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Summary, general discussion, and future perspectives 
 
 
This chapter summarizes the overall results of the studies we performed and connect them 
with the goals of the thesis. A short outlook of the possible future research directions that can 
be followed for a more in depth study of decorin in relation to emphysema is also included.  
 
7.1 The requirement for decorin purification from human lung tissue 
 
In order to develop new and effective therapies for COPD it is necessary to understand the 
pathophysiological mechanisms underlying the disease and to establish the biochemical 
changes taking place at the molecular level. Decorin may play a role in emphysema 
development and progression 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 [1,2]. The implication of decorin in the 
pathophysiology of other ECM diseases strengthens our hypothesis about decorin as a 
candidate for revealing some of the pathways leading to emphysema. Two main purposes 
motivated us to purify decorin protein core from human lung tissue: the possibility of 
performing a structural comparison of native decorin purified from emphysematous versus 
control lungs, and the prospect to carry out in vitro studies using human lung decorin. 
Therefore, this thesis was mainly devoted to the development of analytical methods which 
would enable the purification of decorin and the characterization of its structural components: 
protein core, N-linked glycans, and GAG chain. The results are presented as a comparative 
study of decorin protein cores and the attached N-linked oligosaccharides purified from one 
control and one emphysematous human lung. Two similar locations (peripheral lower lobe 
and peripheral upper lobe) were chosen for each lung, and consequently four batches of 
decorin were purified from human lung tissue. A separate chapter was allocated to the 
investigation of GAG chain composition. 
 During the research performed in this thesis, some questions have emerged. While for 
some of them it was possible to provide the answers, others were more difficult to answer 
within the time frame allocated to the work herein described. Therefore, although we offered 
some possible explanations, more work is necessary in order to confirm our hypotheses. 
 
7.2 Summary and contributions made by this thesis 
 
Decorin purification method 
 
The exact composition and distribution of proteoglycans within lungs has not been fully 
established although the presence of members from all four proteoglycan classes has been 
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reported [1-3]. With respect to the leucine-rich repeat (LRR) PGs it has been shown by 
immunoblotting that lumican is the most abundant, while biglycan, decorin and fibromodulin 
are present in low amounts in adult human lungs [2]. Because decorin is not an abundant 
protein within lung tissue, our purification strategy required first an enrichment step followed 
by a minimum number of isolation steps, in order to increase the overall purification yield. 
The strategy that we developed (which is presented in Chapter 3) consisted of two anion 
exchange and one reversed phase chromatography steps. Anion exchange chromatography 
(AEC) has been routinely used for isolating proteoglycans, as they bind strongly to the AE 
resins due to the negative charges of GAG chains, contributed by sulfate and carboxylate 
groups. Enzymatic treatment of the proteoglycan pool with chondroitinase ABC selectively 
removed only GAGs belonging to the CS/DS class. Consequently, rechromatography of the 
digest on the same AE column resulted in the enrichment of the protein cores from this 
particular class of proteoglycans in the flow through fraction. Reversed phase 
chromatography has not been exploited for the purification of proteoglycans, while affinity 
chromatography using lectins was preferred as the last purification step [4]. The use of 
reversed phase chromatography has the advantage to provide resolution between decorin and 
other copurified proteins. It offers in this way the possibility to profile the proteoglycans from 
the CS/DS class and to gain more insight into the proteoglycan composition of lung tissue. 
This option of “proteoglycan profiling” is a promising line to be further investigated in 
relation to emphysema development. The chromatogram obtained from the C4 column 
enabled us to establish that decorin was the most abundant CS/DS proteoglycan in human 
lung tissue, while lumican, a KS proteoglycan, appeared as the most abundant leucine-reach 
repeat proteoglycan in an adult human lung extract [5], when analyzed by Western blot. 
 
Investigation of N-glycosylation 
 
This chromatographic method has been applied for decorin purification from two similar 
locations (peripheral lower lobe and peripheral upper lobe) of one control and one 
emphysematous lung. Following the purification of the four batches of decorin, SDS-PAGE 
analysis revealed a broad band (composed of a major and a minor component) in three of the 
preparations (lower control lobe, upper and lower emphysematous lobes), and a sharper band 
(consisting of the major component only) in the upper control lobe. Taken together with 
earlier literature reports concerning decorin structure, our data suggest that the two decorin 
components present in our preparations consist of a single form of the protein core that is 
differentially substituted with N-linked glycans. We experienced some difficulties during 
digestion with PNGase F and we suspect that decorin protein core suffered proteolytic 
cleavage in addition to deglycosylation. Consequently, further experiments are required in 
order to confirm the existence of only one protein core form of decorin in our preparations. 

For understanding carbohydrate-protein interactions at a molecular level it is 
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. Therefore, we studied the occupancy of 
glycosylation sites (Chapter 4) and the structural composition of the attached N-glycans 
(Chapter 5), using mass spectrometry in combination with enzymatic treatments (with 
trypsin and PNGase F). These investigations did not reveal any notable differences in decorin 
isolated from emphysematous lung tissue as compared with the control lung, with respect to 
N-glycosylation. Unexpectedly, we found differences between decorin purified from the two 
locations of the control lung, in terms of the presence of different decorin glycoforms. This 
observation leads to two main questions: 1) is the lower molecular weight form of decorin 
protein core more susceptible to proteolytic degradation within lungs, and 2) is decorin 
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heterogeneity an ordinary event within human lung tissue unrelated to emphysema 
development? In order to answer these questions further research needs to be performed 
including the purification and structural comparison of decorin (inter- and intra-individuals) 
from a larger number of lung tissue samples. Although no major pathology has been found 
during histological examination of the control lung tissue, it is difficult to rule out some 
potential disease-related causes as this was a transplantation donor lung without available 
medical records. 

MALDI spectra acquired from the intact protein cores evidenced also some subtle 
differences regarding the molecular weight of the minor component (38,800 Da versus 40,200 
Da) from the lower control lobe when compared with the corresponding peak derived from 
the emphysematous lobes. This observation is directly related to decorin heterogeneity within 
lung tissue and further investigation is needed with the aim of establishing the basis of these 
structural differences.  

Occupancy of glycosylation sites in human lung decorin is a very complex process, 
which extends beyond the differential substitution of the protein core with N-glycans. Our 
study of glycosylation calls attention to the variable glycosylation site occupancy at all three 
decorin 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 degrees of N-glycan substitution exist as well, albeit at lower abundance. Therefore, 
investigating the occupancy of glycosylation sites using a quantitative method will be helpful 
in elucidating this complex situation.  

In Chapter 5 we performed the profiling and partial structural characterization of the 
glycans attached to decorin purified from control and emphysematous lung tissue, with the 
goal of comparing N-glycan structures between emphysema and control as well as between 
the two locations of the control lung. The method was based on the enzymatic removal of N-
glycans (using PNGase F) followed by selective ethanol precipitation of the protein cores and 
further structural analysis of glycans using MALDI-PSD-TOF mass spectrometry. The 
presence of the same glycans in all four preparations was observed, suggesting that no 
modifications of glycans were induced as consequence of emphysema. Also the same glycan 
populations were identified in the upper and lower control lobes, indicating that the observed 
differences between the corresponding decorin forms were not a result of different types of 
attached N-glycans.  

While a number of questions remain to be answered, this is, to our knowledge, the first 
study to report detailed structural information of the N-glycans attached to decorin isolated 
from human tissue. 
 
Analysis of GAG-derived sulfated disaccharides 
 
In Chapter 6 we present the development of a method for the identification and quantitative 
determination of sulfated disaccharides derived from chondroitin/dermatan sulfate chains 
attached to proteoglycans. Following digestion with Chondroitinase ABC, the pool of 
disaccharides can be directly separated by liquid chromatography on a porous graphitized 
carbon column and identified by on-line electrospray mass spectrometry under negative 
ionization conditions. The method is quantitative and discriminates between 4- and 6- sulfated 
disaccharides without any derivatization. We applied the method to different types of 
biological samples obtained from patients suffering from chronic lung inflammation such as: 
lung tissue, bronchoalveolar lavage fluid, induced sputum and urine. This method opens the 
possibility to compare the relative amounts of 4- and 6- sulfated disaccharides in biological 
samples as well as to determine concentration variations, which may be associated with 
disease progression. Therefore, the method could be used in the future for detecting variations 
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in the concentration and sulfation pattern of different CS/DS during the progression of COPD 
and in other diseases involving chronic lung inflammation, such as, for example, bronchiolitis 
obliterans. 
 
7. 3 Future research directions 
 
Some possible future directions to follow-up the path opened by the methods we developed 
have been already suggested while discussing the overall results of this thesis. In parallel with 
those, other autonomous investigation themes could be followed and the continuous 
methodological advances would inevitably open new perspectives. 

By investigating the structure of human lung decorin we experienced at some point the 
difficulties emerging from exploring a partially uncharted territory, with respect to the 
problem of heterogeneity of decorin glycoforms within human lungs and to the variable 
occupancy of glycosylation sites. Therefore, some of the questions emerging from our studies 
will remain open until further research in these directions would confirm or infirm our 
hypotheses.  

One question which necessitates further confirmation is the variable glycosylation site 
occupancy in human lung decorin. Given its complexity, it requires to be investigated 
systematically, choosing appropriate control samples. The recent strategy developed by 
Nettleship et al [8], specially designed for investigating variable N-glycosylation site 
occupancy in glycoproteins, may prove useful for confirming the partially occupied sites in 
decorin. The method is based on the same approach we used, taking advantage of the 1 Da 
mass difference resulting from the conversion of asparagine into aspartic acid by PNGase F. 
In their method, digestion with trypsin or other suitable proteases is also employed to generate 
peptides. Subsequently, the glycopeptides are bound to a sulfoalkylbetaine-based zwitterion 
chromatography-hydrophilic interaction chromatography (ZIC-HILIC) resin and the non-
glycosylated peptides are washed away. Following elution, glycopeptides are treated with 
PNGase F before LC-ESI-MS analysis. For each protein of interest five samples are prepared, 
according to the flow diagram presented in Fig. 1. The in silico peptide monoisotopic masses 
with asparagine at the predicted glycosylation site are compared with those obtained 
experimentally to identify the presence (an increased mass of 1 Da) or absence (no mass 
change) of a glycan attachment site. In the case of a partially occupied site, both peptides with 
no mass change and peptides with a mass increase of 1 Da are observed. 

An estimation of the relative abundance on different decorin glycoforms can be 
obtained using a quantitative method of N-glycosylation site occupancy such as the one 
developed by Hulsmeier et al [9]. Isotopically labeled standard peptides are used in order to 
directly quantify the level of N-glycosylation site occupancy on selected serum proteins, 
using multiple reaction monitoring LC-MS/MS. 
 
Table 1. Access to the main glycobiology consortia. 
 

Collaborative Glycomic Initiative 
(EuroCarbDB), Europe www.eurocarbdb.org 

Consortium for Functional 
Glycomics 

(CFG), USA 
www.functionalglycomics.org/static/consortium 

Human Disease Glycomics/Proteome 
Initiative (HGPI), Japan www.hgpi.jp 
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Fig. 1. Flow diagram showing the sample preparation steps used for the analysis of glycosylation site 
occupancy in ref [8]. Reproduced with permission from ref [8]. 
 

Glycan structural research is challenging at all levels: covalent structure, 3D structure, 
dynamics and interactions. In all these areas, computational tools and databases of existing 
structures are used to aid in the interpretation of experimental data [10]. There are significant 
ongoing efforts in glycobiology to create a global framework for glycan-related data 
exchange. Additionally, there is a stringent need to integrate various glycan-related 
information by developing database architectures that are able to link orthogonal data sets in 
order to facilitate data mining. The international collaborative networks in Europe, the US and 
Japan (see Table 1) have joined their efforts in investigating glycan structures.  

Identification of glycans‘ covalent structures relies mainly on LC-MS [11-13], 
coupled with exoglycosidase digestion [14]. Interpretation of glycans fragmentation spectra 
still lacks efficient automatic assignment and relies mainly on expert interpretation, although 
several computational approaches have been proposed lately [15-17].  

It has been shown that mechanical overload could also damage collagen fibers by 
disrupting the glycosaminoglycan chains rather than by decorin protein core detachment from 
collagen [18]. On the other hand, alterations in the concentration of chondroitin and heparin 
sulfate affect cell proliferation during wound repair [19,20]. All these observations suggest 
that the possibility of GAG chains (especially CS/DS) alterations related to emphysema needs 
to be investigated, and the method we developed and presented in Chapter 6 will be useful for 
this purpose. Complementary to that, the activity and expression levels of xylosyltransferases 
in lungs of emphysematous patients need to be measured and compared with those of normal 
individuals.  

The susceptibility of decorin to MMP-2, MMP-3 and MMP-7 [21] has been already 
proven using recombinant decorin prepared from the culture medium of Chinese hamster 
ovary cells. It has been suggested that, under pathophysiological conditions, the digestion by 
MMPs may induce tissue reactions mediated by TGF-beta1 released from DCN in the 
connective tissue. The availability of native lung decorin allows now performing in vitro 
digest with different lung proteases providing a more realistic fingerprint of the respective 
proteases at work. The following step will be to determine how far the results from in vitro 
degradation can be translated to the in vivo situation. One approach could be screening of 
different biological fluids from patients suffering from emphysema in search for the presence 
of the in vitro generated peptides. It has been reported that decorin binds to several host-
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defense proteins containing collagen-like domains such as C1q [22], scavenger receptor A 
[23], or surfactant-associated protein D [24]. These proteins may constitute a transporter for 
decorin peptides from the lung parenchyma (where proteolytic cleavage take place) into the 
airway mucosa, from where they can be recovered for e.g. in the lavage fluid.  

By generating knock-out mice a role has been proven for LRR proteoglycans in 
regulating the formation of collagen fibrillar networks in the cornea and other tissues. The 
null mutations of decorin, biglycan, fibromodulin and lumican have as consequence the 
malfunction of connective tissues associated with an abnormal extracellular matrix, 
manifested as: fragile skin, cloudy cornea, and thick collagen fibrils [25]. These observations 
point toward biglycan, fibromodulin and lumican as potential new targets to be investigated in 
relation to emphysema as well. 



Summary, discussion and perspectives  
 

105 

References 
 
[1] J.F. van Straaten, W. Coers, J.A. Noordhoek, S. Huitema, J.T. Flipsen, H.F. 

Kauffman, W. Timens, D.S. Postma, Mod Pathol 12 (1999) 697. 
[2] J.A. Noordhoek, D.S. Postma, L.L. Chong, L. Menkema, H.F. Kauffman, W. Timens, 

J.F. van Straaten, Y.M. van der Geld, Copd 2 (2005) 17. 
[3] E.S. Bensadoun, A.K. Burke, J.C. Hogg, C.R. Roberts, Am J Respir Crit Care Med 

154 (1996) 1819. 
[4] M. Dolhnikoff, J. Morin, P.J. Roughley, M.S. Ludwig, Am J Respir Cell Mol Biol 19 

(1998) 582. 
[5] T.H. van Kuppevelt, F.P. Cremers, J.G. Domen, H.M. van Beuningen, A.J. van den 

Brule, C.M. Kuyper, Eur J Cell Biol 36 (1985) 74. 
[6] C.T. Brown, P. Lin, M.T. Walsh, D. Gantz, M.A. Nugent, V. Trinkaus-Randall, 

Protein Expr Purif 25 (2002) 389. 
[7] B. Barroso, M. Didraga, R. Bischoff, J Chromatogr A 1080 (2005) 43. 
[8] J.E. Nettleship, R. Aplin, A.R. Aricescu, E.J. Evans, S.J. Davis, M. Crispin, R.J. 

Owens, Anal Biochem 361 (2007) 149. 
[9] A.J. Hulsmeier, P. Paesold-Burda, T. Hennet, Mol Cell Proteomics 6 (2007) 2132. 
[10] A.J. Petrescu, M.R. Wormald, R.A. Dwek, Curr Opin Struct Biol 16 (2006) 600. 
[11] M. Wuhrer, A.M. Deelder, C.H. Hokke, J Chromatogr B Analyt Technol Biomed Life 

Sci 825 (2005) 124. 
[12] D.J. Harvey, Expert Rev Proteomics 2 (2005) 87. 
[13] S. Parry, D. Hadaschik, C. Blancher, M.K. Kumaran, N. Bochkina, H.R. Morris, S. 

Richardson, T.J. Aitman, D. Gauguier, K. Siddle, J. Scott, A. Dell, Biochim Biophys 
Acta 1760 (2006) 652. 

[14] P.M. Rudd, M.R. Wormald, R.A. Dwek, Trends Biotechnol 22 (2004) 524. 
[15] C.W. von der Lieth, T. Lutteke, M. Frank, Biochim Biophys Acta 1760 (2006) 568. 
[16] A. Kameyama, S. Nakaya, H. Ito, N. Kikuchi, T. Angata, M. Nakamura, H.K. Ishida, 

H. Narimatsu, J Proteome Res 5 (2006) 808. 
[17] D. Goldberg, M. Sutton-Smith, J. Paulson, A. Dell, Proteomics 5 (2005) 865. 
[18] S. Vesentini, A. Redaelli, F.M. Montevecchi, J Biomech 38 (2005) 433. 
[19] X.H. Zou, W.C. Foong, T. Cao, B.H. Bay, H.W. Ouyang, G.W. Yip, J Dent Res 83 

(2004) 880. 
[20] V. Elenius, M. Gotte, O. Reizes, K. Elenius, M. Bernfield, J Biol Chem 279 (2004) 

41928. 
[21] K. Imai, A. Hiramatsu, D. Fukushima, M.D. Pierschbacher, Y. Okada, Biochem J 322 

( Pt 3) (1997) 809. 
[22] R. Krumdieck, M. Hook, L.C. Rosenberg, J.E. Volanakis, J Immunol 149 (1992) 

3695. 
[23] J. Santiago-Garcia, T. Kodama, R.E. Pitas, J Biol Chem 278 (2003) 6942. 
[24] J. Nadesalingam, A.L. Bernal, A.W. Dodds, A.C. Willis, D.J. Mahoney, A.J. Day, 

K.B. Reid, N. Palaniyar, J Biol Chem 278 (2003) 25678. 
[25] K.G. Danielson, H. Baribault, D.F. Holmes, H. Graham, K.E. Kadler, R.V. Iozzo, J 

Cell Biol 136 (1997) 729. 



106 




