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ABSTRACT 

The sliding articular cartilage surfaces of the human diarthrodial joints are 
surrounded by biolubricating synovial fluid (SF), creating a perfect low friction 
biological biobearing structure with excellent lubrication and wear resistance, 
even during motion. Lubrication is predominately provided by surface adhered 
biomolecules including phospholipids, hyaluronic acid and synovial lubricin. 
Inflammation, such as arthritis and injury, changes the joint assembly resulting 
in detachment of essential surface molecules, increasing friction and wear of the 
sliding articular cartilage. Changes in the composition and distribution of these 
surface molecules are suggested to aggravate the disease. The lubricative, 
heavily glycosylated mucin-like synovial glycoprotein, lubricin, has previously 
been observed to contain glycosylation changes related to rheumatoid arthritis 
and osteoarthritis. Therefore, a structural investigation of lubricin and its 
glycosylation was initiated in order to better understand the biolubricating ability 
of lubricin and its pathological involvement in arthritic diseases.  

An investigation was undertaken to better understand the nature of the dominant 
glycan structure, sialic acid. Sialidase specific for α2-3 linked sialic acid and 
subsequent UniCarb-DB fragment spectra comparison of the resultant structure 
indicated the exclusive 3-linked nature of core 2 sialylation. However, core 1 
structures had both 3 and 6 linked sialylation. In arthritis, lubricin has been 
shown to degrade as identified by its fragments in the synovial fluid. This may 
open up a new possibility for identification of disease specific biomarker. The 
mass spectrometric glycopeptide analysis showed that lubricin contains an 
extended serine, threonine and proline (STP) rich domain composed of imperfect 
tandem repeats (EPAPTTPK), the target for O-glycosylation. The N-
acetylgalactosaminyltransferase (GALNTs) expression analysis of the fibroblast-
like synoviocytes showed high expression of the less understood GALNT5 and 
15 in addition to the ubiquitously expressed GALNT1 and 2. This indicated that 
lubricin required a unique combination of transferase genes for its glycosylation.  

Overall, this study revealed that negatively charged sialic acid in the mucin-like 
domain makes the lubricin molecule amphoteric in nature, as the arginine and 
lysine rich protein core is positively charged. The number of glycosylation sites 
and sialylation were shown to be essential for this amphoteric nature and may be 
important for its function as an amphoteric biolubricator.  
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SAMMANFATTNING PÅ SVENSKA 

Tillsammans utgör ledbrosk och ledvätska skavskyddet för att inte 
underliggande ben ska förslitas när vi rör oss. Detta åstadkoms genom att minska 
friktionen i leden. Ledvätskans smörjande effekt beror framförallt på 
biomolekyler förankrade till broskytan och inkluderar fosfolipider, hyaluronsyra 
och glykoproteinet lubricin. Vid ledinflammation och ledskada kan deras 
interaktion med broskytan förstöras så friktionen och slitaget av leden ökar och 
förvärrar sjukdomsbilden. Förändring har tidigare uppmärksammats för det 
mucin-liknande högglykosylerade lubricinet i samband med ledgångsreumatism 
och artros. Denna förändring förmodades härröra till lubricinets glykosylering, 
men kan även bero på molekylär nedbrytning av lubricinet. Detta, då det kan 
påvisas att lubricinfragment finns i ledvätskan vid ledinflammation. Dessa 
upptäckter tillsammans indikerar att lubricin kan användas som biomarkör för att 
identifiera ledsjukdomar. För att bättre förstå lubricinets smörjande förmåga och 
hur lubricin är inblandat i ledinflammatoriska sjukdomar inleddes en 
undersökning av lubricins kemiska struktur inkluderande dess glykosylering. 
Som ett led i undersökningen karakteriserades sialinsyre-innehållande lubricin 
oligosackarider då dessa är de huvudsakliga glykanerna på lubricin. Frisatta 
lubricin oligosackarider behandlades med α2-3 specifikt sialidas enzym och 
produkternas MS/MS spektra jämfördes med referens spektra från den mass 
spektrometriska databases UniCarb-DB. Resultaten visade att core 2 strukturer 
på lubricin hade enbart  α2-3 bunden sialinsyra, medan core 1 strukturer även 
hade  α2-6 bunden. I ett annat försök visade glykopeptider analyserade med 
masspektrometri att mucindomänen innehållande serin, treonin och prolin (STP) 
och dess tandem repetera aminosyrasekvens EPAPTTPK  var substrat för O-
glykosylering. Vidare visade gentranskription av N-
acetylgalactosaminyltransferaser (GALNTs) i fibroblast-liknande synoviocyter 
på vilka enzymer som troligtvis var ansvariga för att initiera glykosyleringen av 
lubricin. Analysen visade att inte bara de vanligast förkommande GALNT1 och 
GALNT2 var transkriberade, men även att de mer vävnadspecifika GALNT5 och 
GALNT15, var högt utryckta. Resultaten från gentranskriptionsanalysen 
indikerade att glykosylering av lubricin kräver en unik kombination av transferas 
gener. Sammanfattningsvis visar den här studien att negativit laddad sialinsyra i 
mucin-liknande domäner gör lubricin amfotär pga dessa negativa 
kolhydratsidokedjor och dess positiva proteinkärnan som innehåller mycket 
arginin och lysin. Antalet glykosyleringsställen och antalet bundna sialinsyra 
visades vara av yttersta vikt för den amfotära zwitterjon egenskapen hos lubricin 
och kan vara av betydelse för dess smörjande funktion.  
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1 BACKGROUND 

The diarthrodial joint is an excellent biological biobearing creation that 
facilitates motion of the bones. It has high wear resistance and a low 
coefficient of friction, primarily due to articular cartilage and synovial fluid 
(SF), which provide lubrication during movement. The articular cartilage, an 
elastic and porous material, reduces stress during joint loading and can also 
contribute to joint lubrication mechanisms [1]. SF, an ultrafilterate of blood 
plasma, serves as the primary biological lubricant in the joint. The joint 
diseases are primarily characterized by changes in SF and articular cartilage 
that result in the deformation of the joint assembly. This deformation causes 
increased friction and wear of articular cartilage leading to degradation of the 
cartilage and severe pain during joint movement. SF is composed of proteins, 
glycoproteins, proteoglycans and phospholipids. These molecules serve as 
lubricating molecule that, in combination, provide the essential boundary 
lubrication in the synovial joint (Fig. 1). The aim of this thesis was to 
investigate a 
mucin-like 
synovial 
glycoprotein, 
lubricin, 
essential for 
lubricating the 
synovial joint. 
The structural 
investigation 
of lubricin and 
its 
glycosylation 
may provide 
an insight into 
how the 
molecule 
provides 
lubrication in 
the joint.  

Figure 1. A schematic overview of the human synovial joint showing the cartilage 
adhered lubricating molecules, including lubricin, that provide lubrication during 
joint movement. 
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1.1 Bio-Lubrication 
In nature, biological surfaces in motion are common. These surfaces are often 
surrounded by fluid-film, composed of biological molecules such as proteins, 
glycoproteins, lipids, polysaccharides, proteoglycans and phospholipids, and 
have developed efficient lubrication mechanisms. Under high pressure, these 
biomolecules in the fluid-film significantly increase in fluid viscosity thereby 
reducing friction and wear of the surface during motion [2]. This mechanism 
is different from water-based lubrication [3], as the viscosity of water does not 
rise significantly under pressure making it a poor lubricant. 

Saliva has also been investigated in this thesis, mostly for method 
development as well as for its connection to joint degrading diseases. Saliva is 
composed of water and macromolecules (glycoproteins, electrolytes, lipids) 
and serves as a biological lubricant in the oral cavity [4]. It has been shown 
that the rheological (viscous) properties of saliva are strongly influenced by 
these macromolecules, particularly the high molecular weight mucin MUC5B 
[5]. However, compared to synovial fluid (SF), it is relatively less viscous [6]. 
Similarly to other biological lubricants, the macromolecules of saliva provide 
lubrication between tongue and tooth surfaces to facilitate speech [5].  

 

The presence of biomolecules in the fluid-film can also enable the fluid to 
interact with the opposed fluid forming surfaces (in particular sliding 
surfaces) resulting in boundary lubrication [7]. In boundary lubrication, the 
biomolecules in the fluid often establish contact among themselves and with 
surface molecules or the underlying surface layer. This results in the 
adherence of fluid-molecules to the sliding surfaces forcing opposing surface 
apart and preventing surface contact during motion. In the synovial joint, the 
two opposing sliding surfaces and the attached biological molecules are in 
close contact almost constantly during motion. It is known that when these 
sliding surfaces are subjected to a high load, wear of soft cartilage surfaces 
can easily and quickly propagate [8]. During this condition, lubrication is 
provided by the synovial fluid macromolecules such as hyaluronic acid (HA), 
phospholipids and lubricin present in the interstitial gap separating the 
surfaces. It has also been documented that the rheological properties of the SF 
in the joint do not contribute significantly to the lubrication of the surfaces. 
[8]. This justifies the investigation and characterization of the SF 
macromolecules, in particular lubricin investigated in this thesis, in order to 
better understand joint lubrication.  
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1.2 Synovial Fluid (SF) 
Synovial fluid (SF) is an ultrafiltrate of blood with additives that are produced 
by the cells located in the synovial lining (synoviocytes and chondrocytes). It 
surrounds the synovial joints and functions as a biological lubricant, 
responsible for the reduced friction and wear of articulating cartilage in 
synovial joints [9]. Due to the lack of blood supply to cartilage, synovial fluid 
is also responsible for cartilage nourishment by providing nutrients and 
removing catabolic products. Small molecules such as urea, amino acids and 
uric acid diffuse, relatively unrestricted, into the synovial fluid and thus exist 
in steady state equilibrium with plasma. However, macromolecules such as 
glycoproteins and globulins enter the synovial fluid from the plasma by 
restricted osmotic diffusion, or are produced by the synovial cells. Hence, the 
make up of the SF is not a pure reflection of the plasma. SF has a low 
coefficient of friction (µ) and is specifically designed for protection of the 
cartilage [10]. 

 

SF is composed of macromolecules that, in combination, play a key role in 
lubricating the joint. These lubricating molecules include, lubricin (also 
known as proteoglycan 4, PRG4) [11] at a concentration of 0.05-0.35 mg/ml, 
hyaluronan (HA) at 1-4 mg/ml [12] and surface active phospholipids (SAPL) 
at 0.1 mg/ml [13]. Synoviocytes are the major source of surface active 
phospholipids and hyaluronan [14] secreted into the synovial fluid while 
lubricin is secreted by the synoviocytes as well as chondrocytes and, to a 
lesser extent, by the cells in the meniscus. The synovium is a thin layer 
surrounding the joints (~50 µm in humans), which is backed by a thick layer 
(~100 µm) of subsynovium and is responsible for the clearance of transported 
molecules. The cells of the synovium form a discontinuous matrix layer that 
contains collagen types I, III, V, chondroitin sulfate [15], biglycan, decorin 
proteoglycan [16] and fibronectin. 

 

In healthy individuals, the joint and SF constitutes a system of reduced 
friction and wear which is in homeostasis. However, increased friction 
between the opposing articular cartilage surfaces has been suggested during 
disease and inflammation such as in arthritis and injury, which may be due to 
an altered SF composition. It has been documented that during acute arthritis, 
lubricin concentration decreases which results in increased friction [17]. A 
similar trend is seen in osteoarthritis where the concentration of SAPL, as 
well as hyaluronan, decreases [18]. However, the exact mechanisms behind 
SF composition changes remain unknown.  
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1.3 Osteoarthritis (OA) and rheumatoid 
arthritis (RA) 

Osteoarthritis (OA) [19] and rheumatoid arthritis (RA) [20] are the two main 
arthritic diseases of the joint. Although both diseases result in the 
degeneration of the articular cartilage, the mechanisms of degradation are 
different with mechanical degradation in OA and chemical degradation in RA. 
Cartilage degeneration can be detected by glycoprotein fragments in the SF 
[21] (Paper II). Due to the limited efficacy of the available treatments, 
particularly for OA, understanding the biological factors related to arthritis is 
essential. OA is defined by the formation of osteophytes and the gradual loss 
of articular cartilage. The exact mechanisms of cartilage degradation is 
unclear; however, enhanced synthesis of matrix metalloproteinases (MMPs) 
has been suggested due to the resulting loss of collagen and proteoglycan 
fragments from the cartilage [19]. In addition to this, inflammatory cytokines 
such as interleukin (IL-1β, IL-17 and IL-18) and tumor necrosis factor alpha 
(TNFα) also decrease the collagen synthesis and in turn increase the activity 
of MMPs that degrade collagen [22]. RA, on the other hand, is a chronic 
autoimmune inflammatory disorder that targets synovial tissues resulting in 
tissue remodeling and destruction [23]. Studies using tissue from RA patients 
and animal models of inflammatory arthritis indicated that inflammatory 
cytokines such as IL-1 and TNFα are responsible for the pathogenesis of 
abnormal tissue remodeling. It has been shown that these cytokines play a 
major role in enhancing the destructive capability of the inflamed synovial 
tissues [24, 25]. 

	  

The joints of arthritis patients, both RA and OA, have indicated a change in 
the expression, degradation and glycosylation of lubricin [26] (Paper II). 
Patients with advanced RA show low levels of lubricin expression and studies 
conducted on OA animal models suggest that there is a relationship between 
pathogenesis and the downregulation of lubricin [27, 28]. This variation in 
lubricin expression exacerbates the disease by accelerating joint destruction. 
This suggests that characteristics of lubricin may be an effective indicator of 
disease progression in both RA and OA. 
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1.4 Synovial lubricin 
Lubrication of the synovial joints under load requires the presence of 
molecules in the SF that lower the adhesion energy between opposing 
articulating cartilage surfaces. Lubricin is an abundant mucin-like 
glycoprotein (~227-345 kDa) considered responsible for the boundary 
lubrication of the synovial joints [11]. The molecule is encoded by the 
proteoglycan 4 gene and is synthesized in synovial fibroblast (synoviocytes) 
and superficial zone chondrocytes. The different translation products of the 
PRG4 gene are also referred to as superficial zone protein (SZP), 
megakaryocyte stimulating factor (MSF) precursor, camptodactyly arthopathy 
coxa vara pericarditis (CACP) protein, and hemangiopoietin (HAPO) [29]. 
The name lubricin was first applied to a lubricating glycoprotein (LGP-I) 
found in synovial fluid which represents the function of the protein with 
regards to lubrication and chondroprotection, as described by the PRG4 
knockout mice model [30]. However, the protein is also synthesized in the 
superficial layer of articular cartilage [31], synovial lining, tendon and 
menisci [31-33] and is referred to as SZP. This makes lubricin a potential 
biomarker during inflammation. 

   

Human synovial lubricin is composed of a 1404 amino acid apoprotein with a 
central mucin like domain (Fig. 2). This mucin domain is extensively O-
linked glycosylated and contains 59 imperfectly repeated sequences of 
EPAPTTPK. The O-glycosylated mucin domain of lubricin is predominantly 
occupied by mono and di-sialylated core 1 and 2 structures [34]. The presence 
of a small amount of sulfated O-glycans in the mucin domain has also been 
confirmed [34]. It has also been shown that a strong repulsive hydration force, 
due to the presence of these negatively charged glycans, is responsible for the 
boundary lubrication of the protein to the cartilage surface [35]. The mucin 
domain is surrounded by a hemopexin (PEX) like domain at the C-terminus 
and two somatomedin B (SMB) like domains at the N-terminus. Lubricin 
lacking the terminal end domains has been shown to bind weakly to the 
cartilage surface resulting in in-efficient lubrication [36]. In addition to 
boundary lubrication, lubricin is also considered responsible for protecting the 
cartilage surface from protein accumulation and cell adhesion [30]. 

 

 



Bio-lubrication 

6 

 

Figure 2. Lubricin protein sequence with the glycosylated peptides identified in the 
STP rich region and non-glycosylated peptides (light grey) in the terminal domains 
before (black) and after (dark grey) partial de-glycosylation. All the identified 
glycans, including GalNAcα1- (yellow), core 1(yellow), core 2 (blue) and sialylated 
core 1 and 2 (pink), and their position in the protein sequence are also presented. The 
molecule is also composed of the somatomedin B (SMB) and hemopexin-like domains 
in the N- and C-terminal respectively.   

A down regulation of expression and glycosylation changes of lubricin have 
been shown in the joints of both RA and OA patients [26]. An association 
between this down regulation and pathogenesis has been suggested in OA 
animal models [28]. RA and OA are very different in disease etiology. 
However, in both, the cartilage degeneration detected by the deposition of 
proteoglycan fragments into the SF has been shown. Although several 
synovial joint specific markers have been identified in OA and RA patients 
such as calgranulin A, B and C [37], fructose bisphosphonate aldose A, 
fibrinogen β-chain, alpha-enolase, tenascin-C [38], serum amyloid A (SAA), 
C-reactive protein [39] and haptoglobin [28], a specific biomarker for early 
disease diagnosis is still required. The effectiveness of lubricin as a monitor of 
the state of the joint during disease has been little investigated despite the 
importance of lubricin as a synovial glycoprotein important to biolubrication. 
Therefore, the investigation of lubricin and its glycosylation, which is the 
main focus of this thesis, is essential in order to better understand its boundary 
lubricating properties.   

 

1.4.1 The identified O-glycans on synovial lubricin 
The O-glycans on synovial lubricin have been investigated previously in the 
group and the identified O-glycan structures are presented in figure 3 [34]. 
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Core 1 O-linked oligosaccharides (Galβ1-3GalNAcα1-) and sialylated core 1 
(NeuAcα2-3Galβ1-3GalNAcα1- and NeuAcα2-3Galβ1-3(NeuAcα2-
6)GalNAcα1-) were identified to be the predominant structures on lubricin. In 
addition to core 1, a low proportion of core 2 structures such as NeuAcα2-
3Galβ1-3(NeuAcα2-3Galβ1-3/4GlcNAcβ1-6)GalNAcα1- were also found. 
The data also indicated that a small proportion of the core 2 structures were 
sulfated. The presence of sulfated core 2 structures, as sulfate was identified 
to be on the 6-position of the GlcNAc, makes lubricin a potential candidate 
for L-selectin binding, as previously reported [40]. The present investigation 
of O-glycans on synovial lubricin from arthritis patients identified a novel 
isomeric core 1 sulfation in addition to the previously reported structures 
(Paper III). Core 1 from arthritis patient was identified to have both Gal and 
GalNAc sulfation indicating a possible inflammatory type of role for this type 
of sulfation in the joint.   

 

Figure 3. O-glycan structures identified on synovial lubricin, including the novel core 
1 sulfation.     
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1.5 Glycosyltransferases for O-linked 
glycosylation relevant for synovial tissue 

O-glycosylation is an important post-translational modification of secretory 
and membrane-bound glycoproteins. Mucin-type (or GalNAc) O-
glycosylation of proteins, compared to other types (N-linked), is unique, as the 
prediction of the site of O-glycosylation is difficult. The main reason for this 
is the large, redundant UDP-GalNAc:polypeptide α-N-
acetylgalactosaminyltransferase (ppGalNAc T’s) gene family containing 20 
gene encoded isoenzymes, all possessing unique and/or overlapping substrate 
specificities [41, 42]. Once the protein is fully folded, these ppGalNAc T’s 
initiate O-glycan biosynthesis. The main area for initiation is in the Golgi 
apparatus and is started by transferring a GalNAc from the sugar nucleotide 
donor UDP-GalNAc to the hydroxyl group of a serine (Ser) or threonine (Thr) 
forming GalNAcα1-O-Ser/Thr (Tn antigen). Except proteoglycan (O-xylose) 
[43], all other types of O-glycosylation [including O-mannose, O-fucose, O-
glucose and O-galactose (galactose added to hydroxylysine, Hyl)] as well as 
N-glycosylation of secretory proteins are initiated in the endoplasmic 
reticulum (ER). In contrast to mucin-type glycosylation, the biosynthesis of 
most other types of protein glycosylation is initiated by 1 or 2 oligo/glycosyl-
transferase genes. The abundant O-GlcNAc (N-acetylglucosamine) 
glycosylation, catalyzed by a single enzyme in animals, occurs in the cytosol 
and nucleus. Even though this has recently been identified on extracellular 
proteins [44], this type of glycosylation is not usually found on proteins 
synthesized in the secretory pathway [45].  

 

Mucin-type O-glycosylation has the potential to be differentially regulated in 
specific cell and tissue types because of this large family of up to 20 known 
homologous genes [42]. Genetic deficiencies in the GalNAc-T gene family 
may also contribute to differential regulation, which will ultimately lead to a 
change in the function of O-glycans. It is now well understood that 
deficiencies in genes that synthesize or initiate other types of protein 
glycosylation affects the overall glycosylation profile resulting in severe 
diseases. The main reason for this is the fewer glycosyltransferase genes (only 
1 or 2) that initiate biosynthesis in most types of protein glycosylation, 
therefore alterations in these non-redundant pathways leads to devastating 
results. For example, in humans, mutations in protein O-mannosyltransferase 
T1 and T2 cause severe congenital muscular dystrophies [46]. In mice, 
mutations in protein O-xylosyltransferase 2 (xylosyltransferase T1 and T2 
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synthesize proteoglycans) results in a substantial decrease in proteoglycans 
that ultimately leads to polycystic liver and kidney disease [47].  

 

As mucin-type O-glycosylation is initiated by a large family of GALNT genes, 
loss of a single gene may not affect the overall glycosylation profile or 
produce distinct phenotypes. This redundancy among isoforms was confirmed 
in earlier studies when several GALNTs were targeted ‘‘knock out’’ in mice 
but did not produce any visible phenotypes [48]. However, later studies 
demonstrated that individual GalNAc-T isoforms are important and can be 
essential for specific functions [49, 50]. It has been shown that GALNT1 
deficient mice exhibit defects in blood coagulation and lymphocyte homing 
[50]. In addition, GALNT1 deficient mice resulted in reduce secretion of the 
major basement membrane proteins laminin and collagen IV and induce 
endoplasmic reticulum stress. This resulted in changes to epithelial cell 
proliferation, fibroblast growth factor signaling and organ growth [51]. 
GALNT13 deficient mice showed a reduced GalNAcα1-O-Ser/Thr (Tn 
antigen) expression in brain tissues but with no visible disease [52]. These 
studies indicate that some GALNT genes in mucin-type O-glycosylation are 
indeed essential for specialized functions and are not redundant. 

 

 

 

1.5.1 Core 1 and 2 specific glycosyltranferases 
GalNAcα1-O-Ser/Thr (Tn antigen) serves as a precursor for the extension of 
O-glycan structures in mucin-type O-glycoproteins. The multiple 
glycosyltransferases transfer sugar in a stepwise manner from a sugar 
nucleotide donor to the acceptor substrate. It results in the formation of more 
complex O-glycan structures, which are further classified according to their 
core structures. In mucin glycosylation, eight different O-linked core 
structures have been described so far (Table 1) where core 1-4 are the most 
common in mucin glycoproteins and core 1 and 2 in other non-mucin 
glycoproteins [53].  
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Table 1. Table of mucin O-linked core structures 

Core Structures 
 
Core 1 Galβ1-3GalNAcα1-O-Ser/Thr 

Galβ1-3(GlcNAcβ1-6)GalNAcα1-O-Ser/Thr 
GlcNAcβ1-3GalNAcα1-O-Ser/Thr 
GlcNAcβ1-3(GlcNAcβ1-6)GalNAcα1-O-Ser/Thr 
GalNAcα1-3GalNAcα1-O-Ser/Thr 
GlcNAcβ1-6GalNAcα1-O-Ser/Thr 
GalNAcα1-6GalNAcα1-O-Ser/Thr 
GalNAcα1-3GalNAcα1-O-Ser/Thr 

Core 2 
Core 3 
Core 4 
Core 5 
Core 6 
Core 7 
Core 8 
 

Core 1 β3-galactosyltransferase (core 1β3-GalT or T-synthase) is a 
mammalian core 1 specific transferase. It transfers galactose from a sugar 
nucleotide donor UDP-Gal to Tn antigen on glycoproteins via a 1,3 linkage 
that results in the synthesis of the core 1 Galβ1-3GalNAcα1-O-Ser/Thr 
structure (Thomson-Freidenreich antigen) [54]. The T-synthase activity, 
identified in most cell types and mammalian tissues, depends on the 
expression of molecular chaperone Cosmc that resides in the endoplasmic 
reticulum (ER) [55]. Cosmc, essential for folding and stability of T-synthase 
[55], prevents proteosomal degradation of nascent T-synthase [56, 57] and can 
directly interact with denatured T-synthase in vitro to partially restore its 
activity [57]. Altered T-synthase activity has been suggested to play key roles 
in many diseases such as Tn syndrome and IgA nephropathy (IgAN).  

 

Core 2 O-glycans are synthesized by the core 2 β-1,6-N-
acetyglucosaminyltransferase (C2GnTs) family, which include C2GnT-1, 
C2GnT-2 or C2GnT-M, and C2GnT-3 [58, 59]. Once the core 1 structure is 
fully catalyzed, either of these C2GnTs transfers N-acetylglucosamine 
(GlcNAc) to a GalNAc residue on the core 1 structure via a 1,6 linkage that 
results in the synthesis of a core 2 branch [59]. In the case of the core 3 O-
glycan (GlcNAcβ1-3GalNAcα1-), C2GnT-2 has also been shown to transfer 
GlcNAc to a GalNAc residue of the core 3 disaccharide via a 1,6 linkage, 
resulting in the core 4 structure [59]. Deficiency of C2GnTs is usually 
associated with distinct phenotypes. C2GnT-1 deficient mice have been 
shown to exhibit phenotypes with neutrophilia and a decreased biosynthesis of 
selectin ligands among myeloid cells [60]. This leads to a decreased 
recruitment of neutrophils to the site of inflammation and vascular disease 
pathogenesis. In addition, a partial reduction in the biosynthesis of L-selectin 
on high endothelial venules has also been shown in C2GnT-1 deficient mice, 
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resulting in reduced B-cell homing [61]. C2GnT-2 deficiency in mice can 
damage the mucosal barrier, which can lead to colitis and colon cancer [62]. 
In contrast, C2GnT-3 deficiency in mice is usually associated with reduced 
thyroxine levels in circulation [62].  

  

1.5.2 Sialyltransferases 
Sialyltransferases, unlike, glycosyltransferases direct the glycosylation 
pathway from glycan extension towards termination resulting in simplified 
sialylated O-glycan structures, a hallmark of various types of cancer. In 
lubricin, α2-3 and α2-6 sialyltransferases may be active, since only α2-3 and 
α2-6 sialylated structures have been identified. The  α2-3 sialyltransferase 
(ST3Gal) transfers N-acetylneuraminic acid (NeuAc) to the 3 position of 
galactose in core 1 (Galβ1,3GalNAcα1-) and core 2 
[Galβ1,3(GlcNAcβ1,6)GalNAcα1-] O-glycans respectively [63]. The 
sialylation of galactose on core 1 results in the synthesis of sialyl-T antigen 
(NeuAcα2,3Galβ1,3GalNAcα1-). In contrast, the α2-6 sialyltransferases 
(ST6GalNAcI and II) compete with core 2 glycosyltransferases (C2GnTs) 
since both use the same core 1 acceptor substrate. These enzymes transfer 
NeuAc to the 6 position of GalNAcα1- resulting in structures that lack a core 
2 branch such as the structure Galβ1,3(NeuAcα2,6)GalNAcα1- and the sialyl-
Tn antigen (NeuAcα2,6GalNAcα1-) [64]. The ST6GalNAcI has been 
suggested to be the predominant sialyltransferase in the synthesis of sialyl-Tn 
[64]. Increased expression of sialyl-T and sialyl-Tn antigen has been shown in 
gastric [65], breast [66], ovarian and pancreatic human carcinoma [67]. In 
addition, altered glycosylation of the MUC1 mucin in carcinoma has been 
shown to be associated with the expression of sialyl-Tn antigen. Both MUC1 
and sialyl-Tn are used as targets for cancer immunotherapy [68, 69].  

 

1.5.3 Sulfotransferases 
Sulfotransferases are enzymes that can modify oligosaccharides with sulfate 
groups providing functionally specific negative charges to the 
oligosaccharides. They reside in the lumen of the Golgi apparatus and 
transfers sulfate from a coenzyme-3’-phosphoadenosine-5’–phosphosulfate 
(PAPS) to the particular monosaccharides residues that is to be sulfated in the 
structure [70]. Similar to oligosaccharides, in which a particular 
glycosyltransferase is required for the synthesis of a specific monosaccharide 
to a linkage, the addition of a sulfate to a particular monosaccharide and site 
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requires a specific sulfotransferase. Sulfotransferases recognize a specific 
monosaccharide residue, anomeric configuration or linkage position in the 
structure.  

 

In synovial tissues and fluid, sulfation of O-glycans has been suggested to 
play a role in the pathology of RA, as sulfation was found to be the 
constituent of synovial lubricin found in the SF of arthritis patients [40]. In 
this study, both GlcNAc sulfation of core 2 (Paper II) and Gal, GalNAc 
sulfation of core 1 O-glycans were identified on synovial lubricin (Paper III). 
Core 1 sulfation was identified in RA patients while core 2 sulfation in OA 
patients. Sulfation of O-glycans is usually found on the C-3 and C-6 position 
of the monosaccharide residues [71, 72]. For core 1, both Gal and GalNAc 
have been identified to be sulfated (Paper III). Gal:3-O-sulfotransferases 
(Gal3ST) and 6-O-sulfotransferases (Gal6ST) are suggested to be responsible 
for the C-3 and C-6 sulfation of galactose respectively [71, 72]. This core 1 
sulfation of Gal and GalNAc on synovial lubricin will be discussed further in 
the results section. Sulfation on core 2 structures has been shown to be on the 
6 position of the GlcNAc as previously described by our group [40]. Sulfation 
on the 6-position of the GlcNAc on either extended core 1 or core 2 branched 
O-glycans makes lubricin a potential candidate for L-selectin binding [34, 40]. 
In the Golgi apparatus, two GlcNAc-6-sulfotransferases (GlcNAc6ST1 and 2) 
have been identified that can attach sulfate to the 6-position of the GlcNAc 
and are capable of generating L-selectin ligands [73]. In mice, the expression 
of GlcNAc6ST-1 has been shown in most tissues while GlcNAc6ST-2 was 
primarily shown in specialized blood vessels of the lymph nodes, where it 
plays a key role in lymphocyte circulation [74, 75].  In Chinese hamster ovary 
(CHO) and COS-7 cells, it has been shown that GlcNAc6ST-1 prefers to 
modify N-linked glycans while GlcNAc6ST-2 prefers to modify O-linked 
glycans [75]. Therefore, one may speculate that GlcNAc6ST-2 may be 
responsible for the GlcNAc sulfation on core 2 structures in synovial lubricin, 
as the molecule is identified to be heavily O-glycosylated mucin-like synovial 
glycoprotein.          

 

 

Overall it is clear that changes in glycan transferases, leading to alterations in 
O-glycosylation, can have devastating and diverse effects on the body leading 
to a myriad of pathologies. This makes the improved understanding of these 
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glycans and enzymes essential, especially as we begin to understand more of 
glycan biosynthesis. Therefore, although this thesis is focusing on specific 
glycoprotein that are in themselves deserving of investigation, the 
development of methods to investigate these very highly O-glycosylated 
proteins is essential to a much broader field. 

 

1.6 Electrospray ionization Mass spectrometry 
(ESI-MS) 

Glycoproteomic analysis of mucins and mucin-like lubricin is a challenging 
task for the scientists in the glycoproteomic filed, as it involves the 
investigation of both the extensive O-glycosylation of the mucin domain and 
the protein component of the molecule. Considering the complexity associated 
with O-glycosylation and the importance of the lubricating role in the joint, 
there is a clear necessity for a suitable analytical technique capable of 
generating information both for the glycosylation as well as about the protein 
component of lubricin.  

Mass spectrometry has developed into the most accepted analytical technique 
for the analysis of a number of biomolecules including glycoproteins [76]. A 
mass spectrometer (MS) is an analytical instrument used to determine the 
mass-to-charge ratio (m/z) of a charged molecule, where m is the mass and z is 
the charge state of the ion. It is one of the most sensitive and versatile 
analytical techniques since the interpretation of the data gives information 
both about the molecular weight of the ion as well as its composition and 
arrangement. The mass spectrometer is made up of three main parts (Fig. 4); 
an ion source used to ionize molecules, a mass analyzer operating in high 
vacuum used for gas phase separation of charged molecules and a detector to 
detect the charged molecule and record its m/z value [77]. The mass 
spectrometer is also connected to a computer that allows the recording of the 
data, manipulating of the settings of the internal electronics and programming 
of the sample introduction modules. The work described in this report is based 
on the oligosaccharide and glycopeptide analysis of mucin-like synovial 
glycoproteins, lubricin, (Paper I-IV) by electrospray ionization coupled to a 
linear ion-trap-orbitrap (LTQ-Orbitrap) and QTRAP® mass spectrometer. 
The LTQ-Orbitrap is routinely used for qualitative analysis while the 
QTRAP® is mainly used for quantitative but can also be used for qualitative 
analysis, particularly as, the third quadrupole in the system serves both as a 
filter and as a linear ion-trap (LIT) [78, 79]. 
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Figure 4. A mass spectrometer is made up of three main components: An ionization 
source, a mass analyzer, and a detector. An electrospray is a soft ionization technique 
suitable for biomolecules. The skimmer aligns the ions prior to entering the mass 
analyzer. The principle of (A) linear ion trap (B) orbitrap and (C) MRM/SRM with 
MIDAS in QTRAP® mass analyzer has been explained in the text. In linear ion trap, 
an increase in the ramped Rf voltage in-stabilize the trapped ions and the ions reach 
the detector (usually electron multiplier), which gives its m/z value. The orbitrap by 
itself acts as a detector as the ions oscillation is inversely proportional to its m/z 
value.        
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Ionization is a prerequisite for any molecule to be analyzed in a mass 
spectrometer, as it involves the addition or removal of a charge. Electrospray 
ionization (ESI) [80] and matrix assisted laser desorption ionization (MALDI) 
[81, 82] are the two most commonly used ionization techniques for generating 
gas phase ions in biological mass spectrometry. ESI was used as the 
ionization source in this report. In ESI, the ionization process occurs between 
the tip of the capillary column and the inlet of the mass spectrometer. A high 
potential difference (1-3 kV) is applied at the capillary tip, which results in the 
formation of a small liquid cone; referred to as a Taylor cone (Fig. 4). The 
liquid containing the analyte emerges from the capillary tip and is vaporized 
into a very fine spray of highly charged droplets sprayed towards the heated 
inlet of the instrument that results in the evaporation of the volatile mobile 
phase. The solvent evaporation leads to a decrease in droplet size and increase 
in the concentration of the charge at the droplet surface and the molecules 
become close to one another until the Rayleigh limit is reached. At the 
Rayleigh limit, the columbic repulsion overcomes the droplet surface tension 
and the droplet explodes into smaller droplets. This solvent evaporation and 
droplet explosion are continued until free ions are left which are introduced 
into the high vacuum region of the mass spectrometer [83]. Although this is 
the main theory of the process, an alternative theory suggests an ion 
evaporation model. This model assumes that when the droplets reach a certain 
size, charged gas phase ions are expelled from the droplets surface [83]. ESI 
leads to the formation of multiply charge ions by coupling of the gas or liquid 
chromatography separation column before the mass spectrometer [84].  

 

1.6.1 Mass analyzer and detector 
The mass analyzer separates charged molecules based on their m/z ratio. 
Before reaching the analyzer, the ions are first guided into a stable ion current, 
which is carried out by a set of parallel rods (4, 6 or 8) on which an oscillating 
potential is applied focusing the ions into its center trajectory. Linear ion trap 
compared to ion trap, has the advantage of significantly higher injection and 
trapping efficiencies, greater ion capacity and higher duty cycle. The LTQ-
Orbitrap instrument used in the project is composed of two mass analyzer 
based on two different principles of ion separation, that is, a linear ion trap 
and an orbitrap. This type of instrument combines the benefits of fast scan 
rate, MSn scans, high duty cycle of the linear ion-trap and high resolution and 
high mass accuracy of the Orbitrap. Efficient ion transfers couple the two 
mass analyzers to each other. 
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In the linear ion trap, the ions are trapped in a four rod assembly (similar to a 
quadrupole) on which an oscillating electric potential is applied (Fig. 4). 
When sufficient ions are gathered in the ion trap, the ions are physically 
trapped inside the ion trap due to a fixed potential on the back plate of the trap 
and the potential on the front plate being raised. The ions within the trap 
oscillate at a stable trajectory. When a ramped RF voltage is applied, the 
oscillation is increased to instability causing the ions to leave the trap and 
reach the detector located peripherally to the trap region. Since selected RF 
voltages can be excluded, ions with a defined m/z can be isolated in the trap. 
Electron multiplier detectors are used to record the mass spectra, which 
operate on electron emission principle. The detector amplifies the impact of 
an ion into a bunch of secondary electrons that produce a small electric 
current. The number of secondary electrons released is dependent on the total 
number of ions of specific m/z hitting the detector simultaneously. The change 
in the RF potential allows the measurement of all trapped ions in a specific 
mass window resulting in a mass spectrum. 

 

The orbitrap has become an instrument of choice in many biological 
applications due to its ability to deliver low-ppm mass accuracy and 
extremely high resolution; all within a time scale compatible with nano-liquid 
chromatography separation. In the orbitrap, the moving ions are trapped in an 
electrostatic field due to the applied potential on the center electrode. This 
electrostatic attraction is balanced by a centrifugal force arising from the 
initial velocity of the ion. The electrostatic field inside the orbitrap forces the 
ion to move in a spiral pattern and the ion start to cycle around the axial 
electrode in the center of a barrel shaped outer electrode (Fig. 4) [85]. The 
frequency of these oscillating ions is proportional to their m/z, which is 
detected as an image current which is transformed into mass spectra by 
Fourier transformation. The two mass spectrometers joined in the LTQ-
Orbitrap can operate in parallel. The high resolution and high mass accuracy 
of the orbitrap can be used to identify the co-eluting precursor ion and the 
LTQ is used to sequence the peptide or glycopeptide by isolation and 
fragmentation approach. The selection of the ions for fragmentation is based 
on their intensity in the orbitrap. The average duty cycle for mass analysis and 
simultaneously fragmentation is around 1 second. 

 

The analyzer region in a QTRAP® system [79] is based on the principle of a 
triple quadrupole (QqQ) routinely used for the quantification of target 
molecules in selected/multiple reaction monitoring mode (SRM/MRM) [86]. 
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In an MRM scan, the first and third quadrupole act as a filter while the second 
acts as a collision cell used to fragment the ions filtered in the first quadrupole 
(Fig. 4C) [87]. The advantage of the MRM technique is increased selectivity, 
high S/N ratio, high accuracy and lower limit of quantification. However, in 
contrast to QqQ, the final quadrupole in the QTRAP® system can be operated 
both as a quadrupole and as a Linear Ion Trap (LIT) even during the same 
experiment. This additional functionality of the third quadrupole as LIT scan 
enhances the performance of the system for screening, identification and 
confirmation analysis as fragmentation spectra and MRM3 can be performed 
on the same ions detected by the MRM scan. This feature is referred to as 
multiple reaction monitoring initiated detection and sequencing (MIDAS) 
which combines an MRM/SRM scan with a full scan linear ion trap MS/MS 
spectrum of the parent compound (Fig. 4C). 

 

  

1.6.2 CID-MSn fragmentation of glycoconjugates 
In biological MS, tandem mass spectrometry (MS2) is routinely used for 
structural identification of molecules [88, 89]. MS2 is the process of 
fragmentation of the parent ion that generates fragment or daughter ions. 
These daughter ions can be further fragmented and this is referred to as MSn 

(n= number of fragmentation). The generated MSn spectra are used to 
determine the composition and sequence of the molecule. This was the 
method of choice for structural and sequence analysis of oligosaccharides 
from mucins (Paper I and III) and mucin-like synovial lubricin (paper I-IV). 

 

In MS, collision induced dissociation (CID) is routinely used for the 
fragmentation of oligosaccharides [90]. In CID, the parent ion isolated in the 
ion trap is accelerated by increasing their RF voltage, increasing the kinetic 
energy of the ion. This increase in the kinetic energy causes the ion to collide 
with the resident inert gas, usually helium. This collision converts some of the 
kinetic energy into internal energy resulting in fragmentation producing 
daughter ions. CID is particularly useful for sequence identification of 
glycans, either released (Paper I-IV) or attached to a peptide (Paper IV) and 
predominantly produces glycosidic and cross ring fragments. Domon and 
Costello developed a nomenclature to explain this fragmentation (Fig. 5). In 
this nomenclature, glycosidic fragments that contain the reducing end of the 
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oligosaccharides are designated Bi or Cj while fragments without the reducing 
end are designated Zj or Yj fragments.  

 

Figure 5. Glycan fragmentation nomenclature described by Domon and Costello 
(adopted from Domon and Costello 1988). 

Subscripts i and j indicate the position of the subunit relative to the terminal 
ends of the oligosaccharides. Cross ring fragments with the reducing end of 
the oligosaccharides are labeled Ai fragments while without the reducing end 
are labeled Xj fragments. The specific cross cleavage is described as k,iAi or 
k,iXj where the superscript k and i indicate the particular carbon to carbon 
bonds that were cleaved across the cyclic sugar structure. In order to describe 
oligosaccharides branching; α, β, γ and δ are used where α is used for the 
largest branch, β to the next largest branch and so on. The cross ring 
fragments (A/X ions) in the CID-MSn spectra has been used to explain the 
linkage and branching within the oligosaccharides [91]. These cross ring 
fragments were used to identify the terminal α1-4GlcNAc epitope in paper II 
and sulfate position in paper III.  

 

1.6.3 Identification of protein sequence and site-
specific glycosylation 

CID-MSn fragmentation of O-linked and N-linked glycopeptide generates 
sequence information both for the attached glycan (in MS2) and for de-
glycosylated peptide (in MS3), but lacks the site-specific information of the 
modified amino acids [92]. This is due to extensive glycosidic bond cleavage 
of the precursor ion producing B/C and Y/Z ions (Domon and Costello 
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carbohydrate fragmentation nomenclature) [93] as illustrated in figure 6A. In 
MS3, CID fragmentation of the de-glycosylated peptide induces peptide 
backbone cleavage producing mainly b- and y-type ions (Fig. 6A). In 
addition, the identification of the modified amino acids is even more difficult 
for peptides containing several Ser/Thr residues due to the lack of a consensus 
sequence for mucin-type O-glycosylation such as in lubricin. In MS, electron 
captured dissociation (ECD) [94] and electron transfer dissociation (ETD) are 
an alternative fragmentation techniques used for the site-specific 
characterization of protein post-translational modification including 
phosphorylation [95] and glycosylation [96]. Both techniques induce cleavage 
of the N-Cα bonds of the peptide backbone producing c- and z-type fragment 
ions while leaving the posttranslational modifications (PTMs) unaffected (Fig. 
6B). ETD was used to fragment the glycopeptide generated from lubricin in 
order to identify the sites of O-glycosylation in the protein sequence (Paper 
IV) [76]. However, the advantage of ETD fragmentation in the present work 
was reduced due to the abundance of small repeats (EPAPTTPK) as its low 
mass reduced the higher charge state advantage of the ETD (Paper IV). This 
will be discussed further in the method section.  

 

 

 

 

 

 

 

 

 

 

Figure 6. CID/ETD-MSn fragmentations of an O-glycopeptide from lubricin. CID 
provides sequence information of the attached glycans in MS2 and peptide in MS3 
while ETD provides site-specific glycosylation information in MS2.     
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In proteomics, a variety of software computational tools are available for 
automated processing of the MSn data that generates information about the 
protein. The online global proteome machine (GPM) [97], on-site version of 
the Mascot and Byonic software [98] with UniProt and NCBI human protein 
databases were used for MS data processing in order to identify the proteins in 
the negatively charged enriched fraction from human synovial fluid. In 
addition, Mascot and Byonic software were also used for MSn data (both CID 
and ETD) processing generated from glycopeptide analysis. In contrast to 
proteomics, structural assignment of glycans in glycomics still requires 
manual interpretation of the MSn spectra. The reason for this is the inherent 
complexity associated with glycans structures, which can have multiple 
branches and different linkage position. Similarly, the majority of the 
glycopeptide identifications were also based on the manual interpretation of 
the MSn spectra. This is due to a lack of sufficient glycopeptide information 
obtained when using software. Manual interpretation of the MSn data is an 
arduous and time consuming task that requires a high level of understanding 
to complete. 
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2 AIMS OF THE THESIS 

2.1 Overall aim 
The overall aim of this thesis was to develop methods for characterizing the 
difficult to analyze, mucin-like synovial glycoprotein, lubricin, and 
investigate its biolubricating ability in the joint.  

2.2 Specific aims 
1. Develop methods for structural elucidation of O-linked 

glycosylation to identify pathological glycobiomarker 
candidates. 

2. Characterization of lubricin for identification of glyco- and 
peptide epitopes. 

3. Site-specific glycopeptide characterization in order to 
identify the position of glycosylation in the protein sequence 
and its contribution to the amphoteric nature of lubricin. 
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3 METHODOLOGICAL CONSIDERATIONS 

3.1 Materials and ethics 

3.1.1 Human synovial fluid (Paper I-IV) 
Human synovial fluid (SF) samples from arthritic patients were collected 
during therapeutic joint aspiration at the Rheumatology Clinic, Sahlgrenska 
University Hospital (Gothenburg, Sweden). All arthritic patients used in this 
study gave informed consent, and the procedure was approved by the Ethics 
Committee of the Gothenburg University Hospital. The arthritic patients 
fulfilled the American College of Rheumatology 1987 revised criteria for RA 
[99]. These samples were kindly provided by our collaborators, Anna-Karin H 
Ekwall and Lena Björkman, at the department of Rheumatology and 
Inflammation Research at Sahlgrenska Academy (Gothenburg, Sweden). The 
provided samples were clarified by centrifugation at 10,000 xg for 10 min and 
stored at -80 oC before use.  

 

Comments: 

In the present work, human synovial fluid samples from arthritis patients 
(both RA and OA) were used to isolate lubricin for analysis. SF is composed 
of lubricating molecules, including lubricin, hyaluronic acid and 
phospholipids. SF provided by the collaborator were pre-labeled with patient 
number and disease stage but the patient identities were kept confidential. The 
advantage of using SF is that lubricin is an abundant mucin-like glycoprotein 
of SF present at a concentration of 0.05-0.35 mg/ml. Once isolated from SF, 
lubricin can be easily separated from hyaluronic acid and phospholipids 
through gel electrophoresis and gel filtration/size exclusion chromatography, 
since lubricin is much larger in size (∼227-345 kDa) compared to the other 
two molecules.   

 

3.1.2 Human tissues and cells (Paper IV) 
Synovial tissue specimens were obtained from patients with rheumatoid (RA) 
(n= 2) and osteoarthritis (RA) (n= 2) during joint replacement surgery at 
Sahlgrenska University Hospital. Primary fibroblast-like synoviocytes (FLS) 
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cultures were established using collagenase/dispase with all cell counts for 
one million cells and used in passage 5. The cells were obtained in 
RNAlater® solution. These RA and OA FLS cultures were kindly provided 
by our collaborator, Anna-Karin H Ekwall. The cell cultures were stored in 
-80 oC before use.  

 

Comments: 

Primary fibroblast-like synoviocytes (FLS) cultures were used to investigate 
mRNA expression of the 20 known polypeptide  
N-acetylgalactosaminyltransferase (ppGalNAc-T) genes. The expression of 
mRNA in FLS cultures will suggest the types of GALNTs responsible for 
lubricin glycosylation, since FLS cultures have been shown to be one of the 
cell-types that secrete lubricin in vivo. One of the disadvantages was the 
passage number of the cells, since lubricin has only been identified in FLS 
medium up to passage 3 (data not shown). However, the mRNA expression of 
each GALNT may reveal the enzyme machinery in the cells and therefore the 
types and combination of GALNTs that are essential for glycosylation of 
proteins in these cells.  Our collaborator Eric Paul Bennet performed real time 
PCR experiments on cDNA derived from RNA using high Capacity Reverse 
Transcription Kits.  

  

3.1.3 Human saliva (Paper I and III) 
A collaborator obtained the ethical approval from Gothenburg University 
Hospital for collecting RA patients’ saliva. Whole saliva samples were 
collected from healthy and RA patients and from a patient diagnosed with 
sarcoidosis a minimum of 2 h after eating. It was centrifuged at 500 xg for 3 
min, and saliva was removed from any remaining pellet and stored in -80 oC 
before use.  

 

Comments: 

Saliva is a rich source of O-linked salivary mucin glycoproteins including 
MUC5B and MUC7. MUC5B is high molecular weight oligomeric 
glycoprotein and classified as a gel forming mucin while MUC7 is a low 
molecular weight monomeric glycoprotein. In this study, saliva is used both 



Bio-lubrication 

24 

as a source of mucin glycoproteins (Paper I and III) and also for investigating 
the types of glycosidases (Paper I) presented to the bacteria residing in the 
oral cavity where both harmful and beneficial bacteria use the oligosaccharide 
chains as nutrient source. Saliva also presented changes in the low abundant 
sulfated O-glycans of salivary mucins. This was further addressed in paper III 
where both healthy and arthritis patients salivary mucins were analyzed in 
order to investigate the inflammatory changes in the low abundant sulfated O-
glycans of salivary MUC7 mucins.  

 

3.2 Methodology 

3.2.1 Purification of negatively charged proteins 
(Paper I-IV) 

Purification of protein is the first step in determining the structure and 
function of any protein or glycoprotein such as lubricin, as it involves the 
isolation of proteins of interest from a complex mixture. In this study, acidic 
proteins, including lubricin were purified from SF as previously described by 
our group [34]. In detail, SF samples stored at -80 oC were thawed and diluted 
in buffer A (20 mM Tris HCl pH 7.5, 10 mM EDTA) containing 250 mM 
NaCl (10 %, v/v i.e. 1 ml SF and 9 ml buffer). The diluted sample was applied 
to a 1 ml DEAE FF Hi-trap anion-exchange column (GE Healthcare Bio-
sciences, Uppsala, Sweden) equilibrated with the same buffer using an AKTA 
FPLC chromatographic system (GE Healthcare). The negatively charged 
proteins were eluted with buffer A containing 1.0 M NaCl. The column was 
regenerated with buffer A containing 2.0 M NaCl and then re-equilibrated. 

  

Lubricin containing fractions, identified by sandwich ELISA, were pooled 
and proteins precipitated with 80 % ethanol for 16 h at -20 oC. The pellet after 
centrifugation at 16000 xg for 20 min was resuspended in phosphate buffered 
saline (PBS) pH 7.4. In addition to the precipitate, cut-of-filters were used for 
de-salting the pooled fractions, as it reduces the chance of protein 
denaturation by ethanol precipitation. Protein concentration was determined 
by BCA protein assay kit (Thermo Scientific, Rockford, IL, USA) using 
bovine serum albumin (BSA) as standard. 
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Comments: 

One of the disadvantages of anion ion-exchange chromatography is that it 
purifies all negatively charged proteins and the protein of interest is usually 
present in a mixture of several other proteins. Therefore, enrichment of 
glycoproteins prior to further analysis (in particular to MS) is essential, since 
these unwanted proteins would make the analysis much more difficult and 
will also reduce the quality of the results. In this study, sodium dodecyl 
sulfate polyacrylamide gel (SDS-PAGE) or SDS-agarose/polyacrylamide 
composite gel (SDS-AgPAGE) electrophoresis was performed to enriched 
lubricin (Paper I-IV) and high molecular weight salivary mucins MUC5B and 
MUC7 (Paper I and III) respectively. Gel electrophoresis separates proteins 
based on size, where the smaller molecular weight proteins run faster and 
travel further in the gel compared to large molecules resulting in protein bands 
in the gel. This efficiently enriched lubricin for further analysis.  

 

3.2.2 LC-MS analysis of O-linked glycans (Paper I-III)  
Changes in the O-glycosylation of mucin glycoproteins have shown to be 
associated with diseases. Therefore, in order to understand disease pathology, 
investigation of the O-glycosylation of mucin glycoproteins is essential. In 
contrast to N-linked glycosylation where enzymatic (PNGase F) release of 
glycans is possible, analysis of O-linked mucin glycosylation is generally 
performed after chemical release. The lack of a consensus sequence and the 
macro and microheterogeneity associated with extensive O-linked 
glycosylation often protect proteolytic cleavage sites. In this thesis, the 
oligosaccharides were released via a reductive β-elimination reaction. To 
perform the release, the enriched mucin glycoproteins were immobilized to a 
polyvinylidine fluoride (PVDF) membrane and incubated with 0.5-1 M 
NaBH4 in 50 mM NaOH at 50 oC for 16 h. The released oligosaccharides 
were desalted with cation exchange chromatography to remove Na+ ions and 
repeatedly extracted with 1 % acetic acid in methanol to remove borate salt as 
borate esters.  

Unlike amino acid chains where there is only a single linkage position 
possible, both N- and O-linked oligosaccharides can form multiple branches 
(as many as 4 branches) and have different linkage positions (up to 6) with 
two anomeric forms (α or β). This results in the formation of isomeric 
structures making the separation of oligosaccharides prior ESI ionization and 
MSn fragmentation essential for structural elucidation. Online porous 
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graphitized carbon (PGC) chromatography is performed which separates 
oligosaccharides based on size and isomeric structure [100]. The PGC 
separated oligosaccharides, analyzed in negative ion mode, were isolated for 
CID-MSn fragmentation and the MSn spectra are manually interpreted for 
structural assignment. In order to evaluate the amount of degradation of the 
oligosaccharides during release (also known as peeling), major degradation 
products arising from the labile C-3 branch of GalNAc were monitored. The 
expected peeling products NeuAcα2-3Gal at m/z 470 (unreduced) and m/z 
472 in negative ion mode were found to be close to the baseline indicating a 
negligible amount of glycan degradation during release. 

 

Comments: 

The oligosaccharides are reduced alditols when released via the reductive β-
elimination reaction. One of the disadvantages with this method is that the 
released oligosaccharides cannot be labeled with, for example, 2-
aminobenzamide (2-AB). However, it is still the preferred method as it 
reduces the destructive peeling of oligosaccharides that can occur with other 
release methods such as mild hydrazinolysis [101]. The reduced 
oligosaccharides are preferably analyzed in negative ion mode even though 
the MSn fragmentation of sialylated oligosaccharides gives less informative 
spectra due to labile sialic acid. The reason is the efficient ionization of 
oligosaccharide that is associated with their inherent negative charge sialic 
acid, hexuronic acid, and sulfates/phosphates residues. Oligosaccharides can 
also be analyzed in positive ion mode. In that case, derivatization of 
oligosaccharide such as per-O-methylation/acetylation is necessary as it 
generally facilitates the ionization process [102, 103]. Derivatization can also 
be used to investigate sialylated structures, as it can stabilize the labile sialic 
acid often lost during fragmentation in negative ion mode [102]. 

 

3.2.3 Structural assignment of oligosaccharides 
using MSn spectral matching (Paper I) 

The MSn spectral annotation for structural assignment of oligosaccharides is 
an arduous and time consuming process as there are no effective software 
annotation tools available. However, in order to get high throughput structural 
characterization of oligosaccharides using MS, a quick annotation tool either 
software or manual is highly demanded. In this thesis, a reasonably quick MS2 
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spectral intensity comparison method has been developed with the help of 
UniCarb-DB [104] (www.unicarb-db.com) for structural assignment. 
UniCarb-DB is a database of annotated N- and O-linked glycans. In this 
method, the relative intensity for each m/z value from the database peak list 
was downloaded for each isomeric structure with the same composition as the 
unknown and was matched with the corresponding relative intensity in the 
MS2 spectra of the unknown within 0.5 Da. The sample peak lists were 
centroided with the Qual Browser 2.07 (Thermo Fisher) module and the 
matching exercise was performed manually using an excel spreadsheet 
containing MS2 peak lists from the unknowns and from the database. The R2 
value (coefficient of determination) based on linear regression between 
matched intensity levels of MS2 spectra of the unknown and from the unicarb 
database was used to score each match. The structures were ranked based on 
their score.  

 

For identification of the terminal GlcNAcα1-4 epitope, the matching protocol 
was performed for MS3 spectral intensities of the 0,2A1α - H2O fragment ion at 
m/z 304 (GlcNAc plus part of the cleaved Gal) obtained from un-identified 
oligosaccharide from porcine gastric mucin and from GlcNAcβ1-4GlcNAc 
β1-4GlcNAc (Sigma Aldrich, St Louis, MO), and GalNAcβ1-4Gal standards 
(DextraUK, Reading, UK) (Paper I). 

 

The MS2 spectral intensity comparison of the sialylated structures were 
inconclusive, as the different isomeric forms of the same structure gave 
similar R2 value making the identification difficult. Negative ion LC-MS2 
spectra of the sialylated structures has been shown to be less informative due 
to labile sialic acid which may be the reason why they are not well assigned. 
This has been overcome by an alternative sialidase treatment and subsequent 
LC-MS2 spectral intensity comparison of the generated neutral structure. The 
generated neutral structures were identified by an increase in the intensity 
after sialidase treatment indicating that the structures were the exoglycosidase 
product.  
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3.2.4 Investigation and relative quantitation of O-
glycan isomers (Paper III) 

The high throughput structural characterization of oligosaccharides is 
hindered by the time consuming nature and lack of resources for automatic 
processing of MS data. In addition, glycans can form isomeric structures that 
can further increase the complexity making the manual annotation much more 
difficult. This indicates that there is need of a more sensitive selected reaction 
monitoring (SRM) method for glycan analysis. Current glycan SRM methods 
have focused solely on N-glycans [105]. The work described in this thesis has 
focused on structurally annotating O-glycan isomers and relative quantitating 
sulfated and un-sulfated core 1 O-glycans from lubricin and salivary MUC7 
of arthritis patients. PGC chromatography was performed to separate the 
isomers. Lubricin from a reactive arthritis (ReA) patient was used for creation 
and optimization of the sulfated core 1 transitions and O-glycans released 
from porcine gastric mucin (Sigma Aldrich) was used for the core 1 structure. 
Optimization of collision energy (CE), declustering potential (DP), and 
collision cell exit potential (CXP) was performed for each transition tested. 
The final method for SRM included the following transitions and 
specifications: 384.1/101.1 (CE -29 eV, DP -25, and CXP -15), 464/241.1 
(CE -41 eV, DP -15, and CXP -20), and 464/302.1 (CE -40 eV, DP -15, and 
CXP -20) for core 1, Gal sulfation of core 1 and GalNAc sulfation of core 1 
respectively. A dwell time of 35 ms was used for all. Enhanced product ion 
(EPI) spectra were acquired for the 384 and 464 ions, providing full scan 
MS/MS data from which sequence analysis could be performed. 
MultiQuantTM software version 2.1.1 (AB Sciex, Framingham, MA) was used 
for relative quantitation. My main contribution as a co-author to this 
publication was the discovery of sulfated core 1 structures in saliva and SF in 
acute inflammation. 

     

3.2.5 CID/ETD-MS2 glycopeptide characterization of 
lubricin (Paper IV) 

The enzymatic/chemical release methodology is well established both for 
investigating glycosylation (both N- and O-linked) as well as for 
inflammation/disease specific changes in the glycosylation but give no, or 
very little information about the protein core and no information about the 
glycosylation site in the protein sequence. In contrast, traditional proteomic 
analysis will maximize protein information but will deduce minimal 
information about the glycan component of a glycoprotein. In order to 
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understand the nature of a glycoprotein, the glycopeptide approach performed 
in this study (Paper IV) is essential, as it not only defines the protein 
component or the glycan characteristics but also how these two essential 
component interact [106]. In this approach, the enriched SF fractions from 
arthritis patients (reduced and alkylated in SDS sample buffer) were separated 
in SDS-PAGE gel and the gel was stained with Coomassie brilliant blue. 
Lubricin protein bands (identified by anti-lubricin monoclonal antibody) were 
excised and subjected to in-gel endoproteinase lysine-C (Lys-C) and trypsin 
digestion at 37 oC for 16 h each. Acetonitrile extracted peptides and 
glycopeptides from the gel were concentrated in a vacuum centrifuge.  

Glycopeptides are usually a minor component of the peptide mixture in any 
glycopeptide experiment suggesting that enrichment is a pre-requisite before 
MS analysis. In this study, offline cotton wool HILIC SPE chromatography 
was performed as previously described by the Manfred Wuhrer group, which 
efficiently enriched the generated O-glycopeptides [107]. LC-MS2 
investigations were performed both before and after HILIC fractionation as 
well as on the HILIC flowthrough in order to identify the glycosylated and 
non-glycosylated peptide sharing the same peptide moiety. The glycopeptides 
were separated by online gradient C18 reverse phase chromatography. C18 
separated glycopeptides, analyzed in positive ion mode, were isolated for both 
CID/ETD-MS2 fragmentation and the MS2 data was processed by the Mascot 
and Byonic software for sequence (both glycan and peptide) and site 
localization of glycan. The CID/ETD-MS2 data was also interpreted manually, 
since very little information was obtained from software annotation.   

 

Comments: 

CID-MS2 fragmentation used in this study produced glycan sequence 
information both for the different glycopeptides as well as for the different 
glycoforms of the same tryptic peptide (EPAPTTPK) indicating that lubricin 
display both macro- (two separate glycans) and site-specific micro-
heterogeneity (different glycan at a single amino acid position). However, one 
of the disadvantages with CID-MS2 fragmentation was the site-specific 
location of the glycan was not always possible to identify for peptides with 
more than one Thr or Ser, as it resulted in extensive glycosidic fragment ions. 
ETD was used as an alternative fragmentation technique for the site-specific 
identification of glycans, as it induces peptide backbone cleavage leaving the 
glycan unaffected [94, 108]. However, the abundance of the small tandem 
repeats (EPAPTTPK) in the protein sequence reduced the higher charge state 
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advantages of the ETD-MS2 fragmentation in this study. Therefore, it was the 
novel combined use of CID and ETD that allowed the site-specific glycan 
localization as well as glycan determination of this difficult protein.   

   

3.2.6 Investigating the role of sialic acid in the 
amphoteric nature of lubricin (Paper IV) 

The predicted isoelectric point (pI) of apolubricin is very high and is close to 
9.8. It is due to the high content of positively charged arginine and lysine 
residues in the protein sequence making the molecule basic. However, 
processed lubricin in the SF was purified as negatively charged proteins on 
DEAE column [34] indicating that glycosylation may have transformed the 
molecule into an acidic protein. Lubricin is a heavily glycosylated mucin-like 
glycoprotein and has been shown to have both O-glycan sulfation and 
sialylation. These sialylated and sulfated O-glycans can change the charge of 
the molecule suggesting that the glycosyltransferases, in particular 
sialyltransferases and sulfotransferases residing in the Golgi apparatus, may 
be responsible for this transformation of the molecule. Therefore, in order to 
understand the nature of the molecule and its biolubricating ability, it is 
essential to investigate the role of these negatively charged residues, in 
particular sialic acid, as lubricin is predominately composed of the sialylated 
core 1 structure.  

 

In this study, the pI dependency on the sialic acid of the molecule before and 
after de-sialylation was determined. In brief, enriched SF proteins both before 
and after de-sialylation were separated in the immobilized pH gradient (IPG) 
gel of pH 3-10 (BioRad). Traditional 2D gel electrophoresis routinely used for 
investigating proteins in a complex mixture is not possible for mucin-like 
glycoproteins such as lubricin. The reason for this is the negatively charged 
glycan and the high content of acrylamide in the IPG gel that immobilize the 
molecule in the gel making the transfer to the second dimension difficult. 
Therefore, in order to examine the effect of sialic acid, proteins from the IPG 
gel were transferred to PVDF membrane via passive diffusion as previously 
described and subsequently probed with lubricin specific antibody (mouse 
anti-lubricin mAb13, Pfizer Research, Cambridge, MA, USA) for 
immunostaining.  
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3.2.7 Immuno/lectin investigation of lubricin 
glycosylation (Paper II)  

Immunoassay with lectins or antibodies is a widely used technique for 
investigating the glycan content or specific protein in a sample. In this study, 
immunoassays with lectins and anti-carbohydrate antibodies were performed 
in order to identify the different glyco-epitopes of synovial lubricin. The SDS-
PAGE separated negatively charged enriched SF proteins were electroblotted 
on to a PVDF membrane. The membrane was blocked and incubated with the 
appropriate concentration of primary antibodies or biotinylated lectins and 
subsequent incubation with secondary antibodies or sterptavidin labeled with 
HRP for detection.  

Although, the immune/lectin-blotting method is convenient for investigating 
glycoepitopes, detailed structural information is commonly lacking. In 
addition, some glycoepitopes may not be detectable due to hindrance in space 
or lack of specific antibodies. For example, there is currently no antibody 
available that can distinguish 3-O-sulfation from 6-O-sulfation. Therefore, in 
order to maximize structural information, the glycosylation of lubricin was 
primarily analyzed by mass spectrometry. 

 

3.2.8 mRNA expression analysis (Paper IV) 
The prediction of the GalNAc-type (or mucin type) O-glycosylation such as 
on lubricin is difficult, as discussed earlier. Therefore, In order to understand 
the biosynthesis of lubricin glycosylation, it is essential to investigate the 
mRNA expression of the Golgi residing glycosyltransferase enzymes 
responsible for initiating O-glycosylation. Primary human fibroblast-like 
synoviocytes (FLS) cultures from RA (n= 2) and OA (n= 2) patients were 
used for RNA extraction and profiling of all the 20 genes was performed by 
our collaborator, Eric Paul Bennett. The FLS cultures are known to produce 
lubricin. 
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4 RESULTS AND COMMENTS 

4.1 Identification of sialic acid configuration in 
lubricin (Paper I) 

Over the last two decades, mass spectrometry has developed into the most 
accepted method for the analysis of a number of biomolecules including 
glycosylation [109]. Increased sensitivity combined with detailed high 
throughput structural characterization of oligosaccharides allows mass 
spectrometry to be routinely used for the structural elucidation of both N- and 
O-linked glycosylation [91, 110]. However, structural characterization of 
sialylated glycans (in released form) using negative ion LC-MS2 is still 
challenging as the MS2 spectra of sialylated glycans is less informative. The 
reason is the labile sialic acid leaving behind very little information 
suggesting that linkage specific sialidases should be used in order to increase 
the available information [111, 112]. In addition, the spectral annotation of the 
sialylated and sialidase-generated structure is a time consuming process, as 
there is no software annotation tool available. Therefore, LC-MS2 spectral 
matching with the spectra reported in the UniCarb-DB in combination with 
specific sialidase method was used for high throughput structural and 
configurational analysis of sialylated structures in human synovial lubricin.  

 

The enriched SF proteins were SDS-PAGE separated; the O-glycans from the 
lubricin band were released by reductive β-elimination and subsequently 
analyzed by LC-MS2 in negative ion mode. The spectra were dominated by 
mono- and di-sialylated structures. However, in order to identify sialic acid 
linkage and subsequent LC-MS2 structural investigation, the released glycans 
were incubated with sialidase S (Streptococcus pneumonia) specific for α2-3 
linked sialic acid at 37 oC for 16 h. A complete degradation of the mono- and 
di-sialylated core 2 structures was observed. This was accompanied with an 
increase in the intensity of the neutral ion at m/z 749 
(Hex2HexNAc1HexNAcol) indicating that this is the sialidase-generated 
product. This was a core 2 structure with Galβ1-3(Galβ1-4GlcNAcβ1-
6)GalNAcα1- when compared with spectra reported in the MS2 database 
UniCarb-DB suggesting that this can be terminated with one sialic acid (on 
either branch) and with 2 sialic acid residues (one on each branche). The 
complete degradation of the mono- and di-sialylated core 2 structures with 
sialidase S revealed the configuration of the NeuAc moiety in both the 
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structures to be α2-3 linked. The complete degradation of the isomeric 
sialylated core 1 (NeuAcα2-3Galβ1-3GalNAcα1-) structures was also shown 
(data not shown). However, the second isomer of the sialylated core 1 
remained un-affected indicating that the core 1 structure has both α2-3 
(NeuAcα2-3Galβ1-3GalNAcα1-) and α2-6 [Galβ1-3(NeuAcα2-
6)GalNAcα1-)] linked NeuAc moiety. Thus it can be concluded that lubricin 
has both α2-3 and α2-6 linked sialylated structures. 

    

The identification of α2-3 and α2-6 sialylated structures suggested that both 
the α2-3 and α2-6 linked sialyltransferases might be active on lubricin. To 
date, six mammalian genes have been identified forming the α2-3 sialic acid 
linkage (ST3Gal-I-VI) that are potentially involved in the formation of the 
selectin ligands [113]. In some cancer tissues, the expression of ST3Gal-III 
has been shown to be associated with the formation of sLex [114]. In studies 
using ST3Gal-I knock out mice, it has been shown that sialylation of core 1 
galactose (Galβ1-3GalNAcα1-) is primarily performed by ST3Gal-I [115] 
resulting in the synthesis of sialyl-T antigen (NeuAcα2-3Galβ1-3GalNAcα1-
). In CD43 and CD45 T cells, ST3Gal-I expression has been shown to reduce 
the formation of core 2 O-glycans [116] essential for the interaction of T cell 
surface glycoproteins with endothelial selectins. 

 

In contrast, the α2-6 sialyltransferases (ST6GalNAc-I and II) transfers NeuAc 
to the 6 position of GalNAcα1- resulting in structures that lack the core 2 
branch such as [Galβ1,3(NeuAcα2,6)GalNAcα1-] and sialyl-Tn antigen 
(NeuAcα2,6GalNAcα1-) [64]. The ST6GalNAc-I has been suggested to be 
the predominant sialyltransferase in the synthesis of sialyl-Tn [64]. In gastric 
tissues, ST6GalNAc-I has been shown to be the major enzyme that controls 
the expression of the cancer associated sialyl-Tn antigen [117]. ST3GalNAc-I 
and ST3GalNAc-II show similar in vitro activity, when Tn antigen alone is 
available. However, in the presence of both T and Tn antigen, ST3GalNAc-I 
prefers Tn while ST3GalNAc-II prefers T antigen [64]. Aberrant expression 
of sialyl-T and sialyl-Tn antigen is a characteristic feature observed in gastric 
[65], breast [66], ovarian and pancreatic human carcinoma [67]. In addition, 
altered glycosylation of the MUC1 mucin in carcinoma has been shown to be 
associated with the expression of sialyl-Tn antigen. Both MUC1 and sialyl-Tn 
are used as targets for cancer immunotherapy [68, 69]. 
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4.2 Identification of lubricin fragments as 
possible biomarker candidates (Paper II) 

Although osteoarthritis (OA) (mechanical degradation) and rheumatoid 
arthritis (RA) (chemical degradation) are different in disease etiology, the 
degeneration of the articular cartilage is the hallmark of both diseases [118]. 
This degeneration, detected by glycoprotein fragments in the SF, is suggested 
to be due to the detachment/degradation of the biomolecules that are 
responsible for lubricating the joint surfaces. Lubricin is suggested to be one 
of the molecules responsible for lubricating the joint [119]. Despite its 
important lubricating function, lubricin has not been investigated as a method 
to monitor the state of the joint. In RA, a decrease in expression and increased 
degradation of lubricin has been shown. A decreased level of lubricin, 
particularly in the early stage of the disease, has also been shown in studies 
using animal models of OA [28]. This reduced levels and increased 
degradation of lubricin may accelerate the destruction of the joint, 
exacerbating the disease. Therefore, proteomic characterization of lubricin for 
identification of possible proteolytic fragments in the SF is essential and may 
serve as a potential marker for early diagnosis of OA and RA diseases.  

 

Although the proteomic characterization of the negatively enriched SF 
component has been investigated previously, lubricin (or its proteolytic 
fragments) has only been reported in a very few studies [34, 120]. In this 
study, lubricin in the enriched SF proteins were investigated by proteomic 
methods. For this, the dominating band in the SDS-PAGE (∼227-345 kDa 
area) was in-gel trypsin digested and subsequently LC-MS2 analyzed. The 
proteomic analysis identified 28.5% of the protein sequence and is believed to 
be the full-length processed secretory lubricin. It is due to the heavily O-
glycosylation of the processed protein that account for 50 % of the molecular 
weight of the protein (apolubricin is around 151 kDa). The sequence of all 
exons were detected except exon 1, consisting of the 24 amino acid signal 
peptide. However, in order to identify proteolytic fragments of the molecule, 
it is essential to not only investigate the major lubricin band but also other 
areas of the gel, in particular the low mass region. In this study, the entire gel 
lane was trypsin digested and analyzed by LC-MS2. Interestingly, the 
molecule was also identified in all other areas of the gel. In lubricin, 4 
possible native cleavage sites were indicated two on either side of the mucin 
domain.   
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Is there any association between degradation of lubricin and inflammation of 
joint diseases? Or is the fragmentation of lubricin in healthy individuals, if 
any, different from arthritis patients? SF of OA patients has been reported to 
contain fragments of lubricin [121]. In addition, the C-terminal fragments of 
the molecule were also identified in OA SF. However, in the same study no 
fragmentation was observed when the SF of healthy individuals was 
investigated [120].  The fragments of lubricin identified in this study were 
from RA SF indicating that this may very well be due to the inflammation and 
pathological degradation of the molecule in the joints of arthritis patients. 
Therefore, the identification of lubricin fragments in this report may open up a 
new possibility for disease specific biomarker discovery. 

 

 

4.3 Identification of novel isomeric core 1 
sulfated structures on Lubricin and 
salivary MUC7 (Paper III) 

Altered protein glycosylation (both N- and O-linked) has been observed in a 
large number of disease states including cancer that can affect  
glycoconjugates, including the heavily O-glycosylated mucins and mucin-like 
synovial glycoprotein, lubricin. Mucins are usually found on the mucosal and 
sliding surfaces where the O-glycosylation serves to protect the underlying 
layer and provide lubrication. In a demanding environment, mucins undergo a 
change in glycosylation, as it is the first line of defense against pathogens and 
the surrounding environment. This change has been observed in several types 
of diseases [122], such as breast cancer [123], gastric cancer [124], RA and 
OA [125]. However, in order to understand this change in glycosylation, 
investigation of the glycosylation of a protein in different disease states, 
including the healthy, is essential.  
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Figure 7. Core 1 sulfation of O-glycans on synovial lubricin and salivary MUC7 
glycoproteins. Lubricin isolated from SF of ReA (B) and salivary MUC7 from patient 
diagnosed with sarcoidosis (D) displayed more complex pattern of core 1 sulfation 
compared to single isomer in RA lubricin (B, blue) and in healthy (A) and RA patient 
salivary MUC7 (C). 

 

In this study, the O-glycosylation of synovial lubricin isolated from arthritic 
patient, including rheumatoid arthritis (RA) and reactive arthritis (ReA) was 
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investigated. RA is a systemic chronic autoimmune inflammatory disease 
while ReA is an acute autoimmune condition and is agreed to be caused by 
molecular mimicry, resulting in cross-reactive antibodies from gastrointestinal 
or genitourinary tract bacterial infections [126]. The O-glycans were released 
by reductive β-elimination and subsequently analyzed by LC-MS2 using PGC 
chromatography. In addition to the previously reported O-glycans [34], novel 
isomeric sulfated core 1 O-glycans on lubricin were identified in this study, 
which were investigated further. Sulfation of core 2 O-glycans on lubricin has 
been reported previously and this was suggested to play a role in the 
pathology of RA [40]. However, sulfation of core 1 O-glycan was identified 
for the first time on synovial lubricin in this report (Fig. 7). In contrast to a 
single sulfated core 1 isomer in RA, a more complex pattern of core 1 
sulfation was observed in ReA patient, as PGC (separates isomeric structures) 
chromatography identified 4 different isomers in ReA patient. This indicates 
that sulfation may have different roles in the acute ReA and chronic RA 
conditions investigated [127]. Sulfation of O-glycans is usually present on the 
C-3 and C-6 position of the monosaccharide residues [72]. The diagnostic 
cross ring fragment ions in the MS/MS spectra of the sulfated core 1 structure 
in RA patient indicated the C-3 sulfation of galactose. C-3 sulfation of Gal is 
usually catalyzed by the Gal3STs (4 Gal3STs have been cloned so far) [128]. 
However, in addition to C-3 sulfation of galactose, ReA patient also indicated 
C-6 sulfation of galactose and GalNAc, including an additional un-assigned 
position. C-6 sulfation of Gal/GalNAc core 1 O-glycans has been reported 
previously on MUC1 glycoprotein secreted from human breast cancer cell line 
[72].  In the same study, Gal6ST, the enzymes responsible for C-6 sulfation of 
terminal Gal, was suggested to be involved in the C-6 GalNAc sulfation of 
core 1 O-glycans. This suggests that this Gal6ST may also be responsible for 
the C-6 sulfation of GalNAc on synovial lubricin, as C-6 sulfation of core 1 is 
also identified on lubricin indicating that both the Gal3STs and Gal6ST may 
be active.  The LC-MS data also contained an un-assigned isomer. The most 
likely explanation for this un-assigned sulfated core 1 isomer may be the C-4 
position of the GalNAc, since the C-3 position of the GalNAc is already 
occupied. C-4 sulfation of GalNAc is known in chondroitin sulfate (CS) and 
dermatan sulfate (DS) [129, 130]. However, lubricin is identified to be a 
mucin-like glycoprotein and is devoid of CS/DS [40]. However, the location 
of sulfate in this isomer was not assigned, and further investigation will be 
required to identify the location of the sulfate as well as associated enzymes. 

Given the identification of the different sulfated core 1 O-glycans in the two 
arthritic conditions, the investigation of this structure was further studied in 
other tissues and fluids of the body. Saliva, due to the non-invasive sampling 
procedure and rich source of O-linked mucin glycoproteins, was considered 
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suitable for analyzing this sulfation further. In addition, sulfation has been 
shown to be a constituent of the salivary O-glycoproteins suggested to be 
important for the clearance of oral bacteria and for the recruitment of 
neutrophils [131]. Therefore, saliva was collected from healthy and RA 
patient and from a patient diagnosed with sarcoidosis. At the time of sample 
collection, the sarcoidosis-diagnosed patient was using anti-inflammatory 
steroids as treatment supplement but the treatment of the ReA patient was 
unknown. Whole saliva samples were SDS-AgPAGE separated and O-
glycans were released from salivary MUC7 glycoprotein. The identification of 
the sulfated core 1 O-glycans on MUC7 confirmed this glycoprotein as an 
appropriate sample to investigate this core 1 sulfation. In healthy and RA 
patients, only C-3 sulfation of galactose was identified in sulfated core 1 O-
glycans. However, similar to lubricin isolated from ReA, MUC7 of 
sarcoidosis patient also indicated more complex pattern of core 1 sulfation. It 
showed all the three assigned isomers (C-3 sulfation of Gal and C-3 and C-6 
sulfation of GalNAc) of sulfated core 1 O-glycans on lubricin from ReA 
patient. However, the fourth isomer was not identified in MUC7 or may be 
co-eluting in the first peak. This similarity of core 1 sulfation between acute 
ReA and sarcoidosis-diagnosed patient may be due to the immune reactive 
nature of core 1 sulfation. However, in order to find an association between 
core 1 sulfation and immunological response, this study needs to be expanded 
further to a larger number of patients.     

 

 

4.4 Lubricin: an amphoteric mucin-like 
molecule (Paper IV) 

Negatively charged sialylated and sulfated glycans can alter the charge of 
heavily glycosylated mucins and the mucin-like synovial glycoprotein, 
lubricin. Apomucins are usually neutral or acidic, secreted with a predicted pI 
of 2-4.7 [36]. However, apolubricin is exceptional with a pI predicted to be as 
high as 9.8. This is due to the large number of positively charged arginine and 
lysine residues in the N- and C-terminal regions making the polypeptide 
backbone positively charged. However, the secreted protein is purified as an 
acidic glycoprotein indicating that glycosylation, in particular sialylation and 
to some extent sulfation, in the central Ser, Thr and Pro (STP) rich region 
have changed the molecule, as lubricin is suggested to have a majority of 
sialylated O-glycans [40]. The glycosylation (in particular sialylation) 
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dependency for the charge and pI of lubricin model suggested that, at the 
physiological pH (7.2-7.4) of the SF, the STP rich region required 
approximately 60 sialic acids in order to be negatively charged. Beyond 80 
sialic acid residues, lubricin and its STP rich region are both negatively 
charged and capable of maintaining its negative charge during pH shifts of SF 
and/ or limited chemical/enzymatical agents that partially lower the sialic acid 
content of lubricin or degrade the protein. This could possibly be the number 
of sialic acid residues that is required for its function on the cartilage. 

 

Isoelectric focusing before and after de-sialylation was carried out in order to 
understand the contribution of sialic acid to the physical properties of lubricin. 
The pI of the molecule before de-sialylation ranged from 4-7.5, while after de-
sialylation the pI was found to be approximately 7.5. This also indicates that 
de-sialylation has changed the molecule from highly acidic to basic where in 
addition to N- and C-terminal, the mucin domain was also positively charged. 
This suggests that lubricin is an amphoteric mucin-like molecule in its fully 
glycosylated state. The lower pI compared to the predicted apolubricin may 
possibly be due to the remaining sulfated residues on lubricin glycans. 
Lubricin is suggested to be a good lubricant for negatively charged surfaces 
such as the outer most articular cartilage layers (lamina splendens) [132]. This 
may be due to an increase in repellent charge force between the negatively 
charged STP rich region and negatively charged components (HA, lipids and 
proteoglycans) of the outer most cartilage layer. However, lubricin lacking the 
terminal somatomedin B-like and hemopexin-like domains has been 
suggested to cause in-efficient lubrication due to weak binding at the cartilage 
surface [133]. Therefore, one can speculate that the amphoteric nature of 
lubricin may be essential for efficient lubrication.   
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Figure 8. Lubricin is an amphoteric mucin-like molecule, with both the number of 
glycosylation sites and the amount of sialic acid and sulfate is essential for its 
amphoteric nature.  

The amphoteric property of lubricin is controlled by the number of 
glycosylation sites and the amount of negatively charged sialic acid and 
sulfate attached (Fig. 8). The glycosylation sites are controlled by the 
ppGalNAc-Ts responsible for initiating mucin-type O-glycosylation [42]. In 
addition, the active expression of core β1-3galactosyltransferase and ER 
resident molecular chaperone Cosmc is also essential, as lubricin is 
predominantly shown to have core 1 O-glycans that can be sialic acid 
terminated [34]. The sulfation of both core 1 and core 2 O-glycans has also 
been identified on lubricin. This suggests that both sialyltransferases and 
sulfotransferases are active in lubricin producing cells. This active expression 
is essential, as they can alter the property of the molecule by imparting 
negative charges. The sialylated core 1 O-glycans on lubricin has been shown 
to be responsible for lubricating the joint [119]. In addition, the abundance of 
negatively charged glycans on lubricin will increase the hydration of lubricin 
and will contribute to SF lubrication [134]. This hydration generates strong 
repulsive hydration forces that can also contribute to the protein boundary 
lubrication, as this repulsion reduces friction by preventing surface contact 
during motion.  
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The substantial change in the pI and the drastic alteration of the charge of 
lubricin around 60-70 sialic acids indicates that there is a critical point where 
the number of glycosylation sites and the amount of sialylation, and to some 
extent sulfation, will significantly alter the properties of lubricin. All together 
this shows that the pathological alteration of the glycosylation of lubricin may 
contribute to an altered lubricating surface of articular joints.    

 

Overall, the approach adopted in this thesis has successfully investigated both 
the glycosylation and the protein component of the heavily glycosylated 
mucin-like glycoprotein, lubricin. This approach has not only identified the 
types of glycosylation and its position in the protein sequence, but also 
indicated its likely contribution to the physical property of the molecule. The 
identification of novel sulfated core 1 O-glycans suggests that lubricin is an 
immune reactive molecule and can respond to external stimuli. A substantial 
increase in the pI with de-sialylation indicated that lubricin is an amphoteric 
mucin-like molecule suggesting that sialylation and to some extent sulfation is 
essential for its amphoteric nature.    
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5 OVERALL DISCUSSION 

Lubricin, in combination with other SF macromolecules, has been suggested 
to be one of the molecules responsible for lubricating the joints [119]. The 
joints of rheumatoid arthritis (RA) and osteoarthritis (OA) patients have 
shown a decrease in expression and changes in glycosylation of lubricin [26]. 
This decrease in lubricin expression exacerbates the disease by accelerating 
joint destruction indicating that certain characteristics of lubricin may be an 
indicator of disease progression in RA and OA. Despite being an important 
lubricator in the joint, the detailed structural characterization of lubricin has 
not been performed. This is due to its large size and extensive mucin-like O-
glycosylation that is suggested to protect the proteolytic cleavage sites. In this 
thesis, the structural investigation of lubricin and its glycosylation was 
performed that may explain the lubricative properties of the molecule and its 
response to pathology. 

 

Structural investigation revealed that lubricin predominately contains mono-
sialylated core 1 O-glycans, as previously reported [34]. A small proportion of 
core 2 and mono-sialylated core 2 O-glycans have also been confirmed on 
lubricin. In addition, different isomeric structure of the novel sulfated core 1 
O-glycans were identified in acute reactive arthritis (ReA) compared to a 
single isomer in chronic rheumatoid arthritis (RA). This indicates that lubricin 
is an immune reactive molecule and can respond to immunological stimuli. 
The molecule has been shown to be a good lubricant for negatively charged 
surfaces (lamina splenden) [132]. This is due to repulsive forces between 
negatively charged glycan residues and negatively charged component of the 
cartilage (HA, lipids and proteoglycans). Water molecules in the SF will 
hydrate the negatively charged sialylated and sulfated residues (though 
differently as sulfate does not have the poly-ol groups) resulting in the 
formation of hydration layers around the charged residues. These hydration 
layers generate strong steric hydration repulsion when the molecules 
surrounded by the hydration layers come close to each other [134]. These 
hydration repulsive forces will result in reduced friction and wear of the 
cartilage during motion. The large number of positively charged lysine and 
arginine in the protein sequence makes the polypeptide backbone positively 
charged. This positive charge may be involved in the adherence of lubricin to 
negatively charged components (hyaluronic acid, proteoglycans) of the 
outermost cartilage layer, as the N- and C-terminal recombinant construct has 
been shown to promote the attachment of cells to the cartilage [30].   
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Figure 9. The investigation of lubricin suggested these three likely hypotheses. A) The 
pathological degradation of articular cartilage may be due to the pathological 
detachment of lubricin from the cartilage surface. B) It is the number of glycosylation 
sites that may control the rheological property of the molecule. C) The negatively 
charged sialylated and sulfated glycans may not only be important for the amphoteric 
nature of the molecule but may also have immunological functions. 
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The increase in stress and protease activity associated with the pathology of 
arthritic diseases, both RA (chemical degradation) and OA (mechanical 
degradation), are suggested to result in the degradation of the articular 
cartilage [19, 20]. This degradation is due to the detachment of the cartilage 
adhered lubricin and other lubricating molecules that are responsible for joint 
lubrication (paper II). In this thesis, the identification of lubricin fragments in 
the SF of RA patients may open up a new possibility for disease-specific 
biomarkers (Fig. 9B). In mucins, the heavily O-glycosylation of the mucin 
domain is suggested to protect the proteolytic cleavage sites. However, in the 
case of lubricin, it was extensively degraded by trypsin. Other proteases 
including neutrophil elastase, papain and pronase have also been shown to 
degrade lubricin [17, 135]. The identification of tryptic peptides in the low 
mass 30-65 kDa region may be the N- or C-terminal of the molecule with a 
small portion of the mucin-like domain, as the non-glycosylated N- and C-
terminal are approximately 35 kDa each. However, it is not clear whether they 
were from unique cleavages along the protein sequence or randomly excised 
in vivo. The identification of C-terminal fragments of lubricin has also been 
shown in the SF of OA patients [120]. However, in the same study, no 
fragments were observed when the SF of healthy individuals was investigated. 
This suggests that this fragmentation of lubricin may be associated with the 
inflammation or pathology of joint diseases.   

 

The drastic alteration in the charge of lubricin with the addition of 60-70 sialic 
acid residues suggests that sialic acid may play an important role in the 
property of lubricin. The lubricative property of the molecule has shown to be 
not solely dependent on sialic acid, as it has shown to be less affected with de-
sialylation [119]. In the same study, the lubricative property of lubricin was 
shown to be predominately associated with the galactose of core 1 structure, 
as a drastic decrease in lubrication was observed with the removal of this 
residue. However, an alternative explanation to this may be that it is the bulk 
of glycosylation, which may be important for the lubricative property of the 
molecule (Fig. 9C), as lubricin is suggested to be predominately composed of 
the galactosylated core 1 structure. This may also explain the steady change in 
the charge of lubricin up to 50 sialic acid residues indicating that a minimum 
number of glycosylation sites are essential in order to observe a visible change 
in the charge of lubricin. The large number of glycosylation sites on lubricin 
(168 sites were identified in this thesis) will allow an increase of the negative 
charge density resulting in changing the charge of the molecule, as all these 
glycosylation sites can potentially terminate with sialic acid or sulfate. The 
greater number of negatively charged sialic acid residues (and sulfate also) 
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will attract more water molecules in the SF resulting in the increased 
hydration lubrication mechanisms. This increase hydration will generate 
strong steric hydration repulsive forces keeping the surface apart and resulting 
in reduced friction during motion [134]. 

 

Isoelectric focusing (pI) before and after de-sialylation was carried out in 
order to further understand the contribution of sialic acid to the properties of 
lubricin. The pI of the molecule before de-sialylation ranged from 4-7.5 while 
after it was approximately 7.5 indicating that de-sialylation changed the 
molecule from acidic to a basic molecule where in addition to the N- and C-
terminal, the mucin domain of lubricin also bacame positively charged. This 
is due to the large number of positively charged lysine and to some extent 
arginine residues in the polypeptide backbone. The substantial change in the 
pI suggests that lubricin is an amphoteric mucin-like molecule (Fig. 9D) 
where the mucin domain, due to its hydration caused by the substantial 
glycosylation of its negatively charged glycans, may be important for 
lubrication while the positively charged N- and C-terminal may be important 
for adherence to the cartilage surface [132, 136]. The negatively charged 
sialylated and sulfated glycans are also important for the immunological 
properties of lubricin, as they can result in the formation of immune reactive 
epitopes such as sLex and sulfation of O-glycans [40]. These epitopes make 
lubricin a potential candidate for L-selectin binding [40].     
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6 CONCLUSION 

The methods developed in this thesis have successfully investigated both the 
glycosylation as well as the protein component of a heavily glycosylated 
mucin-like synovial glycoprotein, lubricin. Screening of sialic acid linkage 
configuration suggested that lubricin has predominately 3-linked sialylated O-
glycans. However, a small proportion of 6-linked sialylated structures have 
also been identified. The identification of novel isomeric sulfated O-glycan in 
arthritic diseases indicated that lubricin is an immune reactive molecule and 
can change in response to a pathological environment. This also suggested 
that these immune reactive sulfated O-glycans have a different role in the two 
arthritic conditions investigated. The identification of proteolytic fragments in 
the SF of RA patients indicated the chemical/immunological stress and 
protease activity associated pathological degradation may result in the 
detachment of the molecule from the cartilage surface. The investigation 
performed in this thesis has redefined an extended serine, threonine and 
proline (STP) rich region in lubricin compared to the previously defined 
mucin domain. The developed methods have successfully mapped the 
glycosylation profile of lubricin within this STP rich region indicating that 
lubricin glycosylation displays both micro- and macroheterogeneity. Overall 
the current thesis showed that lubricin is an amphoteric mucin-like molecule, 
where both the number of glycosylation sites and sialylation are important for 
the amphoteric nature and may very well be critical for its function as an 
amphoteric biolubricator.  
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7 FUTURE PERSPECTIVES 

Although the results from this thesis have shed some light on the 
characterization and biolubricative properties of synovial lubricin, including 
its response to diverse pathological environments, several new questions arise 
that need to be addressed.  

In this study, novel isomeric sulfated O-glycans (sulfation of both Gal and 
GalNAc) on lubricin have been identified in the two different arthritic 
conditions. Altered expression of sulfotransferases has been reported in 
various inflammatory diseases. Therefore, in order to understand the 
pathological association between sulfotransferases and inflammation, the 
investigation of the type of sulfotransferases involved in O-glycan sulfation 
on lubricin and their expression in inflammation is essential and needs to be 
investigated further.  

The mRNA expression analysis of the polypeptide N-
acetylgalactosaminyltransferase genes (GALNT) suggested that GALNT15 is 
the most abundant enzymes in primary human fibroblast-like synoviocytes, 
one of the cell types that secrete lubricin in vivo. Little is known about this 
enzyme in regards to substrate specificity. Therefore, further investigation of 
this and other expressed enzymes is essential in order to understand the type 
of enzymes that are involved in the glycosylation of lubricin. 

The investigation of lubricin in the current thesis suggested the likely three 
hypotheses (Fig. 9). These include the pathological degradation of the 
molecule, the rheological importance of site occupancy and the 
immunological importance of negatively charged glycans and their 
contribution to the amphoteric property of lubricin. However, further 
investigation is required in order to understand these hypotheses. 
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