; 3) a glycosaminoglycan (GAG) 
acceptor region, containing a serine substituted with a chondroitin/dermatan sulfate (CS/DS) 
chain; 4) a hyper-variable cystein globular domain; 5) a leucine-rich repeat (LRR) domain 
composed of 12 regions containing towards the C-terminus three N-linked oligosaccharide 
attachment sites (Asn211, Asn262, and Asn303), and 6) a carboxy-terminal globular domain. The 
mature protein core is devoid of signal and propeptide domains. A schematic representation of 
decorin core protein domains is depicted in Fig. 1. LRR motifs with leucines in conserved 
positions are found in other proteoglycans like biglycan, fibromodulin and lumican. The 
highest structural homology exists between decorin and biglycan. Biglycan consists of a 
protein core of 368 amino acids [5], which, similar to decorin, may be post-translationally 
modified with CS/DS glycosaminoglycan chains (at Ser42 and Ser47), and N-linked 
oligosaccharides (at Asn270 and Asn311). Because of their high structural similarities, decorin 
and biglycan are usually studied together, and structural features revealed in one protein may 
be indicators of the same characteristics in the other one. 
 

 
 
Fig. 1. Schematic representation of different domains present on the decorin protein core. 
 

Several glycoforms of both decorin and biglycan have been isolated from tissues and 
cell extracts. Human recombinant glycoforms of decorin and biglycan were studied by 
transient eukaryotic expression using the vaccinia virus/T7 bacteriophage expression system 
in conjunction with a polyhistidine fusion vector [6,7]. This expression system is capable of 
the complex post-translational modifications of the two proteoglycans, including correct 
glycosylation and folding of the protein cores. Both decorin and biglycan are expressed as 
two forms: a proteoglycan form and a core protein devoid of the glycosaminoglycan chain(s). 
In addition, decorin core protein is differentially substituted with N-linked oligosaccharides 
with two or three sites being utilized. Quantitation of the recombinant decorin indicates that 
up to 30-40 mg of decorin / 109 cells were secreted per 24 h, about 75% as a proteoglycan 
form and the reminder as core glycoprotein [6]. 

Aberrant glycosaminoglycan substitution of decorin and biglycan has been found in 
patients belonging to a group of connective tissue disorders collected together under the 
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umbrella term of Ehlers-Danlos syndrome [8-10]. The abnormal GAG chain substitutions 
likely result from reduced endogenous xylosyltransferase activity [8,11]. It has been observed 
that non-proteoglycan forms of decorin and biglycan increase with age in human articular 
cartilage [12]. For biglycan the change in abundance of the non-proteoglycan form is also 
accompanied by a change in structure, as the young juvenile specimens exhibited a single 
non-proteoglycan protein core, whereas the adult also had an additional smaller component 
[13,14]. In contrast with biglycan, only one form of the protein core, differentially substituted 
with N-linked glycans, has been observed for decorin [6,13,15].  

N-linked glycosylation of proteins plays important roles in several physiological and 
biochemical processes including stability, solubility, biological activity, and in vivo clearance 
rate [16]. N-glycosylation of proteins occurs on the Asn-X-Ser/Thr sequence, the final 
oligosaccharide structure being both species- and tissue-specific. N-glycosylated proteins may 
exhibit both macroheterogeneity (variable occupancy of glycosylation sites) and 
microheterogeneity (variable degree of trimming and elongation of the glycan attached to one 
glycosylation site). It is estimated that 10-30% of glycosylation sites in glycoproteins remain 
unoccupied [17]. Hence each glycosylation site may exhibit variable occupancy, in that a site 
may be fully occupied, partially occupied or totally unoccupied [18]. In proteins with multiple 
glycosylation sites, glycosylation on one site may hinder occupancy and/or processing of 
glycosylation at the other glycosylation sites(s) [19]. In congenital disorders of glycosylation 
(CDG), deficiency in both macro- and micro-heterogeneity of transferrin is implicated in 
disease pathology and the degree of N-glycosylation site occupancy (incomplete occupancy) 
correlates with the severity of the disease [20]. In several other diseases like cancer [21], 
inflammatory bowel disease [22], or chronic and acute inflammation [23], alteration of N-
glycans has been reported. These findings underline the importance of investigating decorin 
N-glycosylation in chronic inflammation during emphysema development and progression 
[1,2]. 

For understanding carbohydrate-protein interactions at a molecular level it is thus 
indispensable not only to identify the structures of the carbohydrate moieties, but also to 
determine to which of the Asn-X-Ser/Thr sequons they are attached, i.e. which of the 
potential N-glycosylation sites are in fact used. Several recent reports [24-26] have 
established that mass spectrometric techniques such as matrix-assisted laser 
desorption/ionization-time of flight (MALDI-TOF) or electrospray ionization (ESI) mass 
spectrometry with or without preceding HPLC and in combination with PNGase F treatment 
are suited to analyze whether consensus sequences for N-glycosylation are glycosylated or 
not. 

We purified decorin protein core with the attached N-linked glycans, but devoid of the 
glycosaminoglycan chains from the upper and lower lobes of a healthy control human lung 
and two similar locations of an emphysematous lung. The purification was performed 
according to the method described in Chapter 3 [27]. Upon SDS-PAGE and Western blot 
analysis, the four batches of purified decorin could be divided into two subpopulations: a 
broad band form found in three of the preparations (both locations of the emphysematous lung 
and the lower lobe of the control lung) and a sharper band found only in the upper lobe of the 
control lung. MALDI-TOF-MS analysis of glycosylated decorin protein cores from all four 
batches revealed that the broad band consists of a higher molecular weight abundant 
component and a lower molecular weight less abundant one, and that the sharp band contains 
only the higher molecular weight component. Decorin protein core visible on SDS-PAGE as a 
broad band is the most common form reported in the literature [6,13,28] and it has been 
shown that enzymatic treatment with PNGase F further resolved this preparation into one 
sharp band of lower molecular weight, when analyzed by SDS-PAGE. These experiments 
suggest that decorin protein core could have two or three glycosylation sites occupied by N-
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glycans. In the present work, using MALDI-TOF-MS and LC-MS/MS, we investigated the 
occupancy of glycosylation sites in all four batches of purified decorin, with the goal of 
presenting a more detailed view regarding N-glycosylation site occupancy of human lung 
decorin. Our results indicate variable glycosylation site occupancy at all three glycosylation 
sites in human lung decorin. No emphysema related changes with respect to glycosylation 
sites occupancy were found. 
 
4.2 Materials and methods 
 
4.2.1 Materials 
 
Decorin core protein was purified from human lung tissue using the chromatographic method 
described in Chapter 3 [27]. In the present study we investigated the occupancy of 
glycosylation sites of decorin protein core purified from two different areas (upper and lower 
lobes) of one healthy control and one emphysematous human lung. Human lung tissue was 
obtained from the Department of Pathology of the University Medical Center Groningen 
based on protocols approved by the medical ethics committee. The classification as normal or 
emphysematous lung tissue was made based on histological examination of tissue performed 
by a pulmonary pathologist (WT). The control lung presented only mild changes related to 
smoking, with limited airspace enlargement and some goblet cell hyperplasia in the airways. 
No major pathology was present.  

The enzymatic in-solution N-deglycosylation kit containing Peptide N-Glycosidase F 
(PNGase F) from Chryseobacterium (Flavobacterium) meningosepticum was purchased from 
Sigma-Aldrich Inc. (St. Louis, MO, USA). All common laboratory reagents were obtained 
from Merck (Darmstadt, Germany). SDS-PAGE and Western blot analysis, as well as the 
chondroitinase ABC digestion were performed as described in Chapter 3 [22]. The 
monoclonal antibody 6D6 directed against bovine decorin core protein was kindly provided 
by Prof. Dr. P.G. Scott (Department of Biochemistry, University of Alberta, Edmonton, 
Canada). The epitope recognized by this monoclonal antibody has been previously described 
[29,30]. This antibody cross-reacts with decorin from most mammalian species and 
consequently was used for following the purification of decorin from human lung tissue by 
immunoblotting. 
 
4.2.2 “In solution” tryptic digestion 
 
Approximately 20 µg purified decorin were reconstituted in 60 µL of 100 mM ammonium 
bicarbonate, reduced with 1,4-dithiothreitol (ratio 1:100, w/w) for 30 min at 56 °C and 
alkylated with iodoacetamide (ratio 1:200, w/w) for 30 min in the dark. The resulting decorin 
solution was brought to 250 µL with 100 mM ammonium bicarbonate and desalted using a 
1 ml PD-10 column. The sample was collected in 350 µL of 25 mM ammonium bicarbonate 
buffer, pH 7.5 and digested with trypsin (ratio 1:20, w/w) overnight, at 37 °C. Half of the 
sample was kept as such for MALDI-TOF-MS analysis and the other half was further 
subjected to PNGase F digestion. 
 
4.2.3 PNGase F digestion 
 
N-linked oligosaccharides attached to the intact decorin core protein or to tryptic decorin 
peptides were enzymatically removed using PNGase F. Following tryptic digestion of the 
protein core, 175 µL tryptic digest were incubated with 0.5 µL of PNGase F stock solution (5 
units/µL) overnight, at 37°C using an Eppendorf Thermomixer. In order to deglycosylate the 
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intact protein core, we used a procedure adapted from Barroso et al. [31], which was in brief: 
20 µg of decorin core protein reconstituted in 35 µL of 1 mg/ml N-octylglucoside, pH 7.5, 
were boiled at 100°C for 2 min, cooled at room temperature and further incubated with 0.5 µL 
of PNGase F stock solution for 48 h, at 37°C.  The PNGase F digests were subjected to 
MALDI-TOF-MS analysis in order to study the occupancy of the glycosylation sites.  
 
4.2.4 Matrix-Assisted Laser Desorption Ionisation-Time of Flight-Mass Spectrometry 
(MALDI-TOF-MS) 
 
MALDI-TOF-MS analysis was performed in the positive ionization mode using a Voyager 
DE Pro instrument (Applied Biosystems, Framingham, MA, USA). Peptide Mass Fingerprint 
(PMF) spectra were acquired in reflectron mode with delayed extraction. For the peptide 
preparations mono-isotopic molecular masses were measured using either a two point external 
calibration (singly charged BSA tryptic fragments with molecular masses of 927.49 Da and 
2045.03 Da) or a two point internal calibration (singly charged trypsin autodigestion peaks 
with molecular masses of 842.51 Da and 2211.10 Da). For the intact protein core preparations 
spectra were acquired in linear mode with delayed extraction using a two point external 
calibration with an intact BSA preparation (m/z of 66431 Da and 33216 Da for the singly and 
doubly charged ions, respectively).  α-Cyano-4-hydroxycinnamic acid (CHCA) and sinapinic 
acid (SA) were used for the analysis of peptides and intact decorin, respectively. 
Approximately 95 pmol intact decorin protein core (7 µL sample) were concentrated using C8 
Stage tips (Proxeon, Odense, DK), according to the manufacturer’s instructions. In the same 
way 5 µL of the decorin peptide preparation were treated using C18 Stage tips. Finally, the 
samples were eluted with 1 µL of a 5 mg/ml CHCA or 5 mg/ml SA in 50% ACN containing 
0.1% TFA and directly spotted on a stainless steel MALDI target. 
 
4.2.5 Liquid Chromatography - Mass Spectrometry (LC-MS) 
 
Tryptic decorin peptides before and after PNGase F treatment were also analyzed by LC-
MS/MS using a nanoLC-ESI-MS-MS system (Agilent, Waldbronn, Germany) and a Q-Star 
XL API mass spectrometer (Applied Biosystems, MDS Sciex, Framingham, USA). For both 
systems eluent A consisted of 0.1% formic acid (FA) in ultrapure water and eluent B from 
0.1% FA in acetonitrile. 

The nano-LC-MS system was equipped with a microfluidics (chip-cube) interface 
(cat. No. G4240A) including a chip (cat. No. G4240-62001) with a 40 nL trap column (75 µm 
x 11 mm) and a 75 µm x 43 mm analytical column both containing C-18SB-ZX 5 µm 
chromatographic material. The interface contains a nanoelectrospray tip (2 mm length with 
conical shape: 100 µm od x 8 µm id) and was coupled online to an MSD-Trap-SL IT mass 
spectrometer. The interface was connected to an Agilent 1100 series HPLC system containing 
the following modules: nanopump, capillary pump and solvent degasser. Two µL tryptic 
decorin digest were injected and washed in the back flush mode for 4 min (0.1% aq. FA, 2 
µL/min) and then the trapping column was switched inline with the analytical column. The 
flow rate was set to 0.3 µL/min. after elution for 6 min with eluant A, a linear gradient from 0 
to 50% eluent B at 0.5%/min followed by a gradient from 50 to 70% at 1%/min of eluent B 
was run. Eluent B (70%) was maintained for 10 min. after each injection the inline trap and 
the analytical column were equilibrated with eluent A for 20 min at 2 and 0.3 µL/min, 
respectively. The ESI source was operated in positive mode. MS data were acquired over a 
scan range of 50-1500 a.m.u. After the LC-MS/MS analyses were performed, from the 
resulted files we generated Mascot Generic Files (MGF) using the Voyager DE Pro software. 
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MGF files were submitted to the Mascot Sequence Query of the SwissProt/Trembl (version 
48.6) database, with the taxonomy restricted to Homo sapiens. The following search criteria 
were used: peptide mass tolerance of ± 1.0 Da, carbamidomethyl (C) as fixed modification 
and oxidation of methionine as variable modification. Results were retrieved as list of 
peptides (queries) matching the protein sequences from the database. 

The Q-Star mass spectrometer was equipped with a nano-LC sprayer and operated 
under Analyst QS 1.1 control. Injected samples (10 µL tryptic decorin digest) were first 
trapped and desalted isocratically on an LC-Packings C18 µ-Precolumn cartridge (300 µm i.d. 
x 1 mm, PepMap C18, 5 µm, Dionex, Sunnyvale, CA, USA) for 5 min with 0.1% FA 
delivered by the auxiliary pump at 10 µL/min after which the peptides were eluted from the 
trap column and separated on an analytical C18 capillary column (75 µm i.d. x 15 cm, 
PepMap C18, 3 µm, 100 Å, Dionex, Sunnyvale, CA, USA) connected in-line to the mass 
spectrometer, at 200 nL/min using an increasing gradient of eluent B (2-50% in 50 min). The 
mass spectrometer was operated in information-dependent acquisition (IDA) mode. In MS 
mode, ions were screened from m/z 300 to 2500. In IDA mode, the three most intense peaks 
were selected and MS/MS spectra acquired when their intensities exceeded 50 counts. The 
selected peaks were excluded after 60s. 
 
4.3 Results 
 
4.3.1 SDS-PAGE and Western blot analysis 
 
Decorin core protein was purified from the upper and lower lobes of a healthy control human 
lung and two similar locations of an emphysematous lung, based on the purification method 
described in Chapter 3 [22]. Final purification yields of the four batches of human lung 
decorin were as follows: 173 µg for the upper control lobe; 290 µg for the lower control lobe; 
450 µg for the upper emphysematous lobe; 350 µg for the lower emphysematous lobe. In all 
cases 25 g lung tissue were used as starting material for purifying decorin. In order to quantify 
the amount of purified decorin we used the same calibration graph described in Chapter 3. 
The calibration graph was prepared by HPLC using bovine decorin previously digested with 
Chondroitinase ABC (for further details see Chapter 3, section 3.1).  
 

 
 
Fig. 2. SDS-PAGE (a) and the corresponding Western blot (b) analysis of decorin core protein 
purified according to [22]. Lane 1: decorin prepared from control upper lobe; lane 3: decorin prepared 
from control lower lobe; lane 5: decorin prepared from emphysematous lower lobe; lane 6: decorin 
prepared from emphysematous upper lobe; lane 2, 4, 7: prestained molecular weight marker. Gels 
were stained with Coomassie® Brilliant Blue R concentrate (Sigma). 
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The four batches of purified decorin core protein with the attached N-linked glycans, 
but devoid of the glycosaminoglycan chain, were subjected to SDS-PAGE analysis under 
reducing conditions. The electrophoretic system and the working solutions/conditions were 
described in Chapter 3. Fig. 2a) presents the SDS-PAGE analysis of all four batches of human 
lung decorin. These bands were recognized by the 6D6 anti-decorin antibody upon Western 
blotting (Fig 2 b). Three of the preparations (obtained from both upper and lower lobe of the 
emphysematous lung and the lower lobe of the control lung) presented a broad band with a 
molecular weight of slightly less than 50 kDa. This molecular weight is consistent with 
literature data and corresponds to the N-glycosylated decorin core protein [6,13,28,32]. 
However, in the forth preparation obtained from the upper control lobe (Fig. 2a, lane 1) a 
sharper band was observed, overlapping with the upper part of the band observed for the other 
three preparations. The degree of purity obtained for decorin core protein preparations 
differed from batch to batch, as could be seen especially by Western blot analysis (Fig 2b). 
While in the upper control lobe preparation only the band corresponding to decorin core 
protein was visible in both SDS-PAGE and Western blot analysis (Fig. 2a-b, lane 1), in the 
other three preparations additional bands were observed. These bands were recognized by the 
6D6 antibody indicating that they are decorin-related. Bands situated at a molecular weight 
higher than the major decorin protein core band are most probably derived from the 
proteoglycan form of decorin (due to incomplete Chondroitinase ABC digestion). Bands 
situated lower than the major decorin protein core band may be degradation products of 
decorin.  
 
4.3.2 MALDI-TOF-MS analysis of the intact protein cores with and without N-glycans  
 
In order to investigate the differences between the two decorin glycoforms (broad versus 
sharp band) observed by SDS-PAGE and Western blot analysis, we first acquired MALDI-
TOF-MS spectra of the purified decorin protein cores with the N-glycans attached. To 
examine whether these differences are due to differential N-glycosylation of the same protein 
core, decorin was treated with PNGase F and again analyzed by mass spectrometry. 

Fig. 3 and Fig. 4 present the spectra acquired from the control and emphysematous 
lung, respectively. Spectrum corresponding to decorin protein core purified from the upper 
control lobe prior to PNGase F digestion (Fig. 3a) displayed a main peak at m/z 42553 Da and 
its corresponding doubly charged ion at m/z 21413 Da. After treatment with PNGaseF, the 
main peak at 42553 Da was reduced to a sharper peak at m/z 34515 Da (Fig. 3b). The 
spectrum corresponding to the decorin protein core purified from the lower control lobe prior 
to PNGase F digestion (Fig. 3c) displayed a main peak at m/z 42696 Da and a minor peak at 
m/z 38852 Da. The peak at m/z 21564 Da is the doubly charged ion corresponding to the peak 
at m/z 42696 Da. After treatment with PNGaseF, this decorin preparation displayed two 
peaks, at m/z 37102 Da and 34683 Da.  

Decorin protein core purified from both locations of the emphysematous lung behaved 
similarly to decorin purified from the lower control lobe. Thus, a major peak at m/z 42472 
(and its corresponding doubly charged ion at m/z 21241) and a minor peak at m/z 40200 were 
visible in the spectra acquired from decorin purified from the upper emphysematous lobe 
(Fig. 4a), prior to PNGase F digestion. Following enzymatic treatment, the corresponding 
spectrum displayed two peaks, at m/z 37072 and m/z 34723 (Fig. 4b). Similarly, the spectrum 
acquired from decorin purified from the lower emphysematous lobe before treatment with 
PNGase F displayed a main peak at m/z 42460 (and its corresponding doubly charged ion at 
m/z 21176) and a minor peak at m/z 40323 (Fig. 4c). After treatment with PNGase F two 
peaks were visible in the corresponding spectrum, at m/z 37045 and m/z 34696 (Fig. 4d). 
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Fig. 3. MALDI-TOF mass spectra corresponding to the purified decorin core protein concentrated 
using C8 Stage tips. (a) Decorin core protein from upper control lobe prior (lane 1 in Fig. 2) and (b) 
after treatment with PNGase F; (c) decorin core protein from lower control lobe prior (lane 3 in Fig. 2) 
and (d) after treatment with PNGase F. 
 

Summing-up the results from Fig. 3 and Fig. 4, three of the decorin preparations 
presented a minor peak at m/z approximately 40200 and m/z 38850 in the spectra acquired 
prior to PNGase F treatment from the two emphysematous samples and the lower control 
sample, respectively. This peak was not present in the spectrum acquired from the upper 
control lobe sample. The preparations presenting the peak in their corresponding MALDI 
spectra showed broad bands upon SDS-PAGE analysis (Fig. 2a, lanes: 3, 5, 6), in contrast 
with the sharper band (Fig. 2a, lane 1) corresponding to the upper control lobe. It is thus likely 
that the appearance of broad bands is indicative of a mixture of two forms of decorin (major 
and minor, with the major component being of higher molecular weight). In particular, 
MALDI analyses indicate a small mass difference between the minor form of decorin from 
the lower control lobe (m/z 38850) when compared with the two emphysematous lung 
samples (m/z approximately 40200). 

Following PNGase F treatment, a peak of lower molecular weight is observed in all 
four preparations at m/z approximately 34700. An additional peak with m/z approximately 
37000 Da is present in the three preparations corresponding to the samples displaying the 
broad band on SDS-PAGE. The presence of the two peaks with a mass difference of 2300 Da 
in three of the preparations it is a puzzling result, as we expected that treatment with PNGase 
F will reduce both decorin forms to a single one, corresponding to the deglycosylated core 
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protein. The expected molecular weight of decorin when calculated based on its sequence is 
36326 Da. The 2300 Da difference does not correspond to the mass variation between the 
reported decorin protein core isoforms (see Table 3). Possible explanations for the presence of 
the peak at m/z approximately 3700 could be incomplete PNGase F digestion or proteolytic 
cleavage of decorin core protein. In order to confirm this observation, repetitions of the 
PNGase F digestions were performed for the three decorin preparations (lower control lobe, 
upper and lower emphysematous lobes) resulting in the same two peaks (at m/z 34700 and 
m/z 37000 Da) as before. Experiments with increased digestion time and/or an increased 
amount of PNGase F did not alter the results. However, despite the uncertainties related to the 
presence of the two peaks in the spectra acquired after PNGase F treatment, it is worth 
underlining the similarity between the MALDI spectra corresponding to the preparations 
derived from the broad band decorin form, before and after PNGase F treatment. This 
suggests that these forms are not due to an artefact of the purification process or an accidental 
external contamination.  
 

 
 
Fig. 4. MALDI-TOF mass spectra corresponding to the purified decorin core protein concentrated 
using C8 Stage tips. (a) Decorin core protein from upper emphysematous lobe prior (lane 6 in Fig. 2) 
and (b) after treatment with PNGase F; (c) decorin core protein from lower emphysematous lobe prior 
(lane 5 in Fig. 2) and (d) after treatment with PNGase F. 
 

An aliquot of decorin purified from the upper emphysematous lobe and treated with 
PNGase F was analyzed by SDS-PAGE (Fig. 5). Several bands in the range of 37-25 kDa 
were visible in this preparation. These bands were all recognized by the 6D6 anti-decorin 
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antibody upon Western blotting (data not shown). This analysis suggests that decorin protein 
core suffered proteolytic cleavage during PNGase F treatment in addition to deglycosylation. 
 

 
 
Fig. 5. SDS-PAGE analysis of purified decorin core protein from the upper emphysematous lobe. 
Lane 1: intact protein core; lane 2: decorin core protein digested with PNGase F; lane 3: prestained 
molecular weight marker.  
 
4.3.3 Analysis of the tryptic decorin (glyco)peptides 
 
MALDI-TOF-MS 
 
In order to investigate which asparagines on the four different preparations of purified decorin 
protein core were occupied by N-glycans, reduction and alkylation of the disulfide bridges 
was carried out, followed by proteolytic cleavage of decorin into glycopeptides carrying each 
a single glycosylation site.  
 

 
 
Fig. 6. Schematic representation of decorin core protein showing the localization of the three tryptic 
peptides (amino acid 207-232 (1), amino acid 250-272 (2), and amino acid 293-320 (3)) containing 
predicted N-linked glycosylation sites. 
 

Peptides derived after digestion with trypsin and with or without subsequent digestion 
with PNGase F were subjected to MALDI analysis. PNGase F cleaves asparagine N-linked 
oligosaccharides at the β-aspartylglycosylamine linkage, converting asparagine (N) into 
aspartic acid (D) thus increasing the mass of the remaining peptide by 1 Da. Conversion of 
asparagine into aspartic acid would therefore indicate that the sites were occupied by N-
glycans prior to PNGase F treatment. On the other hand, the presence of asparagine would 
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indicate that the N-glycosylation site was not occupied. The absence of the molecular ion 
corresponding to the peptide containing either N or D would indicate that glycan is still 
attached to the corresponding site due to incomplete PNGase F digestion. The expected N-
glycosylation sites in human lung decorin core protein are shown in Fig. 6. 
 

 
 
Fig. 7. Mass spectra (a), (b), and (c) represent the signals corresponding to the protonated tryptic 
decorin peptides (1), (2), and (3), respectively, after PNGase F treatment confirming conversion of 
asparagine (N) into aspartic acid (D). Peptides were prepared from decorin purified from the upper 
control lobe.  
 

Fig. 7a-c shows the MALDI spectra of the three tryptic decorin peptides treated with 
PNGase F, prepared from decorin purified from the upper control lobe. The corresponding 
sequences with the glycosylated asparagine residues highlighted are also shown. The 
molecular weights for all three investigated peptides showed that the asparagines were 
converted into aspartic acids, confirming that these sites were occupied by N-glycans prior to 
PNGase F treatment. Correspondingly, the MALDI spectra acquired from a decorin 
preparation digested only with trypsin showed no signals at these m/z values (data not 
shown). Similar MALDI spectra were obtained for decorin peptides prepared from the upper 
and lower emphysematous lobes, showing no signal at the expected m/z values prior to 
PNGase F treatment, while the conversion of asparagines to aspartic acids was observed for 
all three investigated peptides after PNGase F treatment (data not shown). However, for the 
peptides prepared from the lower control lobe, the results were different. For two peptides 
(m/z 2744.44 and m/z 2383.20) no signals were observed in the sample digested only with 
trypsin, but after further digestion with PNGase F the corresponding peptides incorporating 
aspartic acid were present. For the third peptide (m/z 3159.5), signals were observed in the 
sample treated only with trypsin (corresponding to the peptide containing an asparagine 
residue) as well as in the sample treated with both trypsin and PNGase F (corresponding to 
the peptide containing an aspartic acid residue). The corresponding spectra are shown in Fig. 
8 a-b. These results suggest that the glycosylation site at Asn303 is partially occupied by N-
glycans. The results show that all three glycosylation sites in decorin purified from two 
different locations in an emphysematous lung (upper and lower lobe) were occupied by N-
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glycans while decorin that was purified from the lower lobe of the healthy control lung had 
two glycosylation sites fully occupied and one site (at Asn303) only partially occupied. While 
the functional significance of this difference is unclear, our results indicate that there are 
different glycosylated forms of decorin in human lung.  
 

 
 
Fig. 8. Mass spectra represent the signals corresponding to one protonated tryptic decorin peptide (3) 
before (a) and after (b) PNGase F treatment. Before PNGase F treatment the peptide containing 
asparagine (N) is observed, corresponding to the non-glycosylated peptide. After PNGase F treatment 
the peptide containing aspartic acid (D) is observed, which is derived from the originally glycosylated 
peptide. Peptides were prepared from decorin purified from the lower control lobe. 
 
LC-MS/MS 
 
Tryptic decorin peptides derived from all four locations were subjected to nanoLC-MS/MS 
analysis before and after PNGase F treatment using a microfluidics-based chipLC system. 
Decorin precursor (accession number NBHUC8 in SwissProt/Trembl (version 48.6)) was 
unambiguously identified as the first hit in both cases (see Tables 1 and 2) and PNGase F 
(accession number PNFMGF in SwissProt/Trembl (version 48.6)) was the second hit in case 
of PNGase F digestion. For decorin derived from three lung locations (upper control lobe, 
upper and lower emphysematous lobes) the expected glycopeptides were not detected in the 
samples treated only with trypsin due to their high molecular weight, which exceeded the m/z 
range of the ion trap mass spectrometer but their non-glycosylated counterparts were detected 
in the samples treated with trypsin and PNGase F for peptides with calculated masses of 
2382.23 Da or 2743.44 Da, which were present as triply charged ions. The third peptide 
containing Asn303 with a theoretical mass of 3158.53 Da was not detected in any of the 
samples. Possible explanations could be lower ionization efficiency for this peptide or strong 
binding to the chromatographic resin which prevented the elution of the peptide from the 
HPLC column. Table 1a-b lists the identified peptides retrieved from the Mascot search for 
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decorin purified from the upper control lobe before (a) and after (b) PNGase F treatment. 
Peptides incorporating glycosylation sites are enclosed in a black frame in section b). These 
results suggest that the corresponding glycosylation sites exist only in their glycosylated form 
in these locations. However, in the forth decorin preparation (lower lobe, healthy control 
lung) the glycosylation site at Asn262 (2383.2 Da) was present in its occupied and non-
occupied form (Table 2a-b, peptides enclosed in black rectangles).  
 

 
 
Table 1. List of identified peptides retrieved from a Mascot search of MS/MS data for decorin purified 
from the upper control lobe, after trypsin digestion (a) and after combined treatment with trypsin and 
PNGase F (b). The black rectangle encloses the peptides containing predicted glycosylation sites. The 
results shown in Table 1 are also illustrative for decorin isolated from the upper and lower 
emphysematous lobes. 
 

In order to gain further insight into the peptide containing Asn303 from decorin 
purified from the lower lobe of the control lung, the tryptic peptide mixtures obtained before 
and after PNGase F treatment were analyzed by nanoLC-MS/MS on quadrupole-time-of-
flight mass spectrometer (Q-Star XL). This analysis showed that two glycosylation sites 
(tryptic peptide 207-232 and 293-320) are partially occupied. Fig. 9 shows the MS/MS 
spectrum of the peptide with molecular weight (MW) 2744.45 Da containing Asn210. 

In summary, the combined results from MALDI-TOF and LC-MS/MS indicate that in 
decorin purified from the lower control lobe, all three glycosylation sites are partially 

a) 

b) 
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glycosylated. Our results provide evidence that variable glycosylation sites occupancy occurs 
in human lung decorin. 
 

 
 
Table 2. List of identified peptides retrieved from a Mascot search of MS/MS data for decorin purified 
from the lower control lobe, after trypsin treatment (a) and after combined treatment with trypsin and 
PNGase F (b). The black rectangle encloses the peptides containing predicted glycosylation sites. 
 
4.4 Discussion 
 
Decorin and biglycan share considerable structural similarity. Their protein cores are subject 
to a number of post-translation modifications. Various isoforms of the two proteoglycans 
have been reported in the literature, differing in the number of glycosaminoglycan (GAG) 
chains [33,34], their length and degree of substitution with iduronic acid [14], as well as in the 
size of the protein cores [14] or in the number of sites substituted with N-glycans [15,35]. 
Both decorin and biglycan exist also as non-proteoglycan forms, lacking the GAG chains 
[6,7,13]. These forms become more abundant with increasing age [13]. It is likely that many 
of the observed modifications have functional consequences, for example, in relation to lung 
tissue architecture in health and disease. 
 

a) 

b) 
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Fig. 9. MS/MS spectrum of the peptide fragment with m/z 915.8 
(IADTNITSIPQGLPPSLTELHLDGNK, triply charged), acquired from decorin purified from the 
lower control lobe treated with trypsin and PNGase F. 
 

The protein core of decorin has three asparagines which can be substituted with N-
linked oligosaccharides (see Fig. 6), two of which (Asn262, and Asn303) are conserved in 
biglycan [36]. Variable degrees of N-linked oligosaccharide substitution have been reported 
for decorin, with two or three sites utilized [15,35] but detailed investigations to establish 
which site is occupied or not were not performed so far, especially for decorin obtained from 
natural sources. 

Using the vaccinia virus/T7 bacteriophage expression system, Ramamurthy et al found 
two classes of recombinant decorin expressed in HT-1080 cells: a proteoglycan form and a 
protein core form [6]. After chondroitinase ABC treatment, the proteoglycan form was 
converted to the protein core form, which was shown to consist of two components (~49 kDa 
and ~53 kDa). PNGase F treatment resolved this macroheterogeneity into a single band of 43 
kDa, when analyzed by SDS-PAGE. Similar forms, consisting of a doublet of bands, have 
been observed when decorin was isolated from other mammalian tissues [6,13,28]. The 
obvious conclusion emerging from these experiments is that the two forms of decorin protein 
core differ in the extent of N-linked oligosaccharide substitution, likely due to incomplete 
glycosylation at the three predicted N-glycosylation sites. Based on these earlier findings, we 
studied the occupancy of the glycosylation sites in decorin purified from different regions of 
one healthy and one emphysematous human lung, since we have earlier shown that 
diminished immunohistochemical staining of decorin is present in lung tissue from patients 
with severe emphysema [1]. Moreover, decorin production by lung fibroblasts of patients with 
severe emphysema is dysregulated after modulation with cytokines known to be important in 
smoking associated inflammation [2]. Our strategy for decorin purification was based on the 
capacity of the highly negatively charged GAG chain to bind strongly to an anion exchange 
resin [6] combined with chondroitinase ABC treatment and a final step of reversed-phase 
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HPLC [22]. Therefore, the batches of purified decorin contained only the N-glycosylated 
protein cores. 

Three out of four decorin batches that were purified displayed on SDS-PAGE a broad 
band consisting of the expected two components while the fourth one (upper lobe of the 
control lung) showed only the upper one of the two components. The upper component of the 
broad band was more abundant than the lower one in all preparations.  

After treatment with PNGase F, the decorin form purified from the upper control lobe, 
having a molecular weight of 42,553 Da, was resolved into a lower molecular weight form of 
34,515 Da (Fig. 3a-b). The mass difference between the two forms (before and after PNGase 
F treatment) is approximately 8 kDa and corresponds to the reported electrophoretic shift 
upon SDS-PAGE analysis. The MALDI-TOF-MS spectra of the other three decorin 
preparations appearing as broad SDS-PAGE bands displayed two peaks in the MALDI 
spectra acquired after digestion with PNGase F. As the peaks with approximately 42,500 Da 
and 34,500 Da were assigned to the higher molecular weight decorin component before and 
after PNGase F treatment, respectively, it is logical to assume that the peaks with 
approximately 38,800 Da (40,200 Da for samples derived from emphysematous tissue) and 
37,000Da correspond to the lower molecular weight decorin component before and after 
PNGase F, respectively. Considering earlier literature reports regarding the conversion of 
decorin protein core forms to a single band after PNGase F treatment, we expected to observe 
the same behaviour for all four preparations, namely the conversion to a form with molecular 
weight of 34,500 Da after PNGase F treatment. Further analyses are needed to interpret the 
presence of the peaks at 37,000 Da. Similar results were obtained with increased amounts of 
PNGase F and digestion time. One possible explanation could be that the lower molecular 
weight form of decorin core protein undergoes proteolytic cleavage during digestion with 
PNGase F, as the denaturing SDS-PAGE analysis of the PNGase F digest revealed multiple 
decorin peptides (Fig. 5). Intriguingly, these peptides were not visible by MALDI-TOF-MS 
analysis. This observation could be related to potential aggregation of the corresponding 
peptides triggered by decorin-decorin interactions promoted after removal of N-linked 
glycans from the protein core. It has been previously shown that removal of decorin N-linked 
glycans promotes self aggregation of the protein core [37] and that decorin is a dimmer in 
solution [38]. Despite these experiments, we cannot exclude the possibility of incomplete 
PNGase F digestion. One possible way to elucidate the question related to incomplete 
PNGase F digestion is to further digest the deglycosylated protein cores with trypsin and to 
subject them to MALDI-TOF analysis for investigating the occupancy of glycosylation sites. 
The presence of glycans still attached to the corresponding peptides would indicate 
incomplete PNGase F digestion. 

Another possible explanation of the above discussed results may be the existence of 
two forms of decorin protein cores, which we cannot totally exclude. Smaller protein cores 
may exist as a result of proteolytic degradation or alternative splicing. Both biglycan and 
decorin genes are composed of eight distinct exons, and the latter has two alternatively 
spliced leader exons (1a and 1b) that encode a 5' untranslated region [39]. A high degree of 
conservation suggests a regulatory function for these exons, but the function is not known. 
Isoforms of biglycan, having a smaller core protein, have been reported in articular cartilage 
[13] as well as in human lung fibroblasts [14]. Truncated forms of decorin, missing the 
carboxyl-terminal portion were identified in skin [40] and umbilical cord blood vessels [41]. 
Splice variants of decorin have been identified at the mRNA level, which translate into at 
least five distinct isoforms (accession numbers in the Swiss-Prot/TrEMBL database: P07585 
(isoform A); P07585-2 (isoform B); P07585-3 (isoform C); P07585-4 (isoform D); P07585-5 
(isoform E)). The length of the processed precursors (devoid of signal (amino acid 1-16) and 
propeptide (amino acid 17-30) domains) together with the expected molecular weights 
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corresponding to all five isoforms are presented in Table 3. The alignment of these isoforms is 
presented in Fig. 10. However, none of these isoforms matches the mass difference observed 
in our MALDI spectra. 
 
Table 3. Distinct isoforms of decorin. The length of the processed precursors (devoid of signal (amino 
acid 1-16) and propeptide (amino acid 17-30) domains) together with the expected average molecular 
weights are given for each individual isoform from the Swiss-Prot/TrEMBL database. 
 

Protein accession number 
 

Length of the 
Processed precursor 

 

Calculated 
Molecular Weight 

(average) 
P07585 329 aa 36326.65 Da 

P07585-2 220 aa 23932.84 Da 
P07585-3 182 aa 19857.19 Da 
P07585-4 142 aa 15822.64 Da 
P07585-5 45 aa 4845.23 Da 

 
 

 
 
Fig. 10. Alignment of decorin isoforms performed with the Clustal W XXL alignment tool available 
via Swiss-Prot/TrEMBL database. Unprocessed precursors (including signal and propeptide domains) 
are aligned. The dashed lines annotate missing amino acids in the corresponding isoforms, as 
compared to isoform A (P07585). Star symbols annotate the amino acids which are present in all five 
isoforms. 
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Despite the uncertainties related to the presence of the peaks at 37,000 Da, it is worth 
underlining the similarity between the MALDI spectra corresponding to the preparations 
derived from the broad band decorin form, before and after PNGase F treatment. This 
suggests that these forms are not due to an artefact of the purification process or an accidental 
external contamination. MALDI spectra acquired from the intact protein cores evidenced also 
some subtle differences regarding the molecular weight of the low intensity peak (38,800 Da 
versus 40,200 Da) from the lower control lobe when compared with the forms derived from 
the emphysematous lobes. Further investigations need to be performed in order to establish 
the basis of these structural differences.  

We did not find any evidence to support the existence of two protein cores. Based on 
the similarity between the broad band decorin preparation we purified and the forms 
described so far in the literature, for which there has only been one form of the protein core 
reported, we favour the hypothesis that our preparations consist also of a single form of the 
protein core that is differentially substituted with N-linked glycans.  

Different molecules of the same protein could differ with respect to the number of 
sites occupied by N-glycans [16,18,42], hence each site may be fully occupied, partially 
occupied or totally unoccupied [18]. This variation in occupancy of glycosylation sites is 
referred to as macroheterogeneity or variable site occupancy and is a function of site 
availability, enzyme kinetics, and substrate concentration in the endoplasmic reticulum. 
Another variation associated with N-linked glycosylation is microheterogeneity, in which the 
structure of the oligosaccharide attached to each glycosylation site may vary between a 
complex type to a high-mannose type [42]. In proteins with multiple glycosylation sites, 
glycosylation on one site may hinder occupancy and/or processing of glycosylation at the 
other glycosylation sites(s) [19]. In particular, folding of the protein involving the formation 
of disulfide bridges hinder glycosylation [43]. 

A prerequisite for the occurrence of N-glycosylation is that asparagine (N) is in a 
consensus sequence (NXS/T), where X represents any amino acid except proline. Although 
this consensus sequence occurs frequently in proteins, it does not necessarily indicate the 
actual presence of an N-glycosydic linkage, most probably due to conformational factors [44]. 
In human decorin, the consensus sequence occurs at three different positions, located on the 
following three tryptic decorin peptides: 207–232 (2743.44 Da), 250–272 (2382.23 Da), and 
293–320 (3158.53 Da), respectively (see Fig. 6). PNGase F cleaves asparagine N-linked 
oligosaccharides at the β-aspartylglycosylamine bond, converting asparagine into aspartic 
acid and producing a +1 Da shift in molecular mass, which can be resolved by MALDI-TOF 
mass spectrometry [25,45]. MALDI-TOF-MS analysis of proteolytic peptides from 
glycoproteins, carried out with and without PNGase F deglycosylation represents an efficient 
approach to identify utilized N-glycosylation sites [25,45]. In order to establish which 
asparagines are occupied by N-glycans, we compared peptides derived from decorin after 
digestion with trypsin and after combined digestion with trypsin and PNGase F. The presence 
of asparagine in a tryptic decorin peptide digested with PNGase F indicates that the 
corresponding glycosylation site was not occupied by N-glycans prior to PNGase F treatment, 
while the presence of aspartic acid indicates that the site was glycosylated. The absence of a 
signal at the expected m/z values in the spectra from the samples treated with both trypsin and 
PNGase F would indicate that the glycan was still attached to the corresponding site, and that 
PNGase F digestion was incomplete. In the case of a partially occupied site, both peptides 
with no mass change (incorporating asparagine) and peptides with a mass increase of 1 Da 
(incorporating aspartic acid) are observed [46]. Based on this principle we examined all 
possible decorin glycosylation sites in the fourth batches of purified decorin. 

Since the two components of decorin (major and minor) were not very well separated 
by SDS-PAGE (see Fig. 2), they were not analyzed individually. It was thus not possible to 
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specify which glycosylation site was occupied in which of the two forms. However, the 
assumption emerging from the literature showing that PNGase F treatment resolved both 
decorin components to a single band, was that the upper decorin component had all three 
glycosylation sites fully occupied, while in the lower one only two out of the three sites were 
occupied. This means that two sites existed only as occupied in both lower and upper 
components, since the third site was non-occupied in the lower component and occupied in 
the upper one. Therefore, if we take into account this particular situation, after treatment with 
trypsin of the broad band preparations, one should be able to observe only the signal 
corresponding to the one peptide incorporating asparagine (derived from the non-occupied 
site in the lower component), while the peptides incorporating the other glycosylation sites 
would have the glycans still attached. After further treatment with PNGaseF, the two sites 
existing only as occupied in both decorin forms would display the signal corresponding to the 
peptides incorporating aspartic acid, while for the third site, the peptide derived from the 
higher molecular weight component would have incorporated aspartic acid and the one 
derived from the lower molecular weight component, asparagine. Therefore, even when 
analyzing the two bands together, in the described situation, it should be possible to determine 
which glycosylation site was non-occupied in the lower band. Unfortunately, our MALDI 
data were not consistent for all three decorin preparations containing the doublet of bands. 
Despite detecting one non-occupied site in the sample from the lower control lobe, in the 
samples from emphysematous tissue the corresponding signals were not detected. 

We obtained more detailed information from the LC-MS/MS as compared to MALDI 
data with respect to the number of non-occupied glycosylation sites. These differences may be 
due to the fact that only a small amount of DCN molecules possess non-occupied 
glycosylation sites, and these are revealed rather by LC-MS, which is a more sensitive 
technique as compare to MALDI. 

The combined results from MALDI-TOF and LC-MS/MS indicate that all three 
glycosylation sites were variably occupied (occupied and non-occupied) in decorin purified 
from the lower control lobe. Although we were not able to show the same heterogeneity in 
glycosylation site occupancy for decorin purified from the other three locations, this does not 
necessary mean that this heterogeneity does not exist. More experiments need to be performed 
in order to confirm our hypothesis that all glycosylation sites in human lung decorin are 
variably occupied by N-glycans. For biglycan it has been shown that only one N-linked 
glycans is attached to one protein core molecule [47]. This suggests that only one of the two 
glycosylation sites is occupied at any given moment, indicating that variable occupancy of 
glycosylation sites occurs for biglycan. These two glycosylation sites of biglycan are 
conserved in decorin (Asn262, and Asn303). This observation, taken together with the high 
structural similarity between decorin and biglycan, supports our findings with regard to 
variable glycosylation site occupancy in human lung decorin. 

Our experiments emphasize that occupancy of glycosylation sites in human lung 
decorin is a very complex process, which extends beyond the differential substitution with N-
glycans (with two and three sites fully occupied) of the same protein core. This is further 
complicated by the variable occupancy of the glycosylation sites. It is possible that the two 
decorin glycoforms, with two and three glycosylation sites fully occupied, are the most 
abundant forms, but other glycoforms, with variable degree of N-glycan substitution exist as 
well, even in a lower abundance. Therefore, investigating the occupancy of glycosylation sites 
using a quantitative method will be helpful in elucidating this complex mechanism. In this 
direction the recently developed methods [20,46], specially designed for the study of variable 
N-glycosylation site occupancy in glycoproteins, could prove to be helpful. 
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