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SYNOPSIS

Introduction

Carbohydrates are defined structure as polyhydroxy aldehydes (e.g.
glucose), polyhydroxy ketones (e.g. fructose), polyhydroxy alcohols (e.g. erythritol),
polyhydroxy acids (e.g. lactobionic acid) and their derivative forms. The sugars or
saccharides are the typical carbohydrates. The plant cell wall (PCW) is a network of
polysaccharides, which is mainly consists of cellulose, hemicellulose and pectin. The
chains of cellulose is surrounded by a matrix of pectin. Pectin is a structural complex
polysaccharide present in primary cell wall of middle lamella. Pectin is present in walls
of all higher plants, gymnosperms, pteridophytes and bryophytes. Approximately, 35%
of primary cell walls in dicots and non-graminaceous monocots, 2-10% of grass and up
to 5% of walls in woody tissues are composed of pectin. Pectin plays important role in
cell-cell adhesion, signaling, cell expansion, leaf abscission and fruit development.
There are three primary members of pectin family of polysaccharides,
homogalacturonan (HG), rhamnogalacturonan | and rhamnogalacturonan Il. HG is a
linear homopolymer of a-1,4-linked D-galactopyranosyluronic acid (a-GalpA). The a-
GalpA residues of homogalacturonan may be methyl esterified at the C-6 carboxyl
position. HG may also be O-acetylated at the C-2 or C-3 position. Homogalacturonan

have been isolated from citrus and apple pectin. HG domain is called as the smooth
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region of pectin due to the presence of linear chain. The degree of esterification (DE) is
defined as the ratio of esterified galacturonic acid groups to total galacturonic acid
groups. The pectin classes are based on the DE and are of two types, High methoxyl

(HM) pectins and Low methoxyl (LM) pectins.

Carbohydrate active enzymes catalyse the breakdown, biosynthesis or

modification of carbohydrates and glycoconjugates (www.cazy.org). Carbohydrate

active enzymes have been classified into different families based on protein sequence
similarity. They have been classified in the CAZy database as: Glycosyl Transferases
(GTs), Glycoside Hydrolases (GHs), Polysaccharide Lyases (PLs), Auxiliary
Activities (AA) and Carbohydrate Esterases (CEs). Polysaccharide lyases (PLs) cleave
glycosidic bonds in uronic-acid containing polysaccharides. They use a B-elimination
reaction mechanism to generate an unsaturated hexenuronic acid residue and a new
reducing end at the cleavage site. Carbohydrate esterases (CE) catalyze the de-O-
acylation or de-N-acylation of substituted polysaccharides. They remove the ester based
modifications present in mono-, oligo- and polysaccharides. Carbohydrate esterases use

the esters as a substrate and release carboxylic acid and alcohol.

In the CAZy database the family 8 carbohydrate esterase (CE8) contains a total
of 4534 protein sequences as of May 2019 (http://www.cazy.org/CE8.html). Out of
4534 sequences 5 belong to archaea, 3330 belong to bacteria, 1172 belong to eukaryote
and 27 belongs to unclassified sequences. The only member representing the class of
enzymes is pectin methylesterase (PME, E.C 3.1.1.11). PME hydrolyses the ester
decorations from pectin (D-GalA). The crystal structures of these 8 PMEs are available

in PDB.
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Clostridium thermocellum is an anaerobic, Gram-positive, rod shaped,
thermophillic bacterium. C. thermocellum displays on its cell surface a muti-enzyme
complex called as cellulosome. The family 8 carbohydrate esterase (CE8) from

Clostridium thermocellum under present study on pectin methylesterase (Fig. 1).

Signal Peptide Linker
N/

CES X-157__|Doc1

1 30 330 353 494 567

Fig. 1 Molecular architecture of modular protein ABN54147.1 from C. thermocellum
consisting of a 30 aa signal peptide, N-terminal 300 aa family 8 carbohydrate
esterase (CE8), catalytic (CtPME) and C-terminal 141 aa unknown module and
followed by 73 aa type 1 dockerin (DOC) modules.

Present work

The present work entitled as “Cloning, expression, purification, biochemical,
functional and structure characterization of pectin methylesterase (CtPME) from family
8 Carbohydrate Esterase (CE8) from Clostridium thermocellum ATCC 27405 and its
applications in textile and food industry” has been divided into 6 chapters.
Chapter 1 is the General Introduction, which describes the brief review of literature
dedicated to the importance of different carbohydrates majorly present in the plant cell
wall. It presents an elaborate description of pectin and its components. This chapter
describes different types of carbohydrate active enzymes and their sequence based
classification. It presents a detailed description of Degree of methylation and types. It
includes a description of family 8 carbohydrate esterase. Significance of the work has
been elaborated in this chapter. Pectinases have wide and immense applications in

various industrial processes. Therefore, exploration of any improved microbial strain or
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robust enzyme has always been an important approach. Different types of pectin
degrading enzymes and their applications have also been discussed in this chapter. A
description of Clostridium thermocellum and its cellulosome has also been included in
this chapter.

Chapter 2 describes amplification and cloning of the full length gene encoding family

8 carbohydrate esterase, Pectin methylesterase (E.C. 3.1.1.11), CtPMEf and its

truncated derivatives, CtPME and CtX157 from the genomic DNA of Clostridium

thermocellum ATCC 27405 (GenBank Accession No: ABN54147.1, Uniprot ID

A3DJL8). The molecular architecture revealed signal peptide towards N-terminal

followed by a family 8 carbohydrate esterase catalytic module (CtPME, 35.5 kDa) and

Unknown functional module (CtX157, 17.7 kDa) along with 1 dockerin type at end of

C-terminal. The PCR amplified fragment of full length gene encoding CtPMEf showed

a band of ~1.3 kb, whereas, the gene encoding catalytic module (CtPME) and binding

module (CtX157), displayed the sizes of ~ 0.9 kb and ~ 0.4 kb, respectively. The

restriction enzyme digested fragments of genes encoding CtPMEf, CtPME and

CtX157were ligated with linearized pET-28a(+) vector. The ligated mixture was

transformed into E. coli TOP10 competent cells. The positive clones containing

recombinant plasmid DNA were screened by restriction enzyme digestion using

enzymes, Nhel and Xhol. The restriction enzyme digested products were

electrophoresed and the band of ~ 5.4 kb was produced for pET-28a(+) vector and

corresponding bands of ~1.3 kb, ~ 0.9 kb and ~ 0.4 kb were produced from the insert

fragments for genes encoding CtPMEf, CtPME and CtX157, respectively. The

recombinant plasmids containing genes encoding CtPMEf, CtPME and CtX157 were

transformed into E. coli BL-21 (DE3) cells. The recombinant proteins were expressed
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and purified. The purified recombinant proteins displayed a band of approximately,
54.1 kDa for CtPMEHf, 35.5 kDa for CtPME and a band of approximately, 17.6 kDa for
CtX157 on SDS-PAGE gels. The intact molecular masses of the proteins were
confirmed by the MALDI-TOF MS. The amount of recombinant proteins viz. CtPME,
CtPMETf and CtX157 obtained from 100 ml E. coli cultures after purification by IMAC
were 2.4+0.15 mg, 1.9+0.18 mg and 1.7+£0.21 mg, respectively.

Chapter 3 describes the biochemical and functional characterisation of CtPME and
CtPMETf. The enzyme assay was carried out by alcohol oxidase method, as the product,
which exhibits a maximum absorbance at 432 nm (As32). CtPME and CtPMEf showed
maximum enzyme activity at pH 8.5. CtPME and CtPMEf was active at pH range 7.5-
9.0. The optimal temperature of CtPME and CtPMEf was 50°C. CtPME and CtPMEf
retained 90% of its activity after incubation at 50°C-60°C for 30 min. CtPME and
CtPMET was stable at the temperatures 40°C to 70°C and retained 80% activity. CtPME
and CtPMETf also showed better activity towards apple pectin, 70%, 55% and 25%
methyl-esterified citrus pectin and lower activity against with non-methylated PGA.
Both CtPME and CtPMEf showed high activity towards high methylated pectin
polysaccharide, citrus pectin containing with 85% esterified. Maximum activity of both,
CtPME and CtPMEf was against citrus pectin with 85% esterified at 18.8 U/mg and
20.1 U/mg, respectively. CtPME and CtPMETf had similar values of Km, 3.1 mg/ml and
3.4 mg/ml, respectively, with CP (85% esterified). The presence of 5 mM Ca?* increased
the activity of CtPME and CtPMETf by 50% and 42%, respectively. The presence of 5
mM EDTA decreased the activity of CtPME and CtPMEf by 40% and 38%,
respectively. In case of CtX157 protein, no esterase activity was observed. The melting

study of CtPME revealed that it starts unfolding at 68°C and the protein was completely
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distorted at 90°C. The protein-melting peak of CtPME shifted to higher temperature in
the presence of Ca2* ions. This further corroborated the fact that Ca?* ions, not only
enhances the activity, but also imparts the thermal stability to the protein structure. The
recombinant CtPME enzyme was expressed and produced using different culture media.
Maximum concentration of CtPME and CtPMEf obtained with AIM-LB medium was
150 mg/L and 160 mg/L, respectively.

Chapter 4 focuses on the structural aspects of CtPME. The structure of CtPME of
family 8 carbohydrate esterase was characterized. The homology modeled structure of
CtPME showed the right handed parallel B helices. Multiple sequence alignment of
CtPME with previously (Uniprot Id: 2ntb and 1gjv) known pectin methylesterase
revealed the conserved and semi-conserved amino acid residues (Asp, Asp and Arg).
Multiple sequence alignment revealed that CtPME has conserved residue active site.
CtPME showed maximum sequence identity (38%) with PME of Erwinia chrysanthemi
(ECPME). The secondary structure prediction by PsiPred and Circular Dichroism
analysis showed the presence of approximately, 3% a-helix, 40% B-sheet and 57%
random coils. The structure of CtPME based on homology modelling showed a right-
handed parallel B-helical structure. The structure validation by Ramachandran plot
revealed 98.9% amino acid residues in the allowed region and only 1.1% amino acid
residues were present in the disallowed region. Comparison of CtPME structure with
that of PME protein from Erwinia chrysanthemi showed conserved catalytic cleft. The
substrate-binding pocket of CtPME was found at the same location as previously
recognized in ECPME. The superposed 3D-structures showed that the key residues,
Aspl65, Aspl186 and Arg242 of CtPME perfectly aligned with the key residues Asp178,

Aspl199 & Arg267 of ECPME. Docking analysis of CtPME established key residues of
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the active site cleft. The analysis showed that CtPME had higher affinity towards the
methylated D-galacturonic acid (mD-GalA) than D-galacturonic acid. Molecular
dynamics simulation of modelled CtPME was performed, the structural stability and
compactness of the structure over a 20 ns duration. SAXS showed the CtPME structure
in solution form. Guinier plot showed the CtPME structure was a globular form. Kratky
plot gave indication that protein is fully folded in solution. The ab initio derived dummy
atom model of CtPME superposed well with its modeled structure. This study on
CtPME provided an insight into the structural determinants, stability, substrate
recognition and the structure in solution form.

Chapter 5 describes the application of recombinant pectin methylesterase (CtPME) and
pectate lyase (CtPL1B, E.C.4.2.2.2) from Clostridium thermocellum for enzymatic
degumming of jute fiber or bioscouring of cotton fabric. The degumming of jute fibers
and bioscouring of cotton fabric using alkaline pectinases, CtPME, CtPL1B and their
mixture was studied and compared with NaOH treatment. The mixture of both enzymes
displayed effective degumming of jute fiber and bioscouring of cotton fabric as
compared with the individual enzymes. The optimum concentration of enzymes for
degumming of jute fiber and bioscouring of cotton fabric was 10 mg/ml (4.2 U/ml) of
crude CtPME or 10 mg/ml (6.0 U/ml) of crude CtPL1B under optimum conditions of
time 60 min, 100 rpm and 50°C. In case of mixed enzymes, 5 mg/ml (2.1 U/ml) of crude
CtPME and 5 mg/ml (3.0 U/ml) of crude CtPL1B were optimized. FESEM images
showed that the mixture of enzymes more effectively removed the pectin and associated
waxy compounds from the surface of jute fiber at 60 min of treatment. The mixture of
enzymes was more efficient as compared with individual enzymes, nevertheless similar

to that of NaOH treated. The weight loss of enzyme treated jute fiber and cotton fabric
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was measured. Degumming of jute fiber and bioscouring of cotton fabric mixed
enzymes treatment showed significant weight loss as compared with the respective of
individual enzyme treatment and similar to that of NaOH treatment. The alkaline
pectinase bioscoured of cotton fabric, wettability and contact angle were determined.
The wettability analysis showed that the cotton fabric treated with CtPME, CtPL1B,
mixture of enzymes and NaOH absorbed a drop of water in 21 s, 18 s, 10 s and 8 s,
respectively. The contact angle was showed less than 20° with respective of wettability
time. The FESEM analysis of the enzyme treated cotton fabric showed a smooth surface
as compared with the control. ATR-FTIR analysis of enzyme treated jute fiber or cotton
fabric showed difference in the surface exposed functional groups as compared with the
controls. The mechanical properties such as Young Modulus and ultimate tensile
strength of degummed jute fiber and bioscoured cotton fabric were investigated by
UTM analysis. The mixed enzymes degumming of jute fiber or bioscouring of cotton
fabric gave Young’s Modulus and UTS values similar to those of chemical treatment.
The UTM analysis showed that jute fibers treated with the enzyme mixture had higher
tensile strength than the control. All these results showed that the use of mixture of
CtPME and CtPL1B enzymes could be potentially useful enzymes for textile industry
replacing the chemical process by Green process. To the best of our knowledge, this is
the first study on the use of a recombinant pectin methylesterase, CtPME with pectate
lyase, CtPL1B for degumming of jute fiber and bioscouring of cotton fabric. This
indicated that the treatment of jute fibers with a mixture of CtPME and CtPL1B could
be an alternative to the chemical treatment and sustainable eco-friendly process in

textile industry.
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Chapter 6 describes the isolation of natural pectin, characterization and effect of
mixture of pectic oligosaccharides on normal cells (HEK293) and colon cancer cells
(HT29). Natural pectin was isolated from waste citrus peels of Citrus reticulate (Sweet
orange, mandarin) by ultrasound-assisted extraction (UAE), The yield of extracted
orange pectin (EOP) obtained was 23.3%. FESEM analysis of UAE treated orange peel
powder (OPP) showed more structural destabilization and porosity as compared with
untreated OPP, which was also confirmed by BET analysis. FTIR spectrum showed the
increased intensities of O-H, C=C and HC=0 in UAE treated OPP as compared to
untreated OPP displaying the disruption. These results showed that the UAE treatment
is efficient and suitable for EOP extraction. The surface topology of EOP was globular
particle like and wrinkled as shown by FESEM. The AFM depicted its fibrous and net-
like structure. HPSEC analysis of EOP exhibited the molecular mass of 92.3 kDa. DLS
analysis showed the average hydrodynamic diameter of 329.3 nm of EOP. FTIR and
NMR spectra showed that EOP contains esterified D-galacturonic acid units. The
degree of esterification of EOP was 68% as confirmed by FTIR. TGA-DTG showed the
thermal degradation temperature of EOP to be 225°C and XRD analysis showed its
semi-crystalline nature. CtPL1B displayed 40% enhanced activity against EOP in the
presence of CtPME. The TLC analysis of lysed products of EOP released by CtPL1B
were majorly DP2 & DP3, which are methylated pectic oligosaccharides (mPOS) and
by mixture of CtPME and CtPL1B, were non methylated pectic oligosaccharides (POS),
which were confirmed by HPLC and ESI-MS. CtPME hydrolysed the EOP and gave
only the pectic polysaccharide (PP) and not POS. The effects of PP, POS and mPOS on
proliferation of HEK293 and HT29 were studied. The proliferation of HEK293 cells

was not affected even after 48 h in all the three case and the microscopic observation
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also showed no change in the cell morphology as compared with the untreated cells. All
of them showed reduced proliferation of HT29 cells, however, mPOS displayed
maximum (51%) reduction of proliferation of HT29 cells as compared to POS or PP.
The microscopic observation of mPOS treated HT29 cells revealed the reduced
connection between the cells and change in cell morphology from undifferentiated to
shrunk globular shape. The results displayed that mPOS, POS and PP are biocompatible
and display anticancer properties. Pectin being large polymeric compound is difficult
to get absorbed by the alimentary canal hence enzymatic degradation facilitates the
production of smaller oligosaccharides which can get easily absorbed by the alimentary
canal, hence, the pectic oligosaccharides can be produced from orange peels by using
the recombinant CtPME and CtPL1B from Clostridium thermocellum on a large scale.
Therefore, EOP and pectic oligosaccharides can be used for functional food applications
enriching the nutritional values. The orange peel, which is generally considered as waste
can serve as source for a potent healthcare commodity. Future challenges include its
utilization in nano-medicine or chip based 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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Chapter 1

General Introduction

1. Carbohydrates

Plants are unarguably the most essential form of life on the surface of earth
which top the eukaryotic kingdom of organisms. Through photosynthesis, plants
convert solar energy into organic carbon that can be further utilized by heterotrophic
organisms. The synthesis of organic carbon in the form of carbohydrates is a major
biological process. Plants cells are consisting of four major classes of organic
molecules, which are proteins, lipids, nucleic acids and carbohydrates. Carbohydrates
are the most abundant organic molecules found in nature and are metabolized by nearly
all organisms (Wade, 1999). Carbohydrates are biomolecules consisting of carbon (C),
hydrogen (H) and oxygen (O) atoms. A typical carbohydrate structure formula is
CnH2nOn (where n =3 suggesting that carbon atoms are combined with water),
commonly the combination of hydrogen-oxygen atom ratio of 2:1. Carbohydrate is the
primary source of energy for life. Carbohydrates are defined structure as polyhydroxy
aldehydes (e.g. glucose), polyhydroxy ketones (e.g. fructose), polyalcohols (e.g.
erythritol), polyhydroxy acids (e.g. lactobionic acid) and their derivative forms (Nelson

etal., 2008). The sugars or saccharides (another term for sugar, sweet crystalline soluble
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carbohydrate) are the typical carbohydrates. Carbohydrate saccharides are categorized
into monosaccharides, disaccharides, oligosaccharides and polysaccharides. Saccharide
structure forms a single polyhydroxy aldehyde or polyhydroxy ketone molecule is
known as monosaccharide (Wade, 1999). Monosaccharide consists with four or more
carbon atoms exist in unit cyclic form (Nelson et al., 2008). D-Glucose is the most
important monosaccharide in nature and act as an energy precursor for all cellular
functions such as protein synthesis, movement and transport. Disaccharides are made
up of two monosaccharide units. Sucrose is a common example of a disaccharide
consisting of D-Glucose and D-Fructose. Oligosaccharides consist of 2-10
monosaccharide molecules. Polysaccharides consist of more than 10 monosaccharide
molecules and can be quite large e.g. Cellulose (Nelson et al., 2008). Cellulose contains
several thousand D-Glucose units (O'sullivan, 1997). These molecules usually form a
cyclic structure, which could be pyran or furan, are present as isomers, a or p.
Carbohydrates carry out important cellular functions. They are used as an energy source
across all life forms, serve structural and protective role and act as signaling molecule
among several other functions (Nelson et al., 2008).
1.1 Plant cell wall polysaccharides

Plant cells have rigid cell wall, which is made up of complex polysaccharides
such as cellulose, hemicellulose and pectin (Mohnen et al., 2008). Polysaccharides are
complex macromolecular carbohydrates consisting of chain of monosaccharides linked
together by glycosidic bonds (Berg, 2007). The plant cell wall also contains lesser
amount of structural glycoproteins hydroxyproline-rich extensions) and phenolic esters
(ferulic and coumaric acids) (Matsunaga et al., 2004). The cellulose chains are inter

linked with hemicellulose by rigid matrix pectin (Taiz et al., 2010). The cell wall is both
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structurally and functionally important for plant cells. The interconnected network of
polysaccharide provides strength to plant cells (Alberts et al., 1997). The cell wall
carbohydrate polymers are linked by covalent and non-covalent interactions.

Cellulose is a linear homo-polysaccharide of glucose molecules linkage of -
(1,4) glycosidic bonds (Wade, 1999). Cellulose chains are connected to each other
through extensive non-covalent bonds. Cellulose module of plant cell wall is organized
into amorphous and crystalline domains (O’Sullivan, 1997). There are other types of
cellulosic polysaccharides such as laminarin (B-1,3-linked glucose) and lichenan (mixed
1,3-1,4-B-D-glucan) are other type of structural glucan, which are available in the
market (Scheller et al., 2010).

Hemicelluloses are hetero-polysaccharides that are present in plant cell wall.
They are named according to their main chain. The most common hemicellulose
polysaccharides are xylans and mannans (Schadel et al., 2009). The other hemicellulose
polymers commonly present in the nature as xyloglucans, glucuronoxylan,
arabinoxylans, arabinogalactans, glucomannans and galactomannans (Schadel et al.,
2009). Xylan is made of B-1,4-linked xylose residues (Scheller et al., 2010). Xylan may
also conatin o-L arabinofuranosyl (arabinoxylans), -D-glucucopyranosyl uronic acid
(B-D-GlcpA) or 4-O-methyl-D-glucucopyranosyluronicacid (glucuroxylans) residues
as side chains (Scheller et al., 2010; Urbanowicz et al., 2012; Cosgrove, 1999).
Xyloglucan consisting of B-(1,4) linked d-glucans substituted with xylose (Bhamidi et
al., 2008).

Mannans are homo-polymers, containing -(1,4)-D-mannopyranose backbone
that is substituted with galactose in galactomanan or glucose in glucomanan (Cui et al.,

2009). Mannans may be further classified into three subfamilies: (1) glucomannan, (2)
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galactomannan and (3) galactoglucomanan (Petkowicz et al., 2001). The glucomannan
backbone of -1,4-linked D-mannopyranosyl residues contains randomly distributed f3-
D-glucose residues in a 3:1 ratio (mannose: glucose). The backbone of galactomannan
consists of -1,4-linked D-mannopyranosyl residues that is substituted with side chains
of single a-1,6-linked D-galactopyranosyl residues. Galactoglucomannan backbone is
made of B-1,4-linked D-mannopyranosyl residues and randomly distributed B-D-
glucose residues linked to mannose residue by -1,4-linkage and the D-glucose residues
are substituted with a-1,6-linked D-galactose residues (Moreira, 2008).

Apart from the carbohydrates, lignin is a large group of aromatic polymers
derived from oxidative combination of 4-hydroxyphenylpropanoids (Vanholme et al.,
2010). Lignin also contains the hydroxycinnamyl alcohols (or monolignols), coniferyl
alcohol and sinapyl alcohol, with minor amounts of p-coumaryl alcohol (Boerjan et al.,
2003). Lignin provides strength to cell wall and imparts resistance to microbial attack
(Ralph et al., 2004).

1.2 Pectin and its components

Pectin refers to a family of structurally complex polysaccharides present in the
middle lamella, primary cell wall of plants. It is deposited in the early stages of plant
cell growth (O’Neill et al., 1990; Ridley et al., 2001). Pectin is a heteropolysaccharide
composed of a a-(1,4)-D-galacturonic acid backbone with rhamnose, galactose and
arabinose as side chain substituents (Bayer et al., 1998). Pectic acid is composed of
polymers of galacturonic acid (Fig. 1.1) which is hydrophilic and soluble in nature.
Pectic acid carboxyl group (COO") can also make salt bridges with Mg?* and Ca?* ions
to form insoluble gels (Kohn, 1975; Garnier et al., 1994). Pectin is present in walls of

all higher plants, gymnosperms, pteridophytes and bryophytes (Mohnen et al., 2008).
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Approximately, 35% of primary cell walls in dicots and non-graminaceous monocots,
2—-10% of grass and up to 5% of walls in woody tissues are composed of pectin (O’Neill

et al., 1990; Ridley et al., 2001).

COzH COOCH, H OH
HO 0 & ¢ O 1 H &
i OH
OH H 0 of H
OH H OH COOH
A B

Fig. 1.1 (A) Galacturonic acid the monomeric unit of pectin, (B) Galacturonic acid of
methylated monomeric unit a-1,4-linked with non-methylated monomeric unit
of pectin.

1.2.1 Types of Pectin

There are three major members of pectin family of polysaccharides, classified
based on their structures viz., Homogalacturonan (HG), rhamnogalacturonan | (RG-I)
and rhamnogalacturonan Il (RG-II).

1.2.1.1 Homogalacturonan

Homogalacturonan (HG) is a linear homopolymer of a-1,4-linked D-
galactopyranosyluronic acid (a-GalpA) (Mohnen et al., 2008). The a-GalpA residues
of homogalacturonan may be methyl esterified at the C-6 carboxyl position. HG may

also be O-acetylated at the C-2 or C-3 position (O’Neill et al., 1990).

Homogalacturonan have been isolated from citrus and apple pectin and these are

commercially available pectins in the market. Based on source and extraction of

treatment HG may have a side chains with covalent bonds, so it may form a

heterogeneous pectin polysaccharide (Ridley et al., 2001) (Fig. 1.2). HG domain is
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called as the smooth region of pectin due to the presence of linear chain (Schols et al.,

1996; Libermans et al., 1999).

. .
) 0 v 0
6 i 6 -
C~OM B o
HO
OH lol OH
C~OCH, . H
v O
] b Loy
HO
o] © C ©

A C-OH D C-NH,

OH OH

Fig. 1.2 (A) Homogalacturonan of pectin molecule and functional groups (B) carboxyl,
(C) Ester and (D) Amide in pectin chain (adopted: Ridley et al., 2001).

1.2.1.2 Rhamnogalacturonan |

Rhamnogalacturonan 1 (RG 1) is large and highly variable family of
polysaccharides (Albersheim et al., 1996). RG-1 main chain contains alternating a-
GalpA and a-L-rhamnopyranosyl (a-L-Rhap) residues (Mohnen et al., 2008) (Fig. 1.3).
The monomeric unit of RG I main chain is a disaccharide, [—~4)-a-D-GalpA-(1—2)-a-
L-Rhap-(1—]. The sugar composition of RG-I is highly heterogeneous because the
rhamnosyl residues (20-80%) are substituted at C-4 with neutral and acidic side chains.
The o-L-Rhap residues in the RG-I backbone are decorated with side chains of
individual, linear or branched a-L-Arabinofuranose (o-L-Araf) and f-D-

Galactopyranose (B-D-Galp) residues. The side chains include a-1,5-linked L-arabinan,
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B-1,4-linked D-galactans and B-1,3-linked D-galactan (Nakamura et al., 2002). The a-
1,5-linked L-arabinan may be substituted with a-1,2- and a-1,3-linked arabinose or
arabinan branching. The B-1,4-linked D-galactans may be substituted with O 3-linked
L-arabinose or arabinan branching. The B-1,3-linked D-galactan may be substituted
with B-6-linked galactan or arabinogalactan branching. a-L-fucopyranose and B-D-
GlcpA may also be present in the side chains. RG-I is referred to as the hairy region of

pectin due to the presence of side chains (O’Neill et al., 2003).

S-dinked
+ arabinan

3.5dinked
. Gl a arabinan
Q Ara
O Fue
O Gka

Arabinogalactan

Fig. 1.3 Schematic representation of Rhamnogalacturonan | (adopted from,
O’Neill et al., 2003).
1.2.1.3 Rhamnogalacturonan |1
Rhamnogalacturonan 11 (RG I1) also consists of 1,4-linked a-D-GalpA residues
which are decorated with side chains containing upto 12 different monosaccharides
(Fig. 1.4) (O’Neill et al., 2004). These monosaccharides are linked by using more than

20 different types of linkages. RG-II in the plant cell wall exists in a dimeric form
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comprising two separate RG-II monomers cross linked with each other (O’Neill et al.,
2004). The B-D-apiosyl residues present in the side chains are involved in RG-II
dimerization. Interactions of RG-II with HG and RG-l leads to an intricate
macromolecular pectin network (Matsunaga et al., 2004). The other less abundant
members of pectin family are xylogalacturonan (XGA) and apiogalacturonan (AP).
XGA is a homogalacturonan that contains substitution of 3-D-xylopyranose residues O-
3 position. In apiogalacturonans the homogalacturonan main chain is substituted at O-

2 or O-3 with D-apiofuranose residues (Zandleven et al., 2006).

1.-L-A1ul a-L-Rhap

1

v Side chain C

Side chain D 5 " 5
{-D-Dha a-D-Kdo

2 2

- .

3 3

4)-a-D-GalpA-{1,4)-:-D-GalpA-(1,4)~:-D-GalpA-(1,4)-a-D-GalpA-{1,4)<:-D-GalpA-{1,4)-:-D-GalpA-{1.4)-«-D-GalpA-{1.4)-:-D-GalpA-(1,
2 2

1 1
[1-D-Apif f-D-Apif
3 ¥
a-D-GalpA 1 -21‘~L-Rt:ap 3« 1-D-GalpA H-L-R‘hap
4 3
1 1
2-O-Me «-D-Xylp1-+3a-L-Fucp * AcO = a-L-AcefA
$ 2 1-a-L-Rhap 2«1 l-L-Araf
|'--D-G‘lcpA 11~0-G1¢Ip4~ 1u-L~Aup§
Side chain A : : " f.a-L-Rhap
L-(;alp Z-O-Me-n-L-F‘ucp- OAc*
Side chain B
Fig. 1.4 Schematic representation of Rhamnogalacturonan Il (adopted from,

O’Neill et al., 2003).
1.3 Pectin biosynthesis
Pectin is a complex polysaccharide present in primary cell wall of plants. Pectin
biosynthesis has been studied for many years, HG biosynthesis in vitro was
demonstrated in 1965 (Villemez et al., 1965). Later, arabinan and galactan biosynthesis
was demonstrated (Mc Nab et al., 1968; Odzuck and Kauss, 1972). The formation of

complex pectin structure required 53-67 different enzyme activities, including glycosyl
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transferases, methyl transferases and acetyltransferases (Mohnen, 1999; Mohnen,
2008). The results of investigation supported a model for pectin structure, which
suggests that HG, RG-I and RG-II are linked via their backbones (Nakamura et al.,
2002). Evidence is also available that points towards strong interactions between pectin
and other cell wall polysaccharides such as xylan and xyloglucan (Nakamura et al.,
2002, Popper et al., 2007). Studies involving pectin biosynthetic enzyme subcellular
fractionation have shown that pectin is synthesized in the Golgi vesicles by membrane
bound or associated glycosyltransferases. Pectic biosynthetic activities have been
shown to fractionate with Golgi markers (Powell and Brew, 1974; Goubet and Mohnen,
1999; Sterling et al., 2001; Nunan and Scheller, 2003; Geshi et al., 2004) and pectic
epitopes can be found in the Golgi vesicles but not in endoplasmic reticulum (Andeme-
Onzighi et al., 2000).

1.4 Degree of Esterification (DE)

The structure of pectin is very difficult to determine as it vary and depend on the
type of source. Pectin is complex polysaccharides consisting mainly of esterified D-
galacturonates linked by a-1,4-glycosidic bond. Pectins also carry non sugar
substituents, essentially methanol, acetic acid, phenolic acids and occasionally amide
groups. The esterification of galacturonic acid residues with methanol or acetic acid is
a very important structural characteristic of pectic substances (Devries et al., 1986). The
degree of esterification (DE) is defined as the ratio of esterified galacturonic acid groups

to total galacturonic acid groups. The pectin classes are based on the DE and are of two

types,
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1. High methoxyl (HM) pectins: If more than 50% of the carboxyl groups are
methylated the pectins are called high-methyl ester pectins.
2. Low methoxyl (LM) pectins: If less than 50% of the carboxyl groups are

methylated pectins are called low methyl ester (LM) pectins.

This same principal applies to acetylation and called the degree of acetylation
(DAC). Acetyl groups are generally present in the 'hairy' rhamnogalacturonan regions
and only present in low amount in homogalacturonan from apple and citrus fruits. They
can be present in much higher amounts in homogalacturonan from sugarbeet and potato.

Pectin is the polymer of methylated galacturonic acid, where the units are linked
by a-1,4-glycosidic bonds (Gibbons et al., 2002). The structure shown Fig. 1.5 has an
alternative methyl ester (-COOCHSz3) and carboxyl groups (-COOH). Here, it has 60%
degree of esterification, normally called a DE-60 pectin (Liberman et al., 1999). DE
affects the gelling properties of pectin due to this unique property. It is less soluble than

pectic acid. Pectin is an important ingredient of fruit preservatives, jellies and jams

(May, 1988).
COOCH, H OH COOCH,
0, o)
0 4 H H 0 .f H
OoH OH
H o H H H 0o
H OH COOH H H OH

Fig. 1.5 Pectin as a polymer of a-Galacturonic acid with a variable number of methyl
ester groups.

Gel formation by pectin molecule is caused by hydrogen bonding between free
carboxyl groups on the pectin molecules and between the hydroxyl groups of
neighboring molecules of the solvent at equilibrium condition (Sriamornsak, 2003;

Fishman et al., 2007). The HM pectin forms a gel in the presence of sugar and acid,
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which is called as low water-activity gels or sugar-acid pectin gels (Voragen et al.,
1995). The high sugar concentration creates low solubility environment for HM pectin,
which leads to formation of gel by polymer chain interactions (May, 1988). Several
factors such as are strength, degree of methylation (DM), rate of gelation, gelling
temperature and texture of gel influence the formation of gel. HM-pectin is used in the
confectionary industry for making fruit jellies and as a stabilizer in fruit juices and
fermented dairy drinks (Ralet et al., 2002).

LM pectin forms a gel in presence of divalent cations, such as Ca?* ions by
binding the ionized carboxyl groups and hydroxyl group on the pectin chains. This
structure is similar to the egg-box proposed for alginate (Fig. 1.6). The Ca?" ions occupy
the electronegative cavities in a two-fold buckled ribbon structure of the GalA residues
(Rao and Lopes da Silva, 2006). The gel forming ability of pectin increases with
decreasing DM (May, 1988). The DM and Ca?* ions play a key role in the formation of
gel with LM pectin. The lower concentration of Ca?* ions leads to formation of gel with
less elasticity and strength (Nesseri et al., 2008). The overdose of Ca?" ions leads to
pectin precipitation. The heat reversibility of LM-pectin gels may be utilized in bakery
jams and jellies industries for glazing purpose. LM-pectin also finds application as a

stabilizer for preparations of yogurt and fruit/milk desserts products (Ralet et al. 2001).
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Fig. 1.6 Gel formation of LM pectin in presence of Calcium ions (adopted from:

Ralet et al. 2002).

1.5 Carbohydrate enzymes

Carbohydrate active enzymes catalyse the breakdown, biosynthesis or
modification of carbohydrates and glycoconjugates (www.cazy.org). Carbohydrate
active enzymes have been classified into different families based on protein sequence
similarity (Cantarel et al., 2009). They have been classified in the CAZy database as:
Glycosyl Transferases (GTs), Glycoside Hydrolases (GHs), Polysaccharide Lyases
(PLs), Auxiliary Activities (AA) and Carbohydrate Esterases (CEs). The enzymes of
family glycosyl transferases catalyse the formation of glycosidic bond. Glycoside
hydrolases catalyze the hydrolytic cleavage of the glycosidic bond whereas
polysaccharide lyase enzymes catalyse non-hydrolytic cleavage of glycosidic bonds
using a B-elimination mechanism. The carbohydrate esterase enzymes catalyze the de-
O-acylation or de-N-acylation of substituted saccharides. The auxiliary activities
enzymes are grouped in to ligninolytic enzymes, which degrade lignin and the lytic

polysaccharide mono-oxygenase that cleaves the mono-oxygen bond from the
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polysaccharide. As of January 2020, there are 110 families of GTs, 166 families of GHs,
40 families of PLs, 16 families of AA and 17 families of CEs. Carbohydrate active
enzymes often display a modular architecture. Their catalytic domains may be
associated with one or more specialized substrate binding modules referred to as
Carbohydrate Binding Modules (CBMs). CBMs are non-catalytic modules and
associated with cazy enzymes, there are 86 families. The information available at CAZy
database provide a pool of gene sequences (many yet to be characterized) to study the
structure and function of carbohydrate-active enzymes (Cantarel et al., 2009).
1.6 Types of Pectinase

Pectinases are class of enzymes, which break down complex pectin
polysaccharide of plant tissues into simple form D-galacturonic acids. Pectinases,
member of the glycoside hydrolases (GH), polysaccharide lyases (PL) and carbohydrate
esterases family of enzymes (Table 1.1). GH and PL family enzymes are categorized as
endo or exo based on enzyme mode of action, i.e., random or terminal, respectively.
Pectinases are the growing enzymes of biotechnological sector, showing gradual
increase importance in their market.
1.6.1 Polygalacturonases

Polygalacturonases (PG, E.C.3.2.1) belong to family 28 of glycoside-hydrolases
(GH28) (http://www.cazy.org/GH28.html). Endo-polygalacturonase (E.C.3.2.1.15)
hydrolyses the a-(1,4)-glycosidic linkages of polygalacturonic acid randomly and
resulting in oligogalacturonides. Exo-polygalacturonase (E.C. 3.2.1.67) cleaves the
polygalacturonic acid substrate from one end (reducing and non-reducing) to produce

mono-galacturonate (Rombouts and Pilnik, 1980).
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1.6.2 Polymethylgalacturonases

Polymethylgalacturonases (PMG, E.C. 3.2.1.15) facilitates the hydrolytic
cleavage of a-(1,4)-glycosidic bonds in highly esterified pectin, producing 6-methyl-D-
galacturonate (Jayani et al., 2005). They show either endolytic or exolytic mode of
cleavage mechanism towards their substrates (Blanco et al., 1999).
1.6.3 Pectin methyl esterases

Pectin methyl esterases (PME, E.C 3.1.1.11) catalyse the de-esterification of the
methoxyl (methyl) group substitution of galacturonic acid moiety in pectin. Removal of
the methoxyl group by PME facilitates polygalacturonases and pectate lyases to cleave
the non-esterified polygalacturonan chain (Yadav et al., 2009). PME have been
classified under family 8 carbohydrate esterase (CE8) in the CAZy database
(http://www.cazy.org/CE8. html).
1.6.4 Pectin acetyl esterases

Pectin acetyl esterases (PAE, E.C 3.1.1.6) cleave the acetyl group present at the
C-6 carbon of the galacturonic acid moiety of pectin producing pectic acid and acetate
(Shevchik et al., 1997). They have been classified under family 12 and 13 carbohydrate
esterase (CE12 and CE13) in the CAZy database (http://www.cazy.org/html).
1.6.5 Acetyl xylan esterase

Acetyl xylan esterase (AXE, E.C 3.1.1.72) catalyses the hydrolysis of acetyl
groups from polymeric xylan, acetylated xylose, acetylated glucose, alpha-napthyl
acetate, p-nitrophenyl acetate but not from triacetylglycerol. It does not act on
acetylated mannan or pectin. They have been classified under family 1 to 7 carbohydrate

esterase (CEL1 to CE7) in the CAZy database (http://www.cazy.org/html).

TH-2259 136106031



Chapter 1 15

1.6.6 Pectate lyases

Endo-pectate lyases (PL, E.C 4.2.2.2) randomly cleave polygalacturonic acid,
while exo-pectate lyases (E.C 4.2.2.9) catalyze the cleavage of polygalacturonic acid
from non-reducing end (Jayani et al., 2005). As a result of their action o-A-4,5-
unsaturated-GalpA IS produced at the non-reducing end
(http://www.cazy.org/PL1.html). Pectate lyases have been classified under family 1, 2,
3, 9 and 10 polysaccharide lyase in the CAZy database (http://www.cazy.org/html).
1.6.7 Pectin lyases

Pectin lyases (PNL, E.C 4.2.2.10) catalyse the breakdown of the o-1,4-
glycosidic bond in highly esterified polygalacturonic acid. They possess an endo mode
of action (Yadav et al., 2009). They have been classified under family 1 polysaccharide
lyase (http://www.cazy.org/PL1. html).
1.6.8 Rhamnogalacturonan | rhamnohydrolases

Rhamnogalacturonan I rhamnohydrolases (E.C 3.2.1.174) cause the hydrolytic
cleavage of the a-1,4-glycosidic bonds between L-Rhap and D-GalpA at the non-
reducing end releasing single L-Rhap residue (Silva et al., 2016). They have been
classified glycoside hydrolase family 78 (GH78) (http://www.cazy.org/GH78.html).
1.6.9 Rhamnogalcturonan I galacturonohydrolases

Rhamnogalcturonan galacturonohydrolases (E.C 3.2.1.173) catalyse the
removal of terminal non-reducing galacturonosyl residue by breaking of a-1,2-
glycosidic bond between D-GalpA and L-Rhap at the non-reducing end releasing single
D-GalpA residue (Silvaet al., 2016). They have been classified into glycoside hydrolase

family 28 (GH28) (http://www.cazy.org/GH28.html).
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1.6.10 Rhamnogalacturonan | endo-hydrolases

Rhamnogalacturonan | endo-hydrolases (E.C 3.2.1.171) catalyse the cleavage
of a-1,2-glycosidic bonds between D-GalpA and L-Rhap in a random fashion releasing
oligogalacturonates (Silva et al., 2016). They have been classified into glycoside
hydrolase family 28 (GH28) (http://www.cazy.org/GH28.html).
1.6.11 Rhamnogalacturonan lyases

Rhamnogalacturonan lyases catalyze the cleavage of a-1,4-glycosidic bond
between Rhap and GalpA residues of rhamnogalacturonan I main chain through -
elimination reactin mechanism (Silva et al., 2016). The oligosaccharides products
formed have a-A-4,5-unsaturated-GalpA residue at their non-reducing end. Endo-
rhamnogalacturonan (E.C 4.2.2.23) lyases cleave the main chain randomly while exo-
rhamnogalacturonan lyases (E.C 4.2.2.24) specifically cleave at the terminal glycosidic
bond. Rhamnogalacturonan lyases are grouped in families 4 and 11 of polysaccharide
lyases (PL4 and PL11) (http://www.cazy.org/PL4.html, http://www.cazy.org/PL11.
html).
1.6.12 Unsaturated rhamnogalacturonyl hydrolases

Unsaturated rhamnogalacturonyl hydrolases (E.C 3.2.1.172) are active only on
RG I oligomer with A-4,5-unsaturated-GalpA residue at the non-reducing end (Silva et
al., 2016). They catalyse the cleavage of the a-1,2 glycosidic bond between the A-4,5-
unsaturated-GalpA and L-Rhap releasing single unsaturated D-GalpA. They have been
classified into glycoside hydrolase family 105 (GH105) (http://www.cazy.org/GH105.

html).
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1.6.13 Rhamnogalacturonan acetylesterases

Rhamnogalacturonan acetylesterases (E.C 3.1.1.86) hydrolyze acetyl groups
from the rhamnogalacturonan | chain (Searle et al., 1992). They have been classified
into carbohydrate esterase family 12 (http://www.cazy.org/CE12. html).
1.6.14 Xylogalacturonan hydrolase

Xylogalacturonan hydrolase or xylogalacturonase (E.C 3.2.1.-) hydrolytically
cleaves the a-(1,4)-glycosidic linkages between two galacturonate residues in xylose
containing rhamnogalacturonan chain, hence producing Xxylose-galacturonate dimers
(Vlugt-Bergmans et al., 2000). These enzymes are classified into glycoside hydrolase
family 28 (http://www.cazy.org/GH28.html).
1.6.15 Arabinases

Endo-arabinases (E.C 3.2.1.99) catalyse the hydrolysis of a-1,5-linked arabinan
side chains of rhamnogalacturonan | (Silva et al., 2016). Terminal non-reducing
arabinose residues are removed by a-L-arabinofuranosidases (EC 3.2.1.55). They have
been classified into glycoside hydrolase family 43 (GH43) (http://www.cazy.org/
GH43.html).
1.6.16 Galactanases

Endo-galactanases (E.C 3.2.1.89) cleave the B-1,3-, B -1,4-, or B-1,6 linked
galactose residues in the side chains They have been classified into glycoside hydrolase
family 53. B-D-galactosidases (EC 3.2.1.23) remove the B-D-galactose residues from
the terminal non-reducing end of galactan side chains (Silva et al., 2016). B-D-

galactosidases have been classified into glycoside hydrolase family 1, 2 and 42 (GH1

and GH42) (http://www.cazy.orq).
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Table 1.1 Types of pectin degrading enzymes in CAZy database.
Enzyme Name Enzyme | Known enzyme activity Reference
family
Polygalacturonase GH28 Endo-polygalacturonase Rombouts and
(E.C.3.2.1.15) & Exo- Pilnik, 1980
polygalacturonase (E.C.
291 L7\
Polymethyl GH28 Polymethylgalacturonases Blanco et al.,
Galacturonase (E.C.3.2.1.15) 1999
Pectin methyl esterases | CE8 Pectin methyl esterases (E.C. Yadav et al.,
3.1.1.11) 2009
Pectin acetyl esterase CE12, Pectin acetyl esterases (E.C. Shevchik et al.,
CE13 3.1.1.6) 1997
Pectate lyase PL1 to 3, | Endo-pectate lyases (E.C Jayani et al.,
PL9,PL10 | 4.2.2.2) and Exo-pectate lyases 2005
(E.C.4.2.2.9)
Pectin lyase PL1 Pectin lyases (E.C. 4.2.2.10) Yadav et al.,
2009
Rhamnogalacturonan | | GH78 Rhamnogalacturonan | Silvaetal.,
rhamnohydrolase rhamnohydrolase (E.C. 2016
3.2.1.174)
Rhamnogalcturonan | GH28 Rhamnogalcturonan Silvaetal.,
galacturonohydrolases galacturonohydrolase (E.C. 2016
3.2.1.173)
Rhamnogalacturonan | | GH28 Rhamnogalacturonan | endo- Silvaetal.,
endo-hydrolases hydrolases (E.C 3.2.1.171) 2016
Rhamnogalacturonan PL4, PL11 | Endo-rhamnogalacturonan lyases | Silva et al.,
lyase (E.C 4.2.2.23) and Exo- 2016
rhamnogalacturonan lyases (E.C.
4.2.2.24)
Unsaturated GH105 Unsaturated rhamnogalacturonyl | Silvaet al.,
rhamnogalacturonyl hydrolases (E.C. 3.2.1.172) 2016
hydrolases
Rhamnogalacturonan CE12 Rhamnogalacturonan Searle et al.,
acetylesterase acetylesterase (E.C. 3.1.1.86) 1992
Xylogalacturonan GH28 Xylogalacturonan hydrolase or Vlugt-
hydrolase xylogalacturonase (E.C. 3.2.1.-) | Bergmans et
al., 2000
Arabinase GH43 Endo-arabinases (E.C. 3.2.1.99) | Silvaetal.,
2016
Galactanase GH53 Endo-galactanases Silvaetal.,
(E.C. 3.2.1.89) 2016
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1.7 Carbohydrate Esterases family

Carbohydrate esterases (CE) catalyze the de-O-acylation or de-N-acylation of
substituted polysaccharides. They remove the ester based modifications present in
mono-, oligo- and polysaccharides. Carbohydrate esterases use the esters as a substrate
and release carboxylic acid and alcohol. It includes two types of substitution, one in
which sugar plays the role of the "acid", such as pectin methyl esters for 4-O-methyl-
glucuronoyl methylesterase from Schizophyllum commune (Li et al., 2007). Secondly,
in which the sugar behaves as the alcohol, such as acetylated xylan for acetyl xylan
esterase (family 1 and 2 CEs) from Clostridium thermocellum ATCC 27405 (Montanier
et al., 2009). Carbohydrate esterases are classified into 16 families based on their
sequence similarities and the known enzymes are reported in CAZY database (Lombard
etal., 2010).
1.8 Family 8 Carbohydrate Esterase

The family 8 carbohydrate esterase (CE8) contains a total of 4534 protein
sequences in the CAZy database as of May 2019 (http://www.cazy.org/CE8.html). Out
of 4534 sequences 5 belong to archaea, 3330 belong to bacteria, 1172 belong to
eukaryote and 27 belongs to unclassified sequences. The only member representing the
class of enzymes is pectin methylesterase (PME, E.C 3.1.1.11). PME hydrolyses the
ester decorations from pectin (D-GalA). Till date, 48 PMEs from various organisms
have been biochemically characterized. Out of these, 8 PMEs have been structurally
characterized; 4 of which belong to bacteria and 4 to eukaryotes
(http://lwww.cazy.org/CE8.html). The crystal structures of these 8 PMEs are available

in PDB.
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The structurally characterized CE8 enzymes are the bacterial proteins including
PmeA from Erwinia chrysanthemi B374 (PDB Id: 1QJV), PmeA from Erwinia
chrysanthemi 3937 (PDB Id: 2NTB), YbhC from E. coli (PDB Id: 3GRH) and YeCES8
from Yersinia enterocolitica (PDB Id: 3UWO0), (Jenkins et al., 2001; Fries et al., 2007;
Eklof et al., 2009; Boraston & Abbott, 2012). The PMEs from the eukaryotic plants
sources such as, carrot (Daucus carota, PDB Id: 1GQ8), tomato (Solanum
lycopersicum; PDB Id: 1XG2), rice (Sitophilus oryzae, PDB Id: 4PMH)
and Aspergillus niger (PDB Id: 5C1C) have also been characterized (Johansson et al.,
2002; Di et al., 2005; Teller et al., 2014; Kent et al., 2016). All these structures have a
right-handed B-helix fold, which is a common fold for different pectin-related enzymes
such as polygalacturonases and rhamnogalacturonases (members of GH28), pectin and
pectate lyases (from PL1, PL3 and PL9) including CE8 PMEs (Jenkins & Pickersgill,
2001). The enzymes typically have an open active site cleft, capable of accommodating
the long pectin chains and an Asp-Asp-Arg catalytic triad. The Arg residue is
substituted for GlIn in some cases (Boraston and Abbott, 2012, Teller et al., 2014).
1.8.1 Mechanism of action of PME

Pectin methylesterase (PME) (EC 3.1.1.11) catalyses the removal of decorated
methyl groups from pectin to form de-methylated pectate and methanol (Fig. 1.7) (Ralet
et al., 2005).

PME

v v
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Esterified Pectin De-esterified Pectate Methanol

Fig. 1.7 Pectin methylesterase action on pectin polysaccharide.
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1.8.2 Applications of PME

Pectin methylesterases find applications mainly in food, textile industries and
processes involving retting of fibers such as flax. In plants, pectin methylesterase plays
an important role in cell wall metabolism during fruit ripening (Pressey and Avants,
1982; Kashyap et al., 2001). PME helps cell wall extension during pollen germination
and pollen tube growth, stem elongation, tuber yield and root development (Seymour et
al., 1987). PME has also been shown to play a role in a plants response to pathogen
attack (Koch and Nevins, 1989).

Production of enzymes that degrade pectin component of plant cell wall
occupies around 10% of the overall manufacturing of enzyme preparations. These
enzymes are widely used in the food industry in the production of juices, fruit drinks
and wines (Semenova, et al., 2006).

1.9 Applications of Pectin polysaccharide

Pectin has a role in plant growth and development, defense mechanism, cell-cell
adhesion, providing structural stability to cell wall, regulation of cell permeability and
fruit development (Ridley et al., 2001; Willats et al., 2001). Pectin is used as a gelling,
thickening and stabilizing agent in food and cosmetic industry, pectic polysaccharides
have displayed health benefits viz. lowering cholesterol, blood glucose level, inhibiting
cancer and enhances immunity (Jackson et al., 2007; Inngjerdingen et al., 2007).

1.10 Applications of microbial pectinases

Microbial pectinases have found widespread applications in various industrial

processes such as food and textile industry, paper making, wastewater treatment, tea

and coffee fermentation, citrus oil extraction, plant fiber degumming etc.
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1.10.1 Food processing

Pectinases are used in extraction and clarification of fruit juice by degradation
of pectin and thus decreasing the filtration time (Blanco et al., 1999). Pectinases when
used in conjunction with enzymes like cellulase, arabinase and xylanase increase the
volume of juice during extraction (Gailing et al., 2000). Softening of the peel in citrus
fruits by pectinases during vaccum infusion process reduces labour and help in recovery
of the intact pulp. Pectinases are widely used in pickle processing, preparation of
vegetable puree and maceration of soybean for tofu making (Baker et al., 1996). During
wine manufacturing process addition of pectinases to macerated fruits improves its
colour and stability (Revilla et al., 2003). Tea fermentation is accelerated in presence
of pectinase, whereas coffee fermentation is facilitated by removal of the mucilaginous
coat on coffee beans (Carr, 1985).
1.10.2 Textile processing

Bioscouring of cotton fabric by pectinase to remove the non-cellulosic material
facilitates proper dyeing of the fabric. This environmental friendly process is an
alternative to chemical scouring by caustic soda (Hoondal et al., 2000).
1.10.3 Paper and Pulp making

Pectinases facilitate depolymerization of pectin during paper and pulp making
which reduces the cationic demand and pitch deposit on whitewater (Reid et al., 2004).
1.10.4 Plant fiber degumming

Pectinase in association with xylanase facilitates the degumming of plant fiber
which easily releases the intact fibers which is also an economic and eco-friendly

process (Kapoor et al., 2001).
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1.10.5 Wastewater treatment

Wastewater released from food processing industries contains pectin.
Depolymerization of pectin by pectinases helps in removal of pectinaceous material and
further accelerates the activated sludge process (Hoondal et al., 2000).
1.10.6 Citrus oil extraction

Oil extraction from citrus peels by the action of pectinases reduces the
emulsifying properties of pectin, thus facilitating efficient extraction and collection of
oil (Scott, 1975).
1.11 The microorganism, Clostridium thermocellum

The microorganism, Clostridium thermocellum belongs to the bacterial
kingdom and phylum firmicutes. Clostridium thermocellum is considered a class of
clostridia, the order is clostridiales and the family is clostridiaceae. C. thermocellum is
an anaerobic, gram-positive, rod shape, thermophilic, cellulolytic and ethanologenic
bacterium. It was isolated in 1926 by Viljoen et al. while identifying novel organisms
capable of degrading cellulose. It is capable of directly converting cellobiose and
cellulose into ethanol (Bayer et al., 2000a). The common cellular structure of C.
thermocellum is rod-shaped bacteria as shown in Scanning Electron Microscopic image
(Fig. 1.8A) (Lamed et al., 1987) and Transmission Electron Microscopic image (Fig.
1.8B) (Fontes and Gilbert, 2010). Ethanol is one of the main product of fermentation by
C. thermocellum due to which it has attracted scientific attention for development into
a potential organism for Consolidated Bioprocessing (Akinosho et al., 2014). However,
there are some draw back using this organism to practical approach due to its low
ethanol yield and along with production of other products such as acetate, formate and

lactate. The cellulose degrading bacteria produces a large complex cellulase system
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known as the cellulosome, which consists approx. 20 catalytic protein modules these
are involved in the cellulose degradation and the transport of sugar monomers (Bayer
et al., 2000b; Fontes et al., 2010). C. thermocellum displays on its cell surface a muti-

enzyme complex called as cellulosome model organism (Fontes et al., 2010).

"
Fig. 1.8 (A) Scanning electron microscope (SEM) images of Clostridium thermocellum,
showing normal rod shaped cells (adapted from Lamed et al., 1987); (B)
Transmission electron microscope (TEM) image of cationized ferritin (CF)

stained Clostridium thermocellum grown on cellobiose (adapted from Fontes
and Gilbert, 2010).
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1.12 Significance and objectives of the present study
1.12.1 Significance of the study

Pectin degrading enzymes find application in various industrial processes like
bioscouring, juice extraction, vegetable puree production, fiber retting, degumming and
waste water treatment and many others. Therefore, the search of better enzymes that
degrade various components of pectin, is important. Several enzymes from the
cellulosomal complex of Clostridium thermocellum have been studied but never an
enzyme from CES8 family. Clostridium thermocellum genome contains a gene encoding
a putative pectin methylesterase, which has been classified under family 8 carbohydrate
esterase. Till date, this enzyme has not been reported from Clostridium thermocellum.
Cloning and purification of this enzyme would enable to characterize its biochemical
and structural aspects. This will enable to make desirable changes at the DNA level, to
obtain an enzyme, which can easily fulfill the need of modern day food, beverage,
textile and oil industries. Determination of the in-silico structure will help in
understanding the key residues involved in catalysis and the mode of enzyme action.
The proposed study involves the cloning, expression and purification of a modular
family 8 carbohydrate esterase, CtPMEf (GenBank Acession number ABN54147.1,
Uniprot ID A3DJLS8) its associated unknown functional module (CtX157) and the
catalytic module (CtPME) from Clostridium thermocellum ATCC 27405 genome.
BLAST analysis showed that CtPME is a putative pectin methylesterase. Biochemical
and functional characterization of the full length CtPMETf and its truncated derivative
CtPME will be carried out to determine their activity against different pectin
polysaccharides and to understand their cleavage hydrolysis with various esterified

pectins. Binding and activity assays of the unknown functional module, CtX157 will be
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carried out to determine its affinity towards various plant cell wall carbohydrates.
Structural study of CtPME, will be undertaken to determine the active site catalytic
amino acid residues. Its application along with other pectate lyase (CtPL1B) in
degumming of jute fiber and bioscouring of cotton fabric will be studied. Employing
CtPME and other pectate lyase on pectin, pectic oligosaccharides will be produced and
their effect on normal and colon cancer cells will be studied. The reasons for selecting
pectin methylesterase (PME) of the family 8 carbohydrate esterase (CE8) from

Clostridium thermocellum are summarized below:

1. CtPMET from Clostridium thermocellum is a putative pectin methylesterase, which
shall be thermostable, efficient and robust in hydrolyzing the polysaccharides.

2. Pectin methylesterase belonging to family 8 carbohydrate esterase (CE8) hydrolyzes
pectin to give de-esterified pectic polysaccharide. The de-esterified pectic
polysaccharide can be more efficiently degraded by polygalacturonase or pectate
lyase.

3. Study of biochemical properties of CtPME will elucidate the essential parameters,
which would be beneficial for industrial downstream applications.

4. The structural insights of CtPME will reveal the molecular determinants of substrate
specificity.

1.12.2 Specific objectives

1. Cloning, expression and purification of full-length module, CtPMEf of family 8
carbohydrate esterase and its truncated derivative, CtPME from Clostridium
thermocellum genomic DNA.

2. Biochemical characterization of catalytic, CtPME and full length, CtPMEf modules.

3. Structure modeling, ligand docking study and SAXS analysis of catalytic (CtPME)
module.

4. Application of CtPME in degumming of jute fiber and bioscouring of cotton fabric.

Extraction of pectin from orange peels and production of pectic oligosaccharides,
and study their effect on colon cancer cell lines.
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Chapter 2

Cloning, expression and purification of family 8 Carbohydrate esterase
(CEB8), Pectin methylesterase (CtPME) and derivatives from
Clostridium thermocellum ATCC 27405

2.1 Introduction

The major constituents of plant cell wall (PCW) are the polysaccharides that
accumulate to form a network. These polysaccharides are cellulose, hemicellulose and
pectin (Fontes & Gilbert, 2010). The PCW is able to fulfil its structural role by
providing strength and protection to the cell owing to the presence of cellulose,
hemicellulose and lignin (Vincken et al., 2003). PCW has several functional roles such
as cell-cell adhesion, cell signalling, wall porosity, pollen tube growth, leaf abscission.
The pectin component of the cell wall has been credited to play these roles (Ridley et
al., 2001). Structural role of pectin in promoting upright growth of plants has also been
reported (Matsunaga et al., 2004). Pectin is a naturally occurring flexible and complex
polysaccharide present in the middle lamella of plant cell wall and plant-derived food
products. Pectin is present throughout the plant kingdom. More than 80% of the total
pectin consists of D-galactopyranosyluronic acid (DGalp A), and the rest is rhamnose

(Rhap), galactose (Galp), xylose (Xylp) and arabinose (Araf) (Ridley et al., 2001).
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Citrus and apple are a major source of commercial production of pectin for industrial
applications. Pectin is used in food industry for its stabilizing and gelling properties.
Traditionally, it is used as gelling agents in jellies, jams and marmalades. Pectin is also
used in confectionery, acidified milk products and bakery fillings (May, 1990; Rolin,
2002). Pectin is categorized into three different kinds of polymers based on the
covalent bonding of galacturonic acid. The primary structural elements of pectin are
homogalacturonan (HG), rhamnogalacturonan | (RG-I) and rhamnogalacturonan Il
(RG-I1), which are discussed in chapter 1, section 1.2.

Degradation of plant cell wall makes a reservoir of nutrients available for
recycling. Nature has bestowed a diverse group of microorganisms with enzymes to
breakdown the plant cell wall polysaccharides (Ochiai et al., 2007, Pages et al., 2003
and McKie et al., 2001). When pectin comes under microbial attack both glycoside
hydrolases, polysaccharide lyases and pectin esterases are recruited. Glycoside
hydrolases cleave the glycosidic bonds via an acid-base catalytic mechanism
(Koshland et al., 1953). Polysaccharide lyases cleave their substrates via a B-
elimination mechanism, generating a double bond between C-4 and C-5 in the residue
at the non-reducing end (Moran et al., 1968). Glycoside hydrolases and polysaccharide
lyases have been classified into different families based on sequence similarity
(Lombard et al., 2014). Many of the plant cell wall polysaccharide degrading enzymes
are modular in nature and have one or more specialized substrate binding module(s)
referred to as Carbohydrate Binding Module(s) (CBM) in addition to a catalytic
module (Duan et al., 2016).

Pectin methylesterases (PMEs; EC: 3.1.1.11) are a group of enzymes,

belonging to family 8 carbohydrate esterase (CE8) categorized under pectin esterase
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superfamily (CAZy database, www.cazy.org). PME hydrolyses methyl esters at the C-
6 position of D-Galp A residues in HG and releases pectate and the methanol (Fraeye
et al., 2010). The de-esterified pectate is further degraded by polygalacturonase,
pectate lyase and rhamnogalacturonan lyase (Kashyap et al., 2001), which are
produced by different organisms such as bacteria, fungi and plants, as well as insects
(Jiang et al., 2013). In plants, pectin methylesterase used for ripening by
destabilization in cell wall metabolism (Frenkel et al., 1998). Plant-derived PMEs
work under alkaline conditions (pH 7.0-9.0) (Michelis, 2001; Duvetter et al., 2006),
whereas fungal, e.g. Aspergillus niger, PMEs work under acidic conditions (Limberg
et al., 2000; Kim et al., 2013; Kent et al., 2016). Phytopathogenic micro-organisms
can degrade plant cell walls through its PME during the plant invasion; therefore, this
enzyme is known to be a virulence factor of phytopathogens (Michelis, 2001).

The modular protein, Cthe_2949 (GenBank accession number ABN54147.1
and Uniprot ID A3DJL8) of Clostridium thermocellum ATCC 27405 (renamed as
Ruminiclostridium thermocellum) is a modular carbohydrate-active enzyme. Its
nucleotide and protein sequences were retrieved from the CAZy database and analyzed
by different computational approaches including the BLAST tool. The protein
sequence, Cthe_2949 contained 567 amino acids. BLAST analysis revealed that the
protein, Cthe 2949 contained a N-terminal putative pectin methylesterase (PME)
module (CtPME) belonging to carbohydrate esterase family 8 (CE8), linker and X-157
(Unknown function module) and followed by a Dockerin at C-terminal.

The molecular architecture of CE8 protein sequence was drawn by using the
DOG2.0 software and presented in Fig. 2.1. The Conserved Domains Database was

referred for determining the regions of conserved domains (http://www.ncbi.nlm.nih,
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gov/cdd/). The CE8 protein sequence was analysed by InterProScan
(http://www.ebi.ac.uk/Tools/pfa/iprscan/) to identify various domains. The N-terminal
contains the signal peptide was predicted between 1 to 30 amino acids by SignalP 3.0
server (http://www.cbs.dtu.dk/services/SignalP-3.0/). Towards the N-terminal,
downstream of the signal peptide, a stretch of 300 amino acids, the catalytic module
CtPME showed similarity to the super family of pectin methyl esterases (Fig. 2.1). A
short stretch of 22 amino acids (331-353) linker region connects another module
spanning from amino acids, from 354 to 494, an un known module named CtX157.
This is followed a type | dockerin from 503 to 567 amino acids and a Ca" ion binding
site from 509 to 551 amino acid residues at the C-terminal. The interaction between
enzymes borne Dockerin modules and the Cohesin modules of a scaffold protein gives
rise to the celluosomal complex (Fontes et al., 2010). The presence of a putative
Dockerin | at C-terminal and the subcellular localisation score predicted by PSORT
server indicated that the protein encoded by sequence Cthe_2429 is an extracellular

enzyme and probably integrates as a component of the C. thermocellum cellulosome.

Signal Peptide Linker
~ N/

CES X-157__|Doc1

1 30 330 353 494 567

Fig. 2.1 Molecular architecture of protein Cthe 2949 showing CE8 and derivative
domains.
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In the present study the genes encoding CE8 and its truncated derivatives
CtPME-catalytic, CtX157 (Unknown) and CtPME-X157 (CtPMETf) were cloned. All
the proteins were expressed in Escherichia coli and purified by immobilized metal ion
affinity chromatography (IMAC) for further biochemical, functional and structural

characterization.
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2.2 Materials and Methods
2.2.1 Chemicals, reagents and kits

The oligonucleotide primers for PCR amplification of genes encoding CtPMEH,
CtPME and CtX157 were procured from Eurofins, India. BIOTAQ DNA polymerase
was supplied by Bioline, UK. dNTPs and MgCl, were obtained from GeNei, India.
PCR tubes (0.2 ml) were from Axygen, Germany. Restriction enzymes Nhel, and Xhol
were purchased from Promega, USA. The expression vector, pET28a(+) was
purchased from Novagen, Germany. T4 DNA ligase and 10x ligase buffers 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 miniprep, plasmid isolation
kit and GenElute gel-extraction kit was from Sigma-Aldrich, USA. DNA was
electrophoresed on agarose gels prepared by using Agarose, with low EEO
(Electroendosmosis) purchased from Sigma-Aldrich, USA. DNA marker, Hyperladder
| was purchased from Bioline, UK. Protein markers were procured from Fermentas,
Canada and GeNei, Bangalore India. Disodium ethylenediamine tetra acetate salt
(EDTA), glucose, sodium hydroxide, sodium dodecyl sulphate (SDS), LB medium and
SOC medium components were supplied by Himedia Pvt. Ltd., India. The antibiotic,
kanamycin was procured from Sigma-Aldrich, USA. Lysozyme purchased from
Himedia Pvt. Ltd., India. Mini-PROTEAN Tetra Cell purchased from Bio-Rad
Laboratories (India) Private Limited. The protein staining dye Coomassie Brilliant
Blue R250 was procured from Himedia Pvt. Ltd., India and methanol from Merck,

India. The genomic DNA of Clostridium thermocellum ATCC 27405 (Renamed as
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Ruminiclostridium thermocellum ATCC 27405) was purchased from Leibniz Institute
DSMZ - German Collection of Microorganisms and Cell Cultures. The collection no.
ATCC 27405, JCM 9322, NCIMB 10682 for DSM NO. 1237 for same organism
genomic DNA.
2.2.2 Microorganisms

Commercially available E. coli TOP10 and E. coli BL-21 (DE3) cells were
obtained from Novagen, Germany.
2.2.3 PCR amplification of genes encoding CtPME, CtX157 and CtPMEf

The genes encoding CtPME, CtX157 and CtPMEf were amplified with
designed oligonucleotide primers using the Clostridium thermocellum ATCC 27405
genomic DNA as template. The primers contained the restriction enzyme sites of Nhel
and Xhol as mentioned in Table 2.1. Amplification of each module was done following
the scheme presented in Fig. 2.2. Components of 50 pl PCR reaction mixture and the
PCR cycles for amplification are given in Tables 2.2 and 2.3, respectively. PCR
amplification was performed in a thermal cycler (Takara, GeneAmp PCR System
9700). The PCR amplicons were electrophoresed on a 0.8 % (w/v) agarose gel along
with a DNA marker (Hyper ladder 1) as mentioned in Section 2.2.4.

Gene encoding CtPME Gene encoding CtX157

900 bp 421bp
Fi F2

l
' |
|

il —
1

1 9% 990059 482 1704

Gene encoding CtPMES
1386 bp

Fig. 2.2 Schematic presentation showing primers used for PCR amplification of genes
encoding CtPME, CtX157 and CtPMEf from 2460 bp gene sequence of
protein ABN54147.1 of Clostridium thermocellum.
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Table 2.1 Oligonucleotide primers used for PCR amplification of genes encoding
CtPME, CtX157 and CtPMEf from Clostridium thermocellum,
nucleotides shown in bold represent the restriction enzyme sites.

Module Primer name  Primer sequence
CtPME F1 5’- cggctagcgcagceggtcaatgcggat-3°
R2 5°- ccctegagttagagcgcaaccggattcea-3°
CtX157 F2 5°- cggctagcggccaattgataaaatcattaacg-3°
R2 5°- ccctcgagttatatgacaatataattcacagecc-3’
CtPMEf F1 5’- cggctagcgeageggtcaatgeggat -3°
R1 5’- ccctcgagttatatgacaatataattcacagecc -3°

Table 2.2 PCR reaction setup for amplification of genes encoding CtPME, CtX157
and CtPMETf from Clostridium thermocellum.

PCR components Volume (ul) Final concentration
10x reaction buffer 20 1x

dNTP mix (100 mM) 1.0 2mM
Forward primer (15 uM) 1.5 0.45 uM
Reverse primer (15 pM) 1.5 0.45 uM
Sigma water, pH 8.0 38.0 -
Genomic DNA (15 pg/ml) 0.5 7.5ng

Taq DNA polymerase (2.5 U/ul) 25 6.25 U

Total 50.0 r

Table 2.3 Conditions for PCR thermal cycles for amplification of genes encoding
CtPME, CtX157 and CtPMETf from Clostridium thermocellum.

Step CtPME CtX157 CtPMEf CYCLES
Initial . 94°C for 4 min 94°C for4 min  94°C for 4 min 1
Denaturation
Denaturation 94°C for 30 s 94°C for 30 s 94°C for 0.5 min
Annealing 65°C for1 min  60°C for 30 s 60.8°C for 1 min 30
Extension 68°C for 1 min 68°C for 1 min  68°C for 1 min
Final Extension 68°C for 10 min 68°C for 10 min 68°C for 10 min 1
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2.2.4 Agarose gel electrophoresis of PCR amplified products

The PCR amplified products were electrophoresed on 0.8% (w/v) 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). A gel was prepared by dissolving agarose
(400 mg for 0.8% (w/v) and 500 mg for 1.0% (w/v) gel) in 50 ml of 1x TAE buffer by
heating in a microwave oven to get a clear solution. Then 5.0 ul 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, comb was placed and the gel was
allowed to solidify. 1x TAE (Tris-acetate-EDTA) buffer was used for preparation of
agarose gels and also as an electrophoresis buffer (Sambrook and Russel, 2001). The
DNA sample and DNA loading dye were mixed in 4:1 ratio and the gel was run at
constant 50 Volt till the dye migrated over 70% of the gel length. The DNA bands
were then visualized under UV illumination in a gel documentation system (BioRad
XR).
2.2.4.1 DNA loading buffer

The DNA or sample loading buffer was prepared by mixing the components
mentioned below in Table 2.4. A 5x stock solution of DNA loading buffer was
prepared and mixed with 4 volumes of DNA to make it to 1x before loading on to

agarose gels. The final pH of the DNA loading dye adjusted to pH 8.0.
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Table 2.4 Composition of 5x DNA loading buffer.
Components Final concentration (5x)
Tris-HCI (pH 8.0) 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 or other plasmids were extracted and purified from

agarose gel using a kit (GenElute, Sigma-Aldrich, USA), following the protocol

provided by the manufacturer as discussed in Section 2.2.5.1. The extracted DNA was

eluted in 30 ul elution buffer supplied with the Kit.

2.25

1.

2.

ol

(o3}

.1 Protocol for extraction of DNA from agarose gel

1.5 ml sterile microcentrifuge tube was weighed and the weight was noted.

The PCR amplified DNA or plasmid was excised from gel using sharp sterile

scalpel and transferred to the micro-centrifuge tube. The tube was weighed

again and the weight of excised gel was determined by subtracting the weight

of the empty tube.

Now, 3 volumes of Gel solubilisation solution were added to every 1 volume

of gel (100 mg ~ 100 pl).

. The micro-centrifuge tube containing excised gel was incubated at 50°C for 10
min (or until the gel slice dissolved completely)

. 1 gel volume of isopropanol was added to this solution.

. GenElute binding column G was placed in a 2 ml collection tube provided with

the kit. 500 pl of column preparation solution was added over column
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membrane and centrifuged at 16,000g for 1 min. The flow through was
discarded.

7. The solution containing PCR-amplified DNA or plasmid (~700 pl) were added
to DNA binding columns and centrifuged at 16,000g for 1 min at room
temperature discarding the flow through. If the volume was more than 700 pl,
the remaining solution was centrifuged similarly and again the flow through was
discarded.

8. 700 pl of Wash solution was added to each the DNA bound spin column and
the mixture centrifuged at 160009 for 1 min at room temperature, discarding the
flow through. The column was given an additional spin of 1 min at 160009 to
completely remove the residual ethanol.

9. Now the column containing bound DNA was placed on a fresh 1.5 ml sterile
microcentrifuge tube. 30 pl of DNAse free water (Sigma-Aldrich, USA) or
eluent solution (10 mM Tris-HCI, pH 8.5) was added at the centre of the column.
The column was incubated for 2 min at room temperature and then centrifuged
at 16000g 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
the DNA recovery by 2 to 3-fold.

10. The PCR-amplified DNA or plasmid were eluted from GenElute spin columns
and collected in 1.5 ml sterile microcentrifuge tube and stored at -20°C for

further use.
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2.2.6 Preparation of culture medium

The most commonly used LB medium for growing the E. coli cells containing
recombinant plasmid was prepared by dissolving the ingredients (Table 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 then transferred to 250 ml conical flask and autoclaved
at 121°C at 15 psi for 20 min. The filter sterilized antibiotic (Kanamycin; 50 pg/ml)

was added to autoclave and cooled LB medium prior to inoculation.

Table 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 boiling 1.8% (w/v) Agar Agar type | in broth
medium (Table 2.6). The medium was autoclaved as described in Section 2.2.6 cooled
to around 40-45°C and appropriate amount of antibiotics (kanamycin; 50 pg/ml) was
added under laminar air flow. 25 ml of medium supplemented with antibiotics were
poured in sterile petri plates and allowed for 15- 20 min to solidify. After solidification,

petri plates were stored at 4°C.

Table 2.6 Composition of Luria-Bertani Agar medium (Sambrook et al., 1989)

Components Final concentration (%, w/v)
Tryptone 1.0
Yeast extract powder 0.5
Sodium chloride 1.0
Agar-Agar 1.8
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2.2.7 Preparation of SOC medium

The SOC (super optimal medium with catabolic repression) was prepared
using ingredients mentioned in Table 2.7. It is a modified SOB (super optimal broth)
with addition of glucose (Hanahan, 1983). Bactotryptone, yeast extract powder and
NaCl was autoclaved. 1 M stock solutions of KCI, MgCl>, MgSOs4 and glucose were
filter-sterilized and required quantities added to above solution in the laminar hood to
finally make the SOC medium.

Table 2.7 Composition of SOC medium (Sambrook et al., 1989).

Component Final concentration
Bactotryptone 2.0 (%, wiv)
Yeast extract powder 0.5 (%, w/v)
NaCl 10 mM

KCI 2.5 mM
MgCl, 10 mM
MgSO4 10 mM
Glucose 20 mM

2.2.8 Preparation of E. coli TOP10 competent cells
Day 1
1. 50 pl of culture of E. coli TOP10 cells from glycerol stock was inoculated into
5.0 ml LB medium (Sambrook et al., 1989) contained in a test tube and grown
overnight at 37°C and 180 rpm.
2. 0.1 M CaCl; solution was filter-sterilized by passing through 0.22 pum filter in

laminar air flow and kept in refrigerator.
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Day 2

3.

10.

11.

1.0 ml culture from day 1 was inoculated into 100 ml LB medium kept in 250
ml conical flask and incubated at 37°C with 180 rpm till cell Optical Density
reached 0.4-0.6 at 550 nm.

Micro-centrifuge tubes, 50 ml centrifuge tubes (round bottom) and micro tips
were autoclaved and kept on ice and placed in a laminar air flow hood.

40 ml culture was transferred aseptically to round bottom centrifuge tubes.
The tubes were centrifuged at 4°C with 4000g for 10 min.

The step was repeated to centrifuge the entire 100 ml culture.

The cell pellet was re-suspended in 3-4 ml sterile, ice-chilled 0.1 M CaCl»
solution followed by making up the final volume to 20 ml. The cell suspension
in centrifuge tubes was kept on ice for 10 min.

The tube was centrifuged again at 40009 at 4°C for 10 min.

The supernatant was carefully removed and the pellet re-suspended in 3.0 ml
of sterile ice chilled 0.1 M CaCl solution.

200 pl of competent cells were aliquoted into each 1.5 ml microcentrifuge tube
containing 10% (v/v) glycerol (final concentration) and kept at -80°C for

further use.
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2.2.9 Cloning of genes encoding CtPME, CtX157 and CtPMETf into pET28a(+)
vector

The pET-28a(+) is a modified form of pBR322 plasmid. It is a frequently used
vector for cloning and expression of recombinant proteins in E. coli. pET-28a(+)
vector has a strong T7 promoter system originally developed by Studier and colleagues
(Studier and Moffatt, 1986; Studier et al., 1990). The expression of genes cloned in
pET plasmids is under the control of T7 bacteriophage promoter. The cloned genes are
transcribed by T7 RNA polymerase of the host cell. The genes cloned in pET vectors
remain transcriptionally silent in the uninduced state. The proteins encoded by the
cloned genes are transcribed and contain a Hise-Tag, which single step purification
using affinity chromatography. The pET-28a(+) vector allows for incorporation of
expressed protein with an N-terminal Hiss-Tag/thrombin/T7-Tag in addition to an
optional C-terminal Hise-Tag sequence (Fig. 2.3). The location of sequence encoding
His-Tag, T7 promoter, T7 terminator, kanamycin resistance and f1 origin are indicated

in the Fig. 2.3.
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Fig. 2.3 Restriction map of the pET-28a(+) expression vector showing multiple
cloning site (158-203 bp), restriction enzyme sites, N-terminal Hise-Tag
coding sequence (270-287 bp), C-terminal Hiss-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).
Nhel cuts at 231 and Xhol at 158.
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2.2.9.1 Restriction digestion of PCR amplified genes encoding CtPME, CtX157
and CtPMETf and pET-28a(+) plasmid DNA

The pET-28a(+) vector was digested with Nhel-Xhol restriction enzymes
(Table 2.8). PCR amplified genes encoding CtPME, CtX157 and CtPMEf were also
digested with Nhel-Xhol to prepare them for ligation with restriction digested pET-
28a(+) vector (Table 2.9). The digestion reactions were incubated in a water bath at
37°C for 90 min. The Nhel-Xhol digested pET vector and PCR amplified genes were

purified from agarose gel as described in Section 2.2.5.

Table 2.8 Restriction enzyme digestion of pET-28a (+) plasmid DNA.

Reaction components Volume (ul)
10x buffer 3.0
Nuclease free water 4.5
Bovine serum albumin (10 mg/ml) 0.5
Plasmid DNA (approx. 13 ng/ ul) 20.0
Nhel (10 U/pl) 1.0
Xhol (10 U/ul ) 1.0
Total 30.0

Table 2.9 Restriction enzyme digestion of PCR amplified genes encoding CtPME,
CtX157 and CtPMEH.

Gene encoding  Gene encoding  Gene encoding

Reaction component CtPME (ul)  CtX157 (ul) CtPMEF (ul)
10x buffer 3.0 4.0 4.0
Nuclease-free water 4.5 13.5 6.5

Bovine serum albumin (10 05 05 05

mg/ml)

PCR amplified product 20 (~125 ng) 20 (~100 ng) 20(~100 ng)
Nhel (10 U/pl) 1 (118 ng) 1 (68.7 ng) 1 (15 ng)
Xhol (10 U/ul) 1 1 13.5

Total 30 40 30
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2.2.9.2 Ligation of restriction digested genes encoding CtPME, CtX157 and
CtPMETf into pET-28a(+) vector

The Nhel-Xhol digested genes encoding CtPME, CtX157 and CtPMEf were
ligated into pET-28a(+) vector, which was also digested with same restriction enzymes
as described in Section 2.2.9.1. Three ligation reactions were setup using the reaction
components mentioned in Table 2.10 and incubated at 16°C overnight to get maximum
number of transformants. The reactions were setup at an insert: vector molar ratio of
3:1, where the amount of insert is calculated as mentioned below:

amount of vector (ng) x size of insert (kb) X insert :vector molar ratio = amount of insert (ng)
Size of vector (kb)

50 (ng) x 0.9 (kb)
5.369 (kb)

% = 25.1 ng (CtPME)

50 (ng) x 042 (kb) 3
5.369 (kb) 1

= 11.7 ng (CtX157)

50(ng)x 1453 (kb) 3

5.369 (kb) 1 - 40.6 ng (CtPMET)

Table 2.10 Components of reaction for ligating genes encoding CtPME, CtX157 and
CtPMETf into pET-28a(+) expression vector.

Reaction component Gene encoding Gene encoding Gene encoding
P CtPME (ul) CtX157 (ul) CtPMEF ()
10x Rapid Ligation Buffer 1 1.5 2.5
pET-28a(+) Vector 5 (50 ng) 6.2 (50 ng) 5 (50 ng)
Restriction digested product ~ 2.15 (60 ng) 6 (10 ng) 13.5 (15 ng)
T4 DNA Ligase (3 Units/ul) 1 1 1
Nuclease-free water 0.85 0.3 3
Total 10 15 25
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2.2.9.3

Transformation of ligated recombinant DNA into E. coli TOP10 cells

The E. coli TOP10 competent cells were transformed with ligation reactions,

after overnight ligation. Preparation of E. coli competent cell preparation has been

described in Section 2.2.8. The step-wise transformation protocol is described below:

1.

TH-2259 136106031

The micro-centrifuge tube containing competent cell (200 ul) was taken out
from -80°C and kept on ice for 5 min.

10 pl of ligation mixture was added to cells and the tube was gently tapped 4-
5 times and kept on ice for 30 min. The cells were occasionally tapped gently
during 30 min incubation.

The cells were given a heat shock at 42°C for 40s.

The cells were immediately transferred back to the ice and kept for 5 min.
800 pl of super optimal medium with catabolite repression (SOC) (Hanahan,
1983; Sambrook et al., 1989; given in Section 2.2.7) (previously incubated at
37°C) was added to the transformed cells.

The transformed cells were incubated at 37°C in a shaking incubator at 220
rpm for 1h.

The cells were centrifuged at 2000g, 25°C for 5 min.

800 ul supernatant was discarded and the cell pellet was re-suspended in
remaining 200 pl supernatant.

The 200 pl cells were spread plated on LB agar plates as described in Section
2.2.6.1 supplemented with antibiotics. The LB agar plates were incubated

overnight at 37°C.
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10. The transformation efficiency was calculated using the following formula,

Transformation  _ No. of colonies on LB plate
efficiency Amount of insert (ug)

= cfulpg

The 15-20 pl of ligation mixture was added to 200 pl E. coli TOP10 competent
cells, following the above transformation protocol. The transformed TOP10 cells were
plated on LB plates supplemented with kanamycin (50 pg/ml) and grown overnight at
37°C, 180 rpm.
2.2.9.4 lsolation of plasmid DNA from transformed colonies by miniprep Kit

Overnight incubated plates were observed for colonies. Colonies preferably
from the centre of the plate were randomly picked in a laminar air flow and grown
overnight in 5 ml LB medium supplemented with kanamycin (50 pg/ml). The plasmid
DNA from this 5 ml culture was isolated by miniprep kit (Sigma-Aldrich, USA)
following the protocol mentioned in Section 2.2.9.4.1.
2.2.9.4.1 Plasmid isolation protocol by miniprep kit

1. 10 ml from each of the grown culture containing recombinant plasmid were
pelleted in 1.5 ml microcentrifuge tube aseptically.

2. The cells were then centrifuged at 14000g for 1 min and the process was
repeated six times with 1.5 ml culture (Total 9ml culture).

3. The resulting cell pellet of each recombinant derivative was re-suspended
in 200 pl resuspension solution and vortexed. RNAse at final concentration
of 0.3 mg/ml was added to the re-suspension solution prior to use.

4. 200 pl of lysis solution was added to each tube and the tubes were inverted

gently 5-6 times to ensure mixing and allowed to stand for 2-5 min.
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5.

10.

11.
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350 pl of neutralization solution was added to the mixture and the tubes
were inverted again for 4-6 times to mix properly.

The mixture was centrifuged at 16,000g for 10 min.

The DNA binding columns were prepared and activated by adding 500 pl
of column preparation solution to binding column and centrifuging at
14,0009 for 1 min. The flow through accumulated in collection tube was
discarded.

The clear lysate was then transferred to activated DNA binding column,
centrifuged at 14,0009 for 1 min and the flow through in the collection tube
was discarded again.

The plasmid DNA bound to the column was washed with wash solution and
spun at 14,0009 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.

The DNA binding column was transferred to a fresh sterile microcentrifuge
tube and 30 pl 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 eluted plasmid DNA in sterile microcentrifuge tube was stored at -20°C.
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2.2.9.5 Screening of recombinant plasmid DNAs for positive clones by
restriction digestion

15 pl of recombinant plasmids from pET-28a(+) clones of CtPME, CtX157
and CtPMETf that were isolated in the last step, were taken in separate fresh sterile
micro-centrifuge tubes for restriction enzyme digestion analysis. The recombinant
plasmid DNA of each of the above mentioned derivatives was digested with restriction
enzymes, Nhel and Xhol, to check for positive clones following a 30 ul reaction
mixture set up as mentioned in Table 2.8.

2.2.10 Preparation of competent E. coli BL-21 (DE3) 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 pul aliquots were
made in sterile microcentrifuge tubes and stored at -80°C for further use.

2.2.11 Transformation of recombinant plasmids containing genes encoding
CtPME, CtX157 and CtPMET into E. coli BL21 (DE3)

2 ul of from each of the recombinant plasmid of positive pET-28a(+) clone
isolated in Section 2.2.9.5 was used for transformation of 200 pl E. coli BL-21 cells
for protein expression following the transformation protocol described in Section
2.2.9.3. Recombinant plasmids containing genes encoding CtPME, CtX157 and
CtPMEf were transformed into E. coli BL-21 cells and plated on LB agar plates
supplemented with kanamycin (50 pug/ml) and grown overnight at 37°C.

2.2.12 Expression of recombinant CtPME, CtX157 and CtPMET proteins

The E. coli BL21(DES3) cells used as host for expression of proteins, CtPME,

CtX157 and CtPMEf were cultured in 100 ml of LB medium supplemented with

kanamycin (50 pg/ml) incubated at 37°C, 180 rpm. After the cell growth reached mid
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exponential phase (Asoo = 0.6). The cells expressing CtPME, CtX157 and CtPMEf

were cooled to 24°C and after cooling the cultures were induced with isopropyl-p-D-
thiogalactopyranoside (IPTG) at a final concentration of 1 mM and further incubated
at 180 rpm for 12-16 h.

2.2.13 Sodium dodecyl sulphate-Polyacrylamide gel electrophoresis (SDS-
PAGE) analysis of recombinant proteins

The recombinant proteins were separated on SDS-PAGE gel on the basis of
their respective molecular size. PAGE was used to separate components of a protein
mixture based on their size (Laemmli, 1970; Sambrook et al., 1989). The expression
and purification of CtPME, CtX157 and CtPMEf were analysed by running on 12%
(w/v) SDS-PAGE gel using ingredients as mentioned in Tables 2.11 and 2.12.

Table 2.11 Composition of SDS-PAGE components for preparation of resolving gel.

12% gel

Component volume (ml)
Acrylamide solution *(30%,w/v) 4.0
Deionized water 0.7
SDS (10%,w/v) 1.0
Glycerol (50%,v/v) 1.0

1.5 M Tris-HCI (pH 8.8) 3.3
APS (10%,w/v) 0.1
TEMED 0.01
Total 10 ml

*mixture of 29.2% (w/v) acrylamide and 0.8% (w/v) N,N'-Methylenebis(acrylamide).

Table 2.12 Composition of SDS-PAGE components for preparation of stacking gel.

4% gel
Components volume (ml)
Acrylamide solution* (30%, w/v) 0.7
Deionized water 2.8
SDS (10%, w/v) 0.5
0.5 M Tris-HCI (pH 6.8) 1.0
APS (10%, wiv) 0.05
TEMED 0.005
Total 5ml

*mixture of 29.2% (w/v) acrylamide and 0.8% (w/v) N,N'-Methylenebis(acrylamide).
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SDS-PAGE was run using 1 x Tris-Glycine (pH 8.3-8.5) running buffer at
constant 40 mA current. The expressed and purified protein samples were visualised
after staining the gel with staining soultion containing (0.25%, w/v) Coomassie
Brilliant Blue (CBB) R-250 dye 100 ml solution of deionized water, methanol and
glacial acetic acid in 5:4:1 ratio. The gels were de-stained by immersing the gel in de-
staining solution containing deionized water, methanol and glacial acetic acid in 5:4:1
ratio. The gels were subjected to gentle rocking with periodic change of de-staining
solution was done, until the protein bands were clearly visible.

2.2.14 Purification of recombinant CtPME, CtX157 and CtPMET proteins

The recombinant CtPME, CtX157 and CtPMETf proteins containing a Hise-tag
at the N-terminal were purified through a single step purification method based on
immobilized metal-ion affinity chromatography (IMAC) as described in Section
2.2.14.1. The purification of these recombinant proteins was carried out by using 1.0
ml sepharose columns (HiTrap chelating HP, GE Healthcare). The composition of
binding as well as elution buffers used for affinity column purification is mentioned in

Table 2.13.

Table 2.13 Composition of buffers required for purification of recombinant proteins
by affinity purification (IMAC).

Buffers Composition
Equilibration buffer 50 mM Tris-HCI, pH 8.5

500 mM NacCl, 50 mM Imidazole
Elution buffer 50 mM Tris-HCI, pH 8.5

500 mM NacCl, 350 mM Imidazole
Cleaning buffer 50 mM Tris-HCI, pH 8.0

500 mM NaCl, 50 mM EDTA
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2.2.14.1 IMAC purification protocol for recombinant CtPME, CtX157 and

TH-2259 136106031

CtPMET proteins

The bacterial cells (100 ml culture) were harvested by centrifugation at
9,000g at 4°C for 10 min. The cell pellet was re-suspended in 7 ml of 50 mM
Tris-HCI buffer, pH 8.5.

1 mM phenyl methane sulfonyl fluoride (PMSF) and 0.2 mg/ml lysozyme
were added to re-suspended solution and incubated at 4°C for 20 min.

The cells were sonicated on ice for 30 min (7s on and 15s off pulse; with 33%
amplitude) and centrifuged at 12,000g at 4°C for 30 min to get the crude cell
free extract.

The cell free extract was passed through a 0.45 pm filter membrane before
loading onto 1 ml HiTrap chelating HP column. The column was pre-washed
with 5 volumes of filtered and degassed water to remove the alcohol.
Column was charged using 2.0 ml of 0.1 M NiSO4 solution and the unbound
Ni2* ions were washed away with 2-5 volumes of water.

Then the column was equilibrated with 10 volumes of equilibration buffer
(Table 2.13).

The filtered cell free extract of recombinant protein was loaded on to the
column at a flow rate of 0.5 ml/min.

The column was then washed with 50 column volumes of equilibration buffer
to remove the unbound proteins.

The retained protein of interest was then eluted with elution buffer under a
gradient of 0-100% imidazole concentration and 1 ml fractions were

collected (Carvalho et al., 2004).
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10. The column was cleaned using cleaning buffer as mentioned in Table 2.13,
washed with 5 volumes of water and incubated in 1N NaOH at 4°C for 2h. The
column was then washed with 50 volumes of water to remove NaOH, and finally
stored in 20% (v/v) ethanol at 4°C.

The purified recombinant proteins CtPME, CtX157 and CtPMEf were dialyzed
(Cut off 3-5 kDa) against 50 mM Tris-HCI buffer, pH 8.5 containing 200 mM NacCl.
The purity and molecular mass of recombinant proteins were verified by SDS-PAGE
as described in Section 2.2.13.

2.2.15 Protein concentration determination of purified recombinant proteins
The concentration of purified protein was determined from their corresponding
absorbance at 280 nm using the equation below (Layne, 1957; Stoscheck, 1990). The
absorbance was measured after appropriate dilution of the protein using a
spectrophotometer (Gene Quant, GE Health care) having a path length of 1 cm. The
molar extinction co-efficient 43570 M~cm™ for CtPME, 30940 M-cm™ for CtX157

and 76125 M™cm for CtPMET, respectively were used.

Concentration of  _ Absorbance at 280 nm x Mol. weight (Da)
protein (mg/ml) ~ —  Extinction coefficient (M*cm™) x Path length (1 cm)
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2.2.16 MALDI-TOF MS analysis of CtPME, CtX157 and CtPMEf
The Matrix-Assisted Laser Desorption/lonization-Time of Flight Mass

Spectrometry (MALDI-TOF MS) analysis of CtPME, CtX157 and CtPMEf were
carried out to know its intact molecular mass. MALDI-TOF MS analysis of CtPME,
CtX157 and CtPMEf were performed using an Ultraflex workstation (Bruker
Daltonics, Bremen, Germany) equipped with a nitrogen laser of 337 nm, operated in
linear positive mode with a laser power intensity of 60%. After a delayed extraction
time of 350 ns, the ions were accelerated to a kinetic energy of 22 kV before detection.
The mass spectrometer was calibrated with a mixture of maltodextrins (Avebe, Foxhol,
Netherlands; MD20; mass range m/z 7,000 -50,000). The data were processed using
the Bruker Daltonics flex Analysis software (Savary et al. 2013). The matrix was
prepared using two solutions. Solution A contained 4 mg/ml Sinapinic acid (trans-3,
5-dimethoxy-4-hydroxycinnamic acid) dissolved in 100% ethanol. Solution B
contained 4 mg/ml Sinapinic acid dissolved in TA30 solvent, which contained 0.1%
trifluoroacetic acid (TFA) and acetonitrile in 30:70 (v/v) ratios. All solutions were
stored at -20°C. The sample was prepared by initially mixing 0.5 ul of solution B with
0.5 pl of CtPME, CtX157 and CtPMEf, respective protein sample and adding then
equal volume of solution A and was properly mixed. The sample 2 pl was drop spotted
onto the stainless steel MALDI-TOF sample analysis target plate and allowed to dry
for 1-2 h. The samples were prepared freshly (using freshly purified enzyme) 2 h

before analysis (Shevchenko et al. 2009).
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2.3 Results and Discussion

2.3.1 PCR amplification of genes encoding CtPME, CtX157 and CtPMEf
The genes encoding CtPME, CtX157 and CtPMEf were amplified from

genomic DNA of Clostridium thermocellum ATCC 27405 using the conditions
mentioned in Section 2.2.3, and detected on 0.8% (w/v) agarose gel and are displayed
in Fig. 2.4 below. The PCR products were purified from gel using gel extraction kit as

mentioned in Section 2.2.5 and stored at -20°C.

< CrCE8-X157
CrCES (1.386kb)

COX157
L € (0.42k0)

B C

Fig. 2.4 Agarose gels (0.8%, w/v) showing PCR amplified genes encoding: (A)
CtPME (lane 2 & 3), (B) CtX157 (lane 2 & 3) and (C) CtPMET (lane 2 & 3)
around 0.9 kb, 0.42 kb and 1.3 kb, respectively. Lane 1- DNA marker
(Hyperladder 1, Bioline).
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2.3.2 Cloning of genes encoding CtPME, CtX157 and CtPMET into pET-28a (+)
vector

The restriction enzyme digested genes encoding CtPME, CtX157 and CtPMEf
were ligated with the linearized fragments of pET-28a(+) vector following the protocol
mentioned in Section 2.2.10.1. The ligated product was transformed into E. coli
TOP10 competent cells and grown overnight on LB agar plates grown at 37°C under
stationary condition. The transformation efficiency of E. coli TOP10 competent cells
was 1.5 x10°8 cfu/ug.
2.3.2.1 lIsolation of recombinant plasmid DNA

Plasmid DNA from grown colonies after cloning into pET-28a(+) was isolated
using Plasmid miniprep kit following the protocol mentioned in Section 2.2.13.3.1.
The isolated plasmids were visualized after electrophoresis on 0.8% (w/v) agarose gel.
Positive clones were confirmed by restriction digestion of this isolated plasmid DNA.

2.3.2.2 Restriction digestion of isolated plasmid DNA for confirmation of positive
clone

The isolated plasmids were digested with Nhel and Xhol restriction enzymes
for confirming the positive clones. The plasmids after restriction digestion were
electrophoresed on 0.8% (w/v) agarose gels. Nhel and Xhol digested fragments of gene
encoding CtPME, (Fig. 2.5A; Lane 2-4), CtX157 (Fig. 2.5B; Lane 2) and CtPMEf
(Fig. 2.5 C; Lane 2) were visualized on agarose gels around 0.9 kb, 0.42 kb and 1.3 kb
respectively. Linearized pET-28a (+) vector was visualized at around 5.3 kb after
restriction digestion. The positives clones were sequenced (Scigenom Labs Pvt. Ltd,

India) and no undesired mutations were detected (Fig. 2.6, 2.7, 2.8, 2.9, 2.10 & 2.11).

TH-2259 136106031



Chapter 2

70
1 2 3 4 1 2 3
u?o';n bp
2000 10000 pET28a
8000 PET28a oo (5.3kb)
— (5.3kb) s
3000 2000
2600
:: 2000
o e CICE8-X157
1009 1008 (1.3kb)
860 om
0
CIX157
wa
= {0.42kb)

Fig. 2.5 Agarose gel (0.8%, w/v) showing Nhel-Xhol digested recombinant plasmid
containing genes encoding (A) CtPME, (Lane 1, 2 & 3: 0.9 kb), (B) CtX57,

(Lane 3: 0.42 kb) and (C) CtPMEf (Lane 2: 1.3 kb). In all cases Lane 1: DNA
marker (Hyper ladder I, Bioline).
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CACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTAGCGCAGCGGTCAATGCGGATATA
ATAGTTGCCAAAGACGGTACAGGCAATTTCACAACCATACAGGCCGCAATTGATTCAGTACCG
TCAAACAGTTCAAAAAGAACCGTTATATTTGTCAAAAACGGTACATACAAAGAAGTTGTTACA
ATCAGGAAAAACAACATACACCTCATCGGAGAAAGCAATACAAAAACAATCATTACATATGAC
AATTATGCGGGTAAACTAAAACCTGACGGCACCACATACGGTACATCCGGTTCCGCATCATTC
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GGAAGACCCTGGCGTCCCAATTGCATATGTAGTTTACAAAACATGTTATTTGGGAGCGCATAT
AAAGGGAGTCCGGCTGGACCAGCATGAGTGGTAATTTGCCTGAAAATGCGCGCTTTTTTTGAG
T

Fig. 2.6 DNA Sequencing of CtPME. (A) Electropherogram showing the DNA

sequencing result for cloned gene encoding CtPME. Sequencing was done
using T7 forward primer and (B) The deduced sequence (trimmed).
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TTGTTAGCAGCCGGATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTTAGAGCGCAACCGGATTC
CAATTGTCAGTACCTTTTAATAGGTTTTGCGGAGTAAATTTTGCGGCTTCGGCGTATGACAAC
TGTCTTCTCGATGAGTTGACCACCGCTCCCGGGCCTGTGTTTTTGTACTCAAAAAAGCGCGCA
TTTTCAGGCAAATTACCACTCATGCTGGTCCAGCCGGACTCCTTTATATGCGCTCCCAAATAA
CATGTTTTGTAAACTACATATGCATTGGGACGCCAGGGTCTTCCAAGATATGTTGAATTTTTG
GGAGCATCGCTTGTCAATCTGCAGTTTAAGAACAGAAATCCGTAATTTTCGAGATCAGTGCTT
GCAGCAGTGACATATCCCCCTTTGGGTGTTGAAACAATTTCGCAGTTTTCAAATACAGCTGTG
GCGCCGCCAAATATAAAATCCGTGTCACCTATGATTTTGCAGTTCACATAATACTGTCTGCCC
GAGTGTGCATACAAGGTATCCTGATTTCCGATAAAAATACAATTTTTGATTATTTGCCTGTCG
CCGCGGATATAAGCAGCTACGGCTTGCTTGTCTTTTACGTCGATACTTTCATCAAAGGAATTT
TCAATTGTGATGTTTTCAAGGATTGTGTCAGTTCCATAGAGATAGAATGATGCGGAACCGGAT
GTACCGTATGTGGTGCCGTCAGGTTTTAGTTTACCCGCATAATTTGTCATATGTAATGATTGT
TTTTGTATTGCTTTCTCCGATGAGGTGTATGTTGTTTTTTCCTGATTGTAACAACTTCTTTGT
ATGTACCGTTTTTTGACAATATAACGGTTCTTTTTTGAACTGTTTTG

Fig. 2.7 DNA Sequencing of CtPME, (A) Electropherogram showing the DNA
sequencing result for cloned gene encoding CtPME, Sequencing was done using
T7 reverse primer and (B) The deduced sequence (Trimmed).
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TAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGCCATCATCATCATCATCAC

AGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTAGCGGCCAATTGATAAAATCATTAACG
GTAAAGGATTCGGCAAATTCGTCCAATTGGTCCATACAGTCGAATTTACGGGTTGGTGATACA
GTTTTTGGTGACAGAACATACAAGTTTGTCACAATTCCAAATGAGTTCCTTGGCTCCGAATGG
ATCAGGACAGCCTGTGACTCGAAAAAATCCACAGAAGACCTGGCCTACTTTACCGCCAAAGCT
GACATAACCGTATATGTGGGTCTGGACTCAAGGGTTGCAACCATACCGTCATGGCTTAACGAT
TGGACCAAAACCTCACTGACAATAACCGACGACGGTTCACCACAGGTTACCTACAACCTTTAC
AAAAAGAATTTCAGTGCAAACTCCGTTGTAACCCTTGGTCCTAATGGGGCTTCAAGCGGGGCT
GTGAATTATATTGTCATATAACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAAC
AAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTT
GGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATTGGCG
AATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGA
CCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCA
CGTTCGCCGGCTTTCCCCGTCAAGCTCTAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGC

TTTACGGCACCTCGACCCCAAAAAC

Fig. 2.8 DNA Sequencing of CtX157 (A) Electropherogram showing the DNA
sequencing result for cloned gene encoding CtX157. Sequencing was done
using T7 forward primer and (B) The deduced sequence (Trimmed).
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CAGCCGGATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTTATATGACAATATAATTCACAGC
CCCGCTTGAAGCCCCATTAGGACCAAGGGTTACAACGGAGTTTGCACTGAAATTCTTTTTG
TAAAGGTTGTAGGTAACCTGTGGTGAACCGTCGTCGGTTATTGTCAGTGAGGTTTTGGTCC
AATCGTTAAGCCATGACGGTATGGTTGCAACCCTTGAGTCCAGACCCACATATACGGTTAT
GTCAGCTTTGGCGGTAAAGTAGGCCAGGTCTTCTGTGGATTTTTTCGAGTCACAGGCTGTC
CTGATCCATTCGGAGCCAAGGAACTCATTTGGAATTGTGACAAACTTGTATGTTCTGTCAC
CAAAAACTGTATCACCAACCCGTAAATTCGACTGTATGGACCAATTGGACGAATTTGCCGA
ATCCTTTACCGTTAATGATTTTATCAATTGGCCGCTAGCCATATGGCTGCCGCGCGGCACC
AGGCCGCTGCTGTGATGATGATGATGATGGCTGCTGCCCATGGTATATCTCCTTCTTAAAG
TTAAACAAAATTATTTCTAGAGGGGAATTGTTATCCGCTCACAATTCCCCTATAGTGAGTC
GTATTAATTTCGCGGGATCGAGATCTCGATCCTCTACGCCGGACGCATCGTGGCCGGCATC
ACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATCGCCGACATCACCGATGGGGAAGATC
GGGCTCGCCACTTCGGGCTCATGAGCGCTTGTTTCGGCGTGGTATGGTGGCAGGCCCCGTG
CCCGGGGGACTGTTGGGCGCCATCTCCTTGCATGCACCATTCCTTGCGGCGGCGGTGCTCA
ACGGCCTCAACCTACTACTGGGCTGCT

Fig. 2.9 DNA Sequencing of CtX157 (A) Electropherogram showing the DNA

sequencing result for cloned gene encoding CtX157. Sequencing was done
using T7 reverse primer and (B) The deduced sequence (Trimmed).
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ATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGCCATCATCATCATCATCACAG
CAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTAGCGCAGCGGTCAATGCGGATATAATAGT
TGCCAAAGACGGTACAGGCAATTTCACAACCATACAGGCCGCAATTGATTCAGTACCGTCAAA
CAGTTCAAAAAGAACCGTTATATTTGTCAAAAACGGTACATACAAAGAAGTTGTTACAATCAG
GAAAAACAACATACACCTCATCGGAGAAAGCAATACAAAAACAATCATTACATATGACAATTA
TGCGGGTAAACTAAAACCTGACGGCACCACATACGGTACATCCGGTTCCGCATCATTCTATCT
CTATGGAACTGACACAATCCTTGAAAACATCACAATTGAAAATTCCTTTGATGAAAGTATCGA
CGTAAAAGACAAGCAAGCCGTAGCTGCTTATATCCGCGGCGACAGGCAAATAATCAAAAATTG
TATTTTTATCGGAAATCAGGATACCTTGTATGCACACTCGGGCAGACAGTATTATGTGAACTG
CAAAATCATAGGTGACACGGATTTTATATTTGGCGGCGCCACAGCTGTATTTGAAAACTGCGA
AATTGTTTCAACACCCAAAGGGGGATATGTCACTGCTGCAAGCACTGATCTCGAAAATTACGG
ATTTCTGTTCTTAAACTGCAGATTGACAAGCGATGCTCCCAAAAATTCAACATATCTTGTAAG
ACCCTGGCGTCCCAATGCATATGTAGTTTACAAAACATGTTATTTGGGAGCGCATATAAAGGA
GTCCGGCTGGACCAGCATGAGTGGTAATTTGCCTGAAAATGCGCGCTTTTTTGAGTACAAAAC
AC

Fig. 2.10 DNA Sequencing of CtPMEf (A) Electropherogram showing the DNA

sequencing result for cloned gene encoding CtPMEf. Sequencing was done
using T7 forward primer and (B) The deduced sequence (Trimmed).
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GCAGCCGGATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTTATATGACAATATAATTCACAGCC
CCGCTTGAAGCCCCATTAGGACCAAGGGTTACAACGGAGTTTGCACTGAAATTCTTTTTGTAA
AGGTTGTAGGTAACCTGTGGTGAACCGTCGTCGGTTATTGTCAGTGAGGTTTTGGTCCAATCG
TTAAGCCATGACGGTATGGTTGCAACCCTTGAGTCCAGACCCACATATACGGTTATGTCAGCT
TTGGCGGTAAAGTAGGCCAGGTCTTCTGTGGATTTTTTCGAGTCACAGGCTGTCCTGATCCAT
TCGGAGCCAAGGAACTCATTTGGAATTGTGACAAACTTGTATGTTCTGTCACCAAAAACTGTA
TCACCAACCCGTAAATTCGACTGTATGGACCAATTGGACGAATTTGCCGAATCCTTTACCGTT
AATGATTTTATCAATTGGCCGTCCATTGGGGTTGGAGCCGGTGTTGAGGTGGGTTTTTGAGTC
GGTGTTAAAGTTGACGTTTGAGACACGAGCGCAACCGGATTCCAATTGTCAGTACCTTTTAAT
AGGTTTTGCGGAGTAAATTTTGCGGCTTCGGCGTATGACAACTGTCTTCTCGATGAGTTGACC
ACCGCTCCCGGGCCTGTGTTTTTGTACTCAAAAAAGCGCGCATTTTCAGGCAAATTACCACTC
ATGCTGGTCCAGCCGGACTCCTTTATATGCGCTCCCAAATAACATGTTTTGTAAACTACATAT
GCATTGGGACGCCAGGGTCTTCCAAGATATGTTGAATTTTTGGGAGCATCGCTTGTCAATCTG
CAGTTTAAGAACAGAAATCCGTAATTTTCGAGATCAGTGCTTGCAGCAGTGACATATCCCCCT
TTGGGTG
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Fig. 2.11 DNA Sequencing of CtPMEf (A) Electropherogram showing the DNA
sequencing result for cloned gene encoding CtPMEf. Sequencing was done
using T7 reverse primer and (B) The deduced sequence (Trimmed).
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2.3.3 Expression and purification of recombinant proteins

The E. coli BL21 (DE3) competent cells were transformed with recombinant
pET-28a (+) plasmids containing genes encoding CtPME, CtX157 and CtPMETf. The
transformation efficiencies of E. coli BL21 (DE3) and E. coli BL21 (DE3) pLysS cells
were 1.8 x 10%and 5 x 10°. The colonies were picked randomly and grown in 5 ml LB
medium supplemented with kanamycin (50 pg/ml) as described in Section 2.2.12. The
cells were induced for expression of protein at mid exponential stage as described in
Section 2.2.12. Protein expression was analysed using SDS-PAGE gels by loading
uninduced as well as the induced cells in adjacent wells, as depicted in Fig. 2.12, 2.13
and 2.14.

The recombinant proteins were purified by immobilized metal ion affinity
chromatography as described in Section 2.2.14 and then dialysed for removal of
imidazole and sodium chloride. The recombinant CtPME, CtX157 and CtPMEf
expressed as soluble proteins and after purification displayed homogeneous single
bands on SDS-PAGE gels (Fig. 2.12, 2.13 and 2.14). The molecular masses of the
recombinant CtPME, CtX157 and CtPMETf including the N-terminal histidine tag were
calculated to be 35.5 kDa, 17.6 kDa and 54.1 kDa respectively, which are in close

agreement with those observed on SDS-PAGE gels.
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Fig.2.12 SDS-PAGE (12%) gel showing expression and purification of recombinant
CtPME in E. coli BL-21 cells, 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 fraction, Lane 6: Purified and dialyzed CtPME
(35.5 kDa approx.), Lane 7: Protein marker (Bangalore GeNei, India).

kDa

CtX157
17.6 kDa

Fig. 2.13 SDS-PAGE (12%) gel showing expression and purification of recombinant
CtPME in E. coli BL-21 cells, 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 fraction, Lane 6&7: Purified and dialyzed
CtX157 (17.6 kDa approx.), Lane 8: Protein marker (Bangalore GeNei,
India).
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CtPMEf
54.1 kDa

Fig. 2.14 SDS-PAGE (12%) gel showing expression and purification of recombinant
CtPME in E. coli BL-21 cells, 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 fraction, Lane 6: Purified and dialyzed CtPMEf
(54.1 kDa approx.), Lane 7: Protein marker (Fermentas, India).

2.3.4 Protein estimation of expressed and purified recombinant derivatives

The amount of purified recombinant proteins obtained from 100 ml of grown
cultures was calculated using the formula mentioned in Section 2.2.15 and listed in

Table 2.14. The total amount of recombinant enzymes present in eluted 2 ml of was

2.4+0.15 mg (CtPME), 1.7£0.21 mg (CtX157), and 1.9+0.18 mg (CtPMETf) as

displayed in Table 2.14.

Table 2.14 Purified recombinant proteins obtained from 100 ml cultures.

Recombinant Protein Volume of purified Total amount
Protein concentration protein of purified protein
(mg/ml) (ml) (mg)
CtPME 1.20£0.15 2.0 2.440.15
CtX157 0.85+0.21 2.0 1.7£0.21
CtPMEf 0.93+0.18 2.0 1.9+0.18
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2.3.5 MALDI-TOF MS analysis of CtPME, CtX157 and CtPMETf

The MALDI-TOF MS analysis of purified CtPME, CtX157 and CtPMEf were
showed the intact molecular mass, 35558.1 Da, 17645.1 Da and 53483.9 Da,
respectively, in linear positive mode (Fig. 2.15) similar to the apparent molecular mass

observed by SDS-PAGE.
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Fig. 2.15 MALDI-TOF MS analysis (A) Intact mass of CtPME (35558.18 Da), (B)
Intact mass of CtX157 (17649.16 Da) and (C) Intact mass of CtPMEf
(53483.97).
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2.4 Conclusions

Family 8 carbohydrate esterase (CE8) CtPME and its truncated derivative,
CtX157 and full length, CtPMETf were cloned from the genomic DNA of Clostridium
thermocellum ATCC 27405 (GenBank Accession No: ABN54147.1). The molecular
architecture showed signal peptide towards N-terminal followed by a family 8
carbohydrate esterase, pectin methylesterase catalytic module (CtPME), X-157
unknown function module (CtX157) and full length module CtPMEf. The PCR
amplified fragment of full length gene encoding CtPMEf showed a band of ~1.5 kb,
whereas, the gene encoding catalytic module (CtPME) and unknown function module
(CtX157), displayed the sizes of ~ 0.9 kb and ~ 0.4 kb, respectively. The restriction
enzyme digested fragments of genes encoding CtPMEf, CtX157 and CtPMEf were
ligated with linearized pET-28a(+) vector. The ligated mixture was transformed into
E. coli TOP10 competent cells. The positive clones containing recombinant plasmid
DNA were screened by restriction enzyme digestion using enzymes, Nhel and Xhol.
The restriction enzyme digested products were electrophoresed and the band of ~ 5.4
kb was produced for pET-28a(+) vector and corresponding bands of ~0.9 kb, ~ 0.4 kb
and ~ 1.5 kb were produced from the insert fragments for genes encoding CtPME,
CtX157 and CtPMET, respectively. The recombinant plasmids containing genes
encoding CtPME, CtX157 and CtPMEf were transformed into E. coli BL-21 (DE3)
cells. The recombinant proteins were expressed and purified. The purified recombinant
proteins displayed a band of approximately, 35.5 kDa for CtPME, 17.6 kDa for
CtX157 and 54.4 kDa for CtPMEf on SDS-PAGE gels. The amount of recombinant
CtPME, CtX157 and CtPMETf proteins obtained from 100 ml E. coli cultures after

purification by Immobilized Metal lon Affinity Chromatography (IMAC) were
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2.4+0.15 mg, 1.7+£0.21 mg and 1.9+0.18 mg, respectively. The purified recombinant
proteins molecular mass confirmed by MALDI-TOF MS, which were displayed
35558.1 Da, 17645.1 Da and 53483.9 Da, CtPME, CtX157 and CtPMEf were showed

the intact molecular mass, respectively,
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Biochemical characterization of CtPME and CtPMEf

3.1 Introduction

Pectin methylesterases (PMEs) are majorly found in plants, fungi, bacteria and
also insects (Jiang et al., 2013; Kent et al., 2015). In plants, they are localized as cell
wall-associated enzymes existing in isoforms, helping in modifications during the plant
growth (Micheli, 2001). PMEs play a key role in the cell wall changes in various
vegetative (root, shoot and stem elongation) and reproductive (pollen and seed
germination) processes in Arabidopsis sp. and other dicotyledons plants (Wolf et al.,
2009). PMEs have been also shown to be produced as a response to pathogen attack in
plants (Kars et al., 2005). PMEs have a molar mass in the range of 24-54 kDa and are
active as monomers (Pelloux et al., 2007). Plant and bacterial PMEs have been shown
to be active in alkaline and neutral pH range, whereas fungal PMEs are active in acidic
pH (Benen et al., 2003; Fraeye et al., 2010). Plant and bacterial PMEs de-esterify the
pectin in a random or block-wise fashion (Mercadante et al., 2014). Most of the fungal
PMEs follow random de-esterification except those from Aspergillus nidulans and

Trichoderma reesei (Kent et al., 2015). PMEs produced from various sources have

TH-2259 136106031



Chapter 3 88

different molecular weight, pl, pH optima, temperature optima, stability, substrate
specificity, metal ion and salt dependency (Kohli and Gupta, 2015).

Bacteria are good sources for obtaining PMEs because of low economic input,
resource consumption and easy handling required for their production (Kohli and
Gupta, 2015). Alkaline and acidic PMEs from different bacterial sources have been
characterized, such as Erwinia carotovora (McMillan et al., 1992; Heikinheimo et al.,
1995), Pseudomonas solanacearum (Schell et al., 1994), Xanthomonas campestris
(Liao et al., 1996), Bacillus sp. MG-cp-2 (Kapoor et al., 2001), Bacillus sp. DT-7
(Kashyap et al., 2001), Bacillus sp. MBRL 576 (Bhardwaj and Garg, 2001), Erwinia
and Xanthomonas (Ladjama et al., 2007), Bacillus subtilis PEL168 (Zhang et al., 2013),
Paenibacillus xylanolyticus (Giacobbe et al., 2014) and Bacillus licheniformis
(Remoroza et al., 2015).

PME activity assays were performed earlier by the titrimetric method by using
methyl red as a pH indicator (Kertesz, 1955). The PME activity determination by
methanol analysis is more accurate and reproducible as well as faster as it can be
performed in small volumes (Salas et al., 2017). Several methods have been developed
to measure PME activity based on methanol quantification, by direct quantification of
methanol by gas chromatography (McFeeters and Armstrong, 1984) or analysis after
its subsequent oxidation to formaldehyde by KMnO4 or alcohol oxidase (Bartolome
and Hoff, 1972). Later, methanol oxidation by KMnO4 (Wood and Siddiqui, 1971) or
alcohol oxidase (Klavons and Bennett, 1986) slightly modified PME assay. However,
to overcome the disadvantages, Anthon and Barrett (2004) performed three

independent assays (Acetyl acetone, MBTH-3-methyl-2-benzothiazolinone hydrazone
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and Purpald) with the addition of alcohol oxidase and found acetyl acetone to be more
suitable for the PME assay.

Carbohydrate esterases catalyze the de-O or de-N-acylation of substituted
saccharides, which is an ester to form as acid and alcohol. The two classes of substrates
for carbohydrate esterases are: those in which the sugar plays the role of the "acid",
such as pectin methyl esters and those in which the sugar behaves as the alcohol, such
as in acetylated esters (Lombard et al., 2010). Glycoside hydrolases, polysaccharide
lyases and carbohydrate esterases have been classified into different families based on
sequence similarity (Lombard et al., 2014).

Enzymes that can break down the cell wall polysaccharides are of key
importance in conversion of lignocellulosic biomass into bio-ethanol and production of
prebiotics (Koukiekolo et al., 2005; Aachary et al., 2011). The pectinases are one such
class of industrial enzymes that are used in paper and textile industries, coffee and tea
fermentation, treatment of feedstock for biofuel production and recovery of valuable
products of plant origin like essential oils (Kashyap et al., 2001). Some anaerobic
bacteria are better equipped at cleaving the recalcitrant structural polysaccharides, an
attribute probably acquired along the evolutionary ladder. (Fontes et al., 2010). C.
thermocellum is an anaerobic, thermophilic bacterium possessing cellulosome, a multi-
enzyme complex which afforded a new meaning of enzyme modularity and concerted
enzyme action (Lamed et al., 1983). The cellulosomal complex has also been reported
from other microorganisms (Bayer et al., 1994). Several studies involving cellulases
and hemicellulases from this bacterium in bio-ethanol production found them to be
better than those of fungal origin. (Das et al., 2012; Anbar et al., 2012). However,

studies on pectin degrading enzymes from C. thermocellum have been sporadic. The
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members of family 8 Carbohydrate Esterase (CES8) characterised earlier are pectin
methylesterases (PMEs) from Erwinia chrysanthemi, Solanum lycopersicum, Yersinia
enterocolitica, Daucus carota, , Sitophilus oryzae and Bacillus licheniformis DSM13
(Laurent et al., 2000; D'Avino et al., 2003; Boraston & Abbott, 2012; Johansson et al.,
2002; Teller et al., 2014; Remoroza et al., 2015). In the present study, biochemical
characterisation of the full length CtPMEf and CtPME was carried out.

Biochemical and functional characterization of CtPMEf and CtPME is essential
to know the reaction mechanism of catalysis and to determine their substrate specificity.
In the present study, the full length module CtPMEf and truncated catalytic module
CtPME were biochemically and functionally characterized. The enzyme activities of
CtPMEf and CtPME against various pectic polysaccharides and other carbohydrates
were determined. The specific activity and kinetic parameters of both these enzymes
were compared to explore the influence of unknown function protein on the enzyme
activity. The influence of various metal ions, reagents and chaotropic agents on enzyme
activity of catalytic module CtPME and full length module CtPMEf was studied.
Structural stability of catalytic module CtPME and full length module CtPMEf under
the influence of varying temperatures and metal ion was studied. Different commercial

media were also used to investigate the production of CtPME and CtPMETf.
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3.2 Materials and Methods
3.2.1 Substrates and reagents

Pectins from citrus fruits (Citrus pectin, CP-with varying degree of methyl
esterification) and polygalacturonic acid (PGA) were purchased from Sigma Aldrich
Chemical Co., USA. Potato galactan (PG), pectic galactan from potato (PPG) and pectic
galactan from lupin (PGL), rhamnogalacturonan from soyabean (RGS) and potato
(RGP) were purchased from Megazyme International, Ireland. Citrus pectin from CP
Kelco and apple pectin (AP) was gifted by Prof. Carlos Fontes, Faculty of Veterinary
Medicine, Lisbon, Portugal. Trizma (Tris base), glycine, sodium hydroxide, Alcohol
oxidase (AO from Pichia pastoris) and glacial acetic acid were procured from Sigma-
Aldrich Chemical Co., USA. Disodium 2-[2-carboxylatomethyl-(carboxymethyl)-
amino]-ethyl-(carboxymethyl)-amino] acetate (disodium EDTA), Ammonium acetate
and acetyl acetone, ethylene glycol-bis(2-aminoethylether)-N,N,N’,N'-tetraacetic acid
(EGTA) and salts of metal ions viz. Na* (NaCl), K* (KCI), Li* (LiCl), Ca*
(CaCl2.2H20), Mg** (MgCl..7H20), Mn?* (MnClz-4H,0), Zn?* (ZnSQ4-7H,0), Cu?
(CuS04-5H,0), Co?" (CoCl,-6H.0), Ba** (BaCl,), APP* (AICl3-6H.0) and Fe’*
(FeCl3-6H20) were procured from Himedia Laboratories Pvt. Ltd., India. The
chaotropic agents (urea and guanidine hydrochloride) and surfactants (SDS, Tween 20,
Tween 80 and Triton X100) were procured from Himedia Laboratories Pvt. Ltd., India.
Luria-Bertani, Terrific Broth, Tryptone Yeast extract and Auto Induction medium-LB

(AIM-LB) were procured from Himedia Laboratories Pvt. Ltd., India.
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3.2.2 Biochemical characterization of CtPMETf and CtPME

3.2.2.1 Enzyme activity assay
PME

- +
Pectin-COOCH, + H,O > Pectin-COO +H + CH,OH
CH,0H AO »  H,0,+HCHO
HCHO + Acetyl acetone > C,,H,;NO, + NH4OAc

(3, 5-diacetyl-1,4-dihydro-2,6-dimethyl-pyridine)

The enzyme assay reaction mixture (100 pl) contained 1% (w/v) substrate CP
(>85% methyl esterified) dissolved in 90 pl Tris-HCI buffer (pH 8.5) and 10 pl of
CtPME or CtPMETf enzyme (0.08 mg/ml). The reaction mixture was incubated at 50°C
for 15 min followed by 5 min incubation on ice to stop the reaction. Then 10 pl of
alcohol oxidase (AO-0.01 U/ul) and 90 pl of Tris-HCI buffer (pH 8.5) were added and
incubated at 37°C for 10 min to convert methanol to formaldehyde. 200 ul Nash reagent
was added to the reaction mixture and same was transferred to the water bath at 60°C
and incubated for 15 min. After the removal from water bath, 600 pl of the water was
added to make a final volume of 1 ml and centrifuged at 13,0009 for 2 min. The
absorbance of the supernatant was measured at 412 nm (As12) using UV-Visible
spectrophotometer (Gene Quant, GE Healthcare, USA). The molar extinction
coefficient 7,100 M~*cm™ for the product, diacetyl-dihydro-dimethylpyridine was used
(Anthon & Barrett, 2004). One unit of enzyme activity was defined as the amount of
enzyme that releases 1 pumole of product per minute, under the described assay
conditions. Nash reagent was used and prepared fresh for enzyme assay. 3.08 g of
ammonium acetate was dissolved in 6 ml of Milli-Q water, followed by addition of
41 ul acetyl acetone and 59 pl of glacial acetic acid, Milli-Q water was added to make

the final volume to 20 ml (Anthon and Barrett. 2004).
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3.2.2.2 Calculation of enzyme activity

The activity of the enzyme was expressed as U/ml and the specific activity as
U/mg of protein. One Unit of enzyme activity was defined as the amount of enzyme
that forms 1 pmole of product (Diacetyl dihydro dimethyl pyridine) per minute. The
enzyme activities of CtPMEf and CtPME were calculated as described below,

AAs12 X 1000
eXtXV

Enzyme activity (U/ml) =

Where,
AAs12 = Absorbance of Diacetyl dihydro dimethyl pyridine
€ = Molar extinction of Diacetyl dihydro dimethyl pyridine at As12,
7100 Mtcm™
t = Time of reaction in min

v = VVolume of enzyme at reaction in ml

Enzyme activity (U/ml)
Concentration of protein used (mg/ml)

Specific activity (U/mg) =

3.2.3 Substrate specificity of CtPMEf and CtPME

The substrate specificity of CtPME was analyzed against various pectin
substrates (1%, w/v) viz. Citrus pectin of varying degrees of methyl esterification (85%,
75-50% & 25%), apple pectin, poly galacturonic acid (PGA), pectic galactan from
potato and lupin, rhamnogalacturonan from soybean (RGS) and potato (RGP). CtPMEf
or CtPME (10 pL of 0.08 mg/ml) was taken in the reaction mixture (100 pl) containing
the respective substrate in Tris-HCI buffer (pH 8.5) and incubated at 50°C for 15 min.

The absorbance at 412 nm (As12) was measured. The substrate specificity was
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determined after optimizing the conditions of pH and temperature for the reaction. The
enzyme activity and specific activity was calculated by using the formula mentioned in
the previous Section 3.2.2.2.
3.2.4 Determination of optimum pH of CtPMEf and CtPME

The optimum pH of CtPMEf and CtPME was determined by using citrus pectin
(CP) (>85% methyl esterified) as substrate. The enzyme assay was performed under a
wide range of pH using for different buffers. The enzyme activity of CtPMEf and
CtPME (10 pl of 0.08 mg/ml) was determined by incubating with 1% (w/v) CP (85%
esterified) in 100 pl reaction mixture at 50°C for 15 min using different buffers: 50 mM
sodium-citrate (pH 3.0-5.5), 50 mM sodium phosphate (pH 6.0-7.5), 50 mM Tris-HCI
(pH 8.0-9.5) and Glycine-NaOH (pH 9.5-12.0). The absorbance at 412 nm was
measured and the enzyme specific activity was calculated as mentioned earlier in
Section 3.2.2.2. The reaction was performed in triplicate sets and reported as mean=SD.
3.2.5 Determination of optimum temperature of CtPMEf and CtPME

The optimized pH was used for determination of optimum temperature. The
optimum temperature of CtPMEf and CtPME was studied by taking the enzyme (10 pl
of 0.08 mg/ml) in a 100 pl reaction mixture with 1% (w/v) CP (85% methyl esterified)
dissolved in 50 mM Tris-HCI (pH 8.5) and incubating at temperatures ranging between
10°C — 100°C. The As12 was measured and the enzyme activity was calculated as
described earlier as Section 3.2.2.2. Each reaction was performed in triplicates and

reported as meanSD.
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3.2.6 Determination of pH stability of CtPMEf and CtPME

The pH stability of both enzymes was studied by individually incubating the
enzyme (10 pl of 0.08 mg/mL) at 25°C for 30 min in a wide pH range, 3-12 of different
buffers: 50 mM sodium-citrate (pH 3.0-5.5), 50 mM sodium phosphate (pH 6.0-7.5), 50
mM Tris-HCI (pH 8.0-9.5) and Glycine-NaOH (pH 9.5-12.0). The enzyme activity was
assayed by taking 10 pl of 0.08 mg/mL enzyme with 1% (w/v) CP (85% esterified)
dissolved in respective buffer and performed standard assay. After the incubation the
enzyme activity was determined by measuring As12 as mentioned earlier in Section
3.2.2.2. The specific activity for both the enzymes was calculated as mentioned earlier
in Section 3.2.2.2. Residual activity was determined. All the reaction was performed in
triplicate sets and reported as mean+SD.
3.2.7 Determination of temperature stability of CtPMEf and CtPME

The effect of temperature on stability of CtPMEf and CtPME was determined
by incubating the enzymes (100 pl of 0.08 mg/mL) in Tris-HCI buffer (pH 8.5) at
different temperatures ranging from 10°C to 100°C for 30 min. The residual activity of
this incubated CtPMEf and CtPME (10 pl of 0.08 mg/mL) was determined after
performing assay in 100 pl reaction volume with 1% (w/v) CP (85% esterified)
dissolved in 50 mM Tris-HCI buffer of 8.5 for CtPMEf and CtPME. The specific
activity for both the enzymes was calculated as mentioned earlier in Section 3.2.2.2. All
the reactions were performed in triplicates and reported as mean=SD.
3.2.8 Determination of kinetic parameters of CtPMEf and CtPME

Kinetic parameters of CtPMEf and CtPME were determined by assaying their
activity against different concentrations of substrates under optimized conditions of

temperature and pH. The kinetic parameters of CtPME were determined by using citrus
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pectin (degree of methyl esterification 85%, 75-50% and 25%) and apple pectin. The
enzyme (10 pl of 0.08 mg/ml) was taken in 100 pl reaction mixture containing
respective substrate in 50 mM Tris HCI (pH 8.5) and incubated at 50°C for 15 min. The
substrate concentration was varied from 0.01% (w/v) to 3.0% (w/v). After the
incubation the enzyme activity was determined by measuring As12 as mentioned earlier.
The specific activity was calculated as mentioned in Section 3.2.2.2 and Keat and Km
were determined by using the Michaelis-Menten plot and Lineweaver-Burk plot. All
the reactions were performed in triplicates and reported as mean=SD.
3.2.9 Effect of metal ions on activity of CtPMEf and CtPME

The effect of different metal ions, detergents and chaotropic agents on CtPME
activity was determined. The effect of metal ions on the activity of CtPME was studied
by taking respective metal ion viz. Na* (NaCl), K* (KCI), Li* (LiCl), Ca*
(CaCl2.2H20), Mg?* (MgCly), Mn?* (MnCl2-4H,0), Zn** (ZnSO4-7H;0), Cu?*
(CuS04-5H,0), Co?" (CoCl,-6H20), Ba** (BaCl,), APP* (AICl3-6H.0) and Fe’*
(FeCl3-6H20) in the reaction mixture. The reaction was carried out in 100 pl mixture,
containing enzyme (10 pl of 0.08 mg/mL) and 1% (w/v) CP (85% esterified) in 50 mM
Tris HCI (pH 8.5) by incubating at 50°C for 15 min. The concentration of metal ions
was varied between 0 and 20 mM. Similarly, the effect of chelating agents, disodium
EDTA and EGTA, and also detergents (SDS, Tween 20, Tween 80 and Triton X100)
were studied by varying their concentration from 0 to 20 mM in the reaction mixture.
The chaotropic agents (urea and guanidine hydrochloride) were varied from 1 to 8 M in
the reaction mixture. The blank with the substrate having the respective additive was

also run and assayed in parallel. The enzyme activity was calculated by measuring As12
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and following the method as described earlier in Section 3.2.2.2. All the reactions were
performed in triplicates and reported as mean + SD.
3.2.10 Protein-melting study of CtPMEf and CtPME

Protein melting curves was generated by subjecting 1 ml recombinant CtPMEf
CtPME (0.05 mg/ml) to varying temperatures from 25°C to 100°C and measuring the
change in the absorbance at 280 nm by a UV-Visible spectrophotometer (Varian, Cary
100-Bio, USA) equipped with a peltier temperature controller system as explained by
Dvortsov et al. (2009). The purified CtPMEf and CtPME both dialyzed against 50 mM
Tris-HCI buffer (pH 8.5) containing 300 mM NaCl was used. The effect of Ca®* ions
on the protein melting curve of CtPME was studied by adding 5 mM CaCl,. The blank
contained the buffer and 5 mM CaCl,. The protein melting experiment was also
performed by adding 5 mM CaCl; and 5 mM EDTA to 1 ml enzyme solution (0.05
mg/ml) and the change in absorbance at 280 nm was measured. The change in
absorbance with the varying temperature was plotted. Similarly, the experiment was
performed for CtPMEf to know the influence of unknown function module on the
catalytic module CtPME. The reactions were performed in triplicates and reported as
mean + SD.
3.2.11 Effect of different media on CtPMEf and CtPME production

In order to obtain higher production of CtPMETf and CtPME, the cells expressing
CtPMETf and CtPME were grown in five different media (100 ml). The five media viz.
LB, 5x LB, Terrific Broth (TB), Tryptone Yeast extract (TY) were prepared, as
described earlier (Tripati et al., 2009) and also the Auto Induction medium-LB (AIM-
LB) medium (Studier, 2005). CtPME was expressed in LB, 5x LB, Terrific Broth (TB),

Tryptone Yeast extract (TY) shown in Table 3.1 by following the procedure mentioned

TH-2259 136106031



Chapter 3 98

in previous section by the induction by IPTG, whereas in case of AIM-LB, after the
culture reached mid exponential phase (Asoo = 0.6) it was further incubated at 24°C, 180
rpm for 48 h without adding IPTG (Studier, 2005). CtPMEf and CtPME expressed using
these media was purified as mentioned in the previous Chapter 2 section 2.2.14. The

recombinant proteins yield were calculated by following formula

Total purified protein (g/l)
Yield (g/g) =

Biomass (g/l)

Table 3.1 Preparation of 100 ml LB, 5xLB, TB, TY and AIM-LB medium for
production of CtPMEf and CtPME.

Medium Component Final concentration (%, w/v)
Tryptone 1.0
LB Yeast Extract 0.5
NaCl 1.0
Tryptone 5.0
Yeast Extract 2.5
XLB - Nacl 25
Glycerol 1.0
Pancreatic digest of casein 1.2
Yeast extract 2.4
B Di-potassium phosphate 0.94
Mono-potassium phosphate 0.22
Glycerol 0.4
Tryptone 2.68
Yeast extract 2.14
Di-ammonium hydrogen phosphate 0.16
TY Mono-potassium phosphate 0.54
Magnesium sulphate 0.12
NaCl 0.85
Glycerol 0.1
Tryptone 1.0
Yeast extract 0.5
Ammonium sulphate 0.33
AIM-LB Potassium di hydrogen phosphate 0.68
Disodium hydrogen phosphate 0.71
Glucose 0.05
Lactose 0.2
Magnesium sulphate 0.015
100x trace elements 0.00044
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3.3 Results and Discussion
3.3.1 Substrate specificity of CtPMEf and CtPME

The hydrolysis of substrate CP (85% esterified) by CtPMEf and CtPME was
confirmed by increase in the absorbance at 412 nm. Increase in absorbance was caused
by the formation of hydrolysis of methyl group in the D-GalpA residue at poly GalpA.
Both CtPMEf and CtPME displayed high activity against CP (85% esterified) and
moderate activity against other lower esterified pectins. Both the enzymes showed low
activity against polygalacturonic acid (PGA) and other pectins (RGS and RGP) (Table
3.2). CtPMEf and CtPME were primarily active against esterified component of pectins.
It may be easy to comprehend that the low activity of CtPMEf and CtPME against PGL,
RGS and RGP may be due to the low content of esterified D-GalpA residues in this
substrate as compared to CP esterified. PGL and PGP contain around 74% and 87% D-
Galp respectively, while RGP and RGS contain only 20% D-Galp. Very recently,
another PME belonging to CE family 8, BIiPME from Bacillus licheniformis has been
reported which is observed highly methyl-esterified and acetylated pectins (Remoroza

etal., 2015).
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Table 3.2 Activity of CtPMEf and CtPME towards different polysaccharides.

Substrate (1%, wiv) CtPMETF Specific CtPME Specific
Activity (U/mg) Activity (U/mg)
Citrus pectin (85% methylation) 20.1+0.01 18.1+0.04
Apple pectin (75% methylation) 16.5+0.04 14.8+0.05
Citrus pectin (70% methylation) 15.6+0.09 14.1+0.01
Citrus pectin (50% methylation) 12.5+0.02 12.3+£0.01
Citrus pectin (25% methylation) 6.4+0.02 8.5+0.08
Polygalacturonic acid 0.5+0.01 1.0+£0.03
Rhamnogalacturonan (Potato) 0.7+£0.04 0.9+0.13
Rhamnogalacturonan (Soya) 0.8+0.13 0.9+0.04
Pectic galactan (Potato) 0.3+0.07 0.5+0.07
Pectic galactan (Lupin) 0.2+0.02 0.3+0.02
Carboxymethylcellulose 0.2+0.02 0.3+0.05
Other substrates* NA NA

NA = No activity; *=Carob galactomannan, Konjac galactomanan, f-D-Glucan (Barley),
Xylan from Beechwood and Birchwood, Arabinoxylan from Wheat and Rye, Curdlan,
Laminarin and Lichenan.

The reaction of CtPMEf and CtPME was carried out at 50°C for15 min using pectin
substrates (1%, w/v) dissolved in 50 mM Tris-HCI buffer (pH 8.5).

3.3.2 Optimum pH for activity of CtPMEf and CtPME

The activity of CtPMETf and CtPME were studied in the pH, ranging from 3-12.
The optimum pH for the activity of both CtPMEf and CtPME was 8.5 (Fig. 3.1), in line
with other PMEs from Erwinia chrysanthemi, Solanum lycopersicum, Yersinia
enterocolitica, Daucus carota, Sitophilus oryzae and Bacillus licheniformis DSM13
(Laurent et al., 2000; D'Avino et al., 2003; Boraston & Abbott, 2012; Johansson et al.,
2002; Teller et al., 2014; Remoroza et al., 2015). These results were consistent with the

pH profiles of a previous report on recombinant protein BIlPME from Bacillus
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licheniformis DSM13 (pH 8.0) and PME from Erwinia chrysanthemi (pH 8-9). The

results showed that both these enzymes were active under alkaline conditions.
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Fig. 3.1 Optimum pH for the activity of CtPMETf and CtPME.

3.3.3 Optimum temperature for activity of CtPMEf and CtPME

The activity of CtPMETf and CtPME were active in temperature ranging from
10°C -100°C. The optimum temperature of both the recombinant enzymes, CtPMEf and
CtPME was 50°C (Fig. 3.2). As expected, since these thermophiles enzymes were from
a thermophilic bacterium. These results were consistent with the temperature (50°C)
profiles of a previous report on recombinant protein BilPME from Bacillus
licheniformis DSM13 (Remoroza et al., 2015) and PME from Erwinia chrysanthemi

(Laurent et al., 2000).
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Fig. 3.2 Optimum temperature for activity of CtPMEf and CtPME.

3.3.4 pH stability of CtPMEf and CtPME
The pH stability of CtPMEf and CtPME were investigated in the pH range 3-12.

CtPME retained 85% activity in pH range 8.0 to 9.0 and CtPMETf retained 85% activity

in pH range 7.5t0 9.0 (Fig. 3.3).
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Fig. 3.3 pH stability of CtPMEf and CtPME.

3.3.5 Temperature stability of CtPMETf and CtPME

The temperature stability study showed that CtPMEf and CtPME retained 90%
activity after incubation in the temperature range 50°C to 60°C for 30 min (Fig. 3.4).
CtPMEf and CtPME were stable enzymes the temperatures 40°C to 70°C and retained
80% activity under optimized assay conditions (Fig. 3.4). The loss of enzyme activity
after exposure to high temperature disrupts the protein fold causing decreased stability
(Branden et al., 1991; Creighton, 1992). The activity of the enzyme incubated at 4°C at

zero time was taken as 100%.
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Fig. 3.4 Thermal stability of CtPMEf and CtPME.

3.3.6 Kinetic parameters of CtPMEf and CtPME

The kinetic properties of CtPMEf and CtPME against various substrates were
determined (Table 3.3). CtPMEf and CtPME displayed turnover number (Kca) of 4.1 5™
and 3.77 s”!. CtPMEf and CtPME displayed catalytic efficiency (Kca/Km) of 1.22 and
1.21 ml/mg s with citrus pectin (85% esterified). CtPME efficiently acted on other
substrates viz. apple pectin, citrus pectin (75% esterified), citrus pectin from CP Kelco
and citrus pectin (25% esterified); the corresponding turnover number were 3.68 s/,
3.06s7!,2.62s and 1.72 s}, respectively. CtPME, catalytic efficiency were 0.97 ml/mg
s, 0.72 ml/mg s, 0.55 ml/mg s and 0.20 ml/mg s, respectively (Table 3.3). CtPMEf
efficiently acted on other substrates viz. apple pectin, citrus pectin (75% esterified),

citrus pectin from CP Kelco and citrus pectin (25% esterified); the corresponding
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turnover number were 3.44s7!,3.2s7!, 2.6 sTand 1.3s 7!, respectively. CtPMEf catalytic
efficiency were 0.91 ml/mg s, 0.71 ml/mg s, 0.49 ml/mg s and 0.12 ml/mg s,
respectively (Table 3.3). The turnover number and catalytic efficiency of CtPMEf and
CtPME decreased with a decrease in the degree of methyl esterification of citrus pectin

from 85% to 25%.

Table 3.3 Kinetic parameters of CtPMEf and CtPME.

CtPMEf¥ CtPME¥
?1‘{;)“\;,‘;‘5‘; Knm ket Kot Kn Ko ket  Keat K
’ (mg/ml) (%) (ml/mgs) (mg/ml) (s}  (mlimgs)
Citrus pectin (85% methylation) 3.4 4.1 1.23 3.1 3.7 1.21
Apple pectin (75% methylation) 3.8 3.4 0.91 3.8 3.6 0.97
Citrus pectin (70% methylation) 4.6 3.2 0.71 4.2 3.0 0.72
Citrus pectin (50% methylation) 5.3 2.6 0.49 4.7 2.6 0.55
Citrus pectin (25% methylation) 10.2 1.3 0.12 8.9 1.7 0.20
Polygalacturonic acid ND ND ND ND ND ND

“Values are in Mean £ SD (n=3)
ND = No Activity Detected;
The assays were carried out in 50 mM Tris-HCI buffer (pH 8.5) at 50°C.

3.3.7 Effect of metal ions on the activity of CtPMEf and CtPME

Multiple Sequence analysis of CtPMETf revealed the presence of conserved Ca?*
ions binding amino acid residues in Dockerin region. Therefore, the effect of mono,
divalent and tri valent metal ions on the activity of CtPMEf and CtPME was analysed.
The effect of metal ions (1 mM to 30 mM) on CtPME was studied. The CtPME activity
was enhanced by 40% in presence of 5 mM Ca?* or Mg?* ions (Table 3.4). On increasing
the concentration of the metal ions beyond 10 mM, the reaction mixture formed a gel.

Similar effects of metal ions were also reported by Laurent et al. (2000). CtPME activity
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increased by 14% and 17% in the presence of 1 mM Mn?* or Co?" ions, respectively.
CtPME was unaffected by 1 mM or 5 mM concentration of Cs*, K" and Li* ions and
retained 100% activity. CtPME showed more than 95% activity in presence of 1 mM
BaZ*, Fe?* or AI¥. In presence of 1 mM Cu?" or 1 mM Zn%*, the enzyme activity
decreased to 50% (Table 3.4). CtPME activity was very low, 4.8% and 2.8%, in the
presence of 1 mM and 5 mM Hg?*, respectively. PME from Aspergillus reptans was
also reported to be inhibited by Hg?* (Arotupin et al., 2008). The enzyme activity of
CtPME was adversely affected at higher concentrations (> 5 mM) of all metal ions
tested (Data not shown). The presence of chelating agents, EDTA (5 mM) and EGTA
(5 mM) caused a decrease in enzyme activity of CtPME by more than 45% and 12%,
respectively (Table 3.4). Upon increasing the concentration of chelating agent, the
activity of CtPME progressively decreased. Similar reduction in activity upon
increasing concentration of chelating agent was also observed in case of PME from
Aspergillus reptans (Arotupin et al., 2008) and Glycine max (Wu et al., 2010). The
decrease in activity in presence of EDTA and EGTA indicated that Ca*" may be
essential for enzyme activity as EDTA and EGTA specifically binds and chelates
calcium ions in 1:1 molar ratio. The residual enzyme activity of CtPME by treatment of
5 mM of detergents viz. Triton X100, Tween20, Tween80 and SDS were 100%, 99%,
91% and 71%, respectively. The activity of PME from E. chrysanthemi 3937 (Laurent
et al., 2000) and Aspergillus flavus (Jiang et al., 2014) was also reduced by 1 mM SDS.
CtPME retained more than 82% activity in the presence of low concentration (0.1 M)
of GNHCI and Urea. CtPME lost 99% enzyme activity at 6 M concentration of urea.
The enzyme activity of CtPME increased by 6%, in presence of 300 mM NaCl. The

CtPME retained 90% of its activity in the presence of 0.5 M NaCl and decreased to 50%
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by 1 M NaCl. The effect of mono, divalent and tri valent metal ions on the activity of
CtPMEf was analysed. CtPMETf showed similar effect as catalytic module CtPME. On
increasing the concentration up to 15 mM, most of the metal ions caused precipitation
of the reaction mixture and formed a gel. A similar observation was reported by Laurent

et al. (2000).

TH-2259 136106031



Chapter 3 108
Table 3.4 Effect of different additives on the activity of CtPME and CtPMET.
Metal ion CtPME Relative activity (%)" CtPMEf Relative activity (%)"
1mM 5SmM 1 mM 5mM

Control 100 100 100 100
Ca? 1335+ 0.6 142.0+0.1 1342 +0.1 150.3+£0.5
Mg?* 116.0+£0.1 140.0£ 0.5 1224+ 0.5 148.2+0.1
Mn?* 114.7+0.8 1178+ 0.5 111.5+0.8 107.8+0.5
Co* 1177+ 0.7 109.0+ 0.6 115.0+ 0.5 102.0+ 0.6
Cs* 100.0 £0.5 100.0+ 0.7 100.0+0.1 100.0+ 0.6
K* 100.0+ 0.5 100.0+ 0.7 100.0+0.1 100.3+0.3
Li%* 100.0+0.2 99.6 £ 0.5 100.0 £ 0.3 99.8+05
Ba* 98.7+0.3 97.5+04 99.3+0.3 97.7+0.2
Fe 99.6+0.1 425+0.3 96.8+0.5 325+0.1
Al 954+0.1 39.7+£0.2 945+0.2 31.0+0.1
Cu® 48.6 £0.7 424 +0.3 440+ 0.7 22.3+0.3
Zn* 28.6+05 18.0+£0.5 28.0+05 13.7+£0.3
Hg?* 48+04 28+0.7 50+0.8 29+0.7
Detergent
SDS 82.1+04 71.7+04 80.4+04 70.0+0.1
Tween 80 97.2+05 91.5+05 98.3+05 92.4+0.8
Tween 20 100.0£ 0.5 99.8+0.4 100.1 £ 0.5 98.3+04
Triton 100 100.0+ 0.6 100.0+0.7 100.1+0.1 100.0+0.5

Chelating & Chaotropic agent

EDTA 69.0+0.4 62.6 +0.2 69.0+£0.2 60.1+£0.6

EGTA 85.7+£0.1 88.6 £0.1 89.4+0.7 88.6+0.1

Urea 97.6+0.2(0.1M) 25.3+0.2(5M) 96.6 £0.4(0.1M) 24.8 +0.6(5M)

GnHCI 85.1+0.1(0.1M) 16.1+0.1(5M) 84.8+0.7(0.IM) 15.5 + 0.6(5M)

NaCl 82.3+0.5(0.1M) 106.5+0.3(0.3M) 79.5+0.1(0.1M) 108.2 + 0.2(0.3M)

V=Values are mean + SD (n=3) relative to the control without any metal ions or reagent
added. The assays were carried out in 50 mM Tris-HCI buffer (pH 8.5) at 50°C.
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3.3.8 Protein melting study of CtPME and CtPMEf

The melting-curve analysis of CtPME displayed a single melting peak at 80°C
in absence of any additive (Fig. 3.5 Solid line). The peak for recombinant CtPME
shifted towards higher temperature, 85°C in presence of 5 mM Ca?* ions (Fig. 3.5,
Dotted line). When, 5 mM concentration of EDTA sodium salt was added to the enzyme
containing 5 mM Ca?* ions, the melting temperature shifted back to the native melting
temperature, 80°C (Fig. 3.5, Dash-dot line). The shifting back of melting peak in the
presence of EDTA was due to chelation of Ca?* ions making them unavailable to
stabilize the enzyme. The melting curve analysis of CtPME showed that Ca?* ions
impart structure stability to the enzyme as in the presence of 5 mM Ca2* ions the
complete unfolding of CtPME was observed at 5°C higher than in the absence of Ca®*
ions. CtPMETf showed the similar pattern of melting curve as compared to CtPME and
no significant change was observed. The enzyme activity of CtPME was significantly
enhanced in the presence of Ca?* (Table 3.4). This shows that Ca* ions are involved in
catalysis and to some extent important for structural integrity. This highlighted the role
of Ca?* ions in shifting the melting peak to a higher temperature imparting the stability

to the protein fold as also reported earlier (Sultan et al., 2012).
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Fig. 3.5 Protein melting analysis of CtPME showing melting curve with and
without additives.

3.3.9 Effect of medium on CtPME and CtPMETf production

The recombinant CtPME enzyme was expressed and produced using different
culture media. The dry cell weight (DCW) obtained from the culture grown in AIM
medium (25 g/l) was maximum followed by TB (18 g/l), TY (17 g/l), 5x LB (12 g/l)
and LB (8 g/l) medium (Fig. 3.6). The maximum concentration of CtPME (114 mg/l)
was obtained with AIM-LB medium followed by TB (63 mg/l), TY (58 mg/l), 5xLB
(34 mg/l) and LB (15 mg/l) medium (Fig. 3.6). Similarly, the recombinant CtPMEf
enzyme was expressed and produced using different culture media. The dry cell weight
(DCW) obtained from the culture grown in AIM LB medium (21 g/lI) was maximum
followed by TB (19 g/), TY (16 g/l), 5x LB (12 g/l) and LB (9.5 g/l) medium (Fig. 3.7).
The maximum concentration of CtPMETf (98 mg/l) was obtained with AIM-LB medium

followed by TB (71 mg/l), TY (56 mg/l), 5xLB (34 mg/l) and LB (14.8 mg/l) medium
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(Fig 3.7). The maximum yields 0.014 g/g and 0.013 g/g of CtPME and CtPMEf were
obtained with AIM LB medium (Table 3.5 & 3.6). The other media TB, TY, 5xLB and
LB gave CtPME yields of 0.01 g/g, 0.009 g/g, 0.006 g/g and 0.003, respectively (Table
3.5). CtPMET yields obtained with the media TB, TY, 5xLB and LB were 0.01 g/g,
0.008 g/g, 0.005 g/g and 0.002 g/g, respectively (Table 3.6). These results showed that
the production of recombinant CtPMEf and CtPME could be further improved by
optimizing the concentration of medium ingredients (Tripathi et al., 2009; Studier.
2005). This study is important for obtaining high yields of recombinant protein

concentration for industrial applications.

Table 3.5 Effect of different media on production of recombinant CtPME.

Medium E. coli Purified  Protein  Total purified  Yield
biomass Protein  purified Protein (9/9)

(9/1) (mg/l) (ml) (mg/l)
LB 8.0 15.1 1.8 27.1 0.003
5xLB 12.6 34.2 2.4 82.0 0.006
TY 17.1 58.5 2.8 163.8 0.009
B 18.3 63.1 3.0 189.3 0.010
AIM-LB 25.2 114.3 3.2 365.7 0.014

Table 3.6  Effect of different media on production of recombinant CtPMEf

Medium E. coli Purified  Protein  Total purified Yield
biomass Protein purified Protein (9/9)

(9/) (mg/l) (mi) (mg/l)
LB 9.58 14.8 1.4 20.7 0.002
5xLB 12.0 34.6 2.2 76.1 0.005
TY 16.3 56.1 2.6 145.8 0.008
B 19.4 715 3.1 221.6 0.011
AIM-LB 21.3 98.4 3.0 295.2 0.013
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Fig. 3.6 Effect of CtPME under different media and dry cell weight. LB-Luria Bertani;
5x LB-Luria—Bertani; TY-Tryptone yeast extract; TB-Terrific Broth and AIM-
LB-Auto-Induction Medium-LB.

120
I Dry Cell weight (g/L)
400 | | == CcePMES(moiL) .
£ |
=)
E
o8 80 -
38 2
g
£ 60 -
i3 L
@
28
=% 40
83 L
3
Q N ' I I
0 illl‘ .l T T T
LB 5XLB TY B AlM

Different Medium (1L)

Fig. 3.7 Production of CtPMEf under different media and dry cell weight. LB-
Luria—Bertani; 5x LB-Luria—Bertani; TY-Tryptone yeast extract; TB-
Terrific Broth and AIM-LB-Auto-Induction Medium-LB.
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3.4 Conclusions

Thermostable enzymes are important resources in various industrial processes
that occur at higher temperatures. The recombinant pectin methylesterase (CtPMEf and
CtPME) from C. thermocellum de-esterified the methyl esterified pectin polymers,
leading to a formation of pectate and methanol. CtPMEf and CtPME showed maximum
enzyme activity at pH 8.5. CtPMEf was active at pH range 7.0-9.0 while CtPME was
active only at pH 8.0-9.0. The optimal temperature of CtPMEf and CtPME was 50°C.
CtPMEf and CtPME retained 90% of its activity after incubation at 50°C for 30 min.
CtPMEf and CtPME retained 80% of its activity after incubation at 40 or 70°C for 30
min. Both CtPMEf and CtPME showed high activity towards CP containing 85%
esterified pectin polysaccharides. Maximum activity of both, CtPMEf and CtPME was
against CP (85% esterified) 20.1 U/mg and 18.8 U/mg, respectively. CtPMEf and
CtPME had similar values of Km, 3.4 mg/ml and 3.1 mg/ml respectively, with CP (85%
esterified). In case of CtX157 protein, no esterase activity was observed. The enzyme
activity of CtPME was significantly enhanced in the presence of Ca2*. The presence of
5mM Ca?* increased the activity of CtPMEf and CtPME by 50% and 48%, respectively.
Approximately, 10 times the higher yield of CtPME was obtained by AIM medium than
by LB resulting in affective production for industrial purpose. This enzyme can be used
in combination with other enzymes for efficient and complete degradation of pectic
polysaccharides forming produce pectin oligosaccharides, which have applications in
healthcare. The enzyme described in this study will be competent enough for industrial
processes such as fruit juice extraction, vegetable and fruit maceration and textile
industry. This enzyme plays a role in de-methylation of pectin leading to pectin gels,

which are useful in confectionary industry.
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SAXS and homology modelling based structure analysis of pectin

methylesterase from Clostridium thermocellum ATCC 27405

4.1 Introduction

Plant cell walls are the forefronts of defense system against bacterial and fungal
pathogens. They mainly comprise cellulose, hemicellulose and pectin (Lebeda et al.,
2001). Phytopathogenic and saprophytic microorganisms produce a group of
polysaccharide-degrading enzymes to penetrate plant cell wall and obtain access to
nutrients (Lebeda et al., 2001). The cellulose/hemicellulose network enclosed in a jel-
like matrix of pectin. The cellulases and hemicellulases of invading microbes can carry
out the hydrolysis of cellulose and hemicellulose only after the pectin-degrading
enzymes have disrupted the plant cell wall (Lagaert et al., 2009). Pectinases such as
pectin methylesterases (PME), polygalacturonases (PG) and pectate lyases (PL) are
involved in degradation of pectin polymer. Pectin is a polymer of a-D-galacturonic acid
(0-D-GalpA) residues. The a-D- GalpA residues may be methyl esterified, the extent of
which varies based on the source (Herron et al., 2000). PME (EC 3.1.1.11) catalyses
the de-esterification of homogalacturonan chain of pectin, resulting in de-esterified
homogalacturonan, which is now susceptible to the depolymerization by PG and PL

(Kashyap et al., 2001). PME influences the porosity and mechanical properties of the
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plant cell wall by the accumulation of polygalacturonan chain into calcium-linked gels
through demethylation (Willats et al., 2001). PMEs produced by plants are involved in
physiological processes, such as microsporogenesis (Tieman and Handa, 1994), seed
germination, pollen growth (Wen et al., 1999), root development (Micheli et al., 2000),
polarity of leaf growth (Pilling et al., 2000), stem elongation (Micheli, 2001), loss of
tissue integrity and fruit ripening (Pilling et al., 2004). PMEs defend the plant from
fungal infections (Wietholter et al., 2003). Tobacco Mosaic Virus employ PMEs for its
systemic spread in plants (Dorokhov et al., 1999; Chen et al., 2000; Chen and Citovsky,
2000). Symbiotic (Lievens et al., 2002) as well as pathogenic microorganisms also
express PMEs at the time of invading plants (De Lorenzo etal., 1997; Jiang et al., 2014).

The amino acid sequence of PMEs from prokaryotes and eukaryotes share the
regions with sequence similarity. Till date, 3-dimensional structure of PMEs of three
bacterial i.e. Erwinia chrysanthemi (renamed as Dickeya dadantii) (PDB ID: 1QJV_A)
(Jenkins et al., 2001), Yersinia enterocolitica (PDB ID: 3UWO0_A) (Boraston and
Abbott, 2012) and Dickeya dadantii (PDB ID: 2NTB_A) (Fries et al., 2007) and two of
plants, Daucus carota (PDB ID: 1GQ8_A) (Johansson et al., 2002) and Solanum
lycopersicum (PDB ID: 1XG2_A) (Di Matteo et al., 2005) have been determined. The
sequence of PME from Erwinia chrysanthemi shows variation from most of the other
PME sequences such as PMEs from Ralstonia solanacearum (Tans-Kersten et al.,
1998) and Aspergillus tubingensis (Khanh et al., 1991) as also reported earlier (Jenkins
et al., 2001). The crystal structure of PME from Erwinia chrysanthemi conveyed a p-
helix structure similar to that found in other pectinolytic enzymes such as pectate lyase
from Erwinia chrysanthemi (Lietzke et al., 1996) and Bacillus subtilis (Pickersgill et

al., 1994) and polygalacturonase from Erwinia carotovora (Pickersgill et al., 1998).
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Clostridium thermocellum is an anaerobic, thermophilic and plant carbohydrate
degrading bacterium. It produces a unique multi-enzyme complex known as
cellulosome that can expedite plant cell wall degradation (Bayer et al., 1983). In the
cellulosomes with the cohesin-dockerin interaction organizes a variety of enzymes into
one complex (Lamed et al., 1983). Often these enzymes are associated with
carbohydrate binding modules (CBMs) which help in degradation of crystalline
substrates (Bayer et al., 2008). In the Carbohydrate-Active Enzymes database (CAZy;
http://www.cazy.org)  enzymes that synthesize, modify and cleave
oligo/polysaccharides have been classified into sequence based families (Lombard et
al., 2014). In the CAZy database Pectate lyases (PL, EC 4.2.2.2) have been categorized
under polysaccharide lyase (PL) family 1 (PL1) and 9 (PL9) (Chakraborty et al., 2015)
and Pectin methylesterases have been categorized under carbohydrate esterase (CE)
family 8 (CE8) (Lombard et al., 2014). Recently biochemical characterization of
cellulosomal pectate lyase, CtPL1B and pectin methylesterase, CtPME (Uniport ID:
A3DJLS; locus tag: Cthe_2949) from Clostridium thermocellum was reported
(Chakraborty et al., 2015; Rajulapati and Goyal, 2017). CtPME is a modular enzyme
containing N-terminal signal peptide, followed by a catalytic module belonging to
family 8 Carbohydrate Esterase and a Dockerin at C-terminal (Rajulapati and Goyal,
2017). In the present study, the three dimensional (3D) modelled structure of CtPME
from Clostridium thermocellum was determined by homology modelling. Molecular
dynamic simulation and docking of ligand was performed to ascertain the catalytic
center and residues involved. The validation of secondary structure was done by CD
analysis. The structure of CtPME in aqueous solution was analysed by SAXS (Small

Angle X-ray Scattering).
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4.2 Materials and Methods
4.2.1 Amino acid sequence analysis of CtPME

The amino acid sequence (300 amino acids) of CtPME belonging to family 8
carbohydrate esterases (CES8), was retrieved from NCBI database, with a GenBank
accession number ABN54147.1 and UniProt ID: A3DJL8. Search for putative domains
in the CtPME sequence was done using BLASTp against the PDB database (Altschul
et al., 1997). The query sequence CtPME was aligned with the known sequences and
the presence of conserved and semi conserved residues was evaluated (Sievers and
Higgins2014). The sequences were aligned by using the Clustal Omega tool (Sievers et
al., 2011) available on EMBL-EBI services (http://www.ebi.ac.uk/Tools/msa/clustalo/)
(Li et al., 2015). The alignment file was analysed for conserved and semi conserved
residues by ESPript 3.0 (Robert and Gouet, 2014).
4.2.2 Secondary structure analysis of CtPME

The secondary structure of CtPME was determined by using PsiPred server
(http://bioinf.cs.ucl.ac.uk/psipred/) and topology plot was created by using PDBSum
(http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.html) analysis
software.
4.2.2.1 Secondary structure determination of CtPME by Circular Dichroism

The recombinant CtPME, cloned, expressed and characterized earlier as
described in chapter 2 was used in the present study (Rajulapati and Goyal, 2017). The
secondary structure of CtPME was determined by Circular Dichroism (CD) analysis.
The protein (25 pM) in 50 mM Tris-HCI buffer, pH 8.0 was used. The far-UVv CD
spectrum was recorded on spectropolarimeter (JASCO J-1500, Jasco Corporation,

Tokyo), equipped with a peltier system for temperature control at 25°C and quartz
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cuvette of path length 0.1 cm. The CD spectrum was measured in the far UV region
(190-250 nm) at a scanning rate of 50 nm/min and 1 nm bandwidth with an average of
six scans. The molar residual ellipticity (mre deg cm?dmol™?) was quantified from the
ellipticity (0) values for specified range of the wavelength (Kelly et al., 2005). The CD
spectrum was normalized for buffer contributions and the secondary structure was
predicted using K2D3 server (Perez-Iratxeta and Andrade-Navarro, 2008). The mre
values were uploaded to the K2D3 server (http://k2d3.ogic.ca/) to estimate the
percentage of different secondary structures present in CtPME. CD data was compared
with predicted secondary structure data to confirm the result.
4.2.3 Homology modelling of CtPME

The three dimensional structure of CtPME was built by using Modeller 9.18
(http://salilab.org/modeller/). The comparative protein structure modelling was carried
out based on closely related protein structures complying the spatial restraints (Sali and
Blundell, 1993; Webb and Sali, 2017). Multiple template approach was followed, where
the query template of CtPME was modelled based on other closely related PMEs.
BLAST analysis showed that amino acid sequence of PMEs from Erwinia chrysanthemi
(1QJV), Yersinia enterocolitica (3UWO0), Aspergillus niger (5C1C), Solanum
lycopersicum (1XG2), Daucus carota (1GQ8) and Sitophilus oryzae (4PMH) are
closely related to CtPME. The 3D model of CtPME was generated after 100 GA
(Genetic Algorithm) runs. The best modelled structure was chosen by assessing the least
global DOPE (discrete optimized protein energy) assessment score of the models (Shen
and Sali, 2006). The modelled CtPME was also analyzed secondary structure by using

2Struc server (http://2struc.cryst.bbk.ac.uk/twostruc).
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4.2.4 Refinement and quality assessment of modelled CtPME structure

The best modelled structure with least DOPE assessment score was energy
minimized on energy minimization server, YASARA (http://www.yasara.org/
minimizationserver.html). On this server, an extensive statistical analysis of protein
structure is done based on the common structural feature and 3D coordinates with
thousands of known structures present in PDB. Hence, the resulting energy function is
known as knowledge based potential and has been incorporated into two new force
fields (Krieger et al., 2009). The final energy minimized structure of CtPME was
assessed by structural analysis and verification server (SAVES) on the MBI-UCLA
servers, USA (http://services.mbi.ucla. edu/SAVES/).
4.2.5 Molecular Dynamic simulation of CtPME modelled structure

The molecular dynamic (MD) simulation was performed by using GROMACS
v4.6.5 software (Berendsen et al., 1995). The CtPME energy-minimized model
structure was placed in a specified cubic box of single point charge (SPC) with water
molecules. The cubic box of dimension was 9.122x7.527x10.477 nm and volume was
719.36 nm®. The MD simulation was performed in presence of 22,043 solvent (water)
molecules. These molecules occupied 719.364 nm?® volume and 999.976 g/I density. No
counter ions were added during the simulation. MD simulation was performed till 20
ns and the time points were taken at intervals of 0.1 ns. The initial equilibration of whole
system in NVT ensemble (constant number of particles, volume and temperature) was
carried out for 500 ps by restraining. The system was again equilibrated for 500 ps by
NPT ensemble (constant number of particles, pressure and temperature) twice, once
with restraints and then without restraints. The production run was performed for 20 ns

with NPT ensemble adopting a 2 fs integration time. The linear constraint solver
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(LINCS) algorithm (Hess et al., 1997) was used to constrain the bonds associated with
hydrogen atoms and radius of gyration. The variation in the CtPME backbone (root
mean square deviation, RMSD) was estimated by the least square fitting method.
During the MD production run, the modelled CtPME structure was shown as a function
of time, to ascertain its stability in the solvent system.
4.2.6 Active site analysis of CtPME

The sequence of CtPME was aligned with the sequence of other solved crystal
structure PMEs of Erwinia chrysanthemi (PDB ID: 1QJV_A) (Jenkins et al., 2001),
Yersinia enterocolitica (PDB ID: 3UWO0_A) (Boraston and Abbott, 2012) and Dickeya
dadantii (PDB ID: 2NTB_A) (Fries et al., 2007) from PDB. To find the active site of
CtPME, the structure of CtPME was superposed with structure of its homologue of
Erwinia chrysanthemi (PDB ID: 1QJV_A) (Jenkins et al., 2001) and the surface view
was analysed by PyMol software (Schrodinger, 2016).
4.2.7 Ligand-binding annotation of CtPME structure

The catalytic pocket and active site residues of CtPME were determined by
docking the MD simulated modelled structure with different ligands. Docking
simulations were accomplished in AutoDock 4.2.1 (Morris et al., 2009), along with the
viewer MGLTools 1.5.6 (http://mgltools.scripps.edu/). The ligands (D-galacturonic
acid (GAL) and methyl D-galacturonic acid) for docking study were dowloaded from
PubChem (http://www.ncbi.nlm.nih.gov) in 3D SDF format. The docking analysis was
performed following the method as described earlier by Chakraborty et al. (2015). The
grid box was arranged at the active site, the grid box parameters set to X, Y and Z
coordinates were 76.0, 66.0 and 74.0 followed by grid center were fixed to 63.705,

20.816 and 46.245, respectively, with 0.375A grid point spacing. 30 GA runs were used
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to obtain 30 different docked conformations of ligands. The docked conformations were
then ranked according to the binding free energy. The docked conformation of ligand
with lowest binding energy was chosen to generate the protein-ligand complex. The
conformation with minimal binding free energy was considered for further analysis.
The resulting protein-ligand complex was visualized by PyMol and UCSF Chimera
softwares. Ligplot analysis was done to analyse interactions between protein structure
and ligand (Wallace et al., 1995; Laskowski and Swindells, 2011).
4.2.8. Small Angle X-ray Scattering Analysis (SAXS) of CtPME

Scattering data for CtPME were collected using home source small-angle X-ray
scattering system (SAXSpace, Anton Paar GmbH, Graz, Austria). The X-ray scattering
pattern of CtPME was recorded with a one-dimensional CMOS Mythen detector
(Dectris, Baden, Switzerland). The incident radiation wavelength was set to 1.5 A. The
distance between sample and detector was 317 mm. Line collimation system was used
for incident X-rays on 40 pl sample containing CtPME at 7.5, 10 and 15 mg/ml
respectively, and matched buffer (50 mM Tris-HCI buffer, pH 8.5) filled in a thermos-
stated quartz capillary of 1 mm diameter for two independent exposure of 30 min. SAXS
datasets for sample and matched buffer were processed using SAXStreat and
SAXSquant softwares. The data collected on line collimation system was desmeared to
represent scattering arising from point collimation using the beam profile. Intensity of
scattering, 1(Q) was obtained as a function of Q, where Q was considered as 4x sinf/A.
where Q=scattering vector, A= wavelength and 26= scattering angle, respectively. The
scattering pattern of CtPME was examined visually in Primus program of ATSAS 2.8
suite (Franke and Svergun, 2009) to confirm the integrity and non-aggregation of

CtPME. The radius of gyration (Rg) was estimated using Guinier’s equation (Guiner et
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al., 1955) as well as inverse Fourier transform method as implemented in the Primus
package. The distance distribution function P(r), maximum particle diameter (Dmax) of
CtPME were computed using GNOM (Semenyuk and Svergun, 1991). The estimation
of molecular weight for CtPME was done by SAXSMoW program (Fischer et al.,
2010). The ab initio method was used for the low-resolution reconstruction shape of
CtPME using momentum transfer range from 0.016 nm™ to 0.36 nm™ of the scattering
curve by using DAMMIF program (Volkov and Svergun, 2003). The 20 independent
Dummy Residue Model (DRM) runs of CtPME reconstructed by DAMMIF. These 20
independent solutions were subsequently averaged, clustered and refined by
DAMAVER (Svergun, 1999) and DAMMIN (Louis-Jeune et al., 2012) to create the
final abinitio shape. The resolution of modelled structure was determined by SASRES
program (Tuukkanen et al., 2016). The fitting of DAMMIF generated model and
homology modelled structure of CtPME were evaluated against the experimental SAXS
data by the CRYSOL program (Svergun et al., 1995). The homology modelled structure

of CtPME was superposed on the DRM using PyMOL.
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Results and Discussion
4.3.1 Sequence analysis of CtPME

BLAST result revealed that the CtPME protein with GenBank Accession No.
ABN54147.1. The amino acid sequence of CtPME (UniProt ID: A3DJL8), from
Clostridium thermocellum showed similarity with the bacterial PMEs of Erwinia
chrysanthemi, Yersinia enterocolitica, fungal PME of Aspergillus niger and plant PMEs
from Solanum lycopersicum and Daucus carota and insect PME of Sitophilus oryzae
(Table 4.1). CtPME showed maximum sequence identity (38%) with PME of Erwinia
chrysanthemi (EcPME). The multiple sequence alignment (MSA) was performed using
Clustal Omega and ESPript 3 softwares. The results showed conserved, semi-conserved
and dispersive amino acids residues. The conserved residues were showed with red
colour background and semi-conserved residues highlighted with red colour (Fig. 4.1).
MSA of CtPME showed the 6 a-helix (30 + 3n), 26 p-sheets and 11 turns (TT). The
alignment showed that GIn142, Vall44, Alal45, GIn164, Aspl65, Leul67, Tyrl68,
Gly183, Asp186, Phel89, Leu240, Gly241, Arg242 and Trp244 are some of conserved
amino acids. The conserved residues Asp165, Asp186 and Arg242 are catalytic residues

represented by star (Fig. 4.1).

Table 4.1 BLAST analysis of CtPME amino acid sequence showing identity with its

homologues.

PDB ID Organism Identity Query E-value Total Resolution

(%0) Cover Score (A°)

(%)

1QJV_A  Erwinia chrysanthemi 38% 93% 3e-60 196 2.37
1XG2_A  Solanum lycopersicum 36% 95% 5e-45 155 1.90
3UWO_A Yersinia enterocolitica 36% 89% 2e-53 179 3.50
1GQ8_A  Daucus carota 35% 96% 4e-41 145 1.75
5C1C_A  Aspergillus niger 34% 95% 2e-32 122 1.80
4PMH_A Sitophilus oryzae 31% 83% 5e-25 103 1.79
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Multiple Sequence Alignment (MSA) of CtPME from Clostridium
thermocellum showing the conserved (red background), semi-conserved (red
colour letters) and dispersive amino acids (black colour letters). The secondary
structure elements of CtPME have been shown above the sequences. (‘o’- alpha
helix, ‘B’- beta strand, “T’-turn and ‘n’- 310 helix).
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4.3.2 Secondary structure of CtPME

The secondary structure of CtPME predicted by the PsiPred revealed the
presence of 5.0% a-helices, 33.3% [-strands and 61.7% random coils (Fig. 4.2A and
Table 4.2). The B-strands present throughout the structure form the parallel B-sheets,
which are quite common in the structures of PMEs and is evident from previous reports
(Jenkins et al., 2001; Johansson et al., 2009). The 2Struc prediction server revealed that
CtPME contained 8.4% a-helices, 31.9% B-strands and 59.7% random coils and ECPME
contained 8.8% a-helices, 36.3% B-strands and 55.0% random coils (Table 4.2). The
Circular Dichroism (CD) spectrum of CtPME was analyzed by using the K2D3 server,
where the data points were compared with the available secondary structures of known
protein (Zheng etal., 2011). This revealed that CtPME contained 3.1% a-helices, 40.1%
B-strands and 56.9% random coils (Fig. 4.2B). All these results were more or less in

agreement with each other for the secondary structure elements of CtPME.

Table 4.2 Secondary structure analysis of CtPME by 2Struc, PsiPred and CD.

Secondary EcPME CtPME CtPME CtPME
structure 2Struc 2Struc PsiPred CD Analysis
element (%) (%) (%) (%)

a- Helix 8.8 8.4 5.0 3.1

- Sheet 36.3 31.9 33.3 40.1
Random Coil 55.0 59.8 61.7 56.9
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Fig. 4.2 Secondary structure analysis of CtPME. A) PsiPred prediction showing the
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Dichroism (CD) spectrum analyzed by K2D3 software.
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4.3.3 Homology modelling or 3D-structure of CtPME

Multiple sequence alignment showed stretches of semi-conserved residues
among the aligned sequences (Fig. 4.1). Some stretches of amino acid sequence of
CtPME were identical to one sequence while some stretches were identical to other
sequence. Therefore, multiple sequences were used for modelling even though they had
similar identity and coverage. Therefore, 3D crystal structure model of ECPME structure
chosen during modelling was used. The 3D modelled structure of CtPME represented
the conventional parallel B-helix structure (Fig. 4.3A). The basic structural domains are
having the fold into a right-handed parallel B-sheet, whose sheets were arranged in
parallel helical manner. Similar type of structure was found in most of the PMEs
(Jenkins et al., 2001; Johansson et al., 2009). CtPME modelled structure showed 29
amino acid residues long loop at N-terminal region followed by right-handed parallel
B-helical structure. Each turn of B-helix consists of three f-sheets, PB1, PB2 and PB3.
These B-sheets are connected by the loops i.e. PB1 is linked to PB2 via a loop T1, PB2
connected to PB3 through T2 and PB3 to PB1 by T3 (Fig. 4.3A). The N-terminal long
loop continues with Ala24-Ala25-Val26 amino acids initial parallel B-sheet (B1). These
parallel B-helices extend into a large loop and an a-helix (06) towards the C-terminal
with Val321-Ala322-Leu323. The modelled CtPME structure showed the right-handed
parallel B-sheets were well modelled throughout structure. The modelled CtPME
structure is rich in strands and random coils (Fig. 4.3A) as found in other PMEs studied

previously (Jenkins et al., 2001; Johansson et al., 2009).
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4.3.4 Refinement and Quality assessment of modelled CtPME

The quality of the modelled CtPME structure after energy minimization was
evaluated on the UCLA SAVES server (https://services.mbi.ucla.edu/SAVES/). The
Ramachandran plot showed that 83.7% residues (236 amino acids) are in the most
favorable region, 13.8% in additional allowed region (39 amino acids), 1.4% in the
generously allowed region (4 amino acids) and only 1.1% in the disallowed region (3
amino acids) indicating that CtPME has a stable conformation (Fig. 4.3B). Three amino
acid residues, Tyr 95, Asp133 and Leu273 were in the disallowed region. In VERIFY
3D, the 1D-3D plot showed that 86.69% of amino acid present in modelled CtPME have
an overall score of more than 0.2 (Fig. 4.3C). PDBsum was used to develop the topology
plot of CtPME (Fig. 4.3D). ProSA results confirmed that the modelled CtPME resided
in the X-ray zone with Z-score of -6.96 (Fig. 4.3E). The local energy plot showed
modelled structure quality as a function of amino acid sequence position. Positive value
represented the error prone part of the structure at around 120-150 amino acid residues
(Fig. 4.3F). The residues were coloured with blue and red corresponding to low-energy
and high-energy, respectively (Fig. 4.3G). The refinement and quality assessment

results were acceptable enough to support further studies on CtPME.
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Fig. 4.3 Homology modelled 3D-structure of CtPME and its validation. A) 3D structure
(rainbow colours) showing right handed parallel B-helix with N-terminal (blue
colour) and C-terminal (red colour). The structure shows long loop start with
Ala24, Ala25 and Val26 B1-sheet in N-terminal, a6- helix end with Val321,
Ala322 and Val323 in C-terminal and parallel B-sheets (PB1, PB2 & PB3) with
Turns (T1, T2 & T3), B) Ramachandran Plot (UCLA SAVES software)
showing the most favorable, additional allowed and generously allowed
regions of amino acid residues, C) VERIFY 3D showed the score was more
than 0.2, D) Topology view of CtPME showing the N and C-terminal region
with a-helix, B-sheets and random coil.
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Fig. 4.3 Homology modelled 3D-structure of CtPME and its validation. E) ProSA plot
showed Z-score, -6.96 for overall model quality, F) ProSA amino acid residue
score plot and G) ProSA local energy 3D structure.

TH-2259 136106031



Chapter 4 138

4.3.5 Active site analysis of CtPME

The active site residues of an enzyme play crucial role in the catalysis of
substrate. Most of the lipases and esterases contain a catalytic center comprising Ser-
His-Asp triad (Heikinheimo et al., 1999). The new active site residues, Asp-Asp-Arg
triad from ECPME crystal structure were reported (Jenkins et al., 2001). The 3D
structure of CtPME was superposed with that of ECPME (Fig. 4.4A). The superposition
of modelled structure showed that N-terminal 3-sheet, a-helix of CtPME aligned well
with the N-terminal B-sheet and a-helix of ECPME. Most of the right-handed parallel
B-helices region of CtPME superposed well with right-handed parallel p-helices of
EcPME. However, some loop regions (132-142 amino acids, 259-276 amino acids and
285-293 amino acids) of the CtPME structure did not align with the ECPME structure
(Fig. 4.4A). Superposition of modelled CtPME structure with input PDB structures
(1QJV, 3UWO0, 1XG2, 5C1C, 4PMH and 1GQ8) showed the RMSD values 0.903 A,
0.860A,0.774 A,0.728 A, 0.674 A and 0.600 A respectively. This confirmed that right-
handed parallel B-helix region of CtPME is modelled well. The orientation of conserved
active site residues of CtPME were similar to those of ECPME. The catalytic core site
of CtPME was analysed by comparing with the structure of ECPME. The substrate-
binding pocket of CtPME was found at the same location as previously recognized in
EcPME. The superposed 3D-structures showed that the key residues, Asp165, Asp186
and Arg242 (in blue colour) of CtPME (in cyan colour) perfectly aligned with the key
residues Aspl78, Aspl99 & Arg267 (in orange colour) of ECPME (in green colour)
(Fig. 4.4B). The surface view of CtPME showing a deep active site pocket (Fig. 4.4C),
similar to EcCPME that contains the active site residues (Fig. 4.4D). The vacuum

electrostatic view of CtPME showed surface (multicolour) potential range from -57.897
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to +57.897 J/IC (Fig. 4.4E). Similarly, ECPME showed vacuum electrostatic surface

(multicolour) potential energy from -54.269 to +54.269 J/C (Fig. 4.4F).

Fig. 4.4 Homology modelled structure of CtPME and its superposition with ECPME of

TH-2259 136106031

Erwinia chrysanthemi (PDB: 1QJV). A) CtPME structure (Cyan colour)
superposition with ECPME (Green colour), B) Superposition of active site
residues (Indigo colour) of CtPME (Cyan colour) with those (orange) of
EcPME (Green colour), C) Surface view of CtPME with active site pocket (in
blue) D) Surface view of ECPME with active site pocket (in blue), E) Vacuum
electrostatic view of CtPME overall surface structure and F) Vacuum
electrostatic view of ECPME overall surface structure.
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4.3.6 Molecular Dynamics simulation of CtPME modelled structure

Molecular dynamics simulation of modelled CtPME was performed to analyse
the structural stability and compactness of the structure over a 20 ns duration. The MD
simulation results showed that after 7 ns the fluctuation in RMSD value of CtPME
occurred and continued till 14 ns. After 15 ns the structure was completely stable. The
overall deflection was 0.5 nm RMSD (Fig. 4.5A). The simulation showed that during
the initial 3 ns, the number of intra molecular hydrogen bonds increased from 170 to
240 and after that the structure was stable. The intramolecular hydrogen bond number
remained under 250 until 16 ns. The number of hydrogen bonds remained between 250
to 260 till the end of the run (Fig. 4.5B). The radius of gyration (Rg) of CtPME structure
remained between 2.08 - 2.11 nm during first 13 ns and after that it decreased to 1.94
nm and stayed constant till end of the run (Fig. 4.5C). This suggested that the modelled
CtPME structure has a stable conformation. The input modelled structure (Green
colour) and final modelled structure (Magenta colour) of CtPME after MD simulation
were superposed (Fig. 4.5D). The superposition of input and MD simulated structure
showed that the loop regions of these structures slightly vary. These loop regions are
the same regions, which did not superpose well over ECPME structure (Fig. 4.4A and
4.5D). The RMSD difference between the energy minimized modelled structure of
CtPME and the final developed structure after MD simulation was only 1.202 A. The
MD simulation results showed that the modelled CtPME structure was stable and could

be used for further studies.
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Fig. 4.5 MD simulation of modelled CtPME showing A) RMSD plot, B) Intramolecular
hydrogen bond plot, C) Radius of gyration plot and D) CtPME input structure
(Green colour) superposition with final MD simulation structure (Magenta
colour) and with RMSD of 1.202 A.
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4.3.7 Docking study of CtPME

The docking analysis showed that CtPME had higher affinity (binding energy,
-3.93 kcal/mol) for methylated D-galacturonic acid (mD-GalA) than D-galacturonic
acid (binding energy, -1.18 kcal/mol) (Table 4.3). In the complex structure, mD-GalA
was located within the catalytic cleft, similar binding groove was found in the structure
of PME from Erwinia chrysanthemi (Jenkins et al., 2001). The protein ligand complex
was visualized by the UCSF Chimera software. The CtPME and the ligands D-GalA
and mD-GalA showed the interaction of active site residues (Fig. 4.6A & 4.6B). The
2D depiction of interaction of ligands (D-GalA, mD-GalA) with protein was generated
by LIGPLOT software and is shown in Fig. 4.6C & 4.6D. The docked complex showed
that D-GalA made hydrophobic interaction with Ala212 and Trp244 residues of CtPME
(Fig. 4.6C). D-GalA made hydrogen bonds with GIn142, Asp165 and Aspl186 of
CtPME. The residue, Ala212 showed hydrophobic interaction with the ligand mD-GalA
(Fig. 4.6D). The residues involved in hydrogen bond interaction with mD-GalA were
GInl142, GIn164, Aspl165, Asp186 and Trp244 showing interaction with the oxygen
atoms in and around methylated galacturonate moiety. These results showed that the

affinity of CtPME for mD-GalA is stronger than for D-GalA.

Table 4.3 Active site residues of CtPME showing interaction with ligands.

Ligand Binding Energy Hydrophobic Residues present
(AG) interaction within 3.3A
(kcal/mol) of active site
D-Galacturonic acid -1.18 Ala212, GIn142, Aspl65,
(D-GalA) Trp244 Aspl86
methylated D- -3.93 Ala212 GIn142, GIn164,
Galacturonic acid Aspl65, Aspl86,
(mD-GalA) Trp244
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Fig. 4.6 Active site of modelled 3D-structure of CtPME showing the active site cleft
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with docked ligands. A) Active site showing D-GalA ligand orientation, B)
Active site showing mD-GalA ligand orientation, generated by UCSF
Chimera, C) 2D schematic presentation of D-GalA interaction with active site
residues and D) 2D schematic presentation of mD-GalA orientation at active
site residues. Dashed lines show the hydrogen bonds with bond length and the
residues displayed in arc with spokes are making hydrophobic interaction.
Have been shown as green spheres.
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4.3.8 Solution structure of CtPME by Small Angle X-ray Scattering

The solution conformation of CtPME was studied by SAXS data analysis. The
initial processing and visual inspection of CtPME scattering pattern at different
concentrations confirmed the absence of aggregation and inter particle correlation
effect. The scattering pattern of CtPME (Fig. 4.7A) showed a good linear fit at a small
g2 region in the Guinier plot and the radius of gyration (Rg) was found to be 2.28+0.11
nm. This indicated the shape of CtPME in the solution to be predominantly globular
(Fig. 4.7B). Alternatively, Guinier approximation of rod shaped showed the R value of
0.74+0.04 nm. The overall length of CtPME was approximately, 7.47 nm, which shows
the low g region of scattering intensity following the Guinier law. The estimation of
molecular weight from the Guinier approximation and porod volume for CtPME was
calculated, which clearly corroborates with theoretical molecular mass of the
monomeric CtPME, 35.2 kDa (Table 4.4). The analysis of Kratky plot of CtPME
exhibits the bell shaped peak at low g value and intersect to the high g value, indicates
that the CtPME have compact and fully folded conformation in solution (Fig. 4.7C).
CtPME showed the maximum diameter of 9.40 nm with an asymmetric bell shaped
curve evaluated by using the pair-wise distribution function [P(r)] (Fig. 4.7D). The
structural parameters obtained by SAXS data processing and analysis are summarized
in Table 4.4. The ab initio derived Dummy Atom Model (DAM) of CtPME was
generated by DAMMIF package without symmetry constraint (Fig. 4.7E). The CtPME
model is compact and clearly revealed a single catalytic domain containing hexa-
histidine tag at N-terminal with a resolution of 2.6+ 0.2 nm. The ab initio derived DAM
of CtPME showed an excellent fit with the CtPME modelled structure (Fig. 4.7F). The

chi? values obtained from crysol fitting of the experimental data with the modelled
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structure and the ab initio constructed structure were 0.021 and 0.071, respectively (Fig.
4.7G). This showed that the homology modelled structure and ab initio modelled
structure of CtPME matched well with the experimentally collected data. The SAXS
based modelling studies of CtPME concluded that the structure has a compact, globular

and golf club like model.

Table 4.4 SAXS data collection parameter and derived parameters of CtPME.

Data-collection parameters CtPME CtPME CtPME
7.5 mg/ml 10 mg/ml 15 mg/ml
Instrument SAXSpace SAXSpace SAXSpace
Anton-Paar Anton-Paar Anton-Paar
Wavelength (A) 15A 15A 15A
Q range (nm) 0.14-0.79 0.14-0.78 0.14-0.79
Exposure time (minutes) 30x2 30x2 30x2
Protein concentration (mg/ml) 7.5 10 15
Temperature (°C) 10 10 10
Structural parameter
Q range (nm™) used for 0.17-3.55 0.199-3.56 0.17-3.54
analysis
1(0) au from Guinier 11051243193 113528+3945 114523+2913
Rg nm from Guinier 2.27+0.13 2.25+0.14 2.28+0.11
1(0) au from P(r) 109600+3782  114100+5006 117500
Rg nm from P(r) 2.32+0.18 2.29+.25 2.30+0.17
Dmax (nm) 9.30 9.35 9.40
Porod volume estimate (nm?) 55.1 54.8 54.9
Molecular Mass (MM) determination
1(0) au Lysozyme (14.3 kDa) 43660+924
MM calculated from 1(0) (kDa) 35.4 36.4 36.7
MM calculated from P(r) (kDa) 34.4 34.1 34.3
(Porod volume/1.6)
Theoretical mass MM (kDa) 35.2 35.2 35.2
Software employed
Data processing Primus Primus Primus
P(r) function calculation GNOM GNOM GNOM
Ab initio modelling DAMMIF DAMMIF DAMMIF
Validation and averaging DAMAVER DAMAVER DAMAVER
3-D graphical representation PyMOL PyMOL PyMOL
Modelling parameters
¥2 0.012 0.021 0.018
NSD 0.56+0.03 0.58+0.04 0.62+0.03
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Fig. 4.7 SAXS analysis of CtPME. A) SAXS intensity profile of CtPME, (B) Guinier
plot of the SAXS intensities, C) Kratky plot, D) P(r) curve of CtPME as a
function of r (E) ab initio shape of CtPME and F) Superposition of ab initio
model with homology modelled CtPME and (G) Crysol fitting of CtPME
homology modelled structure and ab initio modelled structure with
experimental SAXS data.
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4.4. Conclusions

The 3D structure of pectin methyl esterase of a family 8, carbohydrate esterase
from Clostridium thermocellum generated by comparative modelling was stable and
compact. The secondary structure CD analysis of CtPME displayed presence of a-
helices (3.1%), B-sheets (40.1%) and random coil (56.9%). The 3-D modelled CtPME
showed right handed parallel B-helix structure, where three parallel p -sheets were
linked by coils. The key residues of CtPME involved in catalysis are Asp165, Asp186
and Arg242. MD simulation showed the stable conformation up to 20 ns. SAXS analysis
demonstrated the overall shape and structure of CtPME in solution form. Guinier
analysis gave the radius of gyration (Rg) 2.28 nm for globular shape and 0.74 nm for
rod shape. Kratky plot gave the indication that protein is fully folded in solution. The
ab initio derived DAM model of CtPME superposed well with its homology modelled
3D-structure. The most authenticated structure shall be possible by X-ray
crystallography. However, the present results provided closer insights of the structure

and active site of a cellulosomal pectin methylesterase from Clostridium thermocellum.
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Chapter 5

Green process of degumming of jute fibers and bioscouring of cotton
fabric by recombinant pectin methylesterase and pectate lyases

from Clostridium thermocellum

5.1 Introduction

Pectin is the major constituent of the primary cell walls and middle lamella of
plant cells. Pectin is a complex, colloidal, acidic and negatively charged high molecular
mass (50-250 kDa) polymer present in the form of calcium and magnesium pectate
(Jayani et al., 2005; Murad and Azzaz, 2011). Pectin is a polymer of D-galacturonic
acid (GalA) residues joined by a-1,4 glycosidic linkages. The GalA residues may be
esterified or decorated with the side chains of D-xylose, L-arabinose, D-galactose and L-
rhamnose molecules (Gummadi and Kumar, 2006). Pectin is hydrolyzed by pectinolytic
enzymes or pectinases, which fall into two main groups, methylesterases and
depolymerases. Pectin methylesterases (PME: EC 3.1.1.11), catalyze the removal of the
methyl group (de-esterification) from pectin to form pectate. Depolymerases are two
types, hydrolases and lyases. Hydrolases act on the backbone of pectin by hydrolytic

cleavage and lyases by trans-eliminative cleavage (Wang et al., 2013).
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Polygalacturonase (PG: EC 3.2.1.15) catalyses the hydrolytic cleavage of a-1, 4-
glycosidic linkages of pectin and produce pectic acid (with carboxyl group), -COOH or
—COOCHs3 (Boudart et al., 1998) or pectate (without carboxyl group) (Norman et al.,
1999). Pectate lyase (PL: EC 4.2.2.2) catalyses the cleavage of pectin via -elimination
reaction and generates A4,5-unsaturated-oligogalacturonate at the non-reducing end
(Dasetal., 2012; Garg et al., 2016). PME, PG and PL are found in microorganisms and
plants and are the major virulence factors in plant pathogens (Micheli, 2001; De Melo
et al., 2017). In general, most PL work efficiently under alkaline conditions (pH 8-10)
and require additional Ca?" ions for optimal enzymatic activity (Gillespie et al., 1990;
Chakraborty et al., 2017). PME plays a key role in vegetative and reproductive
processes in Arabidopsis (Wolf et al., 2009) and contribute to intercellular adhesion
during plant growth (Wu et al., 2017).

Alkaline pectinases are most commonly obtained from bacterial sources.
Alkaline pectinases have ample applications in textile industry for retting and
degumming of plant fibers (Saleem et al. 2008). They are also used in many industrial
processes including pretreatment of pectic wastewater and degumming of natural fiber
crops such as jute, buel, flax, kenaf, ramie, sisal and sunn hemp (Saleem et al. 2008;
Kandimalla et al., 2016). Alkaline pectinases are used in bioscouring of cotton fabrics
such as cotton wool, felted cotton, grey-woven cotton, knit cotton and greige cotton
(Liu et al., 2016; De Melo et al., 2017; Khan et al., 2018). Retting is a fermentation
process, where certain bacteria (e.g., Bacillus sp. (Kapoor et al., 2001; Cheng et al.,
2018) or Pectobacterium sp. (Duan et al., 2016), Clostridium sp. (Angelini et al., 2015))
and fungi (e.g., Aspergillus sp. (Pedrolli et al., 2009) or Penicillium sp. (Garg et al.,

2016) release the fiber by decomposing pectin present in the bark. Degumming is a
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method, which removes heavily coated, non-cellulosic gummy, especially the pectin
content from the cellulose part of the plant fibers. Jute fibers or cotton fabric surface is
rough due to the presence of pectin associated non-cellulosic or gummy wax substances.
The fibers contain gum (non-cellulosic) that should be removed before it is used in
textile manufacturing. The alkaline pH optimum of pectinases from microorganisms is
advantageous for degumming of plant fibers because it prevents contamination, reduces
the time consumed and improves fiber quality. Additionally, it permits adoption of an
open fermentation system (Hoondal et al., 2002). Bioscouring is a method in which
enzymes remove non-cellulosic gummy substances, especially the pectin content,
natural waxes, esters, grease, dirt, oil etc. from the fabric without degradation of its
cellulose content to increase the wettability of the fabric (Durden et al., 2001).
Traditionally, the degumming and scouring processes are carried out under
alkaline and high-temperature conditions (pH 10 and 95°C). This involves high-energy
consumption, the fiber damage and requires treatment of alkali containing wastewater
after the process, which is challenging. This leads to low quality, poor stability of fabric
and the process becomes highly labour intensive and expensive. Chemical treatment
produces toxic effluents, which are harmful to the environment and also damages the
fabric material (Duan, et al., 2018). Degumming and bioscouring processes using
microorganisms is a time consuming process, pollution, contamination is also a major
problem. To overcome the challenges faced by traditional and chemical degumming
and scouring, use of enzymes is desirable in the textile industry to replace harsh
conventional chemicals, reduce time, water and energy consumption and to improve the

fabric quality.
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In this study, the recombinant pectinases, pectin methylesterase, CtPME (a type
of pectinase) and pectate lyase, CtPL1B both from Clostridium thermocellum (renamed
as Ruminiclostridium thermocellum) were used for degumming of jute fiber (bast family
member) and bioscouring of cotton fabric (Greige cotton). The production of CtPME
(Rajulapati and Goyal, 2017) and CtPL1B (Chakraborty et al., 2015) enzymes was
reported earlier. The degumming of jute fibers and bioscouring of cotton fabric using
alkaline pectinases, CtPME, CtPL1B and their mixture was studied. The removal of
pectin from jute fiber by CtPME and CtPL1B was analysed by FESEM (Field Emission
Scanning Electron Microscope). Wettability of bioscoured cotton fabric was
determined. The weight loss of enzyme treated jute fiber and cotton fabric was also
measured. The ATR-FTIR (Attenuated Total Reflectance Fourier Transform Infrared)
analysis of jute fiber and cotton fabric showed changes in the surface exposed functional
groups after enzyme treatment of jute fiber and cotton fabric. The mechanical properties
such as Young Modulus and tensile strength of degummed jute fiber and bioscoured
cotton fabric were investigated by UTM (Universal Testing Machine) analysis. These
studies provided sufficient support for alkaline CtPME and CtPL1B for their green
process applications in the textile industry to replace the chemical approach. To best of
our knowledge, this is the first study on the use of a recombinant pectin methylesterase,
CtPME with pectate lyase, CtPL1B for degumming of jute fiber and bioscouring of

cotton fabric.
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5.2 Materials and Methods
5.2.1 Substrates and chemicals

The substrates are polygalacturonic acid (PGA) from citrus fruit and Citrus
pectin (CP, >85 methylations) were purchased from Sigma-Aldrich, USA. The other
chemicals (CaCl, and NaCl) and medium components (Tryptone and Yeast extract)
were purchased from Himedia Pvt. Ltd., India. Carbon tape (10 mm width) and a-
amylase were purchased from Sigma-Aldrich, USA.
5.2.2 Collection of raw jute and cotton fabric material

The raw material of jute fiber (Corchorus capsularis L.) was collected from the
Kamrup area of Guwahati, Assam, India. The raw cotton fabric (Greige, grey color) was
collected from the local market of Guwahati, Assam, India.
5.2.3 Production of pectinases
5.2.3.1 Production of CtPME or CtPL1B

E. coli BL21 (DE3) cells harbouring the recombinant plasmid containing the
gene encoding CtPME or CtPL1B were grown in LB medium supplemented with
kanamycin (50 pg/ml) for the production of CtPME (Rajulapati and Goyal, 2017) or
CtPL1B (Chakraborty et al., 2015). 500 ml culture of E. coli BL21 (DE3) cells was
grown at 37°C and 180 rpm till the mid exponential phase (Asoo = 0.6). The cells were
induced with isopropyl-p-D-thiogalactopyranoside (1 mM) and further incubated at
24°C and 180 rpm for 12 h. After that, the cells were centrifuged at 9000g, 4°C for 10
min. The cell pellet was resuspended in 15 ml of 50 mM Tris-HCI buffer (pH 8.5) and
then 1 mM phenyl methane sulfonyl fluoride (PMSF) and 0.2 mg/ml lysozyme were
added and incubated at 4°C for 20 min. The cells were then sonicated for 30 min (7 s

on and 15 s off pulse; 33% amplitude) using an ultra-sonicator (Vibra Cell, Sonics,
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USA). The sonicated cells were centrifuged at 19,0009, 4°C for 45 min. The cell free
supernatant of CtPME or CtPL1B was collected. The protein concentration was assayed
by Bradford method using BSA as standard (Bradford, 1976).
5.2.4. Enzyme assay
5.2.4.1 Assay of CtPME

The enzyme activity of crude CtPME was assayed at 50°C for 15 min using
citrus pectin (CP) (>85% methyl esterified) as substrate. The reaction mixture (100 pul)
contained 1% (w/v) citrus pectin dissolved in 50 mM Tris-HCI buffer (pH 8.5) and 20
pl of crude CtPME. The enzyme activity was determined by the method as reported
earlier in Chapter 3 section 3.2.2.1 (Rajulapati and Goyal, 2017).
5.2.4.2 Assay of CtPL1B

The enzyme activity of crude CtPL1B was assayed at 50°C for 15 min using
polygalacturonic acid (PGA) as substrate. The reaction mixture (1 ml) contained 0.1%
(w/v) PGA dissolved in 50 mM Glycine-NaOH buffer (pH 9.8), 0.6 mM CacCl, and 20
pl of crude PL1B. The enzyme activity was measured as described earlier (Chakraborty
etal., 2015).
5.2.5 Enzymatic degumming of jute fiber at small scale
5.2.5.1 Optimization of enzyme concentration

The jute fibers (10 mg) of approximately 10 cm length were weighed and further
chopped to 1.3-1.5 cm for degumming experiments following the method as mentioned
earlier (Dhillon et al., 2017). 10 mg of chopped jute fibers were transferred into 2 ml
micro-centrifuge tubes and were treated with different CtPME concentrations (0.42
U/ml; 1 mg/ml, 1.05 U/ml; 2.5 mg/ml, 2.1 U/ml; 5 mg/ml, 4.2 U/ml; 10 mg/ml) or

CtPL1B (0.6 U/ml; 1 mg/ml, 1.5 U/ml; 2.5 mg/ml, 3.0 U/ml; 5 mg/ml, 6.0 U/ml; 10
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mg/ml) at 50°C and 100 rpm for 60 min . The final reaction volume (1 ml) was made
by appropriately diluting the crude enzyme with 50 mM Tris-HCI buffer, pH 8.5. After
treatment, the crude CtPME or CtPL1B was removed and jute fibers were washed 3-5
times with water, dried at 60°C for 24 h.

For enzyme mixture degumming experiments, stock solution of CtPME (4.2
U/ml, 10 mg/ml) and CtPL1B (6.0 U/ml, 10 mg/ml) were diluted with 50 mM Tris-HCI
buffer, pH 8.5 to make final volume of 1 ml to obtain final concentrations of 0.5 mg/ml,
1 mg/ml, 2.5 mg/ml and 5 mg/ml for each enzyme. For degumming experiments, these
concentrations were used at 50°C and 100 rpm for 60 min. In a parallel experiment, jute
fibers were incubated without any enzyme in micro-centrifuge tubes (2 ml) containing
1 ml of 50 mM Tris-HCI buffer, pH 8.5 and used as negative control. Jute fiber treated
with 1 ml of 5 g/l NaOH was used as a positive control.
5.2.5.2 Optimization of enzyme degumming time

To optimize the degumming time, the jute fibers were treated with 1 ml of
CtPME (4.2 U/ml; 10 mg/ml) or 1 ml of CtPL1B (6.0 U/ml; 10 mg/ml) or mixture of
0.5 ml each of CtPME (5 mg/ml; 2.1 U/ml) and CtPL1B (5 mg/ml; 3.0 U/ml was used.
The degumming experiments were carried out at 50°C and 100 rpm for different time
periods (15 min, 30 min, 45 min, 60 min and 120 min). In a parallel experiment, jute
fibers without any enzyme were incubated in micro-centrifuge tubes (2 ml) containing
1 ml of 50 mM Tris-HCI buffer, pH 8.5 and used as negative control. Jute fibers treated
with 5 g/l NaOH were used as a positive control. The amount of degumming was
analysed by weight loss of jute fibers and imaging the untreated and treated fibers under
Field Emission Scanning Electron Microscope (FESEM) (Sigma, Zeiss, Germany). All

degumming experiments were performed in triplicates.
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5.2.6. Bio-scouring of cotton fabric at small scale
5.2.6.1 Desizing of cotton fabric

The raw plain-woven cotton fabric (Greige, Grey color) was desized before
performing any experiments as mentioned by Kalantzi et al., (2010). Cotton fabric
pieces of approximately, 2.5x6.5 cm (0.1 g) were used for experiment. Cotton fabric
was soaked in water and then rinsed with water after 10 min to remove any dust or dirt.
1 mg of a-amylase (58 U/mg, Sigma-Aldrich, USA) dissolved in 100 ml of sodium
phosphate buffer, pH 6.8 was used for desizing the cotton fabric pieces (5 x 0.1 g) in a
500 ml beaker at 40°C and 100 rpm for 1 h. After a-amylase treatment, the cotton fabric
was washed with water and dried in hot air oven at 50°C for 5h (Kalantzi et al., 2010).
5.2.6.2 Optimization of enzyme concentration

The concentrations of crude CtPME and CtPL1B required for bioscouring, were
optimized by treating the washed cotton fabric pieces with different concentrations of
CtPME or CtPL1B and both combined in individual 25 ml test tube (15 mm x 125 mm).
10 mg/ml stock of CtPME or CtPL1B enzyme was appropriately diluted using 50 mM
Tris-HCI buffer, pH 8.5 to make the final volume to 2.5 ml. The cotton fabric was
treated with different concentrations of CtPME (0.42 U/ml; 1 mg/ml, 1.05 U/ml; 2.5
mg/ml, 2.1 U/ml; 5 mg/ml, 4.2 U/ml; 10 mg/ml) or different concentrations of CtPL1B
(0.6 U/ml; 1 mg/ml, 1.5 U/ml; 2.5 mg/ml, 3.0 U/ml; 5 mg/ml, 6.0 U/ml; 10 mg/ml) and
incubated at 50°C, 100 rpm for 60 min. After incubation, the fabric pieces were rinsed
with water and then dried at 60°C for 12 h.

Similarly, for bioscouring experiments using the mixture of both enzymes,
different concentrations from stocks of CtPME (4.2 U/ml, 10 mg/ml) and CtPL1B (6.0

U/ml, 10 mg/ml) were 0.5 mg/ml (0.156 ml), 1 mg/ml (0.312 ml), 2.5 mg/ml (0.625 ml)
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and 5 mg/ml (1.25 ml) of each enzyme. To obtain final volume of 2.5 ml with 50 mM
Tris-HCI buffer, pH 8.5 and at 50°C, 100 rpm for 60 min. The cotton fabric immersed
in 2.5 ml of 50 mM Tris-HCI buffer (pH 8.5) without any enzyme was used as a negative
control. After incubation, the fabric pieces were rinsed with water and then dried at
60°C for 12 h.
5.2.6.3 Optimization of enzyme bioscouring time

The optimization of time period for bioscouring was performed by treating the
cotton fabric (2.5x6.5 cm) with 2.5 ml of CtPME (4.2 U/ml, 10 mg/ml), 2.5 ml of
CtPL1B (6.0 U/ml, 10 mg/ml) or 2.5 ml mixture of CtPME (2.1 U/ml, 5 mg/ml) and
CtPL1B (3.0 U/ml, 5 mg/ml) each of 1.25 ml. The enzyme treatment of cotton fabric
was carried out at 50°C and 100 rpm for different time periods viz. 15, 30, 45, 60, 90
and 120 min. The water absorption capacity of enzyme treated and the untreated cotton
fabric was determined by water drop method as reported earlier (Morozova et al., 2006).
In a parallel experiment, cotton fabric (same size) incubated in a test tube (25 ml)
containing 2.5 ml of 50 mM Tris-HCI buffer (pH 8.5) was used as negative control. The
same size cotton fabric treated with 2.5 ml of 5 g/l NaOH was used as a positive control.
All bio scouring experiments were performed in triplicate.
5.2.7 Scale up of degumming of jute fibers and bioscouring of cotton fabric at

shake flask level

The degumming process of jute fiber was scaled up from 10 mg in 1 ml (with
respective treatment) in micro-centrifuge tube (2 ml) to 100 mg in 10 ml (with
respective treatment) in a conical flask (100 ml). The size of jute fiber was increased
from 10 cm to 20 cm in length. The jute fiber was treated with 10 ml of CtPME (4.2

U/ml; 10 mg/ml) or 10 ml of CtPL1B (6.0 U/ml; 10 mg/ml) or a mixture of enzymes
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each 5 ml of CtPME (2.1 U/ml, 5 mg/ml) and 5 ml of CtPL1B (3.0 U/ml, 5 mg/ml),
under optimized conditions of 50°C, 100 rpm for 60 min.

Bioscouring of cotton fabric was scaled up from 0.1g (2.5%6.5 cm) in 2.5 ml
(with treatment respective) to 1 g (8.5 X 19.5 cm) in 25 ml (with respective treatment)
in 100 ml conical flask. The cotton fabric was treated with 25 ml of CtPME (4.2 U/ml,
10 mg/ml) or 25 ml of CtPL1B (6.0 U/ml, 10 mg/ml) or a mixture of enzymes each 12.5
ml of CtPME (2.1 U/ml, 5 mg/ml) and 12.5 ml of CtPL1B (3.0 U/ml, 5 mg/ml) at 50°C,
100 rpm for 60 min.
5.2.7.1 Weight loss analysis of jute fiber and cotton fabric

The weight loss of jute fiber and cotton fabric was measured after the enzymatic
or NaOH treatment. The weight loss was expressed as the percentage of weight loss
after drying in a hot air oven at 60°C for 12h. The weight loss was calculated with
respect to the initial dry weight of the jute fiber and cotton fabric. After the treatment
the dried samples were weighed and the weight loss was calculated by using the
following formula, weight loss (WL) in percentage, (%) WL = [(W1- W2)/W1] x100
where, W1 and W2 are the weights of the raw and degummed or bio-scoured samples,
respectively (Shanthi & Krishnabai, 2013; Kalantzi et al., 2008).
5.2.7.2 FESEM analysis of jute fiber and cotton fabric

The effect of enzyme or chemical treatment on surface topography of jute fiber
or cotton fabric (treated and untreated samples) was analysed by FESEM. The samples
were dried at 60°C for 12 h prior to the analysis. Jute fiber or cotton fabric samples were
cut into approx. size of 1.3 cm length and placed on carbon tape covered by FESEM

stub. The samples were coated (double coat) with gold at 30 kV for 20 min by using a
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gold coating sputter (HITACHI E-1010 ion sputter) (double coat). The sample stub was
analysed by SE2 (Secondary Electron 2 image mode) mode. All FESEM images were
collected with scale bar of 20 um and magnification of 2.0 KX.
5.2.7.3 ATR-FTIR analysis of jute fiber and cotton fabric

The removal of pectin and associated impurities from the surface of jute fiber or
cotton fabric was also monitored by using Attenuated Total Reflection-Fourier
Transform Infrared Spectrometer (ATR-FIR) equipped with diamond ATR attachment
(IRAffinity IS, Shimadzu, Japan). The spectra were analysed for determining the
surface exposed functional groups in enzyme treated and un-treated jute fiber or cotton
fabric. ATR-FTIR was operated in de-humidified conditions. Scanning spectrum was
carried out from 400 to 4000 cm™* with 64 scans per 94 s for the sample and resolution
of 4 cm™. The spectrum was recorded by using a single reflection horizontal ATR
accessory with a Diamond crystal fixed at an incident angle of 45°. The spectra were
analysed by IR-lab solutions software (Shimadzu, Japan) and plotted.
5.2.7.4 Wetting analysis of cotton fabric by the contact angle measurement

The increase in hydrophilicity of enzyme treated cotton fabric was determined
by measuring the Contact Angle made by a drop of water with fabric surface. 2 pl of
pre-calibrated water drop was released on to the surface of the cotton fabric by using a
syringe. Contact angle apparatus (DSA 25, Kruss, Germany), equipped with a CCD
camera was operated at an acquisition speed of 50 frames per second.
5.2.7.5 Mechanical properties of enzyme treated jute fibers or cotton fabric

The enzymatic and chemical treatment after de-moisturized of jute fiber or
cotton fabric was analysed by UTM (Universal Testing Machine, Zwick Roell, Z005,

Germany) at 25 °C. The UTM analysis was carried out for determining the mechanical
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properties such as tensile strength, Young’s Modulus, an Ultimate tensile strength of
jute fiber and cotton fabric. UTM analysis was performed by using the pneumatic grip
with maintained parameters, pressure 5 bar, distance 3 cm and control force load range
between the 5N-100N. The jute fiber and cotton fabric approximately, 50 jute fibers and
10 cotton fabrics in a bunch of samples were placed on the sample port (pneumatic
grip). The tensile tests were performed in accordance with standard ASTM D638
method setup. The samples were processed by using software Text Xport-111 with
version V1.2, At least three specimens were tested for each set of samples and the mean

values were recorded.
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5.3 Results and Discussion
5.3.1 Enzymatic degumming of jute fibers at small scale
5.3.1.1 Optimization of enzyme concentration

The enzymatic and chemically degummed jute fibers appeared light in color and
shining as compared with the untreated fibers. The visual analysis showed light brown
color of enzyme treated jute fiber as compared with dark brown color of untreated jute
fiber. The FESEM images of untreated jute fibers showed the rougher surface owing to
the presence of pectin associated non-cellulosic or gummy wax substances as compared
with treated. The FESEM images of enzymatic degummed jute fibers showed smooth
surface as compared with untreated. The optimum CtPME concentration for
degumming of 10 mg jute fiber was 1 ml of 10 mg/ml (4.2 U/ml) at 50°C and 100 rpm
in 60 min as the FESEM image showed the most smooth surface as compared with the
other concentrations untreated jute fiber (Fig. 5.1). This resulted in a weight loss of
9.6% in the weight of jute fibers, due to the removal of pectin (Table 5.1). The optimum
CtPL1B concentration for degumming of jute fibers was 1 ml of 10 mg/ml (6.0 U/ml)
at 50°C and 100 rpm in 60 min as the FESEM image showed smoothest surface as
compared with the other concentrations untreated jute fiber (Fig. 5.2). This resulted in
a 13% weight loss due to the removal of pectin (Table 5.1). The enzymatic treated
degummed jute fibers showed much higher weight loss as compared with untreated
fibers. The CtPL1B treated jute fiber showed higher weight loss (3.4%) as compared
with CtPME treated jute fiber (Table 5.1).

The optimum composition of mixture of both enzymes, for degumming of 10
mg jute fibers was attained, at 0.5 ml of 5 mg/ml (2.1 U/ml) CtPME and 0.5 ml of 5

mg/ml (3.0 U/ml) of CtPL1B treatment at 50°C and 100 rpm in 60 min (Fig. 5.3). The
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weight loss of jute fiber was 17.7% (Table 5.1). Thus, the mixture of enzymes was more
efficient compared to individual enzymes in removing the pectin from jute fibers.

The FESEM images of the NaOH (5 g/l) treated jute fibers showed smoother
surface (Fig. 5.1F, 5.2F & 5.3F) as compared to untreated. The visual analysis showed
golden yellow color of NaOH treated jute fiber as compared with dark brown color of
untreated ones. The NaOH treatment of 10 mg jute fiber for degumming resulted in
19.7% weight loss (Table 5.1) which was comparable with that of mixture of enzymes.
The removal of pectin-associated gum from jute fibers by a mixture of the two enzymes
treatment was effective and comparable with that of chemical (NaOH, 5 g/I) treatment.
There are very few reports on degumming of jute using any crude or pure enzyme.
However, microbial degumming of jute fibers using bacterial isolates was reported but
the process involved time periods from 10 h to 15 days (Das et al., 2012; Duan et al.,
2016; Chiliveri et al., 2016). The present study reports the degumming time period of

60 min, which is much less as compared with 10 h reported by Chiliveri et al., (2016).
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Fig. 5.1 FESEM images of pectin methylesterase (CtPME) degummed jute fibers: (A)

Untreated jute fibers (control), (B) CtPME (1 mg/ml, 0.42 U/ml), (C) CtPME
(2.5 mg/ml, 1.05 U/ml), (D) CtPME (5 mg/ml, 2.1 U/ml), (E) CtPME (10
mg/ml, 4.2 U/ml) treated jute fibers and (F) Chemically (NaOH, 5 g/l)
degummed jute fibers (positive control).

Fig. 5.2 FESEM images of pectate lyase (CtPL1B) degummed jute fibers: (A)

TH-2259 136106031

Untreated jute fibers (control), (B) CtPL1B (1 mg/ml, 0.6 U/ml), (C) CtPL1B
(2.5 mg/ml, 1.5 U/ml), (D) CtPL1B (5 mg/ml, 3.0 U/ml), (E) CtPL1B (10
mg/ml, 6.0 U/ml) treated jute fibers and (F) Chemically (NaOH, 5 g/l)
degummed jute fibers (positive control).
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Fig. 5.3 FESEM images of mixed enzymes (CtPME+CtPL1B) degummed jute fibers:
(A) Untreated jute fibers (control), (B) CtPME (0.5 mg/ml, 0.21 U/ml) and
CtPL1B (0.5 mg/ml, 0.3 U/ml), (C) CtPME (1 mg/ml, 0.42 U/ml) and CtPL1B
(2 mg/ml, 0.6 U/ml), (D) CtPME (2.5 mg/ml, 1.05 U/ml) and CtPL1B (2.5
mg/ml, 1.5 U/ml), (E) CtPME (5 mg/ml, 2.1 U/ml) and CtPL1B (5 mg/ml, 3.0
U/ml) treated jute fibers and (F) Chemically (NaOH, 5 g/lI) degummed jute
fibers (positive control).
5.3.1.2 Optimization of enzyme degumming time
To optimize the degumming time, the jute fibers were treated with 1 ml of
CtPME (10 mg/ml; 4.2 U/ml) and 1 ml of CtPL1B (10 mg/ml; 6.0 U/ml) for different
time periods at 50°C and 100 rpm. The optimum degumming time period of CtPME,
CtPL1B and mixture of the two enzymes was 60 min as the pectin was effectively
removed by 60 min as observed through FESEM analysis. The FESEM images of

CtPME, CtPL1B and mixed enzyme treated jute fiber revealed that the surface was

smoother than that of untreated jute fiber (Fig. 5.4, Fig. 5.5 and Fig. 5.6). The optimum
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time for degumming of jute fiber by NaOH (5 g/l) was 60 min at 50°C and 100 rpm
(Fig. 5.7). The FESEM image of NaOH (5 g/l) degummed jute fiber showed the smooth
surface similar to that of mixed enzymes treated jute fiber. The FESEM images of
individual enzyme or their mixture, treated surfaces of jute fiber, after 120 min of
enzyme treatment were similar to those treated for 60 min. The degumming time period
of 120 min by NaOH treatment, caused damage to the fiber. Pectate lyase and
polygalacturonase produced by Bacillus tequilensis SV11-UV37 under SSF were used
for degumming of kenaf and sunn hemp, took 10-12 h (Chiliveri et al., 2016). The
degumming of ramie was carried out by using recombinant pectate lyase, where, 4 h of
degumming time required (Zhou et al., 2017). However, the present study reports the
degumming time period of 60 min, which is much less as compared with 4 h reported
by Zhou et al., (2017).

Degumming Time 15 min
Buffer Control

(50 mM Tris HCI, pH 8.5)

CtPME
(4.2 Uiml, 10mg/ml)

Fig. 5.4 FESEM images of jute fibers degummed using CtPME (10 mg/ml, 4.2 U/ml),
(A) 15 min treatment, (B) 30 min treatment, (C) 45 min treatment, (D) 60 min
treatment and (E) 120 min treatment.
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Degumming Time
Buffer Control

(50 mM Tris HCI, pH 8.5)

CPL1B
(6.0 Uiml, 10mg/mli)

Fig. 5.5 FESEM images of jute fibers degummed using CtPL1B (10 mg/ml, 6.0 U/ml),
(A) 15 min treatment, (B) 30 min treatment, (C) 45 min treatment, (D) 60 min
treatment and (E) 120 min treatment.

Degumming Time

Buffer Control
(50 mM Tris HCI, pH 8.5)

Cocktall of enzymes '

(CPME-2.1 Uiml, 5 mg/ml;
CPL1B - 3.0 Wml, 5 mg/ml)

Fig. 5.6 FESEM images of jute fibers degummed using mixture of CtPME (5 mg/ml,
2.1 U/ml) and CtPL1B (5 mg/ml, 3.0 U/ml), (A) 15 min treatment, (B) 30 min
treatment, (C) 45 min treatment, (D) 60 min treatment and (E) 120 min

treatment.
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Degumming Time 120 min

Buffer Control
(50 mM Tris HCI, pH 8.5)

Chemical treatment
NaOH (5 g/l)

Fig. 5.7 FESEM images of jute fibers degummed using NaOH (5 g¢/l), (A) 15 min
treatment, (B) 30 min treatment, (C) 45 min treatment, (D) 60 min treatment
and (E) 120 min treatment.

5.3.2 Bioscouring of cotton fabric at small scale
5.3.2.1 Optimization of enzyme concentration

The cotton fabric (size 2.5x6.5 cm, Weight 0.1 g) was treated with different
concentrations of CtPME at 50°C, 100 rpm for 60 min. The optimum concentration of
CtPME determined was 2.5 ml of 10 mg/ml (4.2 U/ml) (Fig. 5.8A) as the cotton fabric
treated with CtPME showed increased wettability and reduced water absorption time as
compared with other concentrations or untreated. The increase in the concentration of
crude CtPME from 1 mg/ml (0.42 U/ml) to 10 mg/ml (4.2 U/ml) showed the decrease
in absorption time of a drop of water by the cotton fabric from 85 s to 23 s. However,
the control, cotton fabric took 30 min to absorb a water drop. The weight loss of CtPME
treated cotton fabric was 9.6% under optimized concentration 10 mg/ml (4.2 U/ml)
(Table 5.2). The cotton fabric was also treated with different concentrations of CtPL1B
at 50°C, 100 rpm for 60 min. The optimum CtPL1B concentration was 2.5 ml of 10
mg/ml (6.0 U/ml) (Fig. 5.8B). The cotton fabric took 55 s and 20s to absorb a water
droplet when treated with 1 mg/ml (0.6 U/ml) and 10 mg/ml (6.0 U/ml) of CtPL1B,

respectively. The control cotton fabric took 30 min time to absorb a water drop. The
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weight loss of cotton fabric was found to be 13.1% under optimized CtPL1B
concentration 10 mg/ml (6.0 U/ml) (Table 5.2).

The same size and weight cotton fabric was treated with the mixture of crude
enzymes by using different volumes from CtPME (4.2 U/ml, 10 mg/ml) and CtPL1B
(6.0 U/ml, 10 mg/ml) stock solutions. The optimum composition of the mixture of
enzymes was 1.25 ml of 5 mg/ml of CtPME (2.1 U/ml) and 1.25 ml of 5 mg/ml CtPL1B
(3.0 U/ml). After treatment of the cotton fabric with the mixture of enzymes at 50°C,
100 rpm for 60 min, the time taken to absorb a drop of water was reduced to 10 s (Fig.
5.8C). The control fabric took 30 min to absorb a drop of water. The weight loss of
cotton fabric treated with the mixture of enzymes was found to be 17.3% (Table 5.2).
The same size and weight cotton fabric treated with mixture of the two enzymes showed
higher wettability as compared with the individual enzymes. The cotton fabric treated
with NaOH (5 g/l) at 50°C, 100 rpm for 60 min showed the water absorption time of 8
s and weight loss of 19.1%. The wettability of mixture of enzyme treated cotton fabric
of 10 s was similar to that of 8 s by NaOH. Moreover, the weight losses of the fabric by
mixed enzyme and NaOH treatment was also similar. Abdulrachman et al., (2017)
reported that Aspergillus aculeatus endo-polygalacturonase bioscoured cotton fabric
showed wettability time of 16.5 s. Aly et al., (2010) reported that the cotton fabric
treated with a mixture of a-amylase and polygalacturonase enzymes from Trichoderma
harzianum, supplemented with non-ionic surfactant (Egyptol, 1 g/l), gave wettability
time of 13 s. The effectiveness of process reported in this study using mixed enzymes

was comparable to chemical treatment therefore is environment friendly.
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(2 mg/ml, 0.42 U/ml; 2.5 mg/ml, 1.05 U/ml; 5 mg/ml, 2.1 U/ml; 10 mg/ml, 4.2
U/ml) on hydrophilicity of cotton fabric. (B). Effect of crude CtPL1B enzyme
concentration (1 mg/ml, 0.6 U/ml; 2.5 mg/ml, 1.5 U/ml; 5 mg/ml, 3.0 U/ml; 10
mg/ml, 6.0 U/ml) on hydrophilicity of cotton fabric. Untreated cotton fabric took
30 min to absorb a drop of water. (C). Effect of mixture of enzymes CtPME and
CtPL1B concentrations each 0.5 mg/ml (0.42 U/ml+0.6 U/ml), 1 mg/ml (0.42
U/mi+0.6 U/ml), 2.5 mg/ml (1.05 U/ml+ 1.5 U/ml), 5 mg/ml (2.1 U/ml+3.0
U/ml) on hydrophilicity of cotton fabric. Untreated cotton fabric took 30 min to
absorb a drop of water.
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5.3.2.2 Optimization of enzyme bioscouring time

The untreated cotton fabric (size 2.5x6.5 cm, weight 0.1 g) took 30 min to
absorb a drop of water with treated time was (Fig. 5.9A). The optimum time for
bioscouring of cotton fabric was 60 min. The cotton fabric bioscoured with optimized
concentration of CtPME, CtPL1B and their mixture took 23 s, 20 s and 10 s, respectively
to absorb a drop of water (Fig. 5.9B, Fig. 5.9C and Fig. 5.9D). The cotton fabric treated
with NaOH at 50°C, 100 rpm for 60 min showed the water absorption time of 8 s. The
enzyme and chemical treatment of cotton fabric for more than 60 min, did not show
significant decrease in time taken to absorb a drop of water. Cotton fabrics treated with
CtPME, CtPL1B and the mixture of two enzymes showed the weight loss of 9.6%,
13.1% and 17.3%, respectively (Table 5.2). The untreated cotton fabric (control)
showed a weight loss of only 0.3% whereas, the positive control, NaOH treated cotton
fabric, showed a weight loss of 19.1% (Table 5.2). Mixture of enzymes and NaOH
treatment gave similar weight loss percentage.

In a previous study, de Melo et al., (2017) reported the use of a combination of
commercial pectinase, cellulase and lipase for bioscouring of cotton fabric and achieved
a wettability time of 14 s. Dhillon et al., (2018) reported the use of a
rhmanogalacturonan lyase, CtRGLT for bioscouring of cotton and achieved a wettability
time of 30 s. In textile industry the acceptable wettability time for cotton fabric is 30 s
or less (Abdulrachman et al., 2017). Chakraborty et al., (2015) reported the use of a
nano-particle immobilized pectate lyase for bioscouring and achieved a wettability time
of 15 s. Kalantzi et al., (2010) reported that the cotton fabric bioscoured with a
commercial endo pectate lyase from Bacillus sp. (Novozymes, Denmark) showed a

wettability time of 5 s. In the present study bioscouring of cotton fabric with a mixture
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of CtPME and CtPL1B results in a wettability time of 10 s and similar to NaOH
treatment (8 s). This shows that the performance of mixture of CtPME and CtPL1B is

better or comparable with previously reported enzymes.
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Fig. 5.9 Bioscouring of cotton fabric (A) Control, Buffer as at different time intervals
from 15, 30, 45, 60, 90 and 120 min of cotton fabric (B). Effect of crude
CtPME enzyme concentration (10 mg/ml, 4.2 U/ml) on hydrophilicity of
cotton fabric at different time intervals from 15, 30, 45, 60 90 and 120 min
(C). Effect of crude CtPL1B enzyme concentration (10 mg/ml, 6.0 U/ml) on
hydrophilicity of cotton fabric at different time intervals from 15, 30, 45, 60,
90 and 120 min and (D). Effect of crude CtPME (5 mg/ml, 2.1 U/ml) and
CtPL1B (5 mg/ml, 3.0 U/ml) enzyme concentration and on hydrophilicity of
cotton fabric at different time intervals from 15, 30, 45, 60, 90 and 120 min.
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5.3.3 Scale up of degumming of jute fibers and bioscouring of cotton fabric at
shake flask level

The scale up of degumming of jute fiber and bioscouring of cotton fabric was
performed under optimized conditions. The increased size of jute fiber (20 cm, 100 mg)
and cotton fabric (8.5 X 19.5 cm, 1 g) was used. The optimum parameters and conditions
were CtPME (4.2 U/ml, 10 mg/ml), CtPL1B (6.0 U/ml, 10 mg/ml) and mixture of both
enzymes [CtPME (2.1 U/ml, 5 mg/ml) and CtPL1B (3.0 U/ml, 5 mg/ml)], 50 mM Tris
HCI, pH 8.5, 50°C, 100 rpm and 60 min.
5.3.3.1 Weight loss analysis of jute fiber and cotton fabric

The jute fiber treated by CtPME, CtPL1B or the mixture of two enzymes showed
the weight loss of 9.7%, 12.8% and 17.5%, respectively. The untreated jute fiber
(control) showed the weight loss of only 0.3% and whereas the positive control, NaOH
treated jute fiber showed 20.1% weight loss (Table 5.1). Jute fibers treated with the
mixture of two enzymes gave weight loss similar to that of NaOH treatment.

The cotton fabric treated with CtPME, CtPL1B or the mixture of two enzymes
showed the weight loss of 10.0%, 15.1% and 18.3%, respectively. The untreated and
chemical treated cotton fabric showed a weight loss of 0.3% and 19.8%, respectively
(Table 5.2). The mixed enzymes treated cotton fabric gave similar results weight loss
percentage to that obtained by NaOH treatment. The major advantages of bioscouring
of enzymatic treatment are (i) saving of time (ii) cost for energy (iii) reduced utilization
of water and (iv) reduced environment pollution (Etters, 1999; Tzanoy et al., 2001).
Abdulrachman et al., (2017) reported that bioscouring of Yarn fabric after treatment
with endo-polygalacturonase from A. aculeatus ATCC16872 caused 5.2% weight loss

and wettability 30 s. The present results show that the approach of employing mixture
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of enzymes for degumming jute fiber and bioscouring cotton fabric is suitable for

replacing the chemical treatment process in textile industry.

Table 5.1 Weight loss of degummed jute fiber by treatment at small scale and scaled

up methods.
Treatment method* 10 mg of Jute fiber 100 mg of Jute fiber

in 1 ml reaction in 10 ml reaction
Weight loss (%) Weight loss (%)

Buffer (50 mM Tris HCI, pH-8.5) 0.3+0.02 0.3+0.05

CtPME (4.2 U/ml, 10 mg/ml) 9.6+0.01 9.7+0.2

CtPL1B (6.0 U/ml, 10 mg/ml) 12.9+0.03 12.8+0.1

Mixture (CtPME+CtPL1B) 17.7+0.03 17.5+0.2

(each enzyme at 5 mg/ml)

NaOH (5 g/l) 19.7+0.02 20.1+0.1

¥ mentioned final treatment under optimized concentrations and degumming time
60 min at 50°C, 100 rpm.

Table 5.2 Weight loss of bioscoured cotton fabric by treatment at small scale and scaled

up methods.
Treatment method* 0.1 g of cotton fabric 1 g of cotton fabric
in 2.5 ml reaction in 25 ml reaction
Weight loss (%) Weight loss (%)
Buffer (50 mM Tris HCI, pH-8.5) 0.3+0.03 0.33+0.2
CtPME (4.2 U/ml, 10 mg/ml) 9.6+0.01 10.0+0.02
CtPL1B (6.0 U/ml 10 mg/ml) 13.1+0.02 15.1+0.2
Mixture (CtPME+CtPL1B) 17.3+0.02 18.3+0.01
(each enzyme 5 mg/ml)
NaOH (5 g/l) 19.1+0.01 19.8+0.05

¥ mentioned final treatment under optimized concentrations and degumming
time 60 min at 50°C, 100 rpm.
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5.3.3.2 FESEM analysis of Jute fiber and Cotton fabric

The enzyme and NaOH treated scale up jute fibers were analysed by FESEM as
mentioned earlier. The FESEM images showed that CtPME, CtPL1B or mixture of
enzymes removed wax and pectin and made the surface of jute fiber smooth (Fig. 5.10).
The optimal concentration of CtPME or CtPL1B required for efficient jute fiber
degumming were 420 U/g or 600 U/g, respectively. The optimum concentration of
CtPME and CtPL1B in the mixture of enzymes for degumming of jute fiber was 210
U/g and 300 U/g, respectively. The treatment with mixture of enzymes was better for
making the surface smooth than with the individual enzymes and was similar to the
results obtained with the chemical treatment (Fig. 5.10). The mixed enzymes
degumming of jute fibers made the surface smooth, which is desirable for further
processing. This indicated that the treatment of jute fibers with a mixture of CtPME and
CtPL1B could be an alternative to the chemical treatment in textile industries making

the degumming process ecologically sustainable.
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Fig. 5.10 FESEM images of jute fibers degummed under optimized conditions at 50°C
and 100 rpm for 60 min, (A) Untreated jute fibers, (B) Degummed jute fibers
using CtPME (10 mg/ml, 4.2 U/ml) (C) Degummed jute fibers using CtPL1B
(10 mg/ml, 6.0 U/ml) treatment (D) Mixture of CtPME (5 mg/ml, 2.1 U/ml)
and CtPL1B (5 mg/ml, 3.0 U/ml) and (E) Chemical (5 g/l NaOH) degumming

jute fibers.

The enzyme and NaOH treated scale up cotton fabrics were analysed by
FESEM. The FESEM images showed that CtPME, CtPL1B or the mixture of enzymes
treated cotton fabric surface is smooth due to the removal of decorated wax and pectin
from the samples (Fig. 5.11). Optimum loading of CtPME or CtPL1B enzymes required
for effective bioscouring of cotton fabric was 105 U/g and 150 U/g of fabric,
respectively. In the case of mixture of enzymes, 52.5 U of CtPME and 75 U of CtPL1B
per gram of cotton fabric for bioscouring was found to be optimum. The smoothness of
surface of cotton fabric treated by mixture of enzymes was better than the individual

enzyme treatments. Wang et al., (2006) reported similar observation of parallel ridges
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and grooves on the surface enzyme treated cotton fabric. This indicates the removal of
pectin and pectin associated waxes by bioscouring (Wang et al., 2006; Li and Hardin,
1997). The FESEM images of mixed enzyme treated cotton fabric showed smooth

surface, similar to the chemical treatment.

Fig. 5.11 FESEM images of cotton fabric bioscoured under optimized conditions at
50°C and 100 rpm for 60 min. (A) Untreated cotton fabric, (B) Bioscouring
cotton fabric using CtPME (10 mg/ml, 4.2 U/ml), (C) Bioscouring cotton
fabric using CtPL1B (10 mg/ml, 6.0 U/ml) treatment, (D) Mixture of both
enzymes treated cotton fabric using CtPME (5 mg/ml, 2.1 U/ml) and
CtPL1B (5 mg/ml, 3.0 U/ml) treatment and (E) Chemical (5 g/l NaOH)
scouring cotton fabric.
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5.3.3.3 ATR-FTIR analysis of Jute fiber and Cotton fabric

The enzyme and chemical treated jute fibers were analysed by ATR-FTIR.
Pectin methylesterase (CtPME) hydrolyzes the C-6 methyl esterified group from a-1,4-
galacturonic acid. Pectate lyase (CtPL1B) catalyzes the trans-elimination of a-1,4-
glycosidic linkage in pectic acid and forms products with 4,5-unsaturated residues at
the non-reducing end. The enzymes and chemical treated jute fiber showed changes in
the functional groups observed by ATR-FTIR spectrum (Fig. 12A). ATR-FTIR
spectrum of jute fibers showed changes after chemical or enzyme treatment. The
intensity of peaks at 3300 cm™* (due to stretching of O—H bonds) and 2918 cm™ (due to
stretching of C—H bonds) increased after enzyme and chemical treatment of jute fiber
as compared with those of control. This indicated the change in alcohol and alkane
groups present in pectin associated gummy material from jute fibers. The enzyme and
chemical degummed jute fibers showed significant increase in intensity in peak at 2250
cmtalso, which arose due to stretching of C=C present in wax associated ester chains.
In the ATR-FTIR spectrum of jute fibers treated with NaOH, CtPME or its mixture with
CtPL1B the peak at 1731 cm™* (due to stretching of C=0 in carboxyl ester) disappeared
and the intensity of peak at 1631 cm™ (due stretching of C=0 bond of carboxylic group)
was reduced. This indicated the loss of methylation present in pectin. These significant
changes did not appear in control jute fibers and those treated with CtPL1B spectrum
individually. The disappearance of peak at 1731 cm™* indicated the removal of methyl
group from pectin, destabilization of waxes and other gummy material (Fig. 5.12A).
The peak intensity between 1480-1100 cm™ (due to methyl —C-H bond bending)
increased enzyme or chemical treated jute fibers due to removal of methyl group from

pectin. Similar observation was reported by Kandimalla et al., (2016). The intensity of
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peak at 1025 cm due to C-O sharp stretching vibration of alcohol increased in case of
chemical or enzyme treated jute fiber which indicates the reduction in glycosidic
linkage of the pectin polysaccharide. Similar observation reported by Kandimalla et al.,
(2016) in ramie fiber with NaOH treatment. Similarly, the peaks at 895 cm™ and 550
cmtdue to stretching vibration of C—H and stretching of C-O—C groups, respectively
in pyranosyl ring of backbone of pectin indicated the destabilization of pectin
polysaccharide backbone. The present enzyme and chemical treatment ATR-FTIR
results corroborated with chemical treated jute fiber reported by Wang et al., (2019) and
Mwaikambo and Ansell, (2002) (chemical treatment of hemp, sisal, jute, and kapok
fibers).

The enzyme and chemical treated cotton fabric showed changes in the functional
groups as determined by ATR-FTIR spectrum (Fig. 5.12B). ATR-FTIR spectrum
showed the increase in intensity of absorption peak at 3403 cm™ (due to stretching of
O-H bonds) after enzyme and chemical treatment of cotton fabric as compared with the
control, indicating deformation of pectin and pectin associated wax chains. The
intensity of peaks between 1749-1631 cm™ (due to C=0 ester and carbonyl bonds (1645
cm™?) increased after enzyme and chemical treatment of cotton fabric as compared with
the control. This indicated de-esterification of pectin from cotton fabric. The peaks at
2968 cm™ (due to vibration of stretching of C—H bonds) and 1063 cm™ (due to
stretching of C—O groups) showed increased intensity for enzyme or chemical treated
cotton fabric as compared with the control. Similar observations were reported by
Nalankilli et al., (2008) (in bunny cotton fabric by chemical and enzyme treatment).
This indicated destabilization of pectin polysaccharide present in cotton fabric by

enzyme or chemical treatment. The peak at 3742 cm™ (due to stretching of N-H group)
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showed decreased intensity after enzyme or chemical treated cotton fabric as compared
with the control, which indicated destabilization and removal of amide group of pectin
associated with waxes, which was also reported earlier by Rosa et al., (2010). The peaks
at 896 cm~tand 536 cm™, representing stretching vibration of C-H and C-O groups
respectively, indicated deformation in pectin polysaccharide, as also reported by Liu et
al., (2016) and Chung et al., (2004). The change in pectin structure after enzyme
treatment increased the polar functional groups and hence the hydrophilicity on the
surface of cotton fabric, which could be the important factor for improved water
absorption and dyeing ability as also observed by Brigida et al., (2010). The present
study, displayed that the mixture enzymes and NaOH treated cotton fabric showed

changes in the surface and exposing the functional groups.
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Fig. 5.12 ATR-FTIR analysis of enzyme and chemical treatment A) Degumming of jute
fiber and B) Bioscouring of cotton fabric.
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5.3.3.4 Contact angle measurement of the cotton fabric

The change in contact angle between the water drop and the surface of cotton
fabric with respect to time was measured in case of both enzyme and chemical treated
scale up cotton fabric. Reduction in contact angle with time indicates higher wettability
and hydrophilic nature of cotton fabric. The digital image frames of water drop are
shown in Figure 5.13. The untreated cotton fabric showed a contact angle (0) of 167° at
time 0 min and at 30 min the contact angle (0) was 160° (Fig. 5.13A & 13F). The result
showed that greige cotton fabric is hydrophobic in nature. CtPME (10 mg/ml, 4.2 U/ml)
treated cotton fabric (scale up) showed contact angle (8) of 167° at time 0 s and on
increasing the time till 23 s, the contact angle (8) measured was less than 20° (Fig.
5.13B). CtPL1B (10 mg/ml, 6.0 U/ml) treated cotton fabric showed the contact angle
(0) of 165° at 0 s, but after 20 s time, the contact angle (0) was less than 20° (Fig.
5.13C). Cotton fabric treated with the mixture of CtPME (5 mg/ml, 2.1 U/ml) and
CtPL1B (5 mg/ml, 3.0 U/ml) showed the contact angle (0) of 165° at 0 s and after 10 s,
the contact angle (0) was less than 20° (Fig. 5.13D). Similarly, NaOH (5 g/l) treated
cotton fabric showed the contact angle (0) of 165° time at 0 s and after 8 s the contact
angle (0) was less than 20° (Fig. 5.13E). The cotton fabric treated with NaOH or the
mixture of CtPME and CtPL1B showed hydrophilic nature with rapid water absorption
capability as compared with the control (Fig. 5.13G). Contact angle 0 is inversely
proportional to the hydrophilicity of cotton fabric. The results showed that chemically
treated cotton fabric was more hydrophilic than control with higher rate of water
absorption. In a previous study cotton fabric scoured chemical or pectinase from
marine B. subtilis showed a contact angle of less than 10° whereas control contact angle

was 120° (Joshi et al., 2013). Klug et al., (2006) reported that the contact angle reduced
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from 83° to 68° when a plain-woven cotton fabric was treated with endo pectate
lyase from Bacillus pumilus BK2. Agrawal et al., (2007) reported that a contact angle
of less than 53° is desirable to achieve sufficient hydrophilicity in the bioscouring
process. The present study showed the contact angle of less than 20°, which was much
less than the control (167°) and was similar to the values reported earlier (Joshi et al.,

2013; Agrawal et al., 2007; Klug et al., 2006).
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Fig. 5.13 Contact angle measurement of enzymatic and chemically treated cotton fabric.
(A) Untreated cotton fabric, (B) CtPME (10 mg/ml, 4.2 U/ml) treated cotton
fabric, (C) CtPL1B (10 mg/ml, 6.0 U/ml) treated cotton fabric, (D) Mixture of
both enzymes treated cotton fabric using CtPME (5 mg/ml, 2.1 U/ml) and
CtPL1B (5 mg/ml, 3.0 U/ml) and (E) Chemically (5 g/l NaOH) treated cotton
fabric.

5.3.3.5 Mechanical properties of enzyme treated jute fibers or cotton fabric

The enzyme treated and demoisturized scale up jute fiber and cotton fabric
samples were analysed by UTM at 25°C. The jute fiber sample (a bunch approximate
50 fibers) was placed on the sample port. UTM analysis was performed by using the
pneumatic pressure control range of 5N-100N. The peaks were analysed and different
mechanical properties such as Young’s Modulus, Peak Load, Break Load, elongation
percentage, Ultimate Tensile Strength (UTS) were determined and are listed in Table
5.3 and Table 5.4. The Young’s Modulus of jute fibers degummed by CtPME, CtPL1B,
mixture of enzymes and NaOH was 18.06, 25.04, 40.08 and 51.80 [N/mm?Z],
respectively (Table 5.3). The UTS for jute fibers degummed by CtPME, CtPL1B,
mixture of enzymes and NaOH was 89.96, 178.43, 245.05 and 262.91 [N/mm?Z],
respectively, (Table 5.3). The Young’s Modulus and UTS for untreated jute fibers were

16.08 and 121.69 [N/mm?], respectively (Table 5.3). The enzymes mixture treated jute
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fiber Young’s Modulus and UTS values were higher than the individual enzyme treated
jute fiber neverthless similar to chemical treated jute fiber. Higher values indicated the
stronger jute fiber. Saleem et al., (2008) reported the tensile strength 171 N/mm? for
pectinase degummed hemp fiber, which is lower than the value reported in present

study.

Table 5.3 UTM analysis of scaled up enzyme and chemical degummed jute fiber.

Treatment method* Young  Peak Break % stress of  Strain UTS

Modulus Load Load Elongation peak % [N/mm?]
[N/mm2]  [N] [N] [N/mm2]

Buffer 16.08  9.46 0.6 63.6 107.0  0.018 1217

(50 mM Tris HCI, pH-8.5)

CtPME (4.2 U/ml, 10 mg/ml) 18.06 1039 14 25.9 89.0 0.074 90.0

CtPL1B (6.0 U/ml, 10 mg/ml) ~ 25.04 16.42 1.6 6.8 5.4 0.026 1784

Mixture (each 5 mg/ml) 40.08 1422 0.8 20.8 147.0  0.069 245.0

NaOH (5 g/l) 51.80 10.04 16 22.1 86.0 0.024  263.0

¥ mentioned optimized concentration treatment.

The mechanical properties of enzyme and chemically treated cotton fabric were
also determined by UTM analysis. The Young’s Modulus of cotton fabric bioscoured
by CtPME, CtPL1B, a mixture of enzymes and NaOH was 15.7, 18.8, 21.9 and 25.2
[N/mm?Z], respectively (Table 5.4). The UTS for bioscoured cotton fabric by CtPME,
CtPL1B, a mixture of enzymes and NaOH was 68.03, 179.02, 279.48 and 313.26
[N/mm?], respectively (Table 5.4). The Young’s Modulus and UTS for untreated cotton
fabric were 14.3 and 87.91 [N/mm?], respectively (Table 5.4). The mixture of enzyme
was more efficient than individual enzymes in maintaining the strength of the cotton

fabric while removing the pectin associated waxy substances.
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The mixture of both enzymes treated degumming of jute fiber and bioscouring
of cotton fabric showed higher values of Young’s Modulus and UTS were observed
than individual enzyme treatments (Tables 5.3 & 5.4). The higher values of Young’s
modulus and UTS indicate that, higher strength will be required to deform the jute fiber
and cotton fabric. The values of Young’s modulus and UTS was similar in both cases
when the mixture of enzymes or NaOH was used for degumming of jute fibers and
scouring of cotton fabric (Tables 5.3 & 5.4). Joshi et al., (2013) reported a tensile
strength of 43.0 N/mm? for a pectinase bioscoured cotton fabric, which is much lower

as compared with the value of present study.

Table 5.4 UTM analysis of scaled up enzyme and chemical treated cotton fabric

Treatment method* Young Peak  Break % stress of  Strain UTS

Modulus Load Load Elongation peak % [N/mm?]
[N/mm?] [N] [N] [N/mm2]

Buffer 14.3 10.90 0.6 20.2 112.7  0.065 87.9

(50 mM Tris HCI, pH-8.5)

CtPME (4.2 U/ml, 10 mg/ml) 15.7 1.06 0.1 3.1 14.1 0.003 68.0

CtPL1B (6.0 U/ml, 10 mg/ml)  18.8 10.50 2.4 17.0 149.1  0.077 179.0

Mixture (each 5 mg/ml) 21.9 8.50 0.5 13.9 112.4 0.059 279.5

NaOH (5 g/l) 25.2 3.10 0.2 5.9 40.8 0.022 3133

¥ mentioned final concentration treatment.
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5.4 Conclusions

Pectin methylesterase (CtPME) or pectate lyase (CtPL1B) separately and their
mixture was used for degumming of jute fiber and bioscouring of cotton fabric. Jute
fiber degummed by mixed enzymes showed weight loss similar to NaOH. FESEM
analysis showed smooth surface similar to chemically treated jute fibers. Mixed enzyme
treatment showed similar wettability of cotton fabric to NaOH. Mixed enzyme
degumming of jute fiber or bioscouring of cotton fabric gave Young’s Modulus and
UTS values similar to NaOH. These results showed that by using the mixture of CtPME
and CtPL1B enzymes can replace the chemical treatment process making it green

process.
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Chapter 6

Extraction, characterization and anti-cancer activity of pectic
oligosaccharides produced from agro-waste of Orange
(Citrus reticulate) peels

6.1 Introduction

Pectin is a complex natural hetero polysaccharide present in primary plant cell
walls. It is an acidic and negatively charged high molecular mass polymer (Murad and
Azzaz,2011). Pectin polysaccharide backbone consists of a (1—4) linked galacturonic
acid units (Wang et al., 2015). Pectin polysaccharide may also be methylated ester or
acetylated polygalacturonic acid (Sriamornsak, 2003). Pectins are commercially
available from natural fruit peels especially citrus, apple, sugar beet and potato. Pectin
is a byproduct of fruit juice industry from peel waste (Kratchanova et al., 2004). Citrus
peels, apple pomace, sugar beet and potato contains 20-30%, 10-15%, 5-8% and 2-5%
of pectin, respectively. Degree of esterification (DE) is an important factor in pectins
and their function. Based on DE pectin is categorized into two types, which are high
methoxyl pectins (DE>50%) and low methoxyl pectins (DE<50%). Pectin is used in
various industry applications such as food, health and pharmaceutical industries

(Voragen et al., 2009). Pectin has been used as stabilizer, texturizer, thickener and
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emulsifier agent in food and beverage industry (Kermani et al., 2015). Pectin is widely
used as a gelling agent in making low calorie products of jellies and jam for diabetics
and overweight patients (Gardner et al., 1984). It has also found applications in
reducing the blood cholesterol and lowering the low density lipoprotein (Fraser, 1994).
Pectin polysaccharide is degraded by pectinases. Major pectinases fall into two main
groups, methylesterases and depolymerases. Pectin methylesterases (PME: EC
3.1.1.11), catalyze the removal of the methyl group (de-esterification) from pectin.
Depolymerases are classified into two types, hydrolases and lyases. Hydrolases act on
the backbone of pectin by hydrolytic cleavage and lyases by trans-eliminative cleavage
(Wang et al., 2013). Polygalacturonase (PG: EC 3.2.1.15) catalyses o (1—4) glycosidic
linkages of pectin by hydrolytic cleavage (Boudart et al., 1998) while, pectate lyase
(PL: EC 4.2.2.2) catalyses the pectin via B-elimination reaction (Chakraborty et al.,
2015; Garg et al., 2016).

Colorectal cancer is the 2" most leading cancer, causing death (Centelles,
2012). Annually, there are 1.8 million colorectal cancer cases and around 50% cases
are fatal (World Health Organization, 2018). Several treatments are available to treat
colorectal cancer such as surgery, chemotherapy, radiotherapy and immunotherapy
(Zhang et al., 2013). However, until now none of them is reliable to cure colorectal
cancer. Nowadays, a new way is emerging to treat colorectal cancer by using food
additives in diets (Cheong et al., 2010). Pectin and pectic oligosaccharides were
reported as an effective inhibitor against proliferation and metastasis, induction of
apoptosis in cancer cells thus decreasing the chance of tumor incidence (Jackson et al.,
2007). Pectin can block the lipopolysaccharide (LPS) signalling pathway during

macrophage activation thus can be an important agent in cancer chemoprevention and
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anti-inflammation (Chen et al., 2006). Galectin 3 (Gal3) is a conserved evolutionary
protein found in all species ranging from lower invertebrates to mammals. Gal3
actively participate in cancer progression and metastasis, it can be activated by
glucoconjugates like laminin or fibronectin (Kuwabara and Liu, 1996). Once activated
Gal3 mediates self-aggregation of cells, thus allowing detachment of primary tumour
cells and progression of secondary tumour (Nangia-Makker et al., 2000). The
galacturonic moiety of pectin can successfully bind to carbohydrate recognition domain
of Gal3 and hinders its activation, thus inhibiting cell migration and metastatic spread
(Inohara and Raz, 1994). Hence pectic oligosaccharides under study when incubated
with HT-29 cells might have interacted with the Gal3 and resulted in reduced cell
viability (Greco et al., 2004).Pectin and pectic oligosaccharides are dietary food
products, which showed significant anti-proliferation activity against cancer cells by
inhibiting Gal-3 pathway in metastasis (Cheong et al., 2010).

In this study, pectin was extracted from orange peels using ultrasound assisted
extraction method. The physicochemical and structural properties of extracted pectin
were characterised. The pectic oligossacharides (POS) were produced by a pectate
lyase (CtPL1B) or mixture of CtPME and CtPL1B from Clostridium thermocellum.
Then in vitro study was performed to see the effect of pectic oligosaccharides produced
from combinations of enzymes (CtPL1B or CtPME and CtPL1B) on colon cancer

(HT29) or normal human embryonic kidney (HEK293) cells.
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6.2 Materials and methods
6.2.1a Raw material collection and processing

Sweet oranges (Citrus reticulate) were purchased from local market at
Guwahati, Assam, India. The peels (1.6 kg) were washed with water, finely cut with a
size of approximately, 3 cm X 3 cm with a knife. The cut fragments were placed on
tray and dried in a hot air oven at 70°C for 3-4 days. The dried peels were milled in an
electrical grinder (mixture) to obtain powdered sample. The powder was stored in
sample bottle with tight cap and kept in a dry environment prior to the experimental
analysis.
6.2.1b Chemicals, cell lines and Substrates

Chemical: Oxalic acid, Ammonium oxalate, Sodium nitrate, Sulphuric acid,
Hydrochloric acid, ethanol (98.9%) and sodium azide were purchased from Himedia,
India. Sulfuric acid, Trifluoroacetic acid, Whatman No. 3, TLC plates (Silica coated
aluminium plates) and Deuterium oxide were purchased from Merck Chemical Co.
(Darmstadt, Germany). Alcohol oxidase, KBr, cell culture medium RPMI-1640,
DMEM low glucose and Thiazolyl Blue Tetrazolium Bromide powder (MTT) were
procured from Sigma-Aldrich Pvt. Ltd. Human colon cancer cell line (HT29) and
Human embryonic kindney cell line (HEK293) were procured from National Centre
for Cell Science-Pune, India.

Substrates: Citrus pectin (>85% esterified, CP) and Polygalacturonic acid

(PGA) were purchased from Sigma-Aldrich, USA.
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6.2.2 Methods
6.2.2.1 Extraction of pectin from orange peels

Pectin was extracted from agro-waste orange peel powder (OPP) by Ultrasound
Assisted Extraction (UAE) method showed flow chart Fig. 6.1 (Johnson et al., 2007).
The extraction of pectin from OPP was achieved by using the ammonium oxalate-oxalic
acid, as the extracting solvent (Johnson et al., 2007). The solution containing 0.1 M
ammonium oxalate and 0.1 M oxalic acid was prepared and adjusted to pH 3.4 (with
IN HCI). The 25 g of OPP was dissolved in 500 ml of 0.1 M ammonium oxalate-oxalic
acid solution maintaining solid-liquid ratio of 1:20 (w/v). The extraction was performed
in sonicator water bath (Ultrasonic bath, ElImasonic, Germany). UAE was carried out at
frequency of 37 kHz, 80°C for 30 min. After sonication, the mixture was allowed to
cool down to 25°C and then filtered through muslin cloth followed by filter paper
(Whatman filter paper No. 3). The filtrate was collected in flask and three volumes of
chilled ethanol (96%) was added to it and kept at 4°C for 12 h for precipitation of pectin
polymer. The solid retentate (UAE treated OPP) obtained after UAE treatment was
again dissolved in 0.1 M ammonium oxalate-oxalic acid solution and process was
repeated. The precipitated orange pectin polymer was separated by filtration using filter
paper (Whatman No. 3). The separated orange pectin was washed with 70% (v/v)
ethanol and followed by 96% (v/v) ethanol. Finally, extracted orange pectin was washed
with 98% (v/v) acetone to remove the monosaccharides and disaccharides (Minkov et
al, 1996). The wet extracted orange pectin (EOP) was dried at 40°C in the hot air oven

for 12 h (Grassino et al., 2015). The pectin extraction yield was calculated as follows

Eqg. (2).
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EOP (W,) _
rectim Tield () = X 100 Eq 1
npplni!ial {.ﬁ"ll.] - OPP“._...H.“. l“l_:l

Where,
OPPnitiat (W1) = Weight of initial orange peels powder (g),

OPPresidue (W2) = Weight of filtrate orange peels powder after UAE (g) and

EOP (Ws) = Weight of extracted dried pectin from orange peels (g).
6.2.2.2 FESEM analysis of untreated OPP and UAE treated OPP

The surface morphology of untreated OPP, UAE treated OPP and EOP was
analyzed by Field Emission Scanning Electron Microscopy (FESEM). 10 mg of dried
untreated OPP or UAE treated OPP was dissolved in 1 ml Milli-Q water. 40 pl each of
these samples were placed on glass piece covered with aluminum foil and dried at 80°C
for 12 h prior to analysis. The samples were placed on carbon tape covered by FESEM
stub and coated with gold ~10 nm thick layer by using a gold coating sputter (HITACHI
E-1010 ion sputter) (double coat) at 30 kV for 20 min. The sample stub was analysed
by In-Lens SE1 mode. The images were recorded on FESEM (Zeiss, Sigma, Germany)
at an accelerating voltage of 2.0 kV at 5000X magnification.
6.2.2.3 FTIR analysis of untreated OPP and UAE treated OPP

Fourier transform infrared spectroscopy (FTIR) spectroscopy (Perkin Elmer,
Spectrum Two, USA) was used for determining the functional groups present in the
raw, UAE treated OPP and EOP. The raw or UAE treated orange peel powder were
mixed with KBr in a (sample: KBr) ratio of 1:100 and made a fine powder by using
mortar and pestle (Wang et al., 2015). The sample-KBr mixture was pressed to make a

pellet by using 15 Ton Hydraulic Press. FTIR spectrophotometer was used to acquire
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the spectrum in range of 4000-500 cm™ region in transmission mode. The spectrum was
recorded in 32 scans per min and at a resolution of 4 cm 2.
6.2.2.4 Brunauer—Emmett-Teller (BET) analysis of OPP

The surface area, pore size and pore size distribution of raw and UAE treated
orange peel powder were measured by sorption analysis (Autosorb-1Q MP,
Quantachrome, USA). The samples were dried at 80°C in oven for 12 h prior to the
analysis. 100 mg of dried samples were weigh in specialized BET glass tube and
degassed at 100°C for 3 h by keeping in a liquid N2 sorption container (2 L capacity).
The degassed samples were further analysed by BET with nitrogen partial pressure
(P/Po) in the range of 3.4 x 10 to 0.99.
6.2.2.5 FESEM and FESEM-EDX analysis of EOP

EOP was subjected to surface view and elemental analysis by FESEM and
FESEM-Energy-dispersive X-ray spectroscopy (FESEM-EDX). The 3 mg sample was
dried at 60°C for 12 h and was placed on the FESEM stub using carbon tape and then
the gold coating was carried out by sputter (HITACHI E-1010 ion sputter). The sample
stubs were analysed by SE2 (Secondary Electron) mode. The image was observed on a
FESEM (Zeiss, Sigma, Germany) at an accelerating voltage of 3.0 kV keeping 2000x
magnification.
6.2.2.6 AFM analysis of EOP

The Atomic Force Microscope (AFM) was used to determine the surface by
using a small probe within the range, 1-10 nm. The EOP sample was analysed by using
the MFP-3D-BIO (Cypher, Asylum Research AFM, Oxford Instruments, USA). The
stock solution of EOP (1 mg/ml) was prepared in Milli-Q water. 10 pg/ml EOP as

working solution was used and 10 pl of sample was dropped on the surface of glass
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slide and allowed to dry at 40°C for 12 h. The EOP powder sample was placed on
double-sided adhesive tape and then placed on AFM specimen disc. The imaging
process was carried out by using Igor Pro 6.37 software. The cantilever tip set point,
frequency, amplitude and integral force were 600 mV, 161.3 kHz, 223.3 mV and 30
N/m, respectively. The scan rate of the tip was 0.5-2 Hz and the scan speed of 45.5 m/s
with 90° of scan angle. The analysis was performed using tapping imaging mode. The
WSxM 5.0 develop 9.1 software was used to further processing of data in offline (Rani
etal., 2017).
6.2.2.7 Monosugar composition analysis of EOP

The neutral sugar composition analysis was assessed by using HPLC. The EOP
was hydrolyzed by trifluroacetic acid hydrolysis (2 M TFA, 5 h at 80°C) as described
in Wikiera et al., (2015). The solutions were filtered through 0.45 um membrane filters
(Axiva, India), before analysis. Individual neutral sugars released from EOP pectin were
analysed by an lon exclusion column [Phenomenex Rezex ROA (H") (300 x 7.8 mm)]
attached to a guard column [Phenomenex Rezex ROA (H*) (50 x 7.8 mm)] both
connected to HPLC system (Shimadzu, Japan) and column temperature was maintained
at 40°C. The method was run in an isocratic mode with mobile phase of 5 mM H2>SO4
at the flow rate 0.5 ml/min and acquisition time 30 min. Injection volume was kept
constant at 10 pl and the data was acquired using Rl and UV detectors. The standard
monomers D-galacturonic acid, galactose (Gal), rhamnose (Rha), arabinose (Ara),
glucose (Glc), mannose (Man) and xylose (Xyl) (Sigma Aldrich, USA) were used as

the calibration standard to calculate the individual sugar composition present in EOP.
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6.2.2.8 Molecular weight determination and distribution of EOP by HPSEC

The molecular weight distribution of EOP was assessed by High-performance
size exclusion chromatography (HPSEC) following the method of Li et al., 2016. The
HPSEC system (Shimadzu, Japan) was connected with a size exclusion column
[Phenomenex Polysep-GFC-P6000 (300 X 7.8 mm)] attached to a guard column
[Phenomenex Polysep-GFC-P (35 X 7.8 mm)] and equipped with RI detector (RID-
20A). The mobile phase used was 0.1 M NaNOz at a flow rate 0.5 ml/min with run time
30 min. The injection volume was 10 pl and column temperature was kept 40°C. The
dextran standards of different molecular mass [T10 (10 kDa), T20 (20 kDa), T40 (40
kDa), T70 (70 kDa), T100 (100 kDa), T200 (200 kDa), T270 (270 kDa) and T500 (500
kDa)] each at 1 mg/ml was used for generation of a calibration standard plot to calculate
the molecular mass of EOP. First the EOP (1 mg/ml) sample was analysed by HPSEC
for Molecular mass determination. Further, 50 mg/ml of EOP was run through HPSEC
system to obtain purified EOP for further characterization. The purified EOP was
dialyzed against 2 liter Milli-Q water at 4°C with 4 changes for 24 h to remove the salts.
The dialyzed solution of EOP was lyophilized and stored at 25°C in 10 ml storage vials.
6.2.2.9 DLS analysis of EOP

The particle size and Zeta potential of EOP was determined by Dynamic Light
Scattering (DLS) (Zetasizer nano, Malvern, UK). 1 mg of EOP pectin was dissolved in
1 ml of Milli-Q water, centrifuged at 1000g and filtered with 0.45 pm membrane filter.
The data were acquired at constant temperature of 25°C as maintained by Joule-Peltier
thermostat. The DLS system consisted of a Malvern optics with a 5 mW helium-neon
laser and viscosity was set to 0.8 cP. The ZetaSizer worked at a fixed scattering angle

of 90° and the wavelength of the laser beam was 632 nm. The dispersions were
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measured in 10 mm quartz cuvettes kept in ZetaSizer measuring cell. The integrated
control software was used to get the size and charge distribution of result peak with
intensity autocorrelation function (Cumulant fit). The samples were run in six scan
replicates and each experiment was conducted thrice. The co-efficient of variation for
the size measurement was less than 5%, signifying the reproducibility and accuracy of
the experiment. All the measurements were well-distinguished from each other.
6.2.2.10 Degree of Esterification of EOP

The degree of esterification (DE) was determined by FTIR spectrum analysis as
mentioned by Chaouch et al., (2016b). The sample was prepared as mentioned section
6.2.2.3. It is a ratio between the peak absorbance of methylated carboxyl groups and
sum of methylated carboxyl groups and free carboxyl groups present in spectrum. The
peak range of methylated carboxyl and free carboxyl groups were 1700-1750 cm *and

1630-1645 cm ™, respectively. The percentage of DE was determined according to Eq.

(2&3).
Aqns Ea 2
Degree of Esterification (%) = X 100 -q
Apras T Aygas
Absorbance (A) =2 — log(%T) Eq3
Where,

Aug3s = Absorbance at 1635 cm™* for non-methyl-esterified carboxyl groups
Au735 = Absorbance at 1735 cm™* for methyl-esterified carboxyl groups,

(%) T = Transmittance percentage
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6.2.2.11 NMR spectroscopic analysis of EOP

30 mg of lyophilized EOP pectin was dissolved in 1 ml D20 (99.96%) (Merck,
Germany) with addition of NaOD (10 ul) and subjected to Nuclear magnetic resonance
(NMR) spectroscopic analysis. The proton NMR spectrum was obtained at 25°C and
16 scans were collected with a relaxation delay of 1 s using 600 MHz NMR
spectrometer (Bruker, Avance III-HD, USA). Subsequently, the 3C NMR was
performed and in which, 3200 scans were used for collection of spectrum. 'H & °C
NMR spectra was acquired at fitted with a 5-mm probe and equipped with TOPSPIN
software (Bruker) for analysis. The chemical shifts of *H &*C were reported in parts
per million (ppm) relative to internal reference as Tetramethylsilane (TMS). All NMR
experiment were carried out by using the pulse sequences provided by Bruker.
6.2.2.12 TGA and DSC analysis of EOP

The degradation temperature and phase shift of EOP was analysed by
Thermogravimetric Analysis (TGA) and Differential scanning calorimeter (TGA-
DSC), the thermal analyzer (NETZSCH STA 449F3A-0232-M, USA). The EOP (8 mg)
was placed in a crucible (Al2O3) and purge with the nitrogen or argon gas their
respective jacket chambers. The empty crucible (without EOP) was used as a blank. The
gases (nitrogen or argon) were used to remove the oxygen from respective chambers.
The setup gas flow rate was 100 ml/min and a linear heating rate of 10 °C/min was used
over a temperature range of 25°C-900°C. The weight loss was determined with respect
to the linear increase in temperature. Derivative Thermogravimetric Analysis (DTG)
was obtained from TGA graph. Similarly, the DSC analysis of EOP was carried out

using thermal analyzer and enthalpy changes were determined.
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6.2.2.13 XRD analysis of EOP

The X-ray powder diffraction (XRD) pattern of EOP extracted under optimal
conditions was recorded using an X-ray diffractometer (Rigaku TTRAX III, USA).
The dried 50 mg EOP pectin sample was placed on glass slide and loaded on XRD. The
EOP was subjected to X-ray radiation of Cu/Ka with a wavelength of 1.54 A and
maintained 40 kV and 40 mA. The determination of trace phases in powdered samples
benefit greatly from its 18 kW rotating anode X-ray source. The sample was scanned
with diffraction angle (20) between 10° to 70° and the scan speed of 3° per minute. The
step size and step time were used 0.05° (20) and 1 s/step, respectively. XRD data
measurements were made using a high power (18 kW). From Segal et al., (1962)

formula, the crystallinity index (Crl) of the sample was determined by Eq. (4).

I Crystallineg  ~ I\ marphous

Crystallinity Index (Crl, %) = X 100 Eq4

IC'P:. stalline

Where,

Icrystaninity = Intensity of Crystallinity peak

| Amorphous = INtensity of amorphous peak
6.2.2.14 Enzyme activity against EOP

EOP was used as substrate for measuring the activity of pectin methylesterase
(CtPME) and pectate lyase (CtPL1B) from Clostridium thermocellum. Pectin
methylesterase activity was assayed by the method described by Rajulapati and Goyal,
(2017) and pectate lyase activity was measured as explained by Chakraborty et al.,
(2015) using EOP as substrate. The de-esterification reaction was carried out by taking
CtPME (8 pg/ml) in 1 ml reaction mixture containing EOP (1%, w/v) dissolved in 50

mM Tris-HCI buffer, pH 8.5 incubating at 50°C for 15 min (Rajulapati and Goyal,
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2017). The digestion of EOP with CtPL1B (7 pg/ml) was carried out in 1 ml reaction
mixture containing, 1% (w/v) EOP in 50 mM Glycine-NaOH buffer, pH 9.8 and 0.6
mM CaCl by incubating at 50°C for 15 min (Chakraborty et al., 2015). The digestion
of EOP was carried out by using a mixture of CtPME (8 pg/ml) and CtPL1B (7 pg/ml)
in 1 ml reaction mixture containing, 1% (w/v) EOP in 50 mM Tris-HCI buffer, pH 8.5
and 0.6 mM CacCl> by incubating at 50°C for 15 min.
6.2.2.15 TLC, HPLC and ESI-MS analysis of EOP pectic oligosaccharides
CtPL1B, CtPME or CtPL1B along with CtPME were used to cleave the EOP as
mentioned in section 2.2.14. Each of 1 ml reaction was stopped by adding 2 ml of
absolute ethanol to precipitate the un-lysed EOP. However, the reaction of CtPME with
EOP, leads to the formation of only de-esterified EOP and not POS. Therefore, the de-
esterified EOP is differentiated from un-lysed EOP, by designating it as Pectic
polysaccharide (PP). The precipitated un-hydrolyzed EOP, enzyme-hydrolyzed
products and PP in the supernatant were separated by centrifugation at 13000g for 20
min. PP was washed with 1 ml of Milli-Q water for 4 times and dried in hot air oven to
remove ethanol for further use. The supernatant containing the enzyme lysed products
were further concentrated to 100 pl in hot air oven at 80°C. 1 pl sample of enzyme lysed
products (pectic oligosaccharides, POS) and standards (1 mg/ml, D-galacturonic acid,
di-galacturonic acid and tri-galacturonic acid) were loaded on the TLC plate. The TLC
was run and the products were visualized as mentioned earlier by Chakraborty et al.,
(2015). The POS mixtures produced from CtPL1B and CtPL1B+CtPME treatment were
lyophilized. The lyophilized sample, 1 mg was dissolved in 1 ml of MilliQ water and
filtered through 0.2 um membrane. The samples were injected to the HPLC system as

mentioned in section 2.2.7. The chromatogram was analysed by Lab solutions software
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(Shimadzu, Japan). The enzyme lysed product samples were further analyzed by
Electron Spray lonization (ESI) mass spectrometer (Waters, Q-TOF Premier) in MS
mode. The samples were analyzed by negative ion mode in ESI-MS. The N2 gas was
purged and the atmospheric pressure ionization and vent vacuum were maintained in
ESI-MS mode. The parameters for ESI-MS analysis were capillary voltage 3 eV,
collision energy 5 eV, ionization energy 1 eV, desolvation temperature 350°C and the
source temperature 90°C.
6.2.2.16 Biocompatibility and Anticancer activity assay of PP, POS and mPOS
The normal human embryonic kidney (HEK293) cells and colon cancer (HT29)
cells (procured from National Centre for Cell Science-Pune, India) were cultured in
DMEM (low glucose medium) and RPMI-1640 medium, respectively. Both the media
were supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (Gibco,
USA), 50 pg/ml streptomycin and 50 1U/ml penicillin (Gibco, USA). HT29 or HEK293
cells were incubated at 37°C, under 5% CO, with Relative Humidity, RH-95%. The
effect of POS on viability of HEK293 and HT29 cells was analysed by MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] reduction assay (Mosmann,
1983). 2x10* cells/well were seeded in a 96 well plate and incubated at 37°C in 5%
(v/v) CO2 with 95% relative humidity for 12 h for cell adherence. After incubation, the
medium was completely removed and washed with 200 ul of 1X phosphate buffer saline
(PBS, pH 7.4). The cells were treated with different concentrations (0.1 mg/ml to 1
mg/ml) of POS dissolved in serum-free DMEM medium. The serum free DMEM
medium and RPMI 1640 without POS was used as negative control. The plates were
incubated at 37°C in 5% CO- for 24 h and 48 h. The cell viability assay was performed

by removing the medium and by adding 100 pl of MTT (0.5 mg/ml) to each well. The
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plates were further incubated at 37°C in 5% CO; for 4 h. After the incubation, MTT
was removed from the wells without disturbing the formazan crystals. The crystals were
dissolved by adding 100 pl of dimethyl sulfoxide. The absorbance was monitored at
570 nm and 690 nm by a 96-well microplate reader (Tecan, Infinite 200 Pro,
Switzerland). The cell viability (%) was calculated according to method of Rani et al.,
(2017). The cell morphology of HEK293 and HT29 cells after treatment with POS or
PP were also observed under microscope (Nikon, TS100F, Japan) and photo images
were taken and processed using imaging software (Nikon NIS-Element, NIS 40000) .

Cell Viability (%) = (Nt/Nc ) X 100 Eq5

Where,
Nt is the absorbance of treated cells and

Nc is the absorbance of untreated cells.
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6.3 Results and Discussion
6.3.1 Extraction of pectin from orange peels

The pectin was extracted from orange peel waste by using the Ultrasound
assisted extraction method (UAE) as shown in Fig. 6.1. The percentage yield of pectin
obtained from 1%t and 2" extraction, were 9.8% and 23.3%, respectively. The increase
in pectin yield in 2" extraction as compared with the 1 extraction, was due to the
structure loosening of the orange peel powder and destabilization due to the ultrasonic
vibration. Similar results were reported in a previous study (Grassino et al., 2015). The
1% extraction gave thick solid flakes of EOP and its solubility was poor as compared
with EOP obtained from the 2" extraction. Therefore, the EOP from 1% extraction was
discarded and EOP obtained from 2" extraction was further characterized. The pectin
yield depends on source material, extraction method and conditions (temperature, time
and number of extraction) (Grassino et al., 2015). The digital images of OPP raw and
after UAE treatment were showed colour change from light brown to dark brown (Fig.
6.2A & 6.2B). Similar pectin yields from other sources were reported. Pectin extraction
from pomegranate peel and Artocarpus heterophyllus fruit peel by ultrasound-assisted
extraction method yielded 23.9% and 14.5%, respectively (Moorthy et al., 2015,
Moorthy et al., 2017). Pectin extracted from sweet lemon (C. limetta) at optimized pH
1.5 gave an yield of 16.7% (Aina et al., 2012). Another study showed that after
statistical analysis and optimization of all parameters extraction of pectin from Citrus
limon at pH 3.2 enhanced the yield to 32.4% (Kanmani et al., 2014). Extraction of pectin
using microwave heating required lesser time and resulted in higher yield as compared
with water based extraction (Fishman et al., 2003). Pectin extraction by microwave

heating has higher anhydrogalacturonate content, degree of methylation and increased
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viscosity (Fishman et al., 2000). The microwave heating during pectin extraction
creates high pressure within the material. This modifies the physical properties of the
tissue, disrupts cell structures and develops increased porosity. This facilitates easy
entry of the extraction fluid to easily enter the material and thus resulting in an effective
extraction process (Srivastava and Malviya, 2011).The microwave assisted extraction
of pectin from orange peels yielded 19.3% (Maran et al., 2013). The extraction yield of

28% from sour orange peel was reported by UAE method (Hosseini et al., 2016).
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|  Orange Peels |

Grinding

| Orange Peel Powder (OPP) |

+|i. 0.1M Ammonium oxalic acid solution

2" extraction (Solid : Liquid, 1:20 (w/v)

ii. Ultrasound Assisted extraction (UAE)
(30 min, 37 kHz at 80°C )

iii.Cool down (25°C)

| UAE mixture |

Filtration (Muslin cloth and
Whatman filter paper No.3)

—[ Residue 1 Filtrate (1 or 2) Residue 2

(UAE treated OPP)

i. Precipitation (96% (v/v)
ethanol), Kept at 4°C, 12 h
ii. Filtration
| Filtrate (1 and 2) | |Retentate (1 or 2)|
Separation by i. Washing with (70% and 90 %)
Rotavapor ethanol and acetone
ii.Drying at 40°C, 12 h
| Ethanol recovered | Extracted Orange Pectin
(EOP)
EOP EOP
1%t extraction 2 extraction

Fig. 6.1 Flow chart showing pectin extraction from orange peel by UAE method

Fig. 6.2 Digital images orange peel powder (OPP). A) Untreated (Raw), B) UAE
treated.
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6.3.2 FESEM analysis of untreated OPP and UAE treated OPP

The FESEM analysis of untreated OPP showed smooth surface (Fig. 6.3A)
while after UAE treatment OPP surface became more porous and rough (Fig. 6.3B).
This indicated that UAE treatment destabilized and ruptured cell wall of OPP.
Ponmurugan et al. (2017) reported similar results of UAE treatment from waste heads

of Helianthus annus.

Fig. 6.3 FESEM surface images of OPP showing A) Untreated (Raw) at magnification
5.0 KX, B) UAE treated at magnification 5.0 kx.
6.3.3 FTIR analysis of untreated and UAE treated OPP
FTIR spectrum of UAE treated OPP shown in the Fig. 6.4. The intensity of broad
band ranging from 3650 cm™ - 3280 cm™ corresponding to O-H stretching vibration,
3426 cm ™! was significantly increased, which is due to the hydroxyl groups of deformed
hemicellulose as also reported earlier (Gnanasambandam and Proctor, 2000). The
intensities of bands between 2850 cm™ -3125 cm™ (2983 cm™ corresponding to C-H
stretching), 450 cm™ - 900 cm™ attributing to C-C and C-O stretching of
polysaccharides (cellulose and hemicellulose) and 1000 cm™ - 1500 cm™? (1353 cm™

corresponding to -HC = O and C =C stretching of aldehyde and alkene) increased due
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to destabilization OPP after UAE treatment as reported earlier also (Gnanasambandam
and Proctor, 2000). The intensity of the bands at 1645 cm ™ for ester bonds C =0 of
pectin and hemicellulose and at 1133 cm™ for the C-O-C stretching of the carbonyl of
ester groups were also increased due to UAE treatment as compared to untreated OPP
(Gnanasambandam and Proctor, 2000).. These results showed the UAE treatment is

efficient for pectin extraction.
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Fig. 6.4 FT-IR analysis of Untreated and UAE treated OPP.
6.3.4 Brunauer—Emmett-Teller analysis of OPP

The surface area and pore size of untreated or UAE treated OPP was analysed
by BET. The UAE treated OPP showed more surface area and pore size as compared
with untreated OPP. The specific surface area of UAE treated and untreated OPP were
5.6 m?/g and 2.5 m?/g, respectively. The average pore size of UAE treated and untreated
OPP were 25.5 nm and 11.2 nm, respectively. Total pore volume of UAE treated and
untreated OPP were 0.035 cc/g and 0.0072 cc/g, respectively. These results showed

significantly increased surface area, pore size and pore volume of UAE treated OPP as
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compared with untreated OPP (Table 6.1). These results also showed that the UAE
treatment is efficient and suitable method for extraction of pectin from orange peel.

Table 6.1 BET analysis summary of untreated and UAE treated orange peel powder.

BET analysis of OPP

BET summary Untreated OPP UAE treated OPP
Surface area 2.5+0.2 m?/g 5.6+0.3 m?/g
Total pore volume 0.007+0.003 cc/g 0.035+0.001 cc/g
Average pore size diameter 11.2+0.12 nm 25.5+0.16 nm

6.3.5 FESEM and FESEM-EDX analysis of EOP

The extracted orange pectin (EOP) was obtained as pale yellow powder as
shown in Fig. 6.5A. The FESEM analysis of EOP showed smooth surface and loosened
heterogeneous wrinkled crystal structure (Fig. 6.5B). The pectin extracted from pamelo
peel powder by UAE method showed similar surface as reported earlier (Liew et al.,
2016). FESEM-EDX analysis gave the presence of significant elements. The EDX of
EOP performed at 100 um scale and element were C-44.8%, O-45.2%, N-9.1%, K-
0.5% and 0.1% each of Mg, Na and Ca (Fig. 6.5C). The EOP contained minor trace
elements which are due to the in bounded or based on extraction procedure these
elements appeared. The EOP obtained from UAE treatment is compact in nature and

distributed in small particle size, which may increase its solubility.
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Fig. 6.5 A) Digital image of purified EOP, B) FESEM image of purified EOP at
magnification 2.0 kx and C) EDX Elemental analysis of purified EOP.

6.3.6 AFM surface analysis of EOP

The AFM phase contrast analysis of EOP showed heterogeneous, net form and
fibers structure throughout the surface. The 2D surface image showed net like structure
with wrinkled fibers or thread like structures on scale, 5 um X 5 um (Fig. 6.6A) and 1
pm X 1 um (Fig. 6.6C). The 3D view image showed the wrinkled rough surface of EOP
pectin on scale of 5 um X 5 pym (Fig. 6.6B) and 1 um X 1 um (Fig. 6.6D). The fibrous
structure was observed due to the presence of multi-complex inter-molecule interaction
of EOP pectin. Similar, structures were reported for sugar beet pectin and tomato pectin
by Kirbay et al., (2008). The large variation in width of the structure could be due to
the extraction method and buffer, which form aggregate fibers made up of EOP

polysaccharide chain.
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Fig. 6.6 AFM analysis of EOP showing A) 2D image view (5 um x 5 um), B) 3D image

view (5 um x 5 um), C) 2D image view (1 um x 1 um) and D) 3D image view

(A pm x 1 pm).
6.3.7 Monosugar composition analysis of EOP

The neutral sugar composition of EOP was evaluated by TFA hydrolyzed.
HPLC chromatogram of EOP hydrolyzed mono sugars are shown in Fig. 6.7. The
chemical composition of EOP comprised galacturonic acid, galactose, rhamnose and
arabinose as they showed the retention time of 13.5, 15.0, 15.6 and 16.4 min,
respectively (Fig. 6.7). TFA hydrolysis of EOP produced di-galacturonic acid and tri-

galacturonic acid, which showed retention time, 10.5 and 9.8 min, respectively (Fig.

6.7). These results corroborated with the standards, retention time.
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Fig. 6.7 HPLC analysis of EOP composition by TFA treatment.

6.3.8 Molecular mass determination and distribution of EOP by HPSEC

The molecular mass of polymer was determined by HPSEC. The EOP showed
two peaks with the retention time 20.4 and 22.4 min (Fig. 6.8). The fractions for both
peaks were collected separately and dialyzed against Milli-Q water. The EOP pectin
showed two peaks of molecular masses, 92.3 kDa and 1.3 kDa, which was calculated
by using the standard graph giving regression equation with R?=0.9853. The major peak
at 20.4 min (92.3 kDa) represented EOP. The peak at 22.4 min (1.3 kDa) was minor,

which is small mass from hanging fragment of EOP polymer appearing owing to the

UAE treatment.
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Fig. 6.8 Molecular mass determination of EOP by HPSEC.
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6.3.9 DLS analysis of EOP

The particle size of EOP was determined by DLS. The particle size distribution
vs intensity graph, statistical analysis of size distribution curve and cumulant fit
(standard fitting curve in DLS) of correlation curves are show in Fig. 9A, 9B & 9C,
respectively. The EOP polysaccharide showed polydispersity. The EOP pectin solution
contained two peaks with hydrodynamic radius (Rn) of 864.9 nm and 196.0 nm, which
might concur with the 92.3 kDa and 1.3 kDa polymers. The average hydrodynamic
diameter of EOP was 329 nm by cumulants fit. The variation in the size measurements
was less than 5% and repeated results distinguished from each other. The microwave-
assisted extracted pectin from Opuntia ficus indica, showed average Rn of 110 nm
(Lefsih et al., 2017). The microwave-assisted extracted pectin from lime flavedo

average Rnwas 321.8 nm (Fishman et al., 2007), which is similar to EOP of this study.
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Fig. 6.9 DLS analysis of EOP pectin A) Size distribution plot, B) Statistical analysis

and C) Cumulant curve fit,
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6.3.10 FTIR analysis and DE of EOP pectin

The functional groups of EOP pectin were analysed by FTIR. FTIR spectrum
of the EOP pectin showed a broad transmission peak at 3426 cm™ due to the O-H
stretching absorption of hydrogen bond (Fig. 6.10A) as also reported earlier (Kpodo et
al., 2017). The peak in the range, 2890-2985 cm is attributed to the C-H stretching
vibration from CHz, CH> and CH bonds in D-GalA chain as also described previously
(Vriesmann and Petkowicz, 2014). The peaks at 1021, 1082 and 1353 cm™ were
assigned to -C-OH, -C-C- and -C-O- vibration, respectively (Fig. 6.10A). These three
functional groups are represented by pectin polysaccharides, which was reported by
Hosseini et al., (2016). The peaks at 1735 cm™ and 1642 cm™ are related to methyl
esterified carboxylic group (-C=0) and carboxylate (-COO-), respectively. The
carboxyl group or esterification is an important characteristics of pectin, which is
different from other polysaccharides (Ponmurugan et al., 2017). The peaks between
1000 cm™ and 650 cm™ are due to the glycosidic linkages between the sugar units
(Hosseini et al., 2016). Degree of esterification (DE) of EOP was 68% calculated by
FTIR spectrum by using the Eq. (2) and Eq. (3). The DE of EOP was more than 50%,
therefore, it falls under the category of high methylated pectin.
6.3.11 NMR analysis of EOP

The 'H NMR spectrum of EOP was acquired at 600 MHz and analysed by
TOPSPIN software (Fig. 10B). The proton chemical shift peaks were allocated
according to the previous reports and compared. The *H NMR spectrum showed a sharp
peak at 3.55 ppm, which protons corresponds to the esterification of D-galacturonic acid
(GalA) units. The peak shift around at 1.02 and 1.15 ppm were showed due to the

presence of methyl group on links of L-rhamnose (Al-Amoudi et al., 2019). The signals
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of 4.85 (H-5) and 5.15 (H-1) ppm belong to non-esterified D-galacturonic acid units.
The proton chemical shifts of H-1, H-2, H-3, and H-4 of D-galacturonate and methyl
galacturonate residues were observed at 5.15, 3.50, 3.96 and 4.68 ppm, respectively.
These results confirmed the presence of the pectin structure in EOP and corroborated
with previous reports (Rosenbohm et al., 2003; Zhang et al., 2013; Grassino et al.,
2016).

The 13C NMR spectrum of the EOP is shown in Fig. 6.10C. The spectrum
showed a chemical peak shift at 57.5 ppm, which is due to the methyl groups (-CHz3)
bound to carboxyl groups of D-GalA, while its corresponding sharp proton singlet was
detected at 3.55 ppm in *H NMR spectra. In 3C NMR spectrum, the chemical shifts at
71.3,77.8,70.8,65.2 and 99.9 ppm were related to C-5, C-4, C-3, C-2 and C-1 of carbon
backbone of D-galacturonic unit, respectively. Peak shift at 175.4 and 168.9 ppm
represent the C6 and C=0 of D-galacturonic unit, respectively (Alba et al., 2015).
Similar chemical shifts were reported by ultrasound method, extracted pectin from
citrus peels (Kim et al., 2004), apple peels (Zhang et al., 2013) and tomato (Grassino et
al., 2016). *H and *C NMR spectra revealed that the EOP contains esterified D-

galacturonic acid units in the polysaccharide chain.

TH-2259 136106031



Chapter 6 231

>

90

80

Transmittance (%T)

70 -

L) L) L] T
4000 3000 2000 1000 o
Wave number (Cm-1)

HDO
H-2
i
H13
H-1 i
' H-4 i
|
' H-S "' il
N M - L
§ N N
A AL i p
C 2582 5% %¥x %3 W 2
” RS 2% 52 s
AV I |
X
o
o
Q o
Y = o
(&)
o)

7 (pom)

Fig. 6.10 A) FT-IR analysis of EOP, B) *H-NMR spectrum of EOP and C) *C-NMR
spectrum of EOP
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6.3.12 TGA and DSC analysis of EOP

The thermal degradation temperature and phase shift of EOP was analyzed by
TGA-DSC thermal analyzer. Differential Thermogravimetric Analysis (DTG) was
obtained from TGA graph (Fig. 6.11A). TGA and DTG curves showed the weight loss
with respect to the increase in temperature. TGA of EOP curve is shown in the
temperatures range, 25-900°C. The TGA curve showed significant changes in four
temperature ranges (25-110°C, 110-280°C, 280-700°C and 700-900°C). The initial
small change in weight loss (8%) occurred at 100-110°C, due to the heat water molecule
from EOP was vaporized. The second stage, in temperature range, at 110-280°C, weight
was drastically reduced from 8% to 54%, due to pyrolysis of the EOP polymer. In the
third stage, the temperature range, 280-700°C, weight of EOP further decreased from
54% to 20% observed. In the final stage, in temperature range, 700-900°C, the weight
loss of EOP was reduced from 20% to 12%, which is approximately, 0.75 mg of final
residue as black color ash after the completion of experiment. Similar pattern was also
observed in DTG curve and the degradation temperature was 225°C. Einhorn-Stoll et
al., (2009) reported DTG of 250°C for citrus pectin, which similar to the EOP of present
study.

The DSC analysis of EOP showed change of heat flow in system. The change
glass transition state at 100°C, which is due to the initial stabilizing of EOP (Fig. 6.11B).
The thermal scan of EOP showed a sudden decrease in curve at 200°C, signifying the
occurrence of endothermic reaction. It could be due to loss of bound water molecule
from the EOP polymer. However, the overall reaction was inferred to be exothermic in
nature, by a continuous and gradual increase in curve. A careful observation of peak at

225°C also supports the semi-crystalline nature of EOP. Further, the EOP releases more
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energy as form of exothermic reaction until end of the process. Einhorn-Stoll et al.,

(2007) explained similar pattern of endothermic and exothermic reactions using alkaline

treated modified orange pectin.
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Fig. 6.11 A) TGA-DTG analysis of EOP and B) DSC analysis of EOP.
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6.3.13 X-ray powder diffraction analysis of EOP

The XRD pattern of EOP was recorded by X-ray diffractometer. XRD analysis
provides information on crystalline or amorphous form of the EOP pectin (Fig. 6.12).
The XRD pattern of EOP pectin showed the intense sharp peaks at 13.9, 14.2, 17.2,
18.0,19.4, 21.4, 22.0, 24.0, 27.2, 29.1, 31.3 and 36° (20) which are due to crystallinity
of pectin polymer (Fig. 6.12). The Crystallinity Index (Crl) of EOP was 83%. The
angles after 50° showed no significant peaks which indicated EOP also has the
amorphous nature (Fig. 6.12). Therefore, the EOP had both crystalline and amorphous
nature form in its structure. The results corroborated with the XRD result of pectin

extracted by UAE method from Citrus aurantium (Hosseini et al., 2019).
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Fig. 6.12 XRD analysis of extracted orange pectin (EOP).
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6.3.14 Enzyme activity assay against EOP

The enzyme activities of pectate lyase (CtPL1B) and pectin methylesterase
(CtPME) activity against EOP were 6.9 U/mg and 9.5 U/mg, respectively. The EOP
was also treated with mixture of CtPME and CtPL1B enzymes. The pectate lyase and
pectin methylesterase activities of the mixture against EOP were 9.7 U/mg and 9.5
U/mg, respectively (Table 6.2). The individually used pectate lyase activity gave 6.9
U/mg whereas the same enzyme when used in combination with pectin methylesterase
gave 9.7 U/mg, however there was no change in the of pectin methylesterase. This
clearly showed 40% increase in the activity of CtPL1B in the presence of CtPME
displaying lucidly that CtPME removed the methyl groups from EOP thereby making
it more accessible to CtPL1B for de-polymerization. Thus, the combination of these two

enzymes can be beneficial for applications in food and beverage industry.

Table 6.2 Enzyme activity against EOP.

Enzyme Pectate lyase activity ~ Pectin methylesterase
(U/mg)* activity (U/mg) ¥

CtPL1B (7 pg/ml) 6.9+0.3 ND

CtPME (8 ug/ml) ND 9.5+0.2

CtPME (8 pg/ml) and CtPL1B (7 pg/ml) 9.7+0.1 9.5+0.2

*Values are in mean + SD (n = 3).
ND- No activity determined.

6.3.15 TLC, HPLC and ESI-MS analysis of lysed products of EOP
The TLC analysis results of lysed products of EOP released by CtPME, CtPL1B

or mixture of CtPME and CtPL1B is shown in Fig. 6.13. CtPME did not show any lysed
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product, while CtPL1B alone or mixture of CtPME and CtPL1B showed the presence
of mono-galacturonate (DP1), unsaturated di-galacturonate (DP2) and unsaturated tri-
galacturonate (DP3) (Fig. 6.13A and & 6.13B). The unsaturated di-galacturonate and
tri-galacturonate were the major components produced in 12h. The lyophilized POS
products of EOP by enzymes (CtPL1B or CtPME and CtPL1B) were analysed. CtPL1B
treated EOP showed POS with DP1, DP2 and DP3 giving retention time of 13.9, 12.5
and 11.8 min, respectively (Fig. 6.13C). The enzyme mixture of CtPME and CtPL1B
treated EOP showed POS with DP1, DP2 and DP3, giving retention time of 14.4, 13.1
and 12.3 min, respectively (Fig. 6.13D). The retention time of the standards viz. mono
galacturonate, di-galacturonate and tri-galacturonate were 14.3, 13.0 and 12.1 min,
respectively. The retention time of POS from CtPL1B were different from the POS
obtained from mixture of CtPME and CtPL1B was due to the methylation of unsaturated
galacturonates in the case of CtPL1B.

The molecular mass and degree of polymerization (DP) of POS from enzyme
lysed EOP was also analyzed by ESI-MS. ESI-MS analysis of CtPL1B lysed EOP
showed peaks at m/z 198, m/z 383 and m/z 558 corresponding to mono galacturonate
(DP1+ Na®) with additive of Na" ion, unsaturated methyl-esterified di-galacturonate
(DP2+Me) and unsaturated methyl-esterified tri-galacturonate (DP3+Me+H"),
respectively (Fig. 6.13E). ESI-MS analysis of POS produced from lysed EOP by
mixture of CtPME and CtPL1B enzymes showed peaks at m/z 175, m/z 374 and m/z 551
corresponding to monogalacturonate (DP1+ H™) with additive of H* ion, unsaturated di-
galacturonate (DP2+ Na* + H*) and unsaturated tri-galacturonate (DP3 + Na* + 3H™)
with additive of Na"and H* ions (Fig. 6.13F). Chakraborty et al., (2018) also reported

unsaturated di- and tri-galacturonate released from extracted pectin Citrus Limetta using
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CtPL1B hydrolysis. The action of CtPME on EOP removed the methyl groups from
EOP and produced the pectic polysaccharide (PP), which is a linear pectate. The
CtPL1B lysed EOP called methylated pectate oligosaccharides (mPOS) because its DP2
and DP3 are methylated. However, EOP lyzed by mixture of CtPME and CtPL1B
released non-methylated oligosaccharides called pectate oligosaccharides (POS).
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Fig. 6.13 TLC analysis of A) EOP treated by CtPL1B Lane 1 and 2 (1:2 dilution), B)
EOP treated by CtPL1B and CtPME. Lanes 1 and 2 (1:2 dilution); S1 -mono-
, S2 -Di- and S3 -Tri-D-galacturonic acids. HPLC analysis of C) EOP treated
by CtPL1B (mPQS), D) EOP treated by CtPME and CtPL1B (POS) and ESI-
MS analysis of EOP degradation products by E) CtPL1B (mPOS) and F)
CtPL1B and CtPME (POS).
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6.3.16 Biocompatibility and Anticancer activity assay of PP, POS and mPOS

The effect of PP, POS and mPQOS on the proliferation of HEK293 and HT29
cells was examined. The proliferation of HEK293 cells was not affected by the
treatment of different concentrations (0.1 mg/ml to 1 mg/ml) of PP, POS and mPOS
(Fig. 6.14) and showed cell viability in the range of 95-98% even after 48h. The
microscopic analysis also showed that the morphology of HEK?293 cells is not changed
in the presence of PP, POS and mPOS (Fig. 6.14) clearly indicating that PP, POS and
mPOS are biocompatible with human cells. The effect of PP, POS and mPOS was also
examined for anticancer activity against HT29 cells. All of them reduced the
proliferation rate of HT29 cells. PP, POS and mPOS showed reduced proliferation of
HT29 cells by 18.4, 12 and 28.4%, respectively, in 24 h, while the 48 h treatment
depicted higher reduction in proliferation, 22, 44.7 and 51.5%, respectively, of HT29
cells (Fig. 6.14). mPOS showed the maximum reduction of proliferation of HT29 cells
as compared to POS or PP. Pectic oligosaccharide from tomato and swallow root also
showed anticancer potential on a gastric cancer cell line by arresting of galectin-3
activity (Kapoor, & Dharmesh, 2017; Mallikarjuna, & Dharmesh, 2018). The role of
POS is blocking the transcription factors mediated blockade of galectin-3 signaling
cascade, which involves the down-regulation of galectin-3 gene (Zhang et al., 2016,
Zhang et al., 2017). Metastasis is a necessary event for cancer cell survival, which
involve several steps, such as increased cell-cell recognition, cell adhesion, cell
invasion, proliferation and anti-apoptosis (Martin et al., 2000). Our study showed the
presence of methyl group decorated on the pectic oligosaccharides showed reduction in
HT29 cell proliferation. Microscopic analysis also showed that the presence of PP, POS

and mPOS converted the undifferentiated HT29 cells into differentiated cells having
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adenocarcinoma) cells (Li et al.,

shrunk globular shape (Fig. 6.14). The mPOS displayed more differentiated and
shrinkage of HT29 cells as compared to PP or POS. POS (2 mg/ml) produced from
LMP1 and LMP2 from citrus showed anti-proliferative activity against MCF-7 cells,
giving the inhibition 52% and 44%, respectively (Li etal., 2019). PP from citrus canning

processing water showed 30% of antiproliferation MCF-7 (human breast

pectic oligosaccharides have the potential anticancer activity.
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Fig. 6.14 MTT assay of normal HEK293 and cancer HT29 cells after treatment with 0.1-

2019). This study also showed that the methylated

1.0 mg/ml of mPOS produced by CtPL1B, POS produced by Mixture
(CtPL1B+CtPME) and PP produced by CtPME. Morphological analysis of
HEK293 and of HT29 cells after treatment of 0.1-1.0 mg/ml of mPOS produced
by CtPL1B, POS produced by Mixture (CtPL1B+CtPME) and PP produced by

CtPME.
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6.4 Conclusions

The pectin polysaccharide was extracted by UAE method from orange peels
(Citrus reticulate). The yield of extracted orange pectin (EOP) obtained was 23.3%.
FESEM analysis of UAE treated orange peel powder (OPP) showed more structural
destabilization and porosity as compared with untreated OPP, which was also confirmed
by BET analysis. FTIR spectrum showed the increased intensities of O-H, C=C and
HC=0 in UAE treated OPP as compared to untreated OPP displaying the disruption.
These results showed that the UAE treatment is efficient and suitable for EOP
extraction. The surface topology of EOP was globular particle like and wrinkled as
shown by FESEM. The AFM depicted its fibrous and net-like structure. HPSEC
analysis of EOP exhibited the molecular mass of 92.3 kDa. DLS analysis showed the
average hydrodynamic diameter of 329.3 nm of EOP. FTIR and NMR spectra showed
that EOP contains esterified D-galacturonic acid units. The degree of esterification of
EOP was 68% as confirmed by FTIR. TGA-DTG showed the thermal degradation
temperature of EOP to be 225°C and XRD analysis showed its semi-crystalline nature.
CtPL1B displayed 40% enhanced activity against EOP in the presence of CtPME. The
TLC analysis of lysed products of EOP released by CtPL1B were majorly DP2 & DP3,
which are methylated pectic oligosaccharides (mPOS) and by mixture of CtPME and
CtPL1B, were non methylated pectic oligosaccharides (POS), which were confirmed
by HPLC and ESI-MS. CtPME hydrolysed the EOP and gave only the pectic
polysaccharide (PP) and not POS. The effects of PP, POS and mPOS on proliferation
of HEK293 and HT29 were studied. The proliferation of HEK293 cells was not affected
even after 48 h in all the three case and the microscopic observation also showed no

change in the cell morphology as compared with the untreated cells. All of them showed
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reduced proliferation of HT29 cells, however, mPOS displayed maximum (51%)
reduction of proliferation of HT29 cells as compared to POS or PP. The microscopic
observation of mPOS treated HT29 cells revealed the reduced connection between the
cells and change in cell morphology from undifferentiated to shrunk globular shape.
The results displayed that mPOS, POS and PP are biocompatible and display anticancer
properties. Therefore, these products generated from waste can be used for functional
food applications for enriching their nutritional values. The orange peel, which is

considered as waste can serve as source for potential healthcare products.
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Abbreviations
UAE- Ultrasound Assisted Extraction
OPP- Orange Peel Powder
EOP- Extracted Orange Pectin
DE- Degree of Esterification
FESEM-Field Emission Scanning Electron Microscopy
BET-Brunauer—Emmett—Teller
FTIR-Fourier Transform Infrared Spectroscopy
FESEM-EDX-Field Emission Scanning Electron Microscopy-Energy-dispersive
X-ray spectroscopic
HPLC-High Performance Liquid Chromatography
HPSEC-High-performance size exclusion chromatography
NMR-Nuclear magnetic resonance
DLS-Dynamic Light Scattering
TGA-Thermal Gravimetric Analysis
DTG- DSC-Differential Scanning Calorimetry
XRD-X-ray powder Diffraction
AFM-Atomic Force Microscopy
TLC-Thin Layer chromatography
ESI-MS-Electron Spray lonization-Mass spectroscopy
POS-Pectic Oligosaccharides
PP-Pectic Polysaccharide
CtPME-Recombinant Pectin Methylesterase

CtPL1B- Recombinant Pectate Lyase
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FUTURE PROSPECTS

Pectin methyl esterase (CtPME) from Clostridium thermocellum characterized
in this study displayed highest activity towards highly methyl esterified pectin
polysaccharides. Owing to this fact, CtPME can be used in various industrial processes
involving degradation of pectin polysaccharides along with other pectinases such as
clarification of fruit juice, stability of wine, degumming of plant fibers, extraction of
citrus oils, bioscouring of cotton fabric etc.

CtPME can be potential candidate for use in industrial operations. It can be used
in combination with pectate lyase for degumming of jute and bioscouring of cotton
fabric on large scale. CtPME can be also with other pectinolytic enzymes like
polygalacturonase and rhamnogalacturonan lyase for complete degradation of complex
pectins for generation of value added products.

Pectin is the first layer of defense in plant cell wall. Therefore, CtPME in
combination with pectinolytic enzymes can be used prior to the pretreatment of
hemicellulosic biomass that may provide improved yields of saccharification process.
The immobilization of CtPME on a suitable matrix can be useful for efficient reuse of
the enzyme with enhanced thermostability and activity. This will also help in large-
scale textile and food industry applications.

Pectic oligosaccharides has been identified as a potent inhibitor for colon cancer
cells, hence it can be further used for targeted delivery to specific cancer cells by ligand-
receptor interaction. This may increase the bioavailability of the pectic oligosaccharides
and show reduction towards cancer cell proliferation. The extracted pectin from waste
may also find potential polymer applications in tissue engineering and nano-material

applications.
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