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SYNOPSIS 

 

Introduction 

Proteoglycans (PGs) are glycoconjugates consisting of protein and 

polysaccharide glycosaminoglycans (GAGs). PGs are generally found on the cell 

surfaces, extracellular matrix (ECM) and in basement membranes of animal tissues (Ly 

et at., 2010; Li et al., 2012). PGs are involved in various biological functions including 

cell migration, proliferation, microbial recognition, adhesion, pathogenesis, cell-matrix 

interactions, chemokine and cytokine activation etc. (Cattaruzza et al., 2006; Kreuger 

et al., 2006; Garner et al., 2008; Shaya et al., 2008; Ly et al., 2010). GAGs are highly 

charged linear chains of polysaccharides. GAGs are the natural heteropolysaccharides 

that are present in every mammalian tissue (Afratis et al., 2012). GAGs are the side 

chains of PGs and are involved in various biological activities (Shaya et al., 2008). On 

the basis of the structural configuration, GAGs have been categorized into 4 major 

types: hyaluronan, chondroitin/dermatan sulphates (CS/DS), heparan sulphate (HS) and 

keratan sulphate (Iozzo et al., 1998; Capila et al., 2002; Esko et al., 2002; Linhardt et 

al., 2004). 

Among four Chondroitin sulphate (CS) is belonging to one of four major 

categories of the GAGs, and is an unbranched polymeric chain of repeating disaccharide 

unit. The disaccharide unit is consisting of N-acetyl-D- galactosamine (GalNAc) and 

glucuronic acid (GlcA) linked by [-4)GlcA(β1→3)GalNAc(β1-]n linkages (Shaya et al., 

2008). The main application of CS is in the treatment of osteoarthritis because of its 

anti-inflammatory action. Other potential applications of CS are its use as antiviral and 
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anti-infective agent, scaffolds for tissue regeneration and engineering and as biomarkers 

in cancer detection. 

On the basis of substrate specificity, the chondroitin degrading enzymes 

(chondroitin lyases) are categorized mainly into three types such as chondroitin AC 

lyase, chondroitin B lyase and chondroitin ABC lyase (Fig. 1.6) (Linhardt et al., 1994; 

Lunin et al., 2004; Prabhakar et al., 2006; Lemmnitzer et al., 2014). Chondroitin AC 

lyase degrades both CS-A and CS-C and to a lesser extent hyaluronan (Gu et al., 1995; 

Linhardt et al., 2006). Chondroitin B lyase specifically degrades only dermatan sulphate 

as its sole substrate. They are not able to act on CS-A, CS-C and hyaluronan. 

Chondroitin ABC lyase is a broad specificity enzyme and is able to depolymerize CS-

A, CS-C, DS and also hyaluronan to some extent (Shaya et al., 2008). 

 The family 8 polysaccharide lyase (PL8) currently contain 27 well 

characterized sequences. The enzyme reported in family 8 have shown activities like 

chondroitin AC lyase (EC 4.2.2.5), chondroitin ABC lyase (EC 4.2.2.20), hyaluronate 

lyase (EC 4.2.2.1) and xanthan lyase (EC 4.2.2.12) (http://www.cazy.org/PL8.html). 

Chondroitin sulphate lyases of families 8 catalyze the cleavage of β-(1,4)-glycosidic 

bond between hexosamine and uronic acid residue by β-elimination and generate Δ4,5 

unsaturated uronate oligosaccharides as the product, which exhibits a maximum 

absorbance at 232 nm (A232). The main structural fold present in family 8 polysaccharide 

lyase is (α/α)5,6 β toroid domain, which contains five α-helical hairpins and in some 

proteins a sixth hairpin is assembled from two additional antiparallel helices, one at the 

N-terminus and the other at the C-terminus of this domain. This domain is followed by 

a C-terminal antiparallel β-sandwich domain containing four β-sheets (Féthière et al., 
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1999; Garron et al., 2010). The PL8 family contains lyases that can depolymerize 

several different types of substrates such as CS-A, CS-B, CS-C, HA and xanthan. All 

these enzymes, with exception of hyaluronate lyase, contain structural ions, calcium or 

sodium, coordinated mainly by aspartate side chains. Despite similarities in their 

structures, none of these metal ion sites are conserved across this enzyme family 

(Garron et al., 2010). There are nearly 930 bacterial, 2 eukaryotic and 1 archaeal 

sequences in family 8 polysaccharide lyase (http://www.cazy.org/PL8.html). Among 

which 27 sequences are characterized and 9 crystal structures have been determined till 

date (January 2017) (http://www.cazy.org/PL8.html).  

The present work entitled as “Structure and functional characterization of 

recombinant chondroitin sulphate AC lyase of family 8 polysaccharide lyase (PsPL8A) 

from Pedobacter saltans for its in vitro applications in therapeutics and production of 

chondroitin oligosaccharide with anti-tumor and prebiotic property” has been divided 

into 7 chapters. This study deals with the cloning, expression and purification of a 

family 8 polysaccharide lyase PsPL8A (Fig. 1) from Pedobacter saltans DSM 12154. 

Biochemical and functional characterization of PsPL8A was extensively carried out to 

determine its affinity towards different glycosaminoglycan substrate and understand its 

mode of action. Structural characteristics, substrate binding analysis and mutagenesis 

of active ste residues of chondroitin AC lyase (PsPL8A) was studied. The anti-

proliferative effect of chondroitin AC lyase (PsPL8A) on human melanoma (SK-Mel 

28) and fibrosarcoma (HT-1080) cell lines were determined. CS polysaccharide was 

isolated from chicken keel bone cartilage. The composition, structure, surface, thermal 

analysis, antioxidant activity and biocompatibility was explored. CS-Keel disaccharide 
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(CSD) was produced by chondroitin AC lyase (PsPL8A) degradation of isolated CS-

Keel polysaccharide and the prebiotic and anticancer potential of CSD was studied 

extensively for functional food preparation and prevention of gastrointestinal disorders.  

 

Fig. 1  Molecular architecture of chondroitin AC lyase (PsPL8A) from Pedobacter 

saltans showing boundaries and designation of different domains. It consist a 

signal peptide of  N-terminal 22 amino acids long signal peptide followed by 

the GAG lyase domain from 23 to 701 amino acids, a 679 amino acid domain. 

 

Chapter 1 is the General Introduction which embodies the brief review of 

literature dedicated to the importance of different carbohydrates and their structural 

features. It mainly describes the types of glycosaminoglycans (GAG) present in 

mammalian body, their classification and application. The chapter also focuses on the 

polysaccharide lyase enzymes having the capability to degrade these GAG 

polysaccharides. It illustrates sequence-similarity based classification of chondroitin 

lyases belonging to different polysaccharide lyase (PL) families. It also describes 

different PLs categorized in to various ‘clans’ based on fold of proteins or core structural 

features. This chapter elaborately reviewed family 8 polysaccharide lyase (PL8). The 

chapter reviews about the type of structural core architecture seen in chondroitin lyases 

of family 8 PLs, their enzyme activities, substrate specificity, active site and active site 

residues. Previously characterized recombinant family 8 chondritin sulphate lyases, 

such as chondroitin AC lyase, chondroitin ABC lyase and chondroitin B lyase from 

different bacteria. A brief review on different chondroitin lyases and their mode of 
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action during enzymatic reaction has been included. A detailed account of applications 

of chondroitin sulpahte lyases in various therapeutic field has also been provided.  

Significance of the work has been elaborated in this chapter. Chondroitin sulphate 

is a part of connective tissues and involved in major biological processes such as 

resiliency, structural integrity of cartilage and maintenance of synovial fluid in the bone 

joints owing to its polyanionic structure (Raynauld et al., 2016). CS also acts as free 

radical scavenger and decreases DNA fragmentation, protein degradation and cell death 

rate. CS is commercially available from various sources such as, bovine cartilage, 

bovine trachea and shark fin. The increasing demand and the high cost of CS has led to 

the exploitation of shark and bovine which impart a strong impact on the ecological 

balance. CS is also in high demand for its applications in tissue engineering, 

pharmaceutical, cosmetic and food industries. All these reasons make it essential for 

researchers to seek for more different animal sources of CS isolation and its 

physicochemical characterization. Recruitment of CS lyase to modulate structure and 

functionality of CS polysaccharides might be effective in this regard. Substrate 

specificity of the enzyme requires precise understanding to manipulate the targeted 

polysaccharide. Analytical tools like mass spectrometry, NMR and FTIR can facilitate 

this pursuit. Novel CS lyases can be identified by screening new microbes from various 

taxonomic groups. Production of anti-inflammatory and anti-oxidative oligosaccharides 

might be employed to tackle allergic, auto-immune diseases and cancer. CS lyase-based 

manipulation of cancer hallmarks, the altered cell surface receptors can be crucial 

towards cancer mitigation. CS lyase has shown synergistic effect with other therapeutic 
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agents which requires assessment. Overall, a plethora of approaches can be undertaken 

to enrich CS lyase research in discovery of their optimal biological efficiency. 

The aim of present study was to explore the new recombinant chondroitin AC 

lyase, PsPL8A from Pedobactor saltans. The specific primers will be designed to 

amplify gene and it will be subsequently cloned into an expression vector followed by 

expression in E. coli. The substrate specificity and various biochemical and functional 

properties of PsPL8A will be determined. The reaction conditions for enzyme assay, 

kinetic parameters and mode of catalysis will be investigated. The in-vitro therapeutic 

potential of PsPL8A will be studied on the human melanoma and fibrosarcoma cell 

lines. The present study will unfold the avenue for the potential application of PsPL8A 

as antitumor agent. The structural analysis of PsPL8A will involve the homology 

modelling, docking and circular dichroism study to determine the overall structure 

feature and key amino acid residues and their role in catalysis of PsPL8A. desired 

mutants of key residues of PsPL8A and deciphering.  

The other part of the investigation involves the isolation, complete 

physicochemical and structural characterization of a chondroitin sulphate from the 

poultry waste, chicken keel bone cartilage. The CS-keel will be analyzed for its various 

physicochemical properties and its antioxidant and emulsifying potentials. The 

recombinant PsPL8A will be utilized for the production of CS-keel oligosaccharide by 

degrading CS-keel polysaccharide. The CS-keel disaccharide will be studied for their 

anticancer potential on human colon cancer cell lines. In vitro prebiotic potential of 

purified CS-keel disaccharide for functional foods will be investigated.  
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Chapter 2 describes amplification and cloning of the gene encoding family 8 

polysaccharide lyase PsPL8A from the genomic DNA of Pedobacter saltans DSM 1214 

(GenBank accession no.  ADY54337.1).  The molecular architecture revealed the 

presence of 22 amino acid signal peptide followed by the catalytic family 8 

polysaccharide module (PsPL8A). The ORF encoding PsPL8A was PCR amplified that 

showed a band of 2037 bp. The PCR amplified gene fragment encoding PsPL8A was 

cloned into pGEM-T Easy vector for TA cloning and transformed using E. coli (XL10 

Gold) competent cells. Positive clones were selected by blue-white colony screening, 

and plasmid DNA was isolated for restriction digestion. NheI and XhoI digested plasmid 

DNA gave bands of 3 kb and 2 kb for pGEM-T Easy vector and the insert gene fragment 

encoding PsPL8A, respectively. The restriction enzyme digested gene fragment 

encoding PsPL8A was ligated to linearized pET-28a(+) expression vector. The ligated 

product was transformed using E. coli DH5α competent cells. The positive clone 

containing recombinant plasmid DNA was screened by restriction enzyme digestion 

using restriction enzymes, NheI and XhoI. The restriction enzyme digested products 

displayed 5.4 kb and 2 kb bands for pET-28a(+) vector and insert fragment for gene 

encoding PsPL8A, respectively. The positive clone containing recombinant plasmid 

DNA was used for transformation of E. coli (BL21) competent cells. The recombinant 

protein PsPL8A was hyper-expressed at 24 ºC after IPTG induction. The purified 

recombinant PsPL8A protein displayed a band of approximately, 77 kDa on SDS-

PAGE. The amount of protein obtained from 100 ml culture of the recombinant PsPL8A 

protein after Immobilized metal ion affinity chromatography (IMAC) purification was 

3.5 mg. 
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Chapter 3 describes the biochemical and functional characterisation of 

chondroitin AC lyase (PsPL8A). PsPL8A showed maximum enzyme activity at 

optimum pH 7.2 and was active within the pH range of 6.8-7.6. The optimal temperature 

of PsPL8A was 39ºC and it showed ∼100% retention of activity within temperature 

range 30 - 40ºC. Both the enzymes showed high activity towards pectic polysaccharides. 

PsPL8A showed maximum activity with chondroitin 4-sulphate, C4S (489 U/mg) 

followed by chondroitin 6-sulphate, C6S (214 U/mg) and hyaluronic acid (43 U/mg). 

100 mM Na+, 20 mM Ca2+ and 20 mM Co2+ ions enhanced the PsPL8A activity by 2 

fold implying that these ions might play a role of essential cofactors. A 1.5 fold rise in 

enzyme activity of PsPL8A was observed with 20 mM Mg2+ ion concentration. 

However, the enzyme activity of PsPL8A was adversely affected at the low 

concentrations of Zn2+, Al3+, EDTA and SDS. A 5 M Urea and 3 M GuHCl imparts the 

peak shift hence indicating loss of structural integrity of PsPL8A. The melting study of 

PsPL8A revealed that it starts unfolding at 45ºC and the protein got completely distorted 

at 60ºC.  

The time dependent TLC analysis of PsPL8A degraded products of C4S 

revealed initial concomitant endo- and exo-lytic mode and later shifting to exolytic 

mode of catalysis. PsPL8A released di-, hexa-, octa- and dodeca-saccharide as analyzed 

by ESI–MS. C4S disaccharide gave peaks at m/z 458 in (ESI–MS) and at m/z 300 in 

MS/MS modes. 1H- and 13C-NMR analyses confirmed the presence of N-

acetylgalactosamine and glucuronic acid in C4S disaccharide. The PsPL8A enzyme and 

its degradation products unfolds the avenue for its potential applications in spinal cord 
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nerve injury system and as antitumor, antiangiogenic, anti-metastatic agent and for 

immune-modulating and anti-inflammatory effects. 

Chapter 4 focuses on the structural aspects of PsPL8A. The structure of 

chondroitin AC lyase (PsPL8A) of family 8 polysaccharide lyase was characterized. 

Multiple sequence alignment of PsPL8A with previously known chondroitin lyases 

revealed the conserved and semi-conserved amino acid residues. The 3-Dimensional 

structure showed a N-terminal (α/α)6 incomplete toroidal fold and a layered β sandwich 

structure at C-terminal. Ramchandran plot displayed 98.5% residues in the favoured 

region and 1.2% in the generously allowed region. The secondary structure of PsPL8A 

prediction by PsiPred and confirmation by CD analysis revealed the presence of 27.31% 

α helices 22.7% β sheets and rest 49.9% random coils. The protein melting study of 

PsPL8A showed that the protein completely unfolds at 60ºC. SAXS showed the 

PsPL8A structure in solution form. Kratky plot gave indication that protein is fully 

folded in solution. The ab initio derived dummy atom model of PsPL8A 

superposed well with its modeled structure with some α-helices and loop region 

not superposing with dummy atom model. ITC analysis of Y212F and H203A with 

C4S polysaccharide, showed moderate quantitative binding by Y212F (Ka = 9.56 ± 

3.81X105) and no binding with H203A. The roles of catalytic residues Y212 and H203 

or R266 as probable general base and general acid, respectively were confirmed by site-

directed mutagenesis. The involvement of Y212, H203 and R266 residues in substrate 

binding was confirmed by ITC and docking analyses. The structural characterization of 

chondroitin AC lyase (PsPL8A) has enabled in elucidation of the catalytic mechanism. 

The residues Y212 and H203 or R266 might act as general base and general acid 
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respectively, during catalysis. N153 and E349 are likely contributing in charge 

neutralization and stabilizing the enolate anion intermediate during β-elimination. The 

structural characterization will enable to elucidate the complete mechanism underlying 

the mode catalysis of chondroitin AC lyase (PsPL8A). However, the future challenge 

includes to determine the crystal structure of PsPL8A by X-ray crystallography. 

Chapter 5 describes the anti-proliferative effect of chondroitin AC lyase 

(PsPL8A) on human melanoma (SK-Mel 28) and fibrosarcoma (HT-1080) cell lines. 

The treatment of normal mouse fibroblast L929 cell lines with chondroitin AC lyase 

(PsPL8A) imparts no cytotoxicity displaying 95-98% cell viability. The human 

melanoma SK-Mel 28 and fibrosarcoma HT-1080 cell lines treated with chondroitin 

AC lyase (PsPL8A) showed 58% and 59% inhibition of cell proliferation, respectively 

after 24h of treatment. Mode of cell death was studied by Annexin-V FITC using flow 

cytometry and fluorescence microscopy. The chondroitin AC lyase treated SK-Mel 28 

and HT-1080 cell lines displayed ~27% and 17% apoptosis, respectively as observed 

by flow cytometry analysis. The PsPL8A treated SK-Mel 28 and HT-1080 cells showed 

significantly strong green fluorescence of cell membrane after staining with annexin-V 

FITC under fluorescence microscopy, displaying the apoptosis. The SK-Mel 28 and 

HT-1080 treated with chondroitin AC lyase (PsPL8A) and staining with JC-1 dye gave 

green fluorescence, hence indicating the dissipation of mitochondrial potential. The 

chondroitin AC lyase inhibiting the melanoma and fibrosarcoma cell proliferation and 

leading to their apoptotic cell death prospects a potential target for therapeutic approach 

in cancer treatment. 
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Chapter 6 describes the isolation of natural chondroitin sulphate from the 

poultry waste, its structural and thermal characterization, antioxidant and biocompatible 

properties for potential biomedical application. Chicken keel bone cartilage was 

explored for cheaper and sustainable source for isolation of chondroitin sulfate (CS) for 

its future use in tissue engineering and pharmaceutical industry. HPSEC analysis 

displayed two peaks of 100 kDa for CS-Keel polysaccharide and 1 kDa for protein. DLS 

analysis of CS-Keel displayed polydispersity. CS-Keel yield was 15% and 53±5% 

uronic acid content. The quantified percentages of UA-GalNAc4S and UA-GalNAc6S 

disaccharide in CS-Keel were 58% and 42%, respectively. FT-IR identified CS-Keel to 

be chondroitin 4-sulphate. 1H-NMR of CS-Keel confirmed the presence of N-

acetylgalactosamine and Glucuronic acid. FESEM demonstrated layer structure and 

AFM displayed the size of CS-Keel fibres. DSC, TGA and DTG studies of CS-Keel 

showed Td at 243ºC. The composition, structure, surface and thermal analysis of CS-

Keel displayed that it can serve as a strong candidate in tissue scaffolds for biomedical 

engineering. In vitro cell proliferation assay and morphological analysis of mouse 

fibroblast L929 cell lines confirmed the biocompatibility of CS-Keel. CS-Keel (5 

mg/ml) exhibited ~49% antioxidant activity against DPPH and 22% against superoxide 

radical protecting from oxidative damage. CS-Keel demonstrated better (70.3%) 

emulsifying activity than commercial sodium alginate (60.2%). Therefore, CS-Keel can 

be used for functional food applications enriching the nutritional values. CS-Keel also 

enables future prospects for analysis of its chondroprotective and anti-inflammatory 

properties for osteoarthritis treatment. Future challenges include its utilization in 
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nanomedicine to develop an efficient delivery vehicle for therapeutic agents, to further 

enhance its specificity and finally to have controlled drug release. 

Chapter 7 describes about the preparation and purification of Prebiotic 

chondroitin sulphate disaccharide isolated from chicken keel bone exhibiting anticancer 

potential against human colon adenocarcinoma HT-29 cells. Chondroitin Sulphate-Keel 

disaccharide (CSD) was produced by chondroitin AC lyase (PsPL8A) degradation of 

CS-Keel polysaccharide isolated from chicken keel cartilage. PsPL8A showed specific 

activity, 340±5 U/mg with CS-Keel polysaccharide. Time dependent TLC analysis 

showed the presence of higher oligosaccharide till 30 min after which the disaccharide 

was the major product. CSD was purified by gel filtration using Bio-Gel P2 matrix and 

the ESI-MS and MS/MS analysis showed peak at 300 m/z, confirming it to be 

chondroitin 4-sulpahte disaccharide. The structural characterization of CSD by FTIR 

and NMR showed the presence of N-acetylgalactosamine and glucuronic acid. CSD 

displayed prebiotic properties by showing 23.7% hydrolysis to gastric juice, comparable 

to commercial inulin (25.2%) at pH 1.0. CSD showed a positive prebiotic score for 

Lactobacillus acidophilus NRRL B-4495(0.57) and Bifidobacterium infantis NRRL B-

41661 (0.58). CSD was fermented by probiotic bacteria into Short Chain Fatty Acid 

(SCFA) products such as acetate, propionate and butyrate.  MTT assay and 

morphological analysis confirmed that CSD (0.5 mg/ml) does not decrease the viability 

of mouse fibroblast (L929) cell lines and showed anti-proliferative potential against 

human colon cancer (HT-29) cell lines displaying 80% inhibition. CSD treated HT-29 

cells also displayed the nuclear fragmentation on observation by DAPI dye. CSD treated 

HT-29 cells showed more intense staining of nuclei with DAPI as compared with the 
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untreated cells because of chromatin condensation. CSD treated HT-29 cells exhibited 

apoptotic body formation, which confirms apoptosis as major mode of cell death as 

observed by annexin-V-FITC and PI staining. Colonic microflora has a profound 

influence on health. CSD having the prebiotic and anticancer properties can be used to 

manipulate the colonic microflora to improve gut health and can specifically target 

intestinal bowel disorders, colorectal cancer and maintain the gastrointestinal health. 

Future challenges includes the study of the prebiotic and anti-colorectal cancer potential 

of CSD under in vivo conditions.   
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Chapter 1 

 

 

 

 

 
General Introduction 

 
 

 

 

 

 

1. Introduction 

 

Proteoglycans (PGs) are glycoconjugates consisting of protein and 

polysaccharide glycosaminoglycans (GAGs). PGs are generally found on the cell 

surfaces, extracellular matrix (ECM) and in basement membranes of animal tissues (Ly 

et at., 2010; Li et al., 2012). PGs are involved in various biological functions including 

cell migration, proliferation, microbial recognition, adhesion, pathogenesis, cell-matrix 

interactions, chemokine and cytokine activation etc. (Cattaruzza et al., 2006; Kreuger 

et al., 2006; Garner et al., 2008; Shaya et al., 2008; Ly et al., 2010). GAGs are highly  

charged linear chains of polysaccharides. GAGs are the side chains of PGs and are 

involved in various biological activities (Shaya et al., 2008).  

1.1 Glycosaminoglycans 

GAGs are the natural heteropolysaccharides that are present in every 

mammalian tissue (Afratis et al., 2012). GAGs are composed of disaccharide repeats 
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of two hexose monosaccharide units, D-galactosamine/D-glucosamine and D-

glucuronic acid/L-Iduronic acid (Shaya et al., 2008; Igarashi et al., 2013). The two 

monosaccharide units are connected by β-(1→3)-glycosidic linkage while the two 

disaccharide units are connected by β-(1→4)-glycosidic linkage and forms an 

unbranched chain (Linhardt et al., 2006; Igarashi et al., 2013). On the basis of the 

structural configuration, GAGs have been categorized into 4 major types: hyaluronan, 

chondroitin/dermatan sulphates (CS/DS), heparan sulphate (HS) and keratan sulphate 

(Iozzo et al., 1998; Capila et al., 2002; Esko et al., 2002; Linhardt et al., 2004). The 3 

important GAGs and the structure of CS are shown in Fig. 1.1.1. The backbone of these 

GAGs is linear with repetitive units, having variations in (i) sulfation at different carbon 

positions, (ii) uronate epimerization and (iii) acetylation at the amino group of the 

galactosamine (Huang et al., 2003; Yamada et al., 2008; Huang et al., 2011).  

 

Fig. 1.1.1 Types of GAGs. (The chemical structure of chondroitin sulphate is referred 

from Pubchem).  

 

Chondroitin sulphate/Dermatan sulphate (CS/DS) are the GAGs made up of 

alternating units of N-acetyl-D- galactosamine (GalNAc) and glucuronic acid 
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(GlcA)/Iduronic acid (IdoA) (Shaya et al., 2008). The polysaccharide chain is sulphated 

at C2 position of uronic acid and/or at C4/C6 position of N-acetyl-D- galactosamine 

residue (Huang et al., 2003). Though, the GAG subclass HS has been studied 

extensively for its ubiquitous role in cell signalling and developmental process 

(Sugahara et al., 2000). In this regard, CS/DS has been only meagerly explored, though 

CS forms a key component of bone synovial fluid. 

Existing studies report that CS/DS interact with various growth factors and 

adhesion molecules and play crucial role in cell proliferation, differentiation, migration, 

central nervous system (CNS) development, infection, wound repair and other 

important physiological events (Esko et al., 2002; Sugahara et al., 2003; Rauch et al., 

2006; Uyama et al., 2007). CS/DS chains have been exploited as the cell surface 

receptors by the malarial parasites and HSV-1 virus which might be of therapeutic 

significance (Banfield et al., 1995; Mårdberg et al., 2002; Brustoski et al., 2005). The 

biological functions of GAGs hinge on their architecture, which makes the GAG-

degrading enzymes crucial for deciphering their structure and function. The major 

source of these enzymes are microorganisms, such as Flavobacterium heparinum 

(Pojasek et al., 2001), Arthrobacter aurescens (Lunin et al., 2004) and Bacteroides 

species (Hong et al., 2002; Shaya et al., 2008). Chondroitin 4-sulphate (CS-A), 

chondroitin 6-sulphate (CS-C) and DS are found within the extracellular matrix (ECM) 

or on cell membranes attached to a variety of proteins, including decorin, biglycan and 

aggrecan (Kresse et al., 2001; Matuszewski et al., 2012). The CS-degrading enzymes, 

chondroitin lyases (CS lyases) have been classified into family 6, 8 and 23 

polysaccharide lyase in the CaZy database (Cantarel et al., 2009). The CS degrading 

enzyme are also known as chondroitinases. CS lyase degrades CS by β-elimination 
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mechanism and generates an unsaturated hexenuronic acid residue and a new reducing 

end (Cantarel et al., 2009). These enzymes have been cloned, expressed and purified 

from various bacterial sources such as Flavobacterium heparinum (Gu et al., 1995; 

Pojasek et al., 2001), Bacteroides thetaiotaomicron (Shaya et al., 2008), Arthrobacter 

aurescens (Lunin et al., 2004) Bacteroides stercoris HJ-15 (Hong et al., 2002), Serratia 

marcescens (Ke et al., 2005) and virus Autographa californica nucleopolyhedrovirus 

(ODV-E66) (Sugiura et al., 2011). 

1.2 Chondroitin Sulphate 

Among four Chondroitin sulphate (CS) is belonging to one of four major 

categories of the GAGs, and is an unbranched polymeric chain of repeating 

disaccharide unit. The disaccharide unit is consisting of N-acetyl-D- galactosamine 

(GalNAc) and glucuronic acid (GlcA) linked by [-4)GlcA(β1→3)GalNAc(β1-]n 

linkages (Shaya et al., 2008). The basic structure of the CS disaccharide unit was first 

reported in 1913 in which glucuronic acid (GlcA) was identified and within the course 

of the following 2 years, the structure of the other subunit N-acetylgalactosamine 

(GalNAc) was also reported (Levene and La Forge, 1914; Kwok et al., 2012). CS is 

regio-selectivel y O-sulphated at position 4 or 6 of GalNAc which gives rise to two 

isomers, chondroitin 4-sulphate (CS-A) and chondroitin 6-sulphate (CS-C), 

respectively (Fig. 1.2.1A & 1.2.1B) (Murata et al., 1985; Habuchi et al., 2000; Jin et 

al., 2010). Dermatan sulphate or chondroitin sulphate B (CS-B) is composed of 

repeating units of iduronic acid (IdoA), the epimeric form of glucuronic acid and N-

acetyl-D-galactosamine (GalNAc) (Fig. 1.2C) (Halldórsdóttir et al., 2006). The 

sulfation is present in position 4 or 6 of the GalNAc and position 2 of the IdoA 

(Halldórsdóttir et al., 2006). 
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Fig. 1.2.1 (A) Chondroitin 4- sulphate, consist of an alternating copolymer of β-

glucuronic acid-(1-3)-N-acetyl-β-galactosamine-4-sulphate, (B) 

Chondroitin 6-sulphate consist of an alternating copolymer of β-glucuronic 

acid-(1-3)-N-acetyl-β-galactosamine-6-sulphate and (C) Dermatan 

sulphate consist of an alternating copolymer of β-iduronic acid-(1-3)-N-

acetyl-β-galactosamine-4-sulphate. 
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1.3 Chondroitin sulphate proteoglycans 

CS are generally found as the GAG chains bound to serine residue of the protein 

core linked through a tetrasaccharide linkage region made up of xylose-galactose-

galactose-glucuronic acid and forming a proteoglycan (PG) (Fig. 1.3.1) (Kresse et al., 

2001; Silbert et al., 2002).  Aggrecan, a major PG of the cartilage mainly consists of 

CS (Kempson et al., 1980; Linhardt et al., 2006). The presence of negative charge on 

the CS confers osmotic effect to the cartilage resisting shrinkage (Linhardt et al., 2006; 

Kwok et al., 2012). CS is responsible for the resiliency and structural integrity of the 

cartilage tissue. Clinical studies have demonstrated a favorable therapeutic effect of CS 

in the treatment of Osteoarthritis (Henrotin et al., 2010). Other CS proteoglycans 

(CSPGs) such as neurocan, versican, brevican and phosphacan have been found as the 

major components in nervous system (Herndon et al., 1990; Kwok et al., 2012).  

 

Fig. 1.3.1 Structure of Proteoglycan.  

1.3.1 Biosynthesis of chondroitin sulphate proteoglycans 

The biosynthesis of CSPGs requires an array of enzymes present in endoplasmic 

reticulum (ER) and Golgi apparatus. The core protein is assembled in Golgi apparatus 

whereas the CS chain is synthesized in the ER (Linhardt et al., 2006; (Laremore et al., 

2009; Mikami et al., 2013). The tetrasaccahride linker region (Xyl-Gal-Gal-GlcA) 

starts associating with the protein in the ER (Sugahara et al., 2000; Linhardt et al., 2006; 
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Mikami et al., 2013). Xyl residue of the tetrasaccharide attaches to the serine residue 

of the protein with xylosyl transferase in ER. Further, two Gal are added in Golgi body 

through the action of galactosyltransferase I and galactosyltransferase II, whereas GlcA 

is added by glucuronyltransferase I, completing the linker (Sugahara et al., 2000; 

Sugahara et al., 2003; Laremore et al., 2009; Mikami et al., 2013). Subsequent addition 

of GalNAc and GlcA to the linker region occurs by a multitude of enzymes including 

GalNAc transferase, GlcA transferases, chondroitin synthases, CS N-acetyl 

galactosaminyl transferases I and II, CS glucuronyltransferase and chondroitin sulphate 

polymerizing factor (Kitagawa et al., 2001; Kwok et al., 2012).  

1.4 Application of Chondroitin sulphate 

The main application of CS is in the treatment of osteoarthritis because of its 

anti-inflammatory action. Other potential applications of CS are its use as antiviral and 

anti-infective agent, scaffolds for tissue regeneration and engineering and as biomarkers 

in cancer detection. 

1.4.1 CS in osteoarthritis treatment 

 CS is a part of connective tissues and involved in major biological processes 

such as resiliency, structural integrity of cartilage and maintenance of synovial fluid in 

the bone joints owing to its polyanionic structure (Fig. 1.4.1) (Luo et al., 2002, Henrotin 

et al., 2010). Low-molecular weight CS are beneficial for treatment and prevention of 

osteoarthritis because it inhibits cartilage degrading enzymes (Lauder et al., 2009; 

Schiraldi et al., 2010). CS showed chondroprotective properties as a result of increase 

in the biosynthesis of connective tissue components such as, collagen, proteoglycan and 

hyaluronan and hence increase of the viscosity of the synovial fluid at disease sites 

(Schiraldi et al., 2010). At present in the United States of America several CS 
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containing products, often combined with glucosamine, are marketed as "dietary 

supplements” (Schiraldi et al., 2010). 

 

Fig. 1.4.1 Configuration of Chondroitin sulphate along with collagen fibrils and 

hyalunoric acid in synovial fluid. 

 

1.4.2 CS as anti-inflammatory agent 

 CS supplements have an effect in relieving pain and stiffness caused by arthritis 

with fewer side effects as compared with conventional drugs. The beneficial effects of 

CS have been reported for joint pains, stiffness and swelling in osteoarthritis patents 

(Hochberg et al., 2015; Raynauld et al., 2016). CS binds to (Tumor Necrosis Factor) 

TNF-α, inhibits its activity and hence reduces inflammation of joints (Tully et al., 2006; 

Lauder et al., 2009). CS may also influence inflammatory processes by inhibiting the 

expression of pro-inflammatory molecules such as reducing Interleukin-1β induced 

Nuclear Factor- KappaB (NF-ҠB) nuclear translocation and TNF- α induced signalling 

(Lauder et al., 2009). 
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1.4.3 CS in tissue engineering 

 CS alone or in combination with hyaluronic acid or chitosan were used to 

formulate scaffolds that mediate and accelerate the regeneration of damaged tissues, 

bone repair, cartilage and cutaneous wounds (Bianchera et al., 2014). CS-hydrogels are 

appealing materials for biomedical application as they enhance wound healing by 

reepithelialization and neovascularization (Bianchera et al., 2014). A research report 

describes the application of bi-layer gelatin-chondrointin-6-sulfate-hyaluronic acid 

(gelatin-C6S-HA) biomatrices in tissue engineered skin substitutes (Wang et al., 2006). 

The results demonstrated the feasibility of these scaffolds to overcome the shortage of 

skin autograft by in vitro culturing the keratinocytes and dermal fibroblasts (Wang et 

al., 2006).  

1.4.4 Anti-oxidative properties of CS 

CS also acts as free radical scavenger and decreases DNA fragmentation, 

protein degradation and cell death rate (Campo et al., 2006; Henrotin et al., 2010). This 

antioxidant activity, caused by the chelation of transition metals such as Cu2+ and Fe2+ 

is also believed to be partially responsible for the chondroprotective effects of CS 

(Campo et al., 2006). 

1.4.5 CS as biomarker in cancer cell biology and treatment  

During recent years, cell biology studies have revealed that the altered structure 

of glycosaminoglycans in several diseases indicate their importance as biomarkers for 

disease diagnosis and progression, as well as pharmacological targets (Fig. 1.4.2) 

(Afratis et al., 2012; Poh et al., 2015). CSPGs are able to regulate key cellular 

processes, including proliferation, apoptosis, migration, adhesion and invasion. 

Versican and decorin are the major CSPGs, and are over-expressed in the stroma of a 
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wide variety of malignant tumors, including osteosarcoma, testicular tumors, breast, 

pancreatic and colon cancer (Theocharis et al., 2006; Skandalis et al., 2011).  

 

Fig. 1.4.2 CS-mediated signaling pathways and biological actions. The CS chains 

shown are either components of CSPGs or exogenously added free chains 

bearing various sulphation patterns. (A) Release of growth factors (GFs) 

from CS chains or delivery of GFs through CS chains creating a triple 

complex with receptors of growth factors (GF-R), leading to activation of 

the mitogen-activated protein kinase (MAPK) pathway and malignant 

transformation. (B) The importance of the CS sulphation pattern in 

interactions with cell membrane receptors such as L- and P-selectins and 

CD44. (C) Specific role of CS-A chains of melanoma chondroitin sulphate 

proteoglycans (MCSP) in activation of MMP2 through a triple complex 

with pro-MMP2 and MT3-MMP, promoting metastasis (adapted from 

Afratis et al., 2012). 

 

16 different CS disaccharides were synthesized and their inhibitory effect on the 

proliferation of breast cancer cells (MDA-MB-231, MCF-7 and T47D) were studied 

TH-1654_11610622



Chapter 1                                                                                                     11      
 

(Poh et al., 2015). The role of CS as pharmacological agent may be achieved via direct 

uptake of CS or as part of drug delivery system targeting cancer. Modified molecules 

called neoglycans are able to promote apoptosis of multiple myeloma cells (Afratis et 

al., 2010). These carbodiimide-modified CS chains were demonstrated to reduce or 

even abolish tumor growth when directly injected in nude mice with breast cancer 

without causing toxicity (Pumphrey et al., 2002; Afratis et al., 2012). The over-

expression of CS in several metastatic tumors enables selective delivery of anti-cancer 

drugs by polyethylene glycol-coated liposomes (Lee et al., 2002; Afratis et al., 2012).  

1.5 Carbohydrate active enzymes 

Carbohydrates are dynamic molecules that are constantly synthesized and 

broken down in animal and plants. There are varieties of enzymes involved in the 

synthesis as well as breakdown of carbohydrates. Carbohydrate modifying enzymes are 

divided into four classes: glycoside hydrolases (GHs), glycosyltransferases (GTs), 

polysaccharide lyases (PLs) and carbohydrate esterases (CEs). The 

glycosyltransferases (GTs) are mainly involved in the formation of the glycosidic bond 

or biosynthesis of carbohydrates. The polysaccharide lyases (PLs), carbohydrate 

esterase (CEs) and glycoside hydrolases (GHs) are concerned with the breakdown of 

polysaccharides. The carbohydrate-active enzymes are grouped into different families 

based on amino acid sequence similarity and are listed in the continually updated 

carbohydrate-active enzyme (CAZy) database (www.cazy.org) (Cantarel et al., 2009). 

The polysaccharide lyases are classified into 24 families and among them, the 

chondroitin degrading enzymes have been reported in families 6, 8 and 23. 
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1.5.1 Family 8 polysaccharide lyase  

 The family 8 polysaccharide lyase (PL8) currently contain 27 well 

characterized sequences. The enzyme reported in family 8 have shown activities like 

chondroitin AC lyase (EC 4.2.2.5), chondroitin ABC lyase (EC 4.2.2.20), hyaluronate 

lyase (EC 4.2.2.1) and xanthan lyase (EC 4.2.2.12) (http://www.cazy.org/PL8.html). 

Chondroitin sulphate lyases of families 8 catalyze the cleavage of β-(1,4)-glycosidic 

bond between hexosamine and uronic acid residue by β-elimination and generate Δ4,5 

unsaturated uronate oligosaccharides as the product, which exhibits a maximum 

absorbance at 232 nm (A232). The main structural fold present in family 8 

polysaccharide lyase is (α/α)5,6 β toroid domain, which contains five α-helical hairpins 

and in some proteins a sixth hairpin is assembled from two additional antiparallel 

helices, one at the N-terminus and the other at the C-terminus of this domain. This 

domain is followed by a C-terminal antiparallel β-sandwich domain containing four β-

sheets (Féthière et al., 1999; Garron et al., 2010). The PL8 family contains lyases that 

can depolymerize several different types of substrates such as CS-A, CS-B, CS-C, HA 

and xanthan. All these enzymes, with exception of hyaluronate lyase, contain structural 

ions, calcium or sodium, coordinated mainly by aspartate side chains. Despite 

similarities in their structures, none of these metal ion sites are conserved across this 

enzyme family (Garron et al., 2010). There are nearly 930 bacterial, 2 eukaryotic and 1 

archaeal sequences in family 8 polysaccharide lyase (http://www.cazy.org/PL8.html). 

Among which 27 sequences are characterized and 9 crystal structures have been 

determined till date (January 2017) (http://www.cazy.org/PL8.html).  
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1.6 Classification of chondroitin degradation enzymes 

The enzymes capable of degrading GAGs have been studied in order to 

understand the structure of GAGs and harness their therapeutic effects by manipulating 

cell signaling, differentiation, migration and adhesion (Iozzo et al., 1993; Iozzo et al., 

1998; Lander et al., 2000; Sugahara et al., 2000; Bao et al., 2004). In many cases, the 

GAG chains serves as the receptor for various microbes, viruses and pathogens, hence 

involved in pathogenesis (Rostand et al., 1997; Giroglou et al., 2001; Liu et al., 2002; 

Yamada et al., 2008). Designing GAG-based therapeutic drugs to tackle the pathogenic 

and inflammatory diseases requires holistic understanding of the related enzymes 

(Linhardt et al., 2006). 

 A number of microorganisms such as Proteus vulgaris (Prabhakar et al., 2006), 

Arthrobacter aurescens (Linhardt et al., 1994; Lunin et al., 2004) and Bacteroides 

stercoris HJ-15 (Hong et al., 2002) elaborate and recruit the GAG-degrading enzymes 

for invading the host tissues to derive the nutrients. The GAG-degrading enzymes 

include heparinases I, II, III, chondroitin lyases and hyaluronan lyases. Chondroitin 

layses have been expressed by number of soil and intestinal bacteria (Lunin et al., 2004; 

Shaya et al., 2008) such as Arthrobacter aurescens (Linhardt et al., 1994; Lunin et al., 

2004), Bacteroides thetaiotaomicron WAL2926 (Shaya et al., 2008) and Bacteroides 

stercoris HJ-15 (Hong et al., 2002). 

On the basis of substrate specificity, the chondroitin lyases are categorized mainly 

into three types such as chondroitin AC lyase, chondroitin B lyase and chondroitin ABC 

lyase (Fig. 1.6.1) (Linhardt et al., 1994; Lunin et al., 2004; Prabhakar et al., 2006; 

Lemmnitzer et al., 2014). 
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1.6.1 Chondroitin AC lyase 

Chondroitin AC lyase degrades both CS-A and CS-C and to a lesser extent 

hyaluronan (Gu et al., 1995; Linhardt et al., 2006). It cannot degrade dermatan sulphate, 

as it is unable to break the glycosidic bond between hexosamine and iduronic acid 

residues (Gu et al., 1995; Linhardt et al., 2006). Chondroitin AC lyase has been isolated 

from bacteria including Flavobacterium heparinus (Pedobacter heparinus) (Gu et al., 

1995; Féthière et al., 1999; Pojasek et al., 2001), Arthrobacter aurescens (Lunin et al., 

2004; Lemmnitzer et al., 2014), Bacteroides stercoris HJ-15 (Hong et al., 2002) and 

Serratia marcescens (Ke et al., 2005). Heparin and dermatan sulphate potentially act 

as the inhibitors of these enzymes (Pojasek et al., 2001; Rye et al., 2002).  

1.6.2 Chondroitin B lyase /Dermatan lyase 

Chondroitin B lyase specifically degrades only dermatan sulphate as its sole 

substrate. They are not able to act on CS-A, CS-C and hyaluronan. The endo acting 

chondroitin B lyase from Pedobacter heparinus has been studied extensively (Huang 

et al., 1999; Pojasek et al., 2001). 

1.6.3 Chondroitin ABC lyase 

Chondroitin ABC lyase is a broad specificity enzyme and is able to depolymerize 

CS-A, CS-C, DS and also hyaluronan to some extent (Shaya et al., 2008). This 

subgroup of lyases have been identified from Bacteroides stercoris HJ-15 (Hong et al., 

2002), Proteus vulgaris (Jandik et al., 1994; Prabhakar et al., 2005; Prabhakar et al., 

2009) and Bacteroides thetaiotaomicron WAL2926 (Shaya et al., 2008). 
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Fig. 1.6.1 Classification of chondroitin lyase enzymes 

Recently, a chondroitinase has been reported from occlusion-derived virus 

envelope protein 66 (ODV-E66) of Autographa californica nucleopolyhedrovirus 

(Sugiura et al., 2011). This chondroitin-degrading enzyme specifically degrades 

chondroitin, chondroitin 6-sulphate and hyaluronan, but inactive towards chondroitin 

4-sulphate, DS and heparin (Sugiura et al., 2011). ODV-E66 chondroitinases has been 

included as a new member with unique substrate specificity under family 23 in 

polysaccharide lyases (http://www.cazy.org/PL23.html). This enzyme appears 

promising in unravelling baculovirus infection mechanisms.  

1.7 Structure of chondroitin lyases 

1.7.1 Crystal structure of chondroitin AC lyase 

Substantial information on structural variations of these enzymes have 

accumulated over the years. Crystal structure of chondroitin AC lyase from 

Flavobacterium heparinum (FlavoAC) (Féthière et al., 1999) and Arthrobacter 
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aurescens (ArthroAC) (Lunin et al., 2004) have been solved under native as well as 

substrate complexation states. Site of lysis varies in that FlavoAC is endolytic whereas 

ArthroAC is exolytic (Jandik et al., 1998). As per the three dimensional structure, 

FlavoAC consists of two domains, a N-terminal domain of around 300 amino acids 

arranged as α-helices and the C-terminal domain spanning 370 residues are configured 

as four antiparallel β-sheets. The N-terminal domain imparts the protein a double 

layered horseshoe structure (α/α)5 toroidal (doughnut-shaped) topology (Féthière et al., 

1999) (Fig.1.7.1A). Site-directed mutagenesis of F. heparinum revealed that 

His225Ala, Tyr234Phe and Arg288Ala render the enzyme inactive (Blain et al., 2002) 

Crucial catalytic function of residues His225, Tyr234, Arg288, and Glu371came forth. 

From high resolution electron density maps and subsequent mass spectrometry studies, 

ArthroAC conformation was found to be an α+β (Lunin et al., 2004). The N-terminal 

contains 13 α helices, 10 out of which forms an (α/α)5 toroidal topology (Lunin et al., 

2004). The C-terminal domain is entirely made up of antiparallel β-strands arranged 

into four β-sheets (Lunin et al., 2004). Structural comparison of ArthroAC (Exolytic) 

and FlavoAC (Endolytic) explains the difference in their mode of action. At the N-

terminal domain, ArthroAC has insertions of 15 residues (Arg23-Ser38) and 25 

residues (Thr343-Gly366) as compared to FlavoAC (Lunin et al., 2004). These two 

insertions form a loop, preventing the binding of large oligosaccharide to the active site 

cavity (Lunin et al., 2004). 

1.7.2 Crystal structure of chondroitin B lyase 

The only chondroitin B lyase reported till date is from Flavobacterium 

heparinum (Pedobacter heparinus). The crystal structure of enzyme was determined at 

1.7 Ǻ in both native and in complex with dermatan sulphate disaccharide (Huang et al., 

TH-1654_11610622



Chapter 1                                                                                                     17      
 

1999). The chondroitin B lyase contains a right-handed parallel β-helix fold, as the other 

members of the polysaccharide lyase family such as pectate lyase (Yoder et al., 1993; 

Jurnak, et al., 1994; Jenkins et al., 1998). Overall β-helix is an L-shaped structure, made 

up of three β-sheets. The two sheets are arranged parallel to each other, while third one 

is perpendicular to the second β-sheet. The β-strands of the adjacent sheets were 

connected by turns or loop (Fig. 1.7.1B). A positively charged cleft within the fold is 

involved in binding of the substrate. The two residues Arg318 and Arg364 are 

responsible for interacting with sulphate group of N-acetylgalactosamine moiety, while 

Glu333 possibly act as general base (Huang et al., 1999).  

In 2004, the crystal structure of chondroitin B lyase from Flavobacterium 

heparinum, complexed with DS and CS oligosaccharide was reported (Michel et al., 

2004). Complex of enzyme with DS hexasaccharide revealed the presence of +2 and 

+1 subsites (Michel et al., 2004). This study also revealed the presence of Ca2+ binding 

site coordinated by conserved acidic residues and by the carboxyl group of the L-

iduronic acid at the +1 subsite. Subsequently the kinetics and mutagenesis studies 

explains the absolute requirement of Ca2+ ion for catalysis. The residues Lys250 and 

Arg271 act as general base and acid, respectively and are involved in the catalysis 

(Michel et al., 2004).  

1.7.3 Crystal structure of Chondroitin ABC lyase 

The crystal structure of chondroitin ABC lyase I from Proteus vulgaris was 

determined at 1.9 Ǻ in 2003 (Huang et al., 2003). The enzyme has broad specificity and 

is endolytic and degrades all three types of substrates viz. chondroitin A, chondroitin C 

and dermatan sulphate (Huang et al., 2003). This 110 kDa protein consists of 3 

domains. The N-terminal domain composed of 209 amino acids is the most flexible 
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domain. This domain is made up of jellyroll fold which consists of a two-layered bent 

β-sheet sandwich with one short α-helix. It shows the fold similarity with the ligand 

binding domains especially, carbohydrate binding domains (CBMs) of xylanases, 

glucanases and lectins (Huang et al., 2003). This structural similarity of N-terminal 

domain suggests that this domain helps in binding of long glycosaminoglycan chains 

of substrate (Prabhakar et al., 2006). The central or catalytic domain is the helical 

domain consisting 15 α-helices. Central domain is formed by 10 α-helices, which is 

arranged into an incomplete toroid (α/α)5 structure (Fig. 1.7.1C). The structure 

superimposition and amino acid comparison shows that this domain shares structural 

similarity with catalytic domains of chondroitin AC lyase from Flavobacterium 

heparinum and hyaluronidases. The C-terminal domain is made up of 404 amino acids 

constituting four antiparallel β-sheets. This domain is homologous to the non-catalytic 

C-terminal domain of chondroitin AC lyase of Flavobacterium heparinum (FlavoAC) 

(Huang et al., 2003; Linhardt et al., 2006).  

The three domains are arranged in linear fashion. The N- and C-terminal 

domains are attached to the catalytic domain. The N-terminal domain interacts with the 

first several α-helices of the toroid, while the C-terminal domain interacts with the tips 

of few α-helices and intervening loops (Huang et al., 2003). Arg500 plays a crtical role 

in binding the acidic group of glucuronic acid. The chondroitin ABC lyase of Proteus 

vulgaris and chondroitin AC lyase of Flavobacterium heparinum share the same 

catalytic residues, while residues involved in substrate binding sites are not conserved. 

Arg500 plays important role in charge neutralization of acidic group of uronic acid in 

either conformation (Glucuronic acid or Iduronic acid), giving this enzyme the ability 

to catalyze both glucuronic and iduronic acid moieties (Linhardt et al., 2006). Crystal 
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structure of an another exo acting chondroitin ABC lyase from Bacteroides 

thetaiotaomicron (BactABC) is available (Shaya et al., 2008). In spite of having no 

sequence similarity, its central domain shows structural similarty to the catalytic 

domains of chondroitin AC from Pedobacter heparinus and Arthrobacter aurescens 

(Lunin et al., 2004), hyaluronate lyase (Li et al., 2000), xanthan lyase (Hashimoto et 

al., 2003) and alginate lyase (Yoon et al., 1999). The C-terminal is a 420 amino acid 

long domain, consisting of stack of four antiparallel β-sheets. The residues His454, 

Tyr461, Arg514 and Glu628 forms a catalytic tetrad. Chondroitin ABC lyase BactABC 

from Bacteroides thetaiotaomicron has single substrate-binding site and two partially 

overlapping active sites catalyzing the reactions for CS and DS (Shaya et al., 2008). A 

substrate-induced conformational change brings all catalytically essential residues 

close to each other (Shaya et al., 2008). 
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    Fig. 1.7.1  Structures of chondroitin lyases (a) Chondroitin AC lyase from 

Flavobacterium heparinum (PDBid_1HM2), (b) Chondroitin B lyase 

from Flavobacterium heparinum (PDBid_1DBG), (c) Chondroitin ABC 

lyase from Proteus vulgaris (PDBid_1HN0), (d) Chondroitin lyase from 

Autographa californica nucleopolyhedrovirus (PDBid_3VSM). 
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1.7.4 Crystal structure of chondroitin lyase from Autographa californica 

nucleopolyhedrovirus 

 

 Chondroitin lyase (ODV-E66) from Autographa californica 

nucleopolyhedrovirus is the first viral chondroitin lyase cloned from baculovirus 

envelope protein that has a molecular size of 61 kDa. The chondroitin lyase ODV-E66 

has low sequence similarity with bacterial chondroitin lyases. The crystal structure of 

native ODVE66 was determined at 2.0 Å resolution (Kawaguchi et al., 2013) The 

native ODV-E66 protein is composed of two domains. The N-terminal domain is an α-

helix rich domain, it containing 8 α-helices and four short β-strands. This domain is 

composed of 202 amino acids forming α/α toroid topology.  The C-terminal domain is 

composed of 431 amino acids and is a β strand rich domain. It contains 31 β-strands 

and 12 short α-helices and forms an anti-parallel β-sandwich structure (Fig. 1.7.1D). 

The structural features of this enzyme are very similar to chondroitin AC lyase and 

chondroitin ABC lyase of the family 8 polysaccharide lyase (Kawaguchi et al., 2013). 

The structure and mutation analysis of enzyme confirmed that the Asn236, His291, 

Tyr299, Arg345 and Glu395 residues are involved in catalysis. The residues Asn236 

and His291 help in neutralizing the negative charge on the carboxyl group of glucuronic 

acid. The Tyr299 abstracts a proton from C-5 residue of glucuronic acid and act as 

catalytic base. An unsaturated sugar with a new reducing end is generated by breaking 

the glycosidic bond with help of residues Arg345, Tyr299, His291 and Glu395 

(Kawaguchi et al., 2013). 

1.8 Reaction mechanism of Chondroitin sulphate lyase 

Glycosaminoglycan degradation can be achieved by two classes of enzymes 

involving distinct reaction mechanisms. Based on the mechanism of GAG degradation 
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these enzymes are classified as the hydrolases and lyases (Rye et al., 2002). The GAG 

hydrolases are present in the eukaryotic system, while the GAG lyases are present in 

prokaryotes. The hydrolytic breakdown of glycosidic bond, present between the 

hexosamine and hexuronic acid involves the addition of the water molecule. It involves 

the breakdown of glycosyl-oxygen bond of the glycosidic linkage. Whereas, the lyases 

act via elimination mechanism resulting in oligosaccharides with unsaturated uronic 

acid residues at the nonreducing end in which, the oxygen-aglycon bond of the 

glycosidic linkage is broken (Fig. 1.8.1) (Zechel et al., 2000; Linhardt et al., 2006).  

 

Fig. 1.8.1 β-elimination mechanism for degradation of chondroitin sulphate in 

prokaryotes. The bond between N-acetylgalactosamine & Glucouronic acid 

is broken resulting in oligosaccharides with unsaturated uronic acid 

residues at the nonreducing end (adapted from Shaya et al., 2008).  

 

The elimination mechanism followed by lyases is characterized by the 

abstraction of the relatively acidic proton at C-5 of the hexuronic acid by a general base. 

This is further followed by the generation of a C4-C5 double bond at the uronic acid 

ring present at the nonreducing end (Rye et al., 2002; Linhardt et al., 2006). The 

catalytic mechanism followed by the lyases was elucidated in detail defining the three 

basic steps involved in the catalysis viz. (1) abstraction of the C-5 proton on the sugar 

ring of a uronic acid or ester by a basic amino acid side chain, (2) stabilization of the 

resulting anion by charge delocalization into the C-6 carbonyl group and (3) lytic 
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cleavage of the β-(1→4)-glycosidic linkage, facilitated by proton donation from a 

catalytic acid, which finally yield a hexenuronic acid at the newly formed non-reducing 

chain end (Yip et al., 2004; Yip et al., 2006; Lombard et al., 2010). Depending on the 

monosaccharide composition of the substrate and its conformation in the lyase active 

site, the proton removed from C-5 and the departing oxygen on C-4 may lay either syn 

or anti to each other (Fig. 1.8.2) (Lombard et al., 2010). 

 

 

Fig. 1.8.2 (A) syn-β-elimination and (B) anti-β-elimination, as in α-(1,4)-linked 

polysaccharide lyase. In both, polysaccharides are cleaved to produce an 

4,5 unsaturated galacturonate moiety at the newly formed non-reducing end 

of the chain. As the cleavage is caused in the polysaccharide chain, the C-

5 proton adjacent to the carbonyl group is abstracted by a basic amino acid 

at the catalytic centre (B:). Removal of the glycosidic oxygen is facilitated 

by proton donation from an acidic amino acid residue (B:H). Syn 

elimination is commonly found in chondroitin lyase, while anti elimination 

is observed in pectate lyase or pectin lyase (adapted from Lombard et al., 

2010). 
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Some specific microorganisms express the GAG-degrading lyases and utilize 

their end products as the source of carbon. Different categories of CS lyases have a 

distinct substrate specificity for degradation of chondroitin sulphate. The Chondroitn 

ABC lyase shows wide substrate specificity and degrades the CS/DS containing either 

glucuronic acid or iduronic acid. The two chondroitin ABC lyases (PvulABCI and 

PvulABCII) from Proteus vulgaris have been studied including the site-directed 

mutagenesis for identifying the active site residues involved in catalysis (Prabhakar et 

al., 2006; Prabhakar et al., 2009). The commensal human intestinal bacterium B. 

thetaiotaomicron and B. stercoris genome has large number of genes encoding enzymes 

involved in GAG degradation (Ahn et al., 1998; Kim et al., 2000). The chondroitin 

ABC lyase from Bacteroides thetaiotaomicron WAL2926 possesses the broad 

specificity with an ability to act on both epimers of uronic acid. The conservative 

replacement of active site key residue by site-directed mutagenesis revealed the role of 

His345 as the general base, which initiates the degradation of dermatan sulphate by 

abstracting the C5 proton. While the residues Tyr461 and His454 act as general base in 

performing CS degradation. Tyr461 also act as the general acid by protonating the 

leaving group and leads to the completion of CS/DS degradation (Xu et al., 2003; Shaya 

et al., 2008). The chondroitin lyase B from Flavobacterium heparinum (Pedobacter 

heparinus) specifically degrades only DS by accepting iduronic acid, while chondroitin 

AC lyase cleaves both CS-A and CS-C and accepts only glucuronic acid (Gu et al., 

1995; Pojasek et al., 2001).   
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1.9 Production, purification and characterization of Chondroitin Sulphate lyases 

In order to viably employ these enzymes for therapeutic purposes, their 

production, purification without denaturation and structural elucidation is paramount. 

The sections below illuminate on these aspects. A chondroitin sulphate lyase secreting 

strain, Arthrobacter aurescens was isolated and its chondroitin sulphate degradation 

properties were studied (Hiyama et al., 1975). Later, two chondroitin ABC lyases were 

isolated and characterized from Bacteroides thetaiotaomicron (Linn et al., 1983). On 

growing Bacteroides thetaiotaomicron in medium containing chondroitin sulphate as 

the sole carbon source, chondroitin lyase activity was detected in crude cell extracts. 

The two chondroitin lyases with similar molecular weights were found active against 

chondroitin sulphate A, B and C.   

Chondroitin sulphate lyases have been purified by the ammonium sulphate 

precipitation, ion-exchange chromatography and gel filtration (Gu et al., 1995; Hong et 

al., 2002; Ke et al., 2005). Two distinct chondroitin ABC lyases obtained from 

chondroitin sulphate-induced Proteus vulgaris NCTC 4636 were fractionated into an 

endoeliminase capable of depolymerizing chondroitin sulphate producing the end 

products, the mixture of D-unsaturated tetra- and di-saccharides and an exo-eliminase 

preferentially acting on chondroitin sulphate tetra- and hexa-saccharides to yield the 

disaccharides (Hamai et al., 1997). Two novel enzymes, chondroitin ABC and 

chondroitin AC lyases were purified and characterized from Bacteroides stercoris HJ-

15, a human intestinal isolate (Hong et al., 2002). Chondroitin ABC lyase expressed as 

a single subunit of 116 kDa, while chondroitin AC lyase was composed of two identical 

subunits of 84 kDa. Both chondroitin lyases were potently inhibited by Cu2+, Zn2+ and 

p-chloromercuriphenyl sulfonic acid. Chondroitin AC lyase from Bacteroides stercoris 

TH-1654_11610622



Chapter 1                                                                                                     26      
 

HJ-15 showed maximum activity at pH 5.8 and temperature 45ºC (Hong et al., 2002). 

While the chondroitin ABC lyase showed maximum activity at pH 7.0 and 40ºC. A 

chondroitinase AC, purified from Serratia marcescens showed optimum activity at pH 

7.5 and 40ºC and was composed of two identical subunits of 35 kDa (Ke et al., 2005). 

The gene encoding chondroitin AC lyase Flavobacterium heparinum 

designated cslA was expressed in E. coli. The cslA sequence revealed an open reading 

frame of 2,103 bp coding for peptide of 700 amino acid (aa) residues, while mature 

form consists of 678 aa and a molecular size of 77169 Da. The chondroitin AC lyase 

from Flavobacterium heparinum was cloned and expressed in E. coli (Pojasek et al., 

2001). The purification of recombinant chondroitin AC lyase was achieved by 

including an N-terminal 6x histidine tag using IMAC. The end products, the 

disaccharides of chondroitin 4-sulphate and chondroitin 6-sulphate after exhaustive 

digestion by chondroitin AC lyase from Flavobacterium heparinum were analyzed by 

strong-anion exchange chromatography (SAX-HPLC) (Pojasek et al., 2001). The 

chondroitin AC lyase enzyme displayed an optimum pH 8.0 and optimum temperature 

35ºC (Pojasek et al., 2001). The recombinant chondroitin ABC lyase from Bacteroides 

thetaiotaomicron WAL2926 was purified by IMAC followed by gel filtration (Shaya 

et al., 2008).  

An endo acting chondroitinase ABCI from Proteus vulgaris was cloned and 

expressed in E. coli. The putative catalytic residues His-501, Tyr-508, Arg-560 and 

Glu-653 were predicted via site-directed mutagenesis (Prabhakar et al., 2005). A 

chondroitin ABC lyase from Bacteroides thetaiotaomicron was characterized and the 

3D structure was determined. Its catalysis was stimulated by presence of Ca2+ and Mg2+ 

ions, particularly against dermatan sulphate (DS) (Shaya et al., 2008). Degradation of 
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DS and CS by chondroitin ABC lyase yielded only disaccharide products, pointing to 

an exolytic mode of action. The enzyme showed maximum activity at pH 7.6 and 37ºC 

(Shaya et al., 2008). The expression, purification and biochemical characterization of 

chondroitinase ABC II from Proteus vulgaris was carried out (Prabhakar et al., 2009). 

The site-directed mutagenesis of the four critical residues viz. Arg513, His453, Tyr460 

and Glu608 to Ala resulted in a completely inactive enzyme (Prabhakar et al., 2009). 

The Proteus vulgaris chondroitinase ABC (a mixture of PvulABCI and PvulABCII) is 

the only commercially available preparation (Seikagaku, Tokyo, Japan). A novel 

chondroitin lyase with distinct substrate specificity was cloned from occlusion-derived 

virus envelope protein 66 (ODV-E66) of Autographa californica nucleopolyhedrovirus 

(Sugiura et al., 2011). The enzyme shows activity over a wide range of pH (4–9) and 

temperature (30–60°C) and was unaffected by divalent metal ions like Ca2+, Mg2+ Mn2+ 

and Co2+ and EDTA. The recombinant enzyme shows highest activity with chondroitin 

followed by chondroitin 6-sulphate and degrade hyaluronan to a minimal extent, but it 

did not show activity with dermatan sulphate and heparin. This enzyme specifically acts 

on glucuronate residues present in non-sulphated and chondroitin 6-sulphate structures 

but not in chondroitin 4-sulphate (Sugiura et al., 2011). Properties of some of the well 

characterized chondroitin lyases have been listed in Table 1.9.1 
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Table 1.9.1 Some characterized chondroitin lyases and their sources 

Organism Enzyme Substrate 

specifity 

Molecular 

weight 

(Da) 

Mode 

of 

action 

Reference 

Flavobacterium 

heparinum 

Chondroitin 

AC lyase 

C4S, C6S, HA 74,000 Endo (Gu et al., 

1995) 

Arthrobacter aurescens Chondroitin 

AC lyase 

C4S, C6S, HA 79,840 Exo (Lunin et 

al., 2004; 
51) 

Bacteroides stercoris 

HJ-15 

Chondroitinas

e AC 

C4S, C6S, HA 84,000 Endo (Hong et 

al., 2002) 

Bacteroides stercoris 

HJ-15 

Chondroitin 

ABC lyase 

C4S, C6S, DS 116,000 Exo (Hong et 

al., 2002) 

Serratia marcescens Chondroitinas

e AC 

C4S, C6S, HA 35,000 - (Ke et al., 

2005) 

Proteus vulgaris Chondroitinas

e ABC-II 

C4S, C6S, DS 100,000 Exo (Prabhakar 

et al., 

2009) 

Bacteroides 

thetaiotaomicron 

WAL2926 

Chondroitin 

sulphate ABC 

lyase  

C4S, C6S, DS 115,200 Exo (Shaya et 

al., 2008)   

Proteus vulgaris Chondroitinas

e ABC-I 

C4S, C6S, DS 105.000 Endo (Prabhakar 

et al., 

2005) 

Autographa californica 

Nucleopolyhedrovirus 

Chondroitin 

lyase 

Chondroitin, 

C6S, HA  

74,300 Endo  (Sugiura 

et al., 

2011) 

 

 

1.10 Established and emerging applications of Chondroitin sulphate lyases 

Chondroitin Sulphate lyases are involved in some validated functions such as the 

inhibition of cell proliferation, differentiation and migration and some possible 

functions such as antitumor, pathogenic infection control, wound repair and neuro-

generation. (Pojasek et al., 2001; Sugahara et al., 2003; Rauch et al., 2006; Uyama et 

al., 2007). Recruitment of CS lyase for meddling with cancer cell surface receptors can 

offer exciting therapeutic possibilities. Also, therapeutic oligosaccharides appear to be 

another crucial implication of the CS lyases. Among the prospective roles, 

reinnervation is perhaps, the most promising application of this enzyme. The scope and 

progress on the applications of these lyases have been discussed below. 
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1.10.1  Chondroitin sulphate oligosaccharide production and their structure 

determination 

 

The GAGs have complex structures. CS and DS contain linear and highly 

sulphated polysaccharide chains. The sulphate groups are bound to C-4 or C-6 positions 

of the disaccharide units of these CS/DS polysaccharides which leads to the structural 

diversity (Ly et al., 2010; Li et al., 2012). The molecular weights of the CS/DS also 

vary depending on the number of disaccharide units present in the chain. Because of 

the structural complexity, it is difficult to characterize the degradation products of these 

polysaccharides and understand their structure and function relationships as an anti-

inflammatory and therapeutic agent (Kimata et al., 1973; Toida et al., 1993; Scott et 

al., 2001; Lemmnitzer et al., 2014). Chondroitin lyases cleave the β (1→4) linkage, of 

the CS/DS polysaccharides [-3)GalNAc β(1→4)GlcA/IdoAα(1-] and generate the 

oligosaccharides (Pojasek et al., 2001; Linhardt et al., 2006; Shaya et al., 2008).  

The oligosaccharides generated by enzymatic degradation can be separated by 

various techniques including Strong anion exchange High performance liquid 

chromatography (SAX-HPLC) (Linhardt et al., 1994; Yang et al., 2000) and 

polyacrylamide gel electrophoresis (PAGE) (Linhardt et al., 1991; Linhardt et al., 

1994), Gel permeation chromatography (GPC) (Yang et al., 2000; Lemmnitzer et al., 

2014) and capillary electrophoresis (CE) (Al-Hakim et al., 1991; Pervin et al., 1993; 

Pervin et al., 1994). The structure analysis of the oligosaccharides involves the 

exhaustive depolymerization of the substrates by the enzymes. Controlled degradation 

of substrate can also be carried out in order to attain maximum number of 

oligosaccharides. The separation of the oligosaccharide mixture can be achieved by gel 

permeation chromatography (Yang et al., 2000; Lemmnitzer et al., 2014). The purified 
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oligosaccharide was analyzed by PAGE analysis and further purified by SAX-HPLC 

(Linhardt et al., 2006; Mourier et al., 2015). ESI-MS, MALDI-MS and MALDI-TOF 

methods can be used to determine the molecular weight (Linhardt et al., 2006; 

Nimptsch et al., 2009; Schiller et al., 2010; Fenn et al., 2011; Lemmnitzer et al., 2014). 

The refined chemical structure of the oligosaccharides can be further resolved by mass 

and 1D/2D nuclear magnetic resonance (NMR) spectroscopy (Linhardt et al., 1991; 

Yang et al., 2000; Schiller et al., 2010; Lemmnitzer et al., 2014).  

1.10.2 CS oligosaccharides with anti-inflammatory properties  

As mentioned before, PGs are complex biomolecules with role in myriad 

biological process. CS lyases are capable of modulating their structure and ultimately 

the function, by selectively degrading their CS chains (Linhardt et al., 2006; Ly et al., 

2010; Li et al., 2012) CS lyase degradation products vary in size, such as disaccharide, 

tetrasaccharide and hexasaccharide. These oligosaccharides have been found to exhibit 

toll-like receptor TLR9-mediated anti-inflammation responses (Jin et al., 2010). The 

TLR9 receptor coordinates innate immune system, being expressed on both phagocytes 

(macrophages, dendritic cells) and lymphocytes (B cells) (Visintin, et al., 2001; Wagner 

et al., 2002; Verstak et al., 2007; Jin et al., 2010; Fenn et al., 2011). Interlukien-6 (IL-

6) is known to be a multifunctional cytokine that regulates the immune response and 

inflammation (Hirano et al., 1998; Ly et al., 2002; Kumagai et al., 2008). TLR 9 

induces IL-6 secretion in the macrophage cells, as demonstrated in vitro through 

macrophage-like J774.1 cells (Jin et al., 2010). The induction of IL-6 was dramatically 

suppressed by the disaccharide derived from CS-A, while the CS-A polysaccharide had 

no effect on IL-6 secretion (Ly et al., 2002; Jin et al., 2010). The CS-A derived 

disaccharide restrains IL-6 secretion at both transcription and translation levels in 
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macrophage-like J774.1 cells (Jin et al., 2010). Such studies unfold the future avenues 

for the CS lyases application in production of oligosaccharides with anti-inflammatory 

properties. 

1.10.3 Antitumor activity of chondroitin lyases 

PGs are involved in cellular communication and cancer biology Linhardt et al., 

1994; Iozzo et al., 2011). Metastasis of tumors occur by rapid and dynamic regulation 

of cancer cell surface adhesion factors, and angiogenesis (formation of new blood 

vessels) (Eisenmann et al., 1999; Denholm et al., 2001; Ishihara et al., 2002; Iozzo et 

al., 2011). Metastasis of tumors involves a complex sequence of events, called as the 

“metastatic cascade” (Sneath et al., 1998; Denholm et al., 2001). Chondroitin sulphate 

chains as a part of PGs have important role in the process of tumor growth and 

metastasis (Fig. 1.9) (Iida et al., 1996; Sneath et al., 1998; Eisenmann et al., 1999; 

Denholm et al., 2001; Yamada et al., 2008). Much of the research has focused on 

understanding the role for cell surface PGs in modulating the adhesion as well as the 

motility of malignant melanoma cells (Iida et al., 1994; Iida et al., 1996; Eisenmann et 

al., 1999; Iozzo et al., 2011). Melanoma cells express CS proteoglycan 4 (CSPG4). 

CSPG4 is the transmembrane protein which traverses cell membrane and modulates 

integrin function and enhances growth factor receptor-regulated pathways including 

extracellular signal-regulated protein kinases (ERK) 1,2 (Price et al., 2011). 

 Chondroitinase AC from Flavobacterium heparinum, removes and degrades 

GAGs from PGs and thereby modulating the interactions involved in tumor cell 

invasion and proliferation. Chondroitin lyases has been reported to possess the 

antitumor potential (Denholm et al., 2001). Chondroitinase AC inhibited melanoma 

invasion and proliferation as well as endothelial proliferation and angiogenesis 
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(Denholm et al., 2001). Apoptosis of melanoma and endothelial cells, as measured by 

the caspase-3 activity, was also increased by chondroitinase AC, but not by 

chondroitinase B. The latter also inhibited endothelial and melanoma proliferation and 

invasion, but to a lesser extent than chondroitinase AC (Denholm et al., 2001). 

Oncolytic viruses are genetically engineered viruses that kill cancer cells and 

remain harmless to the normal tissue. After being injected into a tumor, they infect 

cancer cells and multiply inside them, when a cancer cell is killed they move on to 

spread and infect other cancer cells. This strategy has been facilitated by chondroitinase 

ABC I (Dmitrieva et al., 2011; Kim et al., 2014). Chondroitinase ABC (Chase-ABC) 

is a bacterial enzyme that can remove a major glioma ECM component, CS GAGs from 

PGs without any deleterious effects in vivo. This enzymatic treatment is capable of 

promoting the spread of the viruses, increasing the efficacy of the viral treatment and 

antitumor efficacy (Dmitrieva et al., 2011; Kim et al., 2014).  

1.10.4 Neuronal Regeneration 

Appreciation of CS lyase for neural therapy is rather a nascent field. Extracellular 

matrix (ECM) of nervous system is replete with CS/DS, which occur in variable 

saccharide and sulfation site. These modifications directly influence the neural wiring 

and dictating anomalies (Flangea et al., 2006). CS lyase might be employed to modulate 

their distribution in the ECM. Loss of neural functions has devastating consequences 

which can be deteriorated by CS/DS, produced in high amount of scarred neurons 

(Sharma et al., 2012). CSPG prevent the repair of spinal cord following damage by 

hindering axonal regeneration from astrocytes (Massey et al., 2008; Kuffler et al., 2009; 

Bartus et al., 2014). Removal of the CSPGs inhibitors from dorsal root ganglia has been 

observed to resume synaptic links (Kuffler et al., 2009). Administration of chondroitin 
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ABC lyases to distal graft in spinal cord injury rat models augmented axonal 

regeneration (Tom et al., 2009). An engineered CS lyase ABC administered to rat 

model with neural impairment via lentiviral vector modulated the CSPG and repaired 

the nerves.  The mechanism was found to be phenotypic changes of phagocytic cells 

like macrophages. CS lyase ABC gene therapy can ameliorate neural injuries improved 

by axonal repair and better sensorimotor function (Bartus et al., 2014).  

 Another rat study revealed that CS lyase ABC is capable of degrading the 

pooled CSPGs post neural injury due to hypertension stroke. The depletion CSPGs due 

to the lyase activity was accompanied with elevated level of growth-associated protein-

43 (GAP-43) and synaptophysin (SYN). This finding confirmed the neural revitalizing 

property of CS lyases (Chen et al., 2014). Rejuvenation of the scarred nerves via 

remodelling of ECM, by augmenting GAP-43 and myelin basic protein (MBP), while 

suppressing glial fibrillary acidic protein (GFAP) level was corroborated by rat studies 

(Zang et al., 2012). Schwann cells engineered to secrete neurotrophin and CS lyase 

ABC was demonstrated to promote axon growth and synaptic plasticity. The 

neurotrophic evidence was evaluated through higher axons and myelin sheath on them 

(Kanno et al., 2014). Further, supporting the beneficial role of CS lyases on nervous 

system, from rat study it was demonstrated that the axonal sprouting post lesion is not 

random but in sync with normal neural circuitry, hence dismiss any malfunction risks 

like seizures (Harris et al., 2015). In another striking study, CS lyase ABC treatment of 

rats was shown to modulate immune response by inducing M2 macrophage polarization 

(Didangelos et al., 2014). As a response to the enzyme activity, anti-inflammatory 

cytokine IL-10 level improved while proinflammatory cytokine IL-12B level dwindled 

(Didangelos et al., 2014). 
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Fig. 1.10.1 Neural regeneration blocking effect of Chondroitin/Dermatan sulphate. 

Apart from neuroprotective role, the CS lyase enzyme-based studies are 

providing crucial insights on neural architecture and behaviour with aging. A mass 

spectrometry study showed that digestion of mice brain DS/CS with CS lyase B and 

AC I liberates variable oligosaccharides for mice of different age group (Robu et al., 

2015). The rodents with older brain had DS with higher sulfation degree whereas those 

with younger brain had more nonsulphated CS (Zhao et al., 2013; Robu et al., 2015). 

Such interesting findings might encourage similar studies on human subjects. The 

delineated findings are only few of the possible neurotrophic roles of CS lyase, which 

ought to be pursued further. Fig. 1.10.1 illustrates the effect of CS/DS on neuronal 

regeneration. Among all applications, reinnervation seems most exciting, as neural 

regeneration was assumed impossible until recent past. The neurotrophic role of CS 

lyase is a reassuring domain, which must be investigated further. 
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1.11 The microorganism 

 Pedoabcter saltans belongs to family Sphingobacteriaceae. The genus name 

is derived from the Latinized Greek word 'pedon' meaning 'the ground, earth' and the 

word 'bacter' meaning 'rod', yielding 'Pedobacter', the 'rod from soil' (Styen et al., 

1998). The species epithet is derived from the Latin word 'saltare' meaning 'to dance', 

yielding 'saltans', referring to the gliding motility of the strain (Styen et al., 1998). P. 

saltans was isolated from soil in Iceland. The temperature range for growth of P. saltans 

is normally between 5°C and 30°C (Styen et al., 1998) The cells of P. saltans are short 

rods (0.5 X 0.7-1.0 μm) with rounded or slightly tapering ends (Fig. 1.11.1). P. saltans 

is aerobic, gram-negative and non-spore-forming (Styen et al., 1998; Liolios et al., 

2011). Pedobacter saltans is a heparinolytic bacterium and has been identified with 

features like degradation of chondroitin sulphate and heparin (Liolios et al., 2011). Thus 

cloning and biochemical characterization of polysaccharide lyase family 8 from 

Pedobacter saltans in E.coli as a host may find a new area of research, its scale up and 

overproduction  may accomplish the therapeutic need of chondroitin and hepain 

degrading enzymes. 

 

Fig. 1.11.1  Scanning electron microscope (SEM) image of Pedobacter saltans 

(adapted from Liolios et al., 2011). 
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1.12 Significance and specific objectives of the present study 

 

CS is a part of connective tissues and involved in major biological processes such 

as resiliency, structural integrity of cartilage and maintenance of synovial fluid in the 

bone joints owing to its polyanionic structure (Raynauld et al., 2016). CS also acts as 

free radical scavenger and decreases DNA fragmentation, protein degradation and cell 

death rate. CS is commercially available from various sources such as, bovine cartilage, 

bovine trachea and shark fin. The increasing demand and the high cost of CS has led to 

the exploitation of shark and bovine which impart a strong impact on the ecological 

balance. CS is also in high demand for its applications in tissue engineering, 

pharmaceutical, cosmetic and food industries. All these reasons make it essential for 

researchers to seek for more different animal sources of CS isolation and its 

physicochemical characterization. Recruitment of CS lyase to modulate structure and 

functionality of CS polysaccharides might be effective in this regard. Substrate 

specificity of the enzyme requires precise understanding to manipulate the targeted 

polysaccharide. Analytical tools like mass spectrometry, NMR and FTIR can facilitate 

this pursuit. Novel CS lyases can be identified by screening new microbes from various 

taxonomic groups. Production of anti-inflammatory and anti-oxidative 

oligosaccharides might be employed to tackle allergic, auto-immune diseases and 

cancer. CS lyase-based manipulation of cancer hallmarks, the altered cell surface 

receptors can be crucial towards cancer mitigation. CS lyase has shown synergistic 

effect with other therapeutic agents which requires assessment. Overall, a plethora of 

approaches can be undertaken to enrich CS lyase research in discovery of their optimal 

biological efficiency. 
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The aim of present study was to explore the new recombinant chondroitin AC 

lyase, PsPL8A from Pedobactor saltans. The specific primers will be designed to 

amplify gene and it will be subsequently cloned into an expression vector followed by 

expression in E. coli. The substrate specificity and various biochemical and functional 

properties of PsPL8A will be determined. The reaction conditions for enzyme assay, 

kinetic parameters and mode of catalysis will be investigated. The in-vitro therapeutic 

potential of PsPL8A will be studied on the human melanoma and fibrosarcoma cell 

lines. The present study will unfold the avenue for the potential application of PsPL8A 

as antitumor agent. The structural analysis of PsPL8A will involve the homology 

modeling, docking, circular dichroism, SAXS and site-directed mutagenesis analyses 

to determine the overall structure, key amino acid residues and their role in catalysis.  

The other part of the investigation involves the isolation, complete 

physicochemical and structural characterization of a chondroitin sulphate from the 

poultry waste, chicken keel bone cartilage. The CS-keel will be analyzed for its various 

physicochemical properties and its antioxidant and emulsifying potentials. The 

recombinant PsPL8A will be utilized for the production of CS-keel oligosaccharide by 

degrading CS-keel polysaccharide. The CS-keel disaccharide will be studied for their 

anticancer potential on human colon cancer cell lines. In vitro prebiotic potential of 

purified CS-keel disaccharide for functional foods will be investigated.  
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1.12.1 Specific objectives of the present study  

1. Cloning, expression and purification of family 8 polysaccharide lyase (PsPL8A) 

from Pedobacter saltans. 

2. Biochemical and functional characterization of chondroitin sulphate AC lyase 

(PsPL8A) from Pedobacter saltans DSM 12145  

3. Insights into the structural characteristics and substrate binding analysis of 

chondroitin AC lyase (PsPL8A) from Pedobacter saltans. 

4. Antitumor effect of chondroitin AC lyase (PsPL8A) from Pedobacter saltans 

on melanoma and fibrosarcoma cell lines by in vitro analysis. 

5. Physicochemical, antioxidant and biocompatible properties of chondroitin 

sulphate isolated from chicken keel bone for potential biomedical applications. 

6. Prebiotic chondroitin sulphate disaccharide isolated from chicken keel bone 

exhibiting anticancer potential against human colon adenocarcinoma HT-29 

cells 
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Chapter 2 

 

 

 

 

 
Cloning, expression and purification of chondroitin sulphate AC lyase  

of family 8 polysaccharide lyase (PsPL8A)  
from Pedobacter saltans DSM12145 

 
 
 
 

2.1 Introduction 

Proteoglycans are the major constituent of extracellular matrix in animals 

(Yamada et al., 2008). These proteoglycans are made up of protein core and the 

Glycosaminoglycan (GAG) chains. GAG are highly charged linear 

heteropolysaccharide chains composed of an alternating repeating disaccharide units of 

two six membered sugar rings, a hexosamine (D-glucosamine, GlcNAc, or D-

galactosamine, GalNAc) linked to a uronic acid (D-glucuronic acid, GlcA, or L-

iduronic acid, IdoA) (Shaya et al., 2008). These monosaccharide units can either be 

sulphated or non-sulphated. The molecular weight and sulphation of these chains 

depends upon its location and the type of tissue (Bulow and Hobert 2006; Ernst et al., 

1995; Afratis et al., 2012). GAGs are classified into four main categories, 

heparin/heparan sulphate, keratan sulphate, hyaluronic acid, chondroitin sulphate (CS) 

or dermatan sulphate (DS). GAG with an exception of hyaluronic acid are attached 
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through a serine residue to the protein core and forms proteoglycan. Chondroitin 

sulphate is composed of Glucuronic acid (GlcA) attached to N-acetylgalactosamine 

(GalNAc) through a β-(1→3) linkage and these disaccharide units are connected via β-

(1→4) glycosidic linkage forming a polysaccharide chain (Galtrey et al., 2007). CS can 

be regioselectively sulphated at 4-O or 6-O positions of N-acetylgalactosamine and 

hence classified as chondroitin 4-sulphate (C4S) or chondroitin 6-sulphate (C6S), 

respectively (Habuchi et al., 2000). CS chains play important roles in various biological 

functions such as cell adhesion, proliferation, differentiation, signalling, inflammation, 

organ morphogenesis, inflammation and infection by interacting with cytokines and 

myriad growth factors (Iozzo et al., 1998; Denholm et al., 2001). 

Polysaccharide lyases (EC 4.2.2.-) are group of enzymes belonging to 

carbohydrate active enzymes and have been classified into 23 families (March 2016), 

on the basis of sequence similarity according to the CAZy database (Cantarel et al., 

1999). These 23 PL families contain nearly 1884 species of bacteria, 130 species of 

archaea, and 65 species of eukaryotes (www.cazy.org). Chondroitin lyase has been 

reported from families 6, 8 and 23 that degrades chondroitin sulphate via β elimination 

mechanism and generating Δ4,5 unsaturated products. 

Microorganisms are the major sources of CS  degrading enzymes, particularly 

soil bacteria which may depend upon connective tissues of animal carcasses as a 

nutrient source (Sutherland 1995). Chondroitin lyases have been previously reported 

from Bacteroides thetaiotaomicron (Shaya et al., 2008), Pedobacter heparinus 

(previously known as Flavobacterium heparinum) (Fethiere et al., 1999; Pojasek et al., 

2001), Arthrobacter aurescens (Lunin et al., 2004) and Bacteroides stercoris HJ-15 

TH-1654_11610622



Chapter 2                                                                                                     61      
 

(Shim et al., 2008). In recent times chondroitin lyases have emerged as major 

therapeutic agents in clinical field (Denholm et al., 2001; Didangelos et al., 2014). 

The gene sequence with locus name, Pedsa_3808 

(http://www.cazy.org/PL8_bacteria.html) having GenBank accession no.  

ADY54337.1 belonging to family 8 polysaccharide lyase (PL8) from Pedobacter 

saltans DSM 12145 was identified.  The putative chondroitin AC lyase (PsPL8A) was 

cloned and expressed in E. coli. The sequence of gene and protein was retrieved from 

CAZy database. The molecular architecture of PsPL8A from Pedobacter saltans shows 

a signal peptide of N-terminal 22 amino acids long signal peptide followed by the GAG 

lyase domain from 23 to 701 amino acids, a 679 amino acid domain (Fig. 2.1.1). The 

recombinant PsPL8A protein containing the N-terminal His6-tags was purified by 

immobilized metal ion affinity chromatography (IMAC). The expression and 

purification of the recombinant PsPL8A protein was analysed by SDS-PAGE and its 

further biochemical, functional and structural characterization was carried out. 

 

Fig. 2.1.1 Molecular architecture of PsPL8A showing boundaries and designation of 

different domains. 

 

 

 

 

 

 

TH-1654_11610622



Chapter 2                                                                                                     62      
 

2.2 Materials and Methods 

2.2.1 Chemicals, reagents and kits 

 The oligonucleotide primers for PCR amplification of PsPL8A was procured 

from Eurofins, India. BIOTAQ DNA polymerase was supplied by Bioline, UK. The 

dNTPs and MgCl2 were obtained from Sigma Aldrich, USA. PCR tubes (0.2 ml) were 

from Axygen, Germany. pGEM-T Easy vector system for TA cloning was purchased 

from Promega, USA. Restriction enzymes NheI, and XhoI were purchased from 

Promega, USA. The expression vector pET-28a(+), were purchased from Novagen, 

Germany. T4 DNA ligase, 10x ligase buffer were purchased from Promega, USA. 

RNase solution (20 mg/ml), glacial acetic acid (99.9 % pure), Trizma base (Tris free 

base), ethidium bromide, Bradford reagent, nuclease free water (pH 8.0) and 

components of polyacrylamide gel electrophoresis were obtained from Sigma Aldrich, 

USA. The GenElute plasmid miniprep isolation kit and GenElute gel-extraction kit was 

from Sigma Aldrich, USA. The DNA was run on agarose gel prepared using Agrose, 

with low EEO from Sigma Aldrich, USA. DNA marker Hyperladder I was purchased 

from Bioline, UK. Page Ruler protein marker was procured from Fermentas, Germany. 

Disodium ethylenediamine tetra acetate salt (EDTA), glucose, sodium hydroxide, 

sodium dodecyl sulphates (SDS), LB medium and SOC medium components were 

supplied by Himedia Pvt. Ltd, India.  The antibiotics, ampicillin and kanamycin were 

procured from Sigma Aldrich, USA. SDS-PAGE was performed using Mini-

PROTEAN Tetra Cell purchased from Bio-Rad Laboratories (India) Private Limited. 

The protein staining dye Coomassie Brilliant Blue R250 was procured from Himedia 

and methanol from Merck, India. The genomic DNA of Pedobacter saltans DSM12145 
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was purchased from Leibniz Institute DSMZ - German Collection of Microorganisms 

and Cell Cultures. 

2.2.2 Microorganisms  

 Escherichia coli DH5α and XL-10 Gold cells used for transformation and 

amplification of recombinant plasmid were procured from Novagen (Germany).  E. coli 

BL-21 (DE3) cells for expression of recombinant proteins were obtained from Novagen 

(Germany).   

2.2.3  PCR amplification of gene encoding PsPL8A 

 

The ORF encoding PsPL8A with GenBank accession no.  ADY54337.1 was 

amplified from genomic DNA of Pedobacter saltans using two oligonucleotide primers 

containing NheI and XhoI restriction sites. The sequence details of primers are 

mentioned in Table 2.2.1. Amplification of gene (2037 bp) encoding a 679 amino acid 

domain (PsPL8A) was carried out following the schematic representation in Fig. 2.2.1. 

The components of 50 µl PCR reaction mixture and the conditions of PCR cycles for 

amplification are given in Tables 2.2.2 and 2.2.3, respectively. PCR amplification was 

performed using a thermal cycler (TAKARA Bio, Japan). The amplified PCR product 

was run on 0.8% (w/v) agarose gel in presence of DNA marker (Hyperladder I) as 

mentioned in Section 2.2.5. 

  

 

Fig. 2.2.1 Schematic representation of PCR amplification of a 2037 bp gene encoding 

PsPL8A from Pedobacter saltans. 
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Table 2.2.1 Oligonucleotide primers used for cloning PsPL8A from Pedobacter 

saltans. The nucleotides shown in bold are the restriction enzyme sites. 

Primer name Primer sequence  

PsPL8A-F 

PsPL8A-R 

5’CGCGCTAGCCAAAAGCAGACATTTGAACTG-3’ 

5’-GCGCCTCGAGTTAAACTTTTTCTGATTTGGT-3’ 

 

Table 2.2.2 PCR reaction setup for amplification of gene encoding PsPL8A. 

PCR components Volume (µl) Final concentration 

10x reaction buffer 

MgCl2 (50 mM) 

5.0 

2.5 

1x 

2.5mM 

dNTP mix (100 mM) 1.0 2 mM 

Forward primer (15 µM) 1.5 0.45 µM 

Reverse primer (15 µM) 1.5 0.45 µM 

Sigma water, pH 8.0 36.5 -- 

Genomic DNA (2.22 ng/µl) 1.0 0.044 ng 

Taq DNA polymerase (2.5 U/µl) 1.0 0.025U/ µl  

Total 50.0 -- 

 

Table 2.2.3 Conditions for PCR thermal cycles for amplification of gene encoding 

PsPL8A. 

Steps Time (min) 

I.  Denaturation at 94°C 4 

II. 30 cycles of i) Denaturation at 94°C 0.5 

ii) Annealing at 55°C 1.5 

iii) Extension at 72°C 2 

III. Final extension at 72°C 10 

 

2.2.4 Agarose gel electrophoresis of PCR amplified gene encoding PsPL8A 

The PCR amplified gene encoding PsPL8A was run on 0.8% agarose gel 

prepared in 1x TAE buffer. A stock solution of TAE buffer was prepared according to 

Sambrook and Russell (2001) keeping the concentrations of components to 10x (400 

mM Tris-acetate, 10 mM EDTA pH 8.0). The gel was prepared by dissolving agarose 

(400 mg for 0.8% gel) in 50 ml of 1x TAE buffer by heating in a microwave oven to 
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get a clear solution. Then 5.0 µl of ethidium bromide (5.0 mg/ml) was added when the 

solution temperature was around 50°C. The solution was mixed well and poured on the 

casting apparatus, combs were placed and the gel was allowed to solidify. For 

separating of PCR amplicon, 1x TAE (Tris-acetate-EDTA) buffer was used for 

preparing of agarose gel and also as an electrophoresis running buffer (Sambrook and 

Russel, 2001). The DNA sample and DNA loading dye were mixed in 4:1 ratio and the 

gel run at 60 Volt for 70% migration of the leading dye. The bands were then visualized 

under UV illumination in a gel documentation system (BioRad XR Gel documentation 

system).  

2.2.4.1 DNA loading dye  

 The DNA or sample loading dye was prepared by mixing the components 

mentioned below in Table 2.2.4. A 5x stock solution of DNA loading dye was prepared 

and mixed with 4 volumes of DNA to make it to 1x before loading on to agarose gel. 

The final pH of the DNA loading dye adjusted to pH 8.0. 

Table 2.2.4 Composition of 5x DNA loading dye. 

Components Final concentration (5x) 

Tris-HCl 50 mM 

Glycerol 25% (w/v) 

EDTA 5.0 mM 

Bromophenol blue 0.2% (w/v) 

Xylene cyanol 0.2% (w/v) 

 

2.2.5 Extraction of DNA from agarose gel 

  The PCR amplified DNA was purified from agarose gel using a kit (GenElute 

Gel Extraction Kit, Sigma Aldrich, USA), following the protocol provided by the 
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manufacturer as discussed in Section 2.2.5.1. The extracted DNA was eluted in 40 µl 

elution buffer supplied with the kit.  

2.2.5.1 DNA gel extraction protocol  

1.  1.5 ml sterile, empty microcentrifuge tubes were weighed and weight noted. 

2.   The PCR DNA was excised from gel using sharp sterile scalpel and transferred 

to an empty preweighed micro-centrifuge tubes. The tube was weighed again 

and the weight of excised gel was determined by subtracting the empty tube 

weight.   

3.  Now, 3 volumes of Gel solubilization solution was added to every 1 volume of 

gel (100 mg ~ 100 μl).  

4.  The microcentrifuge tube containing excised gel was incubated at 50°C for 10 

min (or until the gel slice dissolved completely) indicated by the yellow colour 

of the solution. 

5.  1 gel volume of isopropanol was added to this solution for PCR amplicons to get 

higher yield of DNA fragments <500 bp and >4 kb. 

6.  GenElute binding column G was placed in 2 ml collection tube provided with 

the kit.  500 µl of column preparation solution were added to each column 

membrane and centrifuged at 16,000g for 1 min. The flow through was 

discarded before the next step.  

7. The solution containing PCR-amplified product (>700 µl) was added to DNA 

binding column and centrifuged at 16,000g for 1 min at room temperature 

discarding the flow through. If the volume was more than 700 µl, the remaining 

solution was centrifuged similarly and again the flow through was discarded. 
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8.  700 µl of Wash solution was added to each DNA bound spin column and the 

mixture centrifuged at 16,000g for 1 min at room temperature, discarding the 

flow through. The column was given an additional spin of 1 min at 16,000g to 

completely remove the residual ethanol. 

9.  Now the column containing bound DNA was placed in a fresh 1.5 ml sterile 

microcentrifuge tube. 30 µl of DNAse free water (Sigma-Aldrich, USA) or 

elution buffer (10 mM Tris-Cl, pH 8.5) was added at the centre of the column. 

The column was incubated for 2 min at room temperature and centrifuged at 

16,000g for 1 min. For efficient recovery of DNA, the elution solution was 

preheated to 65°C prior to adding it to the membrane. Eluting at 65°C improves 

DNA recoveries by 2 to 3-fold. 

10. The PCR-amplicon was eluted from GenElute spin columns and collected in 1.5 

ml sterile microcentrifuge tube. The eluted PCR-amplified DNA was stored at 

-20°C for further use. 

2.2.6 Preparation of Luria-Bertani (LB) medium 

 The most commonly used LB medium for growing E. coli cells was prepared 

by dissolving the ingredients (Table 2.2.5) in 800 ml of deionized water. The pH was 

adjusted to 7.2 and final volume was made up to 1 litre. 100 ml of LB medium was 

transferred to 250 ml conical flask and autoclaved at 121°C at 15 psi for 20 min. The 

filter sterilized antibiotics (ampicillin or kanamycin) were added in laminar air flow or 

near the flame to the autoclaved and cooled LB medium prior to inoculation. 
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Table 2.2.5 Composition of Luria-Bertani medium (Sambrook et al., 1989). 

Components Final concentration (%, w/v) 

Tryptone 1.0  

Yeast extract powder  0.5 

Sodium chloride  1.0  

 

2.2.6.1 Preparation of LB-agar medium  

 LB agar medium was prepared by adding 2% (w/v) Agar type I in LB liquid 

medium. The medium was autoclaved as described in Section 2.2.6 cooled to around 

50-55°C and appropriate amount of antibiotic was added under laminar air flow. 20-25 

ml of LB agar medium supplemented with antibiotic was poured in sterile petri plates 

and allowed to solidify for 15- 20 min. 

2.2.7  Preparation of SOC medium  

 

 The SOC (super optimal medium with catabolic repression) was prepared using 

ingredients detailed in Table 2.2.6. It is a modified SOB medium with added glucose 

(Hanahan, 1983; Deutscher, 2008; Park et al., 2012). Bactotryptone, yeast extract 

powder and NaCl were autoclaved separately. 1 M stock solutions of KCl, MgCl2, 

MgSO4 and glucose were filter-sterilized and required quantities added to above 

solution in the laminar hood to finally make SOC medium. 

Table 2.2.6 Composition of SOC medium (Sambrook et al., 1989).  

Components Final concentration 

Bactotryptone 2.0 (%, w/v) 

Yeast extract powder 0.5 (%, w/v) 

NaCl 10 mM 

KCl 2.5 mM 

MgCl2 10 mM 

MgSO4 10 mM 

Glucose 20 mM 
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2.2.8  Preparation of E. coli (XL10 Gold) and DH5α competent cells 

 

Day 1 

1. 50 µl of culture of E. coli (DH5α) or XL10 Gold cells from glycerol stocks were 

inoculated into 5.0 ml LB medium (Sambrook et al., 1989) contained, in test 

tube and grown overnight at 37ºC and 180 rpm. 

2. 0.1 M CaCl2 solution was filter-sterilized by passing through 0.22 µm filter in 

laminar air flow and kept in refrigerator. 

Day 2 

3. 1.0 ml overnight grown culture from day 1 was inoculated into 100 ml LB 

medium and incubated at 37ºC with 180 rpm till cell OD at 550 nm reached 0.4-

0.6.  

4. Micro-centrifuge tubes, 50 ml centrifuge tubes (round bottom) and micro tips 

were autoclaved and prechilled by keeping on ice bath placed in a laminar air 

flow.  

5. 40 ml culture was transferred aseptically to round bottom centrifuge tubes. 

6. The tubes were centrifuged at 4ºC with 4000g for 10 min. 

7. The step was repeated to centrifuge the entire 100 ml culture. 

8. The cell pellet was resuspended in 3-4 ml sterilized, ice-chilled 0.1 M CaCl2 

solution followed by making up the final volume to 20 ml. The cell suspension 

in centrifuge tubes was kept on ice for 10 min. 

9. The tubes were centrifuged again at 4000g at 4ºC for 10 min. 

10. The supernatant was carefully removed and the cell pellet was resuspended in 

3.0 ml of sterilized ice chilled 0.1 M CaCl2 solution. 
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11. 200 µl of competent cells were aliquoted into each 1.5 ml microcentrifuge tube 

containing 10 (%, v/v) glycerol (final concentration) and kept at -80ºC for 

further use.  

12. The transformation efficiency was calculated using the following formula, 

Transformation 

efficiency 
= 

No. of colonies on LB plate  
= cfu/µg 

Amount of insert (µg) 

 

2.2.9 Cloning of PCR amplified gene encoding PsPL8A into pGEM-T Easy vector 

  

 PCR amplified gene encoding PsPL8A was subjected to TA cloning after gel 

extraction. The description of pGEM-T Easy vector construct from Promega, USA is 

given in section 2.2.9.1. Ligation reaction was setup following the protocol mentioned 

in section 2.2.9.2. 

2.2.9.1  Description of pGEM-T Easy vector 

 

 The pGEM-T Easy Vector Systems (Fig. 2.2.2) are convenient for the cloning 

of PCR products. The vectors are prepared upon linearization of pGEM-5Zf(+) vector 

(GenBank accession no. X65308) with EcoR V, and adding a 3´- terminal thymidine to 

both the ends. These single 3´-T overhangs at the insertion site greatly improve the 

efficiency of ligation of a PCR product into the plasmids by preventing recircularization 

of the vector and providing a compatible overhang for PCR products generated by 

certain thermostable polymerases. These polymerases often add a single 

deoxyadenosine, in a template-independent fashion, to the 3´-ends of the amplified 

fragments. The high copy number pGEM-T Easy vectors contain T7 and SP6 RNA 

polymerase promoters flanking a multiple cloning region within the alpha-peptide 

coding region of the enzyme beta-galactosidase. Hence, successful insertion of the PCR 

DNA encoding PsPL8A will interrupt the coding sequence of β-galactosidase and the 
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recombinant clones can be identified by colour screening on indicator plates. Clones 

containing PCR products produce white colonies, whereas blue colonies usually do not 

contain any clone. Rarely the blue colonies may contain positive clone, which happens 

when the PCR fragments are cloned in-frame with the lacZ gene.  

 

 

 

 

 

 

 

 

Fig. 2.2.2 pGEM-T Easy vector map and sequence reference points. 

2.2.9.2 Ligation of PCR amplified gene encoding PsPL8A into pGEM-T Easy 

vector 

 

The gel extracted PCR DNA encoding PsPL8A was ligated to pGEM-T Easy 

vector following the components of ligation reaction as mentioned in Table 2.2.7. The 

ligation reaction was setup in 0.5 ml microcentrifuge tube and incubated at 16°C 

overnight to get maximum number of transformants. The reaction was setup at an insert: 

vector molar ratio of 3:1, where the amount of insert required in a reaction is calculated 

using the following formula (Engler et al., 1982), 

amount of vector(ng) × size of insert(kb) 
× insert :vector molar ratio = amount of insert (ng) 

size of vector (kb) 
 

 

 

25 (ng) × 2.037(kb) 
×  

3 
= 50.67 ng 

3.015 (kb) 1 
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Table 2.2.7 Components for ligation reaction setup for TA cloning of PCR amplicon. 

Reaction components  

2X Rapid Ligation Buffer 5.0 µl 

pGEM®-T Easy Vector (50 ng) 0.5 µl (25 ng) 

PCR product encoding PsPL8A 2.5 µl (~51 ng) 

T4 DNA Ligase (3 units/μl) 1.0 µl 

Nuclease-free water 1.0 µl 

Total  10.0 µl 

 

2.2.9.3 Transformation of ligated product after TA cloning 

 

The E. coli DH5α competent cells were transformed with pGEM-T Easy cloned 

plasmid DNA containing gene encoding PsPL8A. Preparation of XL-10 Gold E. coli 

competent cell preparation has described in Section 2.2.8. The step-wise transformation 

protocol is described below:   

1. The microcentrifuge tube containing XL-10 Gold competent cell (200 µl) was 

taken out from -80°C and kept on ice for 5 min, followed by addition of 10 µl 

of ligation mixture (the mixture was given a very short spin prior to use). 

2. The tube was gently tapped 4-5 times and kept on ice for 30 min.  

3. The cells were given a heat shock at 42°C for 40s. 

4. The cells were immediately transferred to ice for 2-3 min. 

5. 800 µl of super optimal medium with catabolite repression (SOC) (Hanahan, 

1983; Sambrook et al., 1989; shown in Section 2.2.7) was added to the 

transformed cells (previously incubated at 37°C). 

6. The transformed cells were incubated at 37°C in a shaking incubator at 220 rpm 

for 1h. 

7. The cells were harvested by centrifugation at 2000g at 25°C for 5 min. 
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8. 800 µl supernatant was discarded and the cell pellet resuspended in remaining 

200 µl supernatant. 

9. The 200 µl cells were spread plated on LB agar plates as described in Section 

2.2.6.1 supplemented with antibiotics ampicillin, IPTG (Isopropyl β-D-1-

thiogalactopyranoside) and X-Gal (5-bromo-4-chloro-3-indolyl-β-D-

galactoside) at a final concentration of 100 µg/ml, 0.5 mM and 80 µg/ml, 

respectively. 

10. The LB agar plates were incubated overnight at 37°C. 

2.2.9.4 Screening of positive TA clones of PsPL8A 

Positive TA clones of PsPL8A were identified by the process of blue white 

screening. Overnight grown plates were observed for blue white colonies. White 

colonies containing the positive clones were picked up in a laminar air flow and grown 

in 5 ml LB medium supplemented with ampicillin (100 µg/ml) and incubated at 37ºC, 

180 rpm for overnight. The positive TA clones produce white colonies are unable to 

produce β-galactosidase because of the interrupted lacZ gene induced by the presence 

of the insert DNA. In absence of β-galactosidase the cells cannot degrade X-Gal and 

produce blue colour colonies.  

2.2.9.5 Isolation of plasmid DNA from positive colonies by Non-ionic detergent 

(NID) method 

 

The plasmid DNA was isolated from grown E. coli (XL10 Gold) cells which 

were picked from the LB plates after transformation of the ligated TA cloned product 

of gene encoding PsPL8A. NID method as described below was employed for isolation 

of plasmid (Lezin et al., 2011). The composition of NID buffers is given in Table 2.2.8. 
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1. 5 ml of grown cultures (XL10 Gold) were centrifuged at 7000g for 1 min. 

2. After drawing 150 µl extraction buffer into a pipette tip, the pellet was loosened 

off the tube wall with the tip without releasing the buffer. Then the extraction 

buffer was added and the cell pellet resuspended. 

3. The bacterial suspension was incubated at 65°C for 5 min. 

4. Suspension was centrifuged at 13000g for 10 min or until a tight cell pellet was 

formed. The pellet was removed with a toothpick. 

5. 100 µl isopropanol was added, followed by mixing and centrifugation of the 

solution at 7000g for 10 min at 25ºC. 

6. DNA usually forms film-like precipitates that adhere well to tube walls and are 

invisible in isopropanol solutions. After discarding the supernatant, the DNA 

was centrifuged after adding 70% ethanol. Ethanol was removed, and the DNA 

pellet was dissolved in 20-50 µl TE buffer. 

            Table 2.2.8 Composition of NID extraction buffer for plasmid isolation. 

Components Final Concentration 

Tris-HCl, pH 8.0 50 mM 

Sucrose 5% (w/v) 

EDTA 50 mM 

NH4Cl 75 mM 

TritonX-100 0.5% (v/v) 

Lysozyme 100 µg/ml 

RNaseA 25 µg/ml 

CaCl2 50 mM 

 

A 100x enzyme stock containing 10 mg/ml lysozyme and 2.5 mg/ml of RNaseA 

prepared in 50% glycerol and 50 mM Tris-HCl pH 8 was stored at −20°C and used 

repeatedly. 
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2.2.9.6 Screening of recombinant plasmid DNA for identification of positive TA 

clones by restriction digestion analysis 

 

15 µl of recombinant plasmid DNA from of TA clone of PsPL8A isolated by 

NID method as described in Section 2.2.9.5, was taken in a fresh sterile microcentrifuge 

tube for restriction enzyme digestion analysis. The recombinant plasmid DNA was 

digested with restriction enzymes, NheI and XhoI, to check for positive clones. A 30 µl 

reaction mixture was set up as mentioned in Table 2.2.9. The reaction mixture was 

incubated in a water bath at 37ºC for 2h. The digested product was run on 0.8% agarose 

gel as described in Section 2.2.4. The digested pGEM-T Easy vector and the insert 

DNA encoding PsPL8A were visualized by placing the gel under UV transilluminator. 

The digested gene fragment encoding PsPL8A of 2 kb expected size was confirmed as 

a positive TA clone. Glycerol stocks of E. coli (XL 10 Gold) cells containing the 

positive TA clone containing PsPL8A was prepared in glycerol (~22.5 % v/v) and 

stored at -80°C.  

 

    Table 2.2.9 Restriction enzyme digestion set up of recombinant plasmid DNA. 

 

 

 

 

 

 

Digestion set up         1x (µl) 

10x buffer                                  3.0 

DNAse free water  10.0 

Recombinant plasmid DNA (approx. 60 ng)  15.0 

NheI (10 U/µl)     1.0 

XhoI (10 U/µl )                           1.0 

Total  30.0 
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2.2.10  Cloning of restriction digestion product of PsPL8A to pET-28a(+) 

expression vector 

 

The pET-28a(+) vector is commonly used for cloning and expression of 

recombinant proteins in E. coli. It is a modified form of pBR322 vector with a strong 

expressing T7 promotor system originally developed by Studier and colleagues (Studier 

and Moffatt, 1986; Studier et al., 1990). It is possible to control expression levels in 

pET vectors by simply by manipulating the concentration of inducer. The desired genes 

to be cloned in pET vectors are under the influence of bacteriophage T7 transcription 

and the expression is induced by T7 RNA polymerase in the host cell. An additional 

advantage with pET system is, its ability to maintain target genes transcriptionally silent 

in the uninduced state. The His6-Tag is useful and easy to purify recombinant protein 

in a single step by making use of affinity chromatography. The pET-28a(+) vector is 

incorporated with an N-terminal His6-Tag/thrombin/T7-Tag configuration in addition 

to an optional C-terminal His6-Tag sequence (Fig. 2.2.3). The thrombin tag can be used 

to remove the His6-Tag, during structural and western blotting detection of the 

recombinant protein. The location of His-Tag, T7 coding sequence, T7 terminator, 

kanamycin coding region and f1 origin are depicted in the Fig. 2.2.3. 
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Fig. 2.2.3 Restriction map of the pET-28a(+) expression vector showing multiple 

cloning site (158-203 bp), restriction enzyme sites, N-terminal His6-Tag 

coding sequence (270-287 bp), C-terminal His6-Tag coding sequence (140-

157 bp), T7 promoter (370-386), T7 terminator (26-72 bp), pBR322 origin 

(3286 bp), kanamycin marker (3995-4807 bp) and a f1 origin (4903-5358). 

NheI cuts at 231 and XhoI at 158 (Novagen, Germany). 

 

The pET-28a(+) vector was digested with NheI and XhoI restriction enzymes to 

prepare for cloning of PCR amplified DNA fragment and extracted from subcloning to 

pGEM-T Easy vector encoding of PsPL8A. A stock solution (100 ng/µl) of pET 28a(+) 

was prepared from the supplied stock of 10 µg using DNase free water (pH 8.0). The 
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restriction enzyme digestion of pET-28a(+) vector was carried out as described earlier 

(Table 2.2.9). The digestion mixture was incubated in a water bath at 37°C for 2h. The 

NheI-XhoI digested pET-28a(+) vector was purified from agarose gel as described in 

Section 2.2.5. 

2.2.10.1  Ligation of gene encoding PsPL8A insert to pET-28a(+) expression vector 

 

  The NheI-XhoI digested fragment of gene encoding PsPL8A from TA clone in 

Section 2.2.9.6 was cloned into pET-28a(+) vector, which was also digested with same 

restriction enzymes as described in Section 2.2.10. The ligation reaction was setup 

using the reaction components mentioned in Table 2.2.10 and incubated at 16°C 

overnight to get maximum number of transformants. The reaction was setup at an insert: 

vector molar ratio of 3:1, where the amount of insert is calculated as mentioned below. 

 

 

 

Table 2.2.10  Components for ligation reaction setup for gene insert encoding PsPL8A 

from TA clone to pET-28a(+) expression vector. 

 

Reaction components (µl) 

10x Rapid Ligation Buffer 2.0 

pET-28a(+) Vector (100 ng) 0.5 (50 ng) 

TA clone digested product 2.0 (57 ng) 

T4 DNA Ligase (3 units/μl) 1.0 

Nuclease-free water 4.5 

Total 10.0 µl 

 

 

 

 

50 (ng) × 2.037 (kb) 
×  

3 
= 57 ng 

5.369 (kb) 1 
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2.2.10.2 Transformation of ligated product of gene encoding PsPL8A into pET 

28a(+) using E. coli DH5α cells 

 

The E. coli DH5α competent cells were transformed with construct of pET-

28a(+) vector ligated to gene encoding PsPL8A. Transformation protocol was followed 

as mentioned in Section 2.2.9.3. The transformed DH5α cells were plated on LB plates 

supplemented with kanamycin (50 µg/ml) and incubated overnight at 37°C. 

2.2.10.3 Isolation of plasmid DNA from pET-28a(+) ligation products containing 

colonies by miniprep kit  

 

Overnight incubated LB kanamycin plates were observed for colonies of DH5α 

cell. Colonies preferably from the centre of the plate were randomly picked under a 

laminar air flow and grown overnight in 5 ml LB medium supplemented with 

kanamycin (50 µg/ml). The plasmid DNA from the 10 ml culture was isolated by 

GenElute plasmid miniprep Kit (Sigma-Aldrich, USA) following the protocol 

mentioned below in Section 2.2.10.3.1. 

2.2.10.3.1 Plasmid isolation protocol by miniprep kit 

1. 9 ml from each of the grown culture was taken and transferred to 2.0 ml 

microcentrifuge tube aseptically. 

2. The cells were then centrifuged at 14,000g for 1 min and the process was 

repeated 5 times with another 2 ml of grown culture. 

3. The resulting cell pellet was resuspended in 200 μl resuspension solution and 

vortexed. RNase in final concentration of 20 µg/ml was added to the re-

suspension solution prior to use. 

4. 200 μl of lysis solution was added to the tube and the tube was inverted gently 

5-6 times to ensure mixing and allowed to stand for 2-5 min. 
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5. 350 μl of neutralization solution was added to the mixture and the tube was 

inverted again for 4–6 times to mix properly. 

6. The mixture was centrifuged at 16,000g for 10 min. 

7. The DNA binding columns were prepared or activated by adding 500 µl of 

column preparation solution to binding column and centrifuging at 14,000g 

for 1 min. The flow through accumulated in collection tube was discarded.  

8. The clear lysate was then transferred to activated DNA binding column, 

centrifuged at 14,000g for 1 min and the flow through in the collection tube 

was discarded again. 

9. The plasmid DNA bound to column was washed with 700 µl wash solution 

and spun at 14,000g for 1 min. The flow through was discarded and the 

column was given another 1 min spin at 14,000g for removing the wash 

solution completely. 

10. The DNA binding column was transferred to a fresh sterile microcentrifuge 

tube and 25 µl of TE buffer solution or DNAse free water was added at the 

centre of binding column. The microcentrifuge tube was allowed to stand for 

10 min at room temperature and then plasmid DNA was eluted by 

centrifugation at 14,000g for 1 min. The plasmid DNA then got collected in 

the sterile microcentrifuge tube. 

11. The eluted plasmid DNA in sterile microcentrifuge tube was stored at -20°C. 
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2.2.10.4  Screening of recombinant plasmid DNA for positive pET-28a(+) clones by 

restriction digestion 

 

15 µl of recombinant plasmid DNA from pET-28a(+) clones containing gene 

encoding PsPL8A that was isolated in the last step, was taken in a fresh sterile 

microcentrifuge tube for restriction enzyme digestion analysis. The recombinant 

plasmid DNA was digested with restriction enzymes, NheI and XhoI, to check for 

positive clones. A 30 µl reaction mixture set up as mentioned in the Table 2.2.9. The 

digestion reaction protocols and identification of digested products were done 

following the methods mentioned in Section 2.2.9.6. The positive clone was confirmed 

by gene sequencing using T7 universal primers (Forward primer: 

TAATACGACTCACTATAGGG and Reverse primer: 

GCTAGTTATTGCTCAGCGG from SciGenom Labs Pvt. Ltd, India. 

2.2.11  Preparation of competent E. coli BL-21 cells 

 

The competent E. coli BL-21 (DE3) cells were prepared by calcium chloride 

method following the protocol as discussed in Section 2.2.8. Finally, 10% (v/v) glycerol 

(final concentration) was added to competent cells and 200 µl aliquots were made in 

sterile microcentrifuge tubes and stored at -80°C for further use. 

2.2.12 Transformation of recombinant plasmids containing gene encoding 

PsPL8A using E. coli (BL21) cells for expression  

 

10 µl of the recombinant plasmid of positive pET-28a(+) clones containing gene 

insert encoding PsPL8A isolated in Section 2.2.10.3 was used for transformation of 200 

µl E. coli (BL-21) cells for hyper-expression of PsPL8A following the transformation 

protocol described in Section 2.2.9.3. The transformed E. coli (BL-21) cells were plated 

on LB agar plates supplemented with kanamycin (50 µg/ml) and grown overnight at 

37°C.   
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2.2.13  Hyper-expression of recombinant PsPL8A 

 

The overnight grown LB kanamycin plate was observed for E. coli BL-21 cell 

colonies. The colonies from centre of the plate were randomly picked under a laminar 

air flow and grown in two tubes containing 5 ml LB medium supplemented with 

kanamycin (50 µg/ml) by incubating the tubes at 37°C and 180 rpm. The cells were 

grown till mid-exponential phase or the cell OD reached A550 ≈0.6. 1 ml of this culture, 

containing uninduced cells was used for sample preparation for SDS-PAGE analysis 

and stored for glycerol stock prepration. The remaining 4 ml culture in two tubes were 

then induced with 1 mM IPTG for hyper-expression of recombinant proteins and further 

incubated for 24h at 24ºC and 8h at 37ºC, 180 rpm. Expression of recombinant proteins 

in each colony was analysed after running the uninduced and induced cultures 

separately on SDS-PAGE (Section 2.2.14). Comparing their expression level, the 

colonies containing each recombinant plasmid were selected for glycerol stock 

preparation and stored at -80°C for further use.  

2.2.14  Sodium dodecyl sulphate-Polyacrylamide gel electrophoresis (SDS-PAGE) 

analysis of recombinant proteins 

 

The recombinant protein PsPL8A was analysed on SDS-PAGE gel on the basis 

of its molecular size. PAGE was used to separate components of a protein mixture based 

on their size (Laemmli, 1970; Sambrook et al., 1989). Analysis of expression and 

purification of PsPL8A was done using 10% SDS-PAGE. The SDS-PAGE gel was 

prepared by using the ingredients mentioned in Tables 2.2.11 and 2.2.12. 
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Table 2.2.11 Composition of SDS-PAGE components for preparation of resolving gel. 

Components 
Resolving gel (10%) 

volume (ml) 

Acrylamide solution (30%, w/v) 3.3 

Deionized water 1.4 

SDS (10%, w/v) 1.0 

Glycerol (50%, v/v) 1.0 

1.5 M Tris-HCl (pH 8.8) 3.3 

Ammonium persulphate (APS) (10%, w/v) 0.1 

TEMED 0.01 

 

Table 2.2.12 Composition of SDS-PAGE components for preparation of stacking gel. 

Components 
Stacking gel (4%)   

volume (ml) 

*Acrylamide solution (30%, w/v) 0.7 

Deionized water 2.8 

SDS (10%, w/v) 0.5 

0.5 M Tris-HCl (pH 6.8) 1.0 

Ammonium persulphate APS (10%, w/v) 0.05 

†TEMED 0.005 

*Acrylamide solution composed of 29.2% of Acrylamide and 0.8% N,N'-Methylene    

Bis acrylamide. 

 
†TEMED:  Tetramethylethylenediamine 

SDS-PAGE was run in 1x Tris-Glycine (pH 8.3) running buffer at constant 

current 30 mA for Miniprotean system (BioRad).  The expressed and purified protein 

sample was viewed after staining the gel with staining solution. Staining solution was 

prepared by dissolving Coomassie Brilliant Blue (CBB) R-250 dye (0.25% w/v) in 50 

ml deionized water, 40 ml methanol and 10 ml glacial acetic acid. The gel was destained 

by immersing it in destaining solution containing 50 ml deionized water, 40 ml 
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methanol and 10 ml glacial acetic acid with gentle rocking and periodic change of 

destaining solution, until the protein bands were clearly visible. 

2.2.15  Purification of recombinant PsPL8A protein 

 

The E. coli BL-21(DE3) cells harbouring recombinant plasmids were grown in 

100 ml LB medium supplemented with kanamycin (50 µg/ml) in 250 ml flask. The 

recombinant protein containing a His6-tag at the N-terminal was purified by a single 

step purification method based on immobilized metal-ion affinity chromatography 

(IMAC) as described in Section 2.2.15.1. The purification of recombinant protein was 

carried out using 1.0 ml sepharose column (GE Healthcare, HiTrap chelating HP). The 

composition of binding as well as elution buffers used for affinity column purification 

is mentioned in Table 2.2.13. 

Table 2.2.13 Composition of buffers required for purification of recombinant protein 

by IMAC. 

Buffers Composition 

Equilibration buffer 50 mM Tris-HCl, pH 7.2 

300 mM NaCl, 60 mM Imidazole 

Elution buffer 50 mM Tris-HCl, pH 7.2 

300 mM NaCl, 500 mM Imidazole 

Cleaning buffer 50 mM Tris-HCl, pH 8.0 

500 mM NaCl, 50 mM EDTA 

  

2.2.15.1 Purification protocol for recombinant PsPL8A protein by IMAC 
 

1. The bacterial cells (100 ml culture) were harvested by centrifugation at 8,000g 

and at 4°C. The cell pellet was re-suspended in 5 ml of 50 mM Tris-HCl 

buffer, pH 7.2 containing 1 mM phenylmethanesulfonyl fluoride (PMSF). 
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2. The cells were sonicated (Sonics, vibra cells) by keeping on ice for 30 min 

with 10 s ON and 15 s OFF pulse at 33% amplitude and centrifuged at 12,000g 

at 4ºC for 45 min to get the crude cell free extract.  

3. The cell free extract was passed through a 0.22 µm filter membrane before 

loading into 1 ml HiTrap chelating column. 

4. The column was pre-washed with 5 volumes of filtered and degassed water 

using peristaltic pump.  

5. Column was charged using 2.0 ml of 0.1 M NiSO4 solution and the unbound 

nickel was washed away by running 5 volumes of water.  

6. Then the column was equilibrated by running 5 volumes of equilibration 

buffer (Table 2.2.13) using the peristaltic pump at 1 ml/min flow rate.  

7. The filtered cell free extract containing recombinant protein was loaded on to 

the column at a flow rate of 0.5 ml/min.  

8. The column was then washed with 50-60 column volumes of equilibration 

buffer to remove the unbound proteins.  

9. The retained protein of interest was then eluted by using elution buffer under 

a gradient of 0-500 mM imidazole concentration and 1 ml fractions were 

collected.  

10. The column was cleaned by using the cleaning buffer as mentioned in Table 

2.2.13, and then washed with 5 volumes of water and incubated in 1N NaOH 

at 4°C for 2h.  

11. The column was then washed with 50 volumes of water to remove NaOH, 

and finally stored in 20% (v/v) ethanol at 4°C.  

TH-1654_11610622



Chapter 2                                                                                                     86      
 

The purified recombinant PsPL8A protein was dialyzed against 50 mM Tris-

HCl buffer, pH 7.2 containing 150 mM NaCl. The purity and molecular mass of 

recombinant proteins was verified by SDS-PAGE as described in Section 2.2.14.  

2.2.16  Protein concentration determination of purified PsPL8A protein 

 

 The concentration of purified PsPL8A protein was determined by taking its 

absorbance at 280 nm A280 using the formula mentioned below (Layne, 1957; 

Stoscheck, 1990). The measurement of A280 was taken after appropriate dilution of the 

protein sample, on spectrophotometer (Cary 100, Varian) having a path length of 1 cm. 

The molar extinction co-efficient of 140150 M-1cm-1 for PsPL8A protein was used to 

calculate its concentration. 

Concentration of 

protein (mg/ml) 
= 

A280 x Mw (Da) x D.F 

ε x 1 cm 

 

 

Where, 

A280 = Absorbance at 280 nm 

Mw = Molecular weight of protein in Daltons 

D.F =Dilution factor 

ε = Molar Extinction coefficient 

Path length = 1 cm 

 

 

 

 

 

 

 

 

TH-1654_11610622



Chapter 2                                                                                                     87      
 

2.3 Results and Discussion 

2.3.1  PCR amplification of gene encoding family 8 polysaccharide lyase PsPL8A 

    

The DNA sequence of 2037 base pairs, encoding PsPL8A with putative 

chondroitin AC lyase activity was amplified by PCR. The analysis of deduced amino 

acid sequence of the protein gave an insight about the existence of N-terminal signal 

sequence with a cleavage site predicted between Ala22 and Gln23 suggesting the 

extracellular nature of PsPL8A. PsPL8A was amplified from genomic DNA of 

Pedobacter saltans DSM 12145 strain using the conditions as mentioned in Section 

2.2.3 and detected on 0.8% agarose gel and shown below (Fig. 2.3.1).  The PCR product 

was purified from gel using gel extraction kit as mentioned in Section 2.2.5 and stored 

at -20°C for subsequent TA cloning. 

 
 

Fig. 2.3.1 Agarose gel (0.8% w/v) showing PCR amplification of gene encoding 

PsPL8A (lane 1), of size 2037 bp, Where M is marker lane (200 bp-10 kb) 

Hyperladder I (Bioline). 
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2.3.2 Cloning of gene encoding PsPL8A to pGEM-T Easy vector 

 

The PCR amplified product of gene encoding PsPL8A with 3’-A overhangs was 

ligated to pGEM-T Easy vector following the method described in Section 2.2.9.2. In 

TA cloning Taq DNA polymerase adds 3’-A overhang to the end of PCR product due 

to its terminal transferase activity. This makes it possible to clone the PCR product 

directly into a linearized cloning pGEM-T Easy vector with 3'-T overhangs. The ligated 

product was transformed using E. coli (XL 10 Gold) competent cells and positive clones 

were selected by blue-white colony selection as described in Section 2.2.9.3. The 

colonies carrying the recombinant plasmids were white, whereas colonies devoid were 

blue. The transformation efficiency of E. coli XL-10 Gold cells was calculated as 2x106 

CFU/µg.   

2.3.2.1  Isolation of plasmid DNA harbouring the gene encoding PsPL8A 

 

Plasmid DNA from positive colonies after TA cloning was successfully isolated 

by NID method as mentioned in Section 2.2.9.5. The isolated plasmid was visualized 

on an agarose gel. Positive clone was confirmed after restriction digestion of this 

isolated plasmid DNA. 

2.3.2.2  Restriction digestion of isolated plasmid DNA for confirmation of TA 

clone 

 

The isolated TA cloned plasmid DNA was digested with NheI and XhoI 

restriction enzymes to confirm and prepare the insert DNA of PsPL8A for further 

cloning into pET-28a(+) expression vector. The plasmid DNA after restriction 

digestion was run on 0.8% agarose gel. After NheI and XhoI digestion, pGEM-T Easy 

vector was visualized on agarose gel at around 3 kb while digested fragment of PsPL8A 

of around 2 kb (Fig. 2.3.2). The digested fragment of DNA encoding PsPL8A was gel 

TH-1654_11610622



Chapter 2                                                                                                     89      
 

eluted and prepared for cloning into pET-28a(+) vector. The expression vector pET-

28a (+) was also linearized after restriction digestion by NheI and XhoI, and used for 

ligation with the insert.   

 
 

Fig. 2.3.2 Agarose gel (0.8%) showing NheI-XhoI digested TA clone plasmid DNA. 

Lane 1: Gene encoding PsPL8A insert fragment of 2 kb and pGEM-T Easy 

vector of 3 kb, Where M is marker lane (200 bp-10 kb) Hyperladder I 

(Bioline). 

 

2.3.3 Cloning of gene encoding PsPL8A into pET-28a(+) vector 

 

The restriction enzyme digested fragment of gene encoding PsPL8A was ligated 

to the linearized fragment of pET-28a(+) vector following the protocol mentioned in 

Section 2.2.10.1. The ligated product was used for transformation of E. coli DH5α 

competent cells and grown overnight on kanamycin supplemented LB agar plates 

incubated at 37°C. The transformation efficiency of E. coli DH5α competent cells was 

1.2 x 106 CFU/µg. 
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2.3.3.1  Isolation of recombinant plasmid DNA harbouring the gene encoding 

PsPL8A 

 

Plasmid DNA from grown colonies after cloning into pET-28a(+) was isolated 

using Plasmid miniprep kit following the protocol mentioned in Section 2.2.10.3.1. The 

isolated plasmid was visualized on 0.8% agarose gel. Positive clones were confirmed 

after restriction digestion of this isolated plasmid DNA. 

2.3.3.2  Restriction digestion of isolated plasmid DNA for confirmation of positive 

clone 

 

The isolated plasmid DNA was digested with NheI and XhoI restriction enzymes 

for confirming the positive clones. The plasmid DNA after restriction digestion was run 

on 0.8% agarose gel. NheI and XhoI digested fragment of gene encoding PsPL8A and 

pET-28a(+) vector were visualized on agarose gel at around 2 kb and 5.4 kb, 

respectively (Fig 2.3.3). The positive clone was confirmed by gene sequencing from 

SciGenom Labs Pvt. Ltd, India (Fig. 2.3.4).  The chromatograms generated after 

forward and reverse sequencing reactions are given in Fig 2.3.5. 

 
 

Fig. 2.3.3 Agarose gel (0.8%) showing NheI-XhoI digested pET-28a(+) cloned 

plasmid DNA. Lane 1: Gene encoding PsPL8A insert fragment of 2 kb and 

pET-28a(+) vector of 5.4 kb, Where M is marker lane (200 bp-10 kb) 

Hyperladder I (Bioline). 
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5´-CAAAAGCAGACATTTGAACTGATTATGGGGCGCGTAGCCGAAGATAATGCGGTTACTA 

AACCCAAACAGGTAGATGCTGCGGCAATTAAATTATTTGATAAGTGGCAGGAAGATGGCA

GTTGGTCTGATATCAATTACAAAGCTATAGATATTACCAAATGGCAACCGTCTACGCATTT

AGACAGATTAAGAACTATTGTTAATGCTTATACGGATAAAGATGGTAGCTTTTACGGTAA

CCCGCAGATATTTAATAAAATACAAAATGCTTTGGCGTTTTGGTACGATCAGGATCCTAAA

AGTGACAACTGGTGGCATAACGAGATAGATGTTCCGCAAAAACTGGGCGAACTATTAATT

TCTTTAAGGTACGGAAGTCAGAAACTATCAAAAGAATTAGAAGCCAATTTAATAGAGCGC

ATGAAGCGTGGCGTTGCCGAGAAAAAAACCGGAGCCAACAAAACGGATATTGCTTTACAT

TATTTCTATAGAGCTTTACTTACCCAGGATAAAGCTTTATTGAAACTGGCAGTAGACCAGC

TTTTAGAACCGGTTGCGCTGGTAGACGGGGCAGAGGGTTTGCAATATGATTACTCTTATAT

GCAACACGGGCCACAGCTATACATCTCTGGTTACGGAGCGGTTTATCTGACAGGTATTGTA

AAAATAGGGAAGTACGTAGCGAATACACCTTATGCCATGTCTAAAGAGCAAGTCGCTTTA

TTCTCTAAATTCTATAGAGACGTGTATTTGAAGACTTTTAGGTCAAAATATATCGATTTTA

ACGTAGAGGGAAGAGGGATTAGCAGGAAAGACATTTTAAAGAAAACTTCAGAAAAATAC

CGAATCAATAATGCTAAACTAATTGATCCTAAAAATGCAGACGATTGGGAAAATAACCGT

TTGAGGGTAGACAGCGCAGAGGCACCAAGTTTTAAAGTAACTCCTTACCACCAGCATTTC

TGGAAAGCGGATTATACATTGCATATTCGTCCGAATTATTCTTTCAACGTTAGAATTGCCA

GTAACAGAACCAATAGAAGCGAATCTGGTAATAAGGAAAATTTGTATGGTCGTTACCTTT

CTGATGGGGCTACAAACATACAGGTTAATGGACCAGAATATTTTAATATTATGCCTATCTG

GGAATGGGATAAAATTCCGGGAACGACCAGCGTAGATAATAAAGAAGATTTATTGTTAGA

TAAGTTTTGGGGGCATTTAGGAGATAATGCATTTGCCGGAGGGGTGTCAGACCAGGTTTA

TGGTGCGACAGCTTATCAGTTGGATTATGACAATGTATTGGCTAAAAAAGCGTGGTTCTTC

TTTGATGATGAGATTGTTTGCTTAGGTGCAGATATCCATTCTAAAGACGAAAGAAATGTGA

CTACTACGCTTAACCAGACCTGGTTAAACGGAAAAGTGTCATCTTCTGTAGCTGATATTAA

AACGGAAAGTCCAGAGCAAATGAATATTGCAGCAAATGGATGGTTGTTCCATAACGGAGT

AGCTTATGTATTCCCTAAGCCAAGCCAGGTTAATGTTAGCACAGCGACGCAAACGGGTTC

CTGGTACAAGATTAATAATTCGTTTGGTAAAGCAGAAGTTTCCGGCTCGGTATTTAAAGCA

TGGATAGACCATGGTAAACAACCCGAAGGTGCAGATTATGCTTATATCGTACTGCCGGGA

TTAAAAGACGCAGCTGCTTTAAAGAAATACAATTCGCCTATAGAAATTGTTAGAAACGAT

AAAGATGTACAGGCAGTTTTCCATAAGAAACTGAATTTGACACAAGTGGTATTCTATACA

GCAGGTACAGCTACAGTAAGTGGTTTAGAAATTACGGTAGACAAGCCATCGGTATTGATG

GTGAAATCTCTAAAAGGAGCCGAAAAAGAAGTTCTGGTAGCAGATCCTTTGCAAAAAGAA

ACAGCATTAAAAGTAAGTCTTAAAAATGCCAAAAATGGTGTTCAAAAAGATTTGTCAATT

ACTTTACCGACTGGGCCATATAAAGGTTCTACCAAATCAGAAAAAGTT-3´ 

 

Fig. 2.3.4 Nucleotide sequence of PsPL8A gene (2037bp) from Pedobacter saltans. 
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Fig. 2.3.5 Sequencing chromatogram of PsPL8A gene sequence from Pedobacter 

saltans (A) PCR amplification using Forward T7 primer and (B) Reverse 

T7 primer. 
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2.3.4  Hyper-expression and purification of recombinant PsPL8A protein 

 The E. coli (BL-21) competent cells were transformed with recombinant 

plasmid DNA containing pET-28a(+) and the gene encoding PsPL8A. The 

transformation efficiency of E. coli BL-21 (DE3) cells was 1.8 x 106 CFU/µg. The 

colonies were picked randomly and grown in 5 ml LB medium supplemented with 

kanamycin (50 µg/ml) as described in Section 2.2.13. The cells were induced for 

hyperexpression of protein at mid exponential stage as described in Section 2.2.13. 

Hyper-expression of protein was analyzed on SDS-PAGE by loading uninduced as well 

as the induced cells of recombinant protein on adjacent wells, as depicted in Fig. 2.3.6   

The hyper-expressed recombinant PsPL8A protein was purified by immobilized 

metal ion affinity chromatography as described in Section 2.2.15 and then dialyzed for 

removal of imidazole and salt. Fig. 2.3.7 shows SDS-PAGE (10.5%) analysis of 

expression and purification of PsPL8A. The purified PsPL8A (Fig. 2.9, lane 6) showed 

a band of molecular size of approximately, 77 kDa. The theoretical molecular mass 

calculated from PsPL8A sequence included the N-terminal amino acids with the His6 

tag (MGSSHHHHHHSSGLVPRGSHMAS) was 77.2 kDa. The molecular size of the 

PsPL8A obtained from SDS-PAGE was in agreement with the theoretically expected 

value. The recombinant PsPL8A expressed as a soluble protein as most of the protein 

could be seen in cell free extract and almost none with the cell debris pellet. 
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Fig. 2.3.6 SDS-PAGE (10.5%) gel showing expression of recombinant PsPL8A in E. 

coli BL-21 cells, Lane M: Protein marker (Genei), Lane 1: Uninduced cells, 

Lane 2-3: Induced cells at 24ºC and Lane 4-5: Induced cells at 37ºC. 

 

 
 

Fig. 2.3.7 SDS-PAGE (10.5%) gel showing expression and purification of recombinant 

PsPL8A in E. coli BL-21 cells, Lane M: Page Ruler marker (Fermentas), 

Lane 1: Uninduced cells, Lane 2: Induced cells, Lane 3: Cell pellet (cell 

debris after sonication), Lane 4: Cell free extract, Lane 5: Last column wash, 

Lane 6: Purified dialyzed PsPL8A (77 kDa approx.). 
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2.3.5 Protein estimation of expressed and purified recombinant PsPL8A protein 

 The amount of purified recombinant PsPL8A protein obtained from 100 ml of 

LB grown grown cultures was calculated using the formula mentioned in Section 2.2.16 

and is listed in Table 2.3.1. The concentration of recombinant PsPL8A protein purified 

after HiTrap column and after dialysis was 1.75±0.18 mg/ml (Table 2.3.1). The total 

volume of recombinant PsPL8A enzyme after dialysis was 2 ml. 

 

Table 2.3.1 Purified recombinant PsPL8A protein obtained from 100 ml LB culture. 

Recombinant 

protein 

Protein  

concentration 

(mg/ml) 

Volume of purified 

protein after dialysis 

(ml) 

Total amount  

of purified protein 

(mg) 

PsPL8A 1.75±0.18 2.0 3.5±0.18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TH-1654_11610622



Chapter 2                                                                                                     96      
 

2.4 Conclusions 

The gene encoding the family 8 polysaccharide lyase (PsPL8A) was cloned 

from the genomic DNA of Pedobacter saltans DSM 12145 (GenBank accession no.  

ADY54337.1). The molecular architecture revealed the presence of 22 amino acid 

signal peptide followed by the catalytic family 8 polysaccharide module (PsPL8A). The 

ORF encoding PsPL8A was PCR amplified that showed a band of 2037 bp. The PCR 

amplified gene fragment encoding PsPL8A was cloned into pGEM-T Easy vector for 

TA cloning and transformed using E. coli (XL10 Gold) competent cells. Positive clones 

were selected by blue-white colony screening, and plasmid DNA was isolated for 

restriction digestion. NheI and XhoI digested plasmid DNA gave bands of 3 kb and 2 

kb for pGEM-T Easy vector and the insert gene fragment encoding PsPL8A, 

respectively. The restriction enzyme digested gene fragment encoding PsPL8A was 

ligated to linearized pET-28a(+) expression vector. The ligated product was 

transformed using E. coli DH5α competent cells. The positive clone containing 

recombinant plasmid DNA was screened by restriction enzyme digestion using 

restriction enzymes, NheI and XhoI. The restriction enzyme digested products displayed 

5.4 kb and 2 kb bands for pET-28a(+) vector and insert fragment for gene encoding 

PsPL8A, respectively. The positive clone containing recombinant plasmid DNA was 

used for transformation of E. coli (BL21) competent cells. The recombinant protein 

PsPL8A was hyper-expressed at 24ºC after IPTG induction. The purified recombinant 

PsPL8A protein displayed a band of approximately, 77 kDa on SDS-PAGE. The 

amount of protein obtained from 100 ml culture of the recombinant PsPL8A protein 

after Immobilized metal ion affinity chromatography (IMAC) purification was 3.5 mg. 
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Chapter 3 

 
 
 

 

Biochemical and functional characterization of chondroitin sulphate AC 
lyase (PsPL8A) from Pedobacter saltans DSM 12145  

 
 

 

3.1 Introduction 

Proteoglycans (PGs) are glycoconjugates consisting of protein and 

polysaccharide glycosaminoglycans (GAGs). PGs are generally found on the cell 

surfaces, extracellular matrix (ECM) and in basement membranes of animal tissues (Ly 

et al., 2010; Li et al., 2012). Glycosaminoglycans (GAGs) such as chondroitin sulfate 

(CS) are the chief natural polysaccharides which reside in biological tissues mainly in 

extracellular matrix (Shaya et al., 2008). These CS along with adhesion molecules and 

growth factors are involved in central nervous system (CNS) development, cell 

adhesion, proliferation, differentiation, signalling, inflammation and pathogenesis 

(Iozzo et al., 1998; Denholm et al., 2001; Cattaruzza et al., 2006; Ly et al., 2010). 

Chondroitin sulfate/Dermatan sulphate (CS/DS) are the GAGs made up of alternating 

units of N-acetyl-D-galactosamine (GalNAc) and glucuronic acid (GlcA)/Iduronic acid 

(IdoA) (Shaya et al., 2008). The polysaccharide chain is sulfated at C2 position of 
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uronic acid and/or at C4/C6 position of N-acetyl-D-galactosamine residue (Huang et 

al., 2003). The biological functions of GAGs hinge on their architecture, which makes 

the GAG-degrading enzymes crucial for deciphering their structure and function. The 

major source of these enzymes are microorganisms, such as Arthrobacter aurescens 

(Lunin et al., 2004), Bacteroides species (Shaya et al., 2008; Hong et al., 2002), 

Pedobacter heparinus (previously known as Flavobacterium heparinum) (Pojasek et 

al., 2001) and virus Autographa californica nucleopolyhedrovirus ODV-E66 (Sugiura 

et al., 2011). Pedobacter saltans is gram negative, soil isolate and strictly aerobic 

bacterium. It was reported to possess chondroitin sulphate degradation and 

heparinolytic activity (Steyn et al., 1998; Liolios et al., 2011).  

The enzymatic degradation of GAGs involves mainly two classes of enzymes, 

hydrolases and lyases. The hydrolase enzymes are present in the eukaryotic sources, it 

act on the hexosamine-hexuronic acid bond via hydrolytic mechanism by the addition 

of a water molecule. The hydrolase enzymes produce the saturated disaccharide 

products (Lunin et al., 2004). The GAG lyases from prokaryotic origin depolymerize 

GAGs via a β elimination mechanism and cleave the oxygen–aglycone linkage through 

proton abstraction from C5 carbon of uronic acid, producing an unsaturated 

disaccharide product with a double bond between C4 and C5 at uronic acid ring The 

Δ4,5 unsaturated oligosaccharide shows maximum absorption at 232 nm (A232) 

(Pojasek et al., 2001; Hong et al., 2002; Lunin et al., 2004).    

Biochemical and functional characterization of PsPL8A is essential to 

understand the mechanism of catalysis and to determine their substrate specificity. In 

the present study PsPL8A, a chondroitin AC lyase enzyme was biochemically and 

functionally characterized. The enzyme activity of PsPL8A against various 

TH-1654_11610622



Chapter 3                                                                                                     103      
 

glycosaminoglycans polysaccharides were determined. The parameters for PsPL8A 

enzyme activity such as optimum temperature, optimum pH, thermal stability, pH 

stability and kinetic parameters were determined. Effects of various metal ions on the 

activity of PsPL8A was also studied. TLC, ESI-MS and NMR analysis were performed 

to elucidate the mode of catalysis of PsPL8A.  
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3.2 Materials and Methods 

3.2.1 Substrates and reagents  

Chondroitin 6-sulphate disaccharide (Δdi-6S) sodium salt (Dextra Laboratories 

Ltd., UK), Chondroitin 6-sulphate (C6S) sodium salt from shark cartilage, Chondroitin 

4-sulphate sodium salt (C4S) from bovine trachea, Chondroitin sulphate B sodium salt 

(Dermatan sulphate) from porcine intestinal mucosa, Hyaluronic acid sodium salt from 

Streptococcus equi, Heparin sodium salt, Chondroitin 4-sulphate disaccharide (Δdi-4S) 

sodium salt, N-Acetyl-D-galactosamine, Trizma (Tris base), glycine, sodium 

hydroxide, Disodium 2-[2-carboxylatomethyl-(carboxymethyl)-amino]-ethyl-

(carboxymethyl)-amino] acetate (disodium EDTA) were procured from Sigma-Aldrich 

Pvt. Ltd., USA. Diphenylamine and salts of metal ions viz. Ca2+, Mg2+, Ni2+, Zn2+, 

Mn2+, Cu2+, Co2+, Al3+ and Li+ were procured from Himedia Laboratories Pvt. Ltd., 

India. N-Butanol, ethanol, acetic acid, sulphuric acid, aniline, H3PO4 and ethyl acetate 

were purchased from Merck Limited, India. Readymade silica coated aluminium TLC 

plates obtained from Merck, Germany. 

3.2.2 Enzyme activity assay 

The enzyme assay of PsPL8A was carried out by incubating 0.1 µg of enzyme 

in 1 ml reaction mixture containing 1 mg/ml of C4S substrate. The enzyme reaction 

was performed under optimum reaction conditions of 50 mM Tris-HCl buffer, pH 7.2 

at 39°C for 5 min. The unsaturated oligosaccharide product formation was monitored 

by an increase in the absorbance at 232 nm (A232) as a function of time on a UV-Visible 

spectrophotometer (Varian, Cary 100). The absorbance observed was converted to units 

using molar absorption coefficient (3800 M-1 cm-1) for Δ4,5 unsaturated double bond 

formed in the reaction. One unit of enzyme activity was defined as amount of enzyme 
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that liberates 1 µmol of unsaturated oligosaccharides product per min as calculated 

using a molar absorption coefficient of 3800 M-1 cm-1 (Pojasek et al., 2001). 

3.2.2.1 Calculation of enzyme activity 

The activity of the enzyme was expressed as U/ml and the specific activity as 

U/mg of protein. 1 Unit of enzyme was defined as the amount of enzyme that forms 1 

µmol of unsaturated oligosaccharides product per min. The enzyme activity of PsPL8A 

was calculated as described below, 

Enzyme activity (U/ml)  = 
ΔA232 x 1000 

ε x t x v 

 

Where, 

ΔA232 = Absorbance of unsaturated CS oligosaccharides 

ε = Molar extinction of unsaturated CS oligosaccharides at A232, 3800 M-1cm-1 

t = Time of reaction in min 

v = Volume of enzyme used in reaction in ml 

 

Specific activity (U/mg) = 
Enzyme activity (U/ml) 

Concentration of protein used in reaction (mg/ml) 

 

3.2.3 Substrate specificity of PsPL8A 

  Recombinant PsPL8A was assayed against several polysaccharides, to 

determine its substrate specificity. According to several reports of family 8 

polysaccharide lyase, it has been found that these enzymes could have putative activity 

against glycosaminoglycans. Hence the major substrates were Chondroitin 4-sulphate 

sodium salt from bovine trachea, chondroitin sulphate B sodium salt (dermatan 

sulphate) from porcine intestinal mucosa, hyaluronic acid sodium salt from 

Streptococcus equi, heparin sodium salt and chondroitin 6-sulphate sodium salt from 

shark cartilage. The enzyme activity of PsPL8A was determined by incubating 1 mg/ml 

of substrate at optimum conditions of temperature and pH. The increase in A232 was 

TH-1654_11610622



Chapter 3                                                                                                     106      
 

measured from time zero as a function of time on a UV-Visible spectrophotometer 

(Varian, Cary 100). The enzyme activity and specific activity were calculated by using 

the formula mentioned in Section 3.2.2.1. 

3.2.4 Determination of optimum temperature of PsPL8A 

The optimum temperature of PsPL8A was determined by incubating the 0.1 µg 

of enzyme in 1 ml reaction mixture containing 1 mg/ml chondroitin 4-sulphate in 50 

mM Tris-HCl buffer, pH 7.2 in the temperature range 20ºC - 60ºC for 5 min. Specific 

activity at different temperatures was determined from amount of unsaturated 

chondroitin oligosaccharide produced at A232 nm as mentioned earlier in Section 3.2.2.1.   

3.2.5 Determination of optimum pH of PsPL8A 

The optimum pH of PsPL8A was determined by performing enzyme assays at 

optimum temperature (39ºC). Two buffer systems 50 mM sodium phosphate for pH 6-

8 and 50 mM Tris-HCl for pH 7-9 were used to determine the optimum pH of PsPL8A. 

The optimum pH of PsPL8A was determined by incubating the 0.1 µg of enzyme in 1 

ml reaction mixture containing 1 mg/ml of chondroitin 4-sulphate incubated at 39°C 

for 5 min under pH range of pH 6-9. The absorbance was measured at A232 nm to 

calculate the specific activity as mentioned earlier in Section 3.2.2.1.  

3.2.6 Determination of temperature stability of PsPL8A  

The thermal stability of enzyme was studied by incubating 100 µl enzyme (10 

µg/ml) in 50 mM Tris-HCl buffer, pH 7.2 (optimized pH) for 30 min at different 

temperatures varying from 20ºC to 50ºC. After incubation 10 µl of enzyme was assayed 

in a 1 ml reaction mixture containing 1 mg/ml of C4S in 50 mM Tris-HCl buffer, pH 

7.2 for the residual activity at optimum temperature 39ºC for 5 min. The specific 

activity for PsPL8A enzyme was calculated as mentioned earlier in Section 3.2.2.1. 
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3.2.7 Determination of pH stability of PsPL8A 

The pH stability analysis of PsPL8A was carried out by incubating the 100 µl 

enzyme (10 µg/ml) in 50 mM buffer (sodium phosphate, pH 6-8 or Tris-HCl, pH 7-9). 

The enzyme was incubated for 30 min at 25ºC. The residual activity of the incubated 

was calculate by assaying 10 µl of PsPL8A enzyme in a 1ml reaction mixture 

containing 1 mg/ml C4S dissolved in 50 mM Tris-HCl buffer, pH 7.2 at optimum 

temperature of 39ºC for 5 min. The specific activity for PsPL8A enzyme was calculated 

as mentioned earlier in Section 3.2.2.1. 

3.2.8 Determination of kinetic parameters of PsPL8A 

The kinetic parameters of PsPL8A were determined under optimized condition 

of pH and temperature. The concentration of substrate chondroitin 4-sulphate was 

varied in a range of 0.1- 3.0 mg/ml. A 0.1 µg of PsPL8A enzyme was assayed in 1 ml 

reaction mixture containing 50 mM Tris-HCl buffer, pH 7.2 and varying concentration 

of C4S (0.1-3.0 mg/ml). The reaction was done at optimum temperature, 39ºC for 5 

min and the unsaturated product formed was monitored spectophotometrically at A232 

nm. The specific activity was calculated as mentioned earlier in Section 3.2.2. The 

kinetic parameters, Km, Vmax, kcat and kcat/Km, of PsPL8A were calculated by obtaining 

initial reaction rate as a function of substrate concentration. kcat and Km were determined 

using the Michaelis-Menten plot and Lineweaver-Burk plot.  

3.2.9 Effect of metal ions on activity of PsPL8A 

  The activity of PsPL8A was studied in the presence of varying concentrations 

of different metal ions mixed with 1.0 mg/ml of chondroitin 4-sulphate in 1 ml reaction 

mixture. A control without metal ions was also run in parallel. The reaction was carried 

out in 50 mM Tris-HCl, buffer pH 7.2 and at a temperature of 39°C. The assay was 
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carried out by monitoring unsaturated product formation by an increase in A232 as a 

function of time as mentioned earlier in Section 3.2.2.1. The effects of metals ion on 

the activity of PsPL8A was studied using varying concentration of corresponding salts 

of metal ions viz.  NaCl (10-500 mM), KCl (10-400 mM), CaCl2 (5-100 mM), MgCl2 

(5-80 mM), CoCl2 (5-200 mM), CuCl2 (0.01-0.5 mM), FeCl2 (0.01-1 mM), ZnSO4 

(0.1–1.0 mM), NiSO4 (0.05–1 mM), AlCl3 (1–10 mM), EDTA (1-10 mM) and SDS 

(0.1-2 mM).  

3.2.10 Structural stability of PsPL8A in presence of chaotropic agents 

The structural stability of PsPL8A was monitored in presence of chaotropic 

agents like guanidine hydrochloride (GuHCl) or urea, under an isothermal condition by 

fluorescence studies. 1 ml reaction was setup using 20 µg of PsPL8A in 50 mM Tris-

HCl buffer, pH 7.2 with varying concentrations of GuHCl (0 - 7 M) or urea (0 - 5 M). 

The above solutions were incubated at room temperature for 3h. The fluorescence 

spectrum of PsPL8A at each concentration of GuHCl or Urea was recorded on 

spectrofluorometer (Fluoromax 4, Jobin). The tryptophan residues of the samples were 

excited at a wavelength of 295 nm and the emission spectrum was recorded in the 

wavelength range, 310-400 nm. The loss in structural integrity of PsPL8A was 

monitored by the shifting of the emission spectrum peak to a higher wavelength. A 

control sample (buffer and chaotropic agent) without PsPL8A was used for each 

concentration of the chaotropic agent.  
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3.2.11  Thin layer chromatography analysis of degraded products of C4S by 

PsPL8A 

 

The mode of action of PsPL8A on its substrate C4S was determined by 

analysing its degraded products released at different time intervals by thin layer 

chromatography (TLC). Separate reactions were set up in which PsPL8A was incubated 

in a 1 ml reaction mixture containing, 1.0 mg/ml C4S in 50 mM Tris-HCl buffer, pH 

7.2 and incubated at 39°C.  Different reactions were set up for each time interval (0 

min, 1 min, 2 min, 5 min, 10 min, 15 min, 20 min, 25 min, 30 min, 35 min, 45 min, 1 

h, 2 h, 4 h, 8 h, 12 h, 16 h and 24 h). After completion of the time interval the degraded 

products were separated by precipitating the undigested polysaccharides and protein by 

adding equal volume of absolute ethanol and by centrifuging at 13,000g for 10 min. 

The supernatant containing enzyme degraded products were collected in separate 

micro- centrifuge tubes and concentrated from 1 ml to 100 µl by heating at 60°C. A 0.5 

µl of concentrated products were applied as a spot on TLC plate (Merck, Germany) and 

run under a solution containing 1-butanol, water and acetic acid in the ratio 5:3:2 (v/v) 

(Lojkwoska et al., 1995). The TLC plates were stained by diphenylamine: aniline: 

phosphoric acid reagent (1 ml of 37.5% HCL, 2 ml aniline, 10 ml of 85% H3PO4, 100 

ml of ethyl acetate and 2 g of diphenylamine) and visualized after incubating at 80°C 

for 30 min (Zhang et al., 2009). Standard oligosaccahrides like D-glucuronic acid, N-

acetyl galactosamine, ΔC6S disaccharide and ΔC4S disaccharide were used to analyze 

the degradation product formed from different substrates upon enzymatic treatment. 

3.2.12 ESI-Mass Spectrometric analysis of PsPL8A degraded product of C4S  

The reaction of PsPL8A was carried out in a 1 ml reaction mixture containing, 

1.0 mg/ml C4S in 50 mM Tris-HCl buffer, pH 7.2 and incubated at 39°C for 2 min, 30 
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min, 1 h, 2 h and 24 h. The 1 ml reaction mixture was treated with equal volume of 

ethanol and centrifuged at 13,000g for 10 min to precipitate and separate the 

polysaccharide and protein. After centrifugation the supernatant was collected and 

concentrated to 100 µl in hot air oven at 60°C. The samples containing the 

oligosaccharides were diluted in 1:1 (v/v) ratio by methanol and 20 μl was used for 

analysis. The samples after 2 min, 30 min, 1 h, 2 h and 24 h reaction with PsPL8A were 

then analyzed by Electron Spray Ionization (ESI) mass spectrometer (Waters, Q-TOF 

Premier) in MS mode without any purification. The reaction product of 24 h was 

analysed by both MS and tandem MS (MS/MS) mode. ESI-MS and tandem MS 

analyses were carried out in negative ion mode, where the parameters for ESI-MS 

analysis were; capillary voltage 3 eV, collision energy 5 eV, ionization energy 1 eV, 

desolvation temperature 250°C and the source temperature of 80°C. The tandem MS 

analysis was carried out by nanospray ionization using the voltage 3 eV, collision 

energy 20 eV and collision-induced dissociation was performed on ion of interest using 

the argon gas. 

3.2.13 1H- and 13C- NMR spectroscopic analysis of PsPL8A degraded C4S 

disaccharide  

 

The final degraded disaccharide product of C4S by enzyme PsPL8A after 

reaction completion at 24 h was analysed by 1H- and 13C- Nuclear magnetic resonance 

(NMR) spectroscopy. The enzyme reaction was carried out in 1 ml reaction mixture 

containing 1.0 mg/ml of C4S in 50 mM Tris-HCl buffer, pH 7.2 and 0.5 µg of PsPL8A 

enzyme and incubated at 39°C for 24 h. The undigested polysaccharide and protein 

were precipitated by adding equal volume of absolute ethanol with gentle mixing and 

subsequently centrifuged at 13,000 g for 10 min. After centrifugation the supernatant 
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was collected and lyophilized. The sample was dissolved in D2O (99.96%) (Merck 

Germany) at concentrations of 5 mg/ml (for 1H-NMR) and 20-30 mg/ml (for 13C-

NMR). The 1H- and 13C- NMR spectra were acquired at 25ºC at 600 MHz NMR 

spectrometer (Bruker, Avance III HD, MA, USA) fitted with a 5-mm probe and 

equipped with topspin software package from Bruker for analysis. 
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3.3 Results and Discussion 

3.3.1 Substrate specificity of PsPL8A  

The enzyme activity of PsPL8A was determined under the optimized conditions 

as described in Section 3.2.2.1. The activity of PsPL8A with various 

glycosaminoglycan (GAG) substrates is reported in Table 3.3.1. PsPL8A is a 

characteristic chondroitin AC lyase and preferentially cleaves chondroitin 4-sulphate 

and chondroitin 6-sulphate, though it also acts against hyaluronic acid. PsPL8A was 

predominantly active towards chondroitin sulphate substrates. It displayed highest 

activity towards C4S (489.0±11 U/mg) followed by C6S (214.0±2.0 U/mg) and 

hyaluronic acid (43.2±1.2 U/mg), but did not show any activity with dermatan sulphate 

and heparin. Chondroitin AC lyase reported earlier from Flavobacterium heparinum, 

showed activity towards C4S and C6S (Pojasek et al., 2001). Chondroitin AC lyase 

reported from Bacteroides stercoris HJ-15 displayed higher activity with C4S followed 

by hyaluronic acid and C6S (Hong et al., 2002; Shim et al., 2008). Another report on 

chondroitin lyase from Baculovirus envelope protein ODV-E66 does not degrade C4S, 

whereas it degrades most efficiently, the chondroitin without sulphation followed by 

C6S and hyaluronic acid to lesser extent (Sugiura et al., 2011). Chondroitin AC lyase 

from Serratia marcescens GT596 showed enzyme activity with chondroitin 4-sulphate 

notably lower activity than with chondroitin 6-sulphate (Ke et al., 2005). The 

spectrophotometric assay method used to evaluate the activity of PsPL8A provides 

evidence that PsPL8A enzyme belongs to polysaccharide lyase 8 family. The β-

elimination reaction mechanism followed by PsPL8A was confirmed 

spectrophotometrically by measuring the Δ4,5 unsaturated oligosaccharides by the 

increase in absorbance at 232 nm (A232). 
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Table 3.3.1  Substrate specificity of PsPL8A against various glycosaminoglycan 

substrates. 

NA- No Activity 

The reaction was carried out under optimised conditions of 50 mM Tris-HCl buffer, pH 

7.2 at 39ºC as described in the “Material and Methods” section 3.2.2.1. 

The assays were performed in triplicates.  

 

3.3.2 Optimum temperature for activity of PsPL8A 

The optimum temperature for the activity of chondroitin AC lyase PsPL8A was 

determined after performing assay with C4S under varying temperatures 20ºC - 60ºC. 

PsPL8A displayed an optimum temperature of 39°C and retained ~90% of activity 

within the temperature range 35-40°C (Fig 3.3.1). Chondroitin AC lyase from 

Flavobacterium heparinum (Pojasek et al., 2001) and Bacteroides stercoris HJ-15 

(Hong et al., 2002) displayed optimum temperatures 35ºC and 45ºC, respectively. The 

optimum temperature of chondroitin AC lyase from Serratia marcescens was 40ºC (Ke 

et al., 2005). Chondroitin lyase from Baculovirus envelope protein ODV-E66 showed 

an optimum temperature of 37ºC (Sugiura et al., 2011). PsPL8A displayed an optimum 

temperature of 39ºC which is in the range of human physiological conditions. 

Therefore, PsPL8A can serve as a potential candidate for therapeutic applications such 

as neuronal reinnervation and antitumor agent.  

               Substrate (1 mg/ml) Specific Activity (U/mg)    

Chondroitin 4-sulphate 489.0±11 

Chondroitin 6-sulphate 214.0±2.0 

Hyaluronic acid 43.2±1.2 

Dermatan sulphate NA 

Heparin NA 
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Fig. 3.3.1 Optimum temperature for activity of PsPL8A. 

 

3.3.3 Optimum pH for activity of PsPL8A 
 

The effect of pH on the activity of the recombinant PsPL8A was determined 

using C4S as substrate. The result showed the PsPL8A enzyme was active under human 

physiological pH conditions (pH 7.2). PsPL8A displayed optimum pH of 7.2 and 

retained 90% activity within the pH range 6.9 -7.6 (Fig. 3.3.2). Chondroitin AC lyase 

from Flavobacterium heparinum (Pojasek et al., 2001) and Bacteroides stercoris HJ-

15 (Hong et al., 2002) displayed optimum pH of 8.0 and 5.8, respectively. The optimum 

pH of chondroitin AC lyase from Serratia marcescens was 7.5 (Ke et al., 2005). 

Chondroitin lyase from Baculovirus envelope protein ODV-E66 showed an optimum 

pH of 7 (Sugiura et al., 2011). 
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Fig. 3.3.2 Optimum of pH for the activity of PsPL8A. 

 

3.3.4 Thermal stability of PsPL8A 

 The thermal stability of PsPL8A displayed ~100% retention of activity within 

temperature range 30-40°C after 30 min incubation (Fig 3.3.3). However, at higher 

temperature, 50°C there was a sharp decrease in the residual activity suggesting 

significant decrease in the enzyme stability (Fig. 3.3.3). The most accepted explanation 

loss of enzyme activity at high temperature is the opening or uncoiling of the protein 

architecture, which results in decreased stability and consequently lowering the activity 

(Branden et al., 1991; Creighton., 1992). The opening of protein tertiary structure 

changes the conformation of protein architecture that directly affects the velocity of 

enzyme catalyzed reaction. 
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Fig 3.3.3 Thermal stability for the activity of PsPL8A. 

 

3.3.5 pH stability of PsPL8A 

The pH stability profile displayed retaining of approximately, ~90% of enzyme 

activity for 30 min in the pH range 6.8-7.6 and most stable at pH 7.2 (Fig 3.3.4). The 

pH stability of an enzyme depends on two factors, i) type of enzyme and direct 

involvement of ionic groups in the catalytic mechanism and ii) participation of charged 

groups in the stabilization of the protein structure (Branden et al., 1991). Enzyme 

catalysis occurs by interaction of ionic groups from amino acid side chains at the active 

centre of the enzyme. These ionic groups get protonated during catalysis to carry out a 

successful reaction. As the pH deviates from the optimum pH value the protonation 

state of ionic groups involved may alter and hinders proper catalysis of the substrate, 

thus resulting in a lower activity.  
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Fig. 3.3.4 pH stability of PsPL8A. 

 

3.3.6 Kinetic parameters of PsPL8A 

Kinetic parameters of PsPL8A were determined against C4S and are presented 

in Table 3.3.2. The data revealed that PsPL8A displayed Km and Vmax values of 1.1± 

0.01 mg/ml and 526±28 U mg-1, respectively using C4S. It gave the turnover number 

(kcat) of 679.6 s-1 and (kcat/Km) as 617.8 s-1 mg-1 ml using C4S as substrate. 

Table 3.3.2 Kinetic parameters of PsPL8A with Chondroitin 4-sulphate (C4S). One 

unit of enzyme was defined as the amount of enzyme that forms 1 µmol 

of unsaturated oligosaccharides product per min. 

 

All experiments were performed in triplicate following the method mentioned in Section 

3.2.7. 

 

 

 

Enzyme Substrate kcat (S-1) Km (mg/ml) kcat/Km ( s-1 mg-1 ml ) 

PsPL8A C4S 679.6  1.1± 0.01 617.8 
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3.3.7 Effect of metal ions on the activity of PsPL8A 

The performance of PsPL8A under the influence of various monovalent and 

divalent metal ions as well as detergent, using C4S as substrate was investigated and 

the results are shown in Table 3.3.3. The activity of PsPL8A with no additive was taken 

as 100%. The presence of 100 mM Na+ (Fig. 3.3.5A) or 20 mM Ca2+ (Fig 3.3.5C) or 20 

mM Co2+ (Fig. 3.3.5 E) ions concentration enhanced the activity of PsPL8A by ~2 fold. 

A 100 mM concentration of K+ ion enhanced the enzyme activity of PsPL8A by 1.9 

fold (Fig. 3.3.5.B).  A 20 mM Mg2+ ion concentration caused ~1.4 fold rise PsPL8A 

activity (Fig. 3.3.5D). The enzyme activity of PsPL8A was reduced to 15.5% by 1 mM 

Zn2+ ions (Fig. 3.3.5.F). 1 mM Fe2+ ion concentration reduced the enzyme activity of 

PsPL8A by 1.2%. The enzyme activity of PsPL8A was reduced to 2.2% by 0.1 mM 

Cu2+ ion concentration and reduced to 5.4% by 10 mM concentration of Al3+ ions (Fig. 

3.3.5G). The enzyme activity of PsPL8A was adversely affected at the low 

concentrations of Zn2+, Al3+, EDTA (Fig. 3.3.5H) and SDS (Fig. 3.3.5I), while enzyme 

activity of PsPL8A was completely inhibited at very low concentrations of Fe2+ or Cu2+ 

ions. The results of metal ion study gave a lucid idea that Ca2+ or Co2+ ions might be 

required by PsPL8A as cofactors for increasing its the activity. It was earlier reported 

that chondroitin lyase from Baculovirus envelope protein ODV-E66 remains unaffected 

by the addition of divalent metal ions (Sugiura et al., 2011). Chondroitin AC lyase from 

Bacteroides stercoris HJ-15 displayed only a 5% and 2% increase in the activity by 1 

mM Ca2+ or Mg2+ ion concentrations, respectively (Hong et al., 2002). The enzyme 

activity of chondroitin AC lyase from marine Arthrobacter sp. MAT3885 remains 

unaffected by addition of metal ions such as Na+, K+, Mg2+, Ca2+, Fe2+, Co2+, Cu2+ and 

Ni2+, while the addition of Mn2+ increased the activity by only 20% (Kale et al., 2015). 
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The HA/CS-degrading activity of HCLase from marine bacterium was significantly 

inhibited by 5 mM concentration of divalent metal salts CaCl2, MgCl2, MnCl2 and 

CoCl2 suggesting that the activity is independent of divalent metal ions (Han et al., 

2014). The present study of metal ions with PsPL8A indicated that the divalent Ca2+ or 

Co2+ ion(s) might be present at the catalytic site and involved in catalysis enhancing the 

enzyme activity of PsPL8A.  

Table 3.3.3 Effect of metal ions on the activity of PsPL8A. 

 

Metal ion/ 

Reagent 

Concentration 

(mM) 

Relative activity 

 (%) 

Control -- 100 

Na+ 100 209 

K+ 100 185 

Ca2+ 20 190 

Co2+ 20 185 

Mg2+ 20 136 

Zn2+ 1.0 15.2 

Fe2+ 1.0 1.2 

Cu2+ 0.1 2.2 

Al3+ 10.0 5.4 

SDS 1.0 1.1 

EDTA 10.0 1.4 
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Fig. 3.3.5A Effect of Na+ ion on enzyme activity of PsPL8A. 

 
 

Fig. 3.3.5B Effect of K+ ion on enzyme activity of PsPL8A. 
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Fig. 3.3.5C Effect of Ca2+ ion on enzyme activity of PsPL8A. 

 
 

Fig. 3.3.5D Effect of Mg2+ ion on enzyme activity of PsPL8A. 
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Fig. 3.3.5E Effect of Co2+ ion on enzyme activity of PsPL8A. 

 

 
Fig. 3.3.5F Effect of Zn2+ ion on enzyme activity of PsPL8A. 
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Fig. 3.3.5G Effect of Al3+ on enzyme activity of PsPL8A. 

 

 
 

 Fig. 3.3.5H Effect of EDTA on enzyme activity of PsPL8A. 

TH-1654_11610622



Chapter 3                                                                                                     124      
 

 
 

Fig. 3.3.5I Effect of SDS on enzyme activity of PsPL8A. 

 

 

3.3.8 Structural stability of PsPL8A in presence of chaotropic agents 

 

The effect of chaotropic agents viz. Urea and Guanidine hydrochloride (GuHCl) 

on structural integrity of PsPL8A was studied. The chaotropic agents at different 

concentrations were incubated with PsPL8A and changes were monitored by 

fluorescence spectroscopy. Excitation wavelength was kept at 295 nm, whereas, the 

fluorescence emission was recorded from 310-400 nm for each sample. A peak at 330 

nm was observed for PsPL8A protein. The peak of PsPL8A shifted to higher 

wavelength (from 330 nm to 340 nm) at 5 M Urea concentration (Fig. 3.3.6A), while 

in presence of 3 M GuHCl the peak corresponding to PsPL8A shifted from 330 nm to 

341 nm (Fig. 3.3.6B) indicating the loss of structural integrity of PsPL8A protein.  
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Fig. 3.3.6 Tryptophan emission spectra of PsPL8A in presence of different 

concentration of chaotropic agents (A) Guanidine hydrochloride (GuHCl) 

and (B) Urea. 
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3.3.9 Thin layer chromatography analysis of degraded products of C4S by 

PsPL8A 

 

The products released by the enzymatic degradation of PsPL8A with C4S were 

determined by TLC (Fig. 3.3.7). The salient feature of PsPL8A catalysis involved only 

the β-(1→4)-bond cleavage by β elimination mechanism. The time dependent C4S 

degradation by PsPL8A in TLC analysis showed simultaneous endo- and exo-lytic 

cleavage pattern for first hour producing a series of higher oligosaccharides along with 

the ∆C4S disaccharide (Fig. 3.3.7). After 1 h of the reaction PsPL8A started utilizing 

the higher oligosaccharides, chopping off them, producing only the ∆C4S disaccharide 

as the sole product that continued till 24 h. This result displayed the initial concomitant 

endo- and exo-lytic cleaving property of PsPL8A and finally shifting to only exo-lytic 

mode. The previous reports suggest that chondroitin AC lyase from Flavobacterium 

heparinum cleaves endolytically the substrates (Hiyama et al., 1976; Jandik et al., 1995; 

Pojasek et al., 2001) whereas for chondroitin AC lyases from Arthrobacter auresus the 

exolytic action was reported (Hiyama et al., 1976; Jandik et al., 1995; Linhardt et al., 

200; Lunin et al., 2004). 

 

Fig. 3.3.7  Time dependant TLC analysis of PsPL8A degraded products of C4S using 

the standards viz. S1: D-glucuronic acid, S2: N-acetyl galactosamine, S3: 

ΔC6S disaccharide and S4: ΔC4S disaccharide. 
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3.3.10 ESI-MS and MS/MS analysis of PsPL8A degraded product of C4S 

The supernatant containing degraded products of C4S after PsPL8A treatment 

for 2 min, 30 min, 1 h, 2h and 24h were subjected to ESI-MS and MS/MS analyses. 

The ESI-MS analysis of 2 min sample showed the presence of mono sulphated 

unsaturated disaccharide UA-GalNAc4S with m/z 458, triply charged penta-sulphated 

unsaturated hexa-saccharide UA-GalNAc-[GlcA-GalNAc]3(4S)5 with m/z 508.14, 

triply charged tetra-sulphated unsaturated octa-saccharide UA-GalNAc-[GlcA-

GalNAc]4(4S)4 as a sodium adduct with m/z 616.11 and triply charged unsaturated 

hexa-sulphated dodeca-saccharide UA-GalNAc-[GlcA-GalNAc]6(4S)6 as a tri sodium 

adduct with m/z 939.07 (Fig. 3.3.8A). The m/z values assigned to the degraded products 

corroborated well with CS oligosaccharides reported earlier by Zaia et al., 2001 and 

Zamfir et al., 2003. The ESI-MS analysis further supported the contention elucidated 

from the TLC data of concomitant occurrence of endo- and exo-lytic mode of PsPL8A 

catalysis. In 30 min sample, the percent intensities of the hexa-saccharide and octa-

saccharide peaks were lower as compared with that of 2 min sample, inferring the 

degradation of the same with time (Fig. 3.3.8B). The 1 h, 2 h and 24 h samples displayed 

the peak of only mono-sulphated unsaturated disaccharide with m/z 458, suggesting the 

complete degradation of the higher oligosaccharides by PsPL8A (Fig. 3.3.8C, D & E). 

Tandem MS mode can be used to differentiate the isomeric species. In order to 

determine the type of sulphated unsaturated disaccharide MS/MS was performed on the 

mono-sulphated unsaturated disaccharide with m/z 458. MS/MS of mono-sulphated 

unsaturated disaccharide (m/z 458) in 24 h sample showed a distinct peaks of m/z 300 

which uniquely identify the ΔC4S disaccharide (ΔUA-GalNAc4S) (Fig. 3.3.8F). The 

results of PsPL8A degraded products from C4S was in accordance with the results 
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reported earlier, where a detail ESI-MS analysis and MS/MS analysis of chondroitin 

disaccharides have been performed (Desaire et al., 2000; Flangea et al., 2009). 

 

Fig. 3.3.8 ESI-Mass spectrometric analysis of PsPL8A degraded product of C4S. (A) 

MS analysis of 2 min sample (B) MS analysis of 30 min sample (C) MS 

analysis of 1 h sample, (D) MS analysis of 2 h sample, (E) MS analysis of 24 

h sample showing ΔC4S disaccharide (ΔUA-GalNAc4S) having single peak 

at m/z 458, (F) MS/MS analysis of ΔC4S disaccharide (ΔUA-GalNAc4S) 

showing a peak at m/z 300. 
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3.3.11  1H- and 13C- NMR spectroscopic analysis of disaccharide from PsPL8A 

degraded C4S 

 

 The 1H-NMR and 13C- spectra of chondroitin 4-sulphate disaccharide product 

(Fig. 3.3.9A) released after 24 h of C4S degradation by PsPL8A is shown in Fig. 3.3.9B 

& C, respectively. The characteristic signals of the protons and 13C- chemical shifts 

were assigned according to the previous studies done by Yamada et al, 1992; Huckerby 

et al., 2001 and Lauder et al., 2011. The 1H-NMR spectra for ∆C4S disaccharide was 

recorded at 25ºC, which showed the prominent signal at 5.94 ppm for anomeric proton 

resonance of H-4* for GlcA ring (Fig. 3.3.9B). In the GlcA ring, the H-1* proton shows 

response at 5.24 ppm, while the H-2* and H-3* gave the proton responses at 3.83 ppm 

and 3.98 ppm, respectively. Similarly, for the GalNAc ring in the ∆C4S disaccharide 

the 1H-NMR chemical shift of H-4, indicates the sulphation with a resonance at 4.65 

ppm. The GalNAc ring has the acetylation -NAc(CH3) which shows proton resonance 

at 2.08 ppm, this value corroborates well with the previous reports (Yamada et al., 

1992; Huckerby et al., 2001; Lauder et al., 2011). The correlation for rest of the protons 

of GalNAc ring were also made, the H-1, H-2, H-3, H-5, H-6a and H-6b show the 

proton resonances at 4.77 ppm, 4.14 ppm, 4.17 ppm, 4.28, 3.77 ppm and 3.70 ppm, 

respectively, which also showed similarity with previous reports (Yamada et al., 1992; 

Huckerby et al., 2001; Lauder et al., 2011). The bulk of proton resonance of ∆C4S 

disaccharide lies in the range of 3.7-4.8 ppm (Fig. 3.3.9B). The results for the 1H- NMR 

chemical shifts of ∆C4S disaccharide (∆GlcA-GalNAc4S) are summarised in Table 

3.3.3. The 1-D 600 MHz 13C spectrum was acquired for ∆C4S disaccharide and the 

peaks were assigned for carbon atoms (Fig. 3.3.9C). The chemical shifts of C-1*, C-2*, 

C-3*, C-4*, C-5* and C-6* carbon atoms of GlcA residue were detected at 106.6 ppm, 
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70.32 ppm, 68.47 ppm, 106.8 ppm, 145.4 ppm and 169.15 ppm, respectively. The 

chemical shift of another residue GalNAc of ∆C4S disaccharide was also assigned. The 

acetyl (-COCH3) group present in GalNAc gave the chemical shift at 22.19 ppm, while 

the sulphation present at C-4 gave the shift at 77.2 ppm. The chemical shift for C-1, C-

2, C-3, C-5 and C-6 for GalNAc were 99.91 ppm, 58.55 ppm, 76.15 ppm, 75.67 ppm 

and 64.4 ppm, respectively. The carbonyl (-C=O) group present in GalNAc gave the 

shift at 174.69 ppm (Fig. 3.3.9C). The chemical shifts assigned to both the residues 

GlcA and GalNAc of ∆C4S disaccharide were in agreement with the previous reports 

(Yamada et al, 1992; Huckerby et al, 2001; Lauder et al, 2011). 13C- NMR chemical 

shifts of ∆C4S disaccharide (∆GlcA-GalNAc4S) are summarised in Table 3.3.4.  

 

Table 3.3.4 1H- NMR and 13C- NMR chemical shifts of ∆GlcA-GalNAc4S.  

Residue Proton 1H  

Chemical 

Shift (ppm) 

Carbon 13C 

Chemical 

Shift (ppm) 

GlcA H-1* 5.24 C-1* 106.6 

 H-2* 3.83 C-2* 70.32 

 H-3* 3.98 C-3* 68.47 

 H-4* 5.94 C-4* 106.8 

   C-5* 145.4 

   C-6*  169.15 

GalNAc H-1 4.77 C-1 99.91 

 H-2 4.14 C-2 58.55 

 H-3 4.17 C-3 76.15 

 H-4 4.65 C-4 77.20 

 H-5 4.28 C-5 75.67 

 H-6a 3.77 C-6 64.4 

 H-6b 3.70 (-NAcCH3) 22.19 

 (CH3) 2.08 C=O 174.69 

* mark signifies the proton and carbon atom belonging to GlcA residue 
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Fig. 3.3.9 (A) The chemical structure of ΔC4S (ΔUA-GalNAc4S) disaccharide (B) 

1D 1H-NMR spectrum (600 MHz) and (C) 13C-NMR spectrum of degraded 

product ΔC4S (ΔUA-GalNAc4S) disaccharide obtained after 24 h reaction 

of 1 mg/ml C4S with PsPL8A (as described in Materials and Methods). 
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The TLC and ESI-MS and MS/MS results conclusively demonstrated that 

PsPL8A initially degrades the C4S substrate by a concomitant endo- and exo-lytic 

mode and produces higher oligosaccharides such as hexasaccharide, octasaccharide and 

dodecasacchride along with ∆C4S disaccharide. After ~1h of reaction the enzyme starts 

utilizing the higher oligosaccharides and further fragmenting them into the lowest 

possible oligosaccharide i.e. ∆C4S disaccharide displaying its prominent exolytic mode 

of catalysis in the later stage as depicted in Fig. 3.3.10. 

 

Fig. 3.3.10  Endo- and exo-lytic cleavage pattern of chondroitin 4-sulphate degradation 

by PsPL8A.     Represents the glucuronic acid residue (GlcA)  

and       represents GalNAc residue having sulphation at 4C- position. 

 

 

 

 

 

 

 

 

TH-1654_11610622



Chapter 3                                                                                                     133      
 

3.4 Conclusions  

Chondroitin AC lyase (PsPL8A) from Pedobactor saltans showed maximum 

enzyme activity at optimum pH 7.2 and was active within the pH range of 6.8-7.6. The 

optimal temperature of PsPL8A was 39ºC and it showed ∼100% retention of activity 

within the temperature range, 30 - 40ºC. PsPL8A showed maximum activity with 

chondroitin 4-sulphate, C4S (489 U/mg) followed by chondroitin 6-sulphate, C6S (214 

U/mg) and hyaluronic acid (43 U/mg). 100 mM Na+, 20 mM Ca2+ and 20 mM Co2+ ions 

enhanced the PsPL8A activity by 2 fold implying that these ions might play a role of 

essential cofactors. A 1.5 fold rise in enzyme activity of PsPL8A was observed with 20 

mM Mg2+ ion concentration. However, the enzyme activity of PsPL8A was adversely 

affected at the low concentrations of Zn2+, Al3+, EDTA and SDS. At 5 M Urea 

concentration the peak of PsPL8A shifted from 330 nm to 340 nm, while in presence 

of 3 M GuHCl the peak corresponding to PsPL8A shifted from 330 nm to 341 nm 

indicating the loss of structural integrity of PsPL8A protein. The time dependent TLC 

analysis of PsPL8A degraded products of C4S revealed initial concomitant endo- and 

exo-lytic mode and later shifting to exolytic mode of catalysis. PsPL8A released di-, 

hexa-, octa- and dodeca-saccharide as analyzed by ESI–MS and MS/MS analyses. 1H- 

and 13C-NMR analyses of C4S disaccharide confirmed the presence of N-

acetylgalactosamine and glucuronic acid. The PsPL8A enzyme and its degradation 

products unfolds the avenue for its potential applications in spinal cord nerve injury 

system and as antitumor, antiangiogenic, anti-metastatic agent and for immune-

modulating and anti-inflammatory effects. 
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Chapter 4 

 
 
 
 

 
Insights into the structural characteristics and substrate  

binding analysis of chondroitin AC lyase (PsPL8A)  
from Pedobacter saltans 

 
 

 
 
 

4.1 Introduction 

Carbohydrates are dynamic molecules that are constantly synthesized and 

broken down in animal and plants. There are varieties of enzymes involved in the 

synthesis as well as breakdown of carbohydrates. The carbohydrate-active enzymes are 

grouped into different families based on amino acid sequence similarity and are listed 

in the continually updated carbohydrate-active enzyme (CAZy) database 

(www.cazy.org) (Cantarel et al., 2009). The carbohydrate active enzymes belonging to 

the polysaccharide lyase (PL) class are relatively less explored enzymes. The PL family 

enzymes degrade the acidic polysaccharide such as pectin, glycosaminoglycans (GAG) 

and alginate. GAG are highly sulphated linear and anionic polysaccharide made up of 

repeating disaccharide units of hexosamine and uronic acid residues (Rye et al., 2002). 

These GAG chains are linked through glycosidic linkage to serine residue of core 
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protein and hence form proteoglycans (PG) (Féthière et al., 1999). GAG are classified 

into four major classes: Chondroitin Sulphate (CS)/Dermatan Sulphate (DS), 

Heparin/Heparan Sulphate, Hyaluronic acid (HA) and Keratan sulphate (KS). CS 

consisted of N-acetyl-galactosamine (sulphated at C4/C6) linked via β-(1→3) linkage 

to D-glucuronic acid and the two disaccharide are linked by β-(1→4) glycosidic bond 

(Prabhakar et al., 2005; Rani et al., 2017). CS lyase catalyze the cleavage of β-(1→4) 

glycosidic bond between hexosamine and uronic acid residue of CS by β-elimination 

and generate Δ4,5 unsaturated uronate oligosaccharides that exhibits absorbance 

maxima at 232 nm (A232) (Gacesa 1987; Rye et al., 2006). The plausible mechanism 

proposed by Gacesa et al in 1987 includes three steps: i) negative charge present on the 

carboxylate anion of glucuronic acid can be neutralized by positive charge amino 

acid/divalent metal ion, ii) Abstraction of C-5 proton by general base and iii) β- 

elimination of 4-O glycosidic bond.  

The crystal structures of chondroitin AC lyase (Féthière et al., 1999; Lunin et 

al., 2004), Hyaluronate lyase (Li et al., 2000), chondroitin ABC lyase (Huang et al., 

2003) have been reported. The structural fold present in family 8 polysaccharide lyase 

is (α/α)5,6 β toroid domain, that contains five α-helical hairpins and in some proteins a 

sixth hairpin is assembled from two additional antiparallel helices, one at the N-

terminus and the other at the C-terminus of this domain. This domain is followed by a 

C-terminal antiparallel β-sandwich domain containing four β-sheets (Féthière et al., 

1999; Garron et al., 2010). Chondroitin AC lyase from Flavobacterium heparinum 

consists of two domains, a N-terminal domain of around 300 amino acids arranged as 

α-helices and the C-terminal domain spanning 370 residues are configured as four 

antiparallel β-sheets. The N-terminal domain imparts the protein a double layered 
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horseshoe structure (α/α)5 toroidal (doughnut-shaped) topology (Féthière et al., 1999). 

The putative catalytic residues His, Tyr, Arg, Glu and Cys have been previously 

proposed which act as general base by abstracting C-5 proton of uronic acid and the 

residues acting as general acid initially neutralizes the negative charge on the 

carboxylate ion (Rye et al., 2002). The complete mechanism of the catalysis by 

chondroitin lyases is still not known.   

Small-angle scattering (SAS) of X-rays (SAXS) is an established powerful 

method for the analysis of biological macromolecules in solution. SAXS provides low-

resolution, three-dimensional structures, using ab initio and rigid body modeling 

(Mertens et al., 2010). It allows one to assess the oligomeric state of proteins. SAXS is 

a powerful tool for structure validation and is highly complementary to X-ray 

crystallography and NMR techniques (Mertens et al., 2010). In the present study the 3-

dimensional structure of PsPL8A from Pedobacter saltans was developed by homology 

modeling. The structure of PsPL8A in solution state was determined by SAXS. 

Secondary structure elements were evaluated by CD and Psipred analyses. The docking 

study of PsPL8A with various CS ligands and site directed mutagenesis was performed 

to ascertain the catalytic centre and residues involved in PsPL8A catalysis. 
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4. 2 Material and methods 

4.2.1 Materials 

Chondroitin 4 sulphate, Trizma base, Sodium chloride, Calcium chloride, 

EDTA, phenyl methane sulfonyl fluoride (PMSF), Isopropyl-1-thio-β-D-

galactopyranoside (IPTG), Kanamycin and Imidazole were procured from Sigma-

Aldrich USA. Genomic DNA of Pedobacter saltans DSM12145 was purchased from 

Leibniz Institute DSMZ - German Collection of Microorganisms and Cell Cultures. 

Escherichia coli DH5α cells used for transformation of recombinant plasmid and E. 

coli BL-21 (DE3) cells for expression of recombinant proteins were purchased from 

Novagen (Germany).  

4.2.2 Sequence retrieval and alignment of PsPL8A 

The protein sequence of PsPL8A belonging to family 8 polysaccharide lyase 

(PL8) from Pedobacter saltans DSM 12145 was retrieved from the CAZy Database 

(http://www.cazy.org/PL8_bacteria.html). The sequence has a GenBank accession no.  

ADY54337.1. BLAST analysis of the query sequence was performed with known PDB 

structures from X-ray or NMR data (Altschul et al., 1990). The N-terminal signal 

peptide sequence was identified by using signalIP. PsPL8A sequence was aligned with 

the previously reported sequence of chondroitin AC lyase sequences from Pedobacter 

heparinus (previously known as Flavobacterium heparinum) and Arthrobacter 

aurescens. Multiple Sequence alignment (MSA) was done by using Clustal omega 

(http://www.ebi.ac.uk/Tools/msa/clustalo/) available at EMBL-EBI page. The MSA 

sequence file was viewed under ESPript 3.0 to analyse the conserved and semi-

conserved residues present in the sequence of PsPL8A. 
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4.2.3 Homology modeling of PsPL8A 

 The 3-Dimensional structure of PsPL8A was modelled by using Modeller 9v12 

(http://salilab.org/modeller/). MODELLER is used for homology or comparative 

modeling of protein three-dimensional structures (Webb and Sali., 2014). The 

comparative protein structure modeling was done based on related known templates 

satisfying the spatial restraints (Sali and Blundell., 1993). The query sequence PsPL8A 

was align with the best matched template of known protein sequence, PDB id: 1CB8_A 

from Pedobacter heparinus. After the optimization of molecular probability density by 

modeller, 15 independent models were generated. Further refining of structure was 

achieved by the loop optimization method in modeller. Discrete optimized protein score 

(DOPE) was generated for each model after loop refinement until a negative DOPE 

score was attained. The modeled structure with the least DOPE score was selected as 

best model for further studies. 

4.2.4 Structure refinement and quality assessment of modelled PsPL8A  

 The modelled structure with least DOPE value was refined and energy 

minimized by using 3Drefine: Protein structure refinement server 

(http://sysbio.rnet.missouri.edu/3Drefine/). The spatial structure of protein is critical for 

predicting the biological function on basis of its structure and docking studies (Mendez 

et al., 2005; Bhattacharya et al., 2016). The 3Drefine server utilizes iterative 

optimization of hydrogen bonding network along with atomic-level energy 

minimization on the optimized model for the refinement of modeled protein structure 

(Bhattacharya et al., 2016). The structure generated after energy minimization was 

validated by using structure analysis and verification server (SAVES) at NIH–MBI 

laboratory page (http://nihserver.mbi.ucla.edu/SAVES/). The overall compatibility of 
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3D model generated with its own amino acid sequence was analysed by using 

Verify3D. ERRAT plot was generated which determines the overall quality of modeled 

structure. Ramachandran plot was generated using PROCHECK, where the possible 

and permitted torsional angles, backbone phi (ϕ) and psi (ψ) dihedral angles were 

defined. Protein Structure Analysis (ProSA) web Server 

(https://prosa.services.came.sbg.ac.at/prosa.php) was used to analyse steriochemical 

quality of modelled structure. Active site involves key amino acid residues which 

participate in the reaction mechanism. Generally, these residues are conserved within 

the family. Therefore, to identify the active site residues, we performed structure 

alignment of PsPL8A with template protein (1CB8_A) of family PL8 using 

PyMOL(http://www.PyMOL.org). 

4.2.5 Secondary structure of PsPL8A  

4.2.5.1 Secondary structure prediction tools 

The secondary structure of PsPL8A was predicted by using the secondary 

structure prediction tool PsiPred (http://bioinf.cs.ucl.ac.uk/psipred/). PsiPred software 

gave the percentage of the secondary structure elements, viz, α helices, β strands and 

random coils present in the structure. The topology diagram of modelled structure was 

generated by using PDBSum (http://www.ebi.ac.uk/thornton-

srv/databases/pdbsum/Generate.html). 

4.2.5.2 Circular Dichroism (CD) analysis of PsPL8A 

PsPL8A was cloned, expressed, purified and biochemically characterized in our 

earlier report (Rani and Goyal., 2016). The secondary structure of PsPL8A was 

analysed using 0.332 µM of PsPL8A in 50 mM Tris-HCl, pH 7.2. CD spectrum of 

PsPL8A was recorded in the Far UV range (190-250 nm) on a spectropolarimeter (J-
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815, Jasco Corporation, Tokyo) at 25°C using a sample cell with path length of 0.1 cm. 

The CD spectrum was collected at a scanning rate of 50 nm/min and 1 nm bandwidth 

with an average of six scans. The CD spectra was corrected for buffer contributions and 

the percentage of different secondary structures present in PsPL8A were determined by 

using K2D3 server (http:// k2d3.ogic.ca/). The molar residual ellipticity (mre) was 

calculated from the ellipticity (θ) values at each wavelength (Kelly et al., 2005). The 

mre values were analysed from 190 to 240 nm by K2D3 server. The data of secondary 

structure of PsPL8A observed by CD analysis were compared with that obtained from 

PsiPred prediction. 

4.2.6 Molecular docking studies of PsPL8A  

Molecular docking analysis of PsPL8A was performed using Autodock 4.2.1. 

along with the viewer MGLTools1.5.6 (http://mgltools.scripps.edu/). Autodock uses 

novel and robust docking method by implementing new scoring function that estimates 

the free energy change during ligand binding (Goodsell et al., 1990). Chondroitin 4-

sulphate disaccharide, chondroitin 4-sulphate tetrasaccharide and chondroitin 6-

sulphate disaccharide were used as docking ligand. Ligand PDBs were obtained from 

pubchem (http://pubchem.ncbi.nlm.nih.gov) or from ligand were drawn in chemsketch 

and converted into PDB files by OpenBabel 2.3.2a software. At first, the PDB files of 

protein and ligand were converted to PDBQT files by assigning gasteiger charges. 

Thereafter, non-polar hydrogens were merged and their charges were assigned to 

carbon atoms. Grid box having dimension of 52, 92, 84 (x, y, z coordinates) with 0.375 

Å grid point spacing was assigned around active site. Lamarckian Genetic Algorithm 

(LGA) was implemented for docking simulation and conformational search (Morris et 

al., 1998). Number of GA runs was set to 100. All other parameters were set to default 
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and the different conformations were generated. The best conformation was selected 

after evaluating the lowest binding energy of each conformation. The docked 

conformation and interaction energies were saved and analyzed for protein-ligand 

complex with a minimum lowest free energy of binding (ΔG).  The generated protein-

ligand complexes were viewed in SPDB viewer (Guex and Peitsch., 1997) and PyMOL 

(http://www.PyMOL.org) to detect the hydrophobic interactions and polar contacts. 

4.2.7 Protein melting studies of PsPL8A 

The protein melting curve of PsPL8A was generated by subjecting the 

recombinant protein to varying temperatures and thereafter measuring the change in the 

absorbance at 280 nm (A280) by a UV-Visible spectrophotometer (Varian, Carry 100-

Bio) following the method described previously (Dvortsov et al., 2009). 30 µg of 

purified PsPL8A in 1 ml 50 mM Tris-HCl, buffer, pH 7.2 was used. The absorbance at 

280 nm (A280) was measured by increasing the temperature at 5°C per min from 25°C 

to 100°C using a peltier temperature controller. The protein solution was kept at a 

particular temperature for 3 min to attain the equilibrium and the melting curve of 

PsPL8A was acquired. The melting curve of PsPL8A was also studied in presence of 

20 mM Ca2+ ion or 5 mM EDTA. A curve of absorbance at 280 nm versus temperature 

was plotted to generate the melting profile of PsPL8A. 

4.2.8 Structure analysis of PsPL8A in solution by Small Angle X-ray Scattering 

(SAXS) 

 

4.2.8.1 SAXS data acquisition 

The SAXS data for the PsPL8A were collected using a one-dimensional CMOS 

Mythen detector (Dectris, Baden, Switzerland) on the SAXSpace instrument (Anton 

Paar GmbH, Graz, Austria). The radiation wavelength and the ratio of the sample to-
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detector distance were set to 1.5418 Å and 317 mm, respectively. For SAXS 

measurement, PsPL8A (12 mg/ml) was used and passed through 0.22 μm filter 

(Millipore, USA). The sample was centrifuged at 24,000g for 15 min at 4 °C prior to 

acquiring the scattering data. Two frames of 30 min at 10°C were collected using 60 μl 

of PsPL8A was used in a thermostated quartz capillary having 1 mm diameter. The 

images recorded on the CMOS Mythen detector were reduced in SAXStreat software 

to calibrate the position of the primary beam. SAXSquant software was used to subtract 

buffer contribution to obtain the scattering intensity I, as a function of momentum-

transfer vector s (s= 4sinθ/λ where λ and θ represent the wavelength of the X-rays and 

the scattering angle, respectively.  

4.2.8.2 SAXS data processing 

Initial data processing was done using PRIMUS software. The radius of 

gyration, Rg was computed from Guinier equation (Guinier et al., 1995) and by indirect 

Fourier transform method using Gnom package (Semenyuk et al., 1991). The distance 

distribution function p(r) also was calculated using Gnom, and the maximum diameter, 

Dmax was obtained. The ab initio method was used to determine the low resolution 

shapes of the PsPL8A from the scattering curve by Dammif (Franke and Svergun 

2009). The reconstructions of PsPL8A were performed using 20 independent runs of 

Dammif. These solutions were subsequently checked by Damaver to create the final ab 

initio shape (Volkov et al., 2003). The modeled structures of the PsPL8A were 

positioned in the envelopes using PyMOL. 
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4.2.9 Site directed mutagenesis of PsPL8A by Megaprimer PCR method 

4.2.9.1 Cloning of PsPL8A mutants 

Five mutants viz. N153A, H203A, Y212F, R266A and E349A were generated 

on the basis of the identified residues involved in active site of PsPL8A. The site-

directed mutagenesis was performed by megaprimer PCR approach (Ke et al., 1997). 

Primers designed to introduce single amino acid mutation were prefabricated with NheI 

and XhoI restriction enzyme sites. The details of primers used for mutants are listed in 

Table 4.2.1. The PCR was carried out in two steps to introduce the single point 

mutations and 2037 bp amplicon was amplified for each mutant. The PCR amplification 

condition and reaction set up are given in Table 4.2.2 and Table 4.2.3, respectively. The 

PCR products and vector pET28a(+) were digested with NheI and XhoI enzymes and 

were ligated in 3:1 ratio of vector: insert. The ligation mix was incubated overnight at 

16ºC. 5 µl of ligated product was transformed using 200 µl of E. coli DH5α competent 

cells prepared earlier. Cells were plated on LB agar plate containing kanamycin (50 

µg/ml) and incubated at 37ºC overnight under static condition. The colonies were 

picked and grown on 5 ml LB broth containing Kanamycin at 37ºC 180 rpm for 12h. 

The grown culture was centrifuged at 8000g at 4°C for 10 min and the recombinant 

plasmid was isolated by Non-ionic detergent (NID) method (Lezin et al., 2011). The 

clone for the mutants viz. N153A, Y212F, H203A, R266A and E349A were screened 

by restriction digestion of respective plasmids. 
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Table. 4.2.1 Details of Primers used for site-directed mutagenesis. 

  

Table. 4.2.2 PCR amplification conditions for site directed mutagenesis. 

Mutant  1st PCR 

(Tm in ºC) 

1st PCR 

amplicon (bp) 

2nd PCR 

(Tm in ºC) 

2nd PCR 

amplicon (bp) 

N153A 57 459 63 2037 

H203A 59 609 63 2037 

Y212F 61 636 63 2037 

R266A 59 798 63 2037 

E349A 61 1047 63 2037 

 

Table. 4.2.3 PCR reaction setup 

 

 

Primer Primer sequence 

FPL8A CGCGCTAGCCAAAAGCAGACATTTGAACTGATTATGGGGCG

CGTAGCC 

RN153A GTAAAGCAATATCCGTTTTGGCGGCTCCGGTTTTTTTCTCGG 

RH203A TATAGCTGTGGCCCGGCTTGCATATAAGAGTAATCATATTGC

AAAC 

RY212F TAAACCGCTCCGAAACCAGAGATGTATAGCTGTGGC 

RR266A TTTCCTGCTAATCCCTGCTCCCTCTACGTTAAAATCGATATAT

TTTGAC 

FE349A CAGTAACAGAACCAATAGAAGCGCATCTGGTAATAAGGAAA

ATTTGT 

RPL8A GCGCCTCGAGTTAAACTTTTTCTGATTTGGTAGAACCTTTAT

ATGGCCCAGTCGG 

Reaction Component 
Final 

Concentration 

Volume Used 

(µl) 

10X Reaction Buffer  1x 1.0 

10mM dNTPs  1 mM 0.8 

Template (genomic DNA, 2.2ng/ µl)  pg/µl 1.0 

Forward Primer  0.5 µM 0.5 

Reverse Primer  0.5 µM 0.5 

Taq DNA Polymerase (NEB)  0.025 U/ µl 0.5 

Nuclease Free Water  - 5.7 

Total Reaction Volume  10 µl 
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4.2.9.2 Expression and purification of PsPL8A mutants 

E. coli BL21 (DE3) cells were used as host for expression of the mutants viz. 

N153A, Y212F, H203, E349A and R266A. The expression of R266A was not found in 

E.coli BL-21 cells, so its expression was further studied in E.coli BL-21 pLysS cells. 

The cells were grown in 100 ml LB medium supplemented with kanamycin (50 μg/ml) 

incubated at 37ºC with shaking at 180 rpm to mid exponential phase till the absorbance 

at 550 nm (A550) reached 0.6. At this point isopropyl-1-thio-β-D-galactopyranoside 

(IPTG) was added to a final concentration of 1.0 mM and culture was incubated at 24°C 

with shaking at 180 rpm. The cells were harvested by centrifugation at 8,000 g and 4°C 

for 10 min. The cell pellet was resuspended in 5 ml of 50 mM Tris-HCl buffer, pH 7.2 

containing 1 mM phenyl methane sulfonyl fluoride (PMSF). The cells were sonicated 

(Sonics, vibra cells) by keeping on ice for 30 min with 10 s on and 15 s off pulse at 

33% amplitude. The sonicated cells were centrifuged at 18,000g and 4ºC for 45 min. 

The cell free supernatant was subjected to immobilized metal ion affinity 

chromatography (IMAC) for purification.  The cell free extract was filtered through a 

0.45 mm membrane and loaded on to a 1 ml HiTrap chelating column (GE Healthcare) 

equilibrated with 50 mM Tris-HCl buffer, pH 7.2 containing 300 mM NaCl and 60 mM 

imidazole. After extensively washing the column with 50 ml of same buffer the bound 

protein was eluted with 50 mM Tris-HCl buffer, pH 7.2 containing 300 mM NaCl and 

350 mM Imidazole. SDS polyacrylamide gel electrophoresis (10.5% w/v) was used to 

assess the molecular weight and purity of recombinant PsPL8A mutant proteins. 
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4.2.9.3 Activity assay of PsPL8A mutants with chondroitin 4-sulphate substrate 

The enzyme assay of wild type PsPL8A and mutants were performed by 

incubating 0.15 µg of enzyme in 1 ml reaction mixture by containing 1 mg/ml of C4S 

substrate at optimum reaction conditions in 50 mM Tris-HCl buffer, pH 7.2 at 39°C for 

5 min (Rani and Goyal. 2016). The unsaturated oligosaccharide product formation was 

monitored by an increase in the absorbance at 232 nm (A232) as a function of time on a 

UV-Visible spectrophotometer (Varian, Cary 100). The absorbance observed was 

converted to units using molar absorption coefficient (3800 M-1 cm-1) for Δ4,5 

unsaturated double bond formed in the reaction. One unit of enzyme activity was 

defined as amount of enzyme that liberates 1 µmol of unsaturated oligosaccharides 

product per min as calculated using a molar absorption coefficient of 3800 M-1 cm-1 

(Pojasek et al., 2001). 

4.2.9.4 Ligand binding studies of mutants by Isothermal Titration Calorimetry 

(ITC)  

The binding of PsPL8A mutants, Y212F and H203A with C4S polysaccharide 

was quantified by ITC (MICROCAL iTC 200, Malvern UK) using protocol described 

by Bolam et al., 2004. Titration of mutant proteins and C4S polysaccharide was carried 

out using 50 mM Tris-HCl buffer, pH 7.2 at 25°C. the reaction cell was filled by protein 

(Y212F or H203A) at a concentration of 80 µM, while the syringe was filled with 20 

mg/ml (0.2%, w/v) of C4S polysaccharide. 

 

 

 

 

TH-1654_11610622



Chapter 4                                                                                                     152      
 

4.3 Results and discussion 

4.3.1 Sequence analysis of PsPL8A 

The BLAST analysis of PsPL8A sequence having GenBank accession no.  

ADY54337.1 from Pedobacter saltans displayed the sequence similarity with 

previously characterized chondroitin AC lyase. PsPL8A showed 55% sequence identity 

and 95% query coverage with chondroitinase AC from Flavobacterium heparinum 

(1CB8_A). PsPL8A further showed 26% and 25% sequence identity with chondroitin 

AC lyase belonging to Streptomyces coelicolor A3 (2WDA_A) and Arthrobacter 

aurescens (1RW9_A), respectively. Multiple sequence alignment of PsPL8A with the 

above mentioned chondroitin AC lyase sequences gave critical information about the 

conserved and semi conserved amino acid residue regions (Fig. 4.3.1). The SignalP 3.0 

server deduced a N-terminal signal peptide sequence with a cleavage site between 

Ala22 and Gln23. The signal peptide consisted of 22 amino acids from N-terminal and 

consisted of a 679 amino acid PsPL8A domain.  
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Fig. 4.3.1  Multiple sequence alignment of PsPL8A from Pedobacter saltans with 

chondroitin AC lyases from Flavobacterium heparinum (1CB8_A), 

Arthrobacter aurescens (1RW9_A), Streptomyces coelicolor A3 

(2WDA_A) and xanthan lyase from Bacillus Sp (2E22_A). The conserved 

residues are shown in red background and semi conserved residues are 

shown in box. Conserved catalytic residues are marked as asterisks. The 

figure was developed by EsPript3.0 (http://espript.ibcp.fr/). 

 

 

4.3.2 Homology modeling and structure validation of PsPL8A  

 Modeled structure of PsPL8A showed that it consists of two domains, a N-

terminal domain having (α/α)6 toroidal topology and C-terminal made up of antiparallel 

β-sheet folding structure (Fig. 4.3.2A). This (α/α)6 toroidal fold and antiparallel β-

sandwich structure are the conventional fold being assigned to the PL8 family (Féthière 

et al., 1999; Lunin et al., 2004; Garron and Cygler., 2012). The N-terminal of PsPL8A 
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is made up of nearly 330 amino acids forming a doubly layered horseshoe shaped or 

open toroid structure. The rest of 350 amino acids fold in a four layered β sandwich 

structure forming a C-terminal of PsPL8A. The twelve alpha helices (α1-α12) in N-

terminal are arranged in (α/α)6 incomplete toroidal fold and these helices are linked 

with each other by the random coils. C-terminal is made up of β sheets with an 

exception of small α helix present between the β sheet S3 and S4. The chondroitin AC 

lyase from Flavobacterium heparinum also revealed the presence of small α helix in its 

C-terminal domain (Féthière et al., 1999). The N-terminal and C-terminal domain of 

PsPL8A are linked by helix α12 and β sheet (S1) through the random coils. The quality 

of modeled structure after energy minimization was assessed on the tools available at 

SAVES server. Ramachandran plot developed by PROCHECK displayed that 98.5% 

residues were in the favoured region, 1.2% in the generously allowed region while only 

0.5% of the residues were in the disallowed region (Fig. 4.3.2B). This implied that 

dihedral angles, phi (ϕ) and psi (ψ) of the modeled PsPL8A structure have occupied 

favourable positions. The ERRAT plot also confirmed that modeled structure of 

PsPL8A to be of satisfactory quality, with a quality factor of 90.89% (Fig. 4.3.2C). 

ProSA results indicate that the modelled protein is error free and reside in the x-ray 

zone with a score of -9.45 (Fig. 4.3.2D). The active site residues of PsPL8A involved 

in catalysis were obtained by superposing the modeled PsPL8A with the available 

structure of chondroitin AC lyase from Flavobacterium heparinum 1CB8_A. The 

superposition showed that the critical active site residues were conserved and aligned 

spatially. Asp153, His203, Tyr212, Arg266 and Glu349 were the active site residues of 

PsPL8A (Fig. 4.3.3). 
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Fig. 4.3.2 Three dimensional predicted structure of PsPL8A. (A) Cartoon 

representation of the modelled PsPL8A structure, displaying two 

domains, a N-terminal domain having (α/α)6 toroidal topology and C-

terminal made up of antiparallel β-sheet folding structure. Quality 

assessment of modeled PsPL8A structure by (B) Ramachandran plot. (C) 

ERRAT plot. (D) Z-score plot by ProSA-web server. 
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Fig. 4.3.3  Superposition of modeled structure of PsPL8A (shown in magenta) with 

chondroitin AC lyase (1CB8_A) (shown in light-blue) from 

Flavobacterium heparinum showing the binding cleft.  The residues from 

the binding cleft of PsPL8A are marked in green and those from chondroitin 

AC lyase (1CB8_A) are marked in dark blue. The figure was generated 

using the PyMol program (http://www.pymol.org). 

 

4.3.3 Secondary structure analysis of PsPL8A by Psipred and CD  

The secondary structure prediction analysis of PsPL8A was done by using the 

Psipred software. The predicted secondary structure of PsPL8A showed it contains 

24.92% α helices, 21.68% β sheets and 53.4% random coils (Fig. 4.3.4) (Table. 4.3.1). 

Circular dichroism (CD) analysis was performed using K2D3 server and the CD 

spectrum of PsPL8A was compared with the secondary structure of previously 

available proteins (Jeune et al., 2012). The CD spectrum of PsPL8A revealed that it 

contains 27.31% α helices, 22.7% β sheets and rest 49.9% random coils (Fig. 4.3.5). 

(Table. 4.3.1). The results of Psipred for secondary structural element of PsPL8A well 
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corroborated with those of CD analysis. The results from the homology modeling of 

PsPL8A also showed the presence of the α helices rich N-terminal domain and C-

terminal consisting predominantly of β sheets. The overall structure of PsPL8A 

matches well with previously solved crystal structure of chondroitin AC lyase form 

Flavobacterium heparinum and Arthrobacter aurescens (Féthière et al., 1999; Lunin et 

al., 2004). The results of Psipred and CD analyses further consolidate the authenticity 

of modeled PsPL8A structure. 

 

Fig. 4.3.4  Topology diagram of modelled PsPL8A displaying the orientation of the 

secondary structures (thick arrows represent the β-strand and cylinders 

represent α-helix). 

Table 4.3.1 Secondary structure elements of PsPL8A. 

 

 

 

 

Secondary 
structure element 

Percentage 
predicted by 
PSIPRED 

Percentage 
analysis by CD 

spectrum 
α helix 24.92 27.31 

β strand 21.68 22.70 

random coils 53.40 49.99 
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Fig. 4.3.5 Far UV CD spectrum of PsPL8A. 

4.3.4 Protein melting study of PsPL8A 

The melting curve of PsPL8A displayed a single peak at 60°C. The protein starts 

unfolding at 45ºC and as the temperature increases it completely melts at 60ºC (Fig. 

4.3.6). In our previous biochemical characterization study of PsPL8A (Rani and Goyal., 

2016), it was observed that the enzyme activity get enhanced by 2 fold in presence of 

20 mM Ca2+ ions. Therefore, melting study of PsPL8A was also studied in presence of 

20 Mm Ca2+ ion, but there was no change in the melting temperature. This indicated 

that Ca2+ ion enhances only the enzyme activity of PsPL8A but does not impart any 

structural stability to it. Melting study of PsPL8A with 5 mM EDTA showed that it 

starts unfolding at 42ºC and gets completely melts at 52 ºC. This 8ºC decrease in 
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melting temperature of PsPL8A in presence of EDTA might be due to chelation of the 

inherent divalent metal ion present in the protein structure. 

 

Fig. 4.3.6  Protein-melting analysis displaying melting curve of PsPL8A (   ), in 

presence of 20 mM Ca2+ ions (-.-.-) and of 5 mM EDTA (---). 

 

4.3.5 Docking analysis and ligand binding interaction of PsPL8A 

The previously reported cocrystal structure of chondroitin AC lyase from 

Flavobacterium heparinum with CS/DS oligosaccharide (Huang et al., 2001; Lunin et 

al., 2004) and Arthrobacter aurescens (Féthière et al., 1999) guided the location of 

catalytic core and conserved active site residues of PsPL8A. The docking of PsPL8A 

with C4S disaccharide (Fig. 4.3.7A), C6S disaccharide (Fig. 4.3.8A) and C4S 

tetrasaccharide (Fig. 4.3.9A) was performed to obtain best fit conformation of the 

ligands.  The result of docking studies is summarized in Table 4.3.2. The docking 

analysis of PsPL8A showed best binding affinity with C6S disaccharide with binding 
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energy of -8.00 kcal/mol followed by C4S disaccharide (-7.40 kcal/mol) and C4S 

tetrasaccharide (-7.20 kcal/mol). The ligand binding study of PsPL8A with C4S 

disaccharide revealed that substrate binding cavity is formed by α10, α11, α12 helices 

of N-terminal (α/α)6 incomplete toroid domain and is enclosed by the loop region from 

the C-terminal (Fig. 4.3.7B & C). The catalytic core is majorly formed by the N-

terminal α-helical domain and is broad enough to hold the CS polysaccharide chain. 

The presence of basic amino acids such as His203, Arg 266, Arg 270, Lys 271 and Lys 

276 residues in the catalytic cavity might create the positive charge and hence 

contribute to the binding of acidic CS polysaccharide. The presence of basic residues 

(His225, Arg288, Arg292, Lys298 and Lys 299) was also observed in the catalytic core 

of chondroitin AC lyase from Flavobacterium heparinum (Féthière et al., 1999).  

His203 and R266 residues of PsPL8A lies in the stretch of well conserved residues and 

corresponds to the His225 and R288 of chondroitin AC lyase from Flavobacterium 

heparinum (Féthière et al., 1999). The aromatic residues such as Trp105, Tyr208 and 

Tyr 212 might help in the accommodation of the sugar ring of the CS substrate. The 

docking analysis of PsPL8A was also studied with C6S disaccharide (Fig. 4.3.8B & C) 

and C4S tetrasaccharide (Fig. 4.3.9B & C). This docking study showed that polar 

interactions taking place between active site amino acid residues and the ligand 

molecule (Table. 4.3.2). The docking result inferred that Asn153, His203, Tyr212, 

Arg266, Glu349 are the key catalytic residues of PsPL8A. A similar catalytic tetrad 

including His225, Tyr234, Arg288 and Glu371 were reported in the chondroitin AC 

lyase from Flavobacterium heparinum. In addition to these critical active site residues, 

there are several other residues in PsPL8A, such as Trp105, Tyr 208, Gly211, Val215 
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and Arg270 that are proximal to the CS substrate and hence could play a key role in 

positioning the substrate for enzyme action.  

Table. 4.3.2  Amino acid residues of PsPL8A showing polar interaction and residues 

within 4Å of distance around the ligand at docking site. 

Ligand 

Binding 

Energy 

(kcal/mol) 

Polar Interactions Residues within 4Å 

C6S 

disaccharide 

-8.0 His 203, 
Gly211,Val 215, 
Arg266, Gly267, 
Arg270, Asn352, 
Trp 405 

Asn 103, Trp105, Asn 
153, Tyr 208, Tyr212, 
Gly265 

C4S 

disaccharide 

-7.4 Asn103, Asn153, 
Tyr212, Arg266, 
Arg270, Asn 352,  

Trp 105, Val215, 
Lys271, Ile 273, Trp 405, 
Phe531 

C4S 

tetrasaccharide 

-7.2 Gly211, Ala214, 
Glu264, Gly267, 
Arg270,  Lys275 

Ile 51, Asn 103, Trp 105, 
His106, Tyr212, Val215, 
Arg266, Asn 352 
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Fig. 4.3.7  (A) Surface view of the active site cleft of PsPL8A showing the binding 

with ligand C4S disaccharide (B) C4S disaccharide interacting with the 

active site amino acid residues of PsPL8A. (- - -) represents the hydrogen 

bond and the residues labelled are within 4Å radius forming hydrophobic 

interaction with the ligand, (C) 2D LigPlot of C4S disaccharide interacting 

with the active site amino acid residues of PsPL8Agenerated in Discovery 

studio visualizer-Accelrys. 
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Fig. 4.3.8  (A) Surface view of the active site cleft of PsPL8A displaying the binding 

with ligand C6S disaccharide (B) C6S disaccharide interacting with the 

active side amino acid residues of PsPL8A. (- - -) represents the hydrogen 

bond and the residues labeled are within 4Å radius forming hydrophobic 

interaction with the ligand, (C) 2D LigPlot of C6S disaccharide interacting 

with the active site amino acid residues of PsPL8A generated in Discovery 

studio visualizer-Accelrys. 
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Fig. 4.3.9   (A) Surface view of the active site cleft of PsPL8A showing the binding 

with ligand C4S tetrasaccharide (B) C4S tetrasaccharide interacting with 

the active site amino acid residues of PsPL8A. (- - -) represents the 

hydrogen bond and the residues labeled are within 4Å radius forming 

hydrophobic interaction with the ligand, (C) 2D LigPlot of C4S 

tetrasaccharide interacting with the active site amino acid residues of 

PsPL8A generated in Discovery studio visualizer-Accelrys. 

 

 

 

 

 

 

TH-1654_11610622



Chapter 4                                                                                                     165      
 

4.3.6 Structure analysis of PsPL8A by Small Angle X-ray Scattering (SAXS)  

SAXS analysis of PsPL8A was performed using scattering data collected at 12 

mg/ml concentration (Fig. 4.3.10A). Guinier analysis for PsPL8A indicate that the 

predominant shape by a radius of gyration (Rg) 3.19± 0.09 nm. Alternatively, Guinier 

approximation of a rod shape PsPL8A implied an RC value of ∼1.57 nm (Fig. 4.3.10B). 

The linearity of the Guinier plot in the low q-region shows that the scattered intensities 

follow the Guinier law and suggesting the length of PsPL8A about 10 nm. The Kratky 

plot analysis of the PsPL8A indicated that it is fully folded state in solution (Fig. 

4.3.10C). The distribution profile of interatomic vectors [P(r)] evaluated by the indirect 

Fourier transform over a range of 0.01-0.3 concluded that the predominant solution 

shape of PsPL8A are similar (modeled structure and ab initio generated model) and 

characterized by a Dmax and Rg value of 12 nm and 3.3 nm, respectively (Fig. 4.3.10D). 

Experimentally obtained parameters matched with the modeled PsPL8A structure 

parameters, which supported that the solution shape of PsPL8A is in good correlation 

with modeled structure and its homologous crystal structures. Multiple independent 

cycles of ab initio modelling by DAMMIF were computed without symmetry 

restrictions and were averaged by DAMAVER to produce a low-resolution ab initio 

shape for PsPL8A (Fig. 4.3.10E). The Dummy Atom Molecule of the PsPL8A is 

elongated, and clearly reveals a single domain. The ab initio derived dummy atom 

model superpose well with the modeled PsPL8A while, few α-helices and loop region 

protruding the dummy atom model of PsPL8A derived from the SAXS Data. These 

regions outside the envelop may be due to the flexibility of the loops (Fig. 4.3.10F). 
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Fig. 4.3.10  Small Angle X-ray Scattering analysis of PsPL8A (A) SAXS intensity 

profiles from samples of PsPL8A, (B) Guinier plot of the SAXS 

intensities, PsPL8A. The straight line was obtained by least-squares fitting 

in the region, (C) Kratky plots of the SAXS datasets confirmed the 

globular nature of the scattering PsPL8A, (D) P(r) curves of the 

predominant scattering dataset of PsPL8A plotted as a function of r, (E) 

Ab initio model of PsPL8A generated by constructing independent 

dummy atom residue models using DAMMIF and averaging with 

DAMAVER. (F) Superposition of ab initio and modeled PsPL8A. Images 

were generated using PyMol ver. 1.3 Schrödinger, LLC. 
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4.3.7 Construction of PsPL8A mutants by Site-directed mutagenesis  

Based on the structural model of PsPL8A and molecular docking studies with 

C4S disaccharide/tetrasaccharide, the putative catalytic residues N153, H203, Y212, 

R266 and E349 were selected for site-directed mutagenesis. The DNA sequence of 

2037 base pairs encoding mutants N153A, H203A, Y212F, R266A and E349A was 

amplified by a two-step PCR megaprimer approach (Fig. 4.3.11). A single point 

mutation was introduced in each mutant. The PsPL8A mutants were cloned in 

pET28a(+) expression vector and the positive clones were screened by restriction 

digestion (Fig. 4.3.11).  

 

Fig. 4.3.11  Site-directed mutagenesis of PsPL8A by Megaprimer approach (A) 

N153A, (B) H203A, (C) Y212F, (D) R266A (i) 1st round PCR in lane 2, 

(ii) 2nd round PCR amplification of 2037 bp in lane 2, (iii) clone 

confirmation by restriction digestion showing band of pET28a(+) at 5.34 

bp and mutant at 2037 bp (Lane 2), where Lane 1 is marker (NEB log2 

DNA ladder) and (E) E349A mutant (i) 1st round PCR in lane 2, 2nd round 

PCR in lane 3 and (ii) clone confirmation by restriction digestion. 
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The recombinant proteins were purified to apparent homogeneity level by 

immobilised metal ion chromatography (IMAC). The expression and purification of the 

five recombinant PsPL8A mutants was analysed by SDS-PAGE (10.5%, w/v) gel and 

all showed a molecular size of approximately, 77 kDa (4.3.12).  

 

Fig. 4.3.12 SDS-PAGE (10.5%, w/v) gel showing over-expression and purification of 

PsPL8A mutants using E. coli BL21 (DE3) cells; (A) N153A, (B) H203A, 

(C) Y212F, (D) E349A, Lane 1: Uninduced BL21 (DE3) cells, Lane 2: 

Induced BL21 (DE3) cells, Lane 3: Cell pellet after sonication, Lane 4: Cell 

free extract, Lane 5: Last wash from the column and Lane 6: Purified 

recombinant PsPL8A mutant enzyme: Lane M: Protein marker (Genei and 

fermentas), (E) Over-expression and purification of R266A in E. coli BL-

21 pLysS cells, Lane 1: Uninduced BL21 (DE3) cells, Lane 2: Induced 

BL21 (DE3) cells, Lane 3: Cell pellet after sonication, Lane 4: Cell free 

extract, Lane 5: Purified recombinant R266A mutant enzyme. 

 

4.3.8 Binding and activity analysis of mutants and catalytic mechanism of PsPL8A 

The mutants N153A, H203A, Y212F, R266A and E349A were developed as 

mentioned in section 3.7, in order to probe the role of these residues in catalysis. The 

specific activity of all mutants was determined and compared with the wild-type 
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PsPL8A (Table 4.3.3). The results showed that the mutants N153A, H203A, Y212F, 

R266A and E349A gave 0.66%, 0.13%, 3.8%, 0.38% and 0.80% relative activity 

against C4S substrate taking the wild-type PsPL8A activity as 100%. All the mutants 

showed no activity against C6S substrate when assayed under the same conditions. The 

complete loss in activity of the mutant proteins showed that these residues are critical 

and catalytic residues of PsPL8A.  

Table 4.3.3. Enzyme activity of PsPL8A mutants. 

Enzyme  Relative Activity (%) 

 Chondroitin4-Sulphate Chondroitin 6-Sulphate 

PsPL8A (wild type) 100  100 

N153A  0.66 ND 

H203A  0.13  ND 

Y212F 3.80 ND 

R266A 0.38 ND 

E349A  0.80 ND 

     ND: Not detected 

PsPL8A showed an initial random endolytic mode generating higher C4S 

oligosaccharide up to dodeca-saccharide along with C4S disaccharide, while 

disaccharide was the major product observed after 1 h of catalysis as previously 

reported (Rani and Goyal., 2016). One of the plausible explanation for this mode of 

catalysis could be, since the catalytic cleft is formed by N-terminal and two-three loop 

region from C-terminal, the catalytic core of PsPL8A is not rigid and the loops might 

be flexible enough for periodically opening and allowing the entry of CS chain inside 

to the catalytic groove. Such catalytic core was also reported for chondroitin AC lyase 

from Flavobacterium heparinum (Hung et al., 2001). Initially as the substrate enters 
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the catalytic core, PsPL8A enzyme starts acting randomly and generates the higher 

oligosaccharide as well as the disaccharide, while with time it degrades all higher 

oligosaccharide to final disaccharide product, suggesting its more affinity towards 

disaccharide. The docking study with C4S disaccharide and tetra saccharide revealed 

that it has higher binding affinity with C4S disaccharide (-5.14 kcal) as compared with 

tetrasaccharide (-4.1kcal). The tunnel like catalytic core of cellobiohydrolase also 

showed the evidence of local conformational changes upon binding of the 

polysaccharide (Varrot et al., 1999; Zou et al., 1999). The crystal structure of endolytic 

chondroitin AC lyase from Flavobacterium heparinum showed the catalytic tunnel 

which is not rigid and having flexible loops (Huang et al., 2001) while, the catalytic 

core of exolytic Arthrobacter aurescens (Lunin et al., 2004) was covered by the two 

loops, restricting the movement of only two to three sugar residues.  

In β-elimination a general base is required to abstract the proton from C-5 of the 

uronic acid, generating an enolate anion intermediate, followed by proton donation by 

a general acid or water molecule and concomitant release of the leaving group (Gacesa 

et al., 1987). Three probable theories for catalytic mechanism of chondroitin AC lyase 

from Flavobacterium heparinum have been proposed (Huang et al., 2001) viz. i) His 

acting as general base while Tyr as general acid, ii) Tyr acting as both general acid and 

base iii) Tyr acting as general base and Arg as general acid. In other study it was 

suggested that Tyr242 acts as a general base in chondroitin AC lyase enzyme from 

Flavobacterium heparinum (Rye et al., 2006). The structure comparison, mutagenesis 

and binding results of PsPL8A indicated the roles of Y212 and H203 or R266 as 

probable general base and general acid, respectively. The residues N153 and E349 of 
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PsPL8A, are likely contributing to the charge neutralization and stabilization of the 

enolate anion intermediate during β-elimination.    

4.3.9 Ligand binding studies of Y212F and H203A by Isothermal Titration 

Calorimetry (ITC) 

 

The binding of mutants Y212F and H203A with C4S polysaccharide by ITC 

analysis showed that H203A has no binding with C4S polysaccharide (Fig. 4.3.13), 

implicating that mutation of His203 residue with alanine leads to the loss of activity as 

well as the ligand binding affinity. However, Y212F showed weak binding against C4S 

polysaccharide (Fig. 4.3.14) as it also retained ~4% relative activity (Table 4.3.3). This 

revealed that Y212 residue is involved in the catalysis and substrate binding. Similarly, 

the crystal structure analysis of Y242F mutant of chondroitin AC lyase from 

Flavobacterium heparinum complex with CS-tetrasaccharide showed binding at the 

same position of catalytic site as that of the wild-type enzyme, suggesting the 

involvement of Tyr242 in catalysis and substrate binding (Huang et al., 2001). 
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Fig. 4.3.13  Representative ITC data of PsPL8A mutant, H203A with C4S 

polysaccharide. The ligand C4S polysaccharide (20 mg/ml) in syringe 

was titrated with 80 µM of protein in the cell. The top half of each panel 

shows the raw ITC heat while the bottom half represents the integrated 

peak areas fitted to a single-site binding model with MicroCal Origin 

Ver. 8.0 ITC was carried out using 50 mM Tris-HCl buffer, pH 7.2. 
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Fig. 4.3.14  Representative ITC data of PsPL8A mutant, Y212F with C4S 

polysaccharide The ligand C4S polysaccharide (20 mg/ml) in syringe 

was titrated with 80 µM of protein in the cell. The top half of each panel 

shows the raw ITC heat while the bottom half represents the integrated 

peak areas fitted to a single-site binding model with MicroCal Origin 

Ver. 8.0. ITC was carried out using 50 mM Tris-HCl buffer, pH 7.2. 
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4.4 Conclusions 

The structure of chondroitin AC lyase (PsPL8A) of family 8 polysaccharide 

lyase was characterized. Multiple sequence alignment of PsPL8A with previously 

known chondroitin lyases revealed the conserved and semi-conserved amino acid 

residues. The 3-Dimensional structure showed a N-terminal (α/α)6 incomplete toroidal 

fold and a layered β sandwich structure at C-terminal. Ramchandran plot displayed 

98.5% residues in the favoured region and 1.2% in the generously allowed region. The 

secondary structure of PsPL8A prediction by PsiPred and confirmation by CD analysis 

revealed the presence of 27.31% α helices 22.7% β sheets and rest 49.9% random coils. 

The protein melting study of PsPL8A showed that the protein completely unfolds at 

60ºC. SAXS showed the PsPL8A structure in solution form. Kratky plot gave 

indication that protein is fully folded in solution. The ab initio derived dummy 

atom model of PsPL8A superposed well with its modeled structure with some α-

helices and loop region not superposing with dummy atom model. ITC analysis of 

Y212F and H203A with C4S polysaccharide, showed moderate quantitative binding by 

Y212F (Ka = 9.56 ± 3.81X105) and no binding with H203A. The roles of catalytic 

residues Y212 and H203 or R266 as probable general base and general acid, 

respectively were confirmed by site-directed mutagenesis. The involvement of Y212 

and H203 residues in substrate binding was confirmed by ITC and docking analyses. 

The structural characterization of chondroitin AC lyase (PsPL8A) has enabled in 

elucidation of the catalytic mechanism. The residues Y212 and H203 or R266 might 

act as general base and general acid respectively, during catalysis. N153 and E349 are 

likely contributing in charge neutralization and stabilizing the enolate anion 

intermediate during β-elimination. The structural characterization will enable to 
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elucidate the complete mechanism underlying the mode catalysis of chondroitin AC 

lyase (PsPL8A). However, the future challenge includes to determine the crystal 

structure of PsPL8A by X-ray crystallography.  
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Chapter 5 

 
 
 
 

Antitumor effect of chondroitin AC lyase (PsPL8A) from 
Pedobacter saltans on melanoma and fibrosarcoma cell lines 

 by in vitro analysis 
 

 

 

 

 

5.1 Introduction 

Glycosaminoglycans (GAGs) are the natural heteropolysaccharides that are 

present in every mammalian tissue (Afratis et al., 2012). GAGs are composed of 

disaccharide repeats of two hexose monosaccharide units, D-galactosamine/D-

glucosamine and D-glucuronic acid/L-Iduronic acid (Igarashi et al., 2013). 

Proteoglycans (PGs) are glycoconjugates consisting of protein and polysaccharide 

glycosaminoglycans (GAGs). PGs are generally found on the cell surfaces, 

extracellular matrix (ECM) and in basement membranes of animal tissues (Li et al., 

2012). Chondroitin sulphate (CS) are the GAG chains that bound to serine residue of 

the protein core linked through a tetrasaccharide linkage region consisting of xylose-

galactose-galactose-glucuronic acid and forming a proteoglycan (PG) (Kresse et al., 

2001).  CS is involved in various biological functions including cell migration, 
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proliferation, microbial recognition, adhesion, pathogenesis, cell-matrix interactions, 

chemokine and cytokine activation etc. (Cattaruzza et al., 2006; Garner et al., 2008). 

GAGs are highly charged linear chains of polysaccharides. In the recent years, cell 

biology studies have revealed that the altered structure of glycosaminoglycans in 

several diseases indicate their importance as biomarkers for disease diagnosis and 

progression, as well as pharmacological targets (Afratis et al., 2012; Poh et al., 2015). 

CSPGs are able to regulate key cellular processes, including proliferation, apoptosis, 

migration, adhesion and invasion. Versican and decorin are the major CSPGs and are 

over-expressed in the stroma of a wide variety of malignant tumors, including 

osteosarcoma, testicular tumors, breast, pancreatic and colon cancer (Theocharis et al., 

2006; Skandalis et al., 2011).  

The enzymes capable of degrading GAGs have been studied in order to 

understand the structure of GAGs and harness their therapeutic effects by manipulating 

cell signaling, differentiation, migration and adhesion (Sugahara et al., 2003; Bao et 

al., 2004). Designing GAG-based therapeutic drugs to tackle the pathogenic and 

inflammatory diseases requires complete understanding of GAG degrading enzymes 

(Linhardt et al., 2006). Chondroitin sulphate lyases have been reported to exhibit the 

functions such as the inhibition of cell proliferation, differentiation and migration and 

some possible functions such as antitumor, pathogenic infection control, wound repair 

and neuro-generation. (Sugahara et al., 2003; Rauch et al., 2006; Uyama et al., 2007). 

PGs are involved in cellular communication and cancer biology (Iozzo et al., 2011). 

Metastasis of tumors involves a complex sequence of events, called as the “metastatic 

cascade” (Sneath et al., 1998; Denholm et al., 2001). Chondroitin sulphate chains as a 

part of PGs have important role in the process of tumor growth and metastasis (Iida et 
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al., 1996; Sneath et al., 1998; Eisenmann et al., 1999; Denholm et al., 2001; Yamada 

et al., 2008). Chondroitin lyases has been reported to possess the antitumor potential 

(Denholm et al., 2001). Chondroitin AC lyase from Flavobacterium heparinum 

inhibited melanoma (SK-Mel2) invasion and proliferation as well as endothelial 

proliferation and angiogenesis (Denholm et al., 2001). Recruitment of CS lyase for 

meddling with cancer cell surface receptors can offer exciting therapeutic possibilities. 

These observations have prompted the researchers to explore the possible role of 

chondroitin sulphate lyases in understanding the cancer biology. Chondroitin AC lyase 

(PsPL8A) degrades the CS chains and hence can be potentially utilized to treat and 

control the progression of melanoma and fibrosarcoma. In the present chapter the effect 

of chondroitin AC lyase (PsPL8A) on mouse fibroblast (L929), melanoma (SK-Mel-

28) and fibrosarcoma (HT-1080) cell lines was explored. The mode of cell death and 

changes in mitochondrial membrane potential was studied after treatment of these 

cancer cells with chondroitin AC lyase (PsPL8A).  
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5.2 Materials and Methods 

5.2.1 Chemicals and reagents  

Dulbecco’s Modified Eagle Medium (DMEM) low glucose medium, minimum 

essential medium (MEM), 1-diphenyl-2-picrylhydrazyl (DPPH), MTT [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide and Mitochondria Staining Kit 

were procured from Sigma-Aldrich, USA. Fetal bovine serum (FBS), 50 μg/ml 

streptomycin and 50 IU/ml penicillin were purchased from Gibco, USA. Phosphate 

buffer saline (PBS), DAPI dye (4´,6-diaminidino-2-phenylindole) and Trypsin-EDTA 

solution were purchased from Hi-Media Pvt. Ltd., India. FITC (Fluorescein 

isothiocyanate)-Annexin V and Propidium iodide (PI) cell apoptosis kit were purchased 

from Invitrogen, Ltd. UK. 

5.2.2 Expression and purification of chondroitin AC lyase (PsPL8A)  

 The gene encoding PsPL8A cloned in pET28a(+)  and expressed in E. coli BL21 

(DE3) cells as described earlier (Rani and Goyal., 2016) was used in the present study. 

The chondroitin AC lyase (PsPL8A) was purified by immobilized metal ion affinity 

chromatography and dialysed in Tris-HCl buffer, pH 7.2. The purity of protein, whether 

it is free from other host cell proteins was checked on SDS-PAGE using a 10.5% (w/v) 

gel as described in section 2.2.14 of chapter 2. Chondroitin AC lyase (PsPL8A) was 

filtered through a 0.22 μm filter (Millipore, USA) prior to use in all experiments.   

5.2.3 Mammalian cell culture and maintenance of cell lines  

The mouse fibroblast cell line (L929), Human melanoma (SK-Mel28) and 

Fibrosarcoma HT-1080 were procured from National Centre for Cell Science (NCCS), 

Pune, India. All cell lines were cultured in DMEM low glucose medium supplemented 

with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (Gibco, USA), 50 μg/ml 
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streptomycin and 50 IU/ml penicillin (Gibco, USA) incubated at 37ºC under 5% CO2. 

The cells were grown in T-25 and T-75 flasks at 37ºC under 5% CO2 in a regulated CO2 

incubator. After the cells reached confluent stage, they were washed several times with 

1XPBS (pH 7.4) and harvested with 0.25% (v/v) trypsin-EDTA solution for further 

experiments. All the three cell lines were stored at -80ºC in freezing medium 

(Invitrogen, USA) for long term storage. 

5.2.4 Sub-culturing of cells 

The media was removed carefully and discarded from the culture flask of L929, 

SK-Mel28 and HT-1080. The cells were then washed with 1xPBS (pH 7.4) gently by 

adding it to the side of the flask opposite the attached cell layer to avoid disturbing the 

cell layer. The PBS was discarded and the cells were treated with 1x Trypsin EDTA 

solution for 2-3 min at 37°C and observed under microscope (Nikon, TS2R, Japan) at 

40x magnification for detachment. After ≥ 90% of the cells have detached, 2 ml of 

complete medium was added to the detached cells and centrifuged at 200g at 4oC for 10 

min. The supernatant was discarded and the cells were re-suspended in 1 ml of complete 

medium. A split ratio of 1:10 (1 ml of above cell suspension in 9 ml complete medium) 

was used for sub-culturing cells. 

5.2.5 In vitro cell proliferation assay of L929, SK-Mel28 and HT-1080 cells with 

PsPL8A  

 

The effect of chondroitin AC lyase (PsPL8A) enzyme on L929, SK-Mel28 and 

HT-1080 cells viability was analysed by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] assay (Mosmann, 1983). The cells were seeded at a 

density of 2x104 cells/well in 96 well plates which were incubated at 37ºC under 5% 

CO2 for overnight for cell adherence. After the incubation, the medium was completely 
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removed and the L929, SK-Mel 28 and HT-1080 cells were gently washed with 1x 

phosphate buffer saline (PBS) (pH 7.4). After the PBS wash the cells were exposed to 

different concentrations varying between (0.0013 µM -1.3 µM) of the PsPL8A enzyme 

dissolved in serum-free DMEM medium (incomplete). The incomplete DMEM 

medium without PsPL8A enzyme was used as a negative control. The plates were 

incubated at 37ºC in 5% CO2 for 12h and 24h. MTT assay was carried out after 12h and 

24h by removing the medium and washing the wells with 200 µl of 1x phosphate buffer 

saline (PBS) pH 7.4. A 100 µl of MTT (0.5 mg/ml) was added to each well and plate 

was incubated at 37ºC in 5% CO2 for 4h. After the incubation, MTT was removed from 

the wells and the formazan formed was dissolved by adding 100 µl of dimethyl 

sulfoxide. The absorbance at 570 nm (A570) was monitored by a 96-well microplate 

reader (Tecan, Infinite 200 Pro, Switzerland). The cell viability (%) was calculated 

according to Meerloo et al., (2011). 

                                       Viability (%) = (Nt/Nc ) X 100 

Where, Nt is the absorbance of treated cells and Nc is the absorbance of 

untreated cells. 

5.2.6 Mode of cell death by Annexin-FITC assay by microscopy 

 The mode of cell death of SK-Mel 28 and HT-1080 cells after PsPL8A enzyme 

treatment was analysed by staining the cells with annexin-V-FITC and PI staining kit 

from Invitrogen, Ltd. UK. The cells were seeded at the density of 2x106 cells in a 24 

well cell culture plate. After overnight incubation, the cells were treated with PsPL8A 

enzyme at a concentration of 1.3 µM dissolved in incomplete DMEM medium, and 

incubated at 37ºC in 5% CO2 incubator for 24h. The cells in only incomplete DMEM 

medium were used as control. After treatment, the cells were washed with cold 1x PBS 
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solution and incubated with 1x annexin-binding buffer, pH 7.4. The cells were treated 

with PI (100 µg/ml) and annexin-V-FITC dye at the concentration as mentioned by 

manufacturer (Invitrogen, Ltd. UK) for 15 min at 25°C and kept in dark. The stain was 

removed and 400 µl of 1x annexin-binding buffer was added and cells were observed 

under fluorescence microscope (Nikon, TS2R, Japan) with UV excitation/emission at 

494/518 nm and 535/617 nm for annexin V-FITC and PI, respectively. The cells 

showing green fluorescence were considered as apoptotic and red cells were dead or 

necrotic. 

5.2.7 Apoptosis analysis of SK-Mel 28 and HT-1080 cell lines by Flow cytometry 

Analysis of apoptotic/necrotic features by flow cytometry was performed using 

an annexin V-fluorescein isothiocyanate (FITC) apoptosis kit from Invitrogen, Ltd., 

UK.  The untreated SK-Mel 28 and HT-1080 cells at a cell density of 2X106 cells/ml 

were used. and staining with annexin V-FITC and propidium iodide (PI) was performed 

according to the instructions given by the manufacturer as mentioned in section 5.2.5. 

Similarly, PsPL8A enzyme (1.3 µM) treated SK-Mel 28 and HT-1080 cells at a cell 

density of 2X106 cells/ml, were analyzed for apoptosis/necrosis by flow cytometery. 

The fluorescence of the stained cells was detected with a flow cytometer (BD 

FACSCalibur, BD bioscience, USA), and the results were analyzed using Flow Jo 

software. 

5.2.8 Mitochondrial cell potential analysis of SK-Mel 28 and HT-1080 cells 

The dissipation of the mitochondrial electrochemical potential gradient (Dy) is 

known as an early event in apoptosis. Any event leading to the changes in mitochondrial 

inner membrane can be detected by using a cationic dye JC-1 (5,5’,6,6’-tetrachloro-

1,1’,3,3’-tetraethylbenzimidazolocarbocyanineiodide). Mitochondrial cell potential 
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analysis was carried out by using mitochondrial electrochemical gradient kit from 

Sigma Aldrich, USA. The JC-1 Staining solution was prepared as per manufacturer 

instruction by mixing 25 µl of the 200X JC-1 Stock solution in 4 ml of ultrapure water 

in an appropriate tube. The solution was mixed by inversion or brief vortex of the tube. 

The tube was incubated for 2 minutes at 25°C to ensure that the JC-1 is completely 

dissolved. 1 ml of the JC-1 staining buffer 5X was added to the tube and mixed by 

inversion. The working solution of JC-1 dye was prepared by adding equal volume of 

complete DMEM medium to the previously prepared staining solution of JC-1 dye. The 

adherent SK-Mel 28 and HT-1080 cells were stained by the working solution of JC-1 

dye. The growth medium was aspirated from the flask and the cells were overlaid with 

the 400 µl working solution of JC-1 dye. The cells were incubated for 20 minutes at 

37°C in a humidified atmosphere containing 5% CO2. The staining solution was 

aspirated and the cells were washed three times with ice cold 1X JC-1 buffer and then 

twice by DMEM complete medium. The cells were overlayed with the growth medium 

and were observed under fluorescence microscope (Nikon, TS2R, Japan). Both the 

untreated and PsPL8A treated SK-Mel 28 and HT-1080 cells were observed under 

fluorescence microscope (Nikon, TS2R, Japan) under 20X magnification. The cells 

treated with 0.1 µM valinomycin were used as positive control 

5.2.9 Statistical analysis 

All experiments were performed in triplicates (n= 3). The results were presented 

as mean of three determinations ± SD (standard deviation). 
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5.3 Result and Discussion 

5.3.1  In vitro cell proliferation assay of L929, SK-Mel28 and HT-1080 cells treated 

with PsPL8A 

 

The effect of PsPL8A in the concentration range, 0.0013 µM -1.3 µM was 

studied on mouse fibroblast L929 cells, human melanoma SK-Mel 28 and fibrosarcoma 

(HT-1080) cells. The L929 cells treated with PsPL8A showed no significant change in 

the proliferation of the cells displaying 95-98% cell viability (Fig. 5.3.1). Chondroitin 

AC lyase (PsPL8A) imparts no cytotoxicity to the mouse fibroblast cells with increase 

in time as well as concentration. The proliferation of human melanoma (SK-Mel 28) 

and fibrosarcoma (HT-1080) cell lines were studied after treatment with PsPL8A 

(0.0013 µM-1.3 µM). An overall 58% and 59% inhibition of SK-Mel 28 (Fig. 5.3.2A) 

and HT-1080 (Fig. 5.3.3A) cells proliferation, respectively was observed with 1.3 µM 

of PsPL8A after 24h of incubation. The IC50 value for SK-Mel 28 cell lines at 12h and 

24h were 0.68 µM and 0.54 µM, respectively (Fig. 5.3.2B). While, for HT-1080 the 

IC50 value at 12h and 24h were 0.15 µM and 0.11 µM, respectively (Fig. 5.3.3B). The 

IC50 value was calculated using GraphPad Prism software. Chondroitin AC lyase and 

chondroitin B lyase inhibited the proliferation of SK-Mel 2 human melanoma cells 

(Denholm et al., 2001). Chondroitin AC lyase from Flavobacterium heparinum 

inhibited melanoma invasion and proliferation as well as endothelial proliferation and 

angiogenesis (Denholm et al., 2001). Melanoma cells express CS proteoglycan 4 

(CSPG4). CSPG4 is the transmembrane protein which traverses cell membrane and 

modulates integrin function and enhances growth factor receptor-regulated pathways 

including extracellular signal-regulated protein kinases (ERK) 1,2 (Price et al., 2011). 
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Fig. 5.3.1 In vitro cell proliferation assay (MTT) showing percent cell viability of 

mouse fibroblast L929 cells treated with varying concentration (0.0013-1.3 

µM) of PsPL8A. 

 

 

Fig. 5.3.2 (A) In vitro cell proliferation assay (MTT) showing percent cell viability of 

Human melanoma SK-Mel 28 cells treated with varying concentration 

(0.0013-1.3 µM) of PsPL8A (B) IC50 curve for SK-Mel 28. 
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Fig. 5.3.3 (A) In vitro cell proliferation assay (MTT) showing percent cell viability of 

Human fibrosarcoma HT-1080 cells treated with varying concentration 

(0.0013-1.3 µM) of PsPL8A (B) IC50 curve for HT-1080. 

 

5.3.2 Apoptosis analysis of SK-Mel 28 and HT-1080 cell lines by Fluorescence 

microscopy  

 

Apoptosis is the mode of cell death that is distinguished from necrosis by 

characteristics morphological and biochemical changes. These changes include 

compaction and fragmentation of the nuclear chromatin, shrinkage of the cytoplasm 

and loss of membrane asymmetry. A plasma protein phosphatidylserine gets 

translocated from the inner to outer side during apoptosis. The annexien-V FITC dye 

binds the phosphatidylserine, exposed from the membrane and hence stains the 

apoptotic cells, while PI stains the dead or necrotic cells. The apoptotic/necrotic mode 

of cell death was analysed by staining the untreated and PsPL8A treated SK-Mel 28 

and HT-1080 cells with annexin V-FITC and PI. The untreated SK-Mel 28 (Fig. 5.3.4 

A & B) and HT-1080 (Fig. 5.3.5 A & B) cells showed no or faint green fluorescence 

after staining, demonstrating the viability of cells. The PsPL8A (1.3 µM) treated SK-

Mel 28 (Fig. 5.3.4 C & D) and HT-1080 (Fig. 5.3.5 C & D) cells showed significantly 
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strong green fluorescence of cell membrane with annexin-V FITC displaying 

membrane blebbing. The annexin-V FITC binds strongly in the PsPL8A treated cells 

due to the loss of integrity of cellular membrane confirming the presence of apoptotic 

bodies after the PsPL8A treatment. The dead cells showed both the membrane staining 

by annexin-V as well as nuclear staining by propidium iodide.   

 

Fig. 5.3.4  Apoptosis analysis of SK Mel-28 cells by fluorescence under 20X 

magnification, untreated SK-Mel 28 cells under (A) Phase contrast 

microscope (B) fluorescence microscope. Treated SK-Mel 28 PsPL8A 

enzyme (1.3 µM) cells under (C) Phase contrast microscope (D) 

fluorescence microscope. 
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Fig. 5.3.5  Apoptosis analysis of SK Mel-28 cells by fluorescence under 20X 

magnification, untreated SK-Mel 28 cells under (A) Phase contrast 

microscope (B) fluorescence microscope. Treated SK-Mel 28 PsPL8A 

enzyme (1.3 µM) cells under (C) Phase contrast microscope (D) 

fluorescence microscope. 

 

5.3.3 Mode of cell death analysis by flow cytometry 

The mode of cell death after PsPL8A (1.3 µM) treatment was also studied by 

flow cytometric analysis of SK-Mel 28 and HT-1080 cells after staining with annexin 

V-FITC and propidium iodide. The untreated (negative control) SK-Mel 28 (Fig. 

5.3.6A) and HT-1080 cells (Fig. 5.3.7A) did not show staining with either annexin V-

FITC or propidium iodide and hence the cell population was present in the lower left 

quadrant. SK-Mel 28 (Fig. 5.3.6B) and HT-080 (Fig. 5.3.7B) treated with PsPL8A (1.3 

µM) for 24 h showed both annexin V-FITC and propidium iodide binding, indicating 
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apoptosis-like cell death. The flow cytometry analysis showed that PsPL8A treated SK-

Mel 28 and HT-1080 cell lines results ~27% and 17% apoptosis, respectively. The 

results of annexin-V FITC and PI staining by both microscopic analysis and flow 

cytometry suggested that PsPL8A treatment induce the cell death in human melanoma 

and fibrosarcoma cells by apoptosis. Apoptosis of melanoma (SK-Mel 2) cells by 

chondroitin AC lyase from Flavobacterium heparinum was also reported in a previous 

study (Denholm et al., 2000). 

 

Fig. 5.3.6  Apoptosis analysis of SK Mel-28 cells by flow cytometry (A) untreated SK-

Mel 28 cells and (B) PsPL8A enzyme (1.3 µM) treated SK-Mel 28 cells. 
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Fig. 5.3.7 Apoptosis analysis of HT-1080 cells by flow cytometry (A) untreated cells 

and (B) PsPL8A enzyme (1.3 µM) treated cells. 

 

5.3.4 Mitochondrial cell potential analysis of SK-Mel 28 and HT-1080 cells with 

PsPL8A 

 

 Fluorescent probes for monitoring mitochondrial membrane potential (Δψm) are 

frequently used for assessing mitochondrial function (Perry et al., 2011). The Δψm is a 

key indicator of cell health or injury. In normal cells, due to the electrochemical 

potential gradient, the dye concentrates in the mitochondrial matrix, where it forms red 

fluorescent aggregates (J-aggregates) (Cossarizza et al., 1993). The dissipation of 

mitochondrial potential is one of the early event in apoptosis of cells. Any event that 

dissipates the mitochondrial membrane potential prevents the accumulation of the JC-

1 dye in the mitochondria and thus, the dye is dispersed throughout the entire cell 

leading to a shift from red (J-aggregates) to green fluorescence (JC-1 monomers) 

(Cossarizza et al., 1993). The JC-1 accumulates within mitochondria in inverse 

proportion to Δψm according to the Nernst equation. More polarized mitochondria (i.e., 

hyperpolarized, where the interior is more negative) will accumulate more cationic dye, 
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and depolarized mitochondria (interior is less negative) accumulate less dye. The effect 

of PsPL8A treatment on SK-Mel 28 and HT-1080 was studied using JC-1 dye. The 

untreated SK-Mel 28 (Fig. 5.3.8 A & B) and HT-1080 (Fig. 5.3.9 A & B) were used as 

negative controls which gave red fluorescence with JC-1 dye. This indicated the 

maintenance of mitochondrial potential gradient among normal cells. The SK-Mel 28 

(Fig. 5.3.8 C & D) and HT-1080 (Fig. 5.3.9 C & D) upon treatment with PsPL8A (1.3 

µM) for 24 h, the JC-1 dye gave green fluorescence due to dissipation of mitochondrial 

potential. The positive control of SK-Mel 28 and HT-1080 cells treated with 

valinomycin was kept, which is dissipates the mitochondrial electrochemical potential 

by permeabilizing the mitochondrial membrane for K+ ions. The SK-Mel 28 (Fig. 5.3.8 

E & F) and HT-1080 cells (Fig. 5.3.9 E & F) treated with 0.1 µM of valinomycin 

showed green fluorescence due to dissipation of mitochondrial potential. The results 

JC-1 dye staining suggested that PsPL8A treatment dissipates the mitochondrial 

potential gradient of in human melanoma and fibrosarcoma cells. This disruption of 

mitochondrial potential of human melanoma and fibrosarcoma cells by PsPL8A 

treatment signifies the early event leading to cell death by apoptosis. The data of 

mitochondrial cell potential further contended the data of Annexin-V FITC results for 

apoptosis mode of cell death. 

Glycosaminoglycans can regulate the cell activation by triggering various signal 

transduction pathways. The chondroitin sulphate affects the cell proliferation of 

melanoma predominantly by their relative abundance and their interaction with the 

various cell receptors (Denholm et al., 2000; Price et al., 2011). Previous studies 

suggest that various CSPG regulate basic fibroblast growth factor, hepatocyte growth 

factor and interferon- γ with their respective receptors (Lyon et al., 1998; Hurt-Camejo 
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et al., 1999; Denholm et al., 2001). Cluster of differentiation 44 (CD44) and chondroitin 

sulfate proteoglycan 4 (CSPG4) are the two cell surface antigens having associated 

chondroitin sulphate proteoglycans that are involved in tumor growth and invasion of 

melanoma. (Price et al., 2011) CSPG4 proteoglycan was identified as a highly 

immunogenic tumor antigen on the surface of melanoma cells and is associated with 

melanoma tumor formation (Price et al., 2011). CSPG4 is highly expressed in majority 

of human melanoma cells and was deciphered to be involved in its progression 

(Campoli et al., 2010; Price et al., 2011). CSPG4 is also associated with the progression 

of other cancers including oligodendrocytomas, gliomas, triple-negative breast 

carcinomas and squamous cell carcinoma (Price et al., 2011). Removing cellular and 

extracellular chondroitin sulfate can also reduce the cell activation through signalling 

pathways, which occurs during adhesion (Denholm et al., 2001). These observations 

have prompted the researchers to explore the possible role of chondroitin sulphate 

lyases in understanding the cancer biology. Chondroitin AC lyase (PsPL8A) degrades 

the CS chains and hence can be potentially utilized to treat and control the progression 

of melanoma and fibrosarcoma. 
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Fig. 5.3.8  Mitochondrial cell potential analysis of untreated SK-Mel 28 cells (A) 

Phase contrast microscope (B) fluorescence microscope. Cells treated with 

1.3 µM PsPL8A enzyme under (C) Phase contrast microscope (D) 

fluorescence microscope. Positive control of SK-Mel 28 cells treated with 

0.1 µM Valinomycin under (E) Phase contrast microscope (F) under 

fluorescence microscope. 
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Fig. 5.3.9  Mitochondrial cell potential analysis of untreated HT-1080 cells (A) Phase 

contrast microscope (B) fluorescence microscope. Cells treated with 1.3 

µM PsPL8A enzyme under (C) Phase contrast microscope (D) fluorescence 

microscope. Positive control of HT-1080 cells treated with 0.1 µM 

Valinomycin under (E) Phase contrast microscope (F) under fluorescence 

microscope. 
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5.4 Conclusions 

The anti-proliferative effect of chondroitin AC lyase (PsPL8A) on human 

melanoma (SK-Mel 28) and fibrosarcoma (HT-1080) cell lines were determined in the 

present study. The treatment of mouse fibroblast L929 cell lines with chondroitin AC 

lyase (PsPL8A) imparts no cytotoxicity displaying 95-98% cell viability.  The human 

melanoma SK-Mel 28 and fibrosarcoma HT-1080 cell lines treated with chondroitin 

AC lyase (PsPL8A) showed 58% and 59% inhibition of cell proliferation, respectively 

after 24h of treatment. Mode of cell death was studied by Annexin-V FITC using flow 

cytometry and fluorescence microscopy. The chondroitin AC lyase treated SK-Mel 28 

and HT-1080 cell lines displayed ~27% and 17% apoptosis, respectively as observed 

by flow cytometry analysis. The PsPL8A treated SK-Mel 28 and HT-1080 cells showed 

significantly strong green fluorescence of cell membrane after staining with annexin-V 

FITC under fluorescence microscopy, displaying the apoptosis. The SK-Mel 28 and 

HT-1080 treated with chondroitin AC lyase (PsPL8A) and staining with JC-1 dye gave 

green fluorescence, hence indicating the dissipation of mitochondrial potential. The 

chondroitin AC lyase inhibiting the melanoma and fibrosarcoma cell proliferation and 

leading to their apoptotic cell death prospects a potential target for therapeutic approach 

in cancer treatment. 
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Chapter 6 

 

 

 

 
Physicochemical, antioxidant and biocompatible properties of 

chondroitin sulphate isolated from chicken keel bone for potential 
biomedical applications 

 

 

 

 

6.1 Introduction 

The waste by products from slaughter house and poultry industries can serve as 

the major sources of cartilage. Cartilage mainly constitutes glycosaminoglycans 

(GAGs) and collagens (Garnjanagoonchorn et al., 2007; Vázquez et al., 2013). GAGs 

are heteropolysacchrides made up of disaccharide repeats of D-galactosamine/D-

glucosamine and D-glucuronic acid/L-Iduronic acid. GAGs are abundant in the 

cartilages (Iozzo et al., 1998). The cartilage matrix is composed of fine mesh of 

collagen embedded with hyaluronic acid (HA), chondroitin sulphate (CS), various 

glycoproteins and proteoglycans (PGs). CS is composed of N-acetyl galactosamine 

(GalNAc) and glucuronic acid (GlcA), linked by β-(1→3)-glycosidic bond, while the 

two disaccharides are linked by β-(1→4) linkage. CS has been classified as chondroitin 

4-sulfate (CS-A), chondroitin 6-sulfate (CS-C) and dermatan sulfate (DS/CS-B) with 
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sulfation at C4 and C6 positions of GalNAc residue, respectively and C4 of GalNAc/C2 

of GlcA for DS (Schiller et al., 2012).  

CS is a part of connective tissues and involved in major biological processes 

such as resiliency, structural integrity of cartilage and maintenance of synovial fluid in 

the bone joints owing to its polyanionic structure (Luo et al., 2002, Henrotin et al., 

2010). Low molecular weight CS is used as oral nutraceutical supplement for joint 

disorder treatment (Hochberg et al., 2008; Henrotin et al., 2012; Raynauld et al., 2016). 

The beneficial effects of CS have been reported for joint pains, stiffness and swelling 

in osteoarthritis patents (Hochberg et al., 2015; Raynauld et al., 2016). CS alone or in 

combination with HA or chitosan were used to formulate scaffolds that mediate and 

accelerate the regeneration of damaged tissues, bone repair, cartilage and cutaneous 

wounds (Bianchera et al., 2014). CS-hydrogels are appealing materials for biomedical 

application as they enhance wound healing by reepithelialization and 

neovascularization (Bianchera et al., 2014). CS also acts as free radical scavenger and 

decreases DNA fragmentation, protein degradation and cell death rate (Campo et al., 

2006; Henrotin et al., 2010). The partially purified CS was also used as food 

preservative and emulsifying agent (Hamano et al., 1989; Vázquez et al., 2013).  

CS is commercially available from various sources such as, bovine cartilage, 

bovine trachea and shark fin. The increasing demand and the high cost of CS has led to 

the exploitation of shark and bovine which impart a strong impact on the ecological 

balance (Field et al., 2010; Vázquez et al., 2013). CS has been isolated from other 

sources viz. ray fish and crocodile cartilages (Garnjanagoonchorn et al., 2007), broiler 

chicken carcasses (Nakano et al., 2012; Srichamroen et al., 2013), duck trachea 

(Vittayanont et al., 2014), chicken keel cartilage (Luo et al., 2002; Khan et al., 2013), 
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Bony fishes (Maccari et al., 2015) and sea cucumber (Zou et al., 2016). Production of 

bioengineered chondroitin using a non-pathogenic E. coli strain by metabolic 

engineering approach has been reported (He et al., 2015). However, the bioengineering 

approach has the disadvantages of relatively high cost and the lack of commercializable 

sulfation method for CS production. All these reasons make it essential for researchers 

to seek for more different animal sources of CS isolation. CS is also in high demand for 

its applications in tissue engineering, pharmaceutical, cosmetic and food industries. 

This makes it essential to rigorously characterize the physicochemical, biocompatible 

and antioxidant properties of CS. Most of the reports however, have focused on 

isolation and partial characterization of CS. This is the first study on the isolation, 

complete physicochemical and structural characterization of a CS from chicken keel 

bone cartilage that displayed biocompatible, antioxidant and emulsifying potentials. 

These preliminary results will facilitate further exploration of CS-Keel for emulsifying 

and antioxidant activities under in vivo studies. 
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6.2 Materials and Methods 

6.2.1 Substrates and reagents  

Keel bone cartilage of chicken was collected from the waste of a local slaughter 

house, Guwahati, Assam, India. Papain from Carica papaya, Carbazole reagent and 

Phosphate buffer saline (PBS) were purchased from Himedia Pvt. Ltd., India. 

Chondroitin 4-sulphate sodium salt (C4S) from bovine trachea, Chondroitin 6-sulfate 

sodium salt (C6S), D-Glucuronic acid (GlcA), Potassium bromide (KBr), 1-diphenyl-

2-picrylhydrazyl (DPPH), MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide, Chondroitin 4-sulphate disaccharide (UA-GalNAc4S) and UA2S-GalNAc 

were purchased from Sigma-Aldrich, USA. Chondroitin 6-sulphate disaccharide (UA-

GalNAc6S) was purchased from Dextra Laboratories Ltd., U.K. Trizma (Tris base), 

disodium EDTA, Sodium acetate, Cysteine-HCl, Sodium hydroxide, Sodium 

borohydride, NaNO3, Ascorbic acid, n-Hexadecane, Dulbecco’s Modified Eagle 

Medium (DMEM) low glucose medium were procured from Sigma-Aldrich, USA. D2O 

(99.96%) and ethanol were purchased from Merck, Germany. Fetal bovine serum 

(FBS), 50 μg/ml streptomycin and 50 IU/ml penicillin were purchased from Gibco. 

6.2.2 Isolation of CS from the Keel bone cartilage 

CS was isolated from keel cartilage using the method of Lauder et al., 2000. 

One hundred gram of cartilage was diced and boiled for 15 min to remove the meat and 

connective tissues. The remaining cartilage was washed with Milli-Q water and wet 

weight was taken. This was digested with papain (1U/100 mg tissue) in 100 ml of 0.1 

M sodium acetate buffer, pH 6.8 containing 2.4 mM EDTA and 10 mM cysteine HCl 

and incubated at 65°C for 24h. GAG containing CS was precipitated from soluble 

fraction by adding 4 volumes of ethanol and the solution was cooled to 4°C and allowed 
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to stand overnight. It was centrifuged at 13,000g and 4°C for 30 min and the pellet was 

resuspended in minimum volume of 50 mM sodium acetate buffer (pH 6.8). The CS-

Keel was precipitated by dropwise addition of 2 volumes of ethanol with constant 

stirring at 25°C. The solution was cooled to 4°C and allowed to stand overnight for 

recovery of CS-rich precipitate which was resuspended in 5 ml of 50 mM sodium 

acetate buffer (pH 6.8) and dialyzed overnight against distilled water. The dialysed CS 

was lyophilized. The residual amino acids were removed by treating 18 g of lyophilized 

CS-Keel resuspended in 5 ml Milli-Q water with 0.05 M NaOH and 1M sodium 

borohydride at 45ºC for 12h. CS-Keel was precipitated by neutralizing with 5 ml, 1 M 

sodium acetate. The CS-Keel precipitate was resuspended and dialysed against Milli-Q 

water to remove the excess salts and finally lyophilized for further use.  

6.2.3 Determination of molecular weight of CS-Keel by HPSEC and particle size 

by DLS 

 

The molecular mass of CS-keel (1 mg/ml) was determined using high 

performance size exclusion chromatography (HPSEC) system consisting of 

Phenomenex Polysep-GFC-P6000 column connected with a guard column 

Phenomenex Polysep-GFC-P and Prominence, UFLC (Shimadzu, Japan) equipped 

with RI detector. 10 μl samples each of CS-Keel, standards and reference (1 mg/ml) 

were loaded and eluted using 0.1M NaNO3 with a flow rate of 0.5 ml/min. C4S and 

C6S (Sigma Aldrich, USA.) each at 1 mg/ml were used as reference. The standard 

dextran T20, T40, T70, T100, T200 and T500 (1 mg/ml) were used as standards to 

calculate the molecular weight of CS-Keel. The particle size of CS-keel (1 mg/ml in 

0.1M NaNO3) was determined by Dynamic Light Scattering (DLS) (Zetasizer nano, 

Malvern, UK).  
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6.2.4 Composition analysis of CS-Keel 

The CS-Keel polysaccharide was purified by HPSEC. A stock solution (10 

mg/ml) of isolated crude CS-Keel was prepared. 50 μl of CS-keel solution was applied 

to Phenomenex Polysep-GFC-P6000 column connected with a guard column 

Phenomenex Polysep-GFC-P and Prominence, UFLC (Shimadzu, Japan) equipped 

with RI and UV detector. The UV detector was set at 280 nm to identify the peak 

specifically for the protein. The peak corresponding to CS-Keel (100 kDa) was eluted 

and collected. This process was repeated 10 times for collection of enough CS keel for 

Carbazole assay. The eluted purified CS-Keel fractions were mixed and lyophilised. 

The protein content of the purified and lyophilised CS-Keel was estimated by method 

of Lowry et al., 1951 using bovine serum albumin (BSA) as standard in the 

concentration range, 25-500 µg/ml. The carbazole assay is used for quantification of 

uronic acid present in GAG and is based on the quantitative concentration-dependent 

colour reaction between carbazole and the uronic acid. The uronic acid content of 

purified lyophilised CS-Keel was estimated by carbazole method (Frazier et al., 2008). 

C4S and GlcA were used as standards at a concentration range, 4 - 40 µg/ml 

6.2.5 Quantification of CS disaccharides in CS-Keel by enzymatic digestion  

The enzymatic depolymerisation of CS-Keel was achieved by using chondroitin 

AC lyase (PsPL8A) from Pedobacter saltans (Rani and Goyal., 2016). The digestion 

of CS-Keel with 5 µg/ml of PsPL8A was carried out in a 1 ml reaction mixture 

containing, 5.0 mg/ml CS-Keel in 50 mM Tris-HCl buffer, pH 7.2 and incubating the 

reaction at 39°C for 24 h (Rani and Goyal., 2016). 1 ml reaction mixture was then 

treated with 1 ml absolute ethanol and centrifuged at 13000g at 25ºC for 10 min to 

precipitate the undigested CS-Keel (Rani and Goyal 2016). The glucuronic acid content 
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in the un-digested and the digested sample in the supernatant was quantified by 

carbazole assay (Frazier et al., 2008). The sample was analysed by Electron Spray 

Ionization (ESI) mass spectrometer (Waters, Q-TOF Premier) in both MS and tandem 

MS (MS/MS) mode. ESI-MS and tandem MS analyses were carried out in negative ion 

mode, where the parameters for ESI-MS analysis were; capillary voltage 3 eV, collision 

energy 5 eV, ionization energy 1 eV, desolvation temperature 250°C and the source 

temperature of 80°C. The tandem MS analysis was carried out by nanospray ionization 

using the voltage 3 eV, collision energy 20 eV and collision-induced dissociation was 

performed on ion of interest using the argon gas. The detection and quantification of 

disaccharide composition was analysed by electronspray tandem mass spectrometery 

(Desaire et al., 2000a). The relative abundance of product ions for pure isomeric 

standards (UA-GalNAc4S and UA-GalNAc6S) were used in a binary system. The 

disaccharide composition of digested CS-Keel was quantified based on the MS/MS 

spectra of all standards (Desaire et al., 2000a). 

6.2.6 Fourier transform infrared (FT-IR) spectroscopic analysis of CS-Keel  

FT-IR spectroscopy was used for determining the functional groups present in 

CS-Keel. CS-Keel was pressed into KBr pellet (sample: KBr, 1:100) using 15 Ton 

Hydraulic Press. FTIR spectrophotometer (Perkin Elmer, Spectrum Two, USA) was 

used to obtain the spectrum in 4000-500 cm−1 region in the transmission mode with 32 

scans per min. The spectral resolution was 4 cm−1. 

6.2.7 1H-NMR spectroscopic analysis of CS-Keel  

CS-Keel (5 mg/ml) was dissolved in D2O (99.96%) (Merck, Germany) and 1H-

NMR spectrum was acquired at 25ºC using 600 MHz NMR spectrometer (Bruker, 
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Avance III-HD, USA) fitted with a 5-mm probe and equipped with topspin software 

(Bruker) for analysis. 

6.2.8 Scanning electron microscopy (SEM) analysis of CS-Keel bone 

5 mg of CS-Keel was fixed on the SEM stubs using double sided carbon tape, 

then coated with ∼10 nm thick layer of gold. The samples were observed in a scanning 

electron microscope (Zeiss, Sigma, Germany) at an accelerating voltage of 2.5 kV at 

500x and 1000x magnifications. 

6.2.9 Atomic Force Microscopic (AFM) analysis of CS-Keel  

A stock solution of CS-Keel (5 mg/ml) was prepared in Milli-Q water. The 

solution was diluted to make final concentrations of 0.01, 0.05 and 1.0 mg/ml. 10 μl of 

each diluted CS-Keel solution was dropped on the surface of mica sample carrier and 

allowed to dry at 25°C and analysed using semi-contact imaging mode. AFM analysis 

was performed using atomic force microscope (Agilent 5500, USA). The data obtained 

were processed using WSxM 5.0 Develop 7.0 software (Horcas et al., 2007). 

6.2.10 Thermogravimetric Analysis (TGA) and Derivative Thermogravimetric 

Analysis (DTG) of CS-Keel  

 

The TGA and DTG of CS-Keel was carried out using thermal analyser (Hitachi 

STA7200, Japan) operating at atmospheric pressure under nitrogen gas flow rate of 100 

ml/min. The CS-Keel (6.5 mg) was placed in a Al2O3 crucible and heated at a linear 

heating rate of 10ºC min−1 over a temperature range, 30ºC-600ºC and the corresponding 

weight loss was determined. 

6.2.11 Differential scanning calorimeter (DSC) analysis of CS-Keel 

The DSC analysis of CS-Keel was carried out using thermal analyser (STA 449-

F3, Germany) operating at atmospheric pressure under argon gas at a flow rate of 100 
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ml/min. The CS-Keel (3 mg) was placed in an Al2O3 crucible and heated at a linear 

heating rate of 10ºC min−1 over a temperature range, 25ºC-800ºC and enthalpy changes 

were determined.  

6.2.12 In vitro cell proliferation assay of CS- Keel  

The mouse fibroblast cell line (L929) was procured from National Centre for 

Cell Science, Pune, India. The L929 cells were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM) low glucose medium supplemented with 10% (v/v) heat-inactivated 

fetal bovine serum (FBS) (Gibco), 50 μg/ml streptomycin and 50 IU/ml penicillin 

(Gibco) incubated at 37ºC under 5% CO2. The effect of CS-Keel on L929 cells viability 

was analysed by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 

assay (Mosmann, 1983). The cells were seeded at a density of 2x104 cells/well in a 96 

well plate and incubated at 37ºC in 5% CO2 for 16h for cell adherence. After incubation, 

the medium was completely removed and the cells were exposed to different 

concentrations (0.5 mg/ml to 5 mg/ml) of CS-Keel dissolved in serum-free DMEM 

medium (incomplete). The incomplete DMEM medium without CS-Keel was used as 

negative control. The plate was incubated at 37ºC in 5% CO2 for 12h and 24h. MTT 

assay was done after 12h and 24h by removing the medium and washing the wells with 

200 µl of 1x phosphate buffer saline (PBS). 100 µl of MTT (0.5 mg/ml) was added to 

each well and plate was incubated at 37ºC in 5%CO2 for 4h. After the incubation, MTT 

was removed from the wells and the formazan formed was dissolved by adding 100 µl 

of dimethyl sulfoxide. The absorbance at 570 nm was monitored by a 96-well 

microplate reader (Tecan, Infinite 200 Pro, Switzerland). The cell viability (%) was 

calculated according to Meerloo et al., 2011. 
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6.2.13 Microscopic analysis of CS-Keel treated L929 cells 

 The surface morphology of L929 cells was observed after treating with CS-Keel 

for 24h. The L929 cells were maintained and seeded as described in the section 2.10. 

The cells were treated with 5 mg/ml of CS-Keel dissolved in incomplete DMEM 

medium. The cells in only incomplete DMEM medium were used as control. After 24h 

of treatment, the cells were observed under microscope (Nikon, TS100F, Japan) and 

photomicrographs were taken and processed using imaging software (Nikon NIS-

Element).  

6.2.14 DPPH radical scavenging activity of CS-Keel  

1-diphenyl-2-picrylhydrazyl (DPPH) scavenging activity was measured by the 

method of Lee et al., 2010. 100 µl of 0.5 mM DPPH in ethanol was mixed with 100 µl 

of different concentrations (0.25 mg/ml-5 mg/ml) of CS-Keel dissolved in 50 mM Tris-

HCl buffer (pH 7.2). The reaction mixture was incubated in dark at 37°C for 30 min 

and 50 mM Tris-HCl was used as blank. The absorbance at 517 nm was measured using 

a microplate reader (Tecan, Infinite 200 Pro, Switzerland). The DPPH scavenging 

activity was calculated according to Lee et al., 2010. 

6.2.15 Assay of inhibition of ascorbate autoxidation 

The ascorbate inhibition assay was performed according to method of Lin et al., 

1999. 0.01 ml of varying concentrations (0.5 mg/ml-5 mg/ml) of CS-Keel was added 

to 0.98 ml of 0.2 mM sodium phosphate buffer, pH 7.0 and 0.01 ml of 5 mM ascorbic 

acid solution (Sigma Aldrich, USA). A blank was set up in parallel to the reaction with 

distilled water in place of CS-Keel. The 1 ml reaction mixture was transferred to the 

UV cuvette and incubated at 37ºC and the absorbance at 265 nm was observed as a 

function of time for 10 min on a UV-Visible spectrophotometer (Varian, Cary 100). 
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The percentage inhibition of ascorbate autoxidation was calculated as mentioned by Lin 

et al., 1999. 

6.2.16 Emulsifying properties of CS-Keel 

The emulsifying property of CS-Keel was analyzed by method described by 

Bramhachari et al., 2007. 0.5 mg of CS-Keel was dissolved in 0.5 ml of Milli-Q water 

by heating at 100ºC. The 1x PBS, pH 7.4 was used to make up the reaction volume to 

2 ml.  0.5 ml of n-Hexadecane was added to 2 ml reaction for emulsion formation and 

mixed by vigorous vortexing for 2 min. The absorbance at 0 min (A0) was measured at 

540 nm immediately after mixing the content. The reaction sample was incubated at 

25ºC and decrease in absorbance (At) was recorded at 30 and 60 min. The negative 

control consisted of 2 ml of 1x PBS and 0.5 ml n-hexadecane without CS keel, while 

the commercial guar gum was used as positive control. The emulsifying activity was 

calculated according to Bramhachari et al., 2007. 

6.2.17 Statistical analysis 

All experiments were performed in triplicates (n = 3). The results were 

presented as means of three determinations ± SD (standard deviation). 
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6.3 Results and Discussion 

6.3.1 Extraction and molecular weight determination of CS-Keel 

The chondroitin sulphate (CS) was isolated from the poultry waste of keel bone 

cartilage and 15% (g/g of cartilage) yield was achieved after lyophilisation 

(Fig.6.3.1A). The molecular mass of references chondroitin 4-sulphate and chondroitin 

6-sulphate were 70 kDa (Fig 6.3.1B) and 110 kDa, (Fig 6.3.1C) respectively as 

determined by HPSEC. The molecular weight of CS-Keel was 100 kDa (Fig. 6.3.1D). 

Another peak of 1 kDa appeared which might be due to the presence of small peptides 

or stretches of amino acids along with CS-Keel. The protein contamination varies 

significantly depending on the source of cartilage. Two contaminating proteins, 77.8 

kDa and 50.5 kDa were found in extracted GAG from chicken keel bone, which reduced 

the overall yield of CS content (Khan et al., 2013). The DLS analysis of CS-Keel 

solution revealed polydispersity (Fig. 6.3.1E). The CS-Keel sample contained two 

peaks with hydrodynamic diameter of 255 nm and 44 nm which might be possibly 

corresponding to 100 kDa for CS-Keel polysaccharide and 1 kDa for peptide peaks. 

The CS polysaccharide was reported to be polydispersed as well as large differences 

were also observed the average molecular weights of preparations from different 

sources (Hjertquist and Wasteson., 1971).  
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Fig. 6.3.1  (A) Digital image of isolated lyophillized CS-Keel polysaccharide. HPSEC 

chromatogram of (B) C4S from Sigma (C) C6S from Sigma (D) Isolated 

CS-Keel and (E) DLS analysis of CS-Keel in the range of 0-10000 d.nm 

(hydrodynamic radius). 

 

TH-1654_11610622



Chapter 6                                                                                                     218      
 

6.3.2 Compositional analysis of HPSEC purified CS-Keel  

The uronic acid content of HPSEC purified CS-Keel as assayed by Carbazole 

method was 53±5% (g/g of purified CS-Keel). The protein content analysis of purified 

CS-Keel showed that there was no trace of protein. 

6.3.3 Quantification of CS disaccharides in CS-Keel by enzymatic digestion 

 Mass spectrometry (MS) is being used as a powerful tool for structural analysis 

of isolated polysaccharides (Desaire et al., 2000b). MS provides advantage in terms of 

accurate analysis and low sample consumption as compared to HPAEC and HPLC-UV 

detection (Desaire et al., 2000b). CS-Keel was digested with chondroitin AC lyase 

(PsPL8A) and its disaccharide composition was quantified by MS and MS/MS analysis. 

The MS analysis of three standard disaccharides UA-GalNAc4S (Fig. 6.3.2A), UA-

GalNAc6S (Fig. 6.3.2C) and UA2S-GalNAc gave a major ion peak at m/z 458. The 

peak at m/z 458 was selected for MS/MS analysis for the three disaccharide standards. 

After MS/MS the UA-GalNAc4S (Fig. 6.3.2B), UA-GalNAc6S (Fig. 6.3.2D) and 

UA2S-GalNAc (data not shown) standards gave major peak at m/z 300, m/z 282 and 

m/z 237 respectively. The MS analysis of digested CS-Keel sample gave major ion 

peak at m/z 458 (Fig. 6.3.2E). The MS/MS analysis of CE-Keel sample gave two peaks, 

one major peak at m/z 300 and other at m/z 282, which signifies the presence of UA-

GalNAc4S, UA-GalNAc6S disaccharides in the sample (Fig. 6.3.2F). The absence of 

any peak at m/z 237 rules out the presence of UA2S-GalNAc in the CS-Keel sample. 

The quantification of disaccharides in CS-Keel was done by using protocol 

described by Desaire et al., 2000a. The contribution of ions with m/z 282 and m/z 300 

(as percentage of total ion current) were determined for the two standard disaccharide 
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UA-GalNAc4S, UA-GalNAc6S from their MS/MS chromatograms. The binary 

equations were derived using these values 

                               3.3 X A + 55.5 X B = C282  (1) 

       73.5 X A + 5.14 X B = C300  (2) 

Where, A and B are the apparent percentages of UA-GalNAc4S, UA-

GalNAc6S disaccharide in CS-Keel sample, and C282 and C300 are the percentage 

contribution of two diagnostic ions in the sample. The value of A and B were calculated 

by inserting the values of C282 and C300 in the sample. A normalization factor was used 

as reported earlier (Desaire et al., 2000a) as many factors including the differences in 

the respective ionization efficiencies of the isomers might influence the peak intensities 

in the sample. The normalization factor for m/z 300 was 0.677, while for m/z 282 was 

1.8 (Table 6.3.1). After normalizing, the observed values for A and B were then 

converted to the actual relative molar percentages of UA-GalNAc4S and UA-

GalNAc6S disaccharide in CS-Keel sample by dividing each normalized value by the 

sum of the two normalized values (Desaire et al., 2000a). The quantified percentages 

of UA-GalNAc4S and UA-GalNAc6S disaccharide in CS-Keel sample were 58% and 

42%, respectively (Table 6.3.1). 

Table. 6.3.1 Quantification of UA-GalNac4S and UA-GalNAc6S in CS-Keel by 

MS/MS. 

Contributions of 

diagnostic ions 

A and B Normalization 

factor (Norm 

1) 

Ratios (A or 

B x Norm 1) 

Calculated % of 

Disaccharides 

m/z 300 = 48.20 A = 64.33 0.677 43.55 58 % (UA-

GalNAc4S) 

m/z 282 = 11.90 B = 17.78 1.80 32.00 42 % (UA-

GalNAc6S) 
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Fig. 6.3.2 ESI-Mass spectrometric analysis of (A) MS analysis of standard UA-

GalNAc4S, (B) MS/MS analysis of standard UA-GalNAc4S, (C) MS 

analysis of standard UA-GalNAc6S, (D) MS/MS analysis of standard UA-

GalNAc6S, (E) MS analysis of enzymatic digested sample of CS-Keel and 

(F) MS/MS analysis of enzymatic digested sample of CS-Keel. 
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6.3.4 Identification of type of chondroitin sulphate in CS-Keel by FT-IR 

The FT-IR spectrum of commercial C4S and C6S showed the corresponding 

peaks of sulphation at 856.9 cm-1 and 826.1 cm-1, respectively (Fig. 6.3.3A & B). The 

isolated CS-Keel spectrum displayed a distinct peak of sulphate group at 856.9 cm-1 

indicating the polysaccharide being C4S (Fig. 6.3.3C). The peaks assigned for 

sulphation in present study corroborated with the previous findings by 

Garnjanagoonchorn et al., 2007 and Wang et al., 2009. The peaks for various other 

functional groups were analysed. The peak at 1411.2 cm-1 represented the coupling of 

C-O stretching vibration, OH variable angle vibration and existence of free COO- 

groups. While the peaks at 1257.9 cm-1 and 1057.4 cm-1 signify S=O and -C-O-S 

stretching vibrations, respectively, as also reported earlier by Khan et al., 2013. The 

presence of the amide group in the CS-Keel was depicted by the peak at 1664 cm-1 as 

shown earlier by Wang et al., 2003. 
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Fig. 6.3.3  FT-IR spectra of (A) standard chondroitin 4-suphate (B) standard 

chondroitin 6-sulphate (C) chondroitin sulphate isolated from chicken keel 

bone cartilage (CS-Keel). 
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6.3.5 1H-NMR analysis of CS-Keel 

The 1H-NMR spectrum of CS-Keel was obtained at 600 MHz (Fig. 6.3.4). The 

characteristic signals of protons were assigned using previously reported chondroitin 

sulphate from porcine trachea, bovine trachea and shark cartilage (Mucci et al., 2000) 

and from Scyliorhinus canicula (Gargiulo et al., 2009). The presence of broad range 

(3.4 to 4.6 ppm) of proton NMR spectrum confirms the polysaccharide nature of CS-

Keel (Table 6.3.2). CS-Keel showed prominent signals of GlcA for H-1* and H-2* 

protons at 4.51 ppm and 3.41 ppm, respectively. The protons, H-3*, H-4* and H-5* of 

GlcA showed the resonances at 3.63 ppm, 3.71 ppm and 3.84 ppm, respectively. The 

protons of the GlcA ring resonate in the range, 3.4 -4.5 ppm, which is similar as 

previously reported (Mucci et al., 2000). Proton resonance at 2.08 ppm proves the 

existence of methyl group of N-acetylgalactosamine residue as also reported earlier by 

Gargiulo et al., 2009. The proton resonances of GalNAc residues, appeared in the 

regions, 3.6-3.8 ppm and 4.0-4.7 ppm. H-5 and H-6 protons of GalNAc showed the 

signals at 3.62 ppm and 3.87 ppm, respectively and the rest of the protons in the 4.0-

4.7 ppm region (Fig. 6.3.4).  H-1, H-2, H-3 and H-4 protons of GalNAc gave resonances 

at 4.61 ppm, 4.07 ppm, 4.03 and 4.72 ppm as also reported earlier by Mucci et al., 2000.  
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Table 6.3.2  1H- NMR (600MHz) chemical shift of CS isolated from keel bone 

cartilage.  

 

Residue Proton 1H Chemical Shift (ppm) 

GlcA H-1* 4.51 

 H-2* 3.41 

 H-3* 3.63 

 H-4* 3.71 

 H-5* 3.84 

 H-6*   - 

GalNAc H-1 4.61 

 H-2 4.07 

 H-3 4.03 

 H-4 4.72 

 H-5 3.87 

 H-6 3.62 

 NAc(CH3) 2.08 

 

 

Fig. 6.3.4 1H-NMR (600 MHz) of CS-Keel polysaccharide. 

6.3.6 Surface analysis of CS-Keel by FESEM 

Scanning electron microscopy was used for high resolution surface imaging of 

CS-Keel. The surface morphology of CS-Keel showed rough surface with several 

layers stacked upon each other (Fig. 6.3.5A). In the previous study of fucosylated 

chondroitin sulfate from sea cucumber Acaudina molpadioidea and Holothuria nobilis 
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also showed the rough surface with several particles stacked together (Zou et al., 2016). 

The layer structure of CS-Keel also showed the presence of depressions on the surface 

at regular intervals (Fig. 6.3.5B). 

 

Fig. 6.3.5 FESEM images of CS-Keel at magnifications (A) 500x and (B) 1000x. 

6.3.7 Surface analysis of CS-Keel by AFM 

AFM is a powerful tool that enables the surface morphology of hydrated and 

soft samples (Jacoboni et al., 1999). The AFM analysis of CS-Keel bone revealed 

fibrous structures of irregular shapes arranged randomly throughout the surface (Fig. 

6.3.6A & B). The fibrous structures were approximately, 20 nm in height and 300 nm 

in diameter with variable lengths (Fig. 6.3.6C & D). The distribution of fibrous structure 

present could be correlated with the concentration of CS-Keel as with the increase in 

its concentration, the fibrous structure increased and was maximum at 1 mg/ml. 

Polysaccharides generally form chains of width 0.1 nm to 1 nm (Zou et al., 2016). The 

large variation in width of the structure could be attributed to the presence of associated 

core proteins, which form aggregates with CS-Keel polysaccharide chain. The presence 

of associated proteins was also observed in the HPSEC analysis of CS-Keel as 

mentioned earlier. 
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Fig 6.3.6  AFM images of CS-Keel (A) semi-contact mode 3D surface image at 25x25 

µm, (B) 2D surface image at 25x25 µm, (C) Magnified 3D surface image 

at 5x5 µm, showing fibrous structure of CS-Keel and (D) 2D representation 

of CS-Keel at 5X5 µm.  

 

6.3.8 Thermal properties of CS-Keel by DSC, TGA and DTG analysis 

The thermal properties of CS-Keel polysaccharide were studied by TGA, DTG 

and DSC. The DSC analysis showed, the thermal property of CS-Keel resembles with 

the behaviour of polysaccharides. The thermal scan of CS-Keel suggested the presence 

of an endothermic peak at 270.4ºC, which is due to bound water molecule in the CS-

Keel polymer chain (Fig. 6.3.7A). The exothermic peak at 451.5ºC is due to the 

irreversible process of polysaccharide degradation (Fig. 6.3.7A). These properties of 
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CS-Keel might be due to intermolecular or intramolecular hydrogen bonding and cross 

linking capacity (Moreno et al., 2008). 

TGA of CS-Keel depicted the weight loss of polysaccharide with increase in 

temperature. The weight loss of CS-Keel was observed in three stages. Initial 15.0% 

weight loss of CS-Keel occurred between 35ºC to 100ºC. The initial weight loss of 

polysaccharide CS-Keel was associated with the loss of water and also suggested 

presence of high content of carboxyl groups which were bound to water molecules as 

also reported earlier (Wang et al., 2015). A sudden decrease of 43% weight of CS-Keel 

was observed with in the temperature range, 220ºC-400ºC. The weight loss of CS-Keel 

gradually decreased further and finally reached 28% at 600ºC (Fig. 6.3.7B). The 

Derivative thermogravimetric (DTG) curves showed two peaks, at 243ºC and 320ºC. 

Out of these two, the first sharp peak at 243ºC corresponded to the thermal degradation 

temperature (Td) of CS-Keel polysaccharide while the second peak at 320ºC might be 

due to the presence of protein (Fig. 6.3.7B). The thermal degradation of commercial 

chondroitin sulphate A isolated from bovine trachea occurred at Td, 227ºC (Wang et al., 

2000). The relatively higher degradation temperature makes CS-Keel a suitable 

material for tissue scaffolds and joint replacement therapies.  
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Fig 6.3.7 Thermal property of CS-Keel polysaccharide (A) Differential scanning 

calorimetery (DSC), (B) Thermogravimetric analysis (TGA) showing 

thermal stability up to 220ºC and Derivative Thermogravimetric Analysis 

(DTG) showing degradation temperature (Td) of 243ºC. 
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6.3.9 In vitro cell proliferation assay of CS-Keel polysaccharide 

 The in vitro cell proliferation assay of CS-Keel polysaccharide was determined 

using MTT. This is widely used method for estimation of cell viability, cytotoxicity and 

cell proliferation (Mosmann 1983). MTT is a yellow colour compound which on 

reduction by mitochondrial succinate dehydrogenase in the metabolically active cells 

yields a purple colour formazan (Meerloo et al., 2011). The mouse fibroblast L929 cells 

were treated with varying concentrations (0.5 mg/ml to 5 mg/ml) of CS-Keel for 12h 

and 24h. The CS-Keel was dissolved in serum free DMEM low glucose (incomplete) 

medium as the presence of serum in complete medium leads to the cell growth and 

interferes with the cell viability assessment (Barnes and Sato 1980; Meerloo et al., 

2011). It was observed that CS-Keel imparts no cytotoxicity on L929 cells with the time 

as well with increase of its concentration (Fig. 6.3.8). The cell proliferation assay 

revealed that the viability of CS-Keel treated L929 cells was 98% which was almost 

similar to the untreated cells at 5 mg/ml after 24h. Hence the results concluded the 

biocompatible nature of CS-Keel polysaccharide which makes it a prospective 

candidate for making tissue scaffolds in tissue engineering and as drug delivery agent 

for controlled release of drugs.  
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Fig 6.3.8 The in vitro cell proliferation assay (MTT) showing percent cell viability of 

L929 cells treated with varying concentration (0.5 mg/ml -5 mg/ml) of CS 

Keel. 

 

6.3.10 Microscopic observation of CS-Keel treated L929 cells 

The L929 cells under the normal condition exhibit spindle shape when adhered 

to the surface of culture plate (Theerakittayakorn and Bunprasert., 2011). The 

microscopic analysis of untreated and CS-Keel treated L929 cells was carried out to 

study the morphological changes. The bright field microscopic analysis of L929 cells 

revealed that there was no detectable change in morphology of cells. Both, the untreated 

(Fig. 6.3.9A & B) and CS-Keel treated cells (Fig. 6.3.9C & D) exhibited the same 

spindle shape morphology. The surface morphology study analysis further supported 

the contention elucidated from the MTT assay that CS-Keel polysaccharide is 

biocompatible.  
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Fig. 6.3.9  Light microscopic images of Untreated L929 cells under (A) 20x (B) 40x 

magnification and CS-Keel (5 mg/ml) treated cells for 24h under (C) 20x  

and (D) 40x magnification. 

 

6.3.11 Antioxidant properties of CS-Keel 

Antioxidant properties of CS-Keel were assessed by DPPH and inhibition of 

ascorbate autooxidation method. The DPPH is a free-radical compound, which is 

widely used to assess the antioxidant nature of compounds. DPPH free radical 

scavenging activities of the antioxidant compounds is based on their hydrogen donating 

nature. It receives an electron or hydrogen radical (H•) from antioxidant and become 

stable in its reduced form. Therefore, the antioxidant activity of a compound can be 

expressed as its ability in scavenging the DPPH• free radical. The DPPH scavenging 

activity of CS-Keel in the concentration range of 0.5 mg/ml to 5 mg/ml varied from 8% 

to 49% (Fig. 6.3.10A). In a previous study, the DPPH radical scavenging activity of 
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antler CS, bovine cartilage CS and shark cartilage CS at a concentration of 5 mg/ml 

were measured as 51 ± 1.1%, 8 ± 0.1%, and 5 ± 0.1%, respectively (Kim et al., 2014).  

The inhibition of ascorbate autoxidation is the method to assess the superoxide 

radical suppression generated by oxidation of ascorbate. CS-Keel showed inhibition of 

ascorbate autoxidation in the range, from 5.0 ± 0.8% to 22 ± 1.6% at concentrations 

from 0.5 mg/ml to 5 mg/ml (Fig. 6.3.10B). CS-Keel can protect the oxidative damage 

caused by harmful superoxide radical. The results suggested that CS-Keel possesses 

strong antioxidant activity preventing the oxidative damage caused by the reactive 

oxygen species and hence can be used as potential antioxidant agent in pharmaceuticals. 
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Fig. 6.3.10 In vitro antioxidant activity of CS-Keel polysaccharide showing (A) DPPH 

radicals scavenging activity and (B) Inhibition of ascorbate autooxidation. 
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6.3.12 Emulsification capacity of CS-Keel 

 The emulsifying property CS-Keel was determined by its capability of 

stabilizing the emulsion of hydrocarbon in water. The emulsifying activity of CS-Keel 

was measured at two different time intervals of 30 min and 60 min against n-

hexadecane. CS-Keel stabilized the emulsion of hydrocarbon and retained 72% and 

70% of the emulsifying activity at 30 min and 60 min, respectively. The emulsifying 

activity of the two commercial emulsifiers, guar gum and sodium alginate were also 

calculated. Guar gum retained 81% and 74% of emulsifying activity after 30 and 60 

min, respectively. While emulsifying activity of sodium alginate was 69% and 41% 

after 30 and 60 min, respectively (Table. 6.3.3). CS-Keel exhibited comparable 

emulsifying activity than commercial emulsifier guar gum, while better than sodium 

alginate. Previously the emulsifying capability of commercial CS-A was studied as 

protein-polysaccharide complex involving lysozyme and CS-A (Kato et al., 1989). The 

overall finding of the present study suggested that CS-Keel can serve as a potential 

emulsifier in the food industry. 

Table.6.3.3 Emulsifying activity (%) of CS-Keel 

Polysaccharide Emulsifying 

activity (%) 

at t=30 min 

Emulsifying 

activity (%) 

at t=60 min 

CS-Keel 72.04 70.3 

Guar Gum 81 74 

Sodium Alginate 69 41 
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6.4 Conclusions 

Chicken keel bone cartilage was explored for cheaper and sustainable source 

for isolation of chondroitin sulfate (CS) for its future use in tissue engineering and 

pharmaceutical industry. HPSEC analysis displayed two peaks of 100 kDa for CS-Keel 

polysaccharide and 1 kDa for protein. DLS analysis of CS-Keel displayed 

polydispersity. CS-Keel yield was 15% and 53±5% uronic acid content. The quantified 

percentages of UA-GalNAc4S and UA-GalNAc6S disaccharide in CS-Keel were 58% 

and 42%, respectively. FT-IR identified CS-Keel to be chondroitin 4-sulphate. 1H-

NMR of CS-Keel confirmed the presence of N-acetylgalactosamine and Glucuronic 

acid. FESEM demonstrated layer structure and AFM displayed the size of CS-Keel 

fibres. DSC, TGA and DTG studies of CS-Keel showed Td at 243ºC. The composition, 

structure, surface and thermal analysis of CS-Keel displayed that it can serve as a strong 

candidate in tissue scaffolds for biomedical engineering. In vitro cell proliferation assay 

and morphological analysis of mouse fibroblast L929 cell lines confirmed the 

biocompatibility of CS-Keel. CS-Keel (5 mg/ml) exhibited ~49% antioxidant activity 

against DPPH and 22% against superoxide radical protecting from oxidative damage. 

CS-Keel demonstrated better (70.3%) emulsifying activity than commercial sodium 

alginate (60.2%). Therefore, CS-Keel can be used for functional food applications 

enriching the nutritional values. CS-Keel also enables future prospects for analysis of 

its chondroprotective and anti-inflammatory properties for osteoarthritis treatment. 

Future challenges include its utilization in nanomedicine to develop an efficient 

delivery vehicle for therapeutic agents, to further enhance its specificity and finally to 

have controlled drug release. 
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Prebiotic chondroitin sulphate disaccharide isolated from  

chicken keel bone exhibiting anticancer potential against human 
colon adenocarcinoma HT-29 cells  

 

 

 

 

7.1 Introduction 

The connective tissues in mammalians contain extracellular matrix which 

includes collagens, proteoglycans (PGs), glycosaminoglycans (GAGs) and 

glycoproteins (Wang et al., 2017). GAGs are anionic, highly sulphated and complex 

natural heteropolysaccharides (Afratis et al., 2012; Krichen et al., 2017). The major 

categories of GAGs are Chondroitin sulphate (CS), Dermatan sulphate (DS), 

Heparin/Heparan sulphate (HS), Keratan sulphate (KS) and Hyaluronic acid (HA) 

(Nakano et al., 2010). CS consists of N-acetylgalactosamine and glucuronic acid 

disaccharide repeat which are linked by β-(1→4) glycosidic linkage. CS possesses 

pharmacological properties viz. antioxidant, neuroprotective, antitumor, anti-

proliferative, anti-inflammatory, anti-viral and anti-adhesive (Damonte et al., 2004; 
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Egea et al., 2010; Krichen et al., 2017).  These properties of CS are because of specific 

structural features, especially sulphation and molecular size (Mulloy, 2005).  

Despite the beneficial properties of CS, its application in food industries 

pharmaceuticals and therapeutics has raised concerns due to its poor absorption by 

intestine after oral administration (1-13% bioavailability) (Baici et al., 1992; Shang et 

al., 2016; Wang et al., 2017). Therefore, reduction in the molecular weight of the CS 

polysaccharide by enzymatic hydrolysis may enhance its intestinal absorption (Qian et 

al., 2013; Xiao et al., 2014; Wang et al., 2017). Prebiotics are the non-digestible food 

ingredients that are resistant to digestion in the upper gastrointestinal tract and 

beneficially affect the host by selectively stimulating the growth of beneficial bacteria 

in the colon, and thus improves host health (Bruno-Barcena et al., 2015). The gut 

bacteria help in digestion of carbohydrates and lead to the production of short chain 

fatty acid (SCFA) such as acetic, butyric and propionic acid (Mussatto et al., 2007). 

These prebiotics also help in curing colon cancer by decreasing the fecal concentration 

of secondary bile acids, fecal pH, and nitroreductase (Bruno-Barcena et al., 2015). 

Presently, three commercially available dietary ingredients: galacto-oligosaccharides 

(GOS), lactulose, and fructo-oligosaccharides (FOS) are being used as food additives 

in Japan and Europe (Bruno-Barcena et al., 2015). There are no intestinal, pancreatic 

or brush border enzymes present in human body which can digest the CS (Shang et al., 

2016). Hence, CS oligosaccharide/disaccharide could be interesting source to be used 

as dietary ingredients in food and pharmaceutical industries.  

CS interact with growth factors, chemokines, cytokines and their cell surface 

receptors and thus are involved in various cellular processes such as cell adhesion, 

proliferation, differentiation, migration and apoptosis (Qiu et al., 2017). Metastasis is 
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an important characteristic of malignancy. CS has been studied in controlling cell 

proliferation (Desai et al., 2000; Krichen et al., 2017). Gastric cancer is the second 

leading cause of death worldwide in which uncontrolled cell growth occurs (Ferlay et 

al., 2010; Kapoor et al., 2017). Drugs used in chemotherapy imparts toxicity to the 

surrounding healthy tissues. This leads to the search of natural food and food 

ingredients which can act as anticancer agents. In previous study, pectic oligosaccharide 

from tomato have shown inhibition of human gastric carcinoma (AGS) (Kapoor et al., 

2017). Chondroitin sulphate disaccharides were chemically synthesised and their 

inhibitory effects were studied against triple negative breast cancer cells MDA-MB-

231 (Poh et al., 2015). However, the chemical synthesis of CS disaccharide has 

disadvantage of high production cost and therefore it lacks the commercial availability. 

Marine sulphated GAGs polysaccharide from algae showed antiproliferative activity 

against HL-60 cancer cell line (Queiroz et al., 2006). However, the poor absorption of 

the polysaccharide in the intestine is the major drawback. These reasons were the prime, 

which make the researchers to search for the alternative oligosaccharides for the overall 

human colon health. In the present study CS-Keel disaccharide (CSD) was produced 

from CS-Keel polysaccharide by chondroitin AC lyase (PsPL8A) enzymatic digestion, 

purified and structurally characterized. The prebiotic potential of CS-Keel disaccharide 

was explored by studying its effect on the growth of probiotic bacteria, gastric juice and 

SCFA production. The effect of CS-Keel disaccharide was also studied on viability of 

the human colon adenocarcinoma (HT-29) cell lines. To best of our knowledge, this is 

the first study reporting the prebiotic activity and colon cancer inhibition properties of 

CS-Keel disaccharide.   
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7.2 Materials and Methods 

7.2.1 Chemicals and reagents  

Chondroitin 4-sulphate disaccharide (UA-GalNAc4S), D-Glucuronic acid 

(GlcA), N-acetyl-galactosamine, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide, Dulbecco’s Modified Eagle Medium (DMEM) low 

glucose medium, Roswell Park Memorial Institute (RPMI 1640) medium were 

purchased from Sigma-Aldrich, USA. Bio-Gel P-2 (fine mesh) was purchased from 

Bio-Rad Laboratories, Inc., USA Chondroitin 6-sulphate disaccharide (UA-GalNAc6S) 

sodium salt (Dextra Laboratories Ltd, U.K). Phosphate buffer saline, DAPI dye (4’,6-

diaminidino-2-phenylindole) and Trypsin-EDTA solution were purchased from Hi-

Media Pvt. Ltd., India. Fetal bovine serum, penicillin-streptomycin antibiotic solution, 

FITC (Fluorescein isothiocyanate)-Annexin V and Propidium iodide (PI) cell apoptosis 

kit were purchased from Invitrogen, Ltd. UK. 

7.2.2 Isolation of chondroitin sulphate polysaccharide  

 The chondroitin sulphate polysaccharide (CS-Keel) isolated from chicken keel 

bone cartilage as reported in our previous chapter 6 (Rani et al., 2017) was used as the 

polysaccharide material in the present study. 

7.2.3 Activity of chondroitin AC lyase (PsPL8A) against CS-Keel polysaccharide 

The activity of chondroitin AC lyase (PsPL8A) from Pedobacter saltans was 

analyzed by incubating 0.1 µg of enzyme in 1 ml reaction mixture containing 1 mg/ml 

of CS-Keel as substrate. The enzyme reaction was carried out under optimum reaction 

conditions of 50 mM Tris-HCl buffer, pH 7.2 at 39°C for 5 min as reported (Rani and 

Goyal., 2016). The unsaturated oligosaccharide product formation was monitored by 

the increase in absorbance at 232 nm (A232) as a function of time on a UV-Visible 
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spectrophotometer (Varian, Cary 100). One unit of enzyme activity was defined as 

amount of enzyme that liberates 1 µmole of unsaturated oligosaccharides product per 

min as calculated using a molar absorption coefficient of 3800 M-1 cm-1 (Pojasek et al., 

2001). 

7.2.4 Thin layer chromatography analysis of CS-Keel degradation product 

 CS-Keel was enzymatically degraded with chondroitin AC lyase, PsPL8A from 

Pedobacter saltans (Rani and Goyal., 2016). CS-Keel (1 mg/ml) was digested with 10 

µl of 1 mg/ml stock of PsPL8A in 50 mM Tris-HCl buffer pH 7.2 and was incubated 

at 39°C. Separate reactions were set up for each time interval viz. 0 min, 5 min, 10 min, 

15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h and 24 h. After completion of the time interval, 

1 ml of absolute ethanol was added to reaction mixture (1 ml) and centrifuged at 13000g 

at 25°C for 10 min to precipitate and remove the undigested CS-keel. Supernatant was 

collected in separate 2 ml eppendorf tube and was concentrated to 100 µl by heating at 

60°C. 1 µl samples of different time period was applied to TLC plate (Merck, Germany) 

and run under solvent system containing 1-butanol, water and acetic acid in the ratio 

5:3:2 (v/v) (Lojkwoska et al., 1995). The TLC plate was stained and visualized as 

described previously (Rani and Goyal., 2016).     

7.2.5 Purification of CS-Keel disaccharide by size exclusion chromatography 

 The enzymatic depolymerisation of CS-Keel at 50 mg/ml with 10 µg of PsPL8A 

enzyme in 1 ml reaction volume was carried out under optimised conditions (50 mM 

Tris-HCl buffer pH 7.2 at 39°C) for 24 h. A total 20 reactions were set up with 50 

mg/ml CS-Keel, to increase the overall yield of oligosaccharide. The reaction was 

terminated by adding equal volume of ethanol as mentioned in section 2.4 of material 

and method section. The 20 ml of reaction supernatant was concentrated to a final 
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volume of 2 ml by evaporation at 60°C in an oven. The supernatant containing 24 h 

reaction product was purified by size exclusion chromatography (SEC) using XK16/70 

column (GE Healthcare) packed with Bio-Gel P-2 (fine mesh) connected to FPLC- 

AKTA purifier (GE Healthcare). The enzymatic degraded product solution (2 ml) was 

filtered through 0.22 µm membrane filters (Pall Corporation, USA) and injected into 

the column through a 2 ml injection loop. The elution was carried out using Milli Q 

water at a constant flow rate of 0.2 ml/min and fractions of 1 ml were collected. The 

purified unsaturated CS-Keel oligosaccharide from the column was detected by UV 

detector at A232. The purified CS-Keel oligosaccharide was freeze dried and stored at -

20°C for further use.  

7.2.6  Analysis of purified CS-Keel disaccharide (CSD) by TLC, ESI-MS and 

MS/MS 

 

 The purified CSD fractions obtained after SEC (Biogel P2) purification were 

analyzed by TLC. The fractions obtained under maxima of different fractions in the 

chromatogram were run on TLC plate (as mentioned in Section 2.4) to identify the 

purified oligosaccharides. The purified 24 h reaction product fractions were pooled and 

analysed by Electron Spray Ionization (ESI) mass spectrometer (Waters, Q-TOF 

Premier) in both MS and tandem MS (MS/MS) mode. ESI-MS and tandem MS analyses 

were carried out in negative ion mode. The ESI-MS analysis was carried out under 

following conditions; capillary voltage 3 eV, collision energy 5 eV, ionization energy 

1 eV, desolvation temperature 250°C and the source temperature of 80°C. The tandem 

MS analysis was carried out by nanospray ionization using the voltage 3 eV, collision 

energy 20 eV and collision-induced dissociation was performed on ion of interest using 

the argon gas.  
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7.2.7 Analysis of purified CS-Keel disaccahride by FT-IR  

CS-Keel disaccharide was analysed by FT-IR spectroscopy for the presence of 

various functional groups. CSD was pressed into KBr pellet (sample: KBr, 1:100) using 

15 Ton Hydraulic Press. the spectrum in 4000-500 cm−1 region in the transmission mode 

with 32 scans per min was obtained using FTIR spectrophotometer (Perkin Elmer, 

Spectrum Two, USA). The spectral resolution was 4 cm−1. 

7.2.8 1H and 13C NMR spectroscopic analysis of CS-Keel disaccharide 

The purified CSD was dissolved in D2O (99.96%) (Merck Germany) at 5 mg/ml 

(for 1H NMR) and 15-20 mg/ml (for 13C NMR) concentrations and filtered using 0.45 

µm membrane. The 1H-NMR and 13C NMR spectra were acquired at 25ºC using 600 

MHz NMR spectrometer (Bruker, Avance III-HD, USA) fitted with a 5-mm probe and 

equipped with topspin software (Bruker) for analysis. 

7.2.9 Hydrolysis of CS-Keel disaccharide by artificial gastric juice  

 CS-Keel disaccharide was studied for its hydrolysis in the presence of artificial 

gastric juice by the method adapted from (Korakli et al., 2002). The artificial gastric 

juice was composed of 1000 U/ml of pepsin in 1x Phosphate Buffer Saline (PBS) (Al-

sheraji et al., 2012). The pH of artificial gastric juice was adjusted to 1, 2, 3 and 4 by 4 

N HCl. CS-Keel disaccharide (0.5%, w/v) was dissolved in 20ml of artificial gastric 

juice of each pH and incubated at 37°C for 5 h. At intervals of 0, 0.5, 1, 2, 3, 4 and 5 h, 

an aliquot of 500 µl from the reaction mixture was withdrawn. The samples collected 

were quantified using HPLC system, connected with Phenomenex Rezex ROA-Organic 

Acid column (Phenomenex, CA, USA) using RI and UV detectors set at 232 nm. The 

eluent used was 5 mM H2SO4 with a flow rate of 0.5 ml/min. C4S disaccharide (Sigma-

Aldrich, USA) from 0.05-0.5% (w/v) was used as a standard. The percent hydrolysis of 
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the sample was estimated by the CS-Keel disaccharide content before and after the 

reaction using the equation as follows; 

𝐻𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 (%) =  
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑜𝑙𝑖𝑔𝑜𝑠𝑎𝑐𝑐ℎ𝑎𝑟𝑖𝑑𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 − 𝐹𝑖𝑛𝑎𝑙 𝑜𝑙𝑖𝑔𝑜𝑠𝑎𝑐𝑐ℎ𝑎𝑟𝑖𝑑𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡  

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑜𝑙𝑖𝑔𝑜𝑠𝑎𝑐𝑐ℎ𝑎𝑟𝑖𝑑𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
× 100 

7.2.10 Effect of CS-Keel disaccharide on the growth of probiotic bacteria  

 CS-Keel disaccharide and inulin (standard prebiotic) were studied as carbon 

source on the growth of probiotic bacteria (Lactobacillus acidophilus NRRL B-4495 

and Bifidobacterium infantis NRRL B-41661) along with non-probiotic enteric bacteria 

(E. coli DH5α and Enterococcus aerogenes MTCC7016). MRS medium (pH 6.4) 

devoid of any carbon source but supplemented with 0.5 mg/ml cysteine 

(Hongpattarakere et al., 2012) was used to analyze the growth profiles of probiotic 

bacteria. The probiotic bacterial cultures (~106 CFU/ml) were transferred to 5 ml MRS 

medium containing 1% (w/v) of glucose, or standard prebiotic inulin and 0.5% (w/v) 

CS-Keel disaccharide and incubated under anaerobic conditions at 37°C for 24 h. TGY 

medium (pH 7.0) containing tryptone (5 g/l), glucose (1 g/l), yeast extract (5 g/l) and 

di-potassium hydrogen phosphate K2HPO4 (1 g/l) was to evaluate the growth of enteric 

bacteria. The enteric mixture of non-probiotic E. coli DH5α and E. aerogenes MTCC 

7016 was transferred to 5 ml of TGY medium supplemented with 1% (w/v) of glucose 

or standard prebiotic inulin or 0.5 % (w/v) CS-Keel disaccharide was incubated under 

anaerobic conditions at 37°C for 24 h. The microbial growth of probiotic bacteria and 

enteric bacteria was enumerated after for 12h and 24h by plate count method and 

expressed as CFU/ml by growing on MRS agar and TGY agar plate, respectively, at 

37°C.  
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The prebiotic activity of CS-Keel disaccharide and inulin was estimated by the 

method of Huebner et al., 2007.  

Prebiotic activity score

=  {
(Probiotic log CFU 𝑚𝑙−1 on prebiotic at 24h)  −  (Probiotic log CFU 𝑚𝑙−1 on prebiotic at 0h)

(Probiotic log CFU 𝑚𝑙−1 on glucose at 24h) − (Probiotic log CFU 𝑚𝑙−1 on glucose at 0h)
}

− {
(Enteric log CFU 𝑚𝑙−1 on prebiotic at 24h)  −  (Enteric log CFU 𝑚𝑙−1 on prebiotic at 0h)

(Enteric log CFU 𝑚𝑙−1on glucose at 24h) − (Enteric log CFU 𝑚𝑙−1on glucose at 0h)
} 

7.2.11 Estimation of short chain fatty acid produce by probiotic bacteria 

 The short chain fatty acid (SCFA) content produced by probiotic bacteria (L. 

acidophilus NRRL B-4495 and B. infantis NRRL B-41661) were analyzed by using the 

cell free supernatant of probiotic bacteria broth grown in modified MRS media 

containing either glucose, CS-Keel disaccharide or inulin as mentioned in the previous 

section. The cell free supernatant was filtered using 0.2 μm membrane and quantified 

using HPLC system equipped with Phenomenex Rezex ROA-Organic Acid column 

(Phenomenex, CA, US) and RI detector. The eluent used was 5 mM H2SO4 at a flow 

rate of 0.5 ml/min. Acetic acid, propionic acid and butyric acid (Hi-media Pvt. ltd, 

India) at 1, 5, 10, 15, 20 mg/ml concentration were used as standards.   

7.2.12 Cell culture  

7.2.12.1 Maintenance of L929 and HT-29 cell lines  

The mouse fibroblast cell line (L929) and human colon cancer cell line (HT-29) 

were procured from National Centre for Cell Science (NCCS), Pune, India. L929 cells 

were cultured in DMEM low glucose medium supplemented with 10% (v/v) heat-

inactivated fetal bovine serum (FBS) (Gibco, U.S.A), 50 μg/ml streptomycin and 50 

IU/ml penicillin (Gibco, U.S.A) incubated at 37ºC under 5% CO2. HT-29 cells were 

culture in RPMI medium with 10% FBS and 50 μg/ml streptomycin and 50 IU/ml 

penicillin (Gibco, U.S.A) incubated at 37ºC under 5% CO2. The cells were grown in T-
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25 flasks at 37ºC under 5% CO2 in a regulated CO2 incubator. After cells reached the 

confluent stage, they were washed several times with 1XPBS (pH 7.4) and harvested 

with 0.25% trypsin-EDTA solution for further experiments. 

7.2.12.2 In vitro cell proliferation assay of CS- Keel disaccharide using L929 and 

HT29 cell lines  

 

. The effect of CS-Keel disaccharide on L929 and HT-29 cells, viability was 

analysed by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 

assay (Mosmann, 1983). The cells were seeded at a density of 2x104 cells/well in two 

96 well plates which were incubated at 37ºC under 5% CO2 for overnight for cell 

adherence. After incubation, the medium was completely removed and the cells were 

exposed to different concentrations (0.01 mg/ml to 2 mg/ml) of CS-Keel disaccharide 

dissolved in serum-free DMEM medium (incomplete) and serum-free RPMI medium, 

respectively, for L929 and HT-29 cell lines. The incomplete DMEM and RPMI medium 

without CS-Keel disaccharide were used as negative control for L929 and HT-29 cell 

lines, respectively. The plates were incubated at 37ºC in 5% CO2 for 24h and 48h. MTT 

assay was done after 24h and 48h by removing the medium and washing the wells with 

200 µl of 1x phosphate buffer saline (PBS). 100 µl of MTT (0.5 mg/ml) was added to 

each well and plate was incubated at 37ºC in 5%CO2 for 4h. After the incubation, MTT 

was removed from the wells and the formazan formed was dissolved by adding 100 µl 

of dimethyl sulfoxide. The absorbance at 570 nm was monitored by a 96-well 

microplate reader (Tecan, Infinite 200 Pro, Switzerland). The cell viability (%) was 

calculated according to Meerloo et al., (2011). 

                                       Viability (%) = (Nt/Nc ) X 100 

Where, Nt is the absorbance of treated cells and Nc is the absorbance of untreated cells. 
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7.2.12.3 Microscopic analysis of CS-Keel disaccharide treated L929 and HT-29 

cells 

 

 The mouse fibroblast L929 and human colon cancer cell line (HT-29) cells were 

maintained and seeded as described in the section 7.2.12.1. The cells were seeded at the 

density of 2x105 cells in a 24 well cell culture plate. The L929 and human colon cancer 

cell line (HT-29) were treated with CSD at a concentration of 0.5 mg/ml dissolved in 

incomplete DMEM and RPMI medium, respectively for 48h. The cells in only 

incomplete DMEM and RPMI medium were used as control for L929 and HT-29 cells, 

respectively. The change in morphology of untreated and CSD treated L929 and HT-

29 cells were observed after treating with CSD. After 48h of treatment, the cells were 

observed under microscope (Nikon, TS100F, Japan) and photomicrographs were taken 

and processed using imaging software (Nikon NIS-Element).  

7.2.12.4 Nuclei staining of CS-Keel disaccharide treated HT-29 cells by DAPI 

 The effect of CSD treatment on the nuclei of HT-29 cells was studied by 

staining with DAPI dye. The cells were seeded at the density of 2x105 cells in a 24 well 

cell culture plate. The cells were incubated at 37ºC in 5% CO2 for overnight for cell 

adherence. The cells were treated with CSD at a concentration of 0.5 mg/ml dissolved 

in incomplete RPMI medium, and incubated for 48 h at 37ºC in 5% CO2 incubator. The 

cells in only incomplete RPMI medium were used as control. After 48h, the medium 

was removed and the cells were washed with 1x PBS solution. The DAPI dye stains 

the cells properly and efficiently when they are under fixed condition. So, the cells were 

fixed by using 4% paraformaldehyde solution. 500 µl of 4% paraformaldehyde solution 

was added to each well for 10 min for fixing the cells. After that, the paraformaldehyde 

solution was removed and cells were washed three-four times with 1x PBS solution. 
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The cells were treated with DAPI dye solution at a concentration of 350 nM for 10-15 

min at 37°C in dark. The stain was removed and the cells were washed several times 

with 1x PBS solution and was observed under fluorescence microscope (Nikon, TS2R, 

Japan) with ultraviolet (UV) excitation/emission at 358/461 nm. Cells with nuclei 

containing condensed chromatin or cells with fragmented nuclei were scored as 

apoptotic.  

7.2.12.5 Mode of cell death analysis of CS-Keel disaccharide treated HT-29 cells 

 The mode of cell death of CSD treated HT-29 cells was analysed by staining 

the cells with annexin-V-FITC and PI staining kit from Invitrogen, Ltd UK. The cells 

were seeded at the density of 2x105 cells in a 24 well cell culture plate. After overnight 

incubation, the cells were treated with CSD at a concentration of 0.5 mg/ml dissolved 

in incomplete RPMI medium, and incubated at 37ºC in 5% CO2 incubator for 48h. The 

cells in only incomplete RPMI medium were used as control. After treatment, the cells 

were washed with cold 1x PBS solution and incubated with 1x annexin-binding buffer, 

pH 7.4. The cells were treated with PI (100 µg/ml) and annexin-V-FITC dye at the 

concentration as mentioned by manufacturer (Invitrogen, Ltd. UK) for 15 min at room 

temperature and kept in dark. The stain was removed and 400 µl of 1x annexin-binding 

buffer was added and cells were observed under fluorescence microscope (Nikon, 

TS2R, Japan) with UV excitation/emission at 494/518 nm and 535/617 nm for annexin 

V-FITC and PI, respectively. The cells showing green fluorescence were considered as 

apoptotic and red cells were dead or necrotic. 

7.2.13 Statistical analysis 

All experiments were performed in triplicates (n = 3). The results were 

presented as means of three determinations ± SD (standard deviation). 
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7.3 Results and Discussion 

7.3.1 Enzyme activity of PsPL8A with CS-Keel polysaccharide and TLC analysis 

 Chondroitin AC lyase (PsPL8A) showed a specific activity of 340±5.2 (U/mg) 

with isolated CS-Keel polysaccharide, confirming its chondroitin sulphate nature. The 

product released by the enzymatic degradation of CS-Keel polysaccharide by PsPL8A 

was analysed by TLC (Figure. 7.3.1A). The time dependent TLC analysis showed the 

presence of higher oligosaccharides as well as the disaccharide during initial 30 min of 

the reaction. However, disaccharide remains the major product of the reaction till 24h. 

The migration of disaccharide produced after degradation of CS-Keel polysaccharide 

coincided with that of standard unsaturated chondroitin 4-sulphate (C4S) disaccharide. 

This confirmed that the CS-Keel polysaccharide contains sulphation at carbon-4 and 

hence is of predominantly chondroitin 4 sulphate nature. 

7.3.2 Purification of CS-Keel Disaccharide 

 The CS-Keel disaccharide formed after 24h by enzymatic degradation were 

purified by size exclusion chromatography by using Bio-Gel P2 matrix. The purified 

CS-Keel disaccharide were detected at A232 and collected as 1 ml fractions. A 

purification chromatogram was developed for CSD, which showed the presence of one 

major peak at 60 ml, while two small peak at 40 ml and 97 ml were also observed (Fig. 

7.3.1B) and analysed by TLC and ESI-MS. Similarly, dermatan oligosaccharide and 

hyaluronan oligosaccharide were purified by size exclusion chromatography by using 

Bio-Gel P2 and Bio-Gel P10 column, respectively (Yang et al., 2000; Wang et al., 

2016).  
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7.3.3 TLC and ESI-MS analysis of purified CSD 

The purified CS-Keel oligosaccharide samples were analysed by TLC. The 

fractions at 40 ml, 60 ml, 66 ml and 97 ml were run on TLC. The fractions at 60 ml and 

66 ml, which constituted the major peaks were identified as the unsaturated CS-Keel 

disaccharide. The peak at 40 ml corresponds to left-over un-degraded CS-Keel 

polysaccharide. While the peak at 97 ml displayed absence of any product and hence 

may be due to some artefacts observed in purification chromatogram. The purified 

unsaturated CS-Keel disaccharide was analysed by ESI-MS which showed the presence 

of a single peak with m/z 458 [Figure. 7.3.1C(i)]. During ESI-MS/MS analysis of 

unsaturated CS-Keel disaccharide the peak at m/z 458 was further ionized and a peak 

at m/z 300 was observed which uniquely identifies the presence of CS-Keel 

disaccharide [Figure. 7.3.1C(ii)]. The result of CS-Keel disaccharide was in accordance 

with the results reported earlier, where, ESI-MS and MS/MS results of chondroitin 

disaccharide showed peaks at m/z 458 and m/z 300, respectively (Desaire et al., 2000; 

Flengea et al., 2009). 
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Fig. 7.3.1 (A) Time dependant TLC analysis of degraded products of CS-Keel 

polysaccharide using PsPL8A and the standards viz. S1: D-glucuronic acid, 

S2: N-acetyl galactosamine, S3: ΔC6S disaccharide and S4: ΔC4S 

disaccharide, (B) Purification of CS-Keel oligosaccharide, (i) Elution 

profile by size exclusion chromatography using BioGel P2 matrix, (ii) TLC 

analyses, (C) ESI-Mass spectrometric analysis of CS-Keel disaccharide 

(CSD) (i) ESI-MS showing unsaturated CS-Keel disaccharide having single 

peak at m/z 458, (ii) MS/MS analysis of unsaturated CS-Keel disaccharide 

showing a peak at m/z 300. 

 

 

 

 

TH-1654_11610622



Chapter 7                                                                                                     258      
 

7.3.4 FT-IR spectroscopic analysis of purified CS-Keel disaccharide 

 The FT-IR spectrum of CS-Keel disaccharide showed presence of peak at 860 

cm-1, which confirms the presence of sulphate group at carbon-4 of N-

acetylgalactosamine. The peak for sulphation matches well with the previous report on 

chondroitin sulphate isolated from shark cartilage (Wang et al., 2009). The presence of 

peak in the frequency range, 1248-1126 cm-1 indicated the presence of 1→4 glycosidic 

linkage in the disaccharide (Figure. 7.3.2). The spectral range, 1175-1140 cm-1 is 

characteristic of di- and poly-saccharides having 1→4 glycosidic linkage as reported 

earlier (Nikonenko et al., 2000). The peaks at 1248.6 cm-1 and 1056.2 cm-1 signify the 

presence of, S=O and -C-O-S stretching vibrations, respectively, as also reported 

previously by Khan et al., 2013. A peak at 1645 cm-1in the spectra depicted the amide 

group, as also shown earlier by Wang et al., (2003).  

 

Fig. 7.3.2 FT-IR spectroscopic analysis of purified CS-Keel disaccharide. 
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7.3.5 1H NMR and 13C NMR of CS-Keel disaccharide 

 The 1H and 13C NMR analyses of purified CS-Keel disaccharide were 

performed which showed the presence of N-acetyl galactosamine (GalNAc) and 

glucuronic acid (GlcA) in the structure of CSD (Fig. 7.3.3A and 7.3.3B). The 

characteristic proton signals for GlcA residue showed the resonance of H-1’, H-2’ and 

H-3’ at 5.25 ppm, 3.833 ppm, 3.978 ppm, respectively. The resonance of H-4’ anomeric 

proton in GlcA residue was observed at 5.94 ppm in the NMR spectrum. In GalNAc 

residue of CS-Keel disaccharide the proton resonance of H-4 at 4.657 ppm indicated 

the presence of sulphation in purified CSD. The rest of protons of GalNAc residues H-

1, H-2, H-3, H-5, H-6a, H-6b showed resonance at 4.771 ppm, 4.144 ppm, 4.165 ppm, 

4.260 ppm, 3.767 ppm and 3.677 ppm, respectively. The presence of acetylation in the 

GalNAc residue was indicated by the resonance observed at 2.075 ppm (Fig. 7.3.3A). 

The values for proton resonance of GlcA and GalNAc residues in CSD corroborates 

well with the previous reports (Yamada et al, 1992; Huckerby et al, 2001 and Lauder 

et al, 2011). The chemical shift for C-1, C-2, C-3, C-5 and C-6 for GalNAc were 

observed at 99.89 ppm, 59.26 ppm, 76.10 ppm, 74.43 ppm and 64.39 ppm, respectively 

in 13C NMR of purified CS-Keel disaccharide (Fig. 7.3.3B). The shift at 22.10 ppm 

showed the presence of acetylation in GalNAc residue, while carbonyl (-C=O) group 

was identified by chemical shift at 174.38 ppm. The chemical shift at 77.17 ppm 

indicated the sulphation at carbon-4 in the GalNAc residue of CS-Keel disaccharide 

(Fig. 7.3.3B). The chemical shifts assigned to GlcA and GalNAc residues of purified 

CS-Keel disaccharide were in agreement of previous reports (Yamada et al, 1992; 

Huckerby et al, 2001 and Lauder et al, 2011). The results for 1H and 13C NMR have 

been summarized in Table 7.3.1.   
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Fig. 7.3.3  NMR (600 MHz) analyses of CS-Keel disaccharide (A) 1H NMR, (B) 13C 

NMR.  

 

Table 7.3.1 1H and 13C NMR of purified CS-Keel disaccharide 

Residue Proton 1H  

Chemical 

Shift (ppm) 

Carbon 13C 

Chemical 

Shift (ppm) 

GlcA H-1’ 5.250 C-1’ 106.97 

 H-2’ 3.833 C-2’ 70.27 

 H-3’ 3.978 C-3’ 68.45 

 H-4’ 5.940 C-4’ 106.97 

   C-5’ 145.4 

   C-6’  169.15 

GalNAc H-1 4.771 C-1 99.89 

 H-2 4.144 C-2 59.26 

 H-3 4.165 C-3 76.10 

 H-4 4.657 C-4 77.17 

 H-5 4.260 C-5 74.43 

 H-6a 3.767 C-6 64.39 

 H-6b 3.677 (-NAcCH3) 22.10 

 (CH3) 2.075 C=O 174.38 

H’ and C’ represents the proton and carbon belonging to GlcA residue in the table. 
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7.3.6 Effect of artificial gastric juice on CS-Keel disaccharide  

 The percentage of hydrolysis of CS-Keel disaccharide in the presence of 

artificial gastric juice was studied at different intervals of time from 1h to 5 h at 37°C. 

CSD displayed high resistance against artificial gastric juice at different pH from 1.0 to 

4.0 (Fig. 7.3.4A). The percent hydrolysis of CSD had uniformly decreased with the 

increase in the pH, suggesting the higher degradation at higher acidity. CS-Keel 

disaccharide, after 1h of incubation at 37°C displayed 7.2%, 6.3%, 5.7% and 4.8% 

hydrolysis at pH 1, 2, 3 and 4, respectively (Fig. 7.3.4A). After 5h incubation at 37°C, 

CSD displayed 23.7%, 20.6%, 18.3% and 16.2% hydrolysis at pH 1, 2, 3 and 4, 

respectively (Fig. 7.3.4A). The hydrolysis of CSD (23.7%) is comparatively less with 

that of commercial prebiotic inulin which was previously reported to show a 25.23% 

hydrolysis at pH 1 after 5h of incubation (Baruah et al., 2017). 

7.3.7 Effect of CS-Keel disaccharide on the growth of probiotic bacteria  

 The growth of probiotic bacteria namely L. acidophilus NRRL B-4495 and B. 

infantis NRRL B-41661 was studied in the presence of CS-Keel disaccharide, inulin 

and glucose (Table 7.3.2). CSD effected the growth of L. acidophilus NRRL B-4495 

and B. infantis NRRL B-41661 from 6.2 and 6.0 to 9.0 and 9.1 log10 CFU/ml, 

respectively after 24h. The standard prebiotic inulin stimulated the growth of L. 

acidophilus NRRL B-4495 and B. infantis NRRL B-41661 from 6.5 and 6.6 to 9.7 and 

9.8 log10 CFU/ml, respectively after 24h (Table 7.3.2). The efficiency of CSD was 

evaluated using probiotic score which signifies the efficiency of a substrate to effect the 

growth of probiotic strains than that of non-probiotic strains using a non-prebiotic 

substrate glucose as a control. CS-Keel disaccharide displayed a positive prebiotic score 

for both probiotic bacteria L. acidophilus NRRL B-4495 and B. infantis NRRL B-41661 
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(Fig 7.3.4B). The prebiotic score of CS-Keel disaccharide for L. acidophilus NRRL B-

4495 was 0.57 and that of B. infantis NRRL B-41661 was 0.58. The prebiotic score for 

standard prebiotic inulin for L. acidophilus NRRL B-4495 was 0.78 and that of B. 

infantis NRRL B-41661 was 0.73. A positive prebiotic activity score is only exhibited 

by carbohydrates that are metabolized by only probiotic bacteria but not by any other 

enteric bacteria (Huebner et al., 2007). In a previous study the degradation profile of 

commercial CS-A polysaccharide by human gut microbiota was studied and a new CS 

degrading bacterium Clostridium hathewayi R4 was isolated from human feces (Shang 

et al., 2016). The fucosylated-N- acetyl glucosamine disaccharide showed the prebiotic 

effects under in vitro using strains from the Lactobacillus casei/paracasei/rhamnosus 

group and from Bifidobacterium species (Becerra et al., 2015). The prebiotics reduced 

the activity of microbial enzymes involved in the production of toxins and carcinogens 

as well as reducing the concentration of these metabolites in faeces (Burns et al., 2000; 

Tuohy et al., 2003). The positive prebiotic score of CS-Keel disaccharide shows that it  

can serve as prospective prebiotic ingredient for preparation of functional foods.  

 

Table 7.3.2. Growth profile of probiotic and non-probiotic bacteria* 

 

*expressed as log10 CFU/ml 

 

 

 

Bacteria Glucose 

 

Inulin CS-Keel disaccharide 

0h 12h 24h 0h 12h 24h 0h 12h 24h 

L. acidophilus 
7.2 ± 

0.07 

9.7 ± 

0.16 

10.2 ± 

0.15 

6.4± 

0.1 

9.5 ± 

0.11 

9.5 ± 

0.1 

7.3 ± 

0.1 

9.8 ± 

0.1 

10.6 ± 

0.1 

B. infantis 
7.1 ± 

0.04 

10.3 ± 

0.2 

10.3 ± 

0.27 

6.6 ± 

0.09 

9.8 ± 

0.73 

9.8 ± 

0.12 

7.1 ± 

0.17 

9.3 ± 

0.17 

10.2 ± 

0.17 

Enteric 

Mixture 

6.6 ± 

0.04 

9.9 ± 

0.17 

10.5 ± 

0.22 

6.7 ± 

0.04 

7.5 ± 

0.12 

7.7 ± 

0.02 

7.7 ± 

0.06 

8.4 ± 

0.12  

8.4 ± 

0.15 
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7.3.8 Estimation of short chain fatty acid produced by probiotic bacteria 

 The short chain fatty acid namely acetic acid, propionic acid and butyric acid 

produced from the fermentation of prebiotic substrate was studied using modified MRS 

media containing either glucose, CS-Keel disaccharide or inulin. In the presence of 

CSD L. acidophilus NRRL B-4495 produced 3.8 mg/ml of acetic acid, 0.75 mg/ml of 

propionic acid and 0.98 mg/ml of butyric acid (Fig. 7.3.4C). Similarly, B. infantis 

NRRL B-41661 in the presence of CSD produced 3.2 mg/ml of acetic acid, 0.73 mg/ml 

of propionic acid and 0.96 mg/ml of butyric acid (Fig. 7.3.4C). In the presence of 

standard prebiotic inulin L. acidophilus NRRL B-4495 produced 4.2 mg/ml of acetic 

acid, 0.88 mg/ml of propionic acid and 0.94 mg/ml of butyric acid. Similarly, B. infantis 

NRRL B-41661 in the presence of standard prebiotic inulin produced 4.7 mg/ml of 

acetic acid, 0.88 mg/ml of propionic acid and 1 mg/ml of butyric acid (Fig. 7.3.4C). 

The SCFA produced by the fermentation of CSD was comparable to that of standard 

prebiotic inulin, proving its potential as a prebiotic substrate. A similar trend in the 

SCFA production in the presence of inulin and its various substituted forms (acetylated, 

propionylated, and butyrylated) was seen after 24 h of fermentation by microbiota from 

batch human fecal fermentation reactions. Gut microbiota utilize the prebiotic as source 

of carbon, providing up to 50% of the daily energy requirements of colonocytes by 

fermentation of carbohydrates to organic acids, mainly butyrate (Tuohy et al., 2003). 

Butyrate promote mucosal cell proliferation, accelerate the healing process and hence 

provide remission to intestinal bowel disorder patient (Tuohy et al., 2003). These CS-

Keel disaccharide gets fermented finally by the gut microbiota to the SCFA including 

acetate, butyrate and propionate and hence present a suitable functional food ingredient.  
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Fig. 7.3.4  (A) Hydrolysis of CS-Keel disaccharide by artificial gastric juice (B) Effect 

of CS-Keel disaccharide on growth of probiotic bacteria (L. acidophilus 

NRRL B-4495 and B. infantis NRRL B-41661) and (C) Short chain fatty 

acid (SCFA) production by probiotic bacteria in presence of CS-Keel 

disaccharide, standards glucose and inulin. 

7.3.9 In vitro cell proliferation assay of CSD effect on L929 and HT29 cell lines  

 The in vitro cell proliferation assay of CS-Keel disaccharide was performed 

using MTT (Mosmann. 1983). This assay is based on the reduction of MTT into purple 

coloured formazan compound by metabolically active cells (Meerloo et al., 2011). The 

effect of CSD in the concentration range, 0.010 mg/ml to 2 mg/ml was studied on 

normal mouse fibroblast L929 cells and Human colon cancer HT-29 cells. Treatment 

of L929 cells with CSD showed no alteration in the proliferation of the cells with nearly 

93-98% cell viability (Fig. 7.3.5A). Effect of CSD was observed till 48h and it was 

found that it imparts no cytotoxicity on normal fibroblast cells with increase in time as 

well as concentration and hence safe for human consumption. The proliferation of 

Human colon cancer HT-29 cell line was studied after treatment with (0.010 mg/ml-2 
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mg/ml) of CSD. An overall 80% inhibition of HT-29 cell proliferation was observed 

with 0.5 mg/ml of CSD after 48h of incubation (Fig. 7.3.5B). Chondroitin sulphate are 

among the GAG polysaccharide which has been explored for its therapeutic potential. 

The role of CS as pharmacological agent may be achieved by direct uptake or as part 

of drug delivery system targeting cancer (Afratis et al., 2010). In a previous study, CS 

disaccharide of 16 different possible theoretical sulphation were synthesised and the 

sulphation motifs that inhibit triple negative breast cancer were identified. The highest 

inhibitory effect was observed for the most aggressive, triple negative breast cancer cell 

line MDA-MB-23, while no effect was observed with MCF-7, T47D and normal breast 

cells (MCF-12A) (Poh et al., 2015). Chondroitin sulphate/dermatan sulphate 

polysaccharide extracted from the skins of grey triggerfish showed inhibition of 

HCT116 cell lines (Krichen et al., 2017).  Antiproliferative activity of many other 

sulfated polysaccharides such as ulvans inhibiting (CACO-2) cell line (Kunou et al., 

1995) and fucans against human leukemia cell line (U-937) (Duarte et al., 2000) has 

been reported. Such antiproliferative activities has not been studied extensively with 

disaccharide and oligosaccharides. The CS-Keel disaccharide reported in present study 

with 80-85% of HT-29 cell inhibition projects a prospective anticancer agent. 
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Fig. 7.3.5  The in vitro cell proliferation assay (MTT) showing percent cell viability of 

cells treated with varying concentration (0.01 mg/ml -2 mg/ml) of CS-Keel 

oligosaccharide (A) Mouse fibroblast L929 cells, (B) Human colon 

adenocarcinoma HT-29 cells. 
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7.3.10  Morphological analysis of L929 and HT-29 cell treated with CSD by 

microscopy 

 

 The microscopic analysis of L929 cells was done with and without treatment of 

CS-Keel disaccharide. The L929 cells exhibit a spindle shape under the normal 

conditions (Theerakittayakorn and Bunprasert, 2011). The bright field microscopic 

analysis of untreated cell showed a normal spindle shaped L929 cells (Fig. 7.3.6A & 

B). The cells after treatment with 2 mg/ml of CSD showed no visible alteration in 

morphological aspects of L929 cells (Fig. 7.3.6C & D). This revealed that the CSD is 

non-toxic and showed no antiproliferative activity against normal fibroblast cell lines.  

The human colorectal adenocarcinoma cells (HT-29) normally exhibit epithelial 

morphology and forms a monolayer with a typical apical brush border in RPMI medium 

(Hekmati et al., 1990; Martinez-Maqueda et al., 2015). The untreated HT-29 cells with 

only incomplete RPMI medium showed a regular monolayer and epithelial shaped cells 

(Fig. 7.3.7A & B). A 0.5 mg/ml of CS-Keel disaccharide was used for treating the HT-

29 cells for 48h. The cells after treatment showed irregular shapes with disrupted cell 

membrane, also the cells start losing adhesion and getting dislodged from the surface 

of 24 well plate (Fig. 7.3.7C & D). The microscopic analysis of L929 and HT29 cell 

lines further strengthened the MTT assay data. The change in morphology and result of 

MTT assay with 80% inhibition of colon cancer (HT-29) cells growth clearly showed 

the inhibitory effect of CSD on the proliferation and adhesion of cells. 
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Fig. 7.3.6  Bright field microscopic images of Untreated mouse fibroblast L929 cells 

under (A) 20x (B) 40x magnification and CS-Keel disaccharide (0.5 mg/ml) 

treated cells for 48h under (C) 20x  and (D) 40x magnification. 
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Fig. 7.3.7  Bright field microscopic images of Untreated human colon adenocarcinoma 

HT-29 cells under (A) 20x (B) 40x magnification and CS-Keel disaccharide 

(0.5 mg/ml) treated cells for 48h under (C) 20x  and (D) 40x magnification. 

 

7.3.11 Nuclear analysis of HT-29 cells by DAPI staining 

The HT-29 cells were treated with 0.5 mg/ml of CS-Keel disaccharide for 48 h 

and the cells were stained with nuclear staining DAPI dye to observe the morphological 

changes in the nucleus of treated and untreated cells. The cells were observed under 

fluorescence microscope. DAPI is the fluorogenic dye that binds to the AT-rich region 

of the DNA and hence can be used for visualizing the nuclear DNA (Tarnowski et al., 

1991). Fig. 7.3.8A shows the bright field image of untreated HT-29 cells, in which cells 

are present in their intact morphology. Untreated cells show intact and round typical 

nuclei, as observed after DAPI staining (Fig. 7.3.8B). The HT-29 cells treated with CSD 
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displayed a distorted cell morphology as observed under bright field image (Fig. 

7.3.8C). The treated cells showed the morphological changes such as the reduction in 

cellular volume, shrinkage of cytoplasm, chromatin condensation, bleb formation 

around nucleus and nuclear fragmentation when observed with DAPI dye (Fig. 7.3.8D). 

The treated cells showed more intense and bright staining of nuclei with DAPI as 

compared with the untreated cells, which was due to formation of apoptotic bodies (Fig. 

7.3.8D). This is the first study in the effect of CS-Keel disaccharide on the human colon 

cancer cell lines has been shown. Pectic oligosaccharide isolated from tomato showed 

the anticancer potential against AGS cell line and hence apoptotic body formation as 

observed by DAPI and TUNNEL assays (Kapoor et al., 2017). 

7.3.12 Mode of cell death analysis by Annexin V-FITC staining 

 Apoptosis is a regulated process of cell death that is distinguished from necrosis 

by characteristics morphological and biochemical changes such as compaction and 

fragmentation of the nuclear chromatin, shrinkage of the cytoplasm and loss of 

membrane asymmetry. During early stages of apoptosis, the alteration in plasma 

membrane occurs and phosphatidylserine gets translocated from inner to outer side of 

the membrane. The annexin-V FITC dye binds the phosphatidylserine, exposed from 

the membrane and hence stains the apoptotic cells, while PI stains the dead or necrotic 

cells. The apoptotic/necrotic mode of cell death was analysed by staining the untreated 

and CSD treated HT-29 cells with annexin V-FITC and PI. HT-29 cells treated with 0.5 

mg/ml CSD (Fig. 7.3.8E) showed significantly higher staining and strong green 

fluorescence of cell membrane with annexin-V FITC. The entry of annexin-V FITC 

appears to be due to disturbance in the loss of integrity of cellular membrane that 

confirmed the presence of apoptotic bodies after the CSD treatment (Fig. 7.3.8F). The 

TH-1654_11610622



Chapter 7                                                                                                     272      
 

dead cells showed membrane staining by both annexin V and nuclear staining by 

propidium iodide (Fig. 7.3.8G-H). The untreated HT-29 cells showed no or faint green 

fluorescence after staining, demonstrating the viability of cells (Fig. 7.3.8I & J). The 

results of DAPI, annexin-V FITC and PI staining suggested that the CS-Keel 

disaccharide induce the cell death in human colon adenocarcinoma cells by apoptosis. 

This also demonstrated the promising antiproliferative potential of CSD where by it 

may be used as an effective agent in treating gastric cancer. 

 

Fig. 7.3.8  Nuclear analysis of HT-29 cells, stained with DAPI under 40X resolution 

(A) Control untreated cells under bright field microscope, (B) Control 

untreated cells showing faint fluorescence and less permeability with DAPI, 

(C) CSD treated cells (0.5 mg/ml) under bright field microscope showing 

disrupted membrane (D) Treated cells showing high permeability with 

DAPI and nuclear condensation. Apoptosis/Necrotic analysis of HT-29 

cells by Annexin-V-FITC and PI staining under 40X resolution (E)-(H) 

treated HT-29 cells with 0.5 mg/ml of CSD, (I)-(J) untreated HT-29 cell 

lines. 
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7.4 Conclusions 

Chondroitin Sulphate-Keel disaccharide (CSD) was produced by chondroitin 

AC lyase (PsPL8A) degradation of CS-Keel polysaccharide isolated from chicken keel 

cartilage. PsPL8A showed specific activity, 340±5 U/mg with CS-Keel polysaccharide. 

Time dependent TLC analysis showed the presence of higher oligosaccharide till 30 

min after which the disaccharide was the major product. CSD was purified by gel 

filtration using Bio-Gel P2 matrix and the ESI-MS and MS/MS analysis showed peak 

at 300 m/z, confirming it to be chondroitin 4-sulpahte disaccharide. The structural 

characterization of CSD by FTIR and NMR showed the presence of N-

acetylgalactosamine and glucuronic acid. CSD displayed prebiotic properties by 

showing 23.7% hydrolysis to gastric juice, comparable to commercial inulin (25.2%) 

at pH 1.0. CSD showed a positive prebiotic score for Lactobacillus acidophilus NRRL 

B-4495(0.57) and Bifidobacterium infantis NRRL B-41661 (0.58). CSD was fermented 

by probiotic bacteria into Short Chain Fatty Acid (SCFA) products such as acetate, 

propionate and butyrate.  MTT assay and morphological analysis confirmed that CSD 

(0.5 mg/ml) does not decrease the viability of mouse fibroblast (L929) cell lines and 

showed anti-proliferative potential against human colon cancer (HT-29) cell lines 

displaying 80% inhibition. CSD treated HT-29 cells also displayed the nuclear 

fragmentation on observation by DAPI dye. CSD treated HT-29 cells showed more 

intense staining of nuclei with DAPI as compared with the untreated cells because of 

chromatin condensation. CSD treated HT-29 cells exhibited apoptotic body formation, 

which confirms apoptosis as major mode of cell death as observed by annexin-V-FITC 

and PI staining. Colonic microflora has a profound influence on health. CSD having 

the prebiotic and anticancer properties can be used to manipulate the colonic microflora 
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to improve gut health and can specifically target intestinal bowel disorders, colorectal 

cancer and maintain the gastrointestinal health. Future challenges includes the study of 

the prebiotic and anti-colorectal cancer potential of CSD under in vivo conditions.   
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a  b  s  t  r  a  c  t

Chondroitin  lyases  are therapeutically  important  enzymes.  The  functional  aspects  of a  chondroitin  AC
lyase (PsPL8A)  from  Pedobacter  saltans DSM12145  were  investigated.  PsPL8A  was  cloned  in to pET28a(+)
vector,  expressed  in  E. coli BL-21(DE3)  cells  exhibited  a molecular  size  of  approximately,  77  kDa.  PsPL8A
displayed  maximum  activity  with  chondroitin  4-sulphate,  C4S  (489  U  mg−1) followed  by chondroitin  6-
sulphate,  C6S  (214  U mg−1) and  hyaluronic  acid (43.2  U mg−1).  PsPL8A  was  maximally  active  at  39 ◦C and
pH  7.2.  100 mM  Na+ and  20 mM  Ca2+ ions enhanced  the  activity  of  PsPL8A  by 2-fold.  The  time  dependent
TLC  analysis  of  PsPL8A  degraded  products  of C4S  revealed  the  presence  of higher  degree  of polymerization
(DP)  chondroitin  sulphate  (CS)  oligosaccharides  at  initial  stage,  but after  1  h,  only �C4S  disaccharide  was
produced  as the  major  product.  This result  displayed  that  PsPL8A  follows  initially  a  concomitant  endo-
and  exo-lytic  mode  which  finally  shifted  to exolytic  mode  of catalysis.  The  oligosaccharides  released  were
identified  as  di-, hexa-,  octa-  and  dodeca-saccharide  by ESI–MS  analysis.  The  �C4S  disaccharide  showed
a  peak  at m/z  458  (ESI–MS)  while  in  MS/MS  mode  it gave  the peak  at m/z 300.  ESI–MS/MS, 1H- and 13C-
NMR analyses  confirmed  the structure  of  �C4S  disaccharide  product  obtained  after  24  h  reaction  of  C4S
with PsPL8A.  The  enzyme  reported  in  present  study  can  be used  for cancer  mitigation,  spinal  cord  injury
treatment  and  CS  oligosaccharides  production  which  act  as  anti-inflammatory  agents.  This  is the first
study  reporting  the  cloning  and  expression  of chondroitin  AC  lyase  from  Pedobacter  saltans  DSM 12145.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Proteoglycans are the major constituent of extracellular matrix
(ECM) in animals [1]. These proteoglycans are made up of protein
core and the Glycosaminoglycan (GAG) chains. GAGs are highly
charged linear heteropolysaccharide chains composed of an alter-
nating repeating disaccharide units of two six membered sugar
rings, a hexosamine (N-acetyl glucosamine, GlcNAc, or N-acetyl
galactosamine, GalNAc) linked to a uronic acid (d-glucuronic acid,
GlcA, or l-iduronic acid, IdoA) [2]. These monosaccharide units
can either be sulphated or non-sulphated. The molecular weight
and sulphation of these chains depends upon its location and the
type of tissue [3–5]. GAGs are classified into four main categories,

Abbreviatons: ECM, extracellular matrix; GAG, glycosaminoglycan; GlcNAc,
N-acetyl glucosamine; GalNAc, N-acetyl galactosamine; GlcA, d-glucuronic acid;
IdoA, l-iduronic acid; CS, chondroitin sulphate; DS, dermatan sulphate; C4S, chon-
droitin 4-sulphate; C6S, chondroitin 6-sulphate; TLC, thin layer chromatography;
IMAC, immobilized metal-ion affinity chromatography; NMR, nuclear magnetic res-
onance; ESI–MS, Electron Spray Ionization-Mass Spectrometry.

∗ Corresponding author.
E-mail address: arungoyl@iitg.ernet.in (A. Goyal).

heparan sulphate, keratan sulphate, hyaluronic acid, chondroitin
sulphate (CS) or dermatan sulphate (DS). GAGs with an excep-
tion of hyaluronic acid are attached through a serine residue to
the protein core and form proteoglycans. Chondroitin sulphate is
composed of Glucuronic acid (GlcA) attached through a �-(1 → 3)
linkage to N-acetylgalactosamine (GalNAc) and these disaccha-
rides repeat units are connected via �-(1 → 4) glycosidic linkage
forming a polysaccharide chain [6]. CS can be regioselectively
sulphated at 4-O or 6-O positions of N-acetylgalactosamine and
hence classified as chondroitin 4-sulphate (C4S) or chondroitin 6-
sulphate (C6S), respectively [7]. CS chains play important roles in
various biological functions such as cell adhesion, proliferation,
differentiation, signalling, inflammation, organ morphogenesis,
inflammation, infection and pathogenesis by interacting with
cytokines and myriad of growth factors [8–10]. CS also maintains
the resiliency and structural integrity of cartilage tissue [11,12].

The enzymatic degradation of GAGs involves mainly two classes
of enzymes, hydrolases and lyases. The hydrolase enzymes from
eukaryotic sources act via hydrolytic mechanism and they degrade
the GAGs by cleaving the glycosyl-oxygen bond by the addition
of a water molecule and produce saturated disaccharide products.
The GAG lyases from prokaryotic origin depolymerize GAGs via a �

http://dx.doi.org/10.1016/j.molcatb.2016.11.001
1381-1177/© 2016 Elsevier B.V. All rights reserved.
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elimination mechanism and cleave the oxygen–aglycone linkage
through proton abstraction from C5 carbon of uronic acid, pro-
ducing an unsaturated disaccharide product with a double bond
between C4 and C5 at uronic acid ring [13,14]. Polysaccharide
lyases (EC 4.2.2.-) are large group of enzymes belonging to carbo-
hydrate active enzymes and have been classified into 23 families,
on the basis of sequence similarity according to the CAZy database
[15]. Chondroitin lyase has been reported from family 6, 8 and
23 degrading chondroitin sulphate via � elimination mechanism
and generating �4,5 unsaturated products that shows maximum
absorption at 232 nm (A232).

Microorganisms are the major sources of CS degrading enzymes,
particularly soil bacteria which may  depend upon connective
tissues of animal carcasses as a nutrient source [16,17]. Chon-
droitin lyases have been previously reported from Bacteroides
thetaiotaomicron, [2] Pedobacater heparinus, (previously known as
Flavobacterium heparinum) [17,18] Arthrobacter aurescens, [14] Bac-
teroides stercoris HJ-15 [19]. In recent times chondroitin lyases
have emerged as major therapeutic agents in clinical field. Chon-
droitin lyases have been reported to have antitumor activity, inhibit
angiogenesis, neovascularization, proliferation and metastasis in
human melanoma (SK-MEL 2) cells [9,20,21]. Chondroitin lyase
mediated degradation of upregulated chondroitin sulphate proteo-
glycans after central nervous system/spinal cord injuries augments
the axonal regeneration and improves nerve plasticity [22–26].
CS lyases also impart neuroprotective role by enhancing the anti-
inflammatory cytokine IL-10 level, as revealed by a mouse model
study [26].

Pedobacter saltans is gram negative, soil isolate and strictly aer-
obic bacterium. It was reported to possess chondroitin sulphate
degradation and heparinolytic activity [27,28]. In the present study
chondroitin AC lyase, PsPL8A from Pedobacter saltans DSM 12145
was cloned, expressed and biochemically and functionally charac-
terized. To our knowledge PsPL8A is a new member of the family 8
polysaccharide lyase and is the first report on chondroitin AC lyase
from Pedobacter saltans DSM 12145.

2. Materials and methods

2.1. Bacterial strains and vectors

The genomic DNA of P. saltans DSM 12145 was  purchased from
DSMZ (Leibniz Institute DSMZ-German Collection of Microorganisms
and Cell Cultures, Germany), Escherichia coli DH5� and XL-10 Gold
cells Novagen (Madison, WI)  were used for transformation and
amplification of recombinant plasmid. The E. coli BL21 (DE3) cells
Novagen (Madison, WI), were used as host cells for expression of
recombinant protein. The vectors pET-28a (+) Novagen (Madison,
WI)  and pGEM-T Easy vector (Promega) were used for cloning and
expression, respectively.

2.2. The substrates

Chondroitin 6-sulphate disaccharide (�di-6S) sodium salt (Dex-
tra Laboratories Ltd, U.K), Chondroitin 6 − sulphate (C6S) sodium
salt from shark cartilage, Chondroitin 4-sulphate sodium salt
(C4S) from bovine trachea, Chondroitin sulphate B sodium salt
(Dermatan sulphate) from porcine intestinal mucosa, Hyaluronic
acid sodium salt from Streptococcus equi, Heparin sodium
salt, Chondroitin 4-sulphate disaccharide (�di-4S) sodium salt,
N-Acetyl-d-galactosamine were purchased from Sigma-Aldrich
Chemical Company, USA.

2.3. Sequence analysis of PsPL8A

The gene sequence with locus name, Pedsa 3808 (http://
www.cazy.org/PL8 bacteria.html) having GenBank accession no.
ADY54337.1 belonging to family 8 polysaccharide lyase (PL8)
from Pedobacter saltans DSM 12145 was  identified. BLAST analy-
sis of Pedsa 3808 was performed using protein data bank (pdb) to
identify the chondroitin lyase coding region. Conserved Domains
Database was  referred to for determining the expanse of domains.
The subcellular localisation of protein was  predicted using PSORT
server (http://psort.hgc.jp/form.html). The expected molecular
mass of the protein and various physical and chemical parameters
including theoretical pI, amino acid composition, atomic composi-
tion, extinction coefficient was calculated using ProtParam server
of the Swiss Institute of Bioinformatics (http://web.expasy.org/
protparam/).

2.4. Amplification of gene encoding PsPL8A and cloning

The ORF encoding PsPL8A was  amplified from genomic
DNA of Pedobacter saltans using two  oligonucleotide primers
containing NheI and XhoI restriction sites. The sequence of oligonu-
cleotide primers used for amplification were, forward primer
5′-CGCGCTAGCCAAAAGCAGACATTTGAACTG-3′ and reverse primer
5′-GCGCCTCGAGTTAAACTTTTTCTGATTTGGT-3′. A 50 �l of reaction
was set up for PCR containing Mg2+ ions (2.5 mM),  dNTPs mix
(0.2 mM),  primers (1.5 �M each), 1.0 �l of Taq DNA polymerase
(1 Unit/�l) and 1 �l of 2.22 ng/�l  genomic DNA of P. saltans.  The
PCR conditions for amplification of PsPL8A were, initial denatu-
ration 94 ◦C for 4 min  followed by 30 cycles of denaturation at
94 ◦C for 30 s, annealing temperature at 55 ◦C for 1 min  30 s, exten-
sion at 72 ◦C for 2 min  and final extension at 72 ◦C for 10 min  on
thermal cycler (TAKARA Bio, Japan). The amplified PCR product
was run on 0.8% agarose gel and purified by GenElute kit (Sigma
Chemical Company, USA). The amplified PCR product was ligated
to pGEM-T Easy vector containing ampicillin as a resistant marker
in a ratio of 3:1 for TA cloning and the ligation mix  was incu-
bated overnight at 16 ◦C. The ligated product was transformed using
200 �l of E. coli XL10 GOLD competent cells. After the transforma-
tion the cells were spread on LB agar plate containing ampicillin
(100 �g/ml), IPTG (100 mM)  and X-gal (50 �g/ml) and incubated at
37 ◦C for overnight. The white colonies were picked on the basis
of blue-white colony selection. The positive clones were confirmed
by restriction digestion analysis of the recombinant plasmids. The
gene was excised from pGEM-TEasy vector using NheI and XhoI
restriction enzymes (Promega, USA) and was  cloned into pET28a(+)
vector digested with the same set of restriction enzymes. The E.
coli DH5� cells were used for transformation of above recombi-
nant plasmid. The cells were spread on LB agar plate containing
kanamycin (50 �g/ml) and incubated at 37 ◦C for overnight. The
positive clones were screened by restriction digestion analysis of
the isolated recombinant plasmid from E. coli DH5� cells.

2.5. Expression and purification of PsPL8A

E. coli BL21 (DE3) cells were used as host for expression
of PsPL8A. The cells were grown in 100 ml  LB medium sup-
plemented with kanamycin (50 �g/ml) incubated at 37 ◦C with
shaking at 180 rpm to mid  exponential phase till the absorbance
at 550 nm (A550) reached 0.6. At this point isopropyl-1-thio-�-d-
galactopyranoside (IPTG) was added to a final concentration of
1.0 mM and culture was incubated at 24 ◦C with shaking at 180 rpm.
The cells were harvested by centrifugation at 8,000g and 4 ◦C for
10 min. The cell pellet was  resuspended in 5 ml of 50 mM Tris-
HCl buffer pH 7.2 containing 1 mM phenylmethanesulfonyl fluoride
(PMSF). The cells were sonicated (Sonics, vibra cells) by keeping
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on ice for 30 min  with 10 s on and 15 s off pulse at 33% ampli-
tude. The sonicated cells were centrifuged at 16,000 rpm and 4 ◦C
for 45 min. The cell free supernatant was subjected to immobi-
lized metal ion affinity chromatography (IMAC) as the recombinant
protein PsPL8A contains N-terminal His6 tag. The cell free extract
was filtered through a 0.45 mm membrane and loaded on to a 1 ml
HiTrap chelating column (GE Healthcare) equilibrated with 50 mM
Tris-HCl buffer, pH 7.2 containing 300 mM NaCl and 60 mM imida-
zole. After extensively washing the column with 50 ml  same buffer
the bound protein was eluted by FPLC (Akta purifier) using a lin-
ear gradient of imidazole (0–500 mM)  dissolved in 50 mM Tris-HCl
buffer, pH 7.2 containing 300 mM NaCl. SDS polyacrylamide gel
electrophoresis was used to assess the molecular mass and the
purity of recombinant PsPL8A. The enzyme concentration was  mea-
sured by using molar extinction coefficient (�) of 140150 M−1 cm−1

(calculated from sequence at ExPASy server http://web.expasy.org/
protparam/) on a NanoDrop spectrophotometer (Thermo, 2000c).

2.6. Activity assay of PsPL8A

The enzyme assay of PsPL8A was carried out by incubating
0.1 �g of enzyme in 1 ml  reaction mixture containing 1 mg/ml  of
C4S substrate. The enzyme reaction was performed under opti-
mum  reaction conditions of 50 mM Tris-HCl buffer, pH 7.2 at 39 ◦C
for 5 min. The unsaturated oligosaccharide product formation was
monitored by an increase in the absorbance at 232 nm (A232) as
a function of time on a UV–vis spectrophotometer (Varian, Cary
100). The absorbance observed was converted to units using molar
absorption coefficient (3800 M−1 cm−1) for �4,5 unsaturated dou-
ble bond formed in the reaction. One unit of enzyme activity was
defined as amount of enzyme that liberates 1 �mol  of unsatu-
rated oligosaccharides product per min  as calculated using a molar
absorption coefficient of 3800 M−1 cm−1 [18].

2.7. Substrate specificity of PsPL8A

The substrate specificity of PsPL8A was studied against differ-
ent glycosaminoglycan (GAG) substrates (1 mg/ml) viz. Chondroitin
4-sulphate sodium salt from bovine trachea, Chondroitin sul-
phate B sodium salt (dermatan sulphate) from porcine intestinal
mucosa, Hyaluronic acid sodium salt from Streptococcus equi, Hep-
arin sodium salt and Chondroitin 6-sulphate sodium salt from shark
cartilage. PsPL8A was incubated with 1 mg/ml  of substrate in 50 mM
Tris-HCl buffer, pH 7.2 in 1 ml  reaction mixture at 39 ◦C for 5 min.
The increase in A232 was measured from time zero as a function of
time on a UV–vis spectrophotometer (Varian, Cary 100).

2.8. Biochemical characterization of PsPL8A

The optimum temperature of PsPL8A was determined by incu-
bating the 0.1 �g of enzyme in 1 ml  reaction mixture containing
1 mg/ml  chondroitin 4-sulphate in 50 mM Tris-HCl buffer, pH 7.2 in
the temperature range 20 ◦C − 60 ◦C for 5 min. The thermal stability
of enzyme was studied by incubating 100 �l enzyme (10 �g/ml) in
50 mM Tris-HCl buffer (pH 7.2) for 30 min  at different temperatures
varying from 20 ◦C to 50 ◦C. After incubation 10 �l of enzyme was
assayed in a 1 ml  reaction mixture containing 1 mg/ml  of C4S for
the residual activity at optimum temperature 39 ◦C for 5 min. The
optimum pH of PsPL8A was determined by incubating the 0.1 �g
of enzyme in 1 ml  reaction mixture containing 1 mg/ml of chon-
droitin 4-sulphate incubated at 39 ◦C for 5 min  under pH range of pH
6–9. Two buffer systems 50 mM sodium phosphate for pH 6–8 and
50 mM Tris-HCl for pH 7–9 were used. The activity was  measured
by monitoring the unsaturated product formation by an increase in
A232 as a function of time. The pH stability analysis of PsPL8A was
carried out by incubating the 100 �l enzyme (10 �g/ml) in 50 mM

buffer (sodium phosphate, pH 6–8 or Tris-HCl, pH 7–9) for 30 min
at 25 ◦C. After the incubation 10 �l of enzyme was assayed for the
residual activity at optimum temperature of 39 ◦C for 5 min.

2.9. Kinetic parameters analysis for PsPL8A (kcat and km/kcat)

The kinetic parameters, Km , Vmax, kcat and kcat/Km , of PsPL8A
were calculated by obtaining initial reaction rate as a function
of substrate concentration. The concentration of substrate chon-
droitin 4-sulphate was varied in a range of 0.1–3.0 mg/ml  and the
activity of PsPL8A was assayed under the optimized conditions of
temperature, 39 ◦C and pH 7.2.

2.10. Effect of metal ions on the activity of PsPL8A

The activity of PsPL8A was  studied in the presence of varying
concentrations of different metal ions mixed with 1.0 mg/ml of
chondroitin 4-sulphate in 1 ml  reaction mixture. A control with-
out metal ions was also run in parallel. The reaction was carried
out in 50 mM Tris-HCl, buffer pH 7.2 and at a temperature of 39 ◦C.
The assay was  carried out by monitoring unsaturated product for-
mation by an increase in A232 as a function of time as mentioned
earlier.

2.11. Thin layer chromatography analysis of degraded products
of C4S

The mode of action of PsPL8A on its substrate C4S was deter-
mined by analysing its degraded products released at different time
intervals by thin layer chromatography (TLC). Separate reactions
were set up in which PsPL8A was  incubated in a 1 ml  reaction mix-
ture containing, 1.0 mg/ml  C4S in 50 mM Tris-HCl buffer, pH 7.2 and
incubated at 39 ◦C. Different reactions were set up for each time
interval (0 min, 1 min, 2 min, 5 min, 10 min, 15 min, 20 min, 25 min,
30 min, 35 min, 45 min, 1 h, 2 h, 4 h, 8 h, 12 h, 16 h and 24 h). After
completion of the time interval the degraded products were sepa-
rated by precipitating the undigested polysaccharides and protein
by adding equal volume of absolute ethanol and by centrifuging at
13,000 g for 10 min. The supernatant containing enzyme degraded
products were collected in separate micro- centrifuge tubes and
concentrated from 1 ml  to 100 �l by heating at 60 ◦C. A 0.5 �l of
concentrated products were applied as a spot on TLC plate (Merck,
Germany) and run under a solution containing 1-butanol, water and
acetic acid in the ratio 5:3:2 (v/v) [29]. The TLC plates were stained
by diphenylamine: aniline: phosphoric acid reagent (1 ml of 37.5%
HCL, 2 ml  aniline, 10 ml  of 85% H3PO4, 100 ml  of ethyl acetate and
2 g of diphenylamine) and visualized after incubating at 80 ◦C for
30 min  [30].

2.12. ESI-Mass spectrometric analysis of PsPL8A degraded
product of C4S

The reaction of PsPL8A was carried out in a 1 ml  reaction mix-
ture containing, 1.0 mg/ml  C4S in 50 mM Tris-HCl buffer, pH 7.2
and incubated at 39 ◦C for 2 min, 30 min, 1 h, 2 h and 24 h. The 1 ml
reaction mixture was  treated with equal volume of ethanol and
centrifuged at 13,000g for 10 min  to precipitate and separate the
polysaccharide and protein. After centrifugation the supernatant
was collected and concentrated to 100 �l in hot air oven at 60 ◦C.
The samples containing the oligosaccharides were diluted in 1:1
(v/v) ratio by methanol and 20 �l was  used for analysis. The sam-
ples after 2 min, 30 min, 1 h, 2 h and 24 h reaction with PsPL8A were
then analyzed by Electron Spray Ionization (ESI) mass spectrome-
ter (Waters, Q-TOF Premier) in MS  mode without any purification.
The reaction product of 24 h was  analysed by both MS  and tan-
dem MS  (MS/MS) mode. ESI–MS and tandem MS  analyses were
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carried out in negative ion mode, where the parameters for ESI–MS
analysis were; capillary voltage 3 eV, collision energy 5 eV, ioniza-
tion energy 1 eV, desolvation temperature 250 ◦C and the source
temperature of 80 ◦C. The tandem MS  analysis was carried out by
nanospray ionization using the voltage 3 eV, collision energy 20 eV
and collision-induced dissociation was performed on ion of interest
using the argon gas.

2.13. 1H- and 13C- NMR  spectroscopic analysis of PsPL8A
degraded disaccharide from C4S

The final degraded disaccharide product of C4S by enzyme
PsPL8A after reaction completion at 24 h was analysed by 1H-
and 13C- Nuclear magnetic resonance (NMR) spectroscopy. The
enzyme reaction was carried out in 1 ml  reaction mixture contain-
ing 1.0 mg/ml  of C4S in 50 mM Tris-HCl buffer, pH 7.2 and 0.5 �g
of PsPL8A enzyme and incubated at 39 ◦C for 24 h. The undigested
polysaccharide and protein were precipitated by adding equal vol-
ume  of absolute ethanol with gentle mixing and subsequently
centrifuged at 13,000g for 10 min. After centrifugation the super-
natant was collected and lyophilized. The sample was  dissolved
in D2O (99.96%) (Merck Germany) at concentrations of 5 mg/ml
(for 1H NMR) and 20–30 mg/ml  (for 13C NMR). The 1H- and 13C-
NMR spectra were acquired at 25 ◦C at 600 MHz  NMR  spectrome-
ter (Bruker, Avance III HD, MA,  USA) fitted with a 5-mm probe and
equipped with topspin software package from Bruker for analysis.

3. Results and discussion

3.1. Sequence analysis of PsPL8A from Pedobacter saltans DSM
12145

The amino acid sequence of PsPL8A with locus name Pedsa 3808
and GenBank accession no. ADY54337.1 was accessed from CAZy
database (http://www.cazy.org/). BLAST analysis of Pedsa 3808
sequence revealed the presence of putative GAG lyase domain
belonging to GAG lyase superfamily. The analysis of deduced amino
acid sequence of the protein gave an insight about the exis-
tence of N-terminal signal sequence with a cleavage site predicted
between Ala22 and Gln23 by SignalP 3.0 server (http://www.cbs.
dtu.dk/services/SignalP-236 3.0/). The expanse of signal peptide
is of 22 amino acids from N-terminal and PsPL8A spans at C-
terminal from 23 to 701 amino acids, a 679 amino acid domain
(Fig. 1a). It exhibited sequence similarity with chondroitin AC lyase
from Flavobacterium heparinum (55% identity, PDB id 1HM2 A) and
Arthrobacter aurescens (25% identity, PDB id 1RW9 A). The subcel-
lular localization score as predicted by PSORT server indicated that
the protein encoded by sequence Pedsa 3808 is of extracellular
nature.

3.2. Cloning, expression and purification of recombinant PsPL8A

The DNA sequence of 2037 base pairs, encoding PsPL8A was
amplified by PCR and ligated to pGEM-T Easy vector for TA cloning.
The gene was excised by using NheI and XhoI restriction enzymes
from cloned pGEM-T Easy vector and was ligated to pET28a(+)
expression vector as described in methods section. The recom-
binant protein containing the N-terminal His6-tags was purified
by immobilized metal ion affinity chomatography. The expression
and purification of the recombinant PsPL8A analysed by SDS-PAGE
(10.5%, w/v) gel showed molecular size of approximately, 77 kDa
(Fig. 1b). The theoretical molecular mass calculated from PsPL8A
sequence included the N-terminal amino acids with the His6 tag
(MGSSHHHHHHSSGLVPRGSHMAS) was 77.2 kDa. The molecular
size of the PsPL8A obtained from SDS-PAGE was in agreement
with the theoretically expected value. The recombinant PsPL8A

expressed as a soluble protein. The concentration of purified pro-
tein was  found to be 3.5 mg/ml from 100 ml  culture.

3.3. Substrate specificity of PsPL8A

The �-elimination reaction mechanism followed by PsPL8A
was confirmed spectrophotometrically by measuring the �4,5
unsaturated oligosaccharides by the increase in absorbance at
232 nm (A232). PsPL8A is a characteristic chondroitin AC lyase
and preferentially cleaves chondroitin, though it also acts against
hyaluronic acid. PsPL8A was  predominantly active towards chon-
droitin sulphate substrates. It displayed highest activity towards
C4S (489.0 ± 11 U/mg) followed by C6S (214.0 ± 2.0 U/mg) and
hyaluronic acid (43.2 ± 1.2 U/mg), but did not show any activ-
ity with dermatan sulphate and heparin. Chondroitin AC lyase
reported earlier from Flavobacterium heparinum,  showed activity
towards C4S and C6S [18]. Chondroitin AC lyase reported from Bac-
teroides stercoris HJ-15 displayed higher activity with C4S followed
by hyaluronic acid and C6S [13,19]. Another report on chondroitin
lyase from Baculovirus envelope protein ODV-E66 does not degrade
C4S, whereas it degrades most efficiently, the chondroitin without
sulphation followed by C6S and hyaluronic acid to lesser extent
[31]. Chondroitin AC lyase from Serratia marcescens GT596 showed
enzyme activity with chondroitin 4-sulphate notably lower activity
than with chondroitin 6-sulphate [32].

3.4. Biochemical properties of PsPL8A

The effect of the temperature and pH on the activity of the
recombinant PsPL8A was determined using C4S as a substrate.
PsPL8A displayed an optimum temperature of 39 ◦C (Fig. 2a) and
retained ∼90% of activity within the temperature range 35–40 ◦C.
The thermal stability of PsPL8A displayed ∼100% retention of activ-
ity within temperature range 30–40 ◦C after 30 min  incubation
(Fig. 2b). The temperature above 40 ◦C may  be causing the con-
formational changes leading to loss of enzyme activity. PsPL8A
displayed optimum pH of 7.2 and retained 90% activity within the
pH range 6.9–7.6 (Fig. 2c). The pH stability profile displayed retain-
ing of approximately, ∼90% of enzyme activity for 30 min  in the pH
range 6.8–7.6 (Fig. 2d).

The chondroitin lyase has the most promising potential in
cancer alleviation and spinal cord injuries treatment [9,20–26].
Chondroitin AC lyase from Flavobacterium heparinum [18] and Bac-
teroides stercoris HJ-15 [13] displayed optimum pH of 8.0 and
5.8, respectively and the optimum temperatures 35 ◦C and 45 ◦C,
respectively. However, PsPL8A displayed optimum pH of 7.2 and
optimum temperature in the range 35–40 ◦C, which are human
physiological conditions. Therefore, PsPL8A can also serve as a
potential candidate for therapeutic applications such as neuronal
reinnervation and antitumor agent.

The kinetic parameters of PsPL8A were determined against
C4S. PsPL8A displayed Km and Vmax values of 1.1 ± 0.01 mg/ml  and
526 ± 28 U mg−1, respectively using C4S. It gave the turnover num-
ber (kcat) of 679.6 s−1 and (kcat /Km) as 617.8 s–1 mg−1 ml using C4S
as substrate.

3.5. Effect of metal ions on the activity of PsPL8A

The performance of PsPL8A under the influence of various mono-
valent and divalent salts as well as detergent, using C4S as substrate
was investigated and the results are shown in Table 1. The activ-
ity of PsPL8A with no additive was taken as 100%. The presence
of 100 mM Na+ or 20 mM Ca2+ or 20 mM Co2+ ions concentration
enhanced the activity of PsPL8A by ∼2 fold. The enzyme activ-
ity of PsPL8A was  adversely affected at the low concentrations of
Zn2+, Al3+, EDTA and SDS, while enzyme activity of PsPL8A was
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Fig. 1. (a) Molecular architecture of PsPL8A showing an N-terminal signal peptide followed by the catalytic domain (b) SDS-PAGE (10.5%, w/v) gel showing over-expression
and  purification of PsPL8A using E. coli BL21 (DE3) cells; Lane M:  Fermentas high range protein molecular mass marker, Lane 1: Uninduced BL21 (DE3) cells, Lane 2: Induced
BL21  (DE3) cells, Lane 3: Cell pellet after sonication, Lane 4: Cell free extract, Lane 5: Last wash from the column and Lane 6: Purified recombinant PsPL8A enzyme.

completely inhibited at very low concentrations of Fe2+ or Cu2+ ions.
The results of metal ion study gave a lucid idea that Ca2+ or Co2+ ions
might be required by PsPL8A as cofactors for increasing its the activ-
ity. It was earlier reported that chondroitin lyase from Baculovirus
envelope protein ODV-E66 remains unaffected by the addition of
divalent metal ions [31]. Chondroitin AC lyase from Bacteroides
stercoris HJ-15 displayed only a 5% and 2% increase in the activ-
ity by 1 mM Ca2+ or Mg2+ ion concentrations, respectively [13]. The
enzyme activity of chondroitin AC lyase from marine Arthrobacter
sp. MAT3885 remains unaffected by addition of metal ions such as
Na+, K+, Mg2+, Ca2+, Fe2+, Co2+, Cu2+ and Ni2+, while the addition of
Mn2+ increased the activity by only 20% [33]. The HA/CS-degrading
activity of HCLase from marine bacterium was significantly inhib-
ited by 5 mM concentration of divalent metal salts CaCl2, MgCl2,
MnCl2 and CoCl2 suggesting that the activity is independent of

Table 1
Effects of metals ions on PsPL8A activity with chondroitin 4-sulphate as substrate.

Metal ion/Reagent Concentration (mM)  Relative activity (%)

Control – 100
Na+ 100 209
K+ 100 185
Ca2+ 20 190
Mg2+ 20 136
Co2+ 20 185
Zn2+ 1.0 15.2
Fe2+ 1.0 1.2
Cu2+ 0.1 2.2
Al3+ 10.0 5.4
SDS 1.0 1.1
EDTA 10.0 1.4

divalent metal ions [34]. The present metal ions study with PsPL8A
indicated that the divalent Ca2+ or Co2+ ion(s) might be present
at the catalytic site and involved in catalysis enhancing enzyme
activity of PsPL8A. The modelled structure of PsPL8A was  analysed
by 3D ligand site server using a structural library of homologous
structures with bound ligands to predict the metal binding site.
The results revealed the presence of Ca2+ ion at the binding site of
PsPL8A (Data not shown). This further supports the role of Ca2+ or
Co2+ ion(s) in the catalysis by PsPL8A.

3.6. TLC analysis of enzymatic degradation products of C4S

The products released by the enzymatic degradation of PsPL8A
with C4S were determined by TLC (Fig. 3). The salient feature of
PsPL8A catalysis involved only the �-(1 → 4)-bond cleavage by �
elimination mechanism. The time dependent C4S degradation by
PsPL8A in TLC analysis showed simultaneous endo- and exo-lytic
cleavage pattern for first hour producing a series of higher oligosac-
charides along with the �C4S disaccharide (Fig. 3). After 1 h of the
reaction PsPL8A started utilizing the higher oligosaccharides, chop-
ping off them, producing only the �C4S disaccharide as the sole
product that continued till 24 h. This result displayed the initial
concomitant endo- and exo-lytic cleaving property of PsPL8A and
finally shifting to only exo-lytic mode. The previous reports suggest
that chondroitin AC lyase from Flavobacterium heparinum cleaves
endolytically the substrates [18,35,37], whereas for chondroitin AC
lyases from Arthrobacter auresus the exolytic action was  reported
[14,35–37].
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Fig. 2. (a) Effect of temperature on PsPL8A activity with C4S in buffer 50 mM Tris-HCl pH 7.2 (b) Thermal stability of PsPL8A using 50 mM Tris-HCl buffer, pH 7.2, with 30 min
incubation of enzyme at 20–50 ◦C followed by assay 10 �l of enzyme in 1 ml  reaction mixture containing 1 mg/ml of C4S for the residual activity at optimum temperature
39 ◦C for 5 min, (c) Effect of pH on PsPL8A activity. The enzyme was  incubated in 50 mM buffer (Sodium phosphate pH 6–8 or Tris-HCl, pH 7–9) and activity was measured at
39 ◦C for 5 min  (d) pH stability of PsPL8A. The enzyme in 50 mM buffer (Sodium phosphate pH 6–8 or Tris-HCl, pH 7–9) was incubated at 25 ◦C for 30 min followed by activity
measurement at 39 ◦C for 5 min.

3.7. ESI–MS and MS/MS  analysis of PsPL8A degraded product of
C4S

The supernatant containing degraded products of C4S after
PsPL8A treatment for 2 min, 30 min, 1 h, 2 h and 24 h were
subjected to ESI–MS and MS/MS  analyses. The ESI–MS anal-
ysis of 2 min  sample showed the presence of mono sul-
phated unsaturated disaccharide UA-GalNAc4S with m/z 458,
triply charged penta-sulphated unsaturated hexa-saccharide

UA-GalNAc-[GlcA-GalNAc]3(4S)5 with m/z 508.14, triply charged
tetra-sulphated unsaturated octa-saccharide UA-GalNAc-[GlcA-
GalNAc]4(4S)4 as a sodium adduct with m/z  616.11 and
triply charged unsaturated hexa-sulphated dodeca-saccharide UA-
GalNAc-[GlcA-GalNAc]6(4S)6 as a tri sodium adduct with m/z
939.07 (Fig. 4a). The m/z values assigned to the degraded products
corroborated well with CS oligosaccharides reported earlier by Zaia
et al., 2001 [38] and Zamfir et al., 2003 [39].

Fig. 3. Time dependant TLC analysis of PsPL8A degraded products of C4S using the standards viz. S1: D-glucuronic acid, S2: N-acetyl galactosamine, S3: �C6S disaccharide
and  S4: �C4S disaccharide.
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Fig. 4. ESI-Mass spectrometric analysis of PsPL8A degraded product of C4S. (a) MS  analysis of 2 min  sample (b) MS analysis of 30 min  sample (c) MS analysis of 1 h sample, (d)
MS  analysis of 2 h sample, (e) MS  analysis of 24 h sample showing �C4S disaccharide (�UA-GalNAc4S) having single peak at m/z 458, (f) MS/MS  analysis of �C4S disaccharide
(�UA-GalNAc4S) showing a peak at m/z  300.

The ESI–MS analysis further supported the contention eluci-
dated from the TLC data of concomitant occurrence of endo- and
exo-lytic mode of PsPL8A catalysis. In 30 min  sample, the percent
intensities of the hexa-saccharide and octa-saccharide peaks were
lower as compared with that of 2 min  sample, inferring the degra-
dation of the same with time (Fig. 4b). The 1 h, 2 h and 24 h samples
displayed the peak of only mono-sulphated unsaturated disaccha-
ride with m/z 458, suggesting the complete degradation of the
higher oligosaccharides by PsPL8A (Fig. 4c–e).

Tandem MS  mode can be used to differentiate the isomeric
species. In order to determine the type of sulphated unsatu-
rated disaccharide MS/MS  was performed on the mono-sulphated
unsaturated disaccharide with m/z 458. MS/MS  of mono-sulphated

unsaturated disaccharide (m/z 458) in 24 h sample showed a
distinct peaks of m/z 300 which uniquely identify the �C4S disac-
charide (�UA-GalNAc4S) (Fig. 4f). The results of PsPL8A degraded
products from C4S was in accordance with the results reported
earlier, where a detail ESI–MS analysis and MS/MS analysis of chon-
droitin disaccharides have been performed [40,41].

3.8. 1H- and 13C- NMR spectroscopic analysis of disaccharide
from PsPL8A degraded C4S

The 1H NMR  and 13C- spectra of chondroitin 4-sulphate
disaccharide product (Fig. 5a) released after 24 h of C4S degra-
dation by PsPL8A is shown in Fig. 5b & c, respectively. The
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Fig. 5. (a) The chemical structure of �C4S (�UA-GalNAc4S) disaccharide (b) 1D 1H NMR  spectrum (600 MHz) (c) and 13C NMR  spectrum of degraded product �C4S
(�UA-GalNAc4S) disaccharide obtained after 24 h reaction of 1 mg/ml C4S with PsPL8A (as described in Methods).

Fig. 6. Endo- and exo-lytic cleavage pattern of chondroitin 4-sulphate degradation by PsPL8A. represents the glucuronic acid residue (GlcA) and represents GalNAc
residue  having sulphation at 4C- position.
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Table  2
1H NMR  and 13C NMR  chemical shifts of �GlcA-GalNAc4S.

Residue Proton 1H Chemical Shift (ppm) Carbon 13C Chemical Shift (ppm)

GlcA H-1* 5.24 C-1* 106.6
H-2* 3.83 C-2* 70.32
H-3* 3.98 C-3* 68.47
H-4* 5.94 C-4* 106.8

C-5* 145.4
C-6* 169.15

GalNAc H-1 4.77 C-1 99.91
H-2 4.14 C-2 58.55
H-3 4.17 C-3 76.15
H-4 4.65 C-4 77.20
H-5 4.28 C-5 75.67
H-6a 3.77 C-6 64.4
H-6b 3.70 (-NAcCH3) 22.19
(CH3) 2.08 C O 174.69

“*” mark signifies the proton and carbon atoms belonging to the GlcA residue.

characteristic signals of the protons and 13C- chemical shifts were
assigned according to the previous studies done by Yamada et al.,
1992; Huckerby et al., 2001 and Lauder et al., 2011 [42–44]. The 1H
NMR  spectra for �C4S disaccharide was recorded at 25 ◦C, which
showed the prominent signal at 5.94 ppm for anomeric proton res-
onance of H-4* for GlcA ring (Fig. 6b). In the GlcA ring, the H-1*
proton shows response at 5.24 ppm, while the H-2* and H-3* gave
the proton responses at 3.83 ppm and 3.98 ppm, respectively. Sim-
ilarly, for the GalNAc ring in the �C4S disaccharide (Fig. 5a) the 1H
NMR  chemical shift of H-4, indicates the sulphation with a reso-
nance at 4.65 ppm. The GalNAc ring has the acetylation −NAc(CH3)
which shows proton resonance at 2.08 ppm, this value corroborates
well with the previous reports [42–44]. The correlation for rest of
the protons of GalNAc ring were also made, the H-1, H-2, H-3, H-5,
H-6a and H-6b show the proton resonances at 4.77 ppm, 4.14 ppm,
4.17 ppm, 4.28, 3.77 ppm and 3.70 ppm, respectively, which also
showed similarity with previous reports [42–44]. The bulk of pro-
ton resonance of �C4S disaccharide lies in the range of 3.7–4.8 ppm
(Fig. 5b). The results for the 1H- NMR  chemical shifts of �C4S dis-
accharide (�GlcA-GalNAc4S) are summarised in Table 2. The 1D
600 MHz 13C spectrum was acquired for �C4S disaccharide and
the peaks were assigned for carbon atoms (Fig. 5c). The chemi-
cal shifts of C-1*, C-2*, C-3*, C-4*, C-5* and C-6* carbon atoms of
GlcA residue were detected at 106.6 ppm, 70.32 ppm, 68.47 ppm,
106.8 ppm, 145.4 ppm and 169.15 ppm, respectively. The chemi-
cal shift of another residue GalNAc of �C4S disaccharide was  also
assigned. The acetyl (-COCH3) group present in GalNAc gave the
chemical shift at 22.19 ppm, while the sulphation present at C-4
gave the shift at 77.2 ppm. The chemical shift for C-1, C-2, C-3,
C-5 and C-6 for GalNAc were 99.91 ppm, 58.55 ppm, 76.15 ppm,
75.67 ppm and 64.4 ppm, respectively. The carbonyl ( C O) group
present in GalNAc gave the shift at 174.69 ppm (Fig. 5c). The chem-
ical shifts assigned to both the residues GlcA and GalNAc of �C4S
disaccharide were in agreement with the previous reports [42–44].
13C- NMR  chemical shifts of �C4S disaccharide (�GlcA-GalNAc4S)
are summarised in Table 2.

The TLC and ESI–MS and MS/MS  results conclusively demon-
strated that PsPL8A initially degrades the C4S substrate by a
concomitant endo- and exo-lytic mode and produces higher
oligosaccharides such as hexasaccharide, octasaccharide and dode-
casacchride along with �C4S disaccharide. After ∼1 h of reaction
the enzyme starts utilizing the higher oligosaccharides and fur-
ther fragmenting them into the lowest possible oligosaccharide
i.e. �C4S disaccharide displaying its prominent exolytic mode of
catalysis in the later stage as depicted in Fig. 6. The molecular
mass and the structure of �C4S disaccharide was confirmed by
ESI–MS/MS and NMR  spectroscopic analysis, respectively. These

unsaturated chondroitin sulphate oligosaccharides have promis-
ing role as anti-inflammatory agent in therapeutic and clinical
fields, however the functions of oligosaccharide in relation to their
structures have not yet been fully known [45–47]. The effects
of C4S and C6S oligosaccharides and disaccharides on toll-like
receptor (TLR) − mediated secretion of interleukin (IL)-6 were
compared using macrophage-like cell line J774.1 [46]. Suppres-
sion of IL-6 secretion was stronger by smaller sized C4S than
that by C4S polysaccharide, particularly C4S disaccharide were
effective suppressing agents against TLR-mediated inflammation
of macrophages. These immune-modulating effects of C4S dis-
accharides are helpful in understanding their anti-inflammatory
responses. These observations have prompted the researchers
to explore the effects of C4S disaccharides and oligosaccharides
for the treatment of atherosclerosis, osteoarthritis and degener-
ative diseases of the central nervous system [48]. Chondroitin AC
lyase (PsPL8A) chiefly produced chondroitin disaccharides as the
degraded products which can be applied for treatment of allergic
reactions and autoimmune diseases.

4. Conclusion

The new recombinant chondroitin AC lyase, PsPL8A from
Pedobactor saltans being relatively more stable at physiological
temperature and pH, than those earlier reported and possessing
multi-substrate specificity makes it a promising candidate for ther-
apeutic applications. PsPL8A resulted in formation of chondroitin
4-sulphate disaccharide after completion of the reaction with C4S.
The TLC, ESI–MS, tandem MS  confirmed the simultaneous exo-
and endo-lytic mode of catalysis of PsPL8A. ESI–MS, MS/MS  and
NMR  spectroscopy helps in the structural elucidation of chon-
droitin 4-sulphate disaccharide. PsPL8A can be used for production
of chondroitin oligosaccharide. PsPL8A can also be further used
for structure determination of complex GAG polysaccharides. The
PsPL8A enzyme and its degradation products in the present study
unfolds the avenue for its potential applications in spinal cord nerve
injury system and as antitumor, antiangiogenic, anti-metastatic
agent and for immune-modulating and anti-inflammatory effects.
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a  b  s  t  r  a  c  t

Chicken  keel  bone  cartilage  was  explored  for cheaper  and  sustainable  source  for  isolation  of  chondroitin
sulphate  (CS)  for its  future  use  in tissue  engineering  and  pharmaceutical  industry.  HPSEC  analysis  dis-
played  two  peaks  of  100  kDa  for CS-keel  polysaccharide  and  1 kDa  for protein.  DLS  analysis  of CS-keel
displayed  polydispersity.  CS-keel  yield  was 15% and  53  ± 5%  uronic  acid  content.  The  quantified  per-
centages  of UA-GalNAc4S  and  UA-GalNAc6S  disaccharide  in  CS-keel  were  58%  and  42%,  respectively.
FT-IR  identified  CS-keel  to be  chondroitin  4-sulphate. 1H NMR  of CS-keel  confirmed  the  presence  of  N-
acetylgalactosamine  and  Glucuronic  acid.  FESEM  demonstrated  layer  structure  and  AFM  displayed  the
size of  CS-keel  fibres.  DSC,  TGA  and  DTG  studies  of  CS-keel  showed  Td at  243 ◦C. In vitro  cell proliferation
assay  and morphological  analysis  of  mouse  fibroblast  L929  cell lines  confirmed  the  biocompatibility  of
CS-keel.  CS-keel  (5 mg/ml)  exhibited  ∼49%  antioxidant  activity  against  DPPH  and  22%  against  superoxide
radical  protecting  from  oxidative  damage.  CS-keel  demonstrated  better  (70.3%)  emulsifying  activity than
commercial  sodium  alginate  (60.2%).

©  2016  Elsevier  Ltd. All  rights  reserved.

1. Introduction

The waste by products from slaughter house and poultry
industries can serve as the major sources of cartilage. Carti-
lage mainly constitutes glycosaminoglycans (GAGs) and collagens
(Garnjanagoonchorn, Wongekalak, & Engkagul, 2007; Vázquez
et al., 2013). GAGs are heteropolysacchrides made up of disaccha-
ride repeats of D-galactosamine/D-glucosamine and D-glucuronic
acid/L-Iduronic acid. GAGs are abundant in the cartilages (Iozzo,
1998). The cartilage matrix is composed of fine mesh of colla-
gen embedded with hyaluronic acid (HA), chondroitin sulphate
(CS), various glycoproteins and proteoglycans (PGs). CS is com-
posed of N-acetyl galactosamine (GalNAc) and glucuronic acid
(GlcA), linked by �-(1 → 3)-glycosidic bond, while the two disac-
charides are linked by �-(1 → 4) linkage. CS has been classified as

Abbreviations: GAG, glycosaminoglycan; GalNAc, N-acetyl galactosamine;
GlcA, D-glucuronic acid; CS, chondroitin sulphate; DS, dermatan sulphate;
C4S, chondroitin 4-sulphate; C6S, chondroitin 6-sulphate; DPPH, 1-diphenyl-2-
picrylhydrazyl; MTT, [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide; NMR, nuclear magnetic resonance; DLS, dynamic light scattering; DSC,
differential scanning calorimetery; TGA, thermogravimetric analysis.

∗ Corresponding author.
E-mail address: arungoyl@iitg.ernet.in (A. Goyal).

chondroitin 4-sulphate (CS-A), chondroitin 6-sulphate (CS-C) and
dermatan sulphate (DS/CS-B) with sulfation at C4 and C6 positions
of GalNAc residue, respectively and C4 of GalNAc/C2 of GlcA for DS
(Schiller & Huster, 2012).

CS is a part of connective tissues and involved in major biologi-
cal processes such as resiliency, structural integrity of cartilage and
maintenance of synovial fluid in the bone joints owing to its polyan-
ionic structure (Henrotin, Mathy, Sanchez, & Lambert, 2010; Luo,
Fosmire, & Leach, 2002). Low molecular weight CS is used as oral
nutraceutical supplement for joint disorder treatment (Raynauld,
Pelletier, Abram, Delorme, & Martel-Pelletier, 2016). The benefi-
cial effects of CS have been reported for joint pains, stiffness and
swelling in osteoarthritis patents (Hochberg et al., 2015; Raynauld
et al., 2016). CS alone or in combination with HA or chitosan were
used to formulate scaffolds that mediate and accelerate the regen-
eration of damaged tissues, bone repair, cartilage and cutaneous
wounds (Bianchera et al., 2014). CS-hydrogels are appealing mate-
rials for biomedical application as they enhance wound healing by
reepithelialization and neovascularization (Bianchera et al., 2014).
CS also acts as free radical scavenger and decreases DNA fragmen-
tation, protein degradation and cell death rate (Campo, Avenoso,
Campo, Ferlazzo, & Calatroni, 2006; Henrotin et al., 2010). The par-
tially purified CS was  also used as food preservative and emulsifying
agent (Hamano et al., 1989; Vázquez et al., 2013).

http://dx.doi.org/10.1016/j.carbpol.2016.12.015
0144-8617/© 2016 Elsevier Ltd. All rights reserved.
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CS is commercially available from various sources such as,
bovine cartilage, bovine trachea and shark fin. The increasing
demand and the high cost of CS has led to the exploitation of
shark and bovine which impart a strong impact on the ecological
balance (Field, Meekan, Buckworth, & Bradshaw, 2009; Vázquez
et al., 2013). CS has been isolated from other sources viz. ray
fish and crocodile cartilages (Garnjanagoonchorn et al., 2007),
broiler chicken carcasses (Nakano, Pietrasik, Ozimek, & Betti, 2012;
Srichamroen, Nakano, Pietrasik, Ozimek, & Betti, 2013), duck tra-
chea (Vittayanont & Jaroenviriyapap, 2013), chicken keel cartilage
(Luo et al., 2002; Khan, Ashraf, Hashmi, Ahmad, & Anjum, 2013),
Bony fishes (Maccari, Galeotti, & Volpi, 2015) and sea cucumber
(Zou, Pan, Dong, He, & Wang, 2016). Production of bioengineered
chondroitin using a non-pathogenic E. coli strain by metabolic engi-
neering approach has been reported (He et al., 2015). However, the
bioengineering approach has the disadvantages of relatively high
cost and the lack of commercializable sulfation method for CS pro-
duction. All these reasons make it essential for researchers to seek
for more different animal sources of CS isolation. CS is also in high
demand for its applications in tissue engineering, pharmaceutical,
cosmetic and food industries. This makes it essential to rigorously
characterize the physicochemical, biocompatible and antioxidant
properties of CS. Most of the reports however, have focused on
isolation and partial characterization of CS. This is the first study
on the isolation, complete physicochemical and structural charac-
terization of a CS from chicken keel bone cartilage that displayed
biocompatible, antioxidant and emulsifying potentials. These pre-
liminary results will facilitate further exploration of CS-keel for
emulsifying and antioxidant activities under in vivo studies.

2. Materials and methods

Keel bone cartilage of chicken was collected from the waste of a
local slaughter house, Guwahati, Assam, India. Papain from Carica
papaya was purchased from Himedia Pvt. Ltd., India. Chondroitin
4-sulphate sodium salt (C4S) from bovine trachea, Chon-
droitin 6-sulphate sodium salt (C6S), D-Glucuronic acid (GlcA),
Potassium bromide (KBr), 1-diphenyl-2-picrylhydrazyl (DPPH),
MTT  [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide, Chondroitin 4-sulphate disaccharide (UA-GalNAc4S) and
UA2S-GalNAc were purchased from Sigma-Aldrich, USA. Chon-
droitin 6-sulphate disaccharide (UA-GalNAc6S) was  purchased
from Dextra Laboratories Ltd., U.K.

2.1. Isolation of CS from the keel bone cartilage

CS was isolated from keel cartilage using the method of Lauder,
Huckerby, & Nieduszynski (2000). One hundred gram of cartilage
was diced and boiled for 15 min  to remove the meat and connective
tissues. The remaining cartilage was washed with Milli-Q water and
wet weight was taken. This was digested with papain (1U/100 mg
tissue) in 100 ml  of 0.1 M sodium acetate buffer, pH 6.8 contain-
ing 2.4 mM EDTA and 10 mM cysteine HCl and incubated at 65 ◦C
for 24 h. GAG containing CS was precipitated from soluble fraction
by adding 4 vols of ethanol and the solution was cooled to 4 ◦C
and allowed to stand overnight. It was centrifuged at 13,000 g and
4 ◦C for 30 min  and the pellet was resuspended in minimum vol-
ume  of 50 mM sodium acetate buffer (pH 6.8). The CS-keel was
precipitated by dropwise addition of 2 vols of ethanol with con-
stant stirring at 25 ◦C. The solution was cooled to 4 ◦C and allowed
to stand overnight for recovery of CS-rich precipitate which was
resuspended in 5 ml  of 50 mM sodium acetate buffer (pH 6.8) and
dialyzed overnight against distilled water. The dialysed CS was
lyophilized. The residual amino acids were removed by treating
18 g of lyophilized CS-keel resuspended in 5 ml  Milli-Q water with

0.05 M NaOH and 1 M sodium borohydride at 45 ◦C for 12 h. CS-keel
was precipitated by neutralizing with 5 ml,  1 M sodium acetate. The
CS-keel precipitate was resuspended and dialysed against Milli-Q
water to remove the excess salts and finally lyophilized for further
use.

2.2. Determination of molecular weight of CS-keel by HPSEC and
particle size by DLS

The molecular mass of CS-keel (1 mg/ml) was  determined using
high performance size exclusion chromatography (HPSEC) system
consisting of Phenomenex Polysep-GFC-P6000 column connected
with a guard column Phenomenex Polysep-GFC-P and Prominence,
UFLC (Shimadzu, Japan) equipped with RI detector. 10 �l samples
each of CS-keel, standards and reference (1 mg/ml) were loaded
and eluted using 0.1 M NaNO3 with a flow rate of 0.5 ml/min. C4S
and C6S (Sigma Aldrich, USA.) each at 1 mg/ml  were used as ref-
erence. The standard dextran T20, T40, T70, T100, T200 and T500
(1 mg/ml) were used as standards to calculate the molecular weight
of CS-keel. The particle size of CS-keel (1 mg/ml  in 0.1 M NaNO3)
was determined by Dynamic Light Scattering (DLS) (Zetasizer nano,
Malvern, UK).

2.3. Composition analysis of CS-keel

The CS-keel polysaccharide was purified by HPSEC. A stock solu-
tion (10 mg/ml) of isolated crude CS-keel was prepared. 50 �l of
CS-keel solution was applied to Phenomenex Polysep-GFC-P6000
column connected with a guard column Phenomenex Polysep-GFC-
P and Prominence, UFLC (Shimadzu, Japan) equipped with RI and
UV detector. The UV detector was  set at 280 nm to identify the
peak specifically for the protein. The peak corresponding to CS-
keel (100 kDa) was  eluted and collected. This process was repeated
10 times for collection of enough CS keel for Carbazole assay. The
eluted purified CS-keel fractions were mixed and lyophilised. The
protein content of the purified and lyophilised CS-keel was esti-
mated by method of Lowry, Rosebrough, Farr, & Randall (1951)
using bovine serum albumin (BSA) as standard in the concentration
range, 25–500 �g/ml. The carbazole assay is used for quantifica-
tion of uronic acid present in GAG and is based on the quantitative
concentration-dependent colour reaction between carbazole and
the uronic acid. The uronic acid content of purified lyophilised
CS-keel was  estimated by carbazole method (Frazier, Roodhouse,
Hourcade, & Zhang, 2008). C4S and GlcA were used as standards at
a concentration range, 4 − 40 �g/ml

2.4. Quantification of CS disaccharides in CS-keel by enzymatic
digestion

The enzymatic depolymerisation of CS-keel was  achieved by
using chondroitin AC lyase (PsPL8A) from Pedobacter saltans (Rani
and Goyal, 2016). The digestion of CS-keel with 5 �g/ml of PsPL8A
was carried out in a 1 ml  reaction mixture containing, 5.0 mg/ml CS-
keel in 50 mM Tris-HCl buffer, pH 7.2 and incubating the reaction
at 39 ◦C for 24 h (Rani and Goyal, 2016). 1 ml  reaction mixture was
then treated with 1 ml  absolute ethanol and centrifuged at 13000g
at 25 ◦C for 10 min  to precipitate the undigested CS-keel (Rani and
Goyal 2016). The glucuronic acid content in the un-digested and the
digested sample in the supernatant was quantified by carbazole
assay (Frazier et al., 2008). The sample was  analysed by Electron
Spray Ionization (ESI) mass spectrometer (Waters, Q-TOF Premier)
in both MS  and tandem MS  (MS/MS) mode. ESI–MS and tandem MS
analyses were carried out in negative ion mode, where the param-
eters for ESI–MS analysis were; capillary voltage 3 eV, collision
energy 5 eV, ionization energy 1 eV, desolvation temperature 250 ◦C
and the source temperature of 80 ◦C. The tandem MS  analysis was

TH-1654_11610622
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carried out by nanospray ionization using the voltage 3 eV, collision
energy 20 eV and collision-induced dissociation was performed on
ion of interest using the argon gas. The detection and quantification
of disaccharide composition was analysed by electronspray tandem
mass spectrometery (Desaire & Leary, 2000a). The relative abun-
dance of product ions for pure isomeric standards (UA-GalNAc4S
and UA-GalNAc6S) were used in a binary system. The disaccha-
ride composition of digested CS-keel was quantified based on the
MS/MS  spectra of all standards (Desaire & Leary, 2000a).

2.5. Fourier transform infrared (FT-IR) spectroscopic analysis of
CS-keel

FT-IR spectroscopy was used for determining the functional
groups present in CS-keel. CS-keel was pressed into KBr pellet
(sample: KBr, 1:100) using 15 Ton Hydraulic Press. FTIR spectropho-
tometer (Perkin Elmer, Spectrum Two, USA) was used to obtain the
spectrum in 4000–500 cm−1 region in the transmission mode with
32 scans per min. The spectral resolution was 4 cm−1.

2.6. 1H NMR  spectroscopic analysis of CS-keel

CS-keel (5 mg/ml) was dissolved in D2O (99.96%) (Merck,
Germany) and 1H NMR  spectrum was acquired at 25 ◦C using
600 MHz  NMR  spectrometer (Bruker, Avance III-HD, USA) fitted
with a 5-mm probe and equipped with topspin software (Bruker)
for analysis.

2.7. Scanning electron microscopy (SEM) analysis of CS-keel bone

5 mg  of CS-keel was fixed on the SEM stubs using double sided
carbon tape, then coated with ∼10 nm thick layer of gold. The sam-
ples were observed in a scanning electron microscope (Zeiss, Sigma,
Germany) at an accelerating voltage of 2.5 kV at 500 x and 1000 x
magnifications.

2.8. Atomic force microscopic (AFM) analysis of CS-keel

A stock solution of CS-keel (5 mg/ml) was prepared in Milli-Q
water. The solution was diluted to make final concentrations of
0.01, 0.05 and 1.0 mg/ml. 10 �l of each diluted CS-keel solution was
dropped on the surface of mica sample carrier and allowed to dry at
25 ◦C and analysed using semi-contact imaging mode. AFM analysis
was performed using atomic force microscope (Agilent 5500, USA).
The data obtained were processed using WSxM 5.0 Develop 7.0
software (Horcas et al., 2007).

2.9. Thermogravimetric Analysis (TGA) and Derivative
Thermogravimetric Analysis (DTG) of CS-keel

The TGA and DTG of CS-keel was carried out using thermal anal-
yser (Hitachi STA7200, Japan) operating at atmospheric pressure
under nitrogen gas flow rate of 100 ml/min. The CS-keel (6.5 mg)
was placed in a Al2O3 crucible and heated at a linear heating rate
of 10 ◦C min−1 over a temperature range, 30 ◦C–600 ◦C and the cor-
responding weight loss was determined.

2.10. Differential scanning calorimeter (DSC) analysis of CS-keel

The DSC analysis of CS-keel was carried out using thermal anal-
yser (STA 449-F3, Germany) operating at atmospheric pressure
under argon gas at a flow rate of 100 ml/min. The CS-keel (3 mg)
was placed in an Al2O3 crucible and heated at a linear heating rate
of 10 ◦C min−1 over a temperature range, 25 ◦C–800 ◦C and enthalpy
changes were determined.

2.11. In vitro cell proliferation assay of CS-keel

The mouse fibroblast cell line (L929) was  procured from
National Centre for Cell Science, Pune, India. The L929 cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) low
glucose medium supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (FBS) (Gibco), 50 �g/ml streptomycin and
50 IU/ml penicillin (Gibco) incubated at 37 ◦C under 5% CO2.
The effect of CS-keel on L929 cells viability was analysed by
MTT  [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide] assay (Mosmann, 1983). The cells were seeded at a density
of 2 × 104 cells/well in a 96 well plate and incubated at 37 ◦C in
5% CO2 for 16 h for cell adherence. After incubation, the medium
was completely removed and the cells were exposed to differ-
ent concentrations (0.5 mg/ml  to 5 mg/ml) of CS-keel dissolved in
serum-free DMEM medium (incomplete). The incomplete DMEM
medium without CS-keel was used as negative control. The plate
was incubated at 37 ◦C in 5% CO2 for 12 h and 24 h. MTT  assay was
done after 12 h and 24 h by removing the medium and washing
the wells with 200 �l of 1 x phosphate buffer saline (PBS). 100 �l
of MTT  (0.5 mg/ml) was added to each well and plate was incu-
bated at 37 ◦C in 5%CO2 for 4 h. After the incubation, MTT was
removed from the wells and the formazan formed was dissolved
by adding 100 �l of dimethyl sulfoxide. The absorbance at 570 nm
was monitored by a 96-well microplate reader (Tecan, Infinite 200
Pro, Switzerland). The cell viability (%) was calculated according to
Van Meerloo, Kaspers, & Cloos (2011).

2.12. Microscopic analysis of CS-keel treated L929 cells

The surface morphology of L929 cells was observed after treat-
ing with CS-keel for 24 h. The L929 cells were maintained and
seeded as described in the section 2.10. The cells were treated
with 5 mg/ml  of CS-keel dissolved in incomplete DMEM medium.
The cells in only incomplete DMEM medium were used as control.
After 24 h of treatment, the cells were observed under microscope
(Nikon, TS100F, Japan) and photomicrographs were taken and pro-
cessed using imaging software (Nikon NIS-Element).

2.13. DPPH radical scavenging activity of CS-keel

1-diphenyl-2-picrylhydrazyl (DPPH) scavenging activity was
measured by the method of Lee et al., 2010. 100 �l of 0.5 mM
DPPH in ethanol was mixed with 100 �l of different concentra-
tions (0.25 mg/ml–5 mg/ml) of CS-keel dissolved in 50 mM Tris-HCl
buffer (pH 7.2). The reaction mixture was incubated in dark at 37 ◦C
for 30 min  and 50 mM Tris-HCl was used as blank. The absorbance
at 517 nm was  measured using a microplate reader (Tecan, Infinite
200 Pro, Switzerland). The DPPH scavenging activity was calculated
according to Lee et al., 2010.

2.14. Assay of inhibition of ascorbate autoxidation

The ascorbate inhibition assay was  performed according to
method of Lin and Yen (1999). 0.01 ml  of varying concentrations
(0.5 mg/ml–5 mg/ml) of CS-keel was  added to 0.98 ml  of 0.2 mM
sodium phosphate buffer, pH 7.0 and 0.01 ml of 5 mM ascorbic acid
solution (Sigma Aldrich, USA). A blank was set up in parallel to the
reaction with distilled water in place of CS-keel. The 1 ml  reaction
mixture was transferred to the UV cuvette and incubated at 37 ◦C
and the absorbance at 265 nm was  observed as a function of time
for 10 min  on a UV–vis spectrophotometer (Varian, Cary 100). The
percentage inhibition of ascorbate autoxidation was calculated as
mentioned by Lin and Yen (1999).
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Fig. 1. (A) Digital image of isolated lyophillized CS-keel polysaccharide. FT-IR spectra of (B) standard chondroitin 4-suphate (C) standard chondroitin 6-sulphate (D)
chondroitin sulphate isolated from chicken keel bone cartilage (CS-keel).

2.15. Emulsifying properties of CS-keel

The emulsifying property of CS-keel was analysed by method
described by Bramhachari et al., 2007. 0.5 mg  of CS-keel was  dis-
solved in 0.5 ml  of Milli-Q water by heating at 100 ◦C. The 1 x PBS,
pH 7.4 was used to make up the reaction volume to 2 ml  0.5 ml
of n-hexadecane was added to 2 ml  reaction for emulsion forma-
tion and mixed by vigorous vortexing for 2 min. The absorbance at
0 min  (A0) was measured at 540 nm immediately after mixing the
content. The reaction sample was incubated at 25 ◦C and decrease
in absorbance (At) was recorded at 30 and 60 min. The negative con-
trol consisted of 2 ml  of 1 x PBS and 0.5 ml  n-hexadecane without CS
keel, while the commercial guar gum was used as positive control.
The emulsifying activity was calculated according to Bramhachari
et al., 2007.

2.16. Statistical analysis

All experiments were performed in triplicates (n = 3). The results
were presented as means of three determinations ± SD (standard
deviation).

3. Results and discussion

3.1. Extraction and molecular weight determination of CS-keel

The chondroitin sulphate (CS) was isolated from the poultry
waste of keel bone cartilage and 15% (g/g of cartilage) yield was
achieved after lyophilisation (Fig. 1A). The molecular mass of ref-
erences chondroitin 4-sulphate and chondroitin 6-sulphate were
70 kDa and 110 kDa, respectively as determined by HPSEC. The
molecular weight of CS-keel was 100 kDa (Fig. S1). Another peak
of 1 kDa appeared which might be due to the presence of small
peptides or stretches of amino acids along with CS-keel. The pro-
tein contamination varies significantly depending on the source of
cartilage. Two contaminating proteins, 77.8 kDa and 50.5 kDa were
found in extracted GAG from chicken keel bone, which reduced the

overall yield of CS content (Khan et al., 2013). The DLS analysis of
CS-keel solution revealed polydispersity (Fig. S2). The CS-keel sam-
ple contained two  peaks with hydrodynamic diameter of 255 nm
and 44 nm which might be possibly corresponding to 100 kDa
for CS-keel polysaccharide and 1 kDa for peptide peaks. The CS
polysaccharide was reported to be polydispersed as well as large
differences were also observed the average molecular weights
of preparations from different sources (Hjertquist and Wasteson,
1972).

3.2. Compositional analysis of HPSEC purified CS-keel

The uronic acid content of HPSEC purified CS-keel as assayed by
Carbazole method was 53 ± 5% (g/g of purified CS-keel). The protein
content analysis of purified CS-keel showed that there was no trace
of protein.

3.3. Quantification of CS disaccharides in CS-keel by enzymatic
digestion

Mass spectrometry (MS) is being used as a powerful tool for
structural analysis of isolated polysaccharides (Desaire & Leary,

Fig. 2. 1H NMR  (600 MHz) of CS-keel polysaccharide.
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Fig. 3. FESEM images of CS-keel at magnifications (A) 500 x and (B) 1000x.

2000b). MS  provides advantage in terms of accurate analysis and
low sample consumption as compared to HPAEC and HPLC-UV
detection (Desaire & Leary, 2000b). The CS-keel was treated with
chondroitin AC lyase (PsPL8A). After the enzyme reaction, the
glucuronic acid contents of the digested and undigested CS-keel
sample on quantification by carbazole method were 44 ± 4% and
10 ± 2%, respectively. The disaccharide composition of digested CS-
keel was quantified by MS  and MS/MS  analysis. The MS  analysis
of three standard disaccharides UA-GalNAc4S (Fig. S3A), UA-
GalNAc6S (Fig. S3C) and UA2S-GalNAc gave a major ion peak at m/z
458. The peak at m/z 458 was selected for MS/MS  analysis for the
three disaccharide standards. After MS/MS  the UA-GalNAc4S (Fig.
S3B), UA-GalNAc6S (Fig. S3D) and UA2S-GalNAc (data not shown)
standards gave major peak at m/z 300, m/z  282 and m/z  237 respec-
tively. The MS  analysis of digested CS-keel sample gave major ion
peak at m/z 458 (Fig. S3E). The MS/MS  analysis of CE-Keel sample
gave two peaks, one major peak at m/z 300 and other at m/z 282,
which signifies the presence of UA-GalNAc4S, UA-GalNAc6S disac-
charides in the sample (Fig. S3F). The absence of any peak at m/z
237 rules out the presence of UA2S-GalNAc in the CS-keel sample.

The quantification of disaccharides in CS-keel was done by using
protocol described by Desaire and Leary, 2000a. The contribution of
ions with m/z 282 and m/z 300 (as percentage of total ion current)
were determined for the two standard disaccharide UA-GalNAc4S,
UA-GalNAc6S from their MS/MS  chromatograms. The binary equa-
tions were derived using these values

3.3XA + 55.5XB = C282 (1)

73.5XA + 5.14XB = C300 (2)

Where, A and B are the apparent percentages of UA-GalNAc4S, UA-
GalNAc6S disaccharide in CS-keel sample, and C282 and C300 are the
percentage contribution of two  diagnostic ions in the sample. The
value of A and B were calculated by inserting the values of C282 and
C300 in the sample. A normalization factor was  used as reported
earlier (Desaire and Leary, 2000a) as many factors including the
differences in the respective ionization efficiencies of the isomers
might influence the peak intensities in the sample. The normaliza-
tion factor for m/z 300 was 0.677, while for m/z 282 was 1.8 (Table
S1). After normalizing, the observed values for A and B were then

Fig. 4. AFM images of CS-keel (A) semi-contact mode 3D surface image at 25 × 25 �m,  (B) 2D surface image at 25 × 25 �m, (C) Magnified 3D surface image at 5 × 5 �m,
showing fibrous structure of CS-keel and (D) 2D representation of CS-keel at 5 × 5 �m.
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Table  1
1H NMR  (600 MHz) chemical shift of CS isolated from keel bone cartilage.

Residue Proton 1H Chemical Shift (ppm)

GlcA H-1* 4.51
H-2* 3.41
H-3* 3.63
H-4* 3.71
H-5* 3.84
H-6* –

GalNAc H-1 4.61
H-2 4.07
H-3 4.03
H-4 4.72
H-5 3.87
H-6 3.62
NAc(CH3) 2.08

* mark signifies the proton belonging to GlcA residue.

converted to the actual relative molar percentages of UA-GalNAc4S
and UA-GalNAc6S disaccharide in CS-keel sample by dividing each
normalized value by the sum of the two normalized values (Desaire
and Leary, 2000a). The quantified percentages of UA-GalNAc4S and
UA-GalNAc6S disaccharide in CS-keel sample were 58% and 42%,
respectively (Table S1)”.

3.4. Identification of type of chondroitin sulphate in CS-keel by
FT-IR

The FT-IR spectrum of commercial C4S and C6S showed the
corresponding peaks of sulphation at 856.9 cm−1 and 826.1 cm−1,
respectively (Fig. 1B & C). The isolated CS-keel spectrum displayed
a distinct peak of sulphate group at 856.9 cm−1 indicating the
polysaccharide being C4S (Fig. 1D). The peaks assigned for sul-
phation in present study corroborated with the previous findings
by Garnjanagoonchorn et al., 2007 and Wang and Tang, 2009. The
peaks for various other functional groups were analysed. The peak
at 1411.2 cm−1 represented the coupling of C O stretching vibra-
tion, OH variable angle vibration and existence of free COO− groups.
While the peaks at 1257.9 cm−1 and 1057.4 cm−1 signify S O and
−C O-S stretching vibrations, respectively, as also reported earlier
by Khan et al., 2013. The presence of the amide group in the CS-keel
was depicted by the peak at 1664 cm−1 as shown earlier by Wang,
Shen, & Lu (2003).

3.5. 1H NMR  analysis of CS-keel

The 1H NMR  spectrum of CS-keel was obtained at 600 MHz
(Fig. 2). The characteristic signals of protons were assigned using
previously reported chondroitin sulphate from porcine trachea,
bovine trachea and shark cartilage (Mucci, Schenetti, & Volpi, 2000)
and from Scyliorhinus canicula (Gargiulo, Lanzetta, Parrilli, & De
Castro, 2009). The presence of broad range (3.4–4.6 ppm) of pro-
ton NMR  spectrum confirms the polysaccharide nature of CS-keel
(Table 1). CS-keel showed prominent signals of GlcA for H-1* and
H-2* protons at 4.51 ppm and 3.41 ppm, respectively. The protons,
H-3*, H-4* and H-5* of GlcA showed the resonances at 3.63 ppm,
3.71 ppm and 3.84 ppm, respectively. The protons of the GlcA ring
resonate in the range, 3.4 −4.5 ppm, which is similar as previously
reported (Mucci et al., 2000). Proton resonance at 2.08 ppm proves
the existence of methyl group of N-acetylgalactosamine residue
as also reported earlier by Gargiulo et al., 2009. The proton reso-
nances of GalNAc residues, appeared in the regions, 3.6 −3.8 ppm
and 4.0-4.7 ppm. H-5 and H-6 protons of GalNAc showed the signals
at 3.62 ppm and 3.87 ppm, respectively and the rest of the protons
in the 4.0-4.7 ppm region (Fig. 2). H-1, H-2, H-3 and H-4 protons of
GalNAc gave resonances at 4.61 ppm, 4.07 ppm, 4.03 and 4.72 ppm
as also reported earlier by Mucci et al., 2000.

Fig. 5. Thermal property of CS-keel polysaccharide (A) Differential scanning
calorimetery (DSC), (B) Thermogravimetric analysis (TGA) showing thermal stability
up  to 220 ◦C and Derivative Thermogravimetric Analysis (DTG) showing degradation
temperature (Td) of 243 ◦C.

3.6. Surface analysis of CS-keel by FESEM and AFM

Scanning electron microscopy was  used for high resolution sur-
face imaging of CS-keel. The surface morphology of CS-keel showed
rough surface with several layers stacked upon each other (Fig. 3A).
In the previous study of fucosylated chondroitin sulphate from
sea cucumber Acaudina molpadioidea and Holothuria nobilis also
showed the rough surface with several particles stacked together
(Zou et al., 2016). The layer structure of CS-keel also showed the
presence of depressions on the surface at regular intervals (Fig. 3B).

AFM is a powerful tool that enables the surface morphology
of hydrated and soft samples (Jacoboni, Valdre, Mori, Quaglino,
& Pasquali-Ronchetti, 1999). The AFM analysis of CS-keel bone
revealed fibrous structures of irregular shapes arranged randomly
throughout the surface (Fig. 4A & B). The fibrous structures were
approximately, 20 nm in height and 300 nm in diameter with vari-
able lengths (Fig. 4C & D). The distribution of fibrous structure
present could be correlated with the concentration of CS-keel
as with the increase in its concentration, the fibrous structure
increased and was maximum at 1 mg/ml. Polysaccharides gener-
ally form chains of width 0.1 nm to 1 nm (Zou et al., 2016). The
large variation in width of the structure could be attributed to the
presence of associated core proteins, which form aggregates with
CS-keel polysaccharide chain. The presence of associated proteins
was also observed in the HPSEC analysis of CS-keel as mentioned
earlier.
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Fig. 6. Analysis of the effect of CS Keel polysaccharide on Mouse fibroblast L929 cells by (A) The in vitro cell proliferation assay (MTT) showing percent cell viability of L929
cells  treated with varying concentration (0.5 mg/ml  −5 mg/ml) of CS Keel, (B) Light microscopic images of, Untreated cells under (i) 20 x and (ii) 40 x magnification and
CS-keel (5 mg/ml) treated cells for 24 h under (iii) 20 x and (iv) 40 x magnification.

3.7. Thermal properties of CS-keel

The thermal properties of CS-keel polysaccharide were studied
by TGA, DTG and DSC. The DSC analysis showed, the thermal prop-
erty of CS-keel resembles with the behaviour of polysaccharides.
The thermal scan of CS-keel suggested the presence of an endother-
mic  peak at 270.4 ◦C, which is due to bound water molecule in the
CS-keel polymer chain (Fig. 5A). The exothermic peak at 451.5 ◦C
is due to the irreversible process of polysaccharide degradation
(Fig. 5A). These properties of CS-keel might be due to intermolecu-
lar or intramolecular hydrogen bonding and cross linking capacity
(Moreno, Panero, Artico, & Filippini, 2008).

TGA of CS-keel depicted the weight loss of polysaccharide with
increase in temperature. The weight loss of CS-keel was observed in
three stages. Initial 15.0% weight loss of CS-keel occurred between
35 ◦C to 100 ◦C. The initial weight loss of polysaccharide CS-keel
was associated with the loss of water and also suggested pres-
ence of high content of carboxyl groups which were bound to
water molecules as also reported earlier (Wang, Zhao, Tian, Yang,
& Yang, 2015). A sudden decrease of 43% weight of CS-keel was

observed with in the temperature range, 220 ◦C–400 ◦C. The weight
loss of CS-keel gradually decreased further and finally reached 28%
at 600 ◦C (Fig. 5B). The Derivative thermogravimetric (DTG) curves
showed two peaks, at 243 ◦C and 320 ◦C. Out of these two, the first
sharp peak at 243 ◦C corresponded to the thermal degradation tem-
perature (Td) of CS-keel polysaccharide while the second peak at
320 ◦C might be due to the presence of protein (Fig. 5B). The thermal
degradation of commercial chondroitin sulphate A isolated from
bovine trachea occurred at Td, 227 ◦C (Moreno et al., 2008). The rel-
atively higher degradation temperature makes CS-keel a suitable
material for tissue scaffolds and joint replacement therapies.

3.8. In vitro cell proliferation assay of CS-keel polysaccharide

The in vitro cell proliferation assay of CS-keel polysaccharide
was determined using MTT. This is widely used method for estima-
tion of cell viability, cytotoxicity and cell proliferation (Mosmann
1983). MTT  is a yellow colour compound which on reduction by
mitochondrial succinate dehydrogenase in the metabolically active
cells yields a purple colour formazan (Van Meerloo et al., 2011).
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Fig. 7. In vitro antioxidant activity of CS-keel polysaccharide showing (A) DPPH
radicals scavenging activity and (B) Inhibition of ascorbate autooxidation.

The mouse fibroblast L929 cells were treated with varying concen-
trations (0.5 mg/ml  to 5 mg/ml) of CS-keel for 12 h and 24 h. The
CS-keel was dissolved in serum free DMEM low glucose (incom-
plete) medium as the presence of serum in complete medium leads
to the cell growth and interferes with the cell viability assessment
(Barnes and Sato 1980; Van Meerloo et al., 2011). It was  observed
that CS-keel imparts no cytotoxicity on L929 cells with the time as
well with increase of its concentration (Fig. 6A). The cell prolifera-
tion assay revealed that the viability of CS-keel treated L929 cells
was 98% which was almost similar to the untreated cells at 5 mg/ml
after 24 h. Hence the results concluded the biocompatible nature of
CS-keel polysaccharide which makes it a prospective candidate for
making tissue scaffolds in tissue engineering and as drug delivery
agent for controlled release of drugs.

3.9. Microscopic observation of CS-keel treated L929 cells

The L929 cells under the normal condition exhibit spindle shape
when adhered to the surface of culture plate (Theerakittayakorn
and Bunprasert, 2011). The microscopic analysis of untreated and
CS-keel treated L929 cells was carried out to study the morpho-
logical changes. The bright field microscopic analysis of L929 cells
revealed that there was no detectable change in morphology of
cells. Both, the untreated [Fig. 6B(i) & (ii)] and CS-keel treated
cells [Fig. 6B(iii) & (iv)] exhibited the same spindle shape morphol-
ogy. The surface morphology study analysis further supported the

contention elucidated from the MTT  assay that CS-keel polysaccha-
ride is biocompatible.

3.10. Antioxidant properties of CS-keel

Antioxidant properties of CS-keel were assessed by DPPH and
inhibition of ascorbate autooxidation method. The DPPH is a free-
radical compound, which is widely used to assess the antioxidant
nature of compounds. DPPH free radical scavenging activities of
the antioxidant compounds is based on their hydrogen donat-
ing nature. It receives an electron or hydrogen radical (H•) from
antioxidant and become stable in its reduced form. Therefore, the
antioxidant activity of a compound can be expressed as its ability
in scavenging the DPPH•  free radical. The DPPH scavenging activity
of CS-keel in the concentration range of 0.5 mg/ml  to 5 mg/ml var-
ied from 8% to 49% (Fig. 7A). In a previous study, the DPPH radical
scavenging activity of antler CS, bovine cartilage CS and shark car-
tilage CS at a concentration of 5 mg/ml  were measured as 51 ± 1%,
8 ± 0.1%, and 5 ± 0.1%, respectively (Kim, Gujral, Ganguly, Suh, &
Sunwoo, 2014).

The inhibition of ascorbate autoxidation is the method to assess
the superoxide radical suppression generated by oxidation of
ascorbate. CS-keel showed inhibition of ascorbate autoxidation
in the range, from 5.0 ± 0.8% to 22 ± 1.6% at concentrations from
0.5 mg/ml  to 5 mg/ml  (Fig. 7B). CS-keel can protect the oxida-
tive damage caused by harmful superoxide radical. The results
suggested that CS-keel possesses strong antioxidant activity pre-
venting the oxidative damage caused by the reactive oxygen species
and hence can be used as potential antioxidant agent in pharma-
ceuticals.

3.11. Emulsification capacity of CS-keel

The emulsifying property CS-keel was  determined by its capa-
bility of stabilizing the emulsion of hydrocarbon in water. The
emulsifying activity of CS-keel was measured at two different time
intervals of 30 min  and 60 min  against n-hexadecane. CS-keel stabi-
lized the emulsion of hydrocarbon and retained 72% and 70% of the
emulsifying activity at 30 min  and 60 min, respectively. The emul-
sifying activity of the two commercial emulsifiers, guar gum and
sodium alginate were also calculated. Guar gum retained 81% and
74% of emulsifying activity after 30 and 60 min, respectively. While
emulsifying activity of sodium alginate was  69% and 41% after 30
and 60 min, respectively. CS-keel exhibited comparable emulsify-
ing activity than commercial emulsifier guar gum, while better than
sodium alginate. Previously the emulsifying capability of commer-
cial CS-A was studied as protein-polysaccharide complex involving
lysozyme and CS-A (Kato, Sato, & Kobayashi, 1989). The overall
finding of the present study suggested that CS-keel can serve as
a potential emulsifier in the food industry.

4. Conclusion

CS polysaccharide was  isolated from chicken keel bone cartilage.
The composition, structure, surface and thermal analysis of CS-keel
displayed that it can serve as a strong candidate in tissue scaffolds
for biomedical engineering. In vitro cell proliferation assay showed
the biocompatible nature of CS-keel. It possesses significant antiox-
idant activity against DPPH and superoxide radical and strong
emulsifying property. Therefore, CS-keel can be used for functional
food applications enriching the nutritional values. CS-keel also
enables future prospects for analysis of its chondroprotective and
anti-inflammatory properties for osteoarthritis treatment. Future
challenges include its utilization in nanomedicine to develop an
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efficient delivery vehicle for therapeutic agents, to further enhance
its specificity and finally to have controlled drug release.
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a  b  s  t  r  a  c  t

The  structure  of chondroitin  AC  lyase  (PsPL8A)  of family  8  polysaccharide  lyase  was  characterized.  Mod-
eled PsPL8A  structure  showed,  it contains  N-terminal  (�/�)6 incomplete  toroidal  fold  and  a layered  �
sandwich  structure  at C-terminal.  Ramchandran  plot displayed  98.5%  residues  in  favoured  and  1.2%
in  generously  allowed  region.  Secondary  structure  of  PsPL8A  by  CD  revealed  27.31%  �  helices  22.7%  �
sheets  and  49.9%  random  coils.  Protein  melting  study  showed,  PsPL8A  completely  unfolds  at  60 ◦C.  SAXS
analysis  showed,  PsPL8A  is  fully  folded  in solution  form.  The  ab  initio  derived  dummy  model  of  PsPL8A
superposed  well  with  its modeled  structure  excluding  some  �-helices  and  loop  region.  Structural  super-
position  and docking  analysis  showed,  N153,  W105,  H203,  Y208,  Y212,  R266  and  E349  were  involved  in
catalysis.  Mutants  N153A,  H203A,  Y212F,  R266A  and  E349A  created  by  SDM  revealed  no  residual  activity.
Isothermal  titration  calorimetry  analysis  of  Y212F  and H203A  with  C4S  polysaccharide,  showed  moder-
ate  binding  by Y212F  (Ka  = 9.56  ± 3.81  × 105) and  no  binding  with  H203A,  showing  active  contribution
of Y212  in  substrate  binding.  Residues  Y212  and  H203  or  R266  might  act as  general  base and  general
acid  respectively.  Residues  N153  and  E349  are  likely  contributing  in  charge  neutralization  and  stabilizing
enolate  anion  intermediate  during  �-elimination.

© 2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Carbohydrates are dynamic molecules that are constantly syn-
thesized and broken down in animal and plants. There are varieties
of enzymes involved in the synthesis as well as breakdown of car-
bohydrates. The carbohydrate-active enzymes are grouped into
different families based on amino acid sequence similarity and
are listed in the continually updated carbohydrate-active enzyme
(CAZy) database (www.cazy.org) [1]. The carbohydrate active
enzymes belonging to the polysaccharide lyase (PL) class are rela-
tively less explored enzymes. The PL family enzymes degrade the
acidic polysaccharide such as pectin, glycosaminoglycans (GAG)
and alginate. GAG are highly sulphated linear and anionic polysac-
charide made up of repeating disaccharide units of hexosamine
and uronic acid residues [2]. These GAG chains are linked through
glycosidic linkage to serine residue of core protein and hence
form proteoglycans (PG) [3]. GAG are classified into four major
classes: Chondroitin Sulphate (CS)/Dermatan Sulphate (DS), Hep-
arin/Heparan Sulphate, Hyaluronic acid (HA) and Keratan sulphate
(KS). CS consisted of N-acetyl-galactosamine (sulphated at C4/C6)

∗ Corresponding author.
E-mail address: arungoyl@iitg.ernet.in (A. Goyal).

linked via �-(1 → 3) linkage to D-glucuronic acid and the two
disaccharide are linked by �-(1 → 4) glycosidic bond [4,5]. CS
lyase catalyze the cleavage of �-(1 → 4) glycosidic bond between
hexosamine and uronic acid residue of CS by �-elimination and
generate �4,5 unsaturated uronate oligosaccharides that exhibits
absorbance maxima at 232 nm (A232) [6,7]. The plausible mech-
anism proposed by Gacesa et al. in 1987 includes three steps: i)
negative charge present on the carboxylate anion of glucuronic acid
can be neutralized by positive charge amino acid/divalent metal
ion, ii) Abstraction of C-5 proton by general base and iii) �- elimi-
nation of 4-O glycosidic bond.

The crystal structures of chondroitin AC lyase [3,8], Hyaluronate
lyase [9], chondroitin ABC lyase [10] have been reported. The struc-
tural fold present in family 8 polysaccharide lyase is (�/�)5,6 �
toroid domain, that contains five �-helical hairpins and in some
proteins a sixth hairpin is assembled from two  additional antiparal-
lel helices, one at the N-terminus and the other at the C-terminus of
this domain. This domain is followed by a C-terminal antiparallel �-
sandwich domain containing four �-sheets [3,11]. Chondroitin AC
lyase from Flavobacterium heparinum consists of two domains, a N-
terminal domain of around 300 amino acids arranged as �-helices
and the C-terminal domain spanning 370 residues are config-
ured as four antiparallel �-sheets. The N-terminal domain imparts
the protein a double layered horseshoe structure (�/�)5 toroidal

https://doi.org/10.1016/j.ijbiomac.2017.11.087
0141-8130/© 2017 Elsevier B.V. All rights reserved.
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(doughnut-shaped) topology [3]. The putative catalytic residues
His, Tyr, Arg, Glu and Cys have been previously proposed which
act as general base by abstracting C-5 proton of uronic acid and
the residues acting as general acid initially neutralizes the nega-
tive charge on the carboxylate ion [2]. The complete mechanism
of the catalysis by chondroitin lyases is still not known. In the
present study the 3-dimensional structure of PsPL8A from Pedobac-
ter saltans was developed by homology modeling. The structure
of PsPL8A in solution state was determined by SAXS. Secondary
structure elements were evaluated by CD and Psipred analyses. The
docking study of PsPL8A with various CS ligands and site directed
mutagenesis was  performed to ascertain the catalytic centre and
residues involved in PsPL8A catalysis.

2. Material and methods

Chondroitin 4 sulphate, Trizma base, Sodium chloride, Cal-
cium chloride, EDTA, phenyl methane sulfonyl fluoride (PMSF),
Isopropyl-1-thio-�-d-galactopyranoside (IPTG), Kanamycin and
Imidazole were procured from Sigma-Aldrich USA. Genomic DNA of
Pedobacter saltans DSM12145 was purchased from Leibniz Institute
DSMZ − German Collection of Microorganisms and Cell Cultures.
Escherichia coli DH5� cells used for transformation of recombinant
plasmid and E. coli BL-21 (DE3) cells for expression of recombinant
proteins were purchased from Novagen (Germany).

2.1. Sequence retrieval and alignment of PsPL8A

The protein sequence of PsPL8A belonging to family 8
polysaccharide lyase (PL8) from Pedobacter saltans DSM 12145
was retrieved from the CAZy Database (http://www.cazy.org/
PL8 bacteria.html). The sequence has a GenBank accession
no. ADY54337.1. BLAST analysis of the query sequence was
performed with known PDB structures from X-ray or NMR
data [12]. The N-terminal signal peptide sequence was iden-
tified by using signalIP. PsPL8A sequence was aligned with
the previously reported sequence of chondroitin AC lyase
sequences from Pedobacter heparinus (previously known as
Flavobacterium heparinum) and Arthrobacter aurescens.  Multiple
Sequence alignment (MSA) was done by using Clustal omega
(http://www.ebi.ac.uk/Tools/msa/clustalo/) available at EMBL-EBI
page. The MSA  sequence file was viewed under ESPript 3.0 to
analyse the conserved and semi-conserved residues present in the
sequence of PsPL8A.

2.2. Homology modeling of PsPL8A

The 3-Dimensional structure of PsPL8A was modelled by using
Modeller 9v12 (http://salilab.org/modeller/). MODELLER is used for
homology or comparative modeling of protein three-dimensional
structures [13]. The comparative protein structure modeling was
done based on related known templates satisfying the spatial
restraints [14]. The query sequence PsPL8A was align with the best
matched template of known protein sequence, PDB id: 1CB8 A from
Pedobacter heparinus.  After the optimization of molecular proba-
bility density by modeller, 15 independent models were generated.
Further refining of structure was achieved by the loop optimization
method in modeller. Discrete optimized protein score (DOPE) was
generated for each model after loop refinement until a negative
DOPE score was attained. The modelled structure with the least
DOPE score was selected as best model for further studies.

2.3. Structure refinement and quality assessment of modelled
PsPL8A

The modelled structure with least DOPE value was  refined
and energy minimized by using 3Drefine: Protein structure
refinement server (http://sysbio.rnet.missouri.edu/3Drefine/). The
spatial structure of protein is critical for predicting the biological
function on basis of its structure and docking studies [15,16]. The
3Drefine server utilizes iterative optimization of hydrogen bond-
ing network along with atomic-level energy minimization on the
optimized model for the refinement of modelled protein structure
[16]. The structure generated after energy minimization was  val-
idated by using structure analysis and verification server (SAVES)
at NIH–MBI laboratory page (http://nihserver.mbi.ucla.edu/SAVES/
). The overall compatibility of 3D model generated with its own
amino acid sequence was analysed by using Verify3D. ERRAT plot
was generated which determines the overall quality of modelled
structure. Ramachandran plot was  generated using PROCHECK,
where the possible and permitted torsional angles, backbone phi
(�) and psi (�) dihedral angles were defined. Protein Structure
Analysis (ProSA) web Server (https://prosa.services.came.sbg.ac.at/
prosa.php) was used to analyse steriochemical quality of mod-
elled structure. Active site involves key amino acid residues which
participate in the reaction mechanism. Generally, these residues
are conserved within the family. Therefore, to identify the active
site residues, we performed structure alignment of PsPL8A with
template protein (1CB8 A) of family PL8 using PyMOL (http://
www.PyMOL.org). The topology diagram of modelled structure was
generated by using PDBSum (http://www.ebi.ac.uk/thornton-srv/
databases/pdbsum/Generate.html).

2.4. Secondary structure analysis of PsPL8A by circular dichroism
(CD)

PsPL8A was cloned, expressed, purified and biochemically char-
acterized in our earlier report [17]. The secondary structure of
PsPL8A was  analysed using 0.332 �M of PsPL8A in 50 mM Tris-HCl,
pH 7.2. CD spectrum of PsPL8A was  recorded in the Far UV range
(190–250 nm)  on a spectropolarimeter (J-815, Jasco Corporation,
Tokyo) at 25 ◦C using a sample cell with path length of 0.1 cm. The
CD spectrum was collected at a scanning rate of 50 nm/min and
1 nm bandwidth with an average of six scans. The CD spectra was
corrected for buffer contributions and the percentage of different
secondary structures present in PsPL8A were determined by using
K2D3 server (http://k2d3.ogic.ca/). The molar residual ellipticity
(mre) was calculated from the ellipticity (�) values at each wave-
length [18]. The mre  values were analysed from 190 to 240 nm by
K2D3 server.

2.5. Molecular docking studies of PsPL8A

Molecular docking analysis of PsPL8A was performed using
Autodock Vina [19] (http://vina.scripps.edu/) along with the
viewer MGLTools1.5.6 (http://mgltools.scripps.edu/). The ligands
viz. chondroitin 4-sulphate disaccharide, chondroitin 4-sulphate
tetrasaccharide and chondroitin 6-sulphate disaccharide were
used for docking analysis. Ligand PDBs were obtained from pub-
chem (http://pubchem.ncbi.nlm.nih.gov) or ligands were drawn in
chemsketch and converted to PDB files by OpenBabel 2.3.2a soft-
ware. At first, the PDB files of protein and ligand were converted to
PDBQT files by using AutoDock Tools. Thereafter, non-polar hydro-
gens were merged and their charges were assigned to carbon atoms.
Grid box having dimension of 52, 92, 84 (x, y, z coordinates) with
0.375 Å grid point spacing and grid centre was  designated at dimen-
sions (x, y, and z): 23.05, 28.83, 44.96 was  assigned around the
active site. A scoring grid was  calculated from the ligand structure
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to minimize the computation time. AutoDock/Vina was  employed
for docking using protein and ligand information along with grid
box properties in the configuration file. All other parameters were
set to default and the different conformations were generated. The
best conformation was selected after evaluating the lowest bind-
ing energy of each conformation on the basis of scoring function
used in Auto-Dock Vina. A more negative binding affinity indicates
stronger binding. The docked conformation and interaction ener-
gies were saved and analyzed for protein-ligand complex with a
lowest free energy of binding (�G). PyMOL (http://www.PyMOL.
org) to find the hydrophobic interactions and polar contacts and
Discovery studio visualizer-Accelrys was used to generate the 2D
plots.

2.6. Protein melting studies of PsPL8A

The protein melting curve of PsPL8A was generated by subject-
ing the recombinant protein to varying temperatures and thereafter
measuring the change in the absorbance at 280 nm (A280) by a
UV–vis spectrophotometer (Varian, Cary 100-Bio) following the
method described previously [20]. A 30 �g of purified PsPL8A in
1 ml  50 mM Tris-HCl, buffer, pH 7.2 was used. The absorbance at
280 nm (A280) was measured by increasing the temperature at 5 ◦C
per min  from 25 ◦C to 100 ◦C using a peltier temperature controller.
The protein solution was kept at a particular temperature for 3 min
to attain the equilibrium and the melting curve of PsPL8A was
acquired. The melting curve of PsPL8A was also studied in presence
of 20 mM Ca2+ ion or 5 mM EDTA. A curve of absorbance at 280 nm
versus temperature was plotted to generate the melting profile of
PsPL8A.

2.7. Structure analysis of PsPL8A in solution by small angle X-ray
scattering (SAXS)

2.7.1. SAXS data acquisition
The SAXS data for the PsPL8A were collected using a one-

dimensional CMOS Mythen detector (Dectris, Baden, Switzerland)
on the SAXSpace instrument (Anton Paar GmbH, Graz, Austria). The
radiation wavelength and the ratio of the sample to-detector dis-
tance were set to 1.5418 Å and 317 mm,  respectively. For SAXS
measurement, PsPL8A (12 mg/ml) was used and passed through
0.22 �m filter (Millipore, USA). The sample was  centrifuged at
24,000 g for 15 min  at 4 ◦C prior to acquiring the scattering data.
Two frames of 30 min  at 10 ◦C were collected using 60 �l of PsPL8A
was used in a thermostated quartz capillary having 1 mm diam-
eter. The images recorded on the CMOS Mythen detector were
reduced in SAXStreat software to calibrate the position of the
primary beam. SAXSquant software was used to subtract buffer
contribution to obtain the scattering intensity I, as a function of
momentum-transfer vector q (q = 4sin �/� where � and � represent
the wavelength of the X-rays and the scattering angle, respectively.

2.7.2. SAXS data processing
Initial data processing was done using PRIMUS software. The

radius of gyration, Rg was computed from Guinier equation [21] and
by indirect Fourier transform method using Gnom package [22].
The distance distribution function p(r) also was calculated using
Gnom, and the maximum diameter, Dmax was obtained. The ab
initio method was used to determine the low resolution shapes of
the PsPL8A from the scattering curve by Dammif [23]. The recon-
structions of PsPL8A were performed using 20 independent runs of
Dammif. These solutions were subsequently checked by Damaver
to create the final ab initio shape [24]. The modeled structures of
the PsPL8A were positioned in the envelopes using PyMOL.

2.8. Site-directed mutagenesis of PsPL8A by megaprimer PCR
method

2.8.1. Cloning of PsPL8A mutants
Five mutants viz.  N153A, H203A, Y212F, R266A and E349A were

generated on the basis of the identified residues involved in active
site of PsPL8A. The site-directed mutagenesis was  performed by
megaprimer PCR approach [25]. Primers designed to introduce sin-
gle amino acid mutation were prefabricated with NheI and XhoI
restriction enzyme sites. The details of primers used for mutants
are listed in Table S1. The PCR was  carried out in two steps to
introduce the single point mutations and 2037 bp amplicon was
amplified for each mutant. The PCR amplification condition and
reaction set up are given in Table S2 and Table S3, respectively.
The PCR products and vector pET28a(+) were digested with NheI
and XhoI enzymes and were ligated in 3:1 ratio of vector: insert.
The ligation mix  was  incubated overnight at 16 ◦C. 5 �l of ligated
product was  transformed using 200 �l of E. coli DH5� competent
cells prepared earlier. Cells were plated on LB agar plate contain-
ing kanamycin (50 �g/ml) and incubated at 37 ◦C overnight under
static condition. The colonies were picked and grown on 5 ml  LB
broth containing Kanamycin at 37 ◦C 180 rpm for 12 h. The grown
culture was centrifuged at 8000g at 4 ◦C for 10 min  and the recom-
binant plasmid was  isolated by Non-ionic detergent (NID) method
[26]. The clone for the mutants viz. N153A, Y212F, H203A, R266A
and E349A were screened by restriction digestion of respective
plasmids.

2.8.2. Expression and purification of PsPL8A mutants
E. coli BL21 (DE3) cells were used as host for expression of the

mutants viz. N153A, Y212F, H203, E349A and R266A. The expres-
sion of R266A was not found in E. coli BL-21 cells, so its expression
was further studied in E.coli BL-21 pLysS cells. The cells were grown
in 100 ml  LB medium supplemented with kanamycin (50 �g/ml)
incubated at 37 ◦C with shaking at 180 rpm to mid  exponential
phase till the absorbance at 550 nm (A550) reached 0.6. At this
point isopropyl-1-thio-�-d-galactopyranoside (IPTG) was added to
a final concentration of 1.0 mM and culture was  incubated at 24 ◦C
with shaking at 180 rpm. The cells were harvested by centrifugation
at 8000 g and 4 ◦C for 10 min. The cell pellet was resuspended in 5 ml
of 50 mM Tris-HCl buffer, pH 7.2 containing 1 mM phenyl methane
sulfonyl fluoride (PMSF). The cells were sonicated (Sonics, vibra
cells) by keeping on ice for 30 min  with 10 s on and 15 s off pulse at
33% amplitude. The sonicated cells were centrifuged at 18,000 g and
4 ◦C for 45 min. The cell free supernatant was  subjected to immo-
bilized metal ion affinity chromatography (IMAC) for purification.
The cell free extract was filtered through a 0.45 mm membrane and
loaded on to a 1 ml  HiTrap chelating column (GE Healthcare) equili-
brated with 50 mM Tris-HCl buffer, pH 7.2 containing 300 mM NaCl
and 60 mM imidazole. After extensively washing the column with
50 ml  of same buffer the bound protein was eluted with 50 mM
Tris-HCl buffer, pH 7.2 containing 300 mM NaCl and 350 mM Imida-
zole. SDS polyacrylamide gel electrophoresis (10.5% w/v) was used
to assess the molecular weight and purity of recombinant PsPL8A
mutant proteins.

2.8.3. Activity assay of PsPL8A mutants with chondroitin
4-sulphate substrate

The enzyme assay of wild type PsPL8A and mutants were per-
formed by incubating 0.15 �g of enzyme in 1 ml  reaction mixture
by containing 1 mg/ml  of C4S substrate at optimum reaction con-
ditions in 50 mM  Tris-HCl buffer, pH 7.2 at 39 ◦C for 5 min. The
unsaturated oligosaccharide product formation was  monitored by
an increase in the absorbance at 232 nm (A232) as a function of time
on a UV–vis spectrophotometer (Varian, Cary 100). The absorbance
observed was converted to units using molar absorption coeffi-
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Fig. 1. Multiple sequence alignment of PsPL8A from Pedobacter saltans with chondroitin AC lyases from Flavobacterium heparinum (1CB8 A), Arthrobacter aurescens (1RW9 A),
Streptomyces coelicolor A3 (2WDA A) and xanthan lyase from Bacillus Sp (2E22 A). The conserved residues are shown in red background and semi conserved residues are
shown  in box. Conserved catalytic residues are marked as asterisks. The figure was developed by EsPript3.0 (http://espript.ibcp.fr/). (For interpretation of the references to
colour  in this figure legend, the reader is referred to the web  version of this article.)

cient (3800 M−1 cm−1) for �4,5 unsaturated double bond formed
in the reaction. One unit of enzyme activity was defined as amount
of enzyme that liberates 1 �mol  of unsaturated oligosaccharides
product per min  as calculated using a molar absorption coefficient
(3800 M−1 cm−1) [17,27].

2.8.4. Ligand binding studies of mutants by isothermal titration
calorimetry (ITC)

The binding of PsPL8A mutants, Y212F and H203A with C4S
polysaccharide was quantified by ITC [28] (MICROCAL iTC 200,

Table 1
Secondary structure elements of PsPL8A.

Secondary structure element Percentage analysis by CD spectrum

� helix 27.31
�  strand 22.70
random coils 49.99

Malvern UK). Titration of mutant proteins and C4S polysaccharide
was carried out using 50 mM Tris-HCl buffer, pH 7.2 at 25 ◦C. The
reaction cell was  filled by protein (Y212F or H203A) at a concen-
tration of 80 �M,  while the syringe was filled with 20 mg/ml (0.2%,
w/v) of C4S polysaccharide.

3. Results and discussion

3.1. Sequence analysis of PsPL8A

The BLAST analysis of PsPL8A sequence having GenBank
accession no. ADY54337.1 from Pedobacter saltans displayed the
sequence similarity with previously characterized chondroitin
AC lyase. PsPL8A showed 55% sequence identity and 95% query
coverage with chondroitinase AC from Flavobacterium heparinum
(1CB8 A). PsPL8A further showed 26% and 25% sequence identity
with chondroitin AC lyase belonging to Streptomyces coelicolor A3
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Fig. 2. Three dimensional predicted structure of PsPL8A. (A) Modeled 3D structure. (B) Ramachandran plot. (C) ERRAT plot. (D) Z-score plot by ProSA-web server (E) Topology
diagram of modeled PsPL8A displaying the orientation of the secondary structures (thick arrows represent the �-strand and cylinders represent �-helix).
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Fig. 3. Superposition of modeled structure of PsPL8A (shown in magenta) with chondroitin AC lyase (1CB8 A) (shown in light-blue) from Flavobacterium heparinum showing
the  binding cleft. The residues from the binding cleft of PsPL8A are marked as His203 (Red), Tyr212 (orange), Arg266 (Grey) and Glu349 (Yellow) and those from chondroitin
AC  lyase (1CB8 A) are marked in dark blue. The figure was  generated using the PyMol program (http://www.pymol.org). (For interpretation of the references to colour in this
figure  legend, the reader is referred to the web  version of this article.)

(2WDA A) and Arthrobacter aurescens (1RW9 A), respectively. Mul-
tiple sequence alignment of PsPL8A with the above mentioned
chondroitin AC lyase sequences gave critical information about
the conserved and semi conserved amino acid residue regions
(Fig. 1). The SignalP 3.0 server deduced a N-terminal signal pep-
tide sequence with a cleavage site between Ala22 and Gln23. The
signal peptide consisted of 22 amino acids from N-terminal and
consisted of a 679 amino acid PsPL8A domain.

3.2. Homology modeling and structure validation of PsPL8A

Modeled structure of PsPL8A showed that it consists of two
domains, a N-terminal domain having (�/�)6 toroidal topology
and C-terminal made up of antiparallel �-sheet folding structure
(Fig. 2A). This (�/�)6 toroidal fold and antiparallel �-sandwich
structure are the conventional fold being assigned to the PL8 family
[3,8,11]. The N-terminal of PsPL8A is made up of nearly 330 amino
acids forming a doubly layered horseshoe shaped or open toroid
structure. The rest of 350 amino acids fold in a four layered � sand-
wich structure forming a C-terminal of PsPL8A. The twelve alpha
helices (�1-�12) in N-terminal are arranged in (�/�)6 incomplete
toroidal fold and these helices are linked with each other by the
random coils. C-terminal is made up of � sheets with an exception
of small � helix present between the � sheet S3 and S4. The chon-
droitin AC lyase from Flavobacterium heparinum also revealed the
presence of small � helix in its C-terminal domain3. The N-terminal
and C-terminal domain of PsPL8A are linked by helix �12 and �
sheet (S1) through the random coils. The quality of modeled struc-
ture after energy minimization was assessed on the tools available
at SAVES server. Ramachandran plot developed by PROCHECK dis-
played that 98.5% residues were in the favoured region, 1.2% in the
generously allowed region while only 0.5% of the residues were in
the disallowed region (Fig. 2B). This implied that dihedral angles,
phi (�) and psi (�) of the modeled PsPL8A structure have occupied
favourable positions. The ERRAT plot also confirmed that modeled
structure of PsPL8A to be of satisfactory quality, with a quality factor
of 90.89% (Fig. 2C). ProSA results indicate that the modelled pro-
tein is error free and reside in the X-ray zone with a score of −9.45
(Fig. 2D). The topology diagram of PsPL8A is showed in Fig. 2E. The
active site residues of PsPL8A involved in catalysis were obtained
by superposing the modeled PsPL8A with the available structure of
chondroitin AC lyase from Flavobacterium heparinum 1CB8 A. The

superposition showed that the critical active site residues were
conserved and aligned spatially. Asp153, His203, Tyr212, Arg266
and Glu349 were the active site residues of PsPL8A (Fig. 3).

Fig. 4. (A) Far UV CD spectrum of PsPL8A. (B) Protein-melting analysis displaying
melting curve (—), in presence of 20 mM Ca2+ ions (-.-.-) and of 5 mM EDTA (—).
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Fig. 5. (A) Surface view of the active site cleft of PsPL8A showing the binding with ligand C4S disaccharide (B) C4S disaccharide interacting with the active site amino acid
residues of PsPL8A. (- - -) represents the hydrogen bond and the residues labelled are within 4 Å radius forming hydrophobic interaction with the ligand, (C) 2D Plot of C4S
disaccharide interacting with the active side amino acid residues of PsPL8A generated in Discovery studio visualizer-Accelrys.

3.3. Secondary structure analysis of PsPL8A by CD

Circular dichroism (CD) analysis was performed using K2D3
server and the CD spectrum of PsPL8A was compared with the
secondary structure of previously available proteins [29]. The CD
spectrum of PsPL8A revealed that it contains 27.31% � helices, 22.7%
� sheets and rest 49.9% random coils (Fig. 4A) (Table 1). The results
from the homology modeling of PsPL8A also showed the presence
of the � helices rich N-terminal domain and C-terminal consisting
predominantly of � sheets. The overall structure of PsPL8A matches
well with previously solved crystal structure of chondroitin AC
lyase form Pedobacter heparinus and Arthrobacter aurescens [3,8].
The result of CD analysis further consolidate the authenticity of
modeled PsPL8A structure.

3.4. Protein melting study of PsPL8A

The melting curve of PsPL8A displayed a single peak at 60 ◦C. The
protein starts unfolding at 45 ◦C and as the temperature increases
it completely melts at 60 ◦C (Fig. 4B). In our previous biochem-
ical characterization study of PsPL8A [17], it was  observed that
the enzyme activity get enhanced by 2 fold in presence of 20 mM
Ca2+ ions. Therefore, melting study of PsPL8A was also studied in
presence of 20 Mm Ca2+ ion, but there was  no change in the melt-
ing temperature. This indicated that Ca2+ ion enhances only the
enzyme activity of PsPL8A but does not impart any structural sta-
bility to it. Melting study of PsPL8A with 5 mM EDTA showed that
it starts unfolding at 42 ◦C and gets completely melts at 52 ◦C. This
8 ◦C decrease in melting temperature of PsPL8A in presence of EDTA
might be due to chelation of the inherent divalent metal ion present
in the protein structure.

Table 2
Amino acid residues of PsPL8A showing polar interaction and residues within 4 Å of distance around the ligand at docking site.

Ligand Binding Energy
(kcal/mol)

Polar Interactions Residues within 4Å

C6S disaccharide −8.0 His 203, Gly211,Val 215, Arg266, Gly267, Arg270,
Asn352, Trp 405

Asn 103, Trp105, Asn 153, Tyr 208, Tyr212, Gly265

C4S  tetrasaccharide −7.4 Asn103, Asn153, Tyr212, Arg266, Arg270, Asn 352, Trp 105, Val215, Lys271, Ile 273, Trp 405, Phe531
C4S  disaccharide −7.2 Gly211, Ala214, Glu264, Gly267, Arg270, Lys275 Ile 51, Asn 103, Trp 105, His106, Tyr212, Val215,

Arg266, Asn 352

TH-1654_11610622

https://doi.org/10.1016/j.ijbiomac.2017.11.087


Please cite this article in press as: A. Rani, et al., Int. J. Biol. Macromol. (2017), https://doi.org/10.1016/j.ijbiomac.2017.11.087

ARTICLE IN PRESSG Model
BIOMAC-8567; No. of Pages 12

8 A. Rani et al. / International Journal of Biological Macromolecules xxx (2017) xxx–xxx

Fig. 6. Small Angle X-ray Scattering analysis of PsPL8A (A) SAXS intensity profiles from samples of PsPL8A, (B) Guinier plot of the SAXS intensities, PsPL8A. The straight
line  was  obtained by least-squares fitting in the region, (C) Kratky plots of the SAXS datasets confirmed the globular nature of the scattering PsPL8A, (D)  P(r) curves of the
predominant scattering dataset of PsPL8A plotted as a function of r, (E) Ab initio model of PsPL8A generated by constructing independent dummy atom residue models using
DAMMIF and averaging with DAMAVER. (F) Superposition of ab initio and modeled PsPL8A. Images were generated using PyMol ver. 1.3 Schrödinger, LLC.

3.5. Docking analysis and ligand binding interaction of PsPL8A

The previously reported cocrystal structure of chondroitin AC
lyase from Flavobacterium heparinum with CS/DS oligosaccharide
[8,33] and Arthrobacter aurescens [3] guided the location of catalytic
core and conserved active site residues of PsPL8A. The docking of

PsPL8A with C4S disaccharide (Fig. 5A), C6S disaccharide (Fig. S1A)
and C4S tetrasaccharide (Fig. S2A) was  performed to obtain best
fit conformation of the ligands. The result of docking studies is
summarized in Table 2. The docking analysis of PsPL8A showed
best binding affinity with C6S disaccharide with binding energy
of −8.0 kcal/mol followed by C4S tetrasaccharide (−7.3 kcal/mol)
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Fig. 7. SDS-PAGE (10.5%, w/v) gel showing over-expression and purification of PsPL8A mutants using E. coli BL21 (DE3) cells; (A) N153A, (B) H203A, (C) Y212F, (D) E349A
Lane  1: Uninduced BL21 (DE3) cells, Lane 2: Induced BL21 (DE3) cells, Lane 3: Cell pellet after sonication, Lane 4: Cell free extract, Lane 5: Last wash from the column and
Lane  6: Purified recombinant PsPL8A enzyme: Lane M:  Protein marker, (E) Over-expression and purification of R266A in E. coli BL-21 pLysS cells.

and C4S disaccharide (−7.2 kcal/mol). The ligand binding study
of PsPL8A with C4S disaccharide revealed that substrate binding
cavity is formed by �10, �11, �12 helices of N-terminal (�/�)6
incomplete toroid domain and is enclosed by the loop region from
the C-terminal (Fig. 5B&C). The catalytic core is majorly formed by
the N-terminal �-helical domain and is broad enough to hold the
CS polysaccharide chain. The presence of basic amino acids such
as His203, Arg 266, Arg 270 and Lys 275 residues in the catalytic
cavity might create the positive charge and hence contribute to the
binding of acidic CS polysaccharide. The presence of basic residues
(His225, Arg288, Arg292, Lys298 and Lys 299) was  also observed in
the catalytic core of chondroitin AC lyase from Flavobacterium hep-
arinum [3]. His203 and R266 residues of PsPL8A lies in the stretch of
well conserved residues and corresponds to the His225 and R288 of
chondroitin AC lyase from Flavobacterium heparinum [3]. The aro-
matic residues such as Trp105, Tyr208 and Tyr212 might help in

the accommodation of the sugar ring of the CS substrate. The dock-
ing analysis of PsPL8A was  also studied with C6S disaccharide (Fig.
S1B&C) and C4S tetrasaccharide (Fig. S2B&C). This docking study
showed that polar interactions taking place between active site
amino acid residues and the ligand molecule (Table 2). The dock-
ing result inferred that Asn153, His203, Tyr212, Arg266, Glu349
are the key catalytic residues of PsPL8A. A similar catalytic tetrad
including His225, Tyr234, Arg288 and Glu371 were reported in the
chondroitin AC lyase from Flavobacterium heparinum. In addition to
these critical active site residues, there are several other residues
in PsPL8A, such as Trp105, Tyr 208, Gly211, Val215 and Arg270 that
are proximal to the CS substrate and hence could play a key role in
positioning the substrate for enzyme action.
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Table  3
Enzyme activity of PsPL8A mutants.

Enzyme Relative Activity (%)

Chondroitin4-Sulphate Chondroitin 6-Sulphate

PsPL8A (wild type) 100 100
N153A 0.66 ND
H203A 0.13 ND
Y212F 3.80 ND
R266A 0.38 ND
E349A 0.80 ND

ND: Not detected.

3.6. Structure analysis of PsPL8A by small angle X-ray scattering
(SAXS)

SAXS analysis of PsPL8A was performed using scattering data
collected at 12 mg/ml  concentration (Fig. 6A). Guinier analysis for
PsPL8A indicate that the predominant shape by a radius of gyra-
tion (Rg) 3.19 ± 0.09 nm.  Alternatively, Guinier approximation of
a rod shape PsPL8A implied an RC value of ∼1.57 nm (Fig. 6B).
The linearity of the Guinier plot in the low q-region shows that
the scattered intensities follow the Guinier law and suggesting the
length of PsPL8A about 10 nm.  The Kratky plot analysis of the PsPL8A
indicated that it is fully folded state in solution (Fig. 6C). The distri-
bution profile of interatomic vectors [P(r)] evaluated by the indirect
Fourier transform over a range of 0.01-0.3 concluded that the pre-
dominant solution shape of PsPL8A are similar (modeled structure
and ab initio generated model) and characterized by a Dmax and Rg
value of 12 nm and 3.3 nm,  respectively (Fig. 6D). Experimentally
obtained parameters matched with the modeled PsPL8A structure
parameters, which supported that the solution shape of PsPL8A is
in good correlation with modeled structure and its homologous
crystal structures. Multiple independent cycles of ab initio mod-

elling by DAMMIF were computed without symmetry restrictions
and were averaged by DAMAVER to produce a low-resolution ab
initio shape for PsPL8A (Fig. 6E). The Dummy  Atom Molecule of the
PsPL8A is elongated, and clearly reveals a single domain. The ab
initio derived dummy  atom model superpose well with the mod-
eled PsPL8A while, few �-helices and loop region protruding the
dummy atom model of PsPL8A derived from the SAXS Data. These
regions outside the envelop may  be due to the flexibility of the
loops (Fig. 6F).

3.7. Construction of PsPL8A mutants by site-directed mutagenesis

Based on the structural model of PsPL8A and molecular docking
studies with C4S disaccharide/tetrasaccharide, the putative cat-
alytic residues N153, H203, Y212, R266 and E349 were selected for
site-directed mutagenesis. The DNA sequence of 2037 base pairs
encoding mutants N153A, H203A, Y212F, R266A and E349A was
amplified by a two-step PCR megaprimer approach (Fig. S3). A sin-
gle point mutation was  introduced in each mutant. The PsPL8A
mutants were cloned in pET28a(+) expression vector and the pos-
itive clones were screened by restriction digestion (Fig. S3). The
recombinant proteins were purified to apparent homogeneity level
by immobilised metal ion chromatography (IMAC). The expression
and purification of the five recombinant PsPL8A mutants was  ana-
lysed by SDS-PAGE (10.5%, w/v) gel and all showed a molecular size
of approximately, 77 kDa (Fig. 7).

3.8. Binding and activity analysis of mutants and catalytic
mechanism of PsPL8A

The mutants N153A, H203A, Y212F, R266A and E349A were
developed as mentioned in section 3.7, in order to probe the role of
these residues in catalysis. The specific activity of all mutants was
determined and compared with the wild-type PsPL8A (Table 3). The

Fig. 8. Representative ITC data of PsPL8A mutants with C4S polysaccharide (A) H203A (B) Y212F. The ligand C4S polysaccharide (20 mg/ml) in syringe was titrated with
80  �M of protein in the cell. The top half of each panel shows the raw ITC heat while the bottom half represents the integrated peak areas fitted to a single-site binding model
with  MicroCal Origin Ver. 8.0 ITC was carried out using 50 mM Tris-HCl buffer, pH 7.2.
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results showed that the mutants N153A, H203A, Y212F, R266A and
E349A gave 0.66%, 0.13%, 3.8%, 0.38% and 0.80% relative activity
against C4S substrate taking the wild-type PsPL8A activity as 100%.
All the mutants showed no activity against C6S substrate when
assayed under the same conditions. The complete loss in activity
of the mutant proteins showed that these residues are critical and
catalytic residues of PsPL8A.

PsPL8A showed an initial random endolytic mode generating
higher C4S oligosaccharide up to dodeca-saccharide along with C4S
disaccharide, while disaccharide was the major product observed
after 1 h of catalysis as previously reported [17]. One of the plausible
explanation for this mode of catalysis could be, since the catalytic
cleft is formed by N-terminal and two-three loop region from C-
terminal, the catalytic core of PsPL8A is not rigid and the loops might
be flexible enough for periodically opening and allowing the entry
of CS chain inside to the catalytic groove. Such catalytic core was
also reported for chondroitin AC lyase from Flavobacterium hepar-
inum [30]. Initially as the substrate enters the catalytic core, PsPL8A
enzyme starts acting randomly and generates the higher oligosac-
charide as well as the disaccharide, while with time it degrades
all higher oligosaccharide to final disaccharide product, suggest-
ing its more affinity towards disaccharide. The tunnel like catalytic
core of cellobiohydrolase also showed the evidence of local confor-
mational changes upon binding of the polysaccharide [31,32]. The
crystal structure of endolytic chondroitin AC lyase from Flavobac-
terium heparinum showed the catalytic tunnel which is not rigid
and having flexible loops [30] while, the catalytic core of exolytic
Arthrobacter aurescens [8] was covered by the two loops, restricting
the movement of only two to three sugar residues.

The binding of mutants Y212F and H203A with C4S polysac-
charide by ITC analysis showed that H203A has no binding with
C4S polysaccharide (Fig. 8A), implicating that mutation of His203
residue with alanine leads to the loss of activity as well as the lig-
and binding affinity. However, Y212F showed weak binding against
C4S polysaccharide (Fig. 8B) as it also retained ∼4% relative activity
(Table 3). This revealed that Y212 residue is involved in the cataly-
sis and substrate binding. Similarly, the crystal structure analysis of
Y242F mutant of chondroitin AC lyase from Flavobacterium hepar-
inum complex with CS-tetrasaccharide showed binding at the same
position of catalytic site as that of the wild-type enzyme, suggesting
the involvement of Tyr242 in catalysis and substrate binding [30].
In �-elimination a general base is required to abstract the proton
from C-5 of the uronic acid, generating an enolate anion inter-
mediate, followed by proton donation by a general acid or water
molecule and concomitant release of the leaving group [6]. Three
probable theories for catalytic mechanism of chondroitin AC lyase
from Flavobacterium heparinum have been proposed [30] viz. i) His
acting as general base while Tyr as general acid, ii) Tyr acting as
both general acid and base iii) Tyr acting as general base and Arg as
general acid. In other study it was suggested that Tyr242 acts as a
general base in chondroitin AC lyase enzyme from Flavobacterium
heparinum [7]. The structure comparison, mutagenesis and binding
results of PsPL8A indicated the roles of Y212 and H203 or R266 as
probable general base and general acid, respectively. The residues
N153 and E349 of PsPL8A, are likely contributing to the charge
neutralization and stabilization of the enolate anion intermediate
during �-elimination.

4. Conclusions

The three dimensional structure of chondroitin AC lyase
(PsPL8A) of family 8 polysaccharide lyase from Pedobacter saltans
was generated by homology modeling. The structure showed a N-
terminal (�/�)6 incomplete toroidal fold and a layered � sandwich
structure at C-terminal. The secondary structure analyses of PsPL8A

displayed presence of more �-helices as compared to � sheets.
SAXS analysis of PsPL8A revealed a fully folded structure in solution
form. The roles of key catalytic residues Y212 and H203 or Arg266 as
probable general base and general acid, respectively were investi-
gated by site-directed mutagenesis and binding studies by ITC. The
structural characterization will enable to elucidate the complete
mechanism underlying the mode catalysis of chondroitin AC lyase
(PsPL8A). However, the future challenge includes to determine the
crystal structure of PsPL8A by X-ray crystallography.
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