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SUMMARY 

Dermatan sulphate (DS) is a sulphated glycosaminoglycan (GAG) that is widely distributed as 

proteoglycan throughout the extracellular matrix and at cell surfaces where it plays an 

important role in many key biological processes. The intra-cellular catabolism of DS 

commences with endohydrolysis of the polysaccharide chains to oligosaccharides, which are 

then sequentially degraded from the non-reducing terminus by lysosomal exoenzymes to 

monosaccharides and inorganic sulphate for transport out of the lysosome and re-utilisation 

by the cell. Both endo-β-N-acetylhexosaminidase (Hyal-1 hyaluronidase) and endo-β-

glucuronidase activities towards DS have been proposed. The present study was undertaken 

to: 1) determine the substrate specificities and sub-cellular locations of these endoglycosidase 

activities; and 2) compare endoglycosidase activities and substrate specificities in the 

mucopolysaccharidoses, where a defect in one of the lysosomal exoenzymes required to 

degrade DS results in the lysosomal accumulation of partially degraded DS oligosaccharide 

fragments. To this end, a series of oligosaccharide substrates designed to represent aspects of 

the physiological substrate was prepared, and an assay was developed to measure 

endoglycosidase activities and determine their substrate specificities by quantifying specific 

oligosaccharide products.  

Assay substrates rich in glucuronic acid (GlcA) or iduronic acid (IdoA) were prepared 

by limited chondroitinase ABC digestion of chondroitin sulphate A and DS, respectively. The 

resulting tetra- to hexadecasaccharides were separated by size-exclusion chromatography and 

characterised by electrospray ionisation-tandem mass spectrometry (ESI-MS/MS). These 

substrates, which were not susceptible to degradation by lysosomal exoenzymes, were then 

incubated with Chinese hamster ovary (CHO)-K1 cell homogenate (source of 

endoglycosidase activity), and the oligosaccharide products generated from the non-reducing 

end of the substrate were measured by ESI-MS/MS. Endo-β-N-acetylhexosaminidase and 

endohexuronidase activities were detected towards the oligosaccharide substrates, with both 

activities preferentially degrading the GlcA-rich substrates and only minor activity observed 

towards IdoA-rich substrate. The endo-β-N-acetylhexosaminidase activity had a minimum-

sized substrate requirement of a hexasaccharide and was observed to sequentially remove 

tetrasaccharides from the non-reducing end of oligosaccharides, whereas the 
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endohexuronidase activity had a minimum substrate of an octasaccharide, acted randomly and 

was comparatively low. The activities displayed the same acidic pH optimum and responded 

in the same manner to changes in buffer composition and substrate concentration, and to the 

presence of divalent cations, NaCl, detergent and protease inhibitors. Both activities were 

modestly affected by the hyaluronidase inhibitor, apigenin. Percoll density gradient sub-

cellular fractionation confirmed that the activities were primarily in the lysosomes and late 

endosomes. The endo-β-N-acetylhexosaminidase and endohexuronidase activities detected 

here in CHO-K1 cells are consistent with the Hyal-1 and endo-β-glucuronidase enzymes 

described previously. These data suggest that Hyal-1 and endo-β-glucuronidase are 

predominantly lysosomal enzymes that act in concert to degrade the low-sulphate, GlcA-rich 

domains of DS, but are less active towards the highly sulphated regions containing IdoA. 

To test the hypothesis that endoglycosidase activities are altered in the 

mucopolysaccharidoses, an attempt was made to compare Hyal-1- and endo-β-glucuronidase-

like activities and their substrate specificities in mucopolysaccharidosis (MPS)-affected and 

unaffected control skin fibroblasts. However, no activity was detected towards octa- to 

hexadecasaccharide substrates in control fibroblast homogenates, and in homogenates of MPS 

fibroblasts deficient in the lysosomal exoenzymes α-L-iduronidase and N-

acetylgalactosamine-4-sulphatase, despite the fact that: 1) what appear to be the products of 

Hyal-1 and endo-β-glucuronidase activities towards endogenous DS could be detected in the 

lysosomes of the MPS cells by sub-cellular fractionation; and 2) the ESI-MS/MS assay was 

demonstrated sensitive enough to detect endoglycosidase activities in homogenates of a 

number of different mouse tissues (including whole skin). We hypothesise that this absence of 

detectable endoglycosidase activity in skin fibroblasts results from enzyme non-recognition of 

the exogenous assay substrates tested, and hence that these cells contain heretofore 

undescribed Hyal-1 and endo-β-glucuronidase isoforms with unique substrate specificities. 

In conclusion, the development of an ESI-MS/MS assay to measure the products of 

endoglycosidase activities has enabled the characterisation of these activities towards DS. 

This strategy may be useful for the future study of endoglycosidase activities towards a 

variety of other GAGs such as heparan sulphate, where particular oligosaccharide structures 

have been shown to possess unique biological activities. 
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1.1 GLYCOSAMINOGLYCANS 

Glycosaminoglycans ( GAGs) a re l inear, unbr anched a nionic pol ysaccharides ge nerally 

characterised b y a  ba ckbone of  r epeating di saccharide s ubunits c ontaining an a mino s ugar 

(either D-glucosamine, N-acetyl-D-glucosamine or the C-4 epimer N-acetyl-D-galactosamine) 

linked to a  uronic acid (UA) residue (either D-glucuronic acid or  the C5 epimer L-iduronic 

acid). The exception is keratan sulphate, which contains D-galactose in place of UA (Taylor 

and Gallo 2006). The f ive main GAG subtypes, hyaluronan, chondroitin sulphate, dermatan 

sulphate, heparan sulphate/heparin and keratan sulphate, are distinguished by the composition 

of their disaccharide subunits, the types of  glycosidic l inkages between the monosaccharide 

residues, a nd a lso b y t heir de gree of  m odification b y s ulphation, de acetylation a nd 

epimerisation reactions. With the exception of hyaluronan (Tsiganos et al. 1986), GAGs are 

attached t o c ore pr oteins a s pr oteoglycan ( PG), a nd a re w idely di stributed t hroughout t he 

extra-cellular matrix (ECM) and at cell surfaces in this form. GAGs play an important role in 

many ke y bi ological pr ocesses, i ncluding c ell adhesion, growth f actor s ignalling, wound 

repair, infection and tumour metastasis, primarily by interacting with proteins and influencing 

their activities (Bernfield et al. 1999, Trowbridge and Gallo 2002).  

 

1.2 DERMATAN SULPHATE 

The GAG, dermatan s ulphate ( DS), i s c omposed of  r epeating di saccharide s ubunits of  U A 

alternating w ith β-linked ( 1,4) D -N-acetylgalactosamine ( GalNAc) r esidues t hat m ay be  O-

sulphated a t C4 and/or C6 ( referred to as GalNAc(4S), GalNAc(6S) and GalNAc(4S, 6S )). 

The UA may be α-linked (1,3) iduronic acid (IdoA) or β-linked (1,3) glucuronic acid (GlcA), 

unsulphated or 2 -O sulphated ( referred to as IdoA(2S) and GlcA(2S)) (Figure 1.1A). DS i s 

also known as chondroitin sulphate (CS)-B, based upon the presence of GalNAc; the presence 

of variable amounts of IdoA distinguishes DS from CS-A and CS-C, which contain GlcA and 

4- and 6 -O sulphated G alNAc units, r espectively (Trowbridge and G allo 2002) . DS for ms 
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block structures with domains of IdoA and high sulphation (“IdoA-rich domains”), and poorly 

sulphated domains w here G lcA pr evails ( “GlcA-rich dom ains”) (Mitropoulou et al. 2001) 

(Figure 1.1B). DS is found covalently linked to specific serine residues of a core protein via 

the c ommon G AG-core pr otein linkage t etrasaccharide ( xylose, galactose, galactose and  

GlcA) to form dermatan sulphate proteoglycans (DSPG), where the DS chains of the DSPG 

extend pe rpendicularly f rom t he c ore p rotein t o f orm a  br ush-like s tructure ( Figure 1.2 ). 

DSPG are produced by most, if not all, vertebrate cells as major components of the ECM, and 

are also found at the cell surface and basement membranes, and in intra-cellular granules of  

certain cells (Kjellen and Lindahl 1991, Iozzo 1998, Gowda et al. 1990). The overall structure 

of a  DS chain, i n t erms of l ength (40-100 di saccharide uni ts), b ackbone chemical s tructure 

and or ganisation i nto d omains, va ries w idely according to t he t issue a nd D SPG of  or igin 

(Cheng et al. 1994). 

It s hould be  not ed t hat although DS i s b y d efinition di stinguished f rom C S b y t he 

presence of  IdoA, t here i s s ome c onfusion i n t he literature conc erning t he pr ecise 

classification of  a  G AG s tructure t hat c ontains bot h G lcA-GalNAc a nd IdoA-GalNAc 

disaccharides. Such GAGs have alternatively been classed as either “DS, with GlcA-rich and 

IdoA-rich domains”, as de tailed above (Mitropoulou et al. 2001, F uller et al. 2004a), or  

“CS/DS h ybrids” c ontaining “ CS-like” ( i.e. GlcA-GalNAc) and “DS-like” ( i.e. IdoA-

GalNAc) sequences (Bao et al. 2005, Li et al. 2007). For the purposes of this thesis, a GAG 

chain c ontaining bot h GlcA-GalNAc and  IdoA-GalNAc di saccharides s hall be  cl assed 

explicitly a s D S, with the G lcA-GalNAc a nd I doA-GalNAc s equences r eferred to as t he 

“GlcA-rich” and “IdoA-rich” domains of DS, respectively. 

 

1.3 BIOSYNTHESIS OF DERMATAN SULPHATE 

The ini tiating e vent in DS bi osynthesis is  the  f ormation of the  G AG-core pr otein l inkage 

tetrasaccharide,  which involves the  sequential  addition of the four monosaccharides (xylose, 
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Figure 1.1 Composition of DS 

DS is composed of repeating disaccharide subunits containing either glucuronic acid (GlcA) 

and N-acetylgalactosamine (GalNAc), o r iduronic acid ( IdoA) and GalNAc. Panel A shows 

the structures of these disaccharide subunits of DS chains (R=H or SO3
-). Panel B represents 

the dom ain s tructure of  DS, w here bl ocks of  po orly s ulphated G lcA-GalNAc di saccharides 

(GlcA-rich dom ains) alternate with bl ocks of  hi ghly s ulphated IdoA-GalNAc di saccharides 

(IdoA-rich domains). The symbols used are defined beneath the figure. 
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Figure 1.2 Structure of the DS-core protein linkage region in DSPG 

Schematic illus trating th e s tructure of  the  DS-core pr otein l inkage r egion i n D SPG, w hich 

comprises a s pecific tetrasaccharide composed of one xylose residue, two galactose residues 

and a  G lcA r esidue. T his t etrasaccharide l inker i s c oupled at t he reducing end t o t he c ore 

protein through an O-glycosidic bond between the xylose residue and a specific serine residue 

in the protein. The DS chain extends from the non-reducing end of the tetrasaccharide linker 

through a  glycosidic l inkage be tween t he G lcA residue of  t he l inker a nd t he f irst G alNAc 

residue of t he D S c hain. G alNAc, N-acetylgalactosamine; G lcA, glucuronic aci d; G al, 

galactose; Xyl, xylose. 

core protein

NH

CH
O

core protein

CH2OXylGalGlcA
serine
residueGalGalNAc
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galactose, galactose and GlcA) to serine residues in the core protein. Xylosylation commences 

in a la te e ndoplasmic r eticulum ( ER) c ompartment a nd continues int o intermediate 

compartments, perhaps including the cis-Golgi (Kearns et al. 1993, Vertel et al. 1993). The 

two galactose units are then added by separate membrane-bound transferases, which localise 

to di fferent s ub-regions of  t he G olgi (Sugumaran et al. 1992, E tchison et al. 1995). 

Construction of  t he t etrasaccharide i s c ompleted b y t he a ddition of  a  G lcA b y G lcA 

transferase I, which o ccurs c lose t o t he s ite of  backbone pol ymer s ynthesis i n t he medial-

/trans-Golgi, but distal from the location of the Gal transferases (Sugumaran et al. 1998). At 

this point, a sulphate may be added to C4 of one or both Gal residues, possibly by the same 

enzyme t hat a dds s ulphate t o t he G alNAc r esidues of  t he D S pol ymer (Sugahara and  

Kitagawa 2000, Sugahara et al. 1991). Phosphorylation of the linkage tetrasaccharide has also 

been observed in DS and is believed to occur in the ER and/or Golgi (Prydz and Dalen 2000). 

While phos phorylation is a  s table modi fication in some D S s pecies, it is  a  tr ansient 

phenomenon i n ot hers. In t he D SPG, de corin, f or e xample, phos phorylation of  t he l inkage 

sequence gradually i ncreases as  ea ch of t he f irst t hree m onosaccharides i s a dded, but  the 

subsequent a ddition of  G lcA l eads t o a  r apid de-phosphorylation (Moses et al. 1997 a nd 

1999). It has been suggested that this transient phosphorylation of the linkage tetrasaccharide 

acts as a signal during intra-cellular trafficking of PG, and/or in the control of modification to 

the glycan chain (Prydz and Dalen 2000). 

Synthesis of  the  linkage  te trasaccharide is  f ollowed by the  a lternate addition of 

GalNAc and GlcA from uridine diphosphate (UDP)-activated precursors to the non-reducing 

end of the nascent oligosaccharide in the medial-/trans-Golgi, resulting in the formation of a 

backbone polymer chain of up to 70 kDa (Silbert and Sugumaran 2002, Velasco et al. 1988). 

Elongation of  t his ba ckbone a ppears t o be  m ediated b y di stinct G lcA- and GalNAc-

transferases (Silbert and Reppucci 1976, S ugumaran et al. 1997) and i s concomitant with a  

series of enzymatic reactions that modify the individual monosaccharide components. These 
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modifications ma y inc lude: O-sulphation of  GalNAc r esidues a t C 4 a nd/or C 6; C 5 

epimerisation of GlcA residues to IdoA; and O-sulphation of the GlcA and IdoA residues at 

C2. Although the precise order of these events is unclear, 6-O sulphation of  GalNAc in the 

medial-/trans-Golgi by GalNAc 6-O sulphotransferase is probably the first. This is believed 

to stimulate s ome 2 -O sulphation of  t he adjacent GlcA residues b y uronyl 2 -O 

sulphotransferase (Silbert and Sugumaran 2002). Four-O sulphation of GalNAc by GalNAc 4-

O sulphotransferase oc curs i n a  l ater trans-Golgi region, a nd e ncourages e pimerisation o f 

some adjoining GlcA residues to IdoA by uronyl C5 epimerase. The IdoA residues may, in 

turn, become a substrate for the transfer of sulphate by uronyl 2-O sulphotransferase (Silbert 

et al. 1991, Kobayashi et al. 1999). As the latter reaction requires a sulphated and epimerised 

substrate, it is likely to be the final step in DS biosynthesis and therefore occur in a late Golgi 

compartment. 

Although the biosynthetic modification of the individual disaccharide subunits of DS 

is not uniform, such that some are highly modified and others unmodified, the highly specific 

nature of  t he D S bi osynthetic enz ymes l eads t o clustering of  t he m odified disaccharides 

containing hi gh s ulphation a nd IdoA i nto t he regions referred t o a s “ IdoA-rich dom ains” 

along t he D S ba ckbone (Mitropoulou et al. 2001). C hain t ermination a ppears t o be  

precipitated by the presence of  specific sulphation patterns towards the non-reducing end of  

the polymer and, in particular, from the proportion of GalNAc(4S) and GalNAc(4S, 6S) units 

in this region (Kitagawa et al. 1997a and b, Otsu et al. 1985). 

 

1.4 BIOLOGICAL FUNCTIONS OF DERMATAN SULPHATE 

DS has a wide variety of important biological functions that are imparted by the complexities 

of its  c omposition, from its  ove rall ma cromolecular s hape to the int ricacies of  its  fine 

structure. For example, as a result of  their r igid l inear configuration and hydrophilic nature, 

DS chains adopt extended conformations in the ECM that occupy a huge volume relative to 
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their mass, and form highly hydrated gels that resist compressive forces upon the matrix while 

providing mechanical support to tissues (Culav et al. 1999). DS also binds to a diverse range 

of biologically important molecules including (but not  limited to) matrix molecules, growth 

factors, pr otease i nhibitors, c ytokines, c hemokines, a nd pa thogen virulence f actors (Table 

1.1). T hese bi nding i nteractions r esult f rom e lectrostatic a ttractions be tween t he bi nding 

partner a nd pa rticular s tructural s equences on t he D S s trand. Interaction w ith D S m ay 

contribute to or modify the biological functions of the binding partner (Trowbridge and Gallo 

2002). 

The ability of DS to modulate the function of bioactive molecules is exemplified by its 

interaction w ith he parin c ofactor II ( HCII), a  h omologue of  a ntithrombin III t hat a cts b y 

inhibiting t he pr o-coagulative e ffect of  thr ombin. This e ffect is  enhanced 1000 -fold i n t he 

presence of DS, possibly due to the formation of a stable ternary complex in which both HCII 

and thrombin bind via ionic attraction to a single DS chain (Liaw et al. 2001). HCII binding 

appears t o be  i nfluenced b y the ov erall s ulphation of  t he D S c hain a nd by t he pr esence of  

IdoA(2S)-GalNAc(4S) a nd IdoA(2S)-GalNAc(4S,6S) di saccharides i n pa rticular 

(Halldorsdottir et al. 2006, Denti et al. 1995). Another w ell-studied D S binding interaction 

occurs with the fibroblast growth factors (FGFs), which are key players in the wound repair 

process. D S h as be en s hown t o bi nd a nd promote F GF-2 a nd -7-dependent cel lular 

proliferation, with t he most a ctive D S s tructures r ich i n m onosulphated ( primarily 4-O 

sulphated) disaccharides and IdoA (Penc et al. 1998, Taylor et al. 2005). Further elucidation 

of the DS sequences that make up t he binding s ites in these and other biologically relevant 

associations m ay l ead t o t he de velopment of  i nhibitors a nd/or m odulators of  t hese 

interactions. 
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Table 1.1 Binding interactions of DS 

Binding protein Binding sequencea Physiological effect 
heparin cofactor II -IdoA(2S)-GalNAc(4S)- enzymatic inactivation of 

 hexasaccharide thrombin 
thrombin n.d. anti-coagulation 

activated protein C n.d. anti-coagulation 
protein C inhibitor n.d. stimulates serpin activity 

platelet factor 4 n.d. unknown 
tenascin-x binds GAG chain collagen matrix stability 
α-defensin n.d. increased infectivity 
RANTES n.d. modulation of inflammatory 

  response 
interferon-γ n.d. receptor for INF-γ 

FGF-1 and -2 n.d. cellular proliferation via 
  tyrosine kinase activation 

low-density lipoprotein n.d. atherosclerotic plaque 
  stabilisation 

hepatocyte growth 
factor/scatter factor 

-IdoA-GalNAc(4S)- 
octasaccharide 

cellular proliferation, 
organogenesis, 

  tumourigenesis 
 

a IdoA, iduronic acid; GalNAc, N-acetylgalactosamine; S, sulphate; n.d., not determined 
 
Table adapted from Trowbridge and Gallo (2002) 
 

1.5 DEGRADATION OF DERMATAN SULPHATE 

Degradation of DS chains occurs as part of the normal cellular recycling of DSPG, which is 

initiated by the binding of the intact DSPG molecule to specific receptors on the cell surface. 

The D SPG-receptor c omplex i s int ernalised into clathrin-coated pits and traverses a m ildly 

acidic endocytic n etwork thought to  comprise a t le ast tw o distinct compartments, the early 

endosome and the prelysosome (late endosome), during which t ime extensive proteolysis of  

the DSPG core protein occurs to liberate single DS chains bound to peptides as intermediates 

(Feugaing et al. 2007, H oppe et al. 1988, G riffiths a nd G ruenberg 199 1). T he peptide-DS 

intermediates ar e ul timately t rafficked to the l ysosome, where end oenzymes ( endo-β-

galactosidase, endo-β-xylosidase a nd e ndo-β-glucuronidase) f irst c leave w ithin t he l inkage 

tetrasaccharide to clip the DS chain from the peptide (Takagaki et al. 1988a and b). Finally, 
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the f ree DS chains are sequentially degraded from the non-reducing terminus by a s eries o f 

exoenzyme activities to produce monosaccharides and inorganic sulphate for transport out of 

the lysosome and re-utilisation by the cell. In addition, endoglycosidases cleave the internal 

bonds of  the DS cha ins, increasing the number of t arget s ites available for the exoenzymes 

(Neufeld and Muenzer 2001). 

 

1.5.1 Endodegradation of dermatan sulphate 

The c atabolism of  D S chains c ommences w ith e ndohydrolysis of  t he polysaccharides t o 

oligosaccharides. A nu mber of  endo glycosidases w ith the cap acity t o cl eave t he i nternal 

glycosidic l inkages of  DS ha ve b een i dentified t hat m ay p articipate i n t his pr ocess. T he 

hyaluronidases ar e a f amily of  endo -β-N-acetylhexosaminidases t hat p rincipally de grade 

hyaluronan, but h ave also demonstrated the limited ability to cleave int ernal β-linked ( 1,4) 

glycosidic linkages between GalNAc and GlcA in CS (Kreil 1995), and it is predicted that the 

corresponding linkages in DS would also be susceptible. In the human genome there are six 

known g enes c oding f or h yaluronidase s equences, a ll of  w hich ha ve a  hi gh de gree of  

homology: the HYAL-1, HYAL-2 and HYAL-3 genes are clustered on chromosome 3p31.3 and 

code for the Hyal-1, Hyal-2 and Hyal-3 proteins, respectively; HYAL-4 (coding for Hyal-4), 

PH-20/SPAM-1 (coding for PH20), and the pseudogene, PHYAL-1, are similarly clustered on 

chromosome 7q31.3 (Csóka et al. 2001). As two deletions in the human PHYAL-1 sequence 

cause premature stop codons, the gene does not encode an active DS-degrading hyaluronidase 

(Csóka et al. 1999). H owever, a  full-length expression s equence of  PHYAL-1 has be en 

identified from a mouse testis cDNA library that does not contain any mutations, indicating 

that this gene may encode an active h yaluronidase enz yme in other mammals (Csóka et al. 

2001). 

Hyal-1 i s ge nerally c onsidered t he m ajor i ntra-cellular h yaluronidase of  the s omatic 

tissues (Stern 2003) and has been isolated from various sources, including plasma (Frost et al. 
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1997), serum (Afify et al. 1993), ur ine (Csóka et al. 1997), l iver (Gold 1982) and placenta 

(Yamada et al. 1977). The pr oduct o f t he HYAL-1 gene i s a  57 kD a s ingle pol ypeptide 

glycoprotein (Frost et al. 1997), how ever, t he b road r ange of  m olecular sizes a ttributed t o 

purified Hyal-1 (from 45- to 76 kDa for that purified from urine and liver, respectively) points 

to t he existence of  multiple i soforms. Nevertheless, t he a forementioned s tudies consistently 

report a  pH  opt imum of  3.8, w ith no e nzymatic a ctivity obs erved a t neutral pH , w hich 

strongly infers that any Hyal-1 activity towards DS is confined to the lysosome.  

The substrate specificity and other catalytic properties of Hyal-1 have been studied in 

some de tail. Since h yaluronan is the  pr imary physiological s ubstrate, almost a ll of  the se 

studies have been conducted using hyaluronan, an extremely simple GAG composed entirely 

of r epeating uns ulphated di saccharide uni ts c ontaining β-linked G lcA a nd N-

acetylglucosamine. However, as mentioned above, the hyaluronidases are also able to degrade 

the β-linked GalNAc-GlcA linkages of  C S, albeit a t a  s lower r ate (Stern 2003) , a nd he nce 

their mode of action towards hyaluronan should also apply to the GlcA-rich domains of DS 

where G alNAc-GlcA b onds a re c oncentrated. A nalysis of  t he c atabolic pr oducts of  a  

recombinant human hyal-1 (RHhyal-1) recently produced in an insect cell expression system 

revealed a minimum-sized substrate requirement of an octasaccharide (Hofinger et al. 2007a). 

A c ontinuous de gradation of  hi gh-molecular-weight h yaluronan t o s maller f ragments a nd 

finally t o ol igosaccharides ( di- to octasaccharides) b y R Hhyal-1 w as obs erved, w ith 

hexasaccharides as  t he main reaction products (Hofinger et al. 2008). This c ontrasts w ith 

previous s tudies reporting the end product of  placenta- and chick embryo f ibroblast-derived 

Hyal-1 as a t etrasaccharide (Yamada et al. 1977, O rkin a nd T oole 198 0). D egradation b y 

Hyal-1, a s w ith a ll t he human h yaluronidases, i s be lieved t o o ccur t hrough an e ndolytic, 

“random-bite” ( i.e. non -processive) m echanism, w hereby t he catabolic products l eave t he 

active s ite of  t he enz yme af ter each cleavage r eaction to become s ubstrates f or f urther 

cleavage (Stern a nd J edrzejas 2006) . A central aim of  t his t hesis w as t o characterise t he 
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substrate specificities a nd catalytic m echanisms of  H yal-1 as t hey apply t o the s pecific 

degradation of DS oligosaccharides. 

Hyal-2 mRNA and protein are found in many human and mouse tissues (Lepperdinger 

et al. 1998). The enzyme has an acidic pH optimum and is found in the lysosome, however, 

the ve ry low  a ctivity o f H yal-2 r elative t o ot her h yaluronidases s uch a s P H20 a nd H yal-1 

(Lepperdinger et al. 2001) indicates that its role in DS turnover is likely to be limited. Hyal-2 

has a n unus ual s ubstrate s pecificity, de grading hi gh-molecular-weight h yaluronan t o 

intermediate-sized f ragments of  a pproximately 20 kD a, or  50 disaccharide uni ts 

(Lepperdinger et al. 2001). This raises the proposition that endodegradation of DS (and other 

GAGs s usceptible t o c leavage b y t he h yaluronidases) m ay i n f act be  a  t wo-step process, 

whereby H yal-2 ma kes ini tial c leavages in  the  ma cromolecular chain to pr oduce 

polysaccharide f ragments, w hich a re f urther di gested t o ol igosaccharides b y H yal-1. A  

portion of  H yal-2 i s a lso f ound t ethered t o t he pl asma membrane via a 

glycosylphosphatidylinositol (GPI) link where it serves as the cell entry receptor for the lung 

cancer-inducing jaagsiekte sheep retrovirus (Rai et al. 2001), but the hyaluronidase function 

of the protein is unlikely to be active in the pH-neutral extra-cellular milieu. 

Hyal-3 and Hyal-4 are poorly characterised, and their roles in DS degradation are not 

well understood. Hyal-3 is widely expressed throughout the somatic tissues at very low levels 

(Shuttleworth et al. 2002). The mouse HYAL-3 gene product has recently been expressed in 

baby hamster kidney cells and found to comprise a 45- to 56 kDa glycoprotein that appears to 

lack hyaluronidase act ivity per se, but  ma y augment th e h yaluronidase activity o f H yal-1 

(Hemming et al. 2008). T his s uggests t hat an y r ole f or H yal-3 i n t he de gradation of  D S i s 

likely to be peripheral, for example by serving as an intra-cellular DS binding protein or by 

stabilising the  H yal-1 e nzyme dur ing t ransport t hrough i ntra-cellular com partments 

(Hemming et al. 2008). Early evi dence s uggests t hat H yal-4 is r estricted to placenta and 

skeletal muscle (Csóka et al. 2001). The enzyme is GPI-linked to the plasma membrane and 
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appears to have absolute specificity for the GalNAc-GlcA linkages of CS (and possibly DS), 

with no activity against hyaluronan (Stern 2003). 

The P H-20 h yaluronidase, or  s perm a dhesion m olecule 1 ( SPAM-1), i s f ound 

primarily on the plasma membrane of mammalian sperm and is important during the process 

of f ertilisation, where i t f acilitates s perm pe netration of the  h yaluronan-rich ECM tha t 

surrounds the oocyte (Meyers et al. 1997). Although a second PH-20 isoform with activity at 

acidic pH is also found in the lysosome-derived acrosome of sperm (Cherr et al. 2001), it has 

yet t o be de termined i f this a cidic i soform i s pr esent i n t he l ysosomes of ot her c ell t ypes 

where i t coul d be active i n the de gradation of D S. The com mercially ava ilable P H-20 

preparation f rom bovi ne t estes ( “bovine t esticular h yaluronidase”) e xhibits a  bi modal pH -

activity curve due to the presence of both isoforms and has a minimum substrate requirement 

of a he xasaccharide, whereas r ecombinant hum an PH-20, w hich c onsists of  a  s ingle 

enzymatically a ctive pr otein of 56 kDa, has a  s lightly acidic pH  opt imum a nd a min imum 

substrate requirement of an octasaccharide (Hofinger et al. 2007a and 2008). Both the bovine 

and t he r ecombinant hum an P H-20 w ill de grade h yaluronan dow n t o t etra-, he xa- and 

octasaccharides as the main reaction products (Hofinger et al. 2008), and it is  likely that the 

susceptible r egions of  D S w ould be  s imilarly de graded. A n e xo-endolytic cat abolic 

mechanism ha s be en d escribed f or t he bovi ne P H-20, w hereby t he e nzyme s equentially 

removes disaccharides from the non-reducing end of oligosaccharide substrates (Takagaki et 

al. 1994). In addition to the testes, PH-20 expression has also been detected in the epididymis 

(Deng et al. 2000), br east (Beech et al. 2002) and female r eproductive t ract (Zhang a nd 

Martin-DeLeon 2003), suggesting a host of, as yet, undiscovered functions. 

In addition to the hyaluronidases, which are endo-β-N-acetylhexosaminidases, an acid-

active endo-β-glucuronidase enzyme that may cleave GlcA-GalNAc linkages in DS has been 

found in the liver, kidney, spleen and lung of the rabbit (Takagaki et al. 1985 and 1988b). The 

catalytic m echanisms of  t his endo -β-glucuronidase ha ve not  be en c haracterised, but  e arly 
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reports us ing CS as substrate indicate that it w ill hydrolyse the  GlcA-galactose bond of  the 

tetrasaccharide l inkage r egion t hat c onnects t he G AG t o t he s hort pe ptide int ermediates 

derived f rom pr oteolysis of  t he c ore pr otein, a nd t hen f urther de grade t he G lcA-GalNAc 

bonds of these liberated chains to produce oligosaccharides. Although DS was not specifically 

tested as a s ubstrate, it i s pr edicted that t he enz yme w ould also degrade the G lcA-GalNAc 

linkages contained within the GlcA-rich domains of DS. The minimum-sized substrate of this 

endo-β-glucuronidase has not been fully elucidated but is at least the size of an octasaccharide 

(Takagaki et al. 1985 and 1988b). 

While t he m ajor e ndoglycosidases pr edicted t o be  i nvolved i n t he i ntra-cellular 

degradation of DS (i.e. Hyal-1 and endo-β-glucuronidase) are strictly acid-active (Stern 2003, 

Takagaki et al. 1988b) and thus unl ikely to operate outside of  the l ysosome/late endosome, 

the precise intra-cellular site of DS endodegradation has yet to be confirmed. Pre-digestion of 

DS b y endo glycosidases appe ars t o facilitate f urther d egradation by generating m any 

intermediate-sized oligosaccharides for s imultaneous c atabolism b y lysosomal e xoenzymes 

(Neufeld and Muenzer 2001). As there are no reported enzymes that will cleave the internal 

glycosidic l inkages of  DS that contain IdoA, i t i s probable that the highly sulphated, IdoA-

rich domains of  DS are degraded di rectly b y exoenzyme activities without pre-digestion by 

endoglycosidases. 

 

1.5.2 Exodegradation of dermatan sulphate 

Following partial catabolism by endoglycosidases, the final step of DS degradation occurs by 

the a ction of  hi ghly s pecific e xoenzymes, w hich r educe t he oligosaccharides t o 

monosaccharides and inorganic sulphate (Neufeld and Muenzer 2001). This process occurs in 

the lysosome and requires the activity of up to seven exoenzymes (up to four sulphatases and 

up to three exoglycosidases) which, in contrast to the endoglycosidases described in section 

1.5.1, can only hydrolyse linkages at the non-reducing termini of DS and must therefore act 
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sequentially. The s tep-wise a ction of  t hese s even e xoenzymes i s i llustrated i n F igure 1.3. 

Hydrolysis of C2 sulphate bonds from non-reducing terminal IdoA residues results from the 

action of iduronate-2-sulphatase and precedes the removal of the IdoA by α-L-iduronidase. If 

present, the 4- and/or 6-sulphate esters of the newly-exposed non-reducing terminal GalNAc 

are h ydrolysed by N-acetylgalactosamine-4-sulphatase ( arylsulphatase B ) and N-

acetylgalactosamine-6-sulphatase, respectively, followed by removal of the GalNAc by one of 

three β-hexosaminidase i sozymes (A, B or  S ). Glucuronate-2-sulphatase t hen a cts upon t he 

C2 sulphate ester of non-reducing GlcA and, finally, non-reducing terminal GlcA residues are 

hydrolysed b y β-glucuronidase. The monosaccharide and inorganic sulphate products of  DS 

catabolism exit f rom the  l ysosome b y specific tr ansporters (Mancini et al. 1989, J onas and 

Jobe 1990) and may subsequently be re-utilised by the cell. 

 

1.6 THE MUCOPOLYSACCHARIDOSES 

With t he e xception of  gl ucuronate-2-sulphatase, w here enz yme-deficient pa tients ha ve not  

been de scribed, a  de ficiency i n a ny on e of  t he lysosomal e xoenzyme a ctivities r equired t o 

degrade DS results in the lysosomal accumulation of the partially degraded DS substrates for 

these exoenzyme activities. Lysosomal storage leads to cell, tissue and organ dysfunction and 

the urinary secretion of partially degraded GAG, which may in turn lead to clinical symptoms 

of the mucopolysaccharidoses (MPSs) (Neufeld and Muenzer 2001). As outlined in Table 1.2, 

five of  t he e leven reported M PSs r esult f rom d eficiencies i n e xoenzymes i nvolved i n t he 

degradation of DS and are characterised by the lysosomal accumulation of partially degraded 

DS: mucopolysaccharidosis (MPS) I, resulting from a deficiency in α-L-iduronidase; MPS II 

(iduronate-2-sulphatase de ficiency); M PS IVA ( N-acetylgalactosamine-6-sulphatase 

deficiency); M PS V I ( N-acetylgalactosamine-4-sulphatase de ficiency); and MPS V II ( β-

glucuronidase d eficiency). A  m odest a ccumulation of  D S a lso oc curs in S andhoff di sease, 

which results from a deficiency in the major A and B isozymes of β-hexosaminidase,however, 
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Figure 1.3 Exodegradation of DS 

Schematic representation of the exodegradation of DS, which proceeds in a step-wise fashion 

from the non-reducing end by the sequential action of up to seven exoenzymes: iduronate-2-

sulphatase ( 1); α-L-iduronidase ( 2); N-acetylgalactosamine-4-sulphatase ( 3); N-

acetylgalactosamine-6-sulphatase (4); β-hexosaminidase ( A, B or  S i sozyme) (5); 

glucuronate-2-sulphatase ( 6); and β-glucuronidase ( 7). Adapted from N eufeld a nd M uenzer 

(2001). 

  
                          NOTE:   
   This figure is included on page 16 
 of the print copy of the thesis held in  
   the University of Adelaide Library.
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Table 1.2 Classification of MPSs resulting from deficiencies in DS-degrading 

exoenzymes 

  
                          NOTE:   
   This figure is included on page 17  
 of the print copy of the thesis held in  
   the University of Adelaide Library.
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the low residual level of  the minor S  isozyme is able to prevent a f rank MPS phenotype in 

these patients (Sango et al. 1996). All of the exoenzymes that are required for DS degradation 

are common to the catabolic pathways of other GAGs, and hence storage of other GAG types 

is a feature of the DS-storing MPSs. 

In addition to the MPSs that result from exoenzyme deficiencies, a deficiency in the 

endoglycosidase, H yal-1, ha s a lso be en r eported i n a  pa tient w ith l ysosomal s torage of  

hyaluronan and designated MPS IX (Natowicz et al. 1996). Given that Hyal-1 will degrade 

the G alNAc-GlcA l inkages of  C S ( and p resumably D S) i n a ddition t o t he N-

acetylglucosamine-GlcA bonds of hyaluronan, it is predicted that some lysosomal storage of 

DS and CS would also occur in this MPS. 

 The M PS di sorders a re c hronic a nd pr ogressive, a nd di splay a br oad spectrum of  

clinical s everity bot h within a nd be tween t he eleven m ajor t ypes. H owever, m ost of  t he 

disorders ar e ch aracterised by m ulti-system i nvolvement, or ganomegaly, a bnormal f acies, 

dystostosis m ultiplex ( a s pecific pa ttern of  r adiologic c hanges c aused b y de fective bone  

formation) and impairments in hearing, vision, respiration, cardiovascular function and joint 

mobility (Muenzer 200 4). T he c linical pr esentation f or M PS m ay b e i nfluenced b y a  

combination of factors, including genotype, the level of residual enzyme present, the catalytic 

capacity of  t he r esidual e nzyme, a nd t he t ype and a mount of  G AGs t hat a ccumulate. In 

general, patients with an MPS in which CS, DS or keratan sulphate is stored (MPS IVA, MPS 

VI) e xhibit s evere s keletal a bnormalities, w hereas M PS i n w hich onl y he paran s ulphate i s 

stored (MPS III) exhibit primarily CNS pathologies. Deficiency in common enzymes required 

for both DS and heparan sulphate degradation (MPS I, MPS II, MPS VII) may result in both 

skeletal a nd C NS pa thology ( e.g. M PS IH, r apid pr ogressing M PS II). The h yaluronidase-

deficient M PS IX pa tient ha d a mild clinical phe notype, including pe riarticular s oft tis sue 

masses, m ild s hort s tature, a n absence of  n eurological or  vi sceral i nvolvement, a nd 

histological and ultrastructural evidence of an MPS (Natowicz et al. 1996). 
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 A number of mutations in the genes encoding the DS-degrading exoenzymes that may 

result in enzyme deficiency have been identified. Most are point mutations or small changes 

in the gene, but some major DNA re-arrangements and large deletions have been observed in 

the i duronate-2-sulphatase g ene i n MPS I I (Neufeld a nd M uenzer 2001) . As t he cl inical 

severity of the MPSs is thought to relate in part to the residual level of functional enzyme that 

is a ble to partially c atabolise D S a nd other G AGs, it is  e xpected that t hose mut ations tha t 

result in a complete ablation of enzyme activity would be associated with the severe forms of 

disease, and genotype-phenotype correlation is possible in some cases. For instance, the null 

alleles W402X and Q70X, which together account for the majority of the MPS I alleles in the 

European popul ation (Bunge et al. 1994), result i n no  enzyme activity whatsoever and are 

associated with the s evere form of  α-L-iduronidase deficiency, MPS IH (Scott et al. 1992a 

and b), while a frameshift mutation that allows the synthesis of some normal α-L-iduronidase 

has be en l inked t o t he a ttenuated phe notype, M PS IS (Moskowitz et al. 1993, S cott et al. 

1993a). Interestingly, c ultured skin fibroblasts f rom a  pa tient w ith this f rameshift mut ation 

produce α-L-iduronidase at a level 0.13% of normal, indicating that only a fraction of normal 

enzyme activity is required to significantly reduce disease severity (Ashton et al. 1992). Other 

genotype-phenotype c orrelations a re not  a s s traight-forward, w ith t he R 468W m utation 

reported in both slow- and rapid-progressing MPS II patients (Crotty et al. 1992, Isogai et al. 

1998). T herefore, it is  generally a ccepted that a pa tient’s ove rall c linical phe notype w ill 

reflect a combination of unique environmental and genetic factors in addition to their specific 

mutation, such as the presence of gene polymorphisms that may modify expression and affect 

enzyme function (Scott et al. 1993b). 

Although a  number of  i mportant biological functions have been ascribed to DS, t he 

precise association between the p articular D S ol igosaccharides t hat a ccumulate i n the DS-

storing MPSs and disease pathogenesis is not clear. There have been a number of studies to 

characterise DS in the MPSs. DS oligosaccharides have been purified from the urine of MPS I 
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and II pa tients us ing a  c ombination of  a nion e xchange a nd s ize-exclusion c hromatography, 

characterised using electrospray ioni sation-tandem m ass s pectrometry (ESI-MS/MS) a nd 

partially sequenced w ith recombinant ex oenzymes (Fuller et al. 2004a a nd 2006) . 

Oligosaccharides ranging in size from di- to hexadecasaccharides and with varying degrees of 

sulphation were identified. The presence of DS oligosaccharides containing both GalNAc and 

UA a t t he r educing t erminus c onfirmed t hat bot h e ndo-β-N-acetylhexosaminidase and 

endohexuronidase act ivities pa rticipate i n the int ra-cellular endodegradation of  D S b y 

cleaving t he pol ysaccharide at  i nternal G alNAc-UA a nd UA-GalNAc glycosidic l inkages, 

respectively. The r elatively s mall s izes of  the  o ligosaccharides te rminating in UA ( tri- to 

heptasaccharide) possibly reflects endohexuronidase substrate specificity for terminal regions 

of DS chains. As the DS oligosaccharides identified contained, on average, only one sulphate 

per di saccharide, i t was i nferred t hat cleavage of  DS b y bo th t he e ndo-β-N-

acetylhexosaminidase a nd e ndohexuronidase activities ha d oc curred i n t he G lcA-rich 

domains, which are low in sulphation, and hence that these activities represent the acid-active 

Hyal-1 and endo-β-glucuronidase enzymes described in s ection 1.5.1. S imilarly, Hochuli et 

al. (2003) analysed urinary DS of MPS I, II and VI patients using nuclear magnetic resonance 

and de termined t hat t he m ajor r epeating di saccharide uni t i n e xcreted D S i s c omposed of  

unsulphated IdoA and GalNAc(4S) residues. 

Some insight into the mechanisms by which the stored DS in the MPSs may influence 

disease pa thology ha s b een pr ovided b y s tudies i nto t he unde rlying c auses of  de generative 

joint di sease i n t he M PSs, w hich s how t hat a rticular c hondrocytes c ultured f rom M PS V I 

animals undergo apoptosis at a hi gher rate than normal cells, and indicate that this lysis may 

be induced in vivo by DS accumulation in the ECM (Simonaro et al. 2001). Based upon these 

findings, the authors proposed t hat t he a ge-progressive accumulation of D S f ragments in  

articular chondrocytes in MPS VI patients enhances the propensity for cell death, whereupon 

the release of  bioactive GAG fragments from lysosomes into the extra-cellular environment 
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perturbs t he nor mal c artilage m atrix hom eostasis, l eading t o pa thology. By t his t heory, the 

varying d egree of  skeletal i nvolvement observed in t he va rious MPSs may d epend, i n pa rt, 

upon i ndividual di fferences i n t he qua ntities and s tructures of  t he D S fragments t hat a re 

accumulating and being released into the surrounding matrix upon cell death. Such a theory, if 

correct, ne ed not  be  l imited t o chondrocytes and may be evoked on a br oader s cale as one  

possible explanation for t he diversity of  clinical symptoms observed in t he MPSs. To da te, 

there are no reports of  similar s tudies us ing ot her cell t ypes. A ccumulation of  h yaluronan 

within the a rticular cartilage has recently b een shown to result in osteoarthritis in a mur ine 

model of  M PS IX (Martin et al. 2008), but  i t ha s not  yet be en e stablished w hether t he 

deficiency i n Hyal-1 also results in concomitant a ccumulation of D S a t le vels s ufficient to 

influence pathology. 

 

1.7 MASS SPECTROMETRY OF DERMATAN SULPHATE OLIGOSACCHARIDES 

The impor tance of  DS s tructure in the mediation of  biological activities has g iven rise to a 

number of  t echniques be ing de veloped f or t he a nalysis of  D S a nd D S-derived 

oligosaccharides. High-molecular-weight D S ha s be en analysed by cel lulose ac etate, 

nitrocellulose, agarose gel and polyacrylamide gel electrophoresis to yield information about 

physical properties of the chains, such as charge polydispersity and molecular size (Volpi and 

Maccari 2006) . D S ol igosaccharides c an be  m easured a s f luorescent de rivatives f ollowing 

separation b y m ethods s uch a s hi gh-performance l iquid c hromatography, s ize-exclusion 

chromatography or capillary electrophoresis (Kitagawa et al. 1995, Volpi 2000, Koketsu and 

Linhardt 2000). Furthermore, unsaturated oligosaccharides resulting from depolymerisation of 

DS by the bacterial chondroitinases can be monitored by UV absorbance at a w avelength of 

232 nm (Karamanos et al. 1994). Byers and co-workers (1998) described the application of  

gradient pol yacrylamide ge l e lectrophoresis for the a nalysis of  GAGs f rom M PS ur ine a nd 
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tissues, w hich e nabled t he i dentification of  D S oligosaccharides r anging in size f rom hi gh-

molecular-weight structures down to small tetra- and hexasaccharides. 

More r ecently, ESI-MS/MS ha s pr oven a  useful t ool f or t he analysis of  

oligosaccharides, offering high sensitivity, a soft ionisation approach amenable to maintaining 

oligosaccharide s tructure, and c ompatibility with up-front, i n-line liqu id chromatography 

systems (Zaia 2004) . U sing E SI-MS/MS, i onised ol igosaccharides c an be  i dentified on t he 

basis of  mass-to-charge ratios and their composition further e lucidated by collision-induced 

dissociation, which produces characteristic f ragmentation ions derived from the cleavage o f 

specific bonds within the oligosaccharide. There have been several reports on the use of ESI-

MS/MS for the identification and characterisation of DS oligosaccharides. Fuller et al. (2004a 

and 2006)  e mployed E SI-MS/MS for the  s tructural characterisation of D S ol igosaccharides 

purified f rom t he u rine of  M PS pa tients. In t hese s tudies, E SI-MS/MS ena bled the 

identification of  di - to hexadecasaccharides containing even and odd nu mbers of  saccharide 

residues and various degrees of sulphation, and could confirm the identity of the reducing end 

terminal s ugar r esidue o f t hese ol igosaccharides as ei ther G alNAc or  UA. ESI-MS/MS has 

also been used in conjunction with capillary electrophoresis for the s tudy of over-sulphated 

DS ol igosaccharides d erived f rom t he D SPG de corin, e nabling t he i dentification and 

characterisation of s tructures r anging i n size f rom hexa- to eicosasaccharides (Zamfir et al. 

2003 and 2004).  

In a ddition t o pr oviding s tructural i nformation, E SI-MS/MS m ay be used i n t he 

multiple reaction monitoring (MRM) mode for the quantification of oligosaccharides. MRM 

enables s pecific ol igosaccharides t o be m easured by s electively m onitoring t he s ignal 

intensity pr oduced b y t heir uni que pa rent i on/fragmentation i on t ransitions. T he s ignal 

intensities produced by the oligosaccharide MRM transitions are related to that produced by a 

suitable internal standard. ESI-MS/MS is now commonly employed for determination of the 

variously sulphated di saccharides that result f rom enzymatic digestion of  DS (Oguma et al. 
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2007, M iller et al. 2006, B arroso et al. 2005), and ha s be en used t o measure D S-derived 

oligosaccharides i n bi ological s amples ( urine, plasma, bl ood s pots a nd s kin f ibroblasts) 

(Ramsay et al. 2003, Fuller et al. 2004a and b). A distinct advantage of using ESI-MS/MS for 

oligosaccharide quantification is that multiple structures differing by as little as one sulphate 

group c an be  de termined s imultaneously from c omplex m ixtures without t he pr ior 

chromatography step required for measurement by UV or fluorescence, making ESI-MS/MS 

an attractive candidate for use in situations requiring high-throughput sample analysis. 

 

1.8 RESEARCH AIMS, HYPOTHESES AND SIGNIFICANCE 

The degradation of DS i s a  complex process involving the concerted action of  a  number of  

endo- and exoglycosidase activities. Both Hyal-1 and endo-β-glucuronidase activities towards 

DS ha ve be en pr oposed, how ever, a s out lined i n s ection 1.5.1, t he s pecific r oles of  t hese 

endoglycosidases in the intra-cellular degradation of DS remain unclear. This is largely due to 

a lack of convenient methods to assess the substrate specificities of these enzymes, which has 

traditionally e ntailed chromatographic s eparation of  t he ol igosaccharide pr oducts of  t heir 

action upon s tructurally defined substrates, followed by quantification using methods such as 

UV or fluorescence. Because of its ability to simultaneously measure multiple oligosaccharide 

structures w ithout t he ne ed f or t ime-consuming c hromatography, t he o verall a im of  t his 

project was to develop rapid ESI-MS/MS methods for the study of endoglycosidase activities 

towards DS. 

 

Hypothesis: Endoglycosidase activities towards DS have specific substrate requirements, and 

such activities are altered when there is an exoenzyme deficiency. 
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The specific aims of the project were to: 

1) synthesise and characterise a series of oligosaccharide substrates containing structural 

aspects of the physiological DS substrate; 

2) develop a method to measure endoglycosidase activities and determine their substrate 

specificities by quantifying specific oligosaccharide products using ESI-MS/MS; 

3) determine the substrate specificities of the DS-degrading endoglycosidases; 

4) investigate th e f unctional pr operties of  th e D S-degrading e ndoglycosidases ( e.g. p H 

and anion optima) and the effects of salts and inhibitors upon enzyme activity; 

5) determine the sub-cellular location of the endoglycosidase activities; and 

6) compare endoglycosidase activities in normal and exoenzyme-deficient (MPS) cells. 

 

Elucidating the substrate specificities and activities of the DS-degrading endoglycosidases 

will shed light upon the roles of  these enzymes in the intra-cellular degradation of  DS, and 

may further p rovide i nsight i nto t he m echanisms r esponsible f or t he array of s tored DS 

oligosaccharide s tructures in the MPSs, which may contribute to di sease pathology through 

their unique biological activities. Although the focus of this project is DS, the methodology 

developed herein will be readily applicable to the study of endoglycosidase activities towards 

other GAGs of biological relevance, such as heparin/heparan sulphate and hyaluronan. 

 



 

 

 

 

 

 

 

CHAPTER TWO 

MATERIALS AND METHODS 
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2.1 MATERIALS 

2.1.1 General chemicals 

Acetic acid, glacial, HPLC grade,  Ajax Finechem (Seven Hills, NSW, Australia) 

>99.5% (v/v) 

Acetic anhydride (d6)    Sigma-Aldrich (Castle Hill, NSW, Australia) 

Acetonitrile, HPLC grade   Ajax Finechem  

Ammonia 28% (v/v)    Ajax Finechem  

Ammonium acetate    BDH Chemicals (Kilsyth, Victoria, Australia) 

Ammonium formate    Ajax Finechem  

Apigenin     Sigma-Aldrich  

Bovine serum albumin (fraction V)  Sigma-Aldrich 

Bovine testicular hyaluronidase   Sigma-Aldrich 

(EC 3.2.1.35)  

Calcium chloride    Merck (Kilsyth, Victoria, Australia) 

Chloroform (1% ethanol), analytical grade Merck 

Chondroitinase ABC from Proteus Vulgaris Sigma-Aldrich 

(EC 4.2.2.4) 

Chondroitin sulphate A (sodium salt)  Sigma-Aldrich 

from bovine trachea  

Citric acid monohydrate   Ajax Finechem  

Cobalt chloride    BDH Chemicals 

Complete Mini protease inhibitor  Roche Diagnostics (Castle Hill, NSW, Australia) 

cocktail tablets   

Cupric sulphate    Ajax Finechem 

4-deoxy-L-threo-hex-4-enopyranosyluronic  Sigma-Aldrich 

(1,3) N-acetylgalactosamine-6-sulphate (∆UA-GalNAc(6S)) 



Chapter Two: Materials and Methods 

 -27- 

4-deoxy-L-threo-hex-4-enopyranosyluronic  Sigma-Aldrich 

(1,4) glucosamine-6-sulphate (∆UA-GlcN(6S)) 

Dermatan sulphate (sodium salt)   Sigma-Aldrich 

from porcine intestinal mucosa  

Dimethylformamide, >99.5% (v/v)  Sigma-Aldrich 

3,3-Dimethylglutaric acid   Sigma-Aldrich 

Dimethylsulphoxide (DMSO)   Sigma-Aldrich 

Disodium hydrogen phosphate  Ajax Finechem  

EDTA      Ajax Finechem 

Folin-Ciocoulteau’s reagent   Merck 

Formic acid, 90% (v/v), analytical grade Ajax Finechem 

Glucosamine-6-sulphate (GlcN(6S))   Sigma-Aldrich  

β-glucuronidase from bovine liver   Sigma-Aldrich 

(EC 3.2.1.31)  

D-glucuronolactone     Paton Scientific (Stepney, SA, Australia) 

Glycine     Merck 

HEPES     Sigma-Aldrich 

Hydrochloric acid, 37.5% (v/v), anal. grade Merck  

Leupeptin     Sigma-Aldrich 

Lithium chloride    BDH Chemicals 

Magnesium chloride    Ajax Finechem 

Manganese chloride    Ajax Finechem 

Methanol, HPLC grade    Merck 

4-methylumbelliferone    Sigma-Aldrich 

4-methylumbelliferyl-N-acetyl-β-D-  Sigma-Aldrich 

glucosaminide 
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4-methylumbelliferyl-phosphate   Sigma-Aldrich 

Nitric acid, 70% (v/v)    Ajax Finechem 

Nonidet P40     Fluka Biochemika (Buchs, Switzerland) 

Pepstatin     Sigma-Aldrich 

Percoll      Amersham (Uppsala, Sweden) 

Phenylmethanesulphonylfluoride  Sigma-Aldrich 

(PMSF), >98.5% (v/v)       

1-phenyl-3-methyl-5-pyrazolone (PMP) Tokyo Kasei Kogyo (Tokyo, Japan)  

3-phenylphenol    Sigma-Aldrich 

Protein standard solution (80 g/L)  Sigma-Aldrich 

(human serum albumin) 

Pyridine, >99% (v/v)    Sigma-Aldrich 

Sodium acetate    BDH Chemicals 

Sodium carbonate    BDH Chemicals 

Sodium chloride    Ajax Finechem 

Sodium formate    Ajax Finechem 

Sodium hydroxide     Ajax Finechem 

Sodium sulphate    Ajax Finechem  

Sodium tetraborate     Ajax Finechem 

Sucrose     Ajax Finechem 

Sulphuric acid, 98% (v/v)   BDH Chemicals 

Tributylamine, >98.5% (v/v)   Sigma-Aldrich 

Tris base     Roche Diagnostics 

Trisodium citrate dihydrate   Ajax Finechem  

Triton X-100     Sigma-Aldrich 
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2.1.2 Cell culture materials 

Basal Eagle’s medium   Sigma-Aldrich 

Culture flasks     Greiner Bio-one (Frickenhausen, Germany) 

Foetal calf serum    JRH Biosciences (Lenexa, USA) 

Ham’s F12 medium    Sigma-Aldrich 

Phosphate-buffered saline   JRH Biosciences 

Trypsin, 0.12% (v/v)    JRH Biosciences 

 

2.1.3 Chromatography materials 

Alltima C18-LL 3 µm HPLC   Alltech Associates (Deerfield, IL, USA) 

column (50 x 2.1 mm) 

Bio-Gel P6 (fine)    Bio-Rad (Hercules, CA, USA) 

EXSIL ODS 5 µm guard column  SGE (Austin, TX, USA)  

(2 mm) 

Glass chromatography columns  Bio-Rad 

Solid phase co-polymeric (C18 and  United Chemical Technologies (Bristol, PA, 

aminopropyl) extraction columns  USA) 

(50 mg/1 mL) 

Solid phase quaternary amine   United Chemical Technologies 

extraction columns (200 mg/3 mL) 

 

2.1.4 Mouse tissues  

Pieces of  s kin, l iver, ki dney, ov aries, br ain a nd l ung from a  c ongenic C 57BL/6J nor mal 

female mouse were kindly provided by Dr Kim Hemsley (Lysosomal Diseases Research Unit, 

Department o f G enetic Medicine; Children, Youth and W omen’s H ealth Service) and were 

stored at -20 οC unt il r equired. M ice w ere br ed, hous ed a nd m aintained i n t he C YWHS 
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Animal House, with all breeding and experimental procedures undertaken with the approval 

of the CYWHS Animal Ethics Committee. 

 

2.1.5 Reagents and solutions 

All reagents and solutions were prepared using milli-Q water 

 

Acid phosphatase substrate solution 10 mM 4-methylumbelliferyl-phosphate in 

200 mM CH3COONa, pH 4.5 

Carrying solvent 50% ( v/v) C H3CN/0.025% ( v/v) HCOOH i n 

H2O 

Chloride diluent 0.16 N HNO3, 16% CH3COOH in H2O 

(Department of Genetic Medicine, CYWHS)  

Chloride standard solution 100 m M N aCl i n H 2O ( Department of G enetic 

Medicine, CYWHS)  

Citrate-phosphate buffer 50 mM C6H8O7·H2O, 100 mM Na2HPO4, pH 4.8 

Diluted Folin-Ciocoulteau’s reagent  25% (v/v) Folin-Ciocoulteau’s reagent in H2O 

Enzyme buffer A 50 m M T ris-HCl/60 mM CH3COONa/0.02% 

(w/v) BSA, pH 8.0 

Enzyme buffer B 100 m M C H3COONa/50 mM Na Cl/50 mM 

Na2SO4, pH 5.0 

Enzyme buffer C 50 mM CH3COONa/0.01% (w/v) BSA, pH 5.0 

Gelatin reagent    1.24 g dry gelatin in 200 mL H2O 

 (Department of Genetic Medicine, CYWHS)  

D-glucuronolactone solution   0.005% (w/v) D-glucuronolactone in H2O 

Glycine buffer 156 m M N a2CO3, 183  m M N aOH, 200 m M 

C2H5NO2, pH 10.7 
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β-hexosaminidase substrate solution 1.24 m M 4 -methylumbelliferyl-N-acetyl-β-D-

glucosaminide in citrate-phosphate buffer 

Internal standard #1 for mass Prepared by Dr Peter Clements (Department of  

spectrometry (GlcNAc(6S)(d3)) Genetic M edicine, CYWHS) as  pe r R amsay et 

al. (2003) (final concentration 3.3 mM) 

Internal standard #2 for mass    2 mM ∆UA-GalNAc(6S) in H2O 

spectrometry (∆UA-GalNAc(6S)) 

Meta-hydroxydiphenyl solution  0.15% (w/v) 3-phenylphenol in H2O 

4-methylumbelliferone standard 0.142 mM 4-methylumbelliferone in H2O 

Mobile phase A 1% (v/v) CH3CN, 0.1% (v/v) HCOOH in H2O 

Mobile phase B 0.1% (v/v) HCOOH in CH3CN  

PMP derivatising solution A   250 mM PMP, 400 mM NH4OH, pH 9.1 

PMP derivatising solution B 250 m M PMP, 210 m M N aOH i n 50%  ( v/v) 

MeOH in H2O, pH 9.1 

Protein reagent A 2% (w/v) Na2CO3, 0.4% (w/v) NaOH in H2O 

Protein reagent B  1.7% (w/v) C6H5O7Na3·2H2O in H2O 

Protein reagent C  1% (w/v) CuSO4·5H2O in H2O 

Protein reagent D 1% ( v/v) pr otein r eagent B , 1%  ( v/v) p rotein 

reagent C in protein reagent A 

Protein standards Protein s tandard s olution di luted i n 0.9%  ( v/v) 

NaCl to give final concentrations of 4, 8, 16  and 

32 µg/100 µL 

Solvent A 1% (v/v) CH3CN, 16 mM CH3COONH4, 24 mM 

CH3COOH, 0.12% (v/v) tributylamine in H2O 
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Solvent B 80% (v/v) C H3CN, 16 m M CH3COONH4, 

24mM CH3COOH, 0.12% (v/v) tributylamine in 

H2O 

Sucrose solution 250  m M  s ucrose,  1  m M E DTA, 1 µM 

pepstatin, 1 µM leupeptin, 200 µM PMSF,  

10 mM HEPES, pH 7.0 

Sulphuric acid/tetraborate solution 12.5 mM Na2B4O7·10H2O in H2SO4 

Support electrolyte solution 4 dr ops of  gelatin r eagent i n 3 m L o f c hloride 

diluent 

Trypsin, 0.012% (v/v) 0.12% trypsin diluted 1:10 in phosphate-buffered 

saline 

 

2.1.6 Equipment and software   

Agilent 1100 binary HPLC pump   Agilent (Santa Clara, CA, USA) 

Amicon Ultra centrifugal filtration device  Millipore (Bedford, MA, USA) 

(30,000 nominal molecular weight limit) 

Analyst software (Vers. 1.4.1 and 1.4.2) Perkin Elmer Sciex (Foster City, CA, USA) 

API-3000 mass spectrometer   Perkin Elmer Sciex  

API-4000 Q-trap mass spectrometer  Perkin Elmer Sciex  

Beckman-Coulter Optima L-100K  Beckman-Coulter (Fullerton, CA, USA) 

ultracentrifuge 

Biofuge fresco benchtop centrifuge  Heraeus (Hanau, Germany)  

CERES 900 HDI plate reader   BioTek Instruments (Winooksi, VT, USA) 

Chemoview (Version 1.4)   Perkin Elmer Sciex 

Fraction collector    Amersham 

Gilson 233 autosampler    Gilson (Middleton, WI, USA) 
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Glass syringes     SGE Analytical Sciences (Austin, TX, USA) 

Heraeus Megafuge 1.0R   Heraeus 

Hybaid mini-oven    Hybaid equipment (Hybaid, Middlesex, UK) 

Labconco chloride titrator    Labconco (Kansas City, Missouri, USA) 

LS-50B luminescence spectrometer  Perkin-Elmer 

with A-91 autosampler  

Peristaltic pump    Amersham 

Polypropylene microplate (96 well)  Greiner Bio-one 

Probe sonicator    Paton Scientific 

Shimadzu LC-20AD HPLC pumps  Shimadzu (Kyoto, Japan) 

Shimadzu SIL-20AC autosampler  Shimadzu  

Supelco Visiprep vacuum manifold  Sigma-Aldrich 

Switching valve    Valco (Houston, TX, USA) 

Syringe pump     Harvard Apparatus (Holliston, MA, USA) 

Ultra-Turrax T25 homogeniser  Janke and Kunkel IKA-Labortechnik  

(Staufen, Germany) 

Ultrospec II Spectrophotometer   LKB Biochrom (Cambridge, England) 

 

2.2 METHODS 

2.2.1 P reparation of  internal s tandard (ISTD) #3 f or m ass s pectrometry ( ∆UA-

GlcNAc(6S)(d3)) 

The ISTD #3, ∆UA-GlcNAc(6S)(d3), was prepared by N-acetylation of ∆UA-GlcN(6S) with 

deuterated ac etic anh ydride acco rding t o the m ethod of R amsay et al. (2003). Three mg of  

∆UA-GlcN(6S) w as di ssolved i n 76 µL o f a s olution c ontaining pyridine (90 µL), 

dimethylformamide ( 900 µL), M eOH ( 64 µL) a nd acetic anh ydride ( d6) ( 12 µL), a nd t he 

mixture stirred for 2 hr at 4 οC. The reaction was quenched with 1 mL of H2O, lyophilised to 
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remove s olvents a nd t hen r econstituted i n H 2O to g ive a  c oncentration of  2 m M. A liquots 

were stored at -20 οC. 

 

2.2.2 Cell culture 

Cell culture was performed under sterile conditions in a Gelman Sciences biohazard hood in a 

designated cell culture laboratory within a PC2 facility. Cells were maintained at 37 οC in a 

humidified atmosphere containing 5% CO2 in 75 cm2 culture flasks that were incubated with 

loosened lids t o facilitate gas ex change. Chinese ha mster ov ary ( CHO)-K1 cells w ere 

obtained f rom t he A merican T ype C ulture C ollection a nd w ere c ultured i n H am’s F 12 

medium s upplemented with 10%  ( v/v) foetal calf s erum (FCS). M edia w as c hanged every 

second d ay b y aspirating ol d m edia a nd adding 14 m L o f f resh, p re-warmed m edia. U pon 

reaching confluence, cells were sub-cultured by aspirating media and washing the cells twice 

with 8 mL of phosphate-buffered saline (PBS). Three mL of trypsin (0.012% (v/v)) was added 

to the cell monolayer to dislodge the cells, and the trypsin-cell suspension was then divided 

equally into 10 new flasks containing fresh, pre-warmed media.  

Human skin fibroblast cultures were established from primary skin biopsies submitted 

to this department for diagnosis (Hopwood et al. 1982) and were cultured in basal modified 

Eagle’s m edium ( BME) c ontaining 10%  (v/v) F CS. M edia w as c hanged onc e pe r week b y 

aspirating old media and adding 14 m L of fresh, pre-warmed media. Cells were sub-cultured 

by a spirating me dia a nd w ashing the  cells tw ice w ith 8 mL o f P BS. Three m L of  tr ypsin 

(0.12% ( v/v)) w as a dded t o t he c ell m onolayer t o di slodge t he c ells, a nd t he t rypsin-cell 

suspension was then divided equally into 3 new flasks containing fresh, pre-warmed media.  

CHO-K1 c ells a nd s kin f ibroblasts w ere h arvested b y aspirating m edia a nd t hen 

washing a nd t rypsinising t he cells a s de scribed a bove. T he t rypsin-cell s uspension w as 

transferred to a  tube containing 1 m L of  PBS (1% (v/v) FCS) and centrifuged for 5  min a t 
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1000 x g to pellet cells.  The supernatant was discarded and the cell pellet washed twice with 

PBS and stored at -20 οC.  

 

2.2.3 Sub-cellular fractionation 

To pe rform s ub-cellular f ractionation on s kin f ibroblasts a nd C HO-K1 cells, three 75 cm2 

culture flasks were harvested as described in section 2.2.2, e xcept that following the second 

PBS wash, the cell pellets were pooled and resuspended in 1.5 m L of sucrose solution. The 

cell suspension was drawn into a  5  mL s yringe using a  23-gauge needle, subjected to three 

hypobaric shocks and then centrifuged at 170 x g for 5 min at 4 οC to remove cellular debris. 

The supernatant was diluted to 3 mL with sucrose solution, loaded onto 17 mL of 18% (v/v) 

Percoll i n s ucrose s olution a nd t hen c entrifuged a t 29,400 x  g for 1 hr  at 4 οC. F ollowing 

centrifugation,  20 x 1 mL fractions were collected  from the top of the  gradient and stored at 

-20 οC. 

 

2.2.4 Preparation of oligosaccharide substrates 

2.2.4.1 Glycosaminoglycan digestion 

Oligosaccharides w ere prepared from C S-A a nd D S b y e nzymatic degradation o f t he 

polysaccharides w ith c hondroitinase A BC a nd bovine t esticular h yaluronidase ( BTH). For 

chondroitinase ABC digestion, DS (100 mg) and CS-A (300 mg) were individually dissolved 

in 20 m L of  e nzyme bu ffer A  and di gested w ith c hondroitinase A BC ( 0.75 U  a nd 1.5 U , 

respectively) at 37 οC for 50 min. For BTH digestion, 100 mg of CS-A was dissolved in 4 mL 

of e nzyme buf fer B a nd di gested w ith 2, 200 U B TH a t 37 οC f or 2 4 hr . D igests w ere 

terminated by heating in a 100 οC water bath for 15 min and then lyophilised and resuspended 

in 4 mL of 0.5 M HCOONH4. 
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2.2.4.2 Size fractionation of oligosaccharides 

2.2.4.2.1 Preparation of Bio-Gel P6 column 

A Bio-Gel P6 column was prepared according to the manufacturer’s instructions. Briefly, 50g 

of P6 resin was added to 650 m L of 0.5  M HCOONH4 and allowed to hydrate overnight at 

room temperature. Following hydration, half the supernatant was decanted, the hydrated resin 

solution was degassed for 10 min, and then a further 800 m L of degassed 0.5 M HCOONH4 

was added and the gel a llowed to settle. The supernatant was decanted to remove f ines and 

the gel resuspended in 800 mL of the same buffer. De-fining was repeated twice further, and 

the slurry then poured into a glass chromatography column (170 x 1.5 cm) that was one-fifth 

filled  w ith  0.5 M  HCOONH4,  a nd allowed to settle  unde r gravity  overnight. Four mL of  

0.5 M HCOONH4 was added to the top of the gel bed, and the column was then attached to a 

reservoir of 0.5 M HCOONH4 via a peristaltic pump. The column outlet was opened and the 

operating flow rate was calibrated to 8 m L/hr, following which the column was equilibrated 

with two column volumes (600 mL) of 0.5 M HCOONH4. 

 

2.2.4.2.2 Calibration of Bio-Gel P6 column 

The total volume (Vt) and the void volume (V0) of the Bio-Gel P6 column were determined 

from the elution position of NaCl and undigested CS-A, respectively. Seven mg of CS-A and 

0.9 mg of NaCl were dissolved in 4 mL of 0.5 M HCOONH4, and the mixture was applied to 

the column as described below (section 2.2.4.2.3). 

 

2.2.4.2.3 Size-exclusion chromatography on Bio-Gel P6 column 

Prior to loading samples onto the column, the peristaltic pump was detached, the buffer head 

was carefully removed from the top of the gel bed, and the 4 mL sample (sections 2.2.4.1 and 

2.2.4.2.2) was then applied and allowed to enter the bed completely. This was followed with  

4 m L of  0.5 M  H COONH4 to w ash t he s ample i nto t he be d, a nd t hen 4 m L of  0.5 M  
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HCOONH4 was added to the top of the bed, the pump was re-attached, and the column was 

run in 0.5 M HCOONH4 at the operating flow rate (8 mL/hr). Seventy fractions of 4 mL were 

collected and assayed for UA equivalents (section 2.2.8). The 70 fractions collected following 

application of  t he C S-A/NaCl c alibration m ixture t o t he column ( section 2.2.4.2.2)  w ere 

additionally assayed for the presence of chloride (section 2.2.10). The fractions from the Bio-

Gel P6 column were lyophilised, and the oligosaccharides in these fractions reconstituted in 

H2O t o give a f inal c oncentration o f 20  t o 40 mM a s de termined b y UA c ontent ( section 

2.2.8). Oligosaccharides were stored at -20 οC. 

 

2.2.4.3 β-glucuronidase digestion of oligosaccharides 

Seventy nmol of selected oligosaccharides (section 2.2.4.2.3) was lyophilised, reconstituted in 

100 µL of enzyme buffer C and digested with β-glucuronidase (0.1 mU-10, 000 U) at 37 οC 

for 16 hr, and then lyophilised. 

 

2.2.5 Preparation of samples for endoglycosidase product assay 

To prepare skin fibroblast and CHO-K1 homogenates for the endoglycosidase product assay, 

frozen cell pellets (section 2.2.2) were resuspended in 100 µL of 100 mM HCOONa, pH 3.5, 

and s onicated f or 20 s  a t 4 οC. T o pr epare m ouse t issue hom ogenates, f rozen t issue pi eces 

(skin, liver, kidney, ovaries, brain and lung) were thawed on ice, then 1 mL of cold 100 mM 

HCOONa (containing one Complete Mini protease inhibitor cocktail tablet/10 mL plus 1 µM 

pepstatin), pH 3.5, was added and the tissues homogenised at 4 οC with an Ultra-Turrax T25 

probe homogeniser until an even suspension was attained. The tissue homogenates were then 

sonicated for 20 s at 4 οC. 

Percoll density g radient f ractions containing microsomes, l ysosomes and endosomes 

(prepared a s de scribed i n s ection 2.2.3)  w ere pool ed, a nd a n e qual vol ume of  0.5 M 

NaCl/0.2% (v/v) Nonidet P40 was added to each pooled fraction. The pooled fractions were 
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then subjected to seven freeze/thaw cycles and centrifuged at 100,000 x  g for 1 hr at 4 οC to 

remove Percoll. The microsomal, endosomal and lysosomal fractions were then concentrated 

to 0.2 mL in an Amicon Ultra centrifugal filtration device and dialysed overnight against 1 L 

of 100 mM HCOONa, pH 3.5, at 4 οC to remove residual sucrose solution. 

 

2.2.6 Endoglycosidase product assay 

The e ndoglycosidase pr oduct a ssay w as pe rformed b y a dding 50 nm ol of  ol igosaccharide 

substrate (section 2.2.4.2.3) to 100 µL of sample (skin fibroblast, CHO-K1 and mouse tissue 

homogenates a nd concentrated m icrosomal, endosomal a nd l ysosomal f ractions ( section 

2.2.5)), and incubating the mixture at 37 οC for 24 hr. Negative controls, in which substrate 

was added to the samples after the 24 hr incubation period, were included in each assay run to 

correct f or ba ckground interference. F ollowing the 24 hr  i ncubation pe riod, s amples w ere 

lyophilised and then resuspended in 1.5 m L of 100 mM CH3COONH4, pH 5.0, c ontaining 2 

nmol of  ISTD #3 ( prepared as de scribed i n s ection 2.2.1) , a nd p assed ove r s olid pha se 

quaternary am ine extraction columns to ext ract ol igosaccharides. The columns were pr imed 

with 3 m L each of MeOH, H2O and 100 mM CH3COONH4, pH 5.0, a fter which the 1.5 mL 

sample was applied and  allowed to enter the solid phase completely.  Columns were washed 

with 2 x  3 m L of 100  m M C H3COONH4, pH  5.0, a nd d ried t horoughly on a va cuum 

manifold. O ligosaccharides w ere t hen e luted f rom t he columns w ith 500 µL of 1.2  M  

LiCl/100 mM CH3COONH4, pH 5.0, and lyophilised. 

 

2.2.7 Protein determination 

The protein content of the skin fibroblast, CHO-K1 and mouse tissue homogenates prepared 

for the endoglycosidase product assay (section 2.2.5) and the fibroblast homogenates prepared 

for m ass s pectrometry (section 2.2.11.4)  w as d etermined b y t he m ethod of  Lowry et al. 

(1951). Briefly, duplicate 2 µL aliquots of the homogenates were diluted to 100 µL with 0.9% 
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(w/v) NaCl, and 1 m L of f reshly-prepared protein reagent D was added. The samples were 

then vortexed and allowed to stand at room temperature for 1 m in. Next, 100 µL of diluted 

Folin-Ciocoulteau’s reagent was added and the samples then vortexed immediately and left at 

room temperature for a  further 30 m in. Absorbance was read a t 750 nm  on a n Ultrospec II 

spectrophotometer and protein in the samples was calculated from a five-point standard curve 

constructed using 0, 4, 8, 16 and 32 µg protein standards. 

 

2.2.8 UA determination 

The U A content of  t he f ractions f rom t he Bio-Gel P 6 c olumn ( section 2.2.4.2.3) w as 

determined b y t he m ethod of  B lumenkrantz a nd A sboe-Hansen ( 1973). D uplicate 50 µL 

aliquots of each fraction were diluted to 200 µL with H2O, followed by the addition of 1.2 mL 

of sulphuric acid/tetraborate solution and vortexed.  S amples were  he ated  f or  5   m in in a 

100 οC water bath and then allowed to cool to room temperature, followed by the addition of 

20 µL o f me ta-hydroxydiphenyl s olution a nd vor texed. A fter s tanding for 5 m in a t r oom 

temperature, a 200 µL aliquot of each sample was transferred to a clear, flat-bottomed 96-well 

polypropylene microplate. Absorbance was read at 520 nm on a CERES 900 HDI plate reader 

and UA content calculated against a standard curve constructed from 1,  2, 5 a nd 10 µg UA 

equivalent aliquots of D-glucuronolactone solution. 

 

2.2.9 β-hexosaminidase and acid phosphatase activity determination 

β-hexosaminidase and acid phosphatase act ivities in fractions collected from Percoll density 

gradients ( section 2.2.3)  w ere m easured b y t he method of  Leaback a nd Walker ( 1961) a nd 

Kolodny and Mumford (1976), respectively. One hundred µL of β-hexosaminidase substrate 

solution or 50 µL of acid phosphatase substrate solution was added to a 10 µL aliquot of each 

gradient fraction, and the mixtures incubated at 37 οC for 30 min. Substrate blanks (100 µL of 
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β-hexosaminidase s ubstrate s olution onl y and 50  µL of  a cid phos phatase s ubstrate s olution 

only) w ere i ncluded i n each a ssay. T he r eaction was s topped b y t he a ddition of  1.6 m L of  

glycine buffer and fluorescence w as r ead on an L S-50B l uminescence spectrometer. T he 

fluorescence value of the substrate blank was subtracted from that of the samples and enzyme 

activity in the fractions was calculated by relating the fluorescence of the samples to that of 

the 2.84 nmol of 4-methylumbelliferone standard. 

 

2.2.10 Chloride determination 

The concentration of chloride in fractions from the Bio-Gel P6 column (section 2.2.4.2.3) was 

determined by coulimetric titration. Aliquots of column fractions were d iluted 1:10 in H2O, 

and 10 µL of each diluted sample was added to 3 mL of support electrolyte solution and read 

on  a  Labconco chloride titrator that  was  p reviously  calibrated  u sing a 10 µL  aliquot  of  

100 m M c hloride s tandard s olution. C hloride l evels i n t he s amples f rom t he B io-Gel P 6 

column were corrected for the chloride level detected in the support electrolyte solution blank. 

 

2.2.11 Sample preparation for mass spectrometry 

2.2.11.1 Preparation of samples from Bio-Gel P6 column 

Ten µg UA equivalent a liquots of  fractions f rom the Bio-Gel P6 column (section 2.2.4.2.3) 

were l yophilised a nd r esuspended i n 100 µ L of  P MP de rivatising s olution A , a nd t he 

oligosaccharides i n these samples were d erivatised at 70  οC f or 90 m in. S amples w ere 

acidified with 100 µ L of  0.8 M  HCOOH, made up t o 500 µL with H 2O and then extracted 

with an equal volume of CHCl3 to remove excess PMP. The lower CHCl3 layer was removed 

and discarded. Chloroform extraction was repeated twice and the aqueous layer l yophilised, 

resuspended in carrying solvent and stored at -20 οC. 
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2.2.11.2 Preparation of samples from endoglycosidase product assay 

Samples from the endoglycosidase product assay (section 2.2.6) were PMP-derivatised using 

the m ethod de scribed i n s ection 2.2.11.1 a bove, e xcept t hat f ollowing l yophilisation t he 

aqueous l ayer f rom t he t hird C HCl3 extraction was r esuspended i n 100 µL of  2.4%  ( v/v) 

tributylamine in H2O and desalted us ing an HPLC column. Solvents were delivered a t 0.25 

mL/min us ing an A gilent 1100 bi nary HPLC pu mp. S amples ( 20 µL) were i njected into a 

stream of 100% solvent A with a Gilson 233 autosampler and loaded onto the HPLC column. 

The column was then stripped with 100% solvent B from 1.0 to 5.0 m in and re-equilibrated 

with solvent A from 5.1 to 8.0 min. The elution profiles of the PMP-oligosaccharides from the 

HPLC column were monitored by mass spectrometry; di- to octasaccharides co-eluted f rom 

the column and were de tected a t 4.0  min. Salts e luting f rom the column from 0 to 2.5 min 

were diverted to waste via a switching valve. 

 

2.2.11.3 Preparation of samples from β-glucuronidase digests 

Oligosaccharides f rom t he β-glucuronidase di gests ( section 2.2.4.3)  w ere P MP-derivatised 

using t he m ethod de scribed i n s ection 2.2.11.1 a bove, e xcept t hat t he d erivatising s olution 

contained 1 nmol of ISTD #1, and that the aqueous layer from the first CHCl3 extraction was 

removed and applied t o a  solid phase co-polymeric ex traction cartridge t hat was previously 

primed w ith 2 x  1 m L each o f M eOH, H 2O an d H2O ( pH 11.5 with N H4OH). Following 

application t o t he c olumn, t he a queous l ayer was a llowed t o e nter t he s olid pha se and t he 

column w as t hen w ashed w ith 3 x 1 m L H2O w ashes a nd dr ied on a  va cuum m anifold. 

Remaining P MP w as r emoved with 2 x 1  mL  CHCl3 washes, t he c olumn w as a gain dr ied 

thoroughly, and PMP-oligosaccharides were eluted with 3 x 200 µL of an aqueous solution of 

50% ( v/v) C H3CN ( pH 11.5 w ith N H4OH) a nd l yophilised. P MP-oligosaccharides w ere 

resuspended in carrying solvent and stored at -20 οC. 
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2.2.11.4 Preparation of density gradient fractions and skin fibroblasts 

To prepare fractions from the Percoll density gradients (section 2.2.3) for mass spectrometric 

analysis, 250 pm ol of ISTD #2 w as added to a 250 µL aliquot of each gradient fraction and 

the s amples t hen l yophilised. S amples w ere r esuspended i n 100 µ L of  P MP de rivatising 

solution B, heated at 70 οC for 45 min, vortexed briefly and then centrifuged at 13,000 x g for 

1 min. Next, 100 µ L of  CH3CN was added and the samples cooled at -20 οC for 10 m in to 

precipitate protein, which was subsequently removed by centrifugation a t 13,000 x g for 10 

min. The  protein-free supernatant  was transferred to a  new tube, acidified with 100 μL of 

0.8 M HCOOH, made up to 600 μL with H2O, extracted with 750 μL of CHCl3 to remove 

excess PMP, and then centrifuged at 13,000 x g for 5 min. Following centrifugation, the upper 

aqueous pha se was removed and extracted twice further with 500 μL of CHCl3. PMP-

oligosaccharides in the aqueous phase were then separated by reversed-phase HPLC. Mobile 

phases were delivered at 0.2 mL/min using Shimadzu LC-20AD HPLC pumps. Twenty µL of 

each sample w as i njected into a s tream of  m obile pha se A  w ith a S himadzu SIL-20AC 

autosampler and l oaded ont o t he H PLC column. A  l inear e lution gradient of  up t o 65%  

mobile phase B was established from 0.5 to 6.5 min, and the column then stripped with 100% 

mobile phase B from 6.6 to 7.0 min and re-equilibrated with mobile phase A from 7.1 to 10.5 

min. T he e lution pr ofiles of  t he P MP-oligosaccharides i n the H PLC s eparations w ere 

monitored b y mass s pectrometry. S alts e luting from t he column f rom 0 t o 4.0 m in were 

diverted to waste via a switching valve.  

Skin f ibroblast hom ogenates w ere pr epared f or mass s pectrometry b y r esuspending 

one frozen cell pellet (section 2.2.2) in 200 µL of 20 mM Tris-HCl/0.5 M NaCl, pH 7.2, and 

sonicating t he pr eparations f or 20  s  at 4  οC. T wo hundr ed and f ifty pmol of  ISTD #2  w as 

added to aliquots of the fibroblast homogenates, and the samples were then lyophilised, PMP-

derivatised and analysed by reversed-phase HPLC as described above. Remaining fibroblast 

homogenates were stored at -20 οC. 
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2.2.12 Mass spectrometry of oligosaccharides 

Mass s pectrometric analysis of  ol igosaccharides w as pe rformed by E SI-MS/MS in the 

negative i on m ode us ing a  P E S ciex A PI 3000  t riple-quadrupole m ass s pectrometer or  a n 

MDS S ciex 4000 Q -trap triple-quadrupole m ass s pectrometer, e ach e quipped w ith A nalyst 

software (Versions 1.4.1 a nd 1.4.2, r espectively) and a turbo-ionspray source. Nitrogen was 

used as nebuliser (NEB), curtain (CUR), auxiliary (AUX) and collision (CAD) gas. 

 

2.2.12.1 Identification of oligosaccharides 

PMP-oligosaccharides f rom t he Bio-Gel P6 column ( section 2.2.11.1)  were di rectly i nfused 

into the ion source of the API 3000 instrument at 10 µL/min in a glass syringe using a syringe 

pump, with NEB and CUR gas flows set at 10 and 6, respectively, ion spray voltage (IS) set at 

-4500 V and temperature (TEM) set at 200 οC. Oligosaccharides were identified on the basis 

of m ass-to-charge r atios (m/z) by E SI-MS scans (300 to 1000 a mu in 1 s ) and then further 

characterised by ESI-MS/MS to confirm the structural assignments made by ESI-MS and, for 

selected oligosaccharides, to also identify a suitable product ion for MRM. For ESI-MS/MS 

(product i on) analysis, t he collision energy w as ramped from -130 to -4 i n 4 V  increments 

with the collision cell exit potential set at -15 V, while Q3 was scanned from 0 to 1500 amu in 

3 s. 

 

2.2.12.2 Quantification of oligosaccharides 

Relative quantification of PMP-oligosaccharides was performed using the MRM mode.  An 

overview of  t he M RM t ransitions us ed f or each of  t he f our a cquisition m ethods e mployed 

(oligosaccharide s cans #1 -4) i s c ompiled i n T ables 2.1 t o 2.4.  S amples f rom t he 

endoglycosidase product assay (section 2.2.11.2) were analysed on t he API 3000 instrument 

using scan #1, with NEB, CUR and CAD set at 12, 6 a nd 4, r espectively, IS set at -4000 V 

and TEM set at 400 οC; each MRM pair was monitored for 100 m sec. Samples from the β-



Chapter Two: Materials and Methods 

 -44- 

glucuronidase digests ( section 2.2.11.3)  were loaded into a  glass s yringe, manually injected 

(20 µL) i nto t he i on s ource of  t he A PI 3000 i nstrument a t 80 µL/min using a  s tream of  

carrying solvent, and analysed using scans #2 and #3, with NEB, CUR and CAD set at 10, 6 

and 4, respectively, IS set at -4500 V and TEM set at 200 οC; each MRM pair was monitored 

for 200 m sec. Skin f ibroblast homogenates and f ractions f rom the Percoll density gradients 

(section 2.2.11.4)  w ere analysed on t he 4000 Q -trap i nstrument us ing s can #4, w ith N EB, 

CUR and AUX set at 30, 15 and 50, respectively, CAD set to medium, interface heater set to 

ON, IS set at -4500 V and TEM set at 400 οC; each MRM pair was monitored for 100 msec. 

In each of  the ol igosaccharide scans, the MRM pairs were monitored a t unit resolution; for 

each measurement, consecutive scans over the injection period were averaged. The minimum 

acceptable MRM peak height was defined as 3 -fold the average background level. Relative 

oligosaccharide l evels were de termined by relating the p eak he ights of  t he P MP-

oligosaccharides to the peak height of the ISTD (API 3000 instrument), or the peak areas of 

the P MP-oligosaccharides t o t he pe ak a rea of  the ISTD ( 4000 Q -trap ins trument). PMP-

oligosaccharides f alling below t he m inimum acc eptable MRM peak height were assigned a 

relative level of zero. 



Chapter Two: Materials and Methods 

 -45- 

 

Table 2.1 ESI-MS/MS parameters for oligosaccharide scan #1a 

 

aDP, d eclustering p otential; FP, f ocussing p otential; E P, entrance p otential; CE, c ollision e nergy; C XP, e xit 
potential; ∆UA, unsaturated uronic acid; UA, uronic acid; HNAc, N-acetylhexosamine; S, sulphate 

Oligosaccharide 

Precursor 

Ion (m/z) 

DP 

(V) 

FP 

(V) 

EP 

(V) 

Product 

Ion (m/z) 

CE 

(V) 

CXP 

(V) 

∆UA-HNAc(d3) (+S) (ISTD) 791.4 -76 -224 -9 259.0 -78 -15 

∆UA-HNAc (+S) 788.2 -66 -219 -9 534.3 -35 -6 

∆UA-HNAc-UA (+S) 964.3 -158 -164 -5 331.1 -50 -20 

∆UA-HNAc-UA-HNAc (+2S) 623.2 -50 -155 -10 496.1 -25 -6 

∆UA-[HNAc-UA]2 (+2S) 711.3 -65 -184 -10 624.3 -26 -8 

∆UA-HNAc-[UA-HNAc]2 (+2S) 

 

813.0 -84 -240 -10 506.1 -36 -6 

∆UA-HNAc-[UA-HNAc]2 (+3S) 568.3 -45 -156 -8 546.2 -25 -3 

∆UA-[HNAc-UA]3 (+3S) 627.0 -46 -131 -10 648.0 -25 -7 

∆UA-HNAc-[UA-HNAc]3 (+3S) 694.8 -66 -182 -12 

 

610.3 -27 -6 

∆UA-HNAc-[UA-HNAc]3 (+4S) 540.8 -46 -149 -7 516.8 -22 -13 
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Table 2.2 ESI-MS/MS parameters for oligosaccharide scan #2a 

 

aDP, d eclustering p otential; FP, f ocussing p otential; E P, entrance p otential; CE, c ollision e nergy; C XP, e xit 
potential; UA, uronic acid; HNAc, N-acetylhexosamine; S, sulphate 

Oligosaccharide 

Precursor 

Ion (m/z) 

DP 

(V) 

FP 

(V) 

EP 

(V) 

Product 

Ion (m/z) 

CE 

(V) 

CXP 

(V) 

HNAc(d3) (+S) (ISTD) 633.4 -41 -200 -10 259.1 -42 -15 

UA-HNAc-UA (+S) 982.3 -127 -93 -14 331.1 -52 -17 

[2 x UA] [2 x HNAc] (+S) 592.3 -32 -159 -10 505.1 -18 -7 

[2 x UA] [2 x HNAc] (+2S) 632.3 -41 -235 -12 505.1 -25 -7 

UA-[HNAc-UA]2 (+2S) 720.2 -67 -289 -10 331.5 -36 -5 

[3 x UA] [3 x HNAc] (+2S) 

 

547.5 -14 -80 -10 489.0 -17 -5 

[3 x UA] [3 x HNAc] (+3S) 

 

574.5 -40 -195 -6 489.9 -22 -6 

UA-[HNAc-UA]3 (+3S) 633.0 -37 -134 -12 331.1 -30 -4 

[4 x UA] [4 x HNAc] (+3S) 700.5 -67 -250 -10 615.8 -27 -8 

[4 x UA] [4 x HNAc] (+4S) 545.3 -44 -118 -10 523.0 -22 -6 

UA-[HNAc-UA]4 (+3S) 568.8 -80 -188 -10 528.8 -25 -7 

UA-[HNAc-UA]4 (+4S) 589.3 -44 -134 -9 546.0 -18 -6 

[5 x UA] [5 x HNAc] (+4S) 640.0 -56 -172 -7 

 

576.7 -23 -7 

[5 x UA] [5 x HNAc] (+5S) 528.2 -28 -109 -6 576.5 -20 -7 

UA-[HNAc-UA]5 (+4S) 684.2 -69 -211 -7 717.5 -25 -9 

[6 x UA] [6 x HNAc] (+5S) 603.8 -53 -213 -14 553.0 -21 -8 

[6 x UA] [6 x HNAc] (+6S) 516.5 -36 -133 -5 172.9 -24 -10 

UA-[HNAc-UA]6 (+5S) 562.3 -54 -160 -5 613.8 -18 -6 
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Table 2.3 ESI-MS/MS parameters for oligosaccharide scan #3a 

 

aDP, d eclustering p otential; FP, f ocussing p otential; E P, entrance p otential; CE, c ollision e nergy; C XP, e xit 
potential; ∆UA, unsaturated uronic acid; UA, uronic acid; HNAc, N-acetylhexosamine; S, sulphate 

Oligosaccharide 

Precursor 

Ion (m/z) 

DP 

(V) 

FP 

(V) 

EP 

(V) 

Product 

Ion (m/z) 

CE 

(V) 

CXP 

(V) 

HNAc(d3) (+S) (ISTD) 633.4 -41 -200 -10 259.1 -42 -15 

∆UA-HNAc (+S) 788.2 -66 -219 -9 534.3 -35 -6 

∆UA-HNAc-UA (+S) 964.3 -130 -224 -5 331.1 -50 -20 

∆UA-HNAc-UA-HNAc (+2S) 623.2 -50 -155 -10 496.1 -25 -6 

∆UA-[HNAc-UA]2 (+2S) 711.3 -65 -184 -10 624.3 -26 -8 

∆UA-HNAc-[UA-HNAc]2 (+2S) 

 

813.0 -84 -240 -10 506.1 -36 -6 

∆UA-HNAc-[UA-HNAc]2 (+3S) 

 

568.3 -45 -156 -8 546.2 -25 -3 

∆UA-[HNAc-UA]3 (+3S)  627.0 -46 -131 -10 648.0 -25 -7 

∆UA-HNAc-[UA-HNAc]3 (+3S) 694.8 -66 -182 -12 610.3 -27 -6 

∆UA-HNAc-[UA-HNAc]3 (+4S) 540.8 -46 -149 -7 516.8 -22 -13 

∆UA-[HNAc-UA]4 (+4S) 585.0 -55 -140 -9 172.9 -42 -10 

∆UA-[HNAc-UA]4 (+4S) 585.0 -55 -140 -9 269.1 -33 -13 

∆UA-HNAc-[UA-HNAc]4 (+4S) 635.8 -62 -184 -11 

 

643.2 -26 -8 

∆UA-HNAc-[UA-HNAc]4 (+5S) 524.5 -49 -168 -6 

 

572.3 -20 -6 

∆UA-HNAc-[UA-HNAc]5 (+5S) 600.3 -57 -180 -4 597.3 -24 -7 

∆UA-HNAc-[UA-HNAc]5 (+6S) 513.3 -43 -155 -7 549.5 -20 -5 

∆UA-HNAc-[UA-HNAc]6 (+6S) 576.7 -56 -164 -5 625.2 -22 -7 

∆UA-HNAc-[UA-HNAc]7 (+7S) 559.8 -56 -180 -5 597.5 -20 -7 
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Table 2.4 ESI-MS/MS parameters for oligosaccharide scan #4a 

 

aDP, declustering potential; EP, entrance potential; CE, collision energy; CXP, exit potential; ∆UA, unsaturated 
uronic acid; UA, uronic acid; HNAc, N-acetylhexosamine; S, sulphate 
 

Oligosaccharide 

Precursor 

Ion (m/z) 

DP 

(V) 

EP 

(V) 

Product  

Ion (m/z) 

CE 

(V) 

CXP 

(V) 

∆UA-HNAc (+S) (ISTD) 788.1 -90 -10 534.1 -34 -15 

HNAc (+S) 630.4 -42 -10 256.1 -42 -15 

HNAc (+2S) 710.0 -36 -10 256.0 -58 -17 

[1 x UA] [1 x HNAc] (+S) 806.0 -76 -10 295.0 -48 -7 

UA-HNAc-UA (+S) 982.3 -81 -10 330.9 -48 -23 

[2 x UA] [2 x HNAc] (+2S) 632.4 -56 -10 505.0 -26 -5 

UA-[HNAc-UA]2 (+2S) 720.4 -66 -10 269.0 -48 -17 

[3 x UA] [3 x HNAc] (+2S) 822.0 -81 -10 515.1 -38 -13 

[3 x UA] [3 x HNAc] (+3S) 862.0 -66 -10 821.9 -22 -13 
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3.1 INTRODUCTION 

In order t o investigate t he s ubstrate s pecificities of  t he D S-degrading endoglycosidases, a  

series of defined oligosaccharides containing structural features of the physiological substrate 

was required. Based on the domain structure of DS (section 1.2), it is likely that two distinct 

types of  ol igosaccharides are generated as intermediates during the turnover of  a t ypical DS 

polysaccharide strand, and that these are the predominant substrate structures encountered by 

the DS-degrading endoglycosidases. The first of these oligosaccharide types is derived from 

the G lcA-rich dom ains of t he pol ysaccharide a nd i s c omposed of  r epeating G lcA-GalNAc 

disaccharide subunits, and the second is derived from the IdoA-rich domains and comprises 

IdoA-GalNAc di saccharides. Such structures can be  generated by enzymatically degrading 

CS-A f rom bovi ne t rachea a nd D S f rom po rcine i ntestinal m ucosa u sing t he b acterial 

endoenzyme, chondroitinase ABC. This enzyme breaks the GalNAc-UA linkages in GAGs by 

an e liminative mechanism to generate products containing ∆4,5-unsaturated UA (∆UA) and 

GalNAc residues at  t he ne wly-formed non -reducing a nd r educing e nds, r espectively 

(Yamagata et al. 1968) (Figure 3.1) . T he ol igosaccharide p roducts of  C S-A di gestion will 

contain pr edominantly G lcA-GalNAc(4S) di saccharides, with some G lcA-GalNAc(6S) 

disaccharides also present (Muthusamy et al. 2004), and thus reflect the GlcA-rich domains of 

DS. Those from the digestion of porcine intestinal mucosa DS, which contains an atypically 

high IdoA c ontent ( more t han 90%  of  t otal U A), w ill c omprise m ainly IdoA-GalNAc(4S) 

disaccharides (Sudo et al. 2001) and therefore represent the IdoA-rich domains. 

Yang et al. (2000) ha ve r eported t he pr eparation of  di - to dodecasaccharides o f t he 

IdoA-GalNAc(4S) va riety, us ing an approach that i nvolves de grading D S f rom po rcine 

intestinal mucosa with chondroitinase ABC, pur ifying the ol igosaccharide products by s ize-

exclusion chromatography and then identifying the individual sugar species by ESI-MS/MS. 

In this chapter, a s imilar approach was adopted to prepare ol igosaccharides f rom CS-A and  

DS that reflect the putative physiological substrates derived from the GlcA-rich and the IdoA-
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rich dom ains of  DS p olysaccharide, r espectively. A s econd s eries of ol igosaccharide 

substrates representing t he GlcA-rich domains o f DS was prepared b y d igesting CS-A wi th 

bovine t esticular h yaluronidase ( BTH) ( also know n a s P H-20), a n e ndo-β-N-

acetylhexosaminidase that will hydrolyse the GalNAc-GlcA linkages to reduce the polymer to 

tetra- and hexasaccharides (Hofinger et al. 2008) (see section 1.5.1). 

 

A 

 

 

B 

 

 

Figure 3.1 Degradation of DS by chondroitinase ABC 

Chondroitinase ABC will cleave between GalNAc and  UA residues in CS-A and DS by an 

eliminative me chanism to generate pr oducts c ontaining ∆4,5-unsaturated U A a t t he non -

reducing end. Panel A illustrates the glycosidic linkages in DS that are susceptible to cleavage 

by chondroitinase ABC ( indicated w ith arrows). P anel B s hows a  r epresentative 

oligosaccharide product of limited chondroitinase ABC digestion of DS. IdoA, iduronic acid; 

GalNAc, N-acetylgalactosamine; ∆UA, ∆4,5-unsaturated UA; R=H or SO3
-. 
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3.2 RESULTS 

3.2.1 Preparation and purification of oligosaccharides 

CS-A from bovine t rachea and DS from porcine intestinal mucosa were digested with BTH 

and c hondroitinase A BC a s de scribed i n s ection 2.2.4.1 a nd t he r esulting ol igosaccharides 

were purified on a Bio-Gel P6 size-exclusion column (section 2.2.4.2). The total volume (Vt) 

(248 m L; f raction 62)  and t he voi d vol ume ( V0) (96 mL; fraction 24) o f t he c olumn w ere 

previously determined from the elution positions of NaCl and undigested CS-A, respectively 

(section 2.2.4.2.2). Figure 3.2 s hows the chromatograms of the oligosaccharides, which each 

displayed a s eries o f p artially s eparated peaks r eflecting an inc omplete pur ification of 

oligosaccharides of  various s izes. Of the total UA-positive material from the BTH digest of  

CS-A, 96% eluted within the f ractionation range of  the column (112-244 mL; f ractions 28-

61), w ith a  p artial s eparation of  h exadeca- to trisaccharides between 128- and 196  m L 

(fractions 32-49) (Figure 3.2A). Seventy-five percent of  the total UA-positive material from 

the chondroitinase ABC digest of CS-A eluted within this fractionation range, with a partial 

separation of tetradeca- to disaccharides between 124- and 204 m L (fractions 31-51) (Figure 

3.2B). Likewise, 75% of the total UA-positive material from the chondroitinase ABC digest 

of DS eluted within the column fractionation range, with a partial separation of tetradeca- to 

disaccharides between 124- and 204 m L (fractions 31-51) (Figure 3.2C). From each peak in 

the t hree c hromatograms t hat e luted w ithin t he c olumn f ractionation r ange, t he f raction 

containing t he hi ghest c oncentration of  U A was s elected, a nd t he ol igosaccharides i n these 

selected fractions (denoted with asterisks in Figures 3.2A-C) were analysed by MS. 

 

3.2.2 MS of oligosaccharides 

Oligosaccharides from the BTH and chondroitinase ABC digests of CS-A and DS that eluted 

from the Bio-Gel P6 column in the fractions selected in section 3.2.1 w ere PMP-derivatised 

(section 2.2.11.1) a nd i dentified ba sed on m ass-to-charge r atio ( m/z) b y E SI-
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Figure 3.2 Purification of oligosaccharides from BTH and chondroitinase ABC digests of 

CS-A and DS 

CS-A and DS were subjected to l imited digestion with BTH and chondroitinase ABC. The 

digests were size-fractionated on a Bio-Gel P6 column (170 x 1.5 cm) and the fractions were 

assayed for UA. The chromatograms of  the ol igosaccharides f rom the BTH digest of  CS-A 

(panel A) and of the oligosaccharides from the chondroitinase ABC digests of CS-A (panel B) 

and DS (panel C) are shown. The Vt (248 mL; fraction 62) and the V0 (96 mL; fraction 24) of 

the c olumn w ere de termined f rom t he e lution pos itions of  N aCl a nd undi gested C S-A, 

respectively. The asterisks denote the fractions selected for MS analysis. 
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MS (section 2.2.12.1). Figures 3.3 to 3.5 show the mass spectra of the oligosaccharides from 

each di gest t hat e luted from the column in successive f ractions between t he V 0 and the V t. 

These s pectra i llustrate t hat e ach f raction cont ained a m ixture of  di fferent-sized 

oligosaccharides, reflecting t he i ncomplete s eparation of t he ol igosaccharides achi eved on 

Bio-Gel P 6 ( Figure 3.2 ). B ased upon t he r elative i ntensities of  the  m/z produced by each 

oligosaccharide, i t w as deduced t hat t he f irst f raction f rom t he B TH digestion of  C S-A 

(fraction 32, eluting at 128 mL) contained principally tetradecasaccharide, with some dodeca-, 

trideca- and hexadecasaccharide also present in smaller amounts (Figure 3.3A), whereas the 

following f raction ( fraction 34;  136 m L) contained mainly dode casaccharide, i n addition to 

some undeca- and tetradecasaccharide (Figure 3.3B). The subsequent fractions, i .e. numbers 

37 ( 148 m L), 40 (160 m L), 45 ( 180 m L) a nd 49 ( 196 m L), c ontained nona - and 

decasaccharide, hepta- and oc tasaccharide, penta- and hexasaccharide, and tri- and 

tetrasaccharide, respectively (Figures 3.3C-F). In each of these fractions, the oligosaccharide 

containing an even number of saccharide residues was predominant over that containing an 

odd number of residues. 

 ESI-MS a nalysis of  t he f ractions f rom t he chondroitinase A BC di gestion of  C S-A 

indicated that the f irst f raction (fraction 31;  124 m L) contained primarily dodecasaccharide, 

with some deca- and undecasaccharide (Figure 3 .4A), while the next ( fraction 33;  132 m L) 

had principally decasaccharide, with some octa- and nonasaccharide (Figure 3.4B). Fractions 

36 (144 mL), 40 (160 mL) and 45 (180 mL) contained hepta- and octasaccharide, penta- and 

hexasaccharide, and tri- and tetrasaccharide, respectively, with the even oligosaccharide again 

the m ore a bundant i n e ach case ( Figures 3.4C -E). F raction 51 ( 204 m L) f rom t his di gest 

contained the disaccharide, which was the only oligosaccharide purified to homogeneity from 

each of the three digests performed (Figure 3.4F).  

 From the chondroitinase ABC digestion of DS, a preponderance of dodecasaccharide 

was detected in the first fraction (fraction 31; 124 mL), with smaller quantities of deca- and 
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tetradecasaccharide also observed (Figure 3.5A). The ensuing fractions, i.e. numbers 34 (136 

mL), 37 (148 mL), 41 (164 mL) and 45 (180 mL), had nona- and decasaccharide, hepta- and 

octasaccharide, penta- and hexasaccharide, and tri- and tetrasaccharide, respectively, with the 

even-numbered oligosaccharide again the more abundant in each fraction (Figures 3.5B-E). 

 For mos t of  the  ol igosaccharides ide ntified in the  f ractions f rom the  B io-Gel P 6 

column, m ultiple s ulphated s pecies w ere i dentified, which al so co-eluted ( Figures 3.3 -3.5). 

The number of sulphates per oligosaccharide increased with the size of each oligosaccharide, 

up t o t he e quivalent o f one  s ulphate pe r di saccharide. T he ol igosaccharides di splayed 

multiply-charged ions and as such were identified from [M-H]-1 for the di- and trisaccharides 

through t o [ M-7H]-7 for t he h exadecasaccharide, where M  r epresents t he m ass o f t he 

oligosaccharide, -(x)H represents  the  number of hydrogen atoms lost during ionisation,  and 

–(x) indicates the overall charge state of the oligosaccharide ion. In general, the most abundant 

charge s tate f or t he ol igosaccharide i ons c orresponded t o one  c harge per s ulphate group 

(Figures 3.3-3.5).  

 As indicated above, the mass spectra of the oligosaccharides identified in the fractions 

from the  B io-Gel P 6 c olumn w ere dom inated b y m/z peaks c orresponding t o e ven 

oligosaccharide s tructures c ontaining non -reducing e nd UA a nd r educing e nd GalNAc 

residues (di-, tetra-, hexa-, octasaccharide etc.). Peaks corresponding to odd oligosaccharides 

with UA at both termini ( tri-, penta-, heptasaccharide etc.) were also seen in each spectrum 

(Figures 3.3 -3.5), but  w ere c onsiderably f ewer i n num ber a nd ge nerally of  l ower i ntensity 

than t hose r epresenting the e ven ol igosaccharides, i ndicating t hat t he od d ol igosaccharides 

were present in very low quantities. The relatively low abundance of the odd oligosaccharides 

in c omparison t o t he even ol igosaccharides i s e xemplified i n F igure 3.3D , w here t he 

octasaccharide from the BTH digest of CS-A ([GlcA-GalNAc]4) is represented by four high-

intensity (> 50%) m/z peaks (545, 642, 700 and 727) and three lower-intensity m/z peaks (502, 

525 and 616), while the co-eluting heptasaccharide (GlcA-[GalNAc-GlcA]3) shows only one 
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high- and one  l ow-intensity m/z peak (633 a nd 575, respectively). S imilarly, t he 

decasaccharide from the chondroitinase ABC digest of DS (∆UA-GalNAc-[IdoA-GalNAc]4) 

(Figure 3.5B) is seen as five high-intensity m/z peaks (489, 524, 572, 592  and 636) and one 

low-intensity m/z peak (655), whereas the co-eluting nonasaccharide (∆UA-[GalNAc-IdoA]4) 

is indicated by a single peak of low intensity at m/z 584.  

 The odd ol igosaccharides f rom the Bio-Gel P6 c olumn were l ess v ariably sulphated 

and were observed in fewer charge states than the even oligosaccharides of comparable size 

(i.e. those one monosaccharide residue smaller or  larger). Figure 3.3D shows an example of 

the he ptasaccharide f rom t he B TH di gest of  C S-A ( GlcA-[GalNAc-GlcA]3), w hich i s s een 

only i n t he t risulphated form as a  -3 i on, but t he oc tasaccharide ( [GlcA-GalNAc]4) ha s 2 -4 

sulphates and is observed as both -3 and -4 ions. Similarly, in Figure 3.5B it can be seen that 

the nona saccharide f rom t he c hondroitinase A BC di gest of  D S ( ∆UA-[GalNAc-IdoA]4) i s 

present s olely w ith 4 s ulphates a s a  -4 i on, but  t he de casaccharide ( ∆UA-GalNAc-[IdoA-

GalNAc]4) c ontains 3 -5 s ulphates a nd i s pr esent a s -4 a nd -5 i ons. A s ummary o f t he 

oligosaccharide s tructures f rom the BTH and chondroitinase A BC digests of  CS-A and DS  

that were identified in the fractions from the Bio-Gel P6 column is presented in Tables 3.1 to 

3.3. 
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Figure 3.3 ESI-MS of oligosaccharides from BTH digestion of CS-A 

Oligosaccharides r esulting from limite d BTH digestion of C S-A w ere purified b y size-

exclusion chromatography, de rivatised with PMP and analysed b y ESI-MS. Panel A  shows 

the m ass s pectrum of  C S-A ol igosaccharides e luting f rom t he column i n f raction 32 ( 128 

mL), indicating the presence of a  dodecasaccharide, [GlcA-GalNAc]6 (+5S) (m/z 604.2 [M-

5H]-5); a t ridecasaccharide, GlcA-[GalNAc-GlcA]6 (+5S) ( m/z 639.3 [ M-5H]-5); a 

tetradecasaccharide, [GlcA-GalNAc]7 (+5-7S)  (m/z 537.3, 550.7  a nd  645.0 [ M-PMP-(5-

6)H]-(5-6) and m/z 508.1, 579.8, 679.8, 69 6.0 a nd 712.0 [M-(5-7)H]-(5-7)); a nd a  

hexadecasaccharide, [GlcA-GalNAc]8 (+6-7S) (m/z 613.7 [M-PMP-6H]-6 and m/z 562.5 and 

642.8 [M-(6-7)H]-(6-7)). Panel B shows the mass spectrum of  CS-A ol igosaccharides e luting 

from t he c olumn i n f raction 34 ( 136 mL), i ndicating t he pr esence of  a n un decasaccharide, 

GlcA-[GalNAc-GlcA]5 (+4S) ( m/z 640.8 [ M-PMP-4H]-4 and m/z 684.3 [ M-4H]-4); a 

dodecasaccharide,  [ GlcA-GalNAc]6 (+4-6S)  ( m/z 553.5,  569.0  a nd  691.8 [ M-PMP-(4-

5)H]-(4-5) and m/z 516.5, 588.0, 604.2, 620.0, 735.2, 755.3 a nd 775.2 [ M-(4-6)H]-(4-6)); and a 

tetradecasaccharide, [GlcA-GalNAc]7 (+6S) ( m/z 550.7 [ M-PMP-6H]-6 and m/z 579.8 [ M-

6H]-6). Panel C shows the mass spectrum of CS-A oligosaccharides eluting from the column 

in fraction 37 (148 mL), indicating the presence of a nonasaccharide, GlcA-[GalNAc-GlcA]4 

(+3-4S) ( m/z 546.0 a nd 701.3 [M-PMP-(3-4)H]-(3-4) and m/z 569.0, 589. 5, 759.5 a nd 786.0  

[M-(3-4)H]-(3-4)); and a decasaccharide, [GlcA-GalNAc]5 (+3-5S) (m/z 576.8 and 596.7 [M-

PMP-4H]-4 and m/z 528.2, 620.3, 640.3, 660.5, 854.3 a nd 88 0.8 [ M-(3-5)H]-(3-5)). Panel D  

shows the mass spectrum of  CS-A ol igosaccharides e luting f rom the column in f raction 40 

(160 mL), indicating t he pr esence of  a h eptasaccharide, GlcA-[GalNAc-GlcA]3 (+3S) ( m/z 

575.0 [M-PMP-3H]-3 and m/z 633.3 [M-3H]-3); and an octasaccharide, [GlcA-GalNAc]4 (+2-

4S) (m/z 502.0, 616.0 and 642.8 [M-PMP-(3-4)H]-(3-4) and m/z 525.7, 545.5, 700.7 and 727.5 

[M-(3-4)H]-(3-4)). Panel E shows the mass spectrum of CS-A oligosaccharides eluting from the 

column i n f raction 45 (180 m L), i ndicating t he pr esence o f a p entasaccharide, GlcA-

[GalNAc-GlcA]2 (+2S) ( m/z 633.7 [ M-PMP-2H]-2 and m/z 720.3 [ M-2H]-2); a nd a  

hexasaccharide, [GlcA-GalNAc]3 (+2-3S) (m/z 516.3 and 735.0 [M-PMP-(2-3)H]-(2-3) and m/z 

547.8, 574.5, 822.3 a nd 861.8 [ M-(2-3)H]-(2-3)). Panel F  shows the m ass spectrum of  CS-A 

oligosaccharides eluting from the column in fraction 49 (196 mL), indicating the presence of 

a trisaccharide, GlcA-GalNAc-GlcA (+S) (m/z 982.5 [M-H]-1); and a tetrasaccharide, [GlcA-

GalNAc]2 (+1-2S) (m/z 505.4 and 545.5 [ M-PMP-2H]-2, m/z 592.3 and 632.5 [ M-2H]-2 and 

m/z 515.8 [M+Na-PMP-2H]-2). 
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Figure 3.4 ESI-MS of oligosaccharides from chondroitinase ABC digestion of CS-A 

Oligosaccharides resulting from limited chondroitinase ABC digestion of CS-A were purified 

by s ize-exclusion chromatography, derivatised with PMP and analysed by ESI-MS. Panel A 

shows the mass spectrum of  CS-A ol igosaccharides e luting f rom the column in f raction 31 

(124 mL), indicating the presence of a decasaccharide, ∆UA-GalNAc-[GlcA-GalNAc]4 (+4S) 

(m/z 636.5 [ M-4H]-4); an undecasaccharide, ∆UA-[GalNAc-GlcA]5 (+4-5S) ( m/z 559.8 a nd 

680.0 [M-(4-5)H]-(4-5) and m/z 705.3 [M+Na-4H]-4); and a dodecasaccharide, ∆UA-GalNAc-

[GlcA-GalNAc]5 (+4-6S) ( m/z 565.3 a nd 687.3 [M-PMP-(4-5)H]-(4-5) and m/z 513.5, 600.3,  

616.3 and 730.7 [M-(4-6)H]-(4-6)). Panel B shows the mass spectrum of CS-A oligosaccharides 

eluting from the column in fraction 33 (132 mL), indicating the presence of an octasaccharide, 

∆UA-GalNAc-[GlcA-GalNAc]3 (+4S) ( m/z 541.3 [ M-4H]-4); a nonasaccharide, ∆UA-

[GalNAc-GlcA]4  (+3-4S)  ( m/z  695.3 [M-PMP-3H]-3  and  m/z  584.8 and  753.5  [ M-(3-

4)H]-(3-4)); and a de casaccharide, ∆UA-GalNAc-[GlcA-GalNAc]4 (+3-5S) ( m/z 572.3 a nd 

592.2 [ M-PMP-4H]-4, m/z 524.5, 616.3, 636.2 a nd 655.8 [ M-(4-5)H]-(4-5) and m/z 661.3 

[M+Na-4H]-4). Panel C shows the mass spectrum of CS-A oligosaccharides eluting from the 

column in fraction 36 (144 mL), indicating the presence of a heptasaccharide, ∆UA-[GalNAc-

GlcA]3 (+3S) ( m/z 569.0 [ M-PMP-3H]-3 and m/z 627.0 [ M-3H]-3); and  an octasaccharide, 

∆UA-GalNAc-[GlcA-GalNAc]3 (+3-4S) ( m/z 497.5 a nd 637.0 [ M-PMP-(3-4)H]-(3-4), m/z 

541.0, 694.8 and 721.5 [M-(3-4)H]-(3-4) and m/z 728.8 [M+Na-3H]-3). Panel D shows the mass 

spectrum of  C S-A ol igosaccharides e luting f rom t he c olumn i n f raction 40 ( 160 m L), 

indicating t he pr esence of a p entasaccharide, ∆UA-[GalNAc-GlcA]2 (+2S) ( m/z 624.3 [ M-

PMP-2H]-2 and m/z 711.5 [M-2H]-2); and a hexasaccharide, ∆UA-GalNAc-[GlcA-GalNAc]2 

(+2-3S)  ( m/z 510.4  a nd 726.0  [ M-PMP-(2-3)H]-(2-3), m/z  568.3, 813.0 a nd 853.0 [ M-(2-

3)H]-(2-3) and m/z 864.0 [ M+Na-2H]-2). P anel E  s hows t he m ass s pectrum of  C S-A 

oligosaccharides eluting from the column in fraction 45 (180 mL), indicating the presence of 

a t risaccharide, ∆UA-GalNAc-GlcA (+S) (m/z 964.3 [ M-H]-1); and a t etrasaccharide, ∆UA-

GalNAc-GlcA-GalNAc (+2S) (m/z 536.3 [M-PMP-2H]-2, m/z 623.0 [M-2H]-2 and m/z 634.7 

[M+Na-2H]-2). Panel F shows the mass spectrum of CS-A oligosaccharides eluting from the 

column in fraction 51 (204 mL), indicating the presence of a disaccharide, ∆UA-GalNAc (+S) 

(m/z 614.5 [ M-PMP-H]-1, m/z 788.3 [ M-H]-1, m/z 636.5 [ M+Na-PMP-H]-1 and m/z 810.3 

[M+Na-H]-1). 
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Figure 3.5 ESI-MS of oligosaccharides from chondroitinase ABC digestion of DS 

Oligosaccharides resulting from limited chondroitinase ABC digestion of DS were purified by 

size-exclusion c hromatography, de rivatised w ith P MP a nd a nalysed b y E SI-MS. Panel A  

shows the mass spectrum of DS oligosaccharides eluting from the column in fraction 31 (124 

mL), indicating the presence of a decasaccharide, ∆UA-GalNAc-[IdoA-GalNAc]4 (+4S) (m/z 

636.2 [ M-4H]-4); a dod ecasaccharide, ∆UA-GalNAc-[IdoA-GalNAc]5 (+4-6S) ( m/z 484.5, 

549.5 and 565.5 [M-PMP-(5-6)H]-(5-6) and m/z 513.5, 600.5 and 616.3 [M-(5-6)H]-(5-6)); and a 

tetradecasaccharide, ∆UA-GalNAc-[IdoA-GalNAc]6 (+5-6S) ( m/z 534.3 [ M-PMP-6H]-6 and 

m/z 576.8 [M-6H]-6). Panel B shows the mass spectrum of DS oligosaccharides eluting from 

the c olumn i n f raction 34 ( 136 m L), i ndicating t he pr esence of  a  non asaccharide, ∆UA-

[GalNAc-IdoA]4 (+4S) ( m/z 584.8 [ M-4H]-4); and a de casaccharide, ∆UA-GalNAc-[IdoA-

GalNAc]4 (+3-5S) ( m/z 489.6, 572.3 a nd 592.2 [M-PMP-(4-5)H]-(4-5) and m/z 524.8, 636.0 

and 655.5 [M-(4-5)H]-(4-5)). Panel C shows the mass spectrum of DS oligosaccharides eluting 

from the column in fraction 37 (148 mL), indicating the presence of a heptasaccharide, ∆UA-

[GalNAc-IdoA]3 (+3S) ( m/z 627.2 [ M-3H]-3); an d an octasaccharide, ∆UA-GalNAc-[IdoA-

GalNAc]3 (+3-4S) (m/z 497.5 and 636.8 [M-PMP-(3-4)H]-(3-4) and m/z 541.0, 694.8 and 721.5 

[M-(3-4)H]-(3-4)). Panel D shows the mass spectrum of DS oligosaccharides eluting from the 

column in fraction 41 (164 mL), indicating the presence of a pentasaccharide, ∆UA-[GalNAc-

IdoA]2 (+2S) ( m/z 711.3 [ M-2H]-2); and a he xasaccharide, ∆UA-GalNAc-[IdoA-GalNAc]2 

(+2-3S) ( m/z 510.3 a nd 725.8 [ M-PMP-(2-3)H]-(2-3) and m/z 568.5, 813.0  a nd 853.0 [M-(2-

3)H]-(2-3)). Panel E shows the mass spectrum of DS oligosaccharides eluting from the column 

in fraction 45 ( 180 mL), indicating the presence of a trisaccharide, ∆UA-GalNAc-IdoA (+S) 

(m/z 964.5 [M-H]-1); and a tetrasaccharide, ∆UA-GalNAc-IdoA-GalNAc (+1-2S) (m/z 536.3 

[M-PMP-2H]-2, m/z 583.5 and 623.3 [ M-2H]-2, m/z 547.3 [M+Na-PMP-2H]-2 and m/z 634.7 

[M+Na-2H]-2). 
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Table 3.1 Proposed structures of oligosaccharides from BTH digestion of CS-A 

 

Proposed Structurea 
No. sulphate 

groups 

Charge states 

observed 

  Elution on 

fraction no.  

Bio-Gel P6b 

            mL 

GlcA-GalNAc-GlcA 1 -1 49 196 

[GlcA-GalNAc]2 1-2 -2 49 196 

GlcA-[GalNAc-GlcA]2 2 -2 45 180 

[GlcA-GalNAc]3 2-3 -2,-3 45 180 

GlcA-[GalNAc-GlcA]3 3 -3 40 160 

[GlcA-GalNAc]4 2-4 -3,-4 40 160 

GlcA-[GalNAc-GlcA]4 3-4 -3,-4 37 148 

[GlcA-GalNAc]5 3-5 -3,-4,-5 37 148 

GlcA-[GalNAc-GlcA]5 4 -4 34 136 

[GlcA-GalNAc]6 4-6 -4,-5,-6 32/34 128-136 

GlcA-[GalNAc-GlcA]6 5 -5 32 128 

[GlcA-GalNAc]7 5-7 -5,-6,-7 32/34 128/136 

[GlcA-GalNAc]8 6-7 -6,-7 32 128 

 

aGlcA, glucuronic acid; GalNAc, N-acetylgalactosamine 
 

bsee Figure 3.2A 
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Table 3.2 Proposed structures of oligosaccharides from chondroitinase ABC digestion of 

CS-A 

 

a∆UA, unsaturated uronic acid; GlcA, glucuronic acid; GalNAc, N-acetylgalactosamine 
 

bsee Figure 3.2B 

Proposed Structurea 
No. sulphate 

groups 

Charge states 

observed 

  Elution on        

fraction no.  

Bio-Gel P6b 

          mL 

∆UA-GalNAc 1 -1 51 204 

∆UA-GalNAc-GlcA 1 -1 45 180 

∆UA-GalNAc-GlcA-GalNAc 2 -2 45 180 

∆UA-[GalNAc-GlcA]2 2 -2 40 160 

∆UA-GalNAc-[GlcA-GalNAc]2 2-3 -2,-3 40 160 

∆UA-[GalNAc-GlcA]3 3 -3 36 144 

∆UA-GalNAc-[GlcA-GalNAc]3 3-4 -3,-4 33/36 

 

132/144 

∆UA-[GalNAc-GlcA]4 3-4 -3,-4 33 132 

∆UA-GalNAc-[GlcA-GalNAc]4 3-5 -4,-5 31/33 124/132 

∆UA-[GalNAc-GlcA]5 4-5 -4,-5 31 124 

∆UA-GalNAc-[GlcA-GalNAc]5 4-6 -4,-5,-6 31 124 
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Table 3.3 Proposed structures of oligosaccharides from chondroitinase ABC digestion of 

DS  

 

a∆UA, unsaturated uronic acid; IdoA, iduronic acid; GalNAc, N-acetylgalactosamine 
 

bsee Figure 3.2C 

Proposed Structurea 
No. sulphate 

groups 

Charge states 

observed 

  Elution  on 

fraction no.  

Bio-Gel P6b 

          mL 

∆UA-GalNAc-IdoA 1 -1 45 180 

∆UA-GalNAc-IdoA-GalNAc 1-2 -2 45 180 

∆UA-[GalNAc-IdoA]2 2 -2 41 164 

∆UA-GalNAc-[IdoA-GalNAc]2 2-3 -2,-3 41 164 

∆UA-[GalNAc-IdoA]3 3 -3 37 148 

∆UA-GalNAc-[IdoA-GalNAc]3 3-4 -3,-4 37 

 

148 

∆UA-[GalNAc-IdoA]4 4 -4 34 136 

∆UA-GalNAc-[IdoA-GalNAc]4 3-5 -4,-5 31/34 124/136 

∆UA-GalNAc-[IdoA-GalNAc]5 4-6 -5,-6 31 124 

∆UA-GalNAc-[IdoA-GalNAc]6 5-6 -6 31 124 
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Once identified, the oligosaccharides from the BTH and chondroitinase ABC digests 

were f urther cha racterised by E SI-MS/MS ( section 2.2.12.1). F igures 3.6 a nd 3.7 di splay 

representative pr oduct i on s pectra for t he ol igosaccharides t hat w ere i dentified in the B TH 

digest of  C S-A, a nd f or t he ol igosaccharides f rom t he c hondroitinase A BC di gest of  D S, 

respectively. These s pectra s how t hat t he ol igosaccharides f rom bot h digests generated a 

number of common product ions (e.g. m/z 173, 238, 256, 282, 300, 331) . Of these, m/z 256 

and 300 w ere s een e xclusively i n t he s pectra from t he ol igosaccharides t erminating i n 

GalNAc ( i.e. the even oligosaccharides), such as t he t etra- and hexasaccharides f rom C S-A 

(Figures 3.6D and F) and DS (Figures 3.7B and E). The product ion at m/z 331 was observed 

only i n t he s pectra from t he ol igosaccharides t erminating i n U A ( i.e. t he od d 

oligosaccharides), and this is seen for the CS-A tri- and pentasaccharides in Figures 3.6A and 

B, and the DS pentasaccharide in Figure 3.7C. It can also be seen that product ions at m/z 175 

and 193 w ere ge nerated f rom t he C S-A oligosaccharides, but  not f rom t he D S 

oligosaccharides. For example, both of these product ions are evident in the spectra from the 

CS-A tetra- and hexasaccharides (Figures 3.6D and F), but neither is observed in the spectra 

from the  DS te tra- and hexasaccharides generated at s imilar collision energy (CE) ( Figures 

3.7B and E ). T he pr oduct i on s pectra f urther illustrate t hat di fferent product i ons w ere 

generated from high- and low collision energy scans performed on the same oligosaccharide. 

This i s e vident w hen t he s pectrum f rom t he pr oduct i on s can of  t he C S-A t etrasaccharide 

performed at CE -24 (Figure 3.6C), which shows product ions at m/z 325, 438, 505, 545, 592, 

652 and 1011, is compared with that performed at CE -60 (Figure 3.6D), where product ions 

at m/z 172, 175, 193, 238, 255, 282 and 300 are observed. The DS hexasaccharide is a further 

example of  this phenomenon. Product ions were seen at m/z 173, 483, 5 10, 546 a nd 725 i n 

scans performed on the hexasaccharide at CE -24 (Figure 3.7D), but were detected at m/z 173, 

175, 238, 256, 281 and 300 in those performed at CE -60 (Figure 3.7E). 
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Figure 3.6 ESI-MS/MS of selected oligosaccharides from BTH digestion of CS-A 

Oligosaccharides r esulting from limite d BTH digestion of C S-A w ere pur ified by size-

exclusion c hromatography, d erivatised w ith P MP, i dentified b y E SI-MS a nd t hen further 

characterised by ESI-MS/MS. Panel A shows the product ion spectrum at a col lision energy 

(CE) of  -44 o f t he C S-A t risaccharide, G lcA-GalNAc-GlcA ( +S), w hich eluted f rom the 

column in fraction 49 (196 mL), with the [M-H]-1 ion at m/z 982.7. Major product ions were 

observed at m/z 331.3, 458.0, 728.3 and 808.5.  Panel B shows the product ion spectrum at CE 

-28 of  t he C S-A pe ntasaccharide, GlcA-[GalNAc-GlcA]2 (+2S), w hich e luted f rom t he 

column in fraction 45 (180 mL), with the [M-2H]-2 ion at m/z 720.2. Major product ions were 

observed at m/z 331.0, 457.9, 593.3, 633.3 and 855.3. Panel C shows the product ion spectrum 

at CE -24 of the CS-A tetrasaccharide, [GlcA-GalNAc]2 (+2S), which eluted from the column 

in f raction 49 ( 196 m L), w ith t he [ M-2H]-2 ion at m/z 632.3. M ajor product i ons w ere 

observed a t m/z 325.9, 438.1, 505.1,  545.3, 59 2.3, 652.2 a nd 1011.7. Panel D  s hows t he 

product ion spectrum of the  same CS-A  tetrasaccharide, [GlcA-GalNAc]2 (+2S),  but  at CE 

-60. Major product i ons were obs erved at m/z 172.9, 175.4, 193.1, 238.9, 255.9, 282.0 a nd 

300.3. Panel E shows the product ion spectrum at CE -24 of the CS-A hexasaccharide, [GlcA-

GalNAc]3 (+3S), which eluted from the column in fraction 45 ( 180 mL), with the [M-3H]-3 

ion a t m/z 574.3. M ajor pr oduct i ons w ere obs erved a t m/z 173.4, 457.4 , 489.3, 516.7 a nd 

735.3. P anel F s hows t he pr oduct i on s pectrum of t he s ame C S-A h exasaccharide, [GlcA-

GalNAc]3 (+3S), but at CE -56. Major product ions were observed at m/z 173.1, 175.1, 193.4, 

256.0, 282.0 and 396.1.  
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Figure 3.7 ESI-MS/MS of selected oligosaccharides from chondroitinase ABC digestion 

of DS 

Oligosaccharides resulting from limited chondroitinase ABC digestion of DS were purified by 

size-exclusion chromatography, derivatised with PMP, identified by ESI-MS and then further 

characterised by ESI-MS/MS. Panel A shows the product ion spectrum at CE -24 of the DS 

tetrasaccharide, ∆UA-GalNAc-IdoA-GalNAc (+2S), which eluted from the column in fraction 

45 (180 mL), with the [M-2H]-2 ion at m/z 623.3. Major product ions were observed at m/z 

496.1, 536.3 a nd 634.0. P anel B  s hows t he pr oduct i on s pectrum of  t he s ame D S 

tetrasaccharide, ∆UA-GalNAc-IdoA-GalNAc (+2S), but at CE -68. Major product ions were 

observed at m/z 173.4, 256.4, 282.0 and 300.1. Panel C shows the product ion spectrum at CE 

-28 of the DS pentasaccharide, ∆UA-[GalNAc-IdoA]2 (+2S), which eluted from the column in 

fraction 41 (164 mL), with the [M-2H]-2 ion at m/z 711.7. Major product ions were observed 

at m/z 331.1, 624.3 and 837.3. Panel D shows the product ion spectrum at CE -24 of the DS 

hexasaccharide, ∆UA-GalNAc-[IdoA-GalNAc]2 (+3S), w hich e luted f rom t he c olumn i n 

fraction 41 (164 mL), with the [M-3H]-3 ion at m/z 568.5. Major product ions were observed 

at m/z 173.1, 483.5 , 510.0, 546.2 a nd 725.8. P anel E shows the product ion spectrum of the 

same D S he xasaccharide, ∆UA-GalNAc-[IdoA-GalNAc]2 (+3S), but  a t C E -60. M ajor 

product ions were observed at m/z 173.1, 175.4, 238.6, 256.1, 281.9 and 300.0. Panel F shows 

the product ion spectrum at CE -28 of the DS octasaccharide, ∆UA-GalNAc-[IdoA-GalNAc]3 

(+3S), which eluted from the column in fraction 37 ( 148 mL), with the [M-3H]-3 ion at m/z 

694.5. Major product ions were observed at m/z 173.1, 298.1, 610.7, 637.0, 735.5 and 916.3. 
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3.3 DISCUSSION 

A s eries of ol igosaccharide s ubstrates w as pr epared b y BTH and c hondroitinase A BC 

digestion of  C S-A f rom bovi ne t rachea a nd DS f rom por cine i ntestinal m ucosa. T hese 

particular pol ysaccharide pr eparations w ere s elected f or de polymerisation a s t hey: 1)  h ave 

extremely s imple s tructures, comprising > 90% G lcA-GalNAc(4S) a nd IdoA-GalNAc(4S) 

repeating di saccharides, r espectively (Muthusamy et al. 2004, S udo et al. 2001); a nd 2 ) 

generate ol igosaccharide s ubstrates r epresentative of  t he put ative ph ysiological s ubstrates 

derived from the GlcA-rich and the IdoA-rich domains of DS. The oligosaccharides produced 

from BTH and chondroitinase ABC digestion were size-fractionated on a Bio-Gel P6 column 

and then analysed as PMP-derivatives using a combination of negative ion ESI-MS and ESI-

MS/MS. 

Bio-Gel P 6 was s elected for s ize-fractionation of  t he va rious ol igosaccharides 

resulting from enzyme digestion, as its broad fractionation range of up t o 6 kD a enables the 

separation of GAG oligosaccharides of up to ~hexadecasaccharide in length, thus facilitating 

the preparation of the larger structures required to characterise the substrate specificities of the 

DS-degrading e ndoglycosidases. S imilar t o pr evious r eports on t he us e of B io-Gel P 6 for 

separation of GAG oligosaccharides (Thonar et al. 1983, Muthusamy et al. 2004, Mason et al. 

2006), a partial separation of hexadeca- to disaccharides was achieved in this case. However, 

the octa-, hexa-, tetra- and disaccharides, which eluted from the column from fraction 40 (160 

mL) on wards, were m ore cl early r esolved than the he xadeca-, tetradeca-, dode ca- and 

decasaccharides, which eluted between fractions 31 (124 mL) and 37 (148 mL) (Figure 3.2). 

The choice of Bio-Gel P6 for oligosaccharide purification therefore represented a compromise 

between: 1 ) i ts br oad f ractionation range a nd a bility t o rapidly a nd i nexpensively pr ocess 

large sample quantities (hundreds of mg of GAG) without the need for specialised equipment 

or r eagents; a nd 2)  t he r elatively poo r r esolution of  t he de casaccharide a nd l arger 

oligosaccharides. Although the oligosaccharides could conceivably have been further purified 
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by H PLC or  capillary electrophoresis, t hese methods a re generally not c onvenient f or 

preparation of the large quantities of oligosaccharides required for the present study. 

The negative ion ESI-MS spectra of the oligosaccharides eluted from the Bio-Gel P6 

column were complex (Figures 3.3 to 3.5), with most molecules represented by multiple m/z, 

resulting from t he pr esence of  i ons i n va rious c harge s tates due  t o d iffering d egrees of  

oligosaccharide sulphation and proton abstraction. This is particularly evident in the spectra 

of t he l arger ol igosaccharides, a s t hese s tructures c ontain m any s ites f or s ulphation a nd 

deprotonation. N evertheless, a lmost a ll of  t he m ajor pe aks i n t he E SI-MS s pectra could be  

assigned to oligosaccharide structures by comparing the m/z values of the peaks observed to 

those of  t he va riously charged i ons pr edicted f rom ol igosaccharides of  t he anticipated 

monoisotopic m asses a nd s tructures. T he ol igosaccharides i dentified i n this m anner w ere 

composed of repeating UA-GalNAc disaccharide subunits and ranged in size from hexadeca- 

to di saccharides, with u p t o t he equivalent o f o ne s ulphate pe r di saccharide ( Tables 3.1  t o 

3.3). T hese s tructures are c onsistent w ith t he uni form G lcA-GalNAc(4S) a nd IdoA-

GalNAc(4S) di saccharide s equences t hat a re r eported t o a ccount f or ove r 90%  of  t he 

polysaccharide C S-A from bovi ne t rachea a nd D S f rom por cine intestinal m ucosa, 

respectively (Muthusamy et al. 2004, Sudo et al. 2001). The UA residues of the DS and CS-A 

oligosaccharides were designated as IdoA and GlcA, respectively, based upon these published 

structures, which further predict that the sulphates are positioned predominantly at C4 of the 

GalNAc residues. However, given that stereoisomers cannot be distinguished by m/z in ESI-

MS s cans, the pr esence of  oc casional G lcA r esidues i n the D S oligosaccharides i s 

acknowledged. 

Product i on s cans w ere pe rformed on t he ol igosaccharides i dentified i n t he E SI-MS 

scans to:  1)  c onfirm the  s tructural a ssignments made b y E SI-MS; 2)  i dentify t he r educing 

residue; and 3) for selected oligosaccharides, also identify a suitable product ion for MRM. In 

product ion scans, an oligosaccharide of interest (the parent oligosaccharide) is fragmented by 
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collision-induced di ssociation t o pr oduce i ons t hat r epresent t he p roducts of  s pecific bond 

breakages within the ol igosaccharide. The s tructural characterisation of  the ol igosaccharides 

by product ion scans was facilitated by PMP-derivatisation, which results in the addition of  

two PMP molecules to the reducing terminus, with a concomitant loss of H2O, such that the 

molecular weight is increased by 330 Da (Pitt and Gorman 1997) (Figure 3.8). The presence 

of PMP at the reducing terminus of  an ol igosaccharide produces a  number of  characteristic 

product i ons upon c ollision-induced di ssociation. It was obs erved t hat e ach of  t he 

oligosaccharides from the BTH and chondroitinase ABC digests of  CS-A and DS produced 

spectra containing mul tiple m/z peaks, i ndicative of  num erous ol igosaccharide di ssociation 

events (Figures 3.6 and 3.7). The most prevalent of the product ions observed corresponded to 

the m/z of t he pa rent compound, minus one  PMP molecule and/or on e s ulphate group; t his 

fragmentation was seen in almost al l the product spectra and enabled rapid confirmation of  

the i dentity of t he pa rent c ompound a s a s ulphated P MP-oligosaccharide. T he f ragmented 

PMP molecule per se was observed as an ion at m/z 173 in many spectra, e.g. in those of the 

CS-A te tra- and hexasaccharides ( Figures 3.6D -F) a nd t hose of  t he D S t etra-, hexa- and 

octasaccharides (Figures 3.7B and D-F). 

It h as pr eviously be en r eported t hat P MP-oligosaccharides w ith GalNAc and UA at  

the r educing e nd will f ragment to give c haracteristic pr oduct ions  a t m/z 256 a nd 331,  

respectively, corresponding to a fragmented GalNAc with one PMP moiety and an intact UA 

with a PMP (Fuller et al. 2004a) (Figures 3.9A and B). This enabled the reducing end residue 

of the oligosaccharides to be confirmed as either GalNAc, as in the tetra- and hexasaccharides 

from CS-A (Figures 3.6D and F) and from DS (Figures 3.7B and E); or GlcA/IdoA, as in the 

CS-A t ri- and pe ntasaccharides ( Figures 3.6 A a nd B ) and t he D S pe ntasaccharide ( Figure 

3.7C). T he pr esence of  a n a dditional pr oduct i on a t m/z 282 i n the s pectra from t he 

oligosaccharides  terminating  in  GalNAc (Figures 3.6D and F and 3.7B and E),  proposed  as  
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Figure 3.8 Oligosaccharide derivatisation with 1-phenyl-3-methyl-5-pyrazolone (PMP) 

Schematic illustrating the derivatisation of a representative CS-A oligosaccharide with PMP, 

which r esults i n t he a ddition of  t wo P MP m olecules t o t he r educing t erminus. G lcA, 

glucuronic acid; GalNAc, N-acetylgalactosamine. Adapted from Ramsay et al. (2003). 
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the [ M-H]-1 ion of an intact r educing end GalNAc ( +S) r esidue ( Figure 3.9C ), f urther 

confirmed these assignments. 

All of  t he ol igosaccharides f rom t he BTH di gestion of  C S-A f ragmented t o give a  

product i on a t m/z 193 a nd/or 175, a s obs erved i n t he t etra- and hexasaccharides ( Figures 

3.6D and F), corresponding to a  GlcA f ragmented f rom the non-reducing end (Fuller et al. 

2004a) (Figure 3.9D). However, ions corresponding to a similar fragmentation (i.e. a loss of 

∆UA f rom t he non -reducing e nd) w ere not  obs erved a t m/z 175 and/or 157 i n t he p roduct 

spectra of  the oligosaccharides from the chondroitinase ABC digests (Figure 3.7). This may 

indicate that the subtle structural change in non-reducing end UA induced by the removal of 

H2O by chondroitinase ABC to form ∆UA reduces the ionisation efficiency o f this residue, 

such t hat i t i s r endered unde tectable w hen fragmented f rom t he pa rent ol igosaccharide i n 

product ion scans. It was not possible to identify the fragmentation that resulted in a product 

ion a t m/z 300, w hich was a lso obs erved f rom m any of  t he ol igosaccharides, s uch a s t he 

tetrasaccharide from CS-A (Figure 3.6D) and the tetra- and hexasaccharides from DS (Figures 

3.7B a nd E ). T his pr oduct i on m ay represent a n ol igosaccharide f ragment pr oduced f rom 

multiple internal bond cleavages. 

 Each pr oduct i on s can a lso displayed uni que i ons de tailing s tructural i nformation 

about t he ol igosaccharide. F or example, t he pr oduct i on s pectrum of  t he C S-A 

pentasaccharide, GlcA-[GalNAc-GlcA]2 (+2S) ( Figure 3.6 B), s howed a  s trong pe ak a t m/z 

855.3, c orresponding t o t he [ M-H]-1 ion of  t he non -reducing end tetrasaccharide f ragment 

resulting f rom br eakage of t he ul timate r educing end g lycosidic bond, i .e. [ GlcA-GalNAc]2 

(+S). The monosulphated nature of this non-reducing tetrasaccharide fragment indicates that 

the second sulphate of the parent pentasaccharide is located on the reducing end GlcA residue, 

however, t he onl y i on i n t his s pectrum t hat c orresponds t o a  r educing end G lcA residue i s 

seen at m/z 331.0 and is thus unsulphated. Taken together, these data indicate the presence of 

up t o t hree pe ntasaccharide i somers t hat a re di stinguished b y t he pos itioning of  t he t wo 
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Figure 3.9 Proposed CS-A oligosaccharide fragmentations during ESI-MS/MS analysis 

Proposed f ragmentation pa tterns f or P MP-derivatised CS-A ol igosaccharides dur ing E SI-

MS/MS ( product i on) a nalysis. P anel A s hows f ragmentation of  a  r educing end G alNAc 

residue to give the product ion at m/z 256. Panel B shows cleavage of an intact reducing end 

GlcA with a  PMP to generate the product ion a t m/z 331. Panel C  i llustrates the loss of  an  

intact r educing end G alNAc t o pr oduce t he i on a t m/z 282. P anel D  de monstrates 

fragmentation of GlcA from the non-reducing end to give the product ions at m/z 175 and/or 

193. S imilar f ragmentations a re pr oposed f or P MP-derivatised D S ol igosaccharides. GlcA, 

glucuronic acid; GalNAc, N-acetylgalactosamine. 
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sulphate e sters, w ith t wo s uch i somers c ontaining a s ulphate on t he reducing end G lcA 

residue (Figure 3.10). The sulphated GlcA residue is extremely rare in bovine tracheal CS-A 

(Muthusamy et al. 2004). 

Based upon t he well-established s ubstrate s pecificities of  B TH a nd chondroitinase 

ABC for GalNAc-UA bonds (Yamagata et al. 1968, Kreil 1995), even oligosaccharides with 

non-reducing end UA and reducing end GalNAc residues (i.e. the di-, tetra-, hexasaccharides 

etc.) were expected. However, the odd oligosaccharides with UA at the non-reducing end and 

GlcA or  IdoA a t t he r educing end ( i.e. t he t ri-, pe nta-, heptasaccharides et c.) cannot  be  t he 

products of  B TH and c hondroitinase A BC. T he odd ol igosaccharides t erminating i n G lcA 

presumably represent the products of source tissue endo-β-glucuronidase activity (see section 

1.5.1), and/or decomposition of the polysaccharide chains during commercial processing, that 

have been further depolymerised by BTH and chondroitinase ABC. As a DS-degrading endo-

α-L-iduronidase enzyme has hitherto not been reported, the odd oligosaccharides terminating 

in IdoA most l ikely r esult f rom GAG chain decomposition exclusively. An ol igosaccharide 

structure corresponding to the CS-A t risaccharide, ∆UA-GalNAc-GlcA (+S), has previously 

been observed after digestion of CS with chondroitinase ABC (Sugahara et al. 1994, Lauder 

et al. 2000). The oligosaccharides from the enzyme digests of CS-A and DS that eluted in the 

fractions from the Bio-Gel P6 column were not further purified and were used as substrates 

for the endoglycosidase product assay in chapter four. 
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Figure 3.10 Proposed structures of pentasaccharides from BTH digest of CS-A 

Potential  s tructures  f or the di sulphated pentasaccharide i solated  f rom t he BTH  di gest of  

CS-A, GlcA-[GalNAc-GlcA]2 (+2S), based upon product ions observed during ESI-MS/MS 

analysis. Panels A and B show the pentasaccharide with one sulphate at C2 of the reducing 

end G lcA r esidue, and t he s econd a t C 4 of  t he f irst a nd s econd G alNAc r esidues f rom t he 

non-reducing end, respectively. These s tructures f ragmented during ESI-MS/MS analysis to 

give the product ion at m/z 855. Panel C shows the pentasaccharide with a sulphate at C4 of 

each of the first and second GalNAc residues from the non-reducing end. This structure gave 

the product ion at m/z 331. GlcA, glucuronic acid; GalNAc, N-acetylgalactosamine. 
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4.1 INTRODUCTION 

Chapter three described the synthesis of a series of structurally defined oligosaccharides, to be 

used as substrates for evaluating the DS-degrading endoglycosidases. These oligosaccharides 

were composed of either GlcA-GalNAc or IdoA-GalNAc disaccharides, and were designed to 

reflect the predicted structures of the physiological substrates derived from the GlcA-rich and 

the IdoA-rich domains of DS polysaccharide, respectively. As outlined in sections 1.5.1 a nd 

1.6, two different endoglycosidases have been implicated in the intra-cellular degradation of 

DS and are l ikely act ive t owards t hese s ubstrates. Hyal-1 is an acid-active h yaluronidase 

(endo-β-N-acetylhexosaminidase) of  t he s omatic tis sues tha t w ill c leave the  G alNAc-GlcA 

glycosidic linkages of CS, in addition to the N-acetylglucosamine-GlcA bonds of its principal 

substrate, hyaluronan, to generate small oligosaccharides (di- to octasaccharides) as the main 

reaction p roducts (Stern 2003, H ofinger et al. 2008). A n acid-active en do-β-glucuronidase 

that degrades the GlcA-GalNAc bonds of CS has also been described (Takagaki et al. 1988b). 

While t he a pparent s pecificity of  t hese enzymes f or g lycosidic l inkages c ontaining G lcA 

suggests that they would be active only towards the GlcA-rich domains of DS, their substrate 

specificities and catalytic m echanisms w ith respect t o the s pecific d egradation of D S 

oligosaccharides ha ve n ot be en s tudied i n d etail. M oreover, t here ha ve been no reports o f 

endoglycosidase activities that will cleave the glycosidic linkages of DS that contain IdoA. 

  This cha pter d escribes the de velopment of  an as say t o measure end oglycosidase 

activities a nd determine the ir s ubstrate s pecificities b y q uantifying s pecific ol igosaccharide 

products. The ol igosaccharides prepared in the previous chapter were incubated with CHO-

K1 homogenate ( a reported source o f endo glycosidase act ivity) (Bame et al. 1998), a nd 

relative l evels of  t he even (endo-β-N-acetylhexosaminidase) and odd (endohexuronidase) 

products derived from the non-reducing end of the substrate were measured by ESI-MS/MS. 

Assay pa rameters ( sample a nd s ubstrate c oncentration, pH  a nd buf fer c onditions) w ere 

optimised f or m aximum pr oduct ge neration, a nd t he e ffects of  di valent c ations, N aCl, 
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detergent, pr otease i nhibitors a nd pot ential e nzyme i nhibitors upon t he e ndoglycosidase 

activities w ere assessed. Using t his appr oach, t he s ubstrate s pecificities and functional 

properties of the DS-degrading endoglycosidases were characterised. 

 

4.2 RESULTS 

4.2.1 Selection of oligosaccharides for use as assay substrates 

In order to measure endoglycosidase activities, ol igosaccharide substrates that would not  be 

degraded b y l ysosomal ex oenzyme a ctivities w ere r equired. To de termine w hether t he 

oligosaccharides prepared in the previous chapter were substrates for lysosomal exoenzymes, 

the tetrasaccharide from the BTH digest of CS-A, [GlcA-GalNAc]2 (+2S), and its counterpart 

from the chondroitinase ABC digest of CS-A, ∆UA-GalNAc-GlcA-GalNAc (+2S) (prepared 

as described in section 2.2.4), were each incubated with bovine liver β-glucuronidase (section 

2.2.4.3), a nd t he l evels of  t hese ol igosaccharides were t hen de termined by E SI-MS/MS 

(section 2.2.12.2). Each oligosaccharide w as also incubated in the absence of  enz yme as  a 

negative control. Figure 4.1 shows that t he r elative l evel of  [GlcA-GalNAc]2 (+2S) did not  

change relative to the negative control following incubation with β-glucuronidase at enzyme 

concentrations be tween 1 m U/mL and 1 U /mL. H owever, a 65%  reduction i n t he l evel o f 

[GlcA-GalNAc]2 (+2S) was observed upon increasing the enzyme concentration from 1 to 10 

U/mL, and [GlcA-GalNAc]2 (+2S) was not detected at all upon subsequent 10-fold increases 

in enzyme concentration (100U-10kU/mL), indicating that the non-reducing GlcA residue of 

[GlcA-GalNAc]2 (+2S) was a s ubstrate for β-glucuronidase. In contrast, the relative level of 

∆UA-GalNAc-GlcA-GalNAc (+2S) was unaltered following incubation with β-glucuronidase 

at all of the enzyme concentrations tested (Figure 4.1), suggesting that the non-reducing ∆UA 

residue of  t his ol igosaccharide w as resistant t o cl eavage b y β-glucuronidase. Hence, t he 

oligosaccharides c ontaining t his r esidue (i.e. t hose f rom t he chondroitinase A BC di gests of  
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CS-A a nd D S) w ere s elected f or us e a s s ubstrates f or de velopment of  t he e ndoglycosidase 

product assay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Relative tetrasaccharide levels following digestion with β-glucuronidase 

The CS-A tetrasaccharides, [GlcA-GalNAc]2 (+2S) (open triangles) and ∆UA-GalNAc-GlcA-

GalNAc (+2S) (open squares), were individually incubated with bovine liver β-glucuronidase 

(1 mU-10 kU/mL) for 16 hr, and their relative levels were then measured by ESI-MS/MS. 
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4.2.2 Endo-β-N-acetylhexosaminidase activity towards oligosaccharide substrates 

To de monstrate endo-β-N-acetylhexosaminidase activity to wards th e o ligosaccharides 

selected i n s ection 4.2. 1, t he t etra- to tetradecasaccharides from t he c hondroitinase A BC 

digests of CS-A and DS (prepared as described in section 2.2.4) were individually incubated 

with CHO-K1 homogenate ( source of  endo glycosidase act ivity) ( section 2.2.6) , and relative 

levels of the even di- to octasaccharide products generated from the non-reducing end of the 

substrate w ere t hen determined by E SI-MS/MS ( section 2.2.12.2) . T he s tructures of  t he 

oligosaccharide substrates and products and the abbreviations used in reference to them a re 

summarised in Table 4.1 . Figure 4.2A shows that after incubation with the GlcA-rich CS-A 

∆tetra(+2S) s ubstrate, n o pr oducts w ere d etected, i .e. C S-A ∆tetra(+2S) w as not  di gested. 

However, t he s lightly l arger C S-A ∆hexa(+3S) substrate w as di gested, generating a s mall 

amount of  ∆di(+S) pr oduct e xclusively. Increasing t he l ength of  t he s ubstrate b y on e 

disaccharide (CS-A ∆hexa(+3S) to ∆octa(+4S)) resulted in a seven-fold increase in ∆di(+S) 

product a nd t he appearance of  m inor ∆tetra(+2S) pr oduct. T he a ddition of  a nother 

disaccharide to the length of the substrate did not further alter the level of ∆di(+S) product, 

but did result in a nine-fold increase in ∆tetra(+2S) product. The amounts of both ∆di(+S) and 

∆tetra(+2S) pr oducts w ere un changed w ith s ubsequent di saccharide i ncreases i n s ubstrate 

length. Small qua ntities of  ∆hexa(+2S), ∆hexa(+3S), and ∆octa(+3S) p roducts w ere al so 

detected from CS-A ∆dodeca(+6S) substrate. The levels of these products increased slightly 

as s ubstrate l ength was i ncreased b y anot her di saccharide ( to CS-A ∆tetradeca(+7S)). 

Incubation w ith IdoA-rich substrate ( DS ∆dodeca(+6S)) pr oduced ∆di(+S), ∆tetra(+2S), 

∆hexa(+2S) and ∆hexa(+3S) i n qua ntities e quivalent t o onl y 14%, 7 %, 8%  a nd 16% , 

respectively, of those generated from CS-A ∆dodeca(+6S) (Figure 4.2B). 
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Table 4.1 Structures of CS-A/DS oligosaccharide substrates/products 

 

a∆UA, unsaturated uronic acid; UA, uronic acid; GalNAc, N-acetylgalactosamine; S, sulphate

Oligosaccharidea Abbreviation 

∆UA-GalNAc (+S) ∆di(+S) 

∆UA-GalNAc-UA (+S) ∆tri(+S) 

∆UA-GalNAc-UA-GalNAc (+2S) ∆tetra(+2S) 

∆UA-[GalNAc-UA]2 (+2S) ∆penta(+2S) 

∆UA-GalNAc-[UA-GalNAc]2 (+2-3S) ∆hexa(+2-3S) 

∆UA-[GalNAc-UA]3 (+3S) ∆hepta(+3S) 

∆UA-GalNAc-[UA-GalNAc]3 (+3-4S) ∆octa(+3-4S) 

∆UA-[GalNAc-UA]4 (+4S) ∆nona(+4S) 

∆UA-GalNAc-[UA-GalNAc]4 (+3-5S) ∆deca(+3-5S) 

∆UA-[GalNAc-UA]5 (+4-5S) ∆undeca(+4-5S) 

∆UA-GalNAc-[UA-GalNAc]5 (+4-6S) ∆dodeca(+4-6S) 

∆UA-[GalNAc-UA]6 (+5-6S) ∆trideca(+5-6S) 

∆UA-GalNAc-[UA-GalNAc]6 (+5-7S) ∆tetradeca(+5-7S) 
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Figure 4.2 Relative levels of endo-β-N-acetylhexosaminidase products following 

endohydrolysis of oligosaccharide substrates 

Oligosaccharide s ubstrates w ere i ndividually i ncubated w ith C HO-K1 hom ogenate ( 25 

mg/mL protein equivalents) in 100 mM sodium formate, pH 3.5, for 24 hr, and relative levels 

of the even products derived from the non-reducing end of the substrate were then measured 

by E SI-MS/MS. P anel A s hows t he r elative l evels of  t he p roducts, ∆di(+S) (bl ack bar), 

∆tetra(+2S) (w hite ba r), ∆hexa(+2S) (red ba r), ∆hexa(+3S) ( blue ba r), ∆octa(+3S) ( yellow 

bar) a nd ∆octa(+4S) (pink ba r) following endohydrolysis of  t etra- to tetradecasaccharide 

substrates from  C S-A. Panel B  s hows t he r elative l evels of  t hese p roducts f ollowing 

endohydrolysis of dodecasaccharide substrate from CS-A (black bar) and DS (white bar). 
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Based on t hese f indings, the sensitivities of  the N-acetylhexosaminic l inkages of  the 

oligosaccharide s ubstrates t o e ndo-β-N-acetylhexosaminidase cleavage w ere es tablished 

(Table 4.2). Whereas the activity cleaved CS-A ∆hexa(+3S) at the ultimate non-reducing end 

N-acetylhexosaminic bo nd e xclusively, t he l arger C S-A s ubstrates w ere also cleaved at t he 

penultimate, a nd C S-A ∆dodeca(+6S) a nd ∆tetradeca(+7S) w ere fur ther d egraded at t he 

antepenultimate a nd pr eantepenultimate l inkages. M inor c leavage of  D S ∆dodeca(+6S) 

occurred at e ach of th e ul timate, penultimate a nd antepenultimate N-acetylhexosaminic 

linkages from the non-reducing end. 

 

4.2.3 Endohexuronidase activity towards oligosaccharide substrates 

To de monstrate endohexuronidase cleavage of  the s elected ol igosaccharides, the he xa- to 

tetradecasaccharides f rom t he c hondroitinase ABC di gests of  C S-A and DS ( prepared as  

described in section 2.2.4) were individually incubated with CHO-K1 homogenate (source of 

endoglycosidase activity) (section 2.2.6), and relative levels of the odd d i- to octasaccharide 

products generated from the non-reducing end of the substrate were then determined by ESI-

MS/MS ( section 2.2.12.2) . T he us e of C S-A ∆tetra(+2S) as a  s ubstrate f or t he 

endohexuronidase a ctivity was pr evented b y high l evels of  ∆tri(+S) imp urities in the CS-A 

∆tetra(+2S) substrate preparation. These impurities resulted f rom co-elution of  ∆tri(+S) and 

∆tetra(+2S) f rom the  B io-Gel P 6 c olumn ( Figures 3.2B  a nd 3.4E ; T able 3.2) . F igure 4.3A  

illustrates that when the GlcA-rich CS-A ∆hexa(+3S) was used as substrate, no digestion was 

observed, and t hat w hilst bot h C S-A ∆octa(+4S) and ∆deca(+5S) g enerated exclusively 

∆tri(+S), seven-fold more was de tected from the  la tter. Further increasing the  length of the  

substrate had no e ffect upon the level of ∆tri(+S). However, it did result in the generation of 

∆penta(+2S) a nd ∆hepta(+3S) pr oducts. T he q uantities of  ∆penta(+2S) a nd ∆hepta(+3S) 

products i ncreased marginally as  s ubstrate l ength was i ncreased by a  d isaccharide ( CS-A 
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∆dodeca(+6S) to ∆tetradeca(+7S)). The IdoA-rich DS ∆dodeca(+6S) produced ∆tri(+S) and  

∆penta(+2S) in amounts equivalent to 6% and 19%, respectively, of those generated from CS-

A ∆dodeca(+6S) (Figure 4.3B). 

Table 4.2 indicates the uronidic linkages in the oligosaccharides that were degraded by 

the endohexuronidase activity. While CS-A ∆octa(+4S) and ∆deca(+5S) were digested only at 

the penultimate non-reducing end uronidic bond, the larger CS-A substrates were additionally 

cleaved at t he antepenultimate and preantepenultimate l inkages. Some degradation of D S 

∆dodeca(+6S) oc curred a t t he pe nultimate a nd a ntepenultimate non -reducing ur onidic 

linkages. 

 

4.2.4 Optimisation of assay conditions 

To de termine the opt imum assay pa rameters for measurement of  endoglycosidase products,  

oligosaccharide substrates (prepared as described in section 2.2.4) were incubated with CHO-

K1 hom ogenate und er a r ange of  conditions a nd r elative l evels of  the non -reducing end  

products w ere de termined b y ESI-MS/MS ( section 2.2.12.2) . T he pa rameters evaluated 

included s ample a nd s ubstrate c oncentration, pH  a nd buf fer c onditions, a nd t he e ffects of  

NaCl, di valent c ations, de tergent a nd p rotease i nhibitors. T he CS-A s ubstrates la rger tha t 

∆octa(+4S) w ere s elected for t hese ex periments, since t hese w ere of  s ufficient l ength for 

maximum g eneration of  t he m ajor e ndo-β-N-acetylhexosaminidase and e ndohexuronidase 

products, i.e. ∆tetra(+2S) and ∆tri(+S), respectively (Figures 4.2A and 4.3A).  

Figures 4.4 and 4.5 s how t hat generation of  ∆tetra(+2S) and  ∆tri(+S) p roducts w as 

proportional to sample concentration up t o 25 m g/mL p rotein, and proportional to substrate 

concentration up to 500 µM, and hence all subsequent assays were performed with a substrate 

concentration of  500 µM. B oth pr oducts w ere ge nerated onl y w ithin a na rrow a cidic pH  

range,  with maximum product generation occurring  at around pH 3.5 and none above pH 4.0  



Chapter Four: Development of endoglycosidase product assay 

 -89- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Relative levels of endohexuronidase products following endohydrolysis of 

oligosaccharide substrates 

Oligosaccharide s ubstrates w ere i ndividually i ncubated w ith C HO-K1 hom ogenate ( 25 

mg/mL protein equivalents) in 100 mM sodium formate, pH 3.5, for 24 hr, and relative levels 

of the odd products derived from the non-reducing end of the substrate were then measured by 

ESI-MS/MS. P anel A  s hows t he r elative l evels of  t he pr oducts, ∆tri(+S) (bl ack bar), 

∆penta(+2S) ( white ba r) a nd ∆hepta(+3S) ( red ba r) f ollowing e ndohydrolysis of  he xa- to 

tetradecasaccharide substrates from CS-A. Panel B shows the relative levels of these products 

following endohydrolysis of dodecasaccharide substrate from CS-A (black bar) and DS (white 

bar). 
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Table 4.2 Sensitivities of oligosaccharides to endo-β-N-acetylhexosaminidase and endohexuronidase activities 

 

 

 

 

 

 

 

 

a∆UA, unsaturated uronic acid; UA, uronic acid; GalNAc, N-acetylgalactosamine; S, sulphate 
 
bnot monitored 
 
cendo-β-N-acetylhexosaminidase cleavage site 
 
dendohexuronidase cleavage site 
 
 

Oligosaccharide Structurea 
CS-A ∆tetra(+2S) ∆UAb-GalNAc-UA-GalNAc 

CS-A ∆hexa(+3S) ∆UAb-GalNAcc-UA-GalNAc-UA-GalNAc 

CS-A ∆octa(+4S) ∆UAb-GalNAcc-UAd-GalNAcc-UA-GalNAc-UA-GalNAc 

CS-A ∆deca(+5S) ∆UAb-GalNAcc-UAd-GalNAcc-UA-GalNAc-UA-GalNAc-UAb-GalNAc 

CS-A ∆dodeca(+6S) ∆UAb-GalNAcc-UAd-GalNAcc-UAd-GalNAcc-UAd-GalNAcc-UAb-GalNAcb-UAb-GalNAc 

CS-A ∆tetradeca(+7S) ∆UAb-GalNAcc-UAd-GalNAcc-UAd-GalNAcc-UAd-GalNAcc-UAb-GalNAcb-UAb-GalNAcb-UAb-GalNAc 

DS ∆dodeca(+6S) ∆UAb-GalNAcc-UAd-GalNAcc-UAd-GalNAcc-UA-GalNAc-UAb-GalNAcb-UAb-GalNAc 
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(Figure 4.6). Product generation was maximum when substrate was incubated in the presence 

of sodium formate, compared to sodium acetate and 3,3-dimethylglutaric acid (DMG) buffers 

(Table 4.3). Increasing the ionic strength of the sodium formate and DMG buffers from 50 to 

100 mM increased the generation of  these products, however their levels were considerably 

reduced when the strength of the sodium acetate buffer was correspondingly increased (Table 

4.3). The addition of protease inhibitors to the incubation mixture almost tripled and doubled 

the ge neration of  t he ∆tetra(+2S) and  ∆tri(+S) p roducts, r espectively, c ompared t o c ontrol 

experiments pe rformed in their abs ence, w hereas t he p resence o f N aCl ha d a s lightly 

inhibitory effect upon the generation of these products, which was augmented by the inclusion 

of detergent (Table 4.4). 

Figure 4.7 s hows that MnCl2 had no e ffect upon pr oduct generation when present at 

concentrations of 100 µM or 1 mM, but at 10 mM increased the generation of ∆tetra(+2S) and 

∆tri(+S) products t o l evels 73% and 37%  higher, r espectively, t han those generated f rom a  

control di gest pe rformed i n t he a bsence of  c ation ( panel A ). M gCl2 had little ef fect upon  

product ge neration a t e ach of  t he t hree c oncentrations t ested ( panel B ). C oCl2 slightly 

inhibited the generation of ∆tri(+S) product when present at a concentration of 100 µM, but at 

1 m M i ncreased t he pr oduction of  ∆tetra(+2S) a nd ∆tri(+S) t o l evels 27%  a nd 18%  hi gher 

than t he c ontrol, r espectively ( panel C ). A n a dditional i ncrease i n t he g eneration of  

∆tetra(+2S) t o a  l evel 47%  a bove t he c ontrol o ccurred a s t he c oncentration of  C oCl2 was 

further i ncreased t o 10 m M, but  no c orresponding i ncrease i n t he l evel of  ∆tri(+S) w as 

observed. CaCl2 increased the generation of ∆tetra(+2S) and ∆tri(+S) by ~60% and ~35-60% 

relative to the control, respectively, when included at concentrations of 100 µM and 1 mM, 

however, product generation decreased back to control levels as the CaCl2 concentration was 

further increased to 10 mM (panel D). 
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Figure 4.4 Effect of sample concentration on relative product levels following 

endohydrolysis of CS-A 

Tetradecasaccharide substrate from CS-A was incubated with CHO-K1 homogenate (0.20-25 

mg/mL protein equivalents) in 100 mM sodium formate, pH 3.5, for 24 hr, and relative levels 

of t he pr oducts de rived f rom the non -reducing e nd of  t he s ubstrate w ere t hen m easured b y 

ESI-MS/MS. Relative levels of the products, ∆tetra(+2S) (open squares) and ∆tri(+S) (filled 

triangles) are shown. 

R2 = 0.948

R2 = 0.951

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0 5 10 15 20 25

Protein (mg/mL)

R
el

at
iv

e 
pr

od
uc

t l
ev

el



Chapter Four: Development of endoglycosidase product assay 

 -93- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Effect of substrate concentration on relative product levels following 

endohydrolysis of CS-A 

Dodecasaccharide s ubstrate f rom C S-A (5 -50 nm ol) w as i ncubated with CHO-K1 

homogenate (25 mg/mL protein equivalents) in 100 mM sodium formate, pH 3.5, f or 24 hr , 

and relative levels of  the products derived f rom the non-reducing end o f the substrate were 

then measured b y E SI-MS/MS. R elative l evels of  t he pr oducts, ∆tetra(+2S) ( open s quares) 

and ∆tri(+S) (filled triangles) are shown. 
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Figure 4.6 Effect of pH on relative product levels following endohydrolysis of CS-A  

Dodecasaccharide substrate from CS-A was incubated with CHO-K1 homogenate (25 mg/mL 

protein equivalents) in 100 mM DMG buffer, pH 2.5-7.5, for 24 hr , and relative levels of the 

even (panel A) and odd (panel B) products derived from the non-reducing end of the substrate 

were then measured by ESI-MS/MS. Relative levels of the products, ∆di(+S) (white squares), 

∆tetra(+2S) ( black squares), ∆hexa(+2S) ( red s quares), ∆hexa(+3S) ( blue s quares), 

∆octa(+3S) ( green triangles), ∆octa(+4S) ( black di amonds), ∆tri(+S) (ope n circles), 

∆penta(+2S) (black circles) and ∆hepta(+3S) (open diamonds) are shown. 
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Table 4.3 Comparison of relative product levels following endohydrolysis of CS-A 

∆deca(+5S) substrate in sodium formate, sodium acetate and DMG buffers 

 

  ∆tri(+S)  
 HCOONa

 

DMG CH3COONa 
50 mM 57 39 13 
100 mM 100 54 5 

    
  ∆tetra(+2S)  
 HCOONa DMG CH3COONa 

50 mM 65 37 13 
100 mM 100 62 5 

 

Relative product levels are expressed as a p ercentage of product generated in 100 mM sodium formate buffer. 

Buffers were at pH 3.5. 

 

 

 

 

Table 4.4 Comparison of relative product levels following endohydrolysis of CS-A 

∆dodeca(+6S) substrate in the presence of NaCl, Triton X-100 and protease inhibitors 

 

 NaCl 

(0.15 M) 

NaCl (0.15 M)  

+ Triton (0.1% (v/v)) 

Protease 

Inhibitorsa 
∆tri (+S) 81 52 179 

∆tetra(+2S) 92 77 284 

 
Incubations were pe rformed i n 100 m M s odium formate, pH 3 .5. R elative p roduct l evels ar e ex pressed as  a  

percentage of product generated in this buffer alone. 
 

aone tablet Complete Mini protease inhibitor cocktail/10 mL and 1 µM pepstatin 
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Figure 4.7 Effect of divalent metal cations on relative product levels following 

endohydrolysis of CS-A  

Oligosaccharide substrates from CS-A were incubated with CHO-K1 homogenate (25 mg/mL 

protein equivalents) in 100 m M sodium formate containing metal cations, pH 3.5, f or 24 hr , 

and relative l evels of  the products derived f rom the non-reducing end o f the substrate were 

then measured by E SI-MS/MS. Panels A  a nd B  s how t he r elative l evels of  t he pr oducts, 

∆tetra(+2S) ( open s quares) a nd ∆tri(+S) ( filled triangles) f ollowing endohydrolysis of  

dodecasaccharide s ubstrate i n t he pr esence of  0.1, 1 and 10 m M MnCl2 and M gCl2, 

respectively. P anels C  a nd D  s how t he r elative l evels of  t hese products f ollowing 

endohydrolysis of decasaccharide substrate in the presence of 0.1, 1 a nd 10 m M CoCl2 and 

CaCl2, respectively. Relative pr oduct l evels ar e ex pressed as a pe rcentage of  pr oduct 

generated in 100 mM sodium formate, pH 3.5. 
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4.2.5 Attempted inhibition of endo-β-N-acetylhexosaminidase activity 

To e nable t he m easurement of  e ndohexuronidase a ctivity i ndependently of  e ndo-β-N-

acetylhexosaminidase act ivity, an attempt w as m ade t o inhibit t he endo -β-N-

acetylhexosaminidase activity in the CHO-K1 homogenates by competitive inhibition, using 

the reported hyaluronidase inhibitor, apigenin, and small oligosaccharides. Figure 4.8 s hows 

that bot h endoglycosidase activities w ere un affected by the p resence o f api genin at  

concentrations of up to 100 µg/mL, however, slight inhibition of the activities was observed at 

concentrations of 250 and 500 µg/mL, as evidenced by a ~30-40% reduction in the generation 

of both ∆tetra(+2S) and ∆tri(+S) products compared to control experiments performed in the 

absence o f t he i nhibitor. F urther i ncreasing t he a pigenin c oncentration f rom 500 t o 1000  

µg/mL resulted in restoration of the endoglycosidase activities to control levels (Figure 4.8). 

In contrast, the presence of an excess (1 mM) of the CS-A tetrasaccharide (CS-A ∆tetra(+2S)) 

completely a bolished the generation of ∆tetra(+2S) and ∆tri(+S) p roducts, i ndicating t hat 

complete inhibition of both endo-β-N-acetylhexosaminidase and endohexuronidase act ivities 

had occurred (data not shown). 

 

4.3 DISCUSSION 

An ESI-MS/MS as say was de veloped to measure endo glycosidase activities and determine 

their s ubstrate s pecificities b y quantifying s pecific ol igosaccharide pr oducts. The 

oligosaccharides pr epared f rom t he c hondroitinase A BC di gests of  C S-A and DS were 

selected for use as assay substrates, since: 1) these oligosaccharides are representative of the 

putative physiological substrates derived from the GlcA-rich and IdoA-rich domains of  DS, 

respectively; 2)  t he complete r esistance o f the non -reducing ∆UA r esidue of  t hese 

oligosaccharides to digestion by bovine liver β-glucuronidase (Figure 4.1) suggested that they 

were not  substrates for lysosomal exoenzymes; 3) the presence of this residue further enabled  
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Figure 4.8 Effect of apigenin on relative product levels following endohydrolysis of CS-A 

Decasaccharide substrate f rom C S-A was i ncubated with CHO-K1 homogenate (25 m g/mL 

protein equivalents) in 100 mM sodium formate containing apigenin (prepared in DMSO and 

added to the buffer so that the final concentration of the solvent did not exceed 0.1%), pH 3.5, 

for 24 hr , a nd r elative l evels of  t he pr oducts derived f rom t he non -reducing e nd of  t he 

substrate w ere t hen measured by E SI-MS/MS. R elative l evels of  t he pr oducts, ∆tetra(+2S) 

(open squares) and ∆tri(+S) (filled triangles) are shown following endohydrolysis of substrate 

in the presence of 25-100 µg/mL (panel A) or 250-1000 µg/mL (panel B) apigenin. Relative 

product l evels ar e ex pressed as a pe rcentage of pr oduct g enerated i n 100 m M s odium 

formate/0.1% (v/v) DMSO, pH 3.5. 
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the selective moni toring by ESI-MS/MS of  even (endo-β-N-acetylhexosaminidase) and  odd  

(endohexuronidase) non-reducing products, which di ffered in mass f rom their reducing s ide 

counterparts by 18 amu (i.e. one H2O molecule); and 4) both endo-β-N-acetylhexosaminidase 

and e ndohexuronidase a ctivities w ere de tected t owards t hese s ubstrates (Figures 2 and 3) . 

Analysis of  t he s pecific pr oducts of  t he C HO-K1 e ndoglycosidase a ctivities t owards t he 

oligosaccharide substrates enabled several novel aspects of the substrate specificities, catalytic 

mechanisms a nd f unctional pr operties of  t he D S-degrading e ndoglycosidases t o be  

determined. 

 

4.3.1 Substrate specificity of endo-β-N-acetylhexosaminidase activity 

The endo-β-N-acetylhexosaminidase activity showed a marked preference for oligosaccharide 

substrates r ich in GlcA, compared to IdoA, as evidenced by the relative resistance of IdoA-

rich D S ol igosaccharide t o di gestion ( Figure 4.2 B). T his m ost l ikely r eflects s pecificity for  

GalNAc-GlcA rather t han GalNAc-IdoA glycosidic linka ges, with the s mall a mounts of  

products obs erved a fter i ncubation w ith t he DS ol igosaccharide r eflecting t he s pecific 

cleavage of  the approximately one in ten GalNAc-UA linkages of porcine intestinal mucosa 

DS that contain GlcA (Sudo et al. 2001). However, as the structures of the products derived 

from the reducing side of the endo-β-N-acetylhexosaminidase cleavage sites are not apparent 

from t hese da ta, t he no n-reducing pr oducts obs erved f rom t he D S ol igosaccharide could 

conceivably also result from, for example, a slow cleavage of the GalNAc-IdoA linkages, or 

from cl eavage at  s pecific, i nfrequent s ubsets of  such l inkages. In a ny c ase, t hese f indings 

indicate t hat e ndohydrolysis of  pol ysaccharide DS oc curs pr edominantly in t he GlcA-rich 

domains, where the GalNAc-GlcA linkages are concentrated. 

The ultimate reducing end N-acetylhexosaminic linkage of each CS-A oligosaccharide 

was resistant to cleavage by the endo-β-N-acetylhexosaminidase activity (Table 4.2) , which 

implies an absolute requirement for a minimum of two disaccharides on the reducing side of 



Chapter Four: Development of endoglycosidase product assay 

 -100- 

the target GalNAc, and the minimum-sized substrate requirement was thus a he xasaccharide 

(Figure 4.2A). Maximum generation of a specific product required at least three disaccharides 

on t he r educing s ide of  t he t arget G alNAc. F or e xample, a lthough s ome ∆di(+S) pr oduct 

could be l iberated from CS-A ∆hexa(+3S) substrate by endohydrolysis of  the first GalNAc-

UA l inkage from t he non -reducing end a ccording t o t he t wo-disaccharide mini mum 

requirement, p roduction of  ∆di(+S) r eached a maximum w hen at l east t hree di saccharides 

were present to the reducing side of this linkage, i .e. in the ∆octa(+4S) and larger substrates 

(Figure 4.2A). 

As de uterated internal s tandards w ere not  ava ilable f or each of t he ol igosaccharide 

species under investigation, the levels of the oligosaccharide products were calculated relative 

to a di saccharide i nternal s tandard, ∆UA-GlcNAc(6S)(d3). Direct c omparison be tween t he 

relative levels o f di fferent ol igosaccharides i s complicated by their va rying response factors 

when de termined b y ESI-MS/MS (Rozaklis et al. 2002). Analysis of  t he C S-A 

oligosaccharide s ubstrates s howed t hat e ach di saccharide a ddition t o an ol igosaccharide 

resulted i n a  s uccessive de crease i n r esponse of  a pproximately 50%  ( data not  s hown). 

Therefore, to allow a more accurate comparison between product levels, the relative levels of 

the products larger than ∆di(+S) were successively doubled for each disaccharide equivalent 

increase i n chain length. After t his c orrection f or a pproximate r esponse factors, t he m ajor 

endo-β-N-acetylhexosaminidase product f rom C S-A ∆hexa(+3S) and ∆octa(+4S) s ubstrates 

was ∆di(+S), and f rom t he C S-A s ubstrates l arger t han ∆octa(+4S), the major pr oduct w as 

∆tetra(+2S) ( Figure 4.9 A). T his i ndicates t hat not withstanding r estrictions i mposed b y t he 

length o f t he s ubstrate, a s di scussed above, t he endo-β-N-acetylhexosaminidase activity 

preferentially cleaves the second N-acetylhexosaminic linkage from the non-reducing end of 

oligosaccharide s ubstrates r ather t han ot her N-acetylhexosaminic bonds  t o liberate 

tetrasaccharides as the main reaction products.  



Chapter Four: Development of endoglycosidase product assay 

 -101- 

The endo-β-N-acetylhexosaminidase activity towards GalNAc-UA linkages described 

here is consistent with the reported ability of the Hyal-1 hyaluronidase enzyme to cleave the 

GalNAc-GlcA l inkages of  C S ( Stern 2003) . A lthough t he m inimum-sized hyaluronan 

substrate r equirement of r ecombinant human H yal-1 was r ecently r eported as an 

octasaccharide (Hofinger et al. 2007a), this may simply reflect substrate-specific size minima. 

These da ta i ndicate t hat H yal-1 preferentially hydrolyses t etrasaccharides f rom t he non -

reducing end of  oligosaccharide substrates, similar to a mechanism previously described for 

the PH20 hyaluronidase from bovine testes (i.e. BTH) (Takagaki et al. 1994). 

 

4.3.2 Substrate specificity of endohexuronidase activity 

Likewise, the endohexuronidase activity preferentially cleaved oligosaccharide substrates rich 

in GlcA, compared to IdoA (Figure 4.3B), indicating that activity towards DS polysaccharide 

would be directed principally to the GlcA-rich domains. This suggests specificity for GlcA-

GalNAc r ather t han IdoA-GalNAc g lycosidic l inkages, but  a s t he r educing r esidue of  t he 

oligosaccharide products measured could not be distinguished by ESI-MS/MS, this cannot be 

stated absolutely.  No less than five monosaccharides was required on the reducing side of the 

target UA for endohydrolysis of CS-A substrate (Table 4.2), and the minimum-sized substrate 

requirement w as t hus a n oc tasaccharide ( Figure 4.3A ). A lthough unl ikely, t he 

endohexuronidase activity could conceivably h ave cl eaved the f irst glycosidic l inkage f rom 

the non-reducing end of  the substrates to l iberate the monosaccharide, ∆UA, which was not  

monitored i n t hese e xperiments a s m onosaccharides w ould not  bi nd t o t he s olid pha se 

extraction columns used to extract GAGs from the digestion mixtures. Maximum generation 

of a  s pecific p roduct required a t l east s even m onosaccharides on the r educing s ide o f t he 

target U A ( Figure 4.3 A). C orrection of  t he endohexuronidase pr oduct l evels f or t heir 

approximate r esponse f actors, a s de scribed a bove, i ndicated t hat di gestion of  C S-A 

∆octa(+4S) and ∆deca(+5S) generated only ∆tri(+S). Subsequent additions to the length of the 
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substrate r esulted i n i ncreased pr oduction of  ∆penta(+2S) a nd ∆hepta(+3S) a lso, s uch t hat 

∆tri(+S), ∆penta(+2S) a nd ∆hepta(+3S) p roducts w ere de tected i n e qual a mounts f rom 

∆tetradeca(+7S) s ubstrate ( Figure 4.9 B). H owever, the combined l evels of t he pr oducts of  

endohexuronidase di gestion of  CS-A ∆tetradeca(+7S) r epresented onl y ~15% of  t hat of  t he 

∆tetra(+2S) pr oduced b y endo-β-N-acetylhexosaminidase ( compare F igures 4.9A  and B). 

Therefore, t he e ndohexuronidase a ctivity a ppears a r elatively minor  activity tha t r andomly 

cleaves UA-GalNAc linkages when unrestricted by substrate length. The substrate specificity 

of the endohexuronidase activity described here is consistent with the CS-degrading endo-β-

glucuronidase enzyme described by Takagaki et al. (1988b). 

 

4.3.3 Properties of endoglycosidase activities 

The pH  pr ofiles of  t he e ndo-β-N-acetylhexosaminidase and e ndohexuronidase a ctivities 

(Figure 4.6)  c losely r esembled those previously reported for H yal-1 (Hofinger et al. 2007b, 

Muckenschnabel et al. 1998, Orkin and Toole 1980) and endo-β-glucuronidase (Takagaki et 

al. 1988b) and suggested an acidic milieu (i.e. lysosome or late endosome) for both activities. 

Inhibition of H yal-1 b y sodium acet ate and  N aCl (Tables 4.3 and 4.4) h as pr eviously been 

reported (Gold 1982, Afify et al. 1993, Orkin and Toole 1980) and may result from an affinity 

of the acetate and chloride ions for the active site of the enzyme, or possibly from a “salting 

out” of substrate-protein complexes that may have formed in the CHO-K1 homogenates and 

caused the CS-A oligosaccharide to be a more suitable substrate for Hyal-1 degradation. The 

results of  t he pr esent s tudy i ndicate t hat t he endo-β-glucuronidase enzyme is  s imilarly 

affected by t hese anions, and that bot h enzymes ar e also repressed by the p resence of  

detergent (Table 4.4). Therefore, the common practice of including detergent and/or NaCl in 

enzyme digestion buffers should be avoided for these endoglycosidases. 

As the optimum assay condition for both the endo-β-N-acetylhexosaminidase and the 

endohexuronidase  activities was 100 mM sodium formate, pH 3.5 (Figure 4.6 and Table 4.3), 
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Figure 4.9 Relative levels of endo-β-N-acetylhexosaminidase and endohexuronidase 

products following endohydrolysis of oligosaccharide substrates, corrected for 

approximate ESI-MS/MS response factors 

Tetra- to tetradecasaccharide substrates f rom C S-A were i ndividually i ncubated with CHO-

K1 homogenate (25 mg/mL protein equivalents) in 100 m M sodium formate, pH 3.5, f or 24 

hr. Relative l evels o f t he eve n (endo-β-N-acetylhexosaminidase) ( panel A ) and odd 

(endohexuronidase) ( panel B ) pr oducts de rived f rom t he non -reducing e nd of  t he s ubstrate 

were t hen measured by ESI-MS/MS a nd c orrected f or t heir a pproximate r esponse f actors. 

Corrected relative l evels of  t he pr oducts, ∆di(+S) ( black bar), ∆tetra(+2S) ( white ba r), 

∆hexa(+2S) (red bar), ∆hexa(+3S) (blue bar), ∆octa(+3S) (yellow bar), ∆octa(+4S) (pink bar), 

∆tri(+S) (orange bar), ∆penta(+2S) (blue bar) and ∆hepta(+3S) (green bar) are shown. 
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B
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and a s t heir r esponses t o the pr esence of  N aCl, de tergent, pr otease i nhibitors a nd di valent 

cations were similar (Table 4.4 and Figure 4.7), the analysis of these activities in biological 

samples may be complicated by the fact that each activity is analysed in the presence of the 

other, unde r conditions w here bot h a re a ctive. H ence, t he pr oducts of ol igosaccharide 

digestion c ould c onceivably result f rom t he concerted a ction o f bot h a ctivities, r ather t han 

necessarily one activity in isolation. To address this, an attempt was made to inhibit the endo-

β-N-acetylhexosaminidase activity in CHO-K1 h omogenate b y c ompetitive i nhibition us ing 

the plant flavonoid, apigenin, and with an excess of small oligosaccharide. Apigenin has been 

shown to almost completely inhibit the sperm PH20-type hyaluronidase (BTH) (Hunnicutt et 

al. 1996) and an acid-active hyaluronidase secreted by human tumour cel l l ines (Podyma et 

al. 1997), but  i n t his c ase onl y slightly r educed C HO-K1 e ndo-β-N-acetylhexosaminidase 

activity across t he r ange of  c oncentrations t ested, a nd m oreover r educed t he 

endohexuronidase a ctivity s imilarly ( Figure 4.8). Likewise, t he i nclusion of  C S-A 

tetrasaccharide (previously shown to inhibit PH20 in vitro) (Tatemoto et al. 2005) in the assay 

mixture abolished both activities (data not shown), and hence it was not possible to selectively 

inhibit the CHO-K1 endo-β-N-acetylhexosaminidase activity. 

The a ssay de veloped i n t his c hapter, ut ilising E SI-MS/MS f or the  de termination of  

specific endoglycosidase pr oduct ol igosaccharides, pr ovides a c onvenient t ool t o m easure 

these activities and determine their substrate specificities. In the following section, the assay 

is a pplied t o s tudy endo-β-N-acetylhexosaminidase and e ndohexuronidase activities in the 

DS-storing MPSs, which are h ypothesised to be altered as  a consequence of  the excess DS 

that accumulates.  
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5.1 INTRODUCTION 

Low-molecular-weight DS oligosaccharide fragments have been shown to accumulate in 

cultured skin fibroblasts from MPS I patients, as a consequence of the deficiency in α-L-

iduronidase (Fuller et al. 2004a). These stored DS fragments are presumably the products of 

endoglycosidase activities, followed by exoenzyme activities that terminate at the first IdoA 

residue. DS-derived di- and trisaccharides containing IdoA at the non-reducing end and 

GalNAc or UA at the reducing terminus were identified, confirming the presence of endo-β-

N-acetylhexosaminidase and endohexuronidase activities towards the GalNAc-UA and UA-

GalNAc linkages of DS, respectively, in these cells. Both the di- and trisaccharide contained a 

single sulphate, positioned on the GalNAc residue, which indicated that the fibroblast 

endoglycosidase activities have specificity for the poorly sulphated, GlcA-rich domains of DS 

(Fuller et al. 2004a). These specificities are consistent with the Hyal-1- and endo-β-

glucuronidase-like enzyme activities described in section 1.5.1 and in the previous chapter.  

In this section, an attempt was made to compare Hyal-1- and endo-β-glucuronidase-

like activities and substrate specificities in normal skin fibroblasts and in fibroblasts from 

MPS patients where DS is known to accumulate, using the ESI-MS/MS assay developed in 

the previous chapter. Skin fibroblasts from two of the DS-storing MPSs (section 1.6) were 

selected for this study: MPS I, where cells have already been shown to accumulate the 

products of putative Hyal-1 and endo-β-glucuronidase activities towards DS (Fuller et al. 

2004a); and MPS VI, where a deficiency in the exosulphatase, N-acetylgalactosamine-4-

sulphatase, results in storage of DS without the concurrent accumulation of heparan sulphate 

that occurs in MPS I (Neufeld and Muenzer 2001). It was hypothesised that the excess DS 

that accumulates in MPS I and VI fibroblasts as a consequence of the exoenzyme deficiency 

provides a positive feedback signal to the cell to up-regulate the synthesis and/or activities of 

Hyal-1 and endo-β-glucuronidase, to assist in the degradation of the excess DS. Previous 

reports have shown that Hyal-1 expression in cultured human skin fibroblasts is confluence-
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dependent, with the highest levels of activity occurring in quiescent, post-confluent cells 

(Stair-Nawy et al. 1999), and hence the Hyal-1- and endo-β-glucuronidase-like activities were 

assessed in both rapidly-dividing (80% confluent) and 3 weeks post-confluent MPS and 

control fibroblasts for this study. Furthermore, as Hyal-1 activity in cultured human skin 

fibroblasts is so low as to be undetectable using some methodologies (Stair-Nawy et al. 1999) 

(such that at one point it was concluded that no such activity existed (Arbogast et al. 1975, 

Klein and von Figura 1980)), the endoglycosidases were also assessed in a range of mouse 

tissues (including whole skin) to confirm the ability of the ESI-MS/MS assay to detect and 

measure these activities. 

 

5.2 RESULTS  

5.2.1 Endoglycosidase activity in skin fibroblasts 

To measure endoglycosidase activity towards oligosaccharide substrates in MPS skin 

fibroblasts, octa- to hexadecasaccharide substrates from CS-A (prepared as described in 

section 2.2.4) were individually incubated with MPS I, MPS VI and unaffected control 

fibroblast homogenates (section 2.2.6), and relative levels of the di- to octasaccharide 

products generated from the non-reducing end of the substrate were then determined by ESI-

MS/MS (section 2.2.12.2). Since these substrates were demonstrated in the previous chapter 

to be successfully degraded by the Hyal-1- and endo-β-glucuronidase-like activities that are 

present in CHO-K1 cells, each substrate was also incubated with CHO-K1 homogenate 

serving as a positive control. Generation of the major Hyal-1- and endo-β-glucuronidase-like 

activity products (i.e. ∆tetra(+2S) and ∆tri(+S)1) was below the detection limit of the assay 

(defined as 10% of the product generation detected in the positive control) in each of the skin 

fibroblast homogenates, using CS-A ∆octa(+4S), ∆tetradeca(+7S) and ∆hexadeca(+8S) as 

substrates. The absence of endoglycosidase activity towards the substrates was independent of 

the state of confluence of the fibroblasts, with no detectable product generation occurring



Chapter Five: Endoglycosidase activities in the mucopolysaccharidoses 

  -108- 

from CS-A ∆tetradeca(+7S) substrate in homogenates from either rapidly-dividing cells 

harvested at 80% confluence or from cells harvested at confluence and at 3 weeks post-

confluence (data not shown). 

To exclude the possibility that the lack of detectable endoglycosidase activity in the 

skin fibroblast homogenates was due to endogenous inhibitors of the Hyal-1- and endo-β-

glucuronidase-like activities, CS-A ∆tetradeca(+7S) substrate was incubated with CHO-

K1/skin fibroblast homogenate mixtures that were prepared by spiking MPS I and control 

fibroblast homogenates into CHO-K1 homogenates, and with CHO-K1 and skin fibroblast 

homogenates alone. Figure 5.1 illustrates that incubation of CS-A ∆tetradeca(+7S) substrate 

with control fibroblast homogenate alone resulted in no detectable increase in the level of 

∆tetra(+2S) and ∆tri(+S) products above the substrate blank, and that incubation with MPS I 

fibroblast homogenate alone generated ∆tetra(+2S) and ∆tri(+S) to levels only 6% and 60%, 

respectively, of those generated following incubation with CHO-K1 homogenate alone. 

However, incubation of CS-A ∆tetradeca(+7S) substrate with control skin fibroblast/CHO-K1 

homogenate mixture and with MPS I skin fibroblast/CHO-K1 homogenate mixture generated 

∆tetra(+2S) and ∆tri(+S) to levels similar to those generated following incubation with CHO-

K1 homogenate alone. 

 

5.2.2 Endoglycosidase product oligosaccharides in skin fibroblasts 

Hyal-1- and endo-β-glucuronidase-like activities were not detected towards oligosaccharide 

substrates in MPS and control skin fibroblast homogenates, as described in section 5.2.1. To 

confirm the presence of these activities in skin fibroblasts, MPS I, MPS VI and unaffected 

control fibroblast homogenates were screened by ESI-MS/MS for the presence of a series of 

oligosaccharide structures terminating in both N-acetylhexosamine (HNAc) and UA, 

corresponding  to  the products of  Hyal-1- and  endo-β-glucuronidase-like  activities  towards 

endogenous  DS,  respectively  (section  2.2.12.2).  The  oligosaccharides measured  were  the 
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Figure 5.1 Relative product levels following endohydrolysis of CS-A in CHO-K1/skin 

fibroblast mixtures 

Tetradecasaccharide substrate from CS-A was incubated with 4 mg/mL protein equivalents 

each of unaffected control skin fibroblast (SF) homogenate, MPS I SF homogenate, CHO-K1 

homogenate, and a mixture (4 mg/mL protein equivalents each) of CHO-K1 and SF 

homogenates in 100 mM sodium formate containing protease inhibitors (one tablet Complete 

Mini protease inhibitor cocktail/10 mL and 1 µM pepstatin), pH 3.5, for 24 hr. Relative levels 

of the products derived from the non-reducing end of the substrate were then measured by 

ESI-MS/MS. Relative levels of the products, ∆tetra(+2S) (open bars) and ∆tri(+S) (filled bars) 

are shown. 
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monosaccharides, HNAc (+1-2S), which have been previously reported elevated in MPS VI 

urine (Ramsay et al. 2003); and the di-, tri-, tetra-, penta- and hexasaccharides, UA-HNAc 

(+S), UA-HNAc-UA (+S), [UA-HNAc]2 (+2S), UA-[HNAc-UA]2 (+2S) and [UA-HNAc]3 

(+2-3S), which have been reported elevated in MPS I urine and/or skin fibroblasts (Fuller et 

al. 2004a). As the elevations in the DS oligosaccharides reported by Fuller et al. in skin 

fibroblasts increased with time post-confluence, all cells were analysed when 3 weeks post-

confluent. 

Figure 5.2 shows that of the oligosaccharides measured, the control fibroblasts 

contained only the monosulphated monosaccharide, HNAc (+S), which was present at the 

modest relative level of 144. In contrast, the MPS I cells had varying amounts of all the 

oligosaccharides measured. The disaccharide, UA-HNAc (+S), and the trisaccharide, UA-

HNAc-UA (+S), were detected at the highest relative levels in the MPS I cells (514 and 856, 

respectively), followed by HNAc (+S) (relative level of 117), the trisulphated hexasaccharide, 

[UA-HNAc]3 (+3S) (relative level of 83), the tetrasaccharide, [UA-HNAc]2 (+2S) (relative 

level of 59), the disulphated monosaccharide, HNAc (+2S) (relative level of 47), the 

disulphated hexasaccharide, [UA-HNAc]3 (+2S) (relative level of 36), and the 

pentasaccharide, UA-[HNAc-UA]2 (+2S) (relative level of 29) (Figure 5.2). The MPS VI 

fibroblasts contained an abundance of HNAc (+S) (relative level of 4570, corresponding to a 

32- and 39-fold increase over the amount detected in the control and MPS I fibroblasts, 

respectively), and also a minor amount of HNAc (+2S) (relative level of 35), but no 

detectable amounts of the di- to hexasaccharides measured (Figure 5.2). 

 

5.2.3 Sub-cellular localisation of oligosaccharides in skin fibroblasts 

To determine the sub-cellular location of the endogenous DS oligosaccharides that were 

detected in the skin fibroblasts (section 5.2.2), Percoll density gradient fractionation was 

performed  on  MPS I,  MPS VI  and  unaffected  control  cells  (section 2.2.3).  Each gradient 
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Figure 5.2 Relative levels of oligosaccharides in skin fibroblasts 

Skin fibroblasts were harvested at 3 weeks post-confluence and analysed for oligosaccharides 

by ESI-MS/MS. Relative levels of HNAc (+S), HNAc (+2S), UA-HNAc (+S), UA-HNAc-

UA (+S), [UA-HNAc]2 (+2S), UA-[HNAc-UA]2 (+2S), [UA-HNAc]3 (+2S) and [UA-

HNAc]3 (+3S) per mg of cell protein in control (black bar), MPS I (white bar) and MPS VI 

(blue bar) fibroblasts are shown. 
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fraction was assayed for the organelle marker enzymes, β-hexosaminidase (found 

predominantly in the lysosomes) and acid phosphatase (found in both lysosomes and 

endosomes) (section 2.2.9), to confirm the location of these organelles, and then analysed for 

oligosaccharides by ESI-MS/MS (section 2.2.12.2). To assess the effect of state of confluence 

on the accumulation and distribution of the endoglycosidase product oligosaccharides, cells 

were analysed both when rapidly-dividing (80% confluent) and when 3 weeks post-confluent. 

Consistent with the absence of the measured di- to hexasaccharides in the control skin 

fibroblast homogenate (Figure 5.2), the density gradient fractions from both the rapidly-

dividing and post-confluent control skin fibroblasts contained no appreciable amounts of these 

oligosaccharides (data not shown). The monosulphated monosaccharide, HNAc (+S), which 

was present at low levels in the control skin fibroblast homogenate (Figure 5.2), was also not 

detected in the density gradient fractions prepared from these cells (data not shown). 

Figure 5.3 shows the sub-cellular distributions of the oligosaccharides that were 

detected in the density gradient fractions from the MPS I fibroblasts.  A small amount of the 

disulphated monosaccharide, HNAc (+2S), was present in the lysosomes (fractions 13 to 20) 

of the rapidly-dividing MPS I cells, with the highest relative level of 0.0029 occurring in 

fraction 18. This distribution did not change when the MPS I cells were left for 3 weeks post-

confluence. The monosulphated disaccharide, UA-HNAc (+S), was scattered unevenly at low 

relative levels (generally < 0.002) across the density gradient from the rapidly-dividing MPS I 

fibroblasts, however, a small amount of UA-HNAc (+S) localised to the lysosomes (fractions 

13 to 20) in the confluent MPS I skin fibroblast gradient, with the highest relative level 

(0.003) occurring in fraction 17. A substantial amount of the monosulphated trisaccharide, 

UA-HNAc-UA (+S), was clearly localised to the fractions containing the lysosomes in the 

gradients from the MPS I fibroblasts, both when rapidly-dividing and confluent. The quantity 

of UA-HNAc-UA (+S) in the lysosomal fractions of the MPS I cell gradients was dependent 

upon state of confluence, increasing from a relative level of 0.026 in fraction 17 of the 
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rapidly-dividing cells, to 0.11 in the corresponding fraction of the confluent cells. Likewise, 

the relative levels of the di- and trisulphated hexasaccharides, [UA-HNAc]3 (+2-3S), were 

confluence-dependent, as evidenced by a 3- and 2-fold increase in confluent cells, 

respectively. Of the two hexasaccharide species detected in the lysosomes of the MPS I cells 

(i.e. [UA-HNAc]3 (+2S) and [UA-HNAc]3 (+3S)), the trisulphated species was the more 

abundant, being 5-fold and 3-fold higher than the disulphated in cells rapidly-dividing and 

confluent, respectively. The monosulphated monosaccharide, HNAc (+S), the disulphated 

tetrasaccharide, [UA-HNAc]2 (+2S), and the disulphated pentasaccharide, UA-[HNAc-UA]2 

(+2S), which were all detected at low levels in the MPS I fibroblast homogenate (Figure 5.2), 

were either sporadically distributed in small quantities (relative levels < 0.001) across the 

gradients from the rapidly-dividing and confluent MPS I skin fibroblasts, or were not detected 

at all (data not shown). 

The distributions of the two monosaccharides found in the density gradient fractions 

from the MPS VI skin fibroblasts are shown in Figure 5.4. The monosulphated 

monosaccharide, HNAc (+S), was evenly dispersed at a low relative level (0.03-0.13) across 

the density gradient fractions from the rapidly-dividing MPS VI fibroblasts, with no apparent 

localisation with lysosomes or endosomes. However, the distribution profile of HNAc (+S) 

across the gradient from the confluent MPS VI cells shows a clear clustering of the 

monosaccharide into two peaks comprising the early gradient fractions (1 to 6) and the 

gradient fractions corresponding to the lysosomes (12 to 20), with the highest relative levels 

(~0.40) occurring in fractions 2 and 18, respectively. Similarly, storage of the disulphated 

monosaccharide, HNAc (+2S), was confluence-dependent in the MPS VI fibroblasts, as no 

specific localisation of the monosaccharide was observed in rapidly-dividing cells, whereas a 

clear, specific accumulation of HNAc (+2S) (relative level 0.002-0.006) occurred in the 

lysosomes of confluent cells. As expected from their absence from the MPS VI skin fibroblast 

homogenate  (Figure 5.2),  the  density  gradient fractions  prepared from the  rapidly-dividing
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Figure 5.3 Relative levels of oligosaccharides in MPS I skin fibroblast density gradient 

fractions 

Percoll density gradient fractionation was performed on MPS I skin fibroblasts. Each fraction 

was assayed for the organelle marker enzymes, β-hexosaminidase (open squares) and acid 

phosphatase (closed triangles) (y2-axis), and analysed for oligosaccharides by ESI-MS/MS 

(y1-axis). Relative levels of the monosaccharide, HNAc (+2S), the disaccharide, UA-HNAc 

(+S), the trisaccharide, UA-HNAc-UA (+S), and the hexasaccharides, [UA-HNAc]3 (+2-3S), 

in fractions from rapidly-dividing (80% confluent) and 3 weeks post-confluent MPS I 

fibroblasts are shown. 
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80% confluent                   3 weeks post-confluent 
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Figure 5.4 Relative levels of monosaccharides in MPS VI skin fibroblast density gradient 

fractions 

Percoll density gradient fractionation was performed on MPS VI skin fibroblasts. Each 

fraction was assayed for the organelle marker enzymes, β-hexosaminidase (open squares) and 

acid phosphatase (closed triangles) (y2-axis), and analysed for oligosaccharides by ESI-

MS/MS (y1-axis). Relative levels of the monosaccharides, HNAc (+1-2S), in fractions from 

rapidly-dividing (80% confluent) and 3 weeks post-confluent MPS VI fibroblasts are shown. 

0.00

0.10

0.20

0.30

0.40

0.50

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Fraction Number

R
el

at
iv

e 
Le

ve
l

0

2

4

6

8

10

12

14

16

18

nm
ol

/m
in

/m
L

0.00

0.10

0.20

0.30

0.40

0.50

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Fraction Number
R

el
at

iv
e 

Le
ve

l

0

20

40

60

80

100

120

140

nm
ol

/m
in

/m
L

HNAc (+S) HNAc (+S)

0.000

0.002

0.004

0.006

0.008

0.010

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Fraction Number

R
el

at
iv

e 
Le

ve
l

0

2

4

6

8

10

12

14

16

18

nm
ol

/m
in

/m
L

0.000

0.002

0.004

0.006

0.008

0.010

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Fraction Number

R
el

at
iv

e 
Le

ve
l

0

20

40

60

80

100

120

140

nm
ol

/m
in

/m
L

HNAc (+2S) HNAc (+2S)



Chapter Five: Endoglycosidase activities in the mucopolysaccharidoses 

  -117- 

and confluent MPS VI cells contained no appreciable amounts of the di- to hexasaccharides 

measured (data not shown). 

 

5.2.4 Endoglycosidase activity in fibroblast lysosomes 

Sub-cellular localisation of the endogenous DS oligosaccharides in skin fibroblasts indicated 

that the DS-degrading endoglycosidase activities are restricted to the lysosome (section 5.2.3). 

To assess whether endoglycosidase activities could be detected towards exogenous 

oligosaccharide substrates in concentrated lysosomal fractions, the lysosomal fractions from 

the MPS I, MPS VI and control skin fibroblast density gradients prepared in section 5.2.3 

were each pooled and concentrated (section 2.2.5). Each concentrated lysosomal preparation 

was incubated with dodecasaccharide substrate from CS-A (prepared as described in section 

2.2.4) as outlined in section 2.2.6, and relative levels of the di- to octasaccharide products 

generated from the non-reducing end of the substrate were determined by ESI-MS/MS 

(section 2.2.12.2). As a positive control, tetradecasaccharide substrate from CS-A was 

incubated with concentrated microsomal, endosomal and lysosomal fractions prepared by 

sub-cellular fractionation of CHO-K1 cells (sections 2.2.3 and 2.2.5). Generation of 

∆tetra(+2S) and ∆tri(+S) by the Hyal-1- and endo-β-glucuronidase-like activities was below 

the detection limit of the assay in the control, MPS I and MPS VI fibroblast lysosomal 

preparations, irrespective of whether the lysosomes were prepared from rapidly-dividing 

(80% confluent) or 3 weeks post-confluent fibroblasts (data not shown). In contrast, both 

activities were detected in the microsomal, endosomal and lysosomal preparations from CHO-

K1 cells, with product generation in the lysosomal preparation approximately 3- to 7-fold and 

2-fold higher than in the microsomal and endosomal preparations, respectively (Figure 5.5). 
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Figure 5.5 Relative product levels following endohydrolysis of CS-A in microsomal, 

endosomal and lysosomal preparations from CHO-K1 cells 

Percoll density gradient fractionation was performed on CHO-K1 cells, and each gradient 

fraction was assayed for the organelle marker enzymes, β-hexosaminidase and acid 

phosphatase. The fractions containing microsomes (1 to 4), endosomes (5 to 10) and 

lysosomes (13 to 20) were pooled and concentrated. Each combined organelle fraction was 

incubated with tetradecasaccharide substrate from CS-A for 24 hr, and relative levels of the 

products derived from the non-reducing end of the substrate were then measured by ESI-

MS/MS. Relative levels of the products, ∆tetra(+2S) (open bars) and ∆tri(+S) (filled bars) are 

shown. 
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5.2.5 Endoglycosidase activity in mouse tissues 

Hyal-1- and endo-β-glucuronidase-like activities were detected in ovary-derived CHO-K1 

cells but not skin fibroblasts, suggesting that expression of these activities may be cell- or 

tissue-specific and/or that the ESI-MS/MS assay may not be sufficiently sensitive to detect 

these activities in fibroblasts. To examine the tissue distribution of the endoglycosidase 

activities and demonstrate the ability of the ESI-MS/MS assay to detect Hyal-1- and endo-β-

glucuronidase-like activities in a range of different samples, dodecasaccharide substrate from 

CS-A (prepared as described in section 2.2.4) was incubated with homogenates of mouse 

skin, liver, kidney, ovary, brain and lung (section 2.2.6), and relative levels of the di- to 

octasaccharide products generated from the non-reducing end of the substrate were then 

determined by ESI-MS/MS (section 2.2.12.2). Figure 5.6 illustrates that Hyal-1- and endo-β-

glucuronidase-like activities were detected in each of the tissues evaluated, with the highest 

production of ∆tetra(+2S) and ∆tri(+S) occurring in the ovaries. Generation of both products 

in lung and skin was approximately 35% and 20-30% of that detected in ovary, respectively; 

and in liver, kidney and brain, was approximately 13%, 7% and 10% of that detected in ovary, 

respectively. 

 

5.3 DISCUSSION 

The present study was undertaken to determine the substrate specificities of the 

endoglycosidase activities that act upon DS in skin fibroblasts, and to test the hypothesis that 

these activities are up-regulated in the MPSs to degrade the excess DS that accumulates as a 

result of the exoenzyme deficiency. The absence of detectable endoglycosidase activity in the 

control and MPS skin fibroblast homogenates (section 5.2.1) was therefore unexpected. This 

most likely reflects non-recognition of the exogenous oligosaccharide substrates tested, rather 

than an absence of endoglycosidase activities in fibroblasts, since: 1) Hyal-1 activity, albeit at 

very  low  levels,  has  previously  been  detected  in  cultured  human  skin   fibroblasts  using 
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Figure 5.6 Relative product levels following endohydrolysis of CS-A in tissue 

homogenates 

Dodecasaccharide substrate from CS-A was incubated with tissue homogenates in 100 mM 

sodium formate containing protease inhibitors (one tablet Complete Mini protease inhibitor 

cocktail/10 mL and 1 µM pepstatin), pH 3.5, for 24 hr, and relative levels of the products 

derived from the non-reducing end of the substrate were then measured by ESI-MS/MS. 

Relative levels of the products, ∆tetra(+2S) (open bars) (y2-axis) and ∆tri(+S) (closed bars) 

(y1-axis) per mg of tissue protein are shown. 
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hyaluronan substrate gel zymography (Stair-Nawy et al. 1999); 2) the presence of an 

endogenous inhibitor of the endoglycosidase activities in skin fibroblasts was ruled out by the 

finding that CHO-K1 Hyal-1- and endo-β-glucuronidase-like activities towards exogenous 

substrate were unaltered in the presence of fibroblast homogenate (section 5.2.1); 3) what 

appear to be the oligosaccharide products of Hyal-1- and endo-β-glucuronidase-like activities 

towards endogenous DS could be detected in the lysosomes of the MPS I fibroblasts (section 

5.2.3); 4) endoglycosidase activity was not detected towards exogenous substrate in 

concentrated lysosomal fractions prepared from the skin fibroblasts, despite the fact that 

relatively high levels of these activities were detected in the corresponding fractions prepared 

from CHO-K1 cells (section 5.2.4); and 5) MRM was sensitive enough to detect traces of 

∆tetra(+2S) and ∆tri(+S) impurities in each of the CS-A oligosaccharide substrate 

preparations tested (data not shown). As these ∆tetra(+2S) and ∆tri(+S) impurities correspond 

to the major Hyal-1- and endo-β-glucuronidase-like enzyme activity product 

oligosaccharides, this necessitated the subtraction of a substrate blank from the level of the 

∆tetra(+2S) and ∆tri(+S) products attributed to the Hyal-1- and endo-β-glucuronidase-like 

activities in each experiment. Even slight endoglycosidase activity would have resulted in an 

increase in the level of ∆tetra(+2S) and ∆tri(+S) above the assay detection limit. The detection 

of both activities towards exogenous substrate in each of the mouse tissues evaluated 

(including whole skin) (section 5.2.5) further indicates that the absence of detectable activity 

in the fibroblast homogenates is not the result of a lack of assay sensitivity. 

Based upon the inactivity of the Hyal-1- and endo-β-glucuronidase-like activities 

towards the exogenous oligosaccharide substrates tested, the following substrate recognition 

properties of the fibroblast endoglycosidases are proposed.  Firstly, they may have larger 

minimum substrate requirements than the oligosaccharides tested here (i.e. larger than a 

hexadecasaccharide). Although the CHO-K1 Hyal-1- and endo-β-glucuronidase-like activities 

were demonstrated in the previous chapter to have CS-A hexa- and octasaccharide substrate 
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minima, respectively, and the minimum hyaluronan substrate requirement of recombinant 

human Hyal-1 is an octasaccharide (Hofinger et al. 2007a), there have been no explicit studies 

on the substrate specificities of human skin fibroblast Hyal-1 and endo-β-glucuronidase using 

small CS-A oligosaccharide substrates similar to those tested here. Second, the fibroblast 

endoglycosidases may not recognise the ∆UA residue at the non-reducing end of the substrate 

oligosaccharides, as this residue is not found in the normal mammalian physiological 

substrate, although this did not appear to inhibit substrate recognition by the CHO-K1 

endoglycosidases (previous chapter). Finally, since the activity of Hyal-1 from chick embryo 

skin- and muscle-derived fibroblasts towards CS-C (which differs from CS-A only in the 

position of the single sulphate on the GalNAc residue) has been shown to be only 25% of that 

detected towards hyaluronan (Orkin and Toole 1980), the possibility that the fibroblast Hyal-1 

enzyme is inactive towards CS-A cannot be ruled out. These suggestions, if correct, point to 

the existence of fibroblast-specific Hyal-1 and endo-β-glucuronidase isoforms with unique 

substrate specificities. The cleavage of exogenous oligosaccharide by both enzyme activities 

in whole skin homogenate (Figure 5.6), which likely contains a mixture of other cell types in 

addition to fibroblasts (e.g. keratinocytes, melanocytes, macrophages, adipocytes), is 

consistent with this hypothesis. 

As mentioned above, the argument for the presence of Hyal-1- and endo-β-

glucuronidase-like activities in skin fibroblasts is supported by the identification of DS 

oligosaccharides terminating in both HNAc (the di-, tetra- and hexasaccharides) and UA (the 

tri- and pentasaccharide) in MPS I skin fibroblast homogenate (Figure 5.2), and the 

subsequent localisation of most of these oligosaccharides to the lysosomes (section 5.2.3), 

where the bulk of the DS-degrading endoglycosidase activities were shown to reside (Figure 

5.5). These oligosaccharides are suggested to result from Hyal-1- and endo-β-glucuronidase-

like activities towards endogenous DS. Although it could be argued that some or all of these 

stored oligosaccharides are non-DS stereoisomers derived from endoglycosidase action upon 
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the second GAG stored as a result of the α-L-iduronidase deficiency, heparan sulphate, this is 

unlikely for three reasons: 1) oligosaccharides corresponding to the tri-, tetra-, penta- and 

hexasaccharides measured here have been enzymatically sequenced in the urine of an MPS I 

patient and shown to derive from DS (Fuller et al. 2004a); 2) the very high abundance of DS 

in the skin (Trowbridge and Gallo 2002) makes it more likely that the oligosaccharides in the 

MPS I fibroblasts are derived from DS rather than heparan sulphate; and 3) the overall 

structure of heparan sulphate dictates that the stored oligosaccharides derived from this GAG 

would probably contain a free glucosamine rather than an N-acetylglucosamine residue 

adjacent to the non-reducing end IdoA residue (Maccarana et al. 1996). The apparent non-

localisation of the monosulphated monosaccharide and the tetra- and pentasaccharide to the 

lysosomes (section 5.2.3) following their detection in the MPS I fibroblast homogenate 

(Figure 5.2) may result from the dilution of what are already scarce oligosaccharides in these 

cells across the 5-6 lysosomal fractions of the density gradient, such that they are undetectable 

by ESI-MS/MS. 

The sulphated HNAc monosaccharides detected in the lysosomes of the MPS VI 

fibroblasts (Figure 5.4) are not the direct products of a Hyal-1-like activity towards 

endogenous DS, but rather result from an alternate catabolic pathway for DS whereby β-

hexosaminidase will cleave non-reducing end sulphated GalNAc residues en bloc, in addition 

to its normal action upon unsulphated GalNAc residues (Hopwood and Elliott 1985). 

However, given the evidence presented above for the presence of lysosomal endoglycosidase 

activities towards endogenous DS in MPS I fibroblasts (i.e. the presence of the putative 

products of these activities), it is highly likely that this alternate β-hexosaminidase activity is 

preceded in the degradation of DS in MPS VI fibroblasts, firstly by endoglycosidases, and 

then by other exoenzymes up to the first GalNAc(4S, ±6S) residue. The small amounts of 

sulphated monosaccharides detected in the control and MPS I fibroblast homogenates (Figure 

5.2) likely reflect the basal level of the alternate β-hexosaminidase pathway in cells where DS 
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fragments with non-reducing end GalNAc(4S, ±6S) residues do not accumulate; with the 

exception of the disulphated species in MPS I (Figure 5.3), these monosaccharides were of 

such low abundance in the control and MPS I fibroblasts that they were undetectable when 

diluted across the lysosomal density gradient fractions (section 5.2.3). The presence of HNAc 

(+S) in the earlier, lower-density fractions of the confluent MPS VI fibroblast gradient (Figure 

5.4) results from unavoidable lysis of the lysosomes during cell fractionation, as these 

organelles become increasingly fragile in response to the hypertrophy that accompanies 

oligosaccharide accumulation.  

Based upon their acidic pH optima and likely proximity to the lysosomal exoenzymes 

required for the final stage of GAG catabolism, the Hyal-1- and endo-β-glucuronidase-like 

enzyme activities were suggested in the previous chapter to reside in the lysosomes and/or 

late endosomes, which collectively are known to contain the bulk of the acid hydrolase pool 

in most cell types (Claus et al. 1998, Storrie 1988), and this was confirmed here in CHO-K1 

cells by sub-cellular fractionation (Figure 5.5). The localisation of the Hyal-1- and endo-β-

glucuronidase-like enzyme activities to the lysosomes is consistent with the presence of the 

putative oligosaccharide products of their action upon endogenous DS in the lysosomes of the 

MPS I and MPS VI skin fibroblasts (Figures 5.3 and 5.4), with the absence of DS 

oligosaccharides in the endosomal fractions of the MPS fibroblasts probably reflecting an 

inability to clearly discriminate late endosomes from lysosomes using β-hexosaminidase and 

acid phosphatase activities exclusively. The endoglycosidase activity detected in the CHO-K1 

microsomal preparation (Figure 5.5) presumably represents newly-synthesised enzyme 

originating from the ER en route to the Golgi complex. 

As mentioned, Hyal-1- and endo-β-glucuronidase-like activities were detected in each 

of the mouse organ homogenates tested (Figure 5.6), suggesting a broad distribution of the 

enzymes across the somatic tissues. However, as in CHO-K1 cells, product generation by the 

endo-β-glucuronidase-like activity was only 2-5% that of the Hyal-1-like activity in each 
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tissue, indicating that the endo-β-glucuronidase-like activity may have a relatively minor 

overall role in the degradation of DS. The elevated endoglycosidase activity levels observed 

in lung, skin and ovary (Figure 5.6) likely reflect a higher content in these tissues of the 

specific GAGs that are the substrates for these enzymes, i.e. CS, DS and hyaluronan. In 

particular, skin is known to be very rich in these GAGs (Trowbridge and Gallo 2002, Reed et 

al. 1988). 

In line with reports showing a gradual, progressive accumulation of DS 

oligosaccharides in MPS cells aged post-confluence (Fuller et al. 2004a), the putative 

oligosaccharide products of the Hyal-1- and endo-β-glucuronidase-like activities towards 

endogenous DS were generally more abundant in the lysosomes of the MPS I skin fibroblasts 

harvested when 3 weeks post-confluent, compared to those rapidly-dividing (Figure 5.3). This 

progressive accumulation with time post-confluence may result from a combination of 

factors, including a lack of dilution of the lysosomal contents by cell division; a lower rate of 

lysosomal exocytosis (a process shown to deliver storage material to the culture medium in 

exoenzyme-deficient cells (Klein et al. 2005)); and the increased Hyal-1 activity that occurs 

in skin fibroblasts upon reaching confluence (Stair-Nawy et al. 1999), which may in itself be 

the result of, or augmented by, a lower rate of lysosomal exocytosis, given that cultured 

human skin fibroblasts secrete significant amounts of Hyal-1 activity into the culture medium 

(Stair-Nawy et al. 1999). The role of exocytosis in the progressive lysosomal accumulation of 

DS oligosaccharides in cultured MPS fibroblasts might be further investigated by analysing 

the culture medium of these cells for a concurrent reduction in the levels of lysosome-derived 

endoglycosidase activities and/or DS fragments. 
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The c atabolism of  D S i s a  mul ti-step pr ocess t hat c ommences with e ndohydrolysis of  t he 

polysaccharide t o ol igosaccharides. A t t he c ommencement of  t his s tudy, bot h H yal-1 

hyaluronidase (endo-β-N-acetylhexosaminidase) and endo-β-glucuronidase activities towards 

DS ha d be en pr oposed, ba sed upon t he i dentification of  D S ol igosaccharide fragments 

terminating in GalNAc and UA in the urine of MPS patients (Fuller et al. 2004a and 2006) 

(see section 1.6) , but  the specific roles of  these enzymes in the intra-cellular degradation of 

DS w ere not  w ell unde rstood. T his w as pr imarily due t o a  l ack of  c onvenient m ethods t o 

study endoglycosidase activities and their substrates. The overall aim of this thesis was thus to 

develop nove l E SI-MS/MS m ethodology for t he i dentification and characterisation of  

endoglycosidase a ctivities t owards D S. A n E SI-MS/MS a ssay was de signed to measure 

specific pr oducts r esulting f rom e nzyme a ctivity upon s tructurally d efined oligosaccharide 

substrates. The distinct advantages of this assay were that: 1)  multiple products di ffering in 

structure b y as l ittle a s one s ulphate group could be  resolved a nd relative l evels m easured 

simultaneously b y M RM, w ithout pr ior c hromatography; 2) t he pr eparation of  

oligosaccharide substrates containing the mammalian exoenzyme-resistant ∆UA residue at the 

non-reducing end, introduced through the eliminative action of chondroitinase ABC (chapter 

three), was s imple and enabled the s elective m onitoring of  e ven ( endo-β-N-

acetylhexosaminidase) a nd odd ( endohexuronidase) non -reducing e nd pr oducts; a nd 3)  

enzyme specificities and relative activities could be determined in a single experiment. Using 

this approach, several novel aspects of the substrate specificities and catalytic mechanisms of 

the DS-degrading endoglycosidases were elucidated. 

CHO-K1 cells w ere s elected as t he s ource of  endog lycosidase a ctivity f or as say 

development, as these cells grow extremely rapidly in culture and have been shown to contain 

GAG-degrading endo- and exoglycosidases (Bame et al. 1998, Brooks et al. 2001). Even and 

odd non-reducing products were detected following incubation of CHO-K1 homogenate with 

oligosaccharide s ubstrate, c onfirming t he pr esence of  endo-β-N-acetylhexosaminidase and 
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endohexuronidase activities in these cells (chapter four). Consistent with the properties of the 

aforementioned Hyal-1 and endo-β-glucuronidase enzymes (Orkin and Toole 1980, Takagaki 

et al. 1988b), t he C HO-K1 e ndoglycosidases displayed a cidic pH  opt ima, w ere m odestly 

inhibited by the presence of NaCl, and were preferentially active towards GlcA-rich substrate, 

with only minor activity detected towards IdoA-rich substrate.  

Analysis of  t he s pecific e ven a nd odd non -reducing e nd products of C HO-K1 

endoglycosidase activity t owards di fferent-sized oligosaccharide s ubstrates pr ovided i nsight 

into the substrate recognition properties and mechanisms of action of the putative Hyal-1 and 

endo-β-glucuronidase activities (chapter four). For example, as the largest non-reducing end 

product of the Hyal-1-like activity was always a minimum of two disaccharides smaller than 

its parent substrate, it was deduced that cleavage by this enzyme is absolutely dependent upon 

the pr esence of  a  m inimum of  t wo di saccharide uni ts on t he r educing s ide of  t he t arget 

glycosidic l inkage, s uch t hat t he m inimum s ubstrate r equirement i s a  he xasaccharide. 

Maximum g eneration of  a  g iven p roduct b y t he H yal-1-like a ctivity was s hown t o de pend 

upon t he pr esence of  a  minimum of  three di saccharides t o t he r educing s ide of  t he t arget 

glycosidic l inkage. Furthermore, as de casaccharide and larger ol igosaccharide s ubstrates 

generated predominantly tetrasaccharide product, it was established that this activity acts exo-

endolytically upon oligosaccharide substrates by sequentially removing tetrasaccharides from 

the non-reducing end. 

The CS-A hexasaccharide minimum substrate requirement observed here for the Hyal-

1-like activity was in accord with previous predictions based upon the minimum substrate of 

the r elated e nzyme, B TH ( Stern 2003, S tern a nd J edrzejas 2006) , but  a t odds  w ith t he 

hyaluronan o ctasaccharide m inimum r ecently reported for recombinant hum an H yal-1 

(Hofinger et al. 2007a). S ince t he C S-A he xasaccharide s ubstrate pr eparation c ontained no 

traces of contaminating octasaccharide (Figure 3.4d), this suggested that enzyme recognition 

is i nfluenced by t he s ubtle s tructural di fference b etween t he G alNAc and N-
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acetylglucosamine residues of CS-A and hyaluronan oligosaccharides, respectively, and/or by 

the presence of sulphate groups, which do not adorn hyaluronan. Future work might involve a 

comparative study of the substrate specificity of Hyal-1 with respect to CS-A and hyaluronan 

oligosaccharides. A  s ubstantial r eduction i n H yal-1 a ctivity w as pr eviously obs erved w hen 

macromolecular CS was used as substrate in the place of hyaluronan (Orkin and Toole 1980). 

The f inding t hat t he H yal-1-like act ivity s equentially removes t etrasaccharides from  

the non -reducing e nd o f ol igosaccharide s ubstrates, a nd t herefore a cts i n a n e xo-endolytic, 

processive f ashion s imilar t o t hat pr eviously r eported f or BTH ( Takagaki et al. 1994), w as 

one of the more intriguing of this study. Given that this mechanism would preclude access to 

the i nternal G lcA-rich domains of  m acromolecular D S, s ince enzyme action w ould s low 

considerably, i f not  cease, upon r eaching the f irst IdoA-rich domain f rom the non-reducing 

terminus, it is postulated that the catalytic mechanism of Hyal-1 towards DS differs according 

to substrate size, such that macromolecular DS is instead attacked via the endolytic, “random-

bite” (i.e. non-processive) mechanism proposed by Stern and Jedrzejas (2006); and/or that the 

initial int ernal c lipping of  m acromolecular D S i s pe rformed pr edominantly b y e ndo-β-

glucuronidase (which appears non-processive in action (see below)) and possibly also Hyal-2, 

which ha s be en s hown t o de grade hi gh-molecular-weight h yaluronan to intermediate-sized 

fragments of  about 20 k Da ( 50 di saccharide uni ts) ( Lepperdinger et al. 2001) ( see s ection 

1.5.1). A lthough the apparently l ow r elative activities of  H yal-2 ( Lepperdinger et al. 2001) 

and endo-β-glucuronidase (see below) would l imit the overall contribution of  Hyal-1 to DS 

endodegradation by th e latter mode l, it mus t b e ke pt in mind that H yal-1 a ctivity t owards 

CS/DS is secondary to i ts pr incipal role in the catabolism of  hyaluronan, a GAG composed 

entirely of GlcA-N-acetylglucosamine di saccharides that could theoretically be  degraded by 

Hyal-1 e ntirely i n t he e xo-endolytic fashion. A  comparison of  t he c atalytic m echanisms of  

Hyal-1, H yal-2 and e ndo-β-glucuronidase t owards m acromolecular a nd oligosaccharide D S 

substrates would therefore be of intrinsic interest. 
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Although t he e ndo-β-N-acetylhexosaminidase and e ndohexuronidase a ctivities 

described here shared a number of biochemical properties and were active at the same relative 

levels a cross t he r ange of c ells a nd t issues t ested, i t i s l ikely t hat t he e ndohexuronidase 

activity represents that of the discrete endo-β-glucuronidase enzyme reported by Takagaki et 

al. (1988b) rather than one enzyme with dual specificity, since a recent report on the catalytic 

behaviour o f r ecombinant hum an H yal-1 s howed no evidence of  e ndo-β-glucuronidase 

activity towards h yaluronan oligosaccharides (Hofinger et al. 2007a). This thesis represents 

the first detailed study of the substrate specificity of this endo-β-glucuronidase enzyme since 

its i nitial de scription t wenty years ago. B ased upon i ts a ctivity t owards ol igosaccharide 

substrates, the CHO-K1 endo-β-glucuronidase appears to have an absolute requirement for a 

minimum of five monosaccharides on the reducing side of  the target glycosidic l inkage and 

hence a m inimum s ubstrate r equirement of  an  oc tasaccharide (chapter f our). Maximum 

generation of a particular product by this enzyme was shown to require a minimum of seven 

monosaccharides to the reducing side of the target linkage. However, since generation of the 

different-sized non-reducing end ol igosaccharide products of  this activity approached pa rity 

as substrate length was progressively extended, it appears that, in contrast to the exo-endolytic 

mechanism obs erved for t he H yal-1-like a ctivity, this e nzyme a cts r andomly on substrates 

larger than a decasaccharide. From the very low level of product generation observed by the 

endo-β-glucuronidase-like act ivity relative to the Hyal-1-like activity in  both CHO-K1 cells 

(chapter four) and mouse tissue samples (chapter five), it may be further speculated that the 

overall role of this endoglycosidase in the intra-cellular degradation of DS is minor. 

Sub-cellular fractionation confirmed that th e H yal-1- and e ndo-β-glucuronidase-like 

activities a re pr edominantly l ysosomal ( chapter f ive). H owever, a  s ignificant a mount o f 

enzyme a ctivity w as a lso de tected i n t he endosomes, i ndicating t hat t he degradation of  DS 

may actually com mence i n a l ate endos omal c ompartment. The int ra-cellular de gradation 

pathway of  DS c ould be  m ore clearly defined b y pul se-chase ex periments, using a 
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combination of  s ub-cellular f ractionation a nd E SI-MS/MS t o m onitor t he pr ogress of  D S 

fragments t hrough t he e ndosome/lysosome n etwork of  c ultured c ells following upt ake of  

radiolabelled DSPG precursors. A number of protein markers have been shown to discretely 

localise t hroughout t he endosome/lysosome ne twork ( such a s R abs 4  and 5 for t he e arly 

endosomes, R abs 7 a nd 9 f or t he l ate e ndosomes, a nd t he lysosome-associated membrane 

proteins ( LAMPs) f or t he l ysosomes ( Miaczynska a nd Zerial 2002, W inchester 2001) ) a nd 

would e nable gr eater di scrimination of  t he s ub-organelles be lieved to comprise t he D S-

degradation pathway. 

Taken t ogether, t he results di scussed a bove s uggest t hat bot h e ndo-β-N-

acetylhexosaminidase and a  m inor endohexuronidase a ctivity, pr obably r epresenting t he 

Hyal-1 and endo-β-glucuronidase enzymes described previously, act in concert to degrade the 

low-sulphate, G lcA-rich dom ains of  D S but  a re l ess a ctive t owards t he hi ghly s ulphated 

regions containing IdoA. Endohydrolysis of  DS appears to commence in the late endosome 

and/or l ysosome w ith c leavages b y e ndo-β-glucuronidase, a nd pos sibly Hyals-1 a nd -2, t o 

generate two types of  ol igosaccharide intermediates. The f irst type of intermediate is  GlcA-

rich and results f rom cleavages within the susceptible domains of  the po lysaccharide; these 

GlcA-rich oligosaccharides are further endohydrolysed by Hyal-1 and endo-β-glucuronidase, 

prior to complete degradation by lysosomal exohydrolases. The second type of intermediate is 

larger, I doA-rich a nd r epresents t he r egions of  t he pol ysaccharide resistant t o t he i nitial 

cleavages; t his t ype o f oligosaccharide i s not  a g ood s ubstrate f or e ndohydrolysis a nd i s 

predominantly degraded by the lysosomal exohydrolases.  

A central hypothesis of this thesis was that endoglycosidase activities are up-regulated 

in the MPSs to degrade the excess DS that accumulates as a cons equence of the exoenzyme 

deficiency.  Unexpectedly, how ever, e ndoglycosidase a ctivity w as no t de tected towards 

exogenous oc ta- to he xadecasaccharide s ubstrates i n M PS I  a nd M PS V I s kin f ibroblast 

homogenates, de spite t he f act t hat w hat a ppear to be  t he pr oducts of  H yal-1 and e ndo-β-
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glucuronidase a ctivities towards endogenous DS could be l ocalised to t he l ysosomes of  t he 

MPS I  cel ls ( chapter f ive). This abs ence of  de tectable act ivity s uggested t hat t he f ibroblast 

endoglycosidases did not recognise the exogenous substrates tested and hence have substrate 

specificities that differ radically from those previously reported for these enzymes (Hofinger 

et al. 2007a, Stern 2003, Takagaki et al. 1988b, chapter four). Based upon t he s tructures of  

the oligosaccharides that were not recognised, the fibroblast endoglycosidases may: 1) have a 

minimum s ubstrate r equirement l arger t han a he xadecasaccharide; 2)  r ecognise onl y 

hyaluronan ol igosaccharides, w ith no a ctivity t owards C S/DS ol igosaccharides; a nd 3)  b e 

inhibited by the ∆UA residue that was present at the non-reducing end of the substrates tested 

(see s ection 5.3). A m ore de tailed ana lysis of  t he f ibroblast endo glycosidase s pecificities 

might be  f acilitated by t he s ynthesis of  mor e appropriate ol igosaccharide s ubstrates w hich, 

considering t he a pparent l imitations of  e nzyme recognition di scussed above, w ould: 1)  be  

larger t han a hexadecasaccharide; 2)  cont ain a G lcA rather t han a ∆UA residue a t the non-

reducing end; and 3) be derived from CS-C and/or hyaluronan rather than, or in addition to, 

CS-A. However, further evidence that the l ack of detectable endoglycosidase act ivity in the 

skin fibroblasts was the result of enzyme non-recognition of the exogenous substrates tested 

rather t han an absence of t hese a ctivities per se could be  obt ained m ore i mmediately b y 

assessing the cell culture medium for activity towards these substrates, as cultured human skin 

fibroblasts have been shown to secrete the vast majority of their Hyal-1 activity (Stair-Nawy 

et al. 1999). PCR (Stair-Nawy et al. 1999) and/or immunohistochemistry using an anti-Hyal-1 

antibody ( Kramer et al. 2009)  could a lso b e p erformed t o f urther confirm t he p resence o f 

Hyal-1 mRNA and protein, respectively, within these cells. 

Although the substrates tested here were not recognised by the skin fibroblast Hyal-1- 

and e ndo-β-glucuronidase-like a ctivities, they may nonetheless s till pr ove us eful f or a 

comparison of endoglycosidase activities in other MPS cells and tissues, given that they were 

readily digested by the Hyal-1- and endo-β-glucuronidase-like activities present in a range of 
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mouse t issues ( chapter five). A  num ber o f m urine M PS m odels t hat a re de ficient i n D S-

degrading exoenzymes have been described and would be useful for these studies, including 

MPS I  ( α-L-iduronidase de ficiency) ( Ohmi et al. 2003), M PS II ( iduronate-2-sulphatase 

deficiency) (Muenzer et al. 2002) and MPS VII (β-glucuronidase deficiency) (Vogler et al. 

2001). Likewise, a n examination of  H yal-1-deficient M PS IX hum an s kin f ibroblasts 

(Natowicz et al. 1996) and/or mouse tissues (Martin et al. 2008) for an up-regulation of endo-

β-glucuronidase-like a ctivity w ould be  of  i nterest. T he de tection of  H yal-1- and endo-β-

glucuronidase-like activities towards exogenous substrate in whole skin preparation indicates 

that the atypical substrate specificities discussed above may not apply to other cells present in 

the skin except for fibroblasts. 

While ol igosaccharides cor responding t o t he pr oducts o f H yal-1- and e ndo-β-

glucuronidase-like activities towards endogenous DS were detected in the lysosomes of MPS 

I skin fibroblasts, as mentioned above, such oligosaccharides were not found in MPS VI skin 

fibroblasts w hich, i n c ontrast, c ontained l arge qua ntities of  s ulphated m onosaccharides 

exclusively (chapter five). This may indi cate tha t the  ability of  β-hexosaminidase t o cleave 

non-reducing s ulphated G alNAc r esidues f rom D S en bloc (Hopwood a nd E lliot 1985, 

Hepbildikler et al. 2002) e nables t he ne ar-complete di gestion of  e ndoglycosidase pr oduct 

oligosaccharides i n M PS V I f ibroblasts, s uch t hat onl y t he non -reducing G alNAc(4S, ± 6S) 

monosaccharides liberated from DS via this alternate β-hexosaminidase pathway are stored as 

a consequence of the N-acetylgalactosamine-4-sulphatase deficiency. Notwithstanding this, a 

broad heterogeneity of DS oligosaccharide fragments has been identified in MPS VI urine and 

tissues ( ranging in size f rom hi gh-molecular-weight s tructures dow n to small t etra- and 

hexasaccharides) (Byers et al. 1998), suggesting that the alternate β-hexosaminidase activity 

is unable to completely prevent the accumulation of larger DS oligosaccharides in other cell 

types. 
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One complication with the study of the individual Hyal-1- and endo-β-glucuronidase-

like enzyme activities towards DS that was identified in the course of this work was that as 

these activities in biological samples share a number of common biochemical properties (most 

notably, pH  a nd anion opt ima), e ach i s a ssayed f or i n t he pr esence o f t he ot her unde r 

conditions w here bot h are a ctive ( chapter four). T herefore, t he pr oducts of  ol igosaccharide 

digestion may result from the concerted action of both activities, rather than necessarily one 

activity in isolation. This complication is, however, not a limitation of the ESI-MS/MS assay 

per se and would apply equally to any other assay used to measure endoglycosidase activity 

towards CS/DS in biological samples. An attempt to address this issue here by inhibiting the 

putative Hyal-1 activity in CHO-K1 homogenates using the reported hyaluronidase inhibitor, 

apigenin ( Hunnicutt et al. 1996, P odyma et al. 1997), successfully r educed a ctivity b y a  

modest ~ 40%, how ever t his i nhibition w as non -selective and accompanied by a  

corresponding de crease in e ndo-β-glucuronidase-like a ctivity ( chapter f our). F uture w ork 

might be  concerned with t esting a  ba ttery of  other known h yaluronidase i nhibitors, such as 

ascorbic acid and glycyrrhizic acid (reviewed in Mio and Stern (2002)); investigating endo-β-

glucuronidase-like activity in Hyal-1-deficient (MPS IX) human skin fibroblasts (Natowicz et 

al. 1996); or  a ttempting to purify th e tw o a ctivities. The p artial inhi bition of the  C HO-K1 

endo-β-glucuronidase-like activity by apigenin indicates that the plant-derived flavonoids (of 

which this compound is a member) may be useful inhibitors of this enzyme. 

To enable the efficient processing of the large quantities of oligosaccharides required 

for the development of the endoglycosidase product assay, the oligosaccharides prepared from 

the enzymatic digestions of CS-A and DS for use as assay substrates were purified by large-

format c olumn c hromatography on  a  B io-Gel P6 c olumn w hich, as expected, r esulted i n 

relatively poor  r esolution of  t he l arger ol igosaccharide s pecies ( Figure 3.2). G iven t hat t he 

optimum c onditions f or the e ndoglycosidase pr oduct a ssay ha ve now  b een e stablished, t he 

substrate s pecificities of  the  D S-degrading e ndoglycosidases m ight be  f urther pr obed us ing 
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more hi ghly pur ified ol igosaccharides pr epared b y m ethods s uch as H PLC or  capi llary 

electrophoresis. In pa rticular, s trong anion e xchange ( SAX)-HPLC ha s be en us ed f or t he 

separation, to near homogeneity, of oligosaccharides derived from porcine intestinal mucosa 

DS of up to dodecasaccharide in length (Yang et al. 2000). 

As di scussed a bove, t he C HO-K1 Hyal-1- and e ndo-β-glucuronidase-like e nzyme 

activities preferentially degraded substrate rich in GlcA, compared to IdoA, which suggested 

that t hese enz ymes ha ve s pecificity f or glycosidic l inkages cont aining G lcA (i.e. GalNAc-

GlcA and GlcA-GalNAc rather than GalNAc-IdoA and IdoA-GalNAc linkages, respectively) 

(chapter four). However, as GlcA and IdoA units are stereoisomeric and hence have identical 

mass, the individual UA residues of  the ol igosaccharide substrates and their products could 

not be  di stinguished a s G lcA/IdoA b y E SI-MS/MS, and hence t he s pecificities of  t he 

endoglycosidases for linkages containing GlcA or IdoA cannot be stated absolutely here. The 

GlcA/IdoA content of the oligosaccharide substrates/products might be ascertained in future 

by assessing t heir s usceptibility t o di gestion with t he c hondroitinase A C a nd B e nzymes, 

which are s pecific f or GalNAc-GlcA and GalNAc-IdoA glycosidic l inkages, r espectively 

(Yamagata et al. 1968); by 1H NMR analysis, which has been reported to clearly distinguish 

GlcA/IdoA residues in DS (Sudo et al. 2001, Yang et al. 2000); or by definitive sequencing 

with recombinant exoenzymes. With more highly defined substrates, the ESI-MS/MS assay 

developed here would be ideal for quickly resolving the GlcA/IdoA enzyme specificity issue. 

Of note, there are no reports of DS-degrading endo-α-L-iduronidase enzymes in the literature. 

The endo-β-N-acetylhexosaminidase and endohexuronidase act ivities c haracterised 

here i n CHO-K1 cells w ere referred t o t hroughout a s “Hyal-1-like” and “endo-β-

glucuronidase-like" activities, respectively, in reference to the fact tha t the ir s ubstrate 

recognition properties and responses t o changes i n assay parameters w ere s imilar t o those 

previously r eported for t hese enz ymes. Further evidence t hat t he C HO-K1 e ndoglycosidase 

activities indeed represent the Hyal-1 and endo-β-glucuronidase enzymes could be  obtained 



 Summary and conclusions 

 -136- 

by testing the cells for the presence of Hyal-1 mRNA and protein using PCR (Stair-Nawy et 

al. 1999) and immunohistochemistry (Kramer et al. 2009), respectively. 

This study has demonstrated the usefulness of ESI-MS/MS as a tool for the study of  

endoglycosidase activities towards DS. The assay developed herein enables the identification, 

measurement and  characterisation of t he di fferent endo glycosidase a ctivities pr esent i n 

biological s amples, and may b e us eful f or t he s tudy of  conditions w here e ndoglycosidase 

activities ar e know n to be  ab errant, such as certain cancers (Lokeshwar et al. 1999, 

Franzmann et al. 2003), and/or for the evaluation of putative enzyme inhibitors that may have 

application for treating such conditions. Furthermore, as discussed above, the assay may yet 

be applied to test the hypothesis that endoglycosidase activities are up-regulated in the MPSs 

using tissue samples and/or cells other than fibroblasts, given that both Hyal-1- and endo-β-

glucuronidase-like activities could be  de tected in mouse t issue samples. W hile t he focus of  

this t hesis w as D S, the s trategy adopted he re could easily b e adapted f or t he s tudy o f 

endoglycosidase activities t owards ot her G AGs s uch as he paran s ulphate a nd hyaluronan, 

which have likewise been shown to exert numerous biological effects. 
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