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In all living organisms, biological activities such as proper functioning and co-ordination of
different organs will depend on different cells and molecular interactions. In some organisms
the loss of functional organs or damage of organs can be lethal, whereas in others a special
process called regeneration can retrieve lost organs. The molecular details of regeneration are
still not completely understood in many organisms. Echinoderms are close to vertebrates in the
evolutionary tree and are well known for their amazing regeneration capacity. So we chose to
investigate the molecular processes of regeneration mechanism with an interest towards our
favorite groups of molecules, glycosaminoglycans (GAGs). GAGs are linear polysaccharides,
expressed on all cell surfaces and extracellular space and are also known to be involved in
many cellular activities. We aimed to characterize the GAGs present in Echinodermata species
Amphiura filiformis and investigated their role during arm regeneration.

In Paper I we characterized the structure and function of GAGs from A. filiformis and
identified that A. filiformis contains CS/DS type of GAGs, but no HS. The sulfation degree
of these CS/DS is close to the one of heparin, i.e. they are highly sulfated. These chains are
able to bind FGF-2 growth factor and induce FGF-2 mediated cell signaling. In Paper II we
further characterized these GAGs for their localization and for their role in arm regeneration
in A. filiformis. Immuno- and histochemical stainings on arm sections revealed that CS/DS
GAGs are localized around the podia, surrounding the water vascular system, and around the
muscle tissues. Inhibition of sulfated GAG biosynthesis by chlorate treatment affected the
regeneration efficiency of the arms, which may be an indication of the importance of CS/DS
structures in A. filiformis arm regeneration. We also characterized some bacterial sulfatases in
Paper III and a lyase in Paper IV from human and canine gut symbiotic bacteria. Here we
sought to find the substrate specificity and optimal conditions for these enzymes’ activities. Our
findings suggest that these polysaccharide lyase and sulfatases can be used as potential tools
to characterize different GAG structures and their application could further add knowledge on
diseases mechanisms related to host pathogen interactions.
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Introduction 

Life is a functional property of the cell. Life of every multicellular organism 
will begin from a single fertilized cell, a stage called zygote that will divide 
and become multiple cells to form an embryo. The cells in the developing 
embryo will undergo many activities in order to create a fully developed 
organism. Cells in the embryo perform activities, interact with each other to 
convey messages and guide other cells that are involved in further 
developmental process. These cellular activities depend on different 
signaling molecules, that act as ligands such as cytokines, morphogens, 
chemokines, or other secreted factors and the expression of receptors on the 
cell surface. Ligands and cell surface primary receptors both are very 
important to convey external signals to the inside of the cell. These signals 
will guide cells whether they need to proliferate, differentiate or migrate 
depending on the circumstances to form organs that perform different 
functions in the body, eventually all these processes lead to the formation of 
a complete organism.  

The ligand and primary receptor signaling process is not only important 
for embryonic development but also important for wound healing, 
regeneration of different body parts, angiogenesis and also in different 
pathological processes in organisms. Ligand-primary receptors signaling 
processes will depend on other molecules called co-receptors or secondary 
receptors/signaling molecules that are co-expressed on the cell surface along 
with primary receptors. These co-receptor molecules are also involved in 
other cellular functions such as cell adhesion, cell-cell cross talk, chemokine 
presentation, endocytosis and many more. They also participate in cell 
integrity by binding to extracellular matrix (ECM) molecules and providing 
binding properties to both ligand and receptor molecules thereby stabilizing 
interactions for cellular signaling. 

Most co-receptors are proteins, but some classes of co-receptors such as 
proteoglycans (PGs) possess long linear polysaccharide chains that are the 
functionally active co-receptor structures. These polysaccharides also known 
as glycosaminoglycan (GAG) chains are covalently attached to their core 
protein. PGs are expressed on all cell types and perform different functions. 
Having structural heterogeneity and high negative charge, GAG chains 
involve in many developmental and pathological processes by interacting 
with various cytokines, morphogens and chemokines. Defects in GAG chain 
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biosynthesis can affect the developmental and regeneration processes in 
organisms or lead to pathological conditions.  

Regeneration can be defined as regrowth of amputated or lost organs to 
fully functional organs. By such a process many animals heal damaged 
organs and maintain their physiological and morphological states. In some 
animals the repair process of a damaged organ is limited to replacement 
(healing), which includes scar formation with the help of collagen 
deposition, while in other animals healing can be a complete regeneration 
process, where a lost body part regrows to fully replace the lost organ. Many 
higher vertebrates are capable to heal damaged organs by regeneration, such 
as for instance the liver, while all other organs can be healed by repair or 
partial regeneration (Poss et al., 2003). In most lower vertebrates and 
invertebrates such as chordates (Nachtrab and Poss, 2012), annelida 
(Weisblat, 2006), and echinoderms (Thorndyke et al., 2001b) regeneration 
can be seen in many body parts. Cellular and molecular events of 
regeneration are still poorly understood in those animals. The unique 
regeneration capacity of these groups attracted many scientists as in the case 
of echinoderms (sea urchins, starfish, sea cucumbers, brittlestars and sea 
lilies).  

Collecting evidences suggest that GAGs have roles in cellular processes 
(Lindahl and Li, 2009; Sterner et al., 2013) and they could also be expected 
to have roles in complex processes as regeneration. The regeneration process 
includes cellular activities such as cell proliferation, migration and 
differentiation and recent studies have reported that GAGs play a vital role 
in these cellular activities and in cell signaling during regeneration (Salbach 
et al., 2012). It is therefore interesting to study GAGs and their roles during 
regeneration to understand the molecular mechanisms of regeneration 
processes in echinodermata animals (Garcia-Arraras and Dolmatov, 2010). 
One of the aspects is the characterization of GAGs in these animals. Recent 
studies on polysaccharide catabolism suggested that polysaccharide lyases 
(PL) and sulfatases are suitable biological tools to study the different 
polysaccharides produced by prokaryotes and eukaryotes (Michaud et al., 
2003). GAG lyases are enzymes that act on GAG chains either exo- or endo-
lytically to metabolize them into oligo-, di- and monosaccharide units, 
whereas sulfatase enzymes strip the GAG chains from their functional 
groups by removing the sulfate esters from different sugar units in the chain. 
The most of commercially available GAG lyases and sulfatases have been 
isolated from bacteria that live in soil or water as their natural habitat. 
Recent studies demonstrated that GAG specific bacterial lyases and sulfatase 
enzymes could also be isolated from human and animal sources (Dejima et 
al., 2013; El Kaoutari et al., 2013; Wang et al., 2013) such as from gut 
symbiotic bacteria.  

The accessibility of biological tools such as GAG lyases and sulfatases 
from human and animal gut symbiotic bacteria can open the doors to study 
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the relation between composition of the bacterial flora and potential disease 
induction or progression (e.g. gastritis or colon cancer) in humans and 
animals where these gut bacteria directly depend on GAGs as their carbon 
sources by secreting GAG lyases and sulfatases.   

 
 

 
My PhD thesis covers two aspects of GAGs 

  
I The isolation and characterization of GAGs that may be 

important molecules during the regeneration process in the 
model organism brittlestar.  
 

II Characterization of bacterial GAG-degrading enzymes from 
mammalian symbionts - potential tools for studying GAG 
structures and functions. 
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Background 

Proteoglycans  
Proteoglycans (PGs) are proteins with one or more glycosaminoglycan 
(GAG) chains covalently attached to their core protein via a tetrasaccharide 
linkage sequence to a serine residue. PGs can be classified based on their 
appearance, location and substitution with different types of GAG chains. 
Based on location they are divided into extracellular PGs (e.g. aggrecan, 
agrin, perlecan and collagen XVIII), transmembrane PGs (e.g. syndecan, 
CD44), glycosylphosphatidylinositol (GPI) - anchored membrane PG 
(glypican) and intracellular PG (serglycin) (Fig. 1). Depending on the type of 
GAG chains attached to the core protein PGs can be classified as heparan 
sulfate PGs (HSPGs), chondroitin sulfate PGs (CSPGs) and keratan sulfate 
PGs (KSPGs). Yet, many of the core proteins can either simultaneously or at 
different occasions be modified with different classes of GAGs. 

HSPGs and CSPGs 
HSPGs and CSPGs appear on surface and in extracellular matrix (ECM) of 
cells in tissue specific manner (Gomes and Dietrich, 1982; Kjellen and 
Lindahl, 1991; Sobel and Ahmed, 2001; Toledo and Dietrich, 1977; 
Valiyaveettil et al., 2004). Most mammalian cells and tissues express 
HSPGs; we can find them also in lower vertebrates and invertebrates (Nader 
et al., 1999). Examples of tissue specific distribution of HSPG can be 
observed in basement membrane (BM) bound forms such as agrin and 
perlecan and heparin-modified serglycin in intracellular vesicles (mast cells 
and neutrophils). In mast cell granules the serglycin PG binds and stores the 
mast cell inflammatory molecules histamine and proteases (Kolset and Tveit, 
2008).  

CSPGs are found in connective tissue matrix (Iozzo, 1998) (aggrecan, 
biglycan and decorin), at cell surfaces (neurocan) (Matsui and Oohira, 2006) 
of vertebrate cells. CSPGs are classified into 4 groups depending on their 
core protein´s properties. 1) Lectin type PGs are a family of CSPGs 
(aggrecan, versican, neurocan and brevicans) (Yamaguchi, 2000) containing 
a lectin-specific carbohydrate recognition domain (Galtrey and Fawcett, 
2007). 2) Phosphacans/receptor-type protein-tyrosin phosphatase; 3) Small 
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leucine–rich PGs (decorin and biglycan); 4) Part-time/other types of CSPGs 
(epicans).  

The role of PGs in many developmental and pathological processes via 
their negatively charged GAG side chains was described earlier (Bishop et 
al., 2007; Dyck and Karimi-Abdolrezaee, 2015). Extracellular and 
membrane bound PGs serve as co-receptors for cells, ECM compounds, 
microbes, cytokines and involve in different processes such as cell-cell 
adhesion, internalization of receptors, cell-extracellular matrix adhesion, 
microbial pathogenesis (Bernfield et al., 1999). 

Aggrecan is considered an important compound of joint cartilage (Foot 
and Mulholland, 2005). Syndecan is involved in neural migration during 
brain development (Hienola et al., 2006). Neurocan participates in cellular 
activities in the brain (Rauch et al., 2001) and brevican plays a role in central 
nervous system fiber tract development (Brakebusch et al., 2002). Decorin is 
believed to involve in ECM stabilization by binding to collagen fibrils, and 
defects in decorin synthesis will be associate with increased skin fragility 
(Burch et al., 1997; Elefteriou et al., 2001). 
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Figure 1. PGs and their GAG chains: PGs are found as extracellular matrix 
molecules (e.g. perlecan, biglycan, aggrecan and decorin); membrane bound PGs 
syndecan, GPI anchored glypican and as intracellular PGs (serglycin) in granulae. 

Glycosaminoglycan structure 
GAGs are linear polysaccharide chains composed of repeated disaccharide 
units of a hexuronic acid (D-glucuronic or L-iduronic) and a hexosamine unit 
(D-glucosamine or D-galactosamine) or a neutral sugar  (D-galactose). 
Sulfate groups at different positions of the sugar rings further modify these 
GAG chains. Except for hyaluronan, heparan sulfate (HS), heparin, 
chondroitin sulfate (CS), and dermatan sulfate (DS) chains are covalently 
attached to a serine in the core protein via a conserved linkage region 
containing four sugar units, glucuronic acid - galactose – galactose - xylose 
(GlcA!1-3Gal!1-3Gal!1-4Xyl) (Lindahl and Li, 2009) (Fig. 2).  
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Figure 2. Schematic representation of a PG with a covalently attached GAG chain. 
The tetrasaccharide linkage region attached to a serine in the core protein and the 
repeating disaccharide units are each marked by bracket. 

GAG types and their modifications  
Modification with sulfate groups in different positions of the sugar units 
renders the GAG chains highly negatively charged (Fig. 3). There are 
different sulfated GAGs classified based on the type of sugar units and their 
modifications either with sulfate groups or by epimerization. As mentioned 
earlier heparin/heparan sulfate (HS) and chondroitin sulfate (CS)/dermatan 
sulfate (DS) GAGs share the same tetrasaccharide linkage region to attach to 
the core protein. Depending on the molecule type KS is either N- or O-linked 
to the core protein, whereas HA is a free GAG chain not covalently linked to 
any core protein. Heparin/HS can be sulfated at the amine group in C2, the 
hydroxyl in C6 or C3 positions of the glucosamine unit and at C2 of the 
iduronate unit (IdoA), but rarely at C2 of the glucuronate unit (GlcA). 
CS/DS is sulfated at C4, C6 of the N-acetyl galactosamine unit (GalNAc) 
and C2 of GlcA/IdoA. The epimerized IdoA units can be present in both 
heparin/HS and DS but not in CS. The highly negative charge of GAG 
chains is important to bind positively charged growth factors, chemokines, 
cytokines, and hormones. Increasing evidence reveals the indispensable role 
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of CS/DS chains in many biological processes (Dyck and Karimi-
Abdolrezaee, 2015; Sugahara et al., 2003; Trowbridge and Gallo, 2002). 
 

 
 
Figure 3. Schematic presentation of different types of GAG chains: Characteristic 
sugar units in the different types of GAG families are D-glucuronic acid (GlcA), L-
iduronic acid (IdoA), N-acetyl glucosamine (GlcNAc), N-acetyl galactosamine 
(GalNAc) units modified with sulfate groups (S) in different positions. In keratan 
sulfate galactose (Gal) replaces the hexuronate unit. 

The HS and heparin disaccharide repeat contains GlcNAc and GlcA or its 
epimer IdoA. CS and DS chains contain a GalNAc and are distinguished by 
the form of the hexuronic acid unit; in CS only GlcA is found whereas in DS 
both GlcA and its epimerized form IdoA exist (Fig. 4) 
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Figure 4. Schematic presentation of HS/heparin and CS/DS disaccharide units. In 
HS/heparin GlcNAc can be modified with a sulfate group (S - in red letter in the 
figure) at the amine group of C2, and hydroxyls at C6 and C3 positions while GlcA/ 
IdoA gets modified in C2 position. In CS GalNAc modification with S at C4, C6 
and IdoA at C2 are shown. Epimerization carboxylic group (blue letters in bracket) 
at C5 position from a GlcA to IdoA is shown in DS and HS/heprain disaccharide 
structures. Importantly, both in HS/heparin and CS/DS not all potential positions are 
modified by a sulfate group, which results in a large heterogeneity of sequences. 

Note: To distinguish the CS/DS; CS and DS mixed GAG chains, from now on all 
uncharacterized CS and DS mixed GAG chains will be collectively referred to as 
CS/DS co-polymer throughout the thesis, unless otherwise mentioned. 

Evolution of different GAGs 
The different types of GAGs are widespread in different organisms 
(Medeiros et al., 2000; Mourao et al., 1996). GAGs are absent in protista, 
plantae and fungi (Medeiros et al., 2000), but some bacterial strains contain 
HA (Chong et al., 2005), chondroitin and heparosan (non sulfated and non 
epimerized heparan basic structure) in their capsules. These GAG backbones 
are mostly without modifications on the saccharide units (DeAngelis, 
2002b). These bacterial polysaccharides do not contain any core protein 
linkage and their origin is most likely different from that of metazoan GAGs 
(DeAngelis, 2002a; Sampaio and Nader, 2006). For eumetazoans the most 
ancient non-sulfated GAG chondroitin (Chn) involved in cell division has 
been reported in the nematod Caenorhabditis elegans (C. elegans) 
(Mizuguchi et al., 2003; Toyoda et al., 2000; Yamada et al., 1999). The other 
non-sulfated GAG HA seems to have appeared relatively late in evolution. It 
is believed that non-sulfated Chn or GlcNAc-composed chitin might be the 
precursors for HA (Csoka and Stern, 2013).  

The sulfated GAGs are conserved throughout the animal kingdom from 
invertebrates to vertebrates and their distribution in higher organisms is well 
documented. In the course of evolution sulfated GAGs (HS, CS) appeared 
with eumetazoa (Dietrich et al., 1985). The appearance of HS and CS has 
been reported in planaria, (Hori, 1980) cnidaria (Yamada et al., 2007), 
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annelida (Im et al., 2010), arthopoda, while HS and Chn in nematode 
(Yamada et al., 1999). The appearance of DS is first reported in 
deuterostomia especially in echinoderms (sea urchins and sea cucumbers) 
(Lane and Solursh, 1991), mollusks and chordates (tunicates) (Pavao et al., 
1995; Pavao et al., 1998) along with HS and CS.  

Some GAGs are confined to certain animal kingdoms: i. e. DS is 
restricted to deuterostomia (Ueoka et al., 1999; Vicente et al., 2001). It has 
been speculated that the appearance of the DS biosynthetic enzyme C5 
epimerase emerges with deuterostomes that include the echinoderms and 
chordate groups (Sampaio and Nader, 2006). Highly sulfated HS and CS, 
have on the other hand, been reported along with DS and HA in molluscans 
(Dietrich et al., 1989; Karamanos, 1992; Kim et al., 1998; Kinoshita et al., 
1997; Volpi and Maccari, 2003, 2009) and arthropods (Dietrich et al., 1999).  

CS/DS functions and protein interactions 
As receptor and co-receptor 
Many investigations have demonstrated roles of GAGs in different 
developmental and pathological processes in different animals. Most of these 
investigations have been made on HS, whereas less is known for CS/DS and 
CS/DS co-polymers and their role in different biological processes. 
Especially CS has been considered to participate mainly in structural 
stabilization. Increasing research interests and sophisticated tools helped 
researchers to understand also the importance of PGs with CS/DS chains in 
different biological processes (Esko and Selleck, 2002; Sugahara et al., 
2003). Aggrecan a major PG in articular cartilage contains a major 
proportion of CS chains (Kiani et al., 2002), stabilizes ECM by binding to 
HA, collagen fibrils and link proteins to form the hydrated gel structure, 
which acts as pressure resistant and lubricant in our joints (Hardingham et 
al., 1994; Sivan et al., 2014; Watanabe et al., 1998). The CS type CSE 
involvement in bone formation of vertebrates was shown in earlier studies 
(Koike et al., 2012; Miyazaki et al., 2008). Blocking or knockdown of the 
CS biosynthetic machinery can cause skeletal abnormalities related to 
osteogenic differentiation.   

CS involves in ligand presentation, protection against proteolytic 
degradation and stabilization of ternary signaling complexes between CS, 
ligand and receptor (Weisblat, 2006). That interaction of GAG, ligand and 
receptor plays an important role for the stabilization of cell-signaling 
complexes has been demonstrated for HS, where sulfation patterns in 
domains participate with specific binding sites (Jastrebova et al., 2010). 
Increasing evidences suggest that specific molecular interactions of CS/DS 
chains may also be attained by specific sulfate patterns (Raman et al., 2005; 
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Sugahara et al., 2003). Highly sulfated CS structures with unique sulfation 
patters were isolated from tissues of marine organisms such as cartilage of 
king crab, cartilage of shark cartilage, notochord of hagfish and cartilage of 
squid and their biological functions were investigated (Sugahara and 
Yamada, 2000).  

Apart from HS, PGs with CS chains can also serve as cell surface 
receptors for pathogen infection (e. g. plasmodium, herpes simplex virus), 
co-receptors for extracellular signaling molecules (Bergefall et al., 2005; 
Mikami et al., 2009; Raman et al., 2005; Sugahara et al., 2003; Uyama et al., 
2006) like growth factors (e. g. fibroblast growth factors (FGFs), bone 
morphogenic proteins (BMPs), Wnt and Hedgehogs), and their receptors 
(Fig. 5). CSPG are the major PG apparent in CNS perineuronal nets and 
contactin-1 is the first CS/DS receptor molecule identified on neuronal cell 
surfaces (Mikami et al., 2009).  

The structural diversity of CS chains with different sulfation patterns and 
chain lengths facilitates them to interact with many biomolecules. It has been 
reported that structurally different CS oligosaccharides can bind to 
pleiotrophin and heparin binding growth factors (Purushothaman et al., 
2012). 

In contrast to CS, studies on wound repair gave a lime light on DS roles 
in regeneration of skin and repair of wounds by FGF-2 induced cell 
signaling (Penc et al., 1998). Protein interactions (e.g. heparin cofactor II, 
FGF-1, -2, TGF-β, hepatocyte growth factor, platelet factor 4, interleukin -8, 
interferon gamma) and functional aspects of DS were demonstrated in earlier 
studies (Trowbridge and Gallo, 2002). The anticoagulant activity of DS via 
interaction with HCII and an endogenous inhibitor of the coagulation 
cascade, activated protein C has been described (Fernandez et al., 1999; 
Liaw et al., 2001).  

Highly sulfated CS/DS play a vital role in regeneration of liver. DS bind 
to HGF (Lyon et al., 1998) and highly sulfated CS/DS chains bind to heparin 
binding epidermal growth factor which results an increase of hepatocyte 
proliferation during the liver regeneration process (Deepa et al., 2002; Li et 
al., 2007; Mitchell et al., 2005). It has also been suggested that CS could be a 
potential therapeutic agent to replace HA in osteoarthritis patients and 
reduce inflammation in finger joints (Verbruggen, 2006).  
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Figure 5. Roles of CS chains in various cellular activities. The above illustration 
explains the action of CS chains as cell surface receptors, co-receptors and signaling 
molecules in different occasions.  

Recent studies on CD/DS co-polymer chains suggested their role in many 
biological functions as co-receptors. The expression of CD/DS co-polymer 
chains was observed in postnatal mouse brain attached to CNS PG 
phosphocan, also called DSD-1 (DS dependent-1 PG) (Cheng et al., 1994; 
Faissner et al., 1994). It has also been shown that CS/DS co-polymer chains 
can be involved in cerebellum development in mouse brain (Mitsunaga et al., 
2006). The role of CS/DS co-polymer chain in neurite outgrowth-promoting 
activity has been demonstrated in the notochord of hagfish and other animals 
(Hikino et al., 2003; Li et al., 2007; Nandini et al., 2004). 

It has been shown that CSPGs are involved in inhibition of axonal 
regeneration during CNS injury (Siebert et al., 2014). Collecting evidence 
suggests an angiogenic activity of CS/DS by binding to growth factors such 
as vascular endothelial growth factors (VEGF) and their receptors, and 
therefore rather acts as regulatory molecule for proliferation and 
differentiation of neuronal cells in CNS (Denholm et al., 2001; Shintani et 
al., 2006) and not as barrier for regeneration (Carulli et al., 2005). 

Role in pathological conditions 
Defects in CSPGs and GAG biosynthetic enzymes can cause hereditary 
disorders (Hacker et al., 2005) and lead to problems in development and 
cause diseases in animals. Deficiency of CS/DS biosynthetic enzymes results 
in the decline of cellular and total body CS/DS in animals (Miyake et al., 
2010; Mizumoto et al., 2009; Yamauchi et al., 2000). It has been shown that 
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lack of CS modifying enzymes can cause skeletal defects (Carulli et al., 
2005) and can affect TGF-β signaling which can lead to chondrodysplasia 
(Kluppel et al., 2005; Thiele et al., 2004).  

Overexpression of the CSPGs versican and decorin was observed in 
tumor cells and tissues (Iozzo, 1998; Wegrowski and Maquart, 2004). 
Elevated expression levels of CS chains on Lewis lung carcinoma (LLC) 
cells suggest that CS has a role in metastasis of LLC cells to lungs (Li et al., 
2008). The elevation of CS/DS expression in ovarian and pancreatic cancer 
resulting in altered growth and mobility of cancer cells by control of VEGF- 
signaling and cleavage of membrane bound PG CD44 that involve in cellular 
activities indicates roles for CS/DS in tumor progression (Sugahara et al., 
2008; Vallen et al., 2012).  

Studies on the role of CS in neurite outgrowth in CNS are well known, 
but limited to adult brain. It has also been shown that CS/DSPGs are 
involved in CNS injuries and disease (Galtrey and Fawcett, 2007). In CNS 
injuries CS/DS are involved in the wound healing process by glial scar 
formation and inhibition of axonal regeneration that can be removed by 
digestion of CS/DS chains with chondroitinase enzyme treatment (Li et al., 
2013) suggesting CS/DS involvement (Galtrey and Fawcett, 2007) in brain 
injury. Some of the observations made on expressions levels of CSPGs in 
epilepsy (Perosa et al., 2002), stroke, and Alzheimer’s diseased patients 
suggested CS/DS GAG chains might have an involvement in these diseases 
(Castillo et al., 1999; Snow et al., 1992).  

On the other hand DS involvement in many pathogen infections by acting 
as receptor has been demonstrated (Nizet et al., 2001; Schmidtchen et al., 
2001), especially in Lyme disease infection, caused by the bacterial species 
Borrelia burgdorferi. DSPG deficient mice have demonstrated increased 
resistance towards the Lyme disease pathogen (Brown et al., 2001).  

GAG biosynthesis 
The biosynthesis and assembly of PG and GAGs takes place in the 
endoplasmic reticulum/Golgi apparatus and is initiated by a set of 
glycosyltransferases, xylosyltransferase (XylT) (Ponighaus et al., 2007), 
galactosyltransferase (GalT), and glucuronosyltransferase (GlcAT) 
(Sugahara and Kitagawa, 2000), to produce the four-sugar linker region as 
mentioned above, that is sequentially attached to the serine residue present in 
core proteins. Addition of a GlcNAc or GalNAc residue by GlcNAc 
transferase (GlcNAcT) or GalNAc transferase (GalNAcT), respectively, to 
the linker region will decide whether the chain will become an HS or a 
CS/DS chain (Sugahara et al., 2003). 
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HS/Heparin biosynthesis 
The initiation of the HS/heparin chain will take place by the addition of a 
GlcNAc unit to the GlcA of the linkage region by the exostosin (EXT) 
family of enzymes, a N-acetylglucosaminyltransferase (EXTL2/EXTL3) 
(Busse et al., 2007). The elongation of the HS/heparin chain will occur by 
the action of heterodimer polymerase enzymes (EXT1/EXT2) that form the 
non-sulfated HS/heparin chain called heparosan. Heparosan acts as a 
precursor for both HS and heparin chains (Lindahl, 1990). The further 
modification of the HS/heparin backbone will continue by the action of N-
deacetylase/N-sulfotransferase (NDST) enzymes that sulfate the free amine 
group after removing the acetyl group. N-sulfation on HS chain creates a 
pattern for further sulfation that gives the HS its characteristic domain 
appearance. The C5-epimerization of GlcA by C5 epimerase (Hsepi) and O-
sulfation by O-sulfotransferases at C2 position of IdoA (and rarely GlcA) 
and C6 and C3 positions of GlcNAc or GlcNS will further modify the chain 
and give rise to sulfated HS and highly sulfated heparin chains, respectively 
(Fig. 6) (Lindahl et al., 1989). Further modification of HS chains can take 
place extracellularly by removal of a sulfate group in C6 position of a 
GlcNAc/GlcNS unit by the action of a Sulf endosulfatase enzyme (Uchimura 
et al., 2006) that acts on cell surface and ECM HS chains. 
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Figure 6. Schematic diagram of GAG biosynthesis. CS/DS (left) and HS (right) are 
synthesized and modified in a similar sequence of biosynthetic steps by different 
enzymes as indicated in the figure (Esko et al., 2009). 

CS/DS biosynthesis 
The transfer of the first GalNAc to the non-reducing end GlcA unit initiates 
the formation of a CS chain on the tetrasaccharide linker sequence by 
GalNAcT-1 (GalNAc transferase I). The CS chain polymerization will take 
place by bifunctional chondroitin synthases (ChSy). These enzymes transfer 
the GlcA and GalNAc units alternately to the CS linker region from the 
UDP-sugar donor (Sugahara et al., 2003). Epimerization of the Chn chain 
(GlcA-GalNAc)n by two GlcA C5-epimerase enzymes (Pacheco et al., 
2009b) that convert the GlcA into IdoA, give raise to non-sulfated dermatan 
or chondroitin/dermatan mixed chains.  



 26 

Further modification of CS and DS chains takes place under control of 
different sets of sulfotransferases (Fig. 6). These sulfotransferases add the 
sulfate groups at the different positions of the sugar units similarly as 
described for HS-biosynthesis. The 4-O-sulfotransferase (4-OST) and 6-O-
sulfotransferase (6-OST) sulfate the GalNAc unit at the C4 and C6 position, 
respectively, while 2-O-sulfotransferase (UST) sulfates at the C2 position of 
predominantly IdoA, rarely GlcA, giving rise to heterogeneous structures 
with various disaccharide units, identified historically as A, B (DS or i), C, 
D, E units (Fig. 7) (Carulli et al., 2005; Mizumoto et al., 2015), which 
provide the functional diversity of CSPGs.  
 

 
 
Figure 7. A Schematic representation of creation of different CS/DS subunits. In 
above diagram the epimerization of Chn to dermatan by epimerases, action of 
different O-sulfotransferases to produce O, A, C, D, E units of CS and iO, iA, iB, iE 
units of DS subunits is shown. While these reactions occur on the polymer level 
during biosynthesis and may result in various sequences of modification along the 
chain (Mikami and Kitagawa, 2013; Mizumoto et al., 2015) the content of specific 
disaccharide units can be established for each CS/DS chain by exhaustive digestion 
followed by separation and quantification of the individual building blocks. 
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The naming of CS chains by their major component disaccharide unit (Table 
1) as CSA, CSB, CSC, CSD and CSE may grossly confuse or mislead 
because these chains are rarely homogenous and rather several different 
types of disaccharide units occur at different proportions in all types of 
chains. For illustration a CSA chain often contains a majority of A-
disaccharides but also CSC type disaccharides (GlcA-GalNAc6S) and non-
sulfated O-units (Mizumoto et al., 2015). 

 
Table 1. Typical disaccharide units found in CS and DS types of chains. CS contains 
GlcA and GalNAc but DS contain epimerized structure (IdoA) of GlcA at C5 
carbon.  

 
  CS/DS co-polymer  

The Chn chain acts as a precursor for glucuronyl C5 epimerase to from non- 
sulfated dermatan (Silbert and Sugumaran, 2002). The formation of IdoA (a 
stereoisomer) from GlcA will be catalyzed by two epimerase enzymes 
namely DS-epi-1, DS-epi-2 (51 % homolog to each other in amino acid 
sequence) at C5 position and form the DS part of CD/DS co-polymer chains. 
The further modification of the chain with sulfate groups by substantial 
involvement of DS-4-O-sulfotransferase-1 (D4ST-1) and chondroitin 4-O-
sulfotransferase-1 and 2 (C4ST-1 and C4ST-2) on partially desulfated DS 
has been demonstrated (Mikami et al., 2003). The IdoA content of a CS/DS 
co-polymer chain, which contains both CS and DS domains, will depend on 
the expression levels of DS-epi-1 and D4ST-1 (Miyake et al., 2010; Pacheco 
et al., 2009a; Pacheco et al., 2009b). It has been described that DS-epi-2 
contains a dual function with both epimerase and chondroitin-O-
sulfotransferase-1 activity (DS/CS-O-sulfotransferase) (Thelin et al., 2013) 
and is mainly involve in producing alternating IdoA structures in CS/DS co-
polymer chains (Maccarana et al., 2009). The subsequent action of above 
three sulfotransferases and uronyl sulfotransferase (UST) on the DS chain 
results in the formation of iA and iB units, respectively (Kobayashi et al., 
1999). The heterogeneity of CS/DS co-polymer chains with different 
proportions of IdoA content and sulfation patterns makes them to bind a 
variety of biological molecules (e.g. pleiotrophin) (Bao et al., 2005). The 

Abbrev.	   Disacch.	  Structure

CS-‐O GlcA-‐GalNAc

Mono-‐sulfated	   CS-‐A GlcA-‐GalNAc(4S)

CS-‐C GlcA-‐GalNAc(6S)

CS-‐U GlcA(2S)-‐GalNAc

Di-‐sulfated CS-‐B GlcA(2S)-‐GalNAc(4S)

CS-‐D GlcA(2S)-‐GalNAc(6S)

CS-‐E GlcA-‐GalNAc(4S,6S)

Tri-‐sulfated CS-‐T GlcA(2S)-‐GalNAc(4S,6S)

Abbrev.	   Disacch.	  Structure

CS-‐iO IdoA-‐GalNAc

Mono-‐sulfated	   CS-‐iA IdoA-‐GalNAc(4S)

CS-‐iC IdoA-‐GalNAc(6S)

CS-‐iU IdoA(2S)-‐GalNAc

Di-‐sulfated CS-‐iB IdoA(2S)-‐GalNAc(4S)

CS-‐iD IdoA(2S)-‐GalNAc(6S)

CS-‐iE IdoA-‐GalNAc(4S,6S)

Tri-‐sulfated CS-‐iT IdoA(2S)-‐GalNAc(4S,6S)
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structural and functional characterization of CS/DS hybrid chains from the 
notochord of hagfish (Nandini et al., 2004) and embryonic pig (Bao et al., 
2004) and mouse brain (Faissner et al., 1994) suggest that CS/DS co-
polymer GAG chains are widespread in many species and involved in many 
biological functions (Bao et al., 2004; Nandini et al., 2004; Sugahara and 
Mikami, 2007).  

The sulfation pattern of CS/DS co-polymer GAGs will depend on the 
distribution of the IdoA unit in the chain. In CSB most of the IdoA units bear 
2-O-sulfation with or without neighboring sulfated GalNAc units close to the 
non-reducing end of the chains (Cheng et al., 1994; Fransson et al., 1974a), 
whereas CS/DS co-polymer GAG chains contain shorter blocks with 4-O-
sulfation on GalNAc residues accompanied by some sulfated IdoA units and 
longer blocks with 4-O- and 6-O-sulfation on GalNAc accompanied by 
GlcA units (Fransson et al., 1974b). The flexibility of GAG chains will 
increase in the presence of IdoA therefore more IdoA content in the chain 
attains more flexibility (Ferro et al., 1990). The heterogeneity in structure 
and different sulfation patterns give raise to different domains in CS/DS co-
polymer GAG chains and enrich their functionally diverse properties.  

Details of enzymes mediating CS/DS biosynthesis and 
modification  
There are many sets of enzymes involved in biosynthesis and modification 
of CS chains. Six homologous of glycosyltransferase including three 
chondroitin synthases-1, -2 (also designated as chondroitin polymerizing 
factor 2 (ChPF2), -3 (ChSy-1, 2, 3) (Kitagawa et al., 2001), that contain dual 
glycosyltransferase activity (GlcAT-II and GalNAcT-II), chondroitin 
polymerizing factor (ChPF), GalNAcT-I (transfers the first GalNAc unit to 
GlcA of the linkage sequence) and GalNAcT-II enzyme (transfers the 
GalNAc unit to polymerize the chain) are involved in biosynthesis and 
elongation of the CS backbone Chn (Gotoh et al., 2002). The ChSy enzymes 
alone cannot polymerize the chain on their own but need the association with 
ChPF to form a complex called chondroitin polymerase complex (ChSy-
1/ChSy-2/ChSy-3/ChPF) (Izumikawa et al., 2008; Kitagawa et al., 2003). 
Loss of or defects in the CS biosynthetic machinery can affect 
developmental and physiological processes in many organisms. Knockdown 
of ChSy in C. elegans causes defects in the formation of the vulva (Hwang et 
al., 2003; Mizuguchi et al., 2003) and loss of function mutation in human 
ChSy-1 (CHSY-1) leads to limb mal formation, short body size, and hearing 
loss (Tian et al., 2010; Wilson et al., 2012). Decline of Chn and cytokinetic 
regression in early embryogenesis was seen when the nematode ortholog 
ChPF (pfc-1) gene was knocked down (Izumikawa et al., 2004). 
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The non-sulfated Chn chain will serve as a common acceptor substrate for 
sulfotransferases. Sulfotransferases present in the Golgi apparatus catalyze 
the transfer of a sulfate group from the universal sulfate donor PAPS (3’-
phosphoadenosine 5’-phosphosulfate), to the corresponding positions on 
GalNAc, GlcA or IdoA residues in CS/DS chains. Sulfotransferase activity 
can be limited by PAPS availability (Klaassen and Boles, 1997) or by the 
presence of PAPS synthesis inhibitors such as sodium chlorate (NaClO3) 
(Greve et al., 1988; Safaiyan et al., 1999).  

There are four 4-O-sulfotransferases cloned and characterized in 
mammals (Mikami et al., 2003; Yamauchi et al., 2000). The C4ST-1, 2, 3 
catalyze the addition of a sulfate group in C4 position of the GalNAc residue 
in CS to form the mono-sulfated CSA subunit, whereas D4ST-1 catalyzes 
the transfer of a sulfate group to GalNAc next to IdoA in DS to form a 
mono-sulfated CSB (DS-iB) subunit. The catalyzation of sulfation at C6 
position of GalNAc residue is performed by chondroitin 6-O-
sulfotransferase-1 (C6ST-1) and creates the mono-sulfated CSC subunit. The 
other C6ST GalNAc4S-6ST (GalNAc 4-O-sulfate 6-O-sulfotransferase) 
transfers the sulfate group to the C6 position of the GalNAc residue that is 
already modified with sulfate in the 4-O-position (Ohtake et al., 2001). The 
occurrence of subsequent sulfation of either A- or C-unit will form the 
disulfated subunit CSE. The uronosylsulfotranseferase UST catalyzes the 
transfer of a sulfate group in C2 position to either GlcA or IdoA. The action 
of UST on a CSC unit will from the disulfated CSD subunit (Fig. 7). 

GAG degradation 
Degradation of GAGs is a complex process with involvement of many 
enzymes. GAG degrading enzymes can be classified into two groups i) 
lyases and ii) hydrolases that cleave GAGs chain either by eliminative 
cleavage (lyases) or by hydrolytic cleavage (hydrolases) (Linhardt et al., 
1986). Polysaccharide hydrolases are found virtually in all organisms while 
polysaccharide lyases (PLs) are not found in vertebrates (Linhardt et al., 
2006). In prokaryotes PLs are found mostly in gram-negative bacteria and in 
some fungi, algae, viruses whereas in eukaryotes mostly in marine 
gastropods and in some plants and animals (Michaud et al., 2003). Sulfatases 
(hydrolases) are also found in invertebrates and in both prokaryotes and 
eukaryotes but absent in some lower eukaryotes and plants (Diez-Roux and 
Ballabio, 2005). Organisms that produce PLs and sulfatases use these 
enzymes to degrade GAGs as a carbon source for their biological progress 
and/or regulation of biomolecules that are involved in cellular activities in 
their body. During embryonic development of the invertebrate 
Stronglyocentrotus purpuratus (purple sea urchin) the involvement of 
sulfatase was reported (Rapraeger and Epel, 1981). In prokaryotes 
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degradation of GAGs is an extracellular process whereas the characterization 
of extra- and intracellular GAG degrading enzymes heparanase (Vlodavsky 
et al., 1999) and hyaluronidase (Frost et al., 1996) in eukaryotes suggests 
both intracellular (lysosomal) and extracellular action. Some lyases and 
sulfatases act on chain level with or without any preference for cleavage 
motif having an endolytic activity, whereas the majority acts only on the 
non-reducing end of chains recognized as exolytic activity. Most of the PLs 
and sulfatases have defined substrate and pH specificity (MacDonald and 
Berger, 2014).  

Eukaryotic degradation  
The degradation of GAGs is associated with the internalization of entire PGs 
and degradation of protein and glycan parts in lysosomes that contain endo-
and exoglycosidases and sulfatases. In lysosomes GAGs undergo a 
degradation process by a series of enzymatic steps to break the glycosidic 
bonds in the GAGs by eliminative or hydrolytic cleavage (Li et al., 2000; 
Linhardt et al., 1986). A first step involves the proteolytic cleavage of the 
PG core protein by proteases, the partial degradation of GAG chains by 
endoglycosidases followed by sulfatase and exoglycosidase activity. In this 
degradation process the complex GAG chains will first be broken down into 
oligosaccharides before being finally degraded into desulfated 
monosaccharides that can be reutilized as building blocks in anabolic 
processes or used as energy supply in catabolism.   

In CS/DS degradation iduronate-2-O-sulfatase removes the sulfate group 
on IdoA unit followed by α-iduronidase action. The GalNAc-4S can be 
desulfated by GalNAc-4S sulfatase followed by β-N-aetylhexosaminidase A 
or B or else the entire GalNAc-4S unit can be removed by β-N-
aetylhexosaminidase A before desulfation by sulfatase action (Fig. 8). CS 
chains that contain 4-O- and 6-O-sulfation can be degraded by the action of 
GalNAc-4S sulfatase and GalNAc-6S sulfatase along with β-N-
aetylhexosaminidase A or B and β-glucuronidase. The HA degrading 
enzymes can also degrade Chn and CS chains. 
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Figure 8. Schematic presentation of the sequential degradation of CS/DS by 
glycosidase and sulfatase enzymes. In the above illustration IdoA degradation by 
iduronic acid-2-sulfatase and α-iduronidase; Hexosamine degradation by β-N-
acetylglucosamine-4-sulfatases and β-N-acetylhexosaminidase A or B; GlcA by β- 
glucuronidase is shown (Freeze, 2009). 

HS degradation also occurs in sequential manner. The degradation of the HS 
chain will start with action of the endo-β-glucuronidase heparanase to create 
more non-reducing end attack points for following exo-enzymatic processing 
including removal of sulfation on the non-reducing end monosaccharides by 
corresponding sulfatases and exoglycosidases. The de-N-sulfated 
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glucosamine will be acetylated by N-acetyltransferase followed by α-N-
acetylglucosaminidase action (Freeze, 2009). 

In humans defects in the GAG degradation pathway lead to lysosomal 
storage diseases such as mucopolysaccharidoses (Barranger and Cabrera-
Salazar, 2007). Deficiency of lysosmal sulfatases causes metachromatic 
leukodystrophy (Berteau et al., 2006; Gieselmann et al., 1998), rare multiple 
sulfatase deficiency syndrome (Diez-Roux and Ballabio, 2005), 
chondrodysplasia punctate (CDPX1) or x-linked ichthyosis (Franco et al., 
1995) just to mention a few. Most of the human sulfatases are lysosomal in 
location. Recent studies suggest however that there are two endo-sulfatases 
(SULF1 and SULF2) that act on HS and are expressed on the cell surface to 
regulate 6-O-sulfation of HS to modulate HS depended signaling as 
demonstrated in mammals (Ai et al., 2007; Morimoto-Tomita et al., 2002).  

Other sulfatases such as aryl sulfatases (ARS) are located in either 
lysosomes or in non-lysosomal environments such as membrane of 
endoplasmic reticulum (ER) or membrane of Golgi apparatus and act on 
steroid sulfates, GAGs and other sulfated compounds (Franco et al., 1995; 
Hanson et al., 2004; Morimoto-Tomita et al., 2002; Ohto et al., 2002; Puca et 
al., 1997). Deficiency in the ARS isoenzymes ARSE causes abnormalities in 
bone and cartilage development, which suggests their role in chondrocyte 
and osteocyte development (Daniele et al., 1998; Parenti et al., 1997). It has 
also been speculated that membrane bound ARSE in ER and Golgi might be 
involved in biosynthesis rather than degradation of CS and HSPGs 
(Bernfield et al., 1999; Dibbelt et al., 1989; Diez-Roux and Ballabio, 2005; 
Perrimon and Bernfield, 2000). It has been suggested that ARSA expressed 
on sperm surface can bind to sulfated glycans of egg glycoproteins to 
regulate the fertilization process (Carmona et al., 2002; Gadella et al., 1992; 
Tantibhedhyangkul et al., 2002).  

Prokaryotic degradation  
The sequential degradation process of GAGs has been demonstrated in many 
microorganisms (e.g. gram-negative bacteria). Many GAG degrading lyases 
and hydrolases have been isolated from different bacterial species (Myette et 
al., 2009a; Yamagata et al., 1968; Yamagishi et al., 2003) such as 
Flavobacterium, Arthrobacter, Bacillus, Aeromonas, Bacteroides and 
Proteus (Ernst et al., 1995; Myette et al., 2003; Myette et al., 2009a) that are 
found in water, soil and also in human/animal gut (Table 2) (Dietrich et al., 
1973; Lohse and Linhardt, 1992). Most of the sulfatases that have been 
isolated from soil bacteria (e.g. Flavobacterium) are exosulfatases. 

Bacteria that depend on a host body for their surveillance without 
harming their host (Lugo-Villarino and Neyrolles, 2015) are called 
symbionts/commensal bacteria, but some gut symbionts can use GAGs 
present in the mucosal layer of the gut for nutrients and may cause 
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pathological consequences under certain conditions (Hansen, 2015). 
Characteristic symbiotic and pathogenic features of different gut bacteria in 
humans and different animals have been studied earlier (Deng and Swanson, 
2015; Zhang et al., 2015). Collecting evidences suggest that human gut 
bacteria may involve in many diseases such as inflammatory bowl disease 
(IBD), irritable bowl syndrome, obesity, liver diseases, and metabolic 
disorders (Boleij and Tjalsma, 2012; Kant et al., 2014; Quigley, 2013; Stagg 
et al., 2004).   

Unlike lysosomal degradation in eukaryotes, prokaryotic GAG 
degradation implies efficient strategies to fulfill the nutrient requirements for 
procaryotic growth and survival. Bacteria that live in a natural habitat/host 
body will secrete specific lyases to the surrounding environment to degrade 
the specific GAG structures present on the host body or in their habitat. In 
most invertebrates, prokaryotes and lower eukaryotes sulfatases are 
expressed extracellularly, in cytoplasmic or periplasmic regions (Hanson et 
al., 2004). Bacteria that live in intestines of human and animals 
(Actinobacteria, Bacteroides, Firmicutes and protobacteria) will depend on 
acidic polysaccharides present on mucus layers in the intestinal lumen as 
their carbon sources (Ahn et al., 1998; Linhardt et al., 1986) and require 
optimum pH adaptation of their enzymes to act in these surroundings (Table 
2) (Ernst et al., 1995). Metagenomic sequencing of bacterial species from 
human feces suggested that B. thataiotaomicron, a bacteroides species, is 
part of the dominant intestinal microbiota in human gut (Ahn et al., 1998; 
Kim et al., 2000). The gene sequence of the B. thataiotaomicron revealed the 
presence of a large portion of genes that is involved in complex 
polysaccharide uptake and degradation processes (Xu et al., 2003). In 
anaerobic bacteria, sulfatase enzymes need to get fully activated before they 
can act on their substrates. For this, the sulfatase active site namely a Cα-
formylglycine (FGly) needs to be produced in a maturation process by the 
anaerobic sulfatase-maturating enzyme (anSMA). It has been shown that the 
anSMA enzyme is present more abundantly in B. thataiotaomicron than in 
the non-gut microbial community suggesting an important role of sulfatase 
action in colonization and survival of gut bacteria in the human intestine 
(Benjdia et al., 2011). One heparin lyase (Gesner and Jenkin, 1961) and two 
types of chondroitin lyases (Linn et al., 1983) have been purified from B. 
thataiotaomicron previously which suggests that these gut microbes depend 
on intestinal GAGs as their nutrient sources. Bacterial lyases and hydrolases 
that act on CS/DS or HS/heparin are mostly substrate specific and they work 
in highly regulated sequential manner (Berteau et al., 2006; Malleron et al., 
2012; Myette et al., 2003; Myette et al., 2009a; Myette et al., 2009b; Raman 
et al., 2003). The sequential degradation process of GAGs in prokaryotes is 
illustrated in Fig. 9. 
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Figure 9. Schematic presentation of prokaryotic GAG degradation. In above figure 
sequential degradation of CS/DS and heparin/HS by endo-, exo-glycosidases and 
sulfatases (2-O-, 4-O-, 6-O-sulfatases and N-sulfamidase) is outlined. 

Investigation of GAG lyases and sulfatase enzymes isolated from gut 
microbes can provide information about their biochemical structure, catalytic 
properties, substrate specificities and their function and relation to different 
diseases in their hosts. They may also provide useful information to study 
invasion strategies of pathogens and their progression in the host body. Thus 
many GAG degrading enzymes have been isolated from bacteria (Malleron 
et al., 2012; Myette et al., 2003; Myette et al., 2009a; Myette et al., 2009b) 
and are heavily used in i.e. characterization of GAG structures (Table 2).  
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Table 2. List of chondroitinase enzymes and their properties. (Modified from (Ernst 
et al., 1995)  

Echinodermata  
Echinodermates belong to invertebrata but are placed with deuterostomes in 
the evolutionary tree because of their similarities in embryonal development 
(Howard-Ashby et al., 2006) to those of higher-level animals (Blair and 
Hedges, 2005; Swalla and Smith, 2008; Zhong et al., 2009). Unlike other 
model animals such as D. melanogaster and C. elegans, echinoderms are 
close to chordates (Swalla and Smith, 2008). Their high regeneration 
capacity makes them suitable as regeneration model organisms, and should 
provide knowledge on cellular and molecular process of regeneration. 
Echinodermata can be classified into five groups as shown in the below 
phylogenetic tree (Fig. 10).  

 

Enzyme Sources Habitat of source Characterestics pH optimum Act on

Chondroitinase ABC P. vulgaris Fish gut
Cell associated 
inducible 7.9 - 8.3 CS

F. heparinum Soil 
Cell associated 
inducible CS and DS

Bacillus sp. Soil Secreted constitutive 5.5 - 6.0 CS 

B. thetaiotamicron Human colon
Cell associated 
inducible 7.2 - 7.6 CS

Chondroitinase AC A. aurescens Soil Secreted 6 CS

F. heparinum Soil
Cell associated 
constitutive 6,6 CS

Aurebacterium or 
Curtobacterium Soil Secreted inducible 7,5 CS

A. liquefaciens Fish Gut Secreted 6,6 CS

Chondroitinase B F. heparinum Soil
Cell associated 
inducible 8 DS

Chondroitinase C F. heparinum Soil
Cell associated 
constitutive 7.0-9.0 CS
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Figure 10. Position and classification of Echinodermata in a phylogenetic tree 
(Garcia-Arraras and Dolmatov, 2010).  

Growth factors and molecules identified in different cellular activities during 
wound healing or in regeneration processes in higher organisms have also 
been found in many Echinodermata. The molecules that are involved in 
neurohumoral regulation (neurotransmitters) in adult nervous system such as 
dopamine, noradrenaline, serotonin and neuropeptides that are involved in 
muscle relaxation (SALMFamides S1, S2) have been found in echinoderms 
(Carnevali et al., 1996; Elphick et al., 1991; Pentreath and Cobb, 1972). 
Growth factors, such as TGF-!, nerve growth factors (NGF) and FGF-2 
(Candia Carnevali et al., 1998) have also been found in Echinodermata.  

A TGF-! family gene, univin, has been characterized in sea urchins for 
the first time (Stenzel et al., 1994) and three BMP2/4 homologues have been 
sequenced in different sea urchins (Angerer et al., 2000; Hwang et al., 1999; 
Ponce et al., 1999). In echinoderms the first gene expression studies were 
conducted in the crinoid Antedon bifida in both normal and regenerating 
arms to identify the expression levels of the BMP homologue gene 
AnBMP2/4 (Thorndyke et al., 2001a). Cloning and expression studies of 
BMP2/4 (afBMP2/4) were conducted in crinoids (Patruno et al., 2001) and 
the ophiuroid species Amphiura filiformis (Bannister et al., 2008) during arm 
regeneration. The A. filiformis BMP2/4 gene was named afuni as its amino 
acid sequence has similarity with the sea urchin univin (Bannister et al., 
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2005). Four cell types, amoebocytes, celomocytes, phagocytes and 
granulocytes have been identified in echinoderms, which are involved in arm 
and visceral regeneration (Candia Carnevali et al., 2001; Mozzi et al., 2006). 
In holothuroidea (sea cucumbers) cellular differentiation and epithelial to 
mesenchymal transition studies were conducted during intestinal 
regeneration (Garcia-Arraras et al., 2011).  

To understand the regeneration completely it is important to analyze at 
the molecular level which molecules that are involved and regulate these 
processes. As GAGs have been identified as biomolecules involved in 
regeneration and wound healing, it is useful to study their structure and 
functional aspects in organisms that are phylogenetically close to vertebrates 
and with high regeneration capacity such as the case in echinoderms, for 
better understanding of regeneration in higher organisms including humans. 
A recent study demonstrated occurrence of fucosylated GAGs in sea 
cucumber with anticoagulant activity (Pacheco et al., 2000) and a role in 
FGF-2 mediated endothelial cell activity in an in vitro angiogenesis model 
(Tapon-Bretaudiere et al., 2002). As A. filiformis has a higher regeneration 
potential than many other echinoderms, but not so much is known about its 
GAGs structures and functions, I used A. filiformis as a model animal in my 
thesis work to perform the structural and functional characterization of 
GAGs using biological tools such as bacterial lyases and sulfatases.  

Brittlestar A. filiformis as a model system 
Brittlestars belong to the family Echinodermata, sub-class ophiuroidea. 
They live in deep sea as barrowing animals in the mud, while some species 
live on rocky shores. There are many different species included in the class 
ophiuroidea such as Amphiura filiformis, A. chiajei, Ophiothrix fragilis, 
Ophiocomina nigra. The characteristic features of ophuroidea are five long 
penta-radial symmetrical arms (~10x disc diameter) attached to a central disk 
(Fig. 11) of 10 mm in diameter, an internal calcium carbonate skeleton, and 
a water vascular system. The dorsal side of the disc is covered with light red 
or gray scales whereas the ventral side is naked. The brittlestars are 
carnivorous, scavengers and filter feeders, live in barrows and extend only 
some of their arms at a time outside in the water current to capture their 
food. These arms are very brittle in nature, the reason for why these animals 
are called ’brittlestars’.  

Self-induced loss of organs (autotomy) as defensive mechanism to escape 
from predators’ attack is a common phenomenon in these animals (Wilkie, 
2001). The amputated body parts can regrow in a regeneration process of 
several weeks. The regeneration capacity of A. filiformis is much higher than 
any other marine organisms reported so far (Dupont and Thorndyke, 2006).  
Their regeneration capacity and the fact that the sea urchin genome sequence 
(Cameron et al., 2000) revealed echinoderms to have a 70 % gene homology 
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with humans (Poss et al., 2003) attracted many scientists around the world to 
use such model systems to answer fundamental questions regarding the 
molecular mechanisms of regeneration and why extensive regeneration is 
restricted to lower animals.  
 

A)                                                  B) 

 
Figure 11. A. filiformis. A) Body with flat central disk to which five long penta-
radial arms attached B) Regeneration of amputated arm. 
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Present investigation 

Glycosaminoglycans are well known for their functional roles in many 
cellular activities that include developmental and pathological processes. 
During recent years, HS got more attention for its indispensable roles in 
many cellular processes. Increasing evidences, sophisticated technology and 
biological tools brought the other GAG molecules into lime light and it is 
believed that they may have similar roles and potentially could replace HS. 
There are many pieces to be added to the puzzle to unravel the complete 
picture of different aspects of GAGs, such as their roles in cellular control of 
tissue regeneration or their involvement in microbial adaptation strategies to 
host tissues. 

In our present investigation we studied the molecular aspects of GAGs in 
regeneration of the echinoderm species A. filiformis and enzymes important 
for microbial adaptation strategies of gut symbiotic bacteria to their host. 
The present study includes 

 
• Characterization of GAG structures in brittlestars (I) and during 

arm regeneration in A. filiformis (II) 
• Identification and characterization of GAG lyases and sulfatases 

isolated from gut symbiotic bacteria (III, IV) 

Results and Discussion 

Paper I 
Brittlestars contain highly sulfated chondroitin sulfates/dermatan sulfates 
that promote fibroblast growth factor 2-induced cell signaling 
 
Sulfated GAGs are well known for their negative charge and heterogenous 
structure. The complexity of the GAG strucure can differ from species to 
species. Many oversulfated GAGs have been isoated and characterized from 
different marine organisms (Yamada et al., 2011). Many of them had been 
proven to interact with various proteins thereby influencing cellular activities 
in vitro. In this paper we describe the isolation and characterization of  
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GAGs from brittlestars and demonstrate their potential capacity to support 
growth factor induced cell signaling.  

GAGs were isolated from mixed brittlestar species (Amphiura filiformis, 
A. chiajei, Ophiothrix fragilis, Ophiocomina nigra), purified and analyzed 
by native gel electrophoresis. An average molecular weight of ~11-12 kDa 
for these sulfated structures was determined. Further characterization 
followed by selective chemical and enzymatic treatments which suggested 
that brittlestar GAGs were mainly CS-lyase sensitive CS/DS structures 
whereas neither HS or heparin nor fucosylated structures as e.g. isolated 
from sea cucumber (Kariya et al., 1997) could be identified.   

Enzymatic digestion of brittlestars mixed species GAGs with different 
types of lyases followed by disaccharide analysis by reversed-phase ion-
pairing HPLC, suggested the presence of highly sulfated CS/DS structures. 
HS believed to be conserved in many animal kingdoms from planeria to 
vertebrata (Feta et al., 2009) could not be dectected in brittlestars. The 
disaccharide analysis also revealed that A. filiformis contains more highly 
sulfated CS/DS structures compared to other brittlestar species we examined. 
The average sulfation degree of A. filiformis CS/DS was ~2.4 sulfate groups 
per disaccharide, a sulfation degree close to heparin. To investigate these 
CS/DS type GAGs, brittlestars GAGs and A. filiformis GAGs were subjected 
to enzymatic cleavage with chondroitin lyase ACII and B, where ACII 
cleaves specifically non-epimerized and B epimerized structures (Linhardt et 
al., 2006), which suggested a domain organization in brittlestar GAGs.  

Molecular interactions of sulfated GAGs with different growth factors 
and their receptors are well known (Casu and Lindahl, 2001; Jastrebova et 
al., 2010; Lindahl and Li, 2009; Mizumoto et al., 2015). Protein interaction 
studies with brittlestar GAGs revealed their ability to bind to growth factors 
such as FGF-2, VEGF-A165, but failled to bind to the coagulation cascade 
protein antithrmobin-III, earlier demonstrated to interact with fucosylated CS 
(Mourao et al., 1996) . Considering the ability of highly sulfated GAGs from 
marine species to affect cellular signaling (Tapon-Bretaudiere et al., 2002), 
we provide evidence that brittlestars GAGs not only bind to FGF-2 but also 
support FGF-2 induced cell signaling in GAG deficient CHO-745 cells.  

Paper II 
A potential role for chondroitin sulfate/dermatan sulfate in arm regeneration 
in Amphiura filiformis 
 
Species of the phylum Echinodermata have been known for their unique 
regeneration capacity since many years (Candia Carnevali and Bonasoro, 
2001). The brittlestar A. filiformis is an Echinoderm with a high regeneration 
capacity in the class of ophiuroidea. In A. filiformis the presence of AfUNI, a 
transforming growth factor-β (TGF-β) gene, was suggested to be involved in 
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echinoderm skeletogenesis (Zito et al., 2003), and an elevated expression 
level of this BMP during the regeneration period had been reported earlier in 
coelomic epithelium and blastemal cells of crinoids (Patruno et al., 2003). In 
this project we have localized the highly sulfated CS/DS GAGs in A. 
filiformis arms by using alcian blue histochemical stain at low pH selective 
for sulfated GAGs and immunostaining with GAG specific antibodies. 
Results with antibody LKN1 that specifically binds to DS like structures 
suggested highly sulfated CS/DS GAGs in A. filiformis localized to ECM of 
the arm wall, inner wall around the podia, coelomic cavity and around the 
muscle tissues. 

GAGs isolated from different regenerated stages of arm such as blastema, 
50 % and 95 % regenerates were subjected to enzymatic digestion and 
disaccharides analyses and revealed an increase of highly sulfated CS/DS in 
regenerated arms compared to non-regenerated arms. Tri-O- and di-O-
sulfated disaccharides increased initially during regeneration. To investigate 
the involvement of sulfated GAGs in the regeneration process, brittlestars 
were treated with chlorate, a potent sulfation inhibitor (Baeuerle and 
Huttner, 1986), during the regeneration process. Analysis of regrowth and 
differentiation of amputated arms suggested a moderate effect on 
regeneration and differentiation at low concentrations of chlorate while at 
higher doses regeneration was completely abolished. A detailed analysis 
suggested that chlorate treatment impacts regeneration more by affecting 
proliferation rather than differentiation.  

As the highly sulfated GAGs were increased at different regeneration 
stages of A. filiformis arms, we intended to identify the corresponding gene 
expression levels responsible for these structural changes and selected three 
candidate enzymes, chondroitin synthase (AfChsy1), chondroitin-4-O-
sulfotransferase (AfC4ST) and dermatan-4-O-sulfotransferase (AfD4ST) 
along with the BMP2/4 growth factor gene because of the demonstrated 
BMP involvement in the A. filiformis regeneration process (Bannister et al., 
2005). The quantitative reverse transcriptase-polymerase chain reaction data 
revealed that AfChsy1, AfC4ST and Afbmp2/4 gene expression levels were 
increased at the 50 % regeneration stage, whereas AfD4ST expression was 
lower compared to the non-regenerated control. It was also observed that all 
these four genes show low expression levels both at the start of regeneration 
and its end.  
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Paper III 
Characterization of glycosaminoglycan (GAG) sulfatases from the human 
gut symbiont Bacteroides thetaiotaomicron reveals the first GAG-specific 
bacterial endosulfatase 
 
Investigation of symbiotic bacterial strategies to colonize the human gut, 
survive and adapt to a host environment will potentially help to answer also 
fundamental questions related to host pathogen interaction associated 
diseases in humans (Guarner and Malagelada, 2003; Knight and Girling, 
2003). In this paper we characterized enzymes important for survival of the 
human gut symbiotic bacterium Bacteroides thetaiotaomicron 
Transcriptomic studies (Lee-Liu et al., 2012) and induction of B. 
thetaiotaomicron on host glycans allowed us to select ten potential sulfatase 
genes for cloning, expression and enzyme purification for further 
characterization.   

Two of the purified sulfatases were tested positive when analyzed for 
substrate specificity using the chromogenic substrate p-nitrophenyl sulfate 
(pNP-S), BT_4656 and BT_1628. Results from sulfatase assays performed 
on diverse substrates including synthetic CS disaccharides and natural GAGs 
such as HS/heparin and CS followed by disaccharide analysis and NMR 
revealed another, BT_3349, to be active on both synthetic and natural CS 
disaccharides/chains. BT_3349 specifically acted on the 4-O-sulfate group, 
and was not affected by neighboring sulfate groups neither on disaccharide 
nor polymer level, which suggested that this enzyme is a true endosulfatase. 
This supports the earlier transcriptomic analysis of sulfatase genes that were 
induced when B. thetaiotaomicron was on a CS diet (Martens et al., 2008).  

Considering earlier studies that B. thetaiotaomicron contains two distinct 
CS sulfatase activities for 4-O-sulfate and 6-O-sulfate groups (Hwa and 
Salyers, 1992), we sought to identify the 6-O-sulfatase specific enzyme. We 
obtained HS and CS disaccharides, and after glycosidase treatment the 
corresponding sulfated monosaccharides to test further enzymes. The 
enzymes BT_3333 and BT_4656 acted solely on monosaccharide units, 
which suggested that the 6-O-sulfate groups of GalNAc6S and GlcNAc6S, 
respectively, were hydrolyzed by these enzymes in an exolytic manner. A 
final enzyme, BT_1596 could be identified as a 2-O-sulfatase that 
hydrolyzed the 2-O-sulfate group of disaccharides independent of chain 
type, i.e. its component hexosamine or additional sulfate groups. This 
enzyme is not active on chain level supporting its pure exolytic mechanism.  
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Paper IV 
Chondroitinase AC: a host-associated genetic feature of Helicobacter 
bizzozeronii 
Pathogen adoption to its host can be a complex process. The microbiome can 
be either beneficial for the host or may harm it (Althani et al., 2015). 
Symbiotic Helicobactor species are known for their pathogenic effects in 
humans and animals (Haesebrouck et al., 2009; Kodaman et al., 2014). PLs 
are important tools for symbiotic bacteria to survive and colonize in the host 
body (Koropatkin et al., 2012). In this paper we investigated the substrate 
specificity and optimal pH conditions of a PL secreted by the dog gut 
symbiotic bacterium H. bizzozeronii.  

Comparative genomic and molecular modeling studies (Rasko et al., 
2005) on helicobacter species suggested the presence of a polysaccharide 
lyase in H. bizzozeronii, which is a non-pylori bacterium that can induce 
zoonotic gastric infections in humans (Schott et al., 2011). The recombinant 
H. bizzozeronii polysaccharide lyase (HBZC1_15820) was tested on GAGs 
such as HS/heparin, keratan sulfate, hyaluronan and CS and revealed that 
this enzyme acts only on CS structures and hyaluronan. All types of CS 
except for CSB/DS were susceptible to the recombinant HBZC1_15820, 
which suggested its specificity for CS structures that lack iduronic acid units, 
a property that coincides with the characteristic properties of the CS AC-type 
lyase from Arthrobactor aurescens (Hiyama and Okada, 1975). The 
established pH optimum around pH 4.0-5.5 should be perfectly adapted to 
the bacterial surrounding in the gut. Our results support earlier studies on 
pH-dependent PL substrate specificity of bacteria (MacDonald and Berger, 
2014) and may add knowledge to host pathogen adaptation studies to 
investigate the correlation between CS depletion associated with gastritis in 
dogs (Spicer and Sun, 1969). 
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Concluding remarks and future perspectives 

Glycobiology is an emerging branch of science, which may play key roles in 
medical biology as well as in pharmaceutical industry in near future.         
Though potential applications of different GAGs such as HS/heparin, 
CS/DS, KS and HA are well studied and implemented in many areas of basic 
science, the structural complexity and functional aspects of GAGs are still 
not fully understood.  

In Paper I our investigations were focused on the characterization of 
GAGs from Echinodermata species. A. filiformis has an excellent 
regeneration capacity and we found that these animals contain highly 
sulfated CS/DS structures. It has been reported in literature that sulfated 
CS/DS play potential roles in many areas such as a) competitive drug 
development against pathogens and viruses (herpes simplex virus type-1 
(Bergefall et al., 2005; Mardberg et al., 2002), malaria (Alkhalil et al., 
2000)), b) in regenerative medicine of neural outgrowth, repair and healing 
of wounds in CNS (Hikino et al., 2003), liver regeneration, treatment of 
osteoarthritis (Verbruggen, 2006) c) in cancer cure by binding to and 
neutralizing growth factors and cell adhesion molecules (Borsig et al., 2007; 
Pumphrey et al., 2002). Considering these potential applications CS/DS from 
brittlestar A. filiformis could be envisaged useful in regenerative medicine 
and CNS wound healing. In parallel we have shown that A. filiformis GAGs 
involve in FGF-2 induced cell signaling, which supports earlier data about 
protein GAG interactions in cellular activities important also in wound 
healing and regeneration processes. In Paper II we analyzed CS/DS from A. 
filiformis during arm regeneration. We demonstrate that reduction of 
sulfation by chlorate treatment can impair the regeneration capacity, but it 
will be important to unravel the molecular processes that regulate the 
proliferation and differentiation during regeneration.  

Bacterial lyases and sulfatases are not only essential enzymes for bacterial 
survival but also potential tools to characterize biomolecules such as GAGs 
and other sulfated polysaccharides. In our Paper III and Paper IV we have 
demonstrated that human and animal gut symbiotic bacterial lyases and 
sulfatases are excellent biological tools to study GAGs. Their potential 
application could furthermore be envisaged as markers for gastrointestinal 
and other diseases, and as target for drug development.  
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