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Synopsis

SYNOPSIS

Introduction

The increasing concerns regarding the depletion of fossil fuels and the
environmental impact associated with their combustion have intensified the global
pursuit of sustainable alternatives. Among the viable renewable resources,
lignocellulosic biomass (LCB) has emerged as a pivotal candidate for the establishment
of a green bioeconomy. LCB, composed of cellulose, hemicellulose and lignin, forms
the structural framework of plant cell walls and is abundantly available from agricultural
residues, forestry byproducts and energy crops (Saini et al., 2015; Mankar et al., 2021).
Within LCB, hemicellulose and particularly its major component xylan, holds
substantial promise due to its high abundance and the presence of fermentable sugars
such as D-xylose. Xylan is a structurally complex heteropolymer characterized by S-
1,4-linked xylose backbone and diverse side-chain substitutions, including
arabinofuranosyl, glucuronic acid and acetyl groups (Razeq et al., 2017; Sohail et al.,
2022). These structural features impart functional resilience to plant materials but also
contribute to the recalcitrance of biomass toward enzymatic hydrolysis, necessitating
the action of specialized enzyme systems.

The deconstruction of xylan involves a consortium of carbohydrate-active
enzymes (CAZymes), that synergistically degrade the polymer into oligosaccharides
and ultimately into xylose monomers (Henrissat et al., 1991; Drula et al., 2022). Among

those, endo-4-1,4-xylanases, S-xylosidases, a-glucuronidases and arabinofuranosidases
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play integral roles in cleaving the xylan backbone and removing the side groups,
respectively (Choudhury et al., 2024). Endo-$-1,4-xylanases function on the xylan
backbone by randomly cleaving at internal locations on S-1,4-glycosidic connections
between xylopyranosyl residues and releasing a variety of products, such as xylobiose,
xylotriose, xylotetraose, longer and/or branched xylo-oligomers (Bharadwaj et al.,
2019). Among all the different classes of CAZy enzymes, GH30 family of glycoside
hydrolases consists of both hemicellulose and cellulose degrading enzymes. It adopts a
(Bla)s-barrel (TIM barrel) fold in their catalytic domain, featuring two conserved
glutamic acid residues that mediate catalysis through a retaining double-displacement
mechanism (St. John et al., 2010; Linares-Pastén et al., 2018). The enzymes under GH30
family are further divided into multiple subfamilies, with GH30_8 primarily comprising
bacterial endo-xylanases that recognize glucuronic acid-substituted xylans. The
structural complexity of these enzymes includes auxiliary carbohydrate-binding
modules (e.g., CBM6 or CBM13), which facilitate substrate recognition and binding
(Crooks et al., 2020; Biely et al., 2016).

Till date, a number of bacterial GH30 8 endo-xylanases have already been
characterized. For example, BsXynC from Bacillus subtilis showed optimal activity at
65°C and pH 6.0, releasing methylglucuronate-substituted oligosaccharides from
glucuronoxylan (St. John et al.,, 2006). EcXyn30A from Erwinia chrysanthemi
displayed endoxylanase hydrolytic activity (Hurlbert et al., 2001). Other characterized
GH30_8 enzymes include Xyn30D from Paenibacillus barcinonensis (Valenzuela et
al., 2012), CpXyn30A from Clostridium papyrosolvens (St. John et al., 2014) and

viii
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CaXyn30A from Clostridium acetobutylicum (St. John et al., 2018), each demonstrating
endoxylanase activity but at different optimized conditions. Notably, fungal GH30
enzymes like TtXyn30A and TcXyn30C also contribute to endoxylanase activity along
with broad pH stability and high catalytic activity on xylan polysaccharides (Suchova et
al., 2021; Nakamichi et al., 2019). The GH30 endo-xylanases are involved in different
industrial applications like production of xylo-oligosaccharides (XOS) as anti-oxidants
and for preparing cosmetic and nutraceuticals (Valls et al., 2018, Zerva et al., 2020),
degradation of biomass waste for biofuel production (Rogowski et al., 2015),
detoxification of animal feedstock (da Costa et al., 2019), fruit juice and brewing
process (Bhardwaj et al., 2019, Liu et al., 2018), deinking of waste papers (Yang et al.,
2023) and many more.

Among microbial sources, Acetivibrio clariflavus DSM 19732 stands out as a
prolific producer of thermostable xylanolytic enzymes. This thermophilic and anaerobic
bacterium, initially isolated from anaerobic sludge, is phylogenetically close to
Clostridium thermocellum and is known to harbor both cell-free and cell-bound
cellulosomes (lzquierdo et al., 2012; Shiratori et al., 2009). Its genome encodes an
extensive array of 72 glycoside hydrolases, including a diverse collection of xylanases
from GH families 10, 11, 30, 39, 43, 51, 67 and 74. Comparative genomics revealed that
A. clariflavus has a greater diversity and abundance of xylanolytic enzymes than C.
thermocellum, especially in the ability to completely degrade xylan to xylose, rather

than stopping at xylo-oligomers (lzquierdo et al., 2012). This property makes it a
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valuable candidate for biotechnological applications that require efficient hemicellulose
deconstruction under high-temperature conditions.

A gene (GenBank accession no. AEV69300.1 and gene locus Clocl_2746)
encoding a glycoside hydrolase family 30 (GH30) enzyme from Acetivibrio clariflavus
was identified and designated as AcXyn30B_12. AcXyn30B_12 is an endo-$-1,4-
xylanase enzyme that belongs to GH30_12 subfamily and is predicted to be part of the
cellulosomal complex of A. clariflavus. In the present study, the gene encoding
AcXyn30B_12 containing GH30 catalytic module, a carbohydrate-binding module 6
(CBM6) and a dockerin | domain was cloned, expressed and biochemically
characterized (Fig. 1). Additionally, its 3D structure and functional dynamics were
elucidated through in-silico modeling, small-angle X-ray scattering (SAXS) and
dynamic light scattering (DLS) analyses, offering insights into its active-site
architecture and conformational behavior in solution. The practical utility of
AcXyn30B_12 was further assessed by evaluating its enzymatic deinking potential on
different waste paper types (newspaper and notebook paper) under optimized reaction
conditions, demonstrating its applicability as a green alternative to chemical-based

waste paper deinking processes.
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f Xyn30B_12 —
27 440 592 671
SP Xyn30Bc CBM6 Docl
1 29 471 606 673
Cloning of gene encoding
AcXyn30B_12 in pET-28a(+) vector
9 420 572 651
Xyn30Bc CBM6 Docl
1 451 586 653
— AcXyn30B_12 |

Fig. 1. Molecular architecture of AcXyn30B_12, developed by using DOG 2.0 software.
The amino acid sequence of AcXyn30B 12 consists of 4 major domain
sequences: (i) N-terminal signal peptide (residues 1-27, in pink color),

(ii) catalytic module, Xyn30Bc (residues 29-440, in cyan color), (iii) family 6
carbohydrate binding module, CBM6 (residues 471-592, in green color) and
(iv) C-terminal Type | dockerin domain, Docl (residues 606-671, in purple

color).

Present work

The present work entitled as “Structure and functional analysis of a

recombinant endo-B-1,4-xylanase (AcXyn30B_12) from Acetivibrio clariflavus

DSM 19732 and its application in deinking of waste papers.” has been divided into

5 chapters.

Chapter 1 provides an in-depth overview of lignocellulosic biomass (LCB) as

a renewable and sustainable resource with high potential for biofuel and bio-based

chemical production. It discusses the structural organization of LCB, comprising

cellulose, hemicellulose and lignin and highlights the role of hemicellulose, especially

xylan, as a major source of fermentable pentose sugars. The various structural forms of

xylan, such as arabinoxylan, glucuronoxylan and glucuronoarabinoxylan, are described
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in detail along with their sources and complexity. The chapter introduces Carbohydrate-
Active Enzymes (CAZymes), including glycoside hydrolases (GHs) and discusses the
classification, mechanism of action and structural features of different enzymes under
the GH30 family. In this chapter, emphasis is placed on endo-4-1,4-xylanases from
GH30, their catalytic architecture (TIM barrel like structure), retaining mechanism of
hydrolysis and industrial relevance. The potential of thermophilic bacterium Acetivibrio
clariflavus DSM 19732, known for its complex cellulosome and high diversity of
xylanases, is highlighted. The chapter concludes with the rationale and objectives of
studying the GH30_12 enzyme AcXyn30B_12 from A. clariflavus, focusing on its
characterization and application in waste paper deinking processes.

Chapter 2 describes the molecular cloning and expression of the gene (GenBank
Accession No. AEV69300.1 and gene locus Clocl_2746) encoding endo-4-1,4-xylanase
of GH30 family (AcXyn30B_12) from Acetivibrio clariflavus DSM 19732. Molecular
architecture revealed that the full-length gene encoding AcXyn30B_12 contains a total
of 673 amino acid residues and an N-terminal signal peptide, followed by a catalytic
module, Xyn30Bc, CBM6 a C-terminal Type | dockerin domain, Docl. PCR
amplification of the gene yielded a product approximately, 1.9kb in size. The amplified
fragment was digested with restriction enzymes (Nhel-Xhol) and ligated to the
linearized pET-28a(+) expression vector. Upon transformation of ligated product using
E. coli DH5a competent cells, positive clones harbouring the recombinant plasmid were
verified via restriction digestion using enzymes, Nhel and Xhol, which produced DNA
bands of ~5.3 kb (vector) and ~1.9 kb (insert) as analysed by agarose gel electrophoresis

Xii
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analysis. The confirmed recombinant plasmid was subsequently introduced into E. coli
BL21 (DE3) cells for protein expression. The recombinant AcXyn30B_12 protein was
expressed showing a band corresponding to molecular size, ~74 kDa as confirmed by
SDS-PAGE analysis, which was corroborated with its theoretically known molecular
mass (75 kDa). The optimum concentration of IPTG for expression of AcXyn30B_12
obtained was 1.0 mM and the optimum induction temperature determined for protein
expression was 24°C.

Chapter 3 outlines the purification and functional characterization of the
recombinant protein, AcXyn30B_12. The protein was purified using Ni-NTA affinity
chromatography, followed by size-exclusion chromatography which displayed a
molecular size of ~74 kDa. It displays optimal activity at pH 5.5 and 70°C.
AcXyn30B_12 exhibited broad substrate specificity, with the highest catalytic
efficiency against partially acetylated birchwood xylan (PABX), yielding a Vmax of
133.3 U/mg and a Km of 0.9 mg/mL. AcXyn30B_12 activity was enhanced by Ca?* (10
%) and Mg?* (7.3 %) ions. The enzyme also showed notable thermostability maintaining
activity up to 60°C and pH tolerance within a pH range of 4.5-8.0 which makes it highly
advantageous for industrial processes that demand robust enzymes capable of operating
under harsh conditions. Time-course hydrolysis experiments revealed the ability of
AcXyn30B_12 to release a variety of xylo-oligosaccharides (from xylopentaose to
xylobiose) and xylose from PABX, confirming both its endo and exo- acting
mechanisms. Additionally, AcXyn30B_12 effectively degraded lignocellulosic
biomass, releasing significant amounts of xylo-oligosaccharides and xylose from

Xii
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complex substrates which can be harnessed for diverse industrial purposes, including
the production of biofuels, prebiotic oligosaccharides and other sustainable products.
This study also demonstrated the synergistic action of AcCGH30A and AcXyn30B_12 in
complex carbohydrate hydrolysis, with AcXyn30B_12 generating the non-reducing
ends that serve as substrates for AcCGH30A. This cooperative activity highlights their
potential for improving the efficiency of lignocellulosic biomass conversion, making

them valuable assets in biofuel production and other biotechnological applications.

Chapter 4 focuses on the structural analysis of AcXyn30B_12 using
computational and biophysical techniques. The sequence analysis of the cloned gene
encoding AcXyn30B_12 along with pET-28a(+) vector sequence including N-terminal
His6 tag revealed a total of 653 amino acids giving its molecular weight, 73.5 kDa and
the isoelectric point of 4.79. Glul51 and Glu259 were the catalytic residues that were
found to be conserved on multiple sequence alignment and superimposition with its
homologous protein sequences. The distance between these catalytic residues was found
to be 5.5 A which revealed the retaining-type mechanism of hydrolysis followed by
AcXyn30B_12. Circular dichroism analysis of AcXyn30B_12 showed 26.2% a-helices
and 28.1% p-strands, corroborating with predictions from PSIPRED and SOPMA
servers. 3D modelled structure of AcXyn30B_12 by Alphafold2 was the best showing
99.8% of amino acid residues in favorable region and only 0.2% in disallowed region
of Ramachandran plot. The 3D model structure of AcXyn30B_12 showed the presence
of (Bla)s barrel and an associated a ‘side-f structure’, which is a characteristic feature

of glycoside hydrolase family 30 (GH30) proteins. This structural arrangement aligns

Xiv
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with known features of GH30 enzymes, supporting its classification within this family.
Molecular docking revealed the highest affinity of amino acids of catalytic cleft of
AcXyn30B_12 with xylotriose (-11.2 kcal/mol). MD simulation analyses of both
unbound AcXyn30B_12 and docked AcXyn30B_12-xylotriose complex, revealed that
the docked complex had low RMSD value, lower fluctuation and lower flexibility at
loop region (by RMSF value), lower surface area accessible on ligand binding (by SASA
value) and higher compactness (by Rq value) as compared with unbound AcXyn30B_12.
These results suggest that xylotriose binding induces structural stabilization in
AcXyn30B 12, enhancing its rigidity and reducing flexibility, particularly in
catalytically relevant regions. The Rq value of 3.9 nm found by MD simulation for
unbound AcXyn30B_12 was similar with the results of SAXS and DLS. Small angle X-
ray scattering (SAXS) analysis of AcXyn30B_12 confirmed the polydisperse and
elongated structure of AcXyn30B_12 at 3 mg/mL and 5 mg/mL concentrations. Dummy
atom model analysis of AcXyn30B_12 revealed monomeric form at 3 mg/mL and
dimeric form at 5 mg/mL. Dynamic light scattering (DLS) analysis of AcXyn30B_12
confirmed the polydisperse nature at all concentrations (1, 3 and 5 mg/mL) and Rn
values of 4.2 nm, 4.5 nmand 5.3 nm at 1, 3 and 5 mg/mL, respectively, matching the Rg
results from SAXS analysis. A lower zeta potential of -4.0 mV at 5 mg/mL compared to -
10.5 mV at 3 mg/mL indicated protein aggregation and dimerization at higher
concentration which makes the enzyme valuable for production of different value-added

products like prebiotics and biofuel.
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Chapter 5 explores the application of purified GH30 family endo-4-1,4-
xylanase (AcXyn30B_12) from Acetivibrio clariflavus DSM 19732 for the enzymatic
deinking of waste papers viz. newspaper (NEPW) and notebook paper (NOPW). Among
different types of waste papers analyzed, newspaper (NEPW) and notebook paper
(NOPW) were selected based on their relatively high hemicellulose and low lignin
content, making them suitable substrates for enzymatic deinking. Statistical
optimization using response surface methodology (RSM) identified the ideal deinking
conditions for both 5.0% (w/v) NEPW and NOPW with enzyme (AcXyn30B_12)
loadings of 46.4 U/g and 58.6 U/g, respectively in 10 mL reaction mixture at 70°C for
90 min. Under these optimized conditions, AcXyn30B_12 achieved deinking
efficiencies of 81.3% for NEPW and 77.2% for NOPW at 10 mL reaction scale, as
determined by ERIC measurements. The deinking efficiency results obtained for
AcXyn30B_12 were comparable to that of NaOH treated papers (87.3% for NEPW and
87.7% for NOPW) at 10 mL reaction scale. Although higher deinking efficiency was
seen for NaOH treated papers, AcXyn30B_12 deinking preserved paper better than that
of NaOH (68% (w/w) for NEPW and 72% (w/w) for NOPW), with 78% (w/w) recovery
for NEPW and 76% (w/w) for NOPW indicating the retention of fiber integrity making
it more suitable for paper recycling. At higher reaction volumes (20 mL and 50 mL),
AcXyn30B_12 maintained consistent deinking efficiencies (79.0% for NEPW and
72.1% for NOPW) and biomass recovery (77% (w/w) for NEPW and 76% (w/w) for
NOPW), demonstrating its scalability and suitability for large-scale deinking

applications. Structural analysis revealed that AcXyn30B_12 treatment increased the
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crystallinity index to 58.8% (NEPW) and 63.4% (NOPW), with corresponding increases
in their apparent crystallite size (17.7% for NEPW and 22.8% for NOPW). ATR-FTIR
analysis revealed that AcXyn30B_12 treatment significantly reduced the intensity of
characteristic ink peaks (3025-3060 cm™ for aromatic C-H and 1315 cm™! for -OH in
hemicellulose), confirming effective removal of ink and targeted hemicellulose
hydrolysis, higher than that of crude enzyme and NaOH pretreated papers. FESEM
imaging showed that AcXyn30B_12 treated fibers were more fragmented and exposed
compared to untreated and crude enzyme-treated papers and comparable to that of
NaOH treated papers. AcXyn30B_12 significantly improved deinked paper brightness
up to 75.3% for NEPW and 48.0% for NOPW, representing 12.4% and 26.3% increases,
respectively, over untreated samples. Water absorptivity (Cobb value) increased to 28.1
g/m2 (NEPW) and 14.9 g/m? (NOPW) in case of AcXyn30B_12 as compared to that of
NaOH (35.6% g/m? for NEPW and 24.6% g/m? for NOPW) showing higher fiber
strength retention in papers deinked by AcXyn30B_12. The total reducing sugar (TRS)
content in the effluent reached 1.8 mg/g for NEPW and 2.3 mg/g for NOPW with
AcXyn30B_12, which was highest among all treatments, indicating superior xylan
degradation. In contrast, the TRS released by NaOH was just 0.3 mg/g (NEPW) and
0.2 mg/g (NOPW). Effluent analysis showed AcXyn30B_12 generated lower Total
Dissolved Solids (TDS: 10.0 mg/L NEPW, 8.5 mg/L NOPW) and Total Suspended
Solids (TSS: 3.0 mg/L NEPW, 3.5 mg/L NOPW) compared to NaOH (TDS of 13.0
mg/L in NEPW and 10.5 mg/mL in NOPW; TSS of 4.5 mg/L in NEPW and 5.5 mg/mL

in NOPW), demonstrating its eco-friendly nature. These results together conclude that
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AcXyn30B_12 effectively removes ink, enhances fiber properties and produces
environmentally effluent, making it an efficient and sustainable biocatalyst for waste

paper recycling.
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Chapter 1

General Introduction

1.1. Lignocellulosic biomass towards a green bioeconomy

Different non-renewable sources of energy like coal, petroleum products and
natural gas have been extensively used since the Industrial Revolution for the socio-
economic development of nations. However, excessive reliance on these fossil fuels is
a primary driver of climate change due to the massive emission of greenhouse gases
like CO2, CH4 and N-O, leading to global warming and environmental degradation
(IPCC, 2021). Consequently, there is an urgent need to explore renewable,
biodegradable and eco-friendly energy sources to build a sustainable and green future.
Bioethanol is one such promising renewable energy source that can be produced from
plant-derived lignocellulosic biomass or in short LCB (Saini et al. 2015). Its
availability from agricultural residues such as maize cobs, rice straw, sugarcane
bagasse and pear pomace make it a cost-effective and sustainable feedstock (Saini et
al. 2015; Kumar et al., 2009). LCB consists mainly of three polymers viz., cellulose,
hemicellulose and lignin, that offers an abundant source of fermentable carbohydrates.
Among these three polymers, hemicellulose is the second most abundant and holds
great potential for producing bio-based fuels and chemicals. It is rich in pentose sugars,

primarily xylose, which can be converted into bioethanol through genetically
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engineered microbial platforms (Qaseem et al., 2021). The integration of metabolic
engineering and synthetic biology has significantly improved xylose fermentation

efficiency, expanding hemicellulose's role in the bio-based industry (Kim et al., 2019).

In addition to bioethanol, value-added chemicals such as furfural and 5-
hydroxymethylfurfural (HMF) can be derived from hemicellulose, offering eco-
friendly alternatives to petroleum-based industrial chemicals (Bozell & Petersen,
2010). These developments align with the concept of a bioeconomy, which emphasizes
the use of biological resources to produce energy, materials and chemicals sustainably
(European Commission, 2018). Thus, valorization of lignocellulosic biomass
represents a pivotal strategy for reducing fossil fuel dependence, minimizing
environmental pollution and advancing toward a circular and sustainable bioeconomy.

1.2. Lignocellulosic biomass

Lignocellulosic biomass (LCB), a major renewable resource, can be derived
from a wide variety of agricultural residues and forest-based debris. It constitutes the
dry, fibrous part of plants and is primarily composed of three major structural polymers
arranged in a complex hetero-matrix: cellulose (35-50%), hemicellulose (20-35%) and
lignin (5-30%) (Mankar et al., 2021; Yousuf et al., 2020), as illustrated in Fig. 1.1
(Waise et al., 2024). However, the exact proportion of cellulose, hemicellulose, and
lignin can vary significantly depending on the type of biomass feedstock and its origin.
These components form a rigid and recalcitrant matrix, making the biomass resistant
to degradation, which is a key challenge in its bioconversion. LCB can be sourced from
arange of materials, including hardwoods, softwoods, grasses and agricultural residues
such as crop stalks, husks and shells (Mankar et al., 2021). Among these, forestlands

and global plantation areas represent vast, sustainable reservoirs of woody
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biomass, which is one of the most abundant types of lignocellulosic feedstock available
worldwide. Woody biomass is typically categorized into two types, hardwood and
softwood, which differ not only in anatomical features but also in their lignocellulosic
composition and physical properties (Alvarez et al., 2016). Hardwoods generally have
higher cellulose and lower lignin content as compared to the softwoods, making them
somewhat more amenable to bioprocessing and enzymatic hydrolysis. Overall, the
diversity and abundance of lignocellulosic feedstocks provide a robust foundation for
developing sustainable and large-scale bio-based processes such as bioethanol

production, biogas generation, paper recycling and bioplastic synthesis.

Lignin

‘‘‘‘‘

» ».': O ST 5 Hemi(‘ellulose

.......

Cellulose

Biomass Source

Lignocellulose

Fig. 1.1. Structure of lignocellulosic matrix along with its major components,
cellulose, hemicellulose and lignin (Waise et al., 2024).

1.2.1. Hemicellulose

Hemicellulose is the second largest component of LCB after cellulose (Kumar
et al., 2025). Hemicellulose plays a crucial structural role in lignocellulosic biomass
by acting as a linkage between cellulose and lignin components, thereby contributing
to the rigidity and integrity of the plant cell wall (Mankar et al., 2021). It is composed
of various types of mono saccharides, including hexoses such as a-D-galactose, p-D-

mannose and S-D-glucose; pentoses like p-D-xylose and a-L-arabinose and uronic
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acids such as a-D-glucuronic acid and a-D-galacturonic acid. Structurally,
hemicellulose is a branched heteropolymer with a single backbone. Based on its sugar
composition, hemicellulose is classified into four primary types: xylan, mannan,
xyloglucan (a polysaccharide whose main chain contain B-(1—4)-linked D-
glucopyranose residues with side chain substitutions of B-(1—2)-linked D-
xylopyranose residues) and S-1-3, f-1-4 mixed-linkage containing f-glucan (Devi et
al. 2022; Qaseem et al. 2021). In hardwoods, hemicellulose mainly contains xylan,
whereas in softwoods, most commonly found hemicellulose is glucomannan (Kumar et
al., 2008).
1.2.1.1. Xylan

Xylan is the major component of hemicellulose and represents the second most
abundant polysaccharide in the plant cell wall. It accounts for approximately, 30-35%
of the dry weight of the plant cell wall, making it the most dominant form of
hemicellulose. Xylan is found in both primary cell walls, particularly in
monocotyledonous plants and secondary cell walls across various plant species
(Collins et al., 2005). The primary sources of xylan include hardwoods from
angiosperms (15-30%), softwoods from gymnosperms (7-10%) and annual plants (up
to 30%) as reported by Collins et al., 2005. In terms of structure, wood-derived xylan
exists in different forms, in softwoods, it is typically found as arabino-4-O-
methylglucuronoxylan, whereas in hardwoods, it is mainly present as O-acetyl-4-O-
methylglucuronoxylan. In contrast, arabinoxylans are the predominant xylan type in
grasses and annual plants. The degree of polymerization of xylan varies with plant
source, Xylan in hardwoods generally contains 150-200 $-D-xylopyranose units, while
softwood xylan comprises 70-130 units, indicating a wide range in chain length
(Collins et al., 2005; Sohail et al., 2022).
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Structurally, xylan consists of a homopolymeric backbone of f-1,4-linked D-
xylopyranosyl units, which may be substituted to varying extents with different side-
chain groups, such as a-L-arabinofuranosyl, acetyl, feruloyl, glucuronopyranosyl, 4-
O-methyl-D-glucuronopyranosyl and p-coumaroyl groups (Collins et al., 2005; Sohail
etal., 2022). Based on the nature and extent of these substitutions, xylan can be broadly
classified into homoxylans which include homopolymers with f-1,4, 5-1,3, or mixed
linkages (Razeq et al., 2017) and heteroxylans, which include arabinoxylan,
glucuronoxylan, glucuronoarabinoxylan and arabinoglucuronoxylan (Santibafiez et
al., 2021).
1.2.1.1.1. Arabinoxylan

In arabinoxylan (AX), the xylose residues that are connected by the f-
(1—4)-D-xylose linkage in the backbone xylan chain and have a-L-arabinofuranosyl
(o-Araf) residues substituted at carbon 2 and/or 3 by a-(1—2) or a-(1—3) linkage as
shown in Fig. 1.2 (Razeq et al., 2017). As shown in Fig. 1.2, there are also phenolic
acids like ferulic acid and p-coumaric acid in certain AX that have been esterified to
O-5 of a-L-arabinofuranosyl residues. These are frequently found in the starch and

bran of cereal grains, seeds and grains.

I;)

a-1,3
Ilnkage
,u" " \'\\

HO / B 1,4 b \/\ a-1,3

- v linkage *‘f'" linkage
(_ﬂ- r5 g
a-1,2
linkage

Fig. 1.2. Structure of arabinoxylan in cereal grain with its different side chain
substitutions (Razeq et al., 2017). Here, black- xylan backbone chain and
green- a-L-arabinofuranosyl and violet- ferulic acid.

TH-3841_226106007 5



Chapter 1

1.2.1.1.2. Glucuronoxylan

In glucuronoxylan, the xylose residues that are connected by the f-(1—4)-
D-xylose linkage in the backbone xylan chain and have single chain a-D-glucuronic
acid (GA) and its 4-O-methyl derivative, 4-O-methyl glucuronic acid (MeGA),

substituted at carbon 2 by a-(1—2) linkage as shown in Fig. 1.3.

OH OH
o:i O:&
[CHy 0—\——0 [CHzJ0—\——0°
HO- HO
OH | —> a-1,2 linkage
o) HO
AL At w %
HO
F |
L‘]T(‘,‘/ n=3-40
ciiy  B-1,4 linkage > \_:r«:,

Fig. 1.3. Structure of glucuronoxylan in hardwood with its different side chain
substitutions (Razeq et al., 2017). Here, black- xylan backbone chain, blue-
4-0O-Methyl-D glucuronic acid and orange- acetyl groups.

1.2.1.1.3. Arabinoglucoronoxylan

Arabinoglucuronoxylan (AGX) resembles glucoronoxylan, however the
xylose residues in the main backbone xylan chain, has a-Araf residues substituted at
carbon 3 by a-(1—3) linkage as shown in Fig. 1.4. These polysaccharides are found in

minimal quantities in softwood.

on @13 o

linkage < To&
/ OH |—> a-1,2 linkage
0O
Ol

o O 0 o) HO o)
0 o o.
o HO
H OH
n

HO
OH l

B-1,4 linkage

IO

Fig. 1.4. Structure of arabinoglucuronoxylan in softwood with its different side chain
substitutions (Razeq et al., 2017). Here, black- xylan backbone chain, green-
a-L-arabinofuranosyl and blue- 4-O-Methyl-D glucuronic acid.
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1.2.1.1.4. Glucuronoarabinoxylan

Glucuronoarabinoxylan (GAX) is similar to AGX, however the xylose
residues in the main xylan backbone is disubstituted by a-Araf residues at carbon 2
and 3 by a-(1—-2) and a-(1—3) linkages as shown in Fig. 1.5. It may also be
substituted with ferulic acid. These polysaccharides are found in grasses and cereals

like straw, stem etc.

OH

o:i/
[CH;lo -

HO-

a-1,3 OH |— a-1,2 linkage
linkage
NG w
oN O

OH
= I|nkage

A K j
= g B-1,4 B
HO OH /&/ %\ Ilnkage :@/\/L R
HO

a-1,2
linkage

Fig. 1.5. Structure of glucuronoarabinoxylan in grasses and cereals with its different
side chain substitutions (Razeq et al., 2017). Here, black- xylan backbone
chain, green- a-L-arabinofuranosyl, blue- 4-O-Methyl-D glucuronic acid,
violet- ferulic acid and orange- acetyl groups.

1.3. Carbohydrate active enzymes

Carbohydrate-Active Enzymes (CAZymes) are a diverse group of enzymes
that catalyze the synthesis, modification, or breakdown of complex carbohydrates
(Gavande et al., 2023). These enzymes play a crucial role in the degradation of
structurally complex lignocellulosic biomass, which requires the concerted action of
multiple, synergistically acting enzymes to achieve complete hydrolysis into
monosaccharides. Initially, CAZymes such as glycoside hydrolases (GHs) and

polysaccharide lyases (PLs) were grouped into different Clans based on structural
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similarities and conserved catalytic residues. However, with the rapid increase in the
number of characterized enzymes during the 1990s, a more systematic and functionally
relevant classification became necessary (Gavande et al., 2023). To address this need,
the Carbohydrate-Active enZymes database (CAZy) was established in 1998
(www.cazy.org ), which now provides a comprehensive classification of CAZymes
based on sequence similarity, structural features and conserved catalytic mechanisms
(Drulaetal., 2022). The database categorizes CAZymes into several classes, including
glycoside hydrolases (GHSs), polysaccharide lyases (PLs), glycosyl transferases (GTs),
carbohydrate esterases (CEs) and auxiliary activities (AAs), each reflecting distinct
enzymatic functions and structural motifs important for carbohydrate processing.
1.3.1. Glycoside hydrolase family 30

Glycoside hydrolases (GHs), often referred to as glycosidases, form a major
category within the Carbohydrate-Active enZymes (CAZymes) and are responsible for
cleaving glycosidic bonds that link sugar units in polysaccharides (Gavande et al.,
2023). Glycoside hydrolases fall under the EC 3.2.1 classification and are also known
to include transglycosidases, which facilitate transglycosylation reactions. They act on
diverse glycosidic linkages, such as the f-1,4 bonds in cellulose between two D-
glucose units, the a-1,4 bonds in starch and the $-1,4 bonds in xylan connecting D-
xylose residues and produce different types of mono saccharides. Moreover, based on
the substrate specificities the GH family enzymes are further classified into cellulolytic
and hemicellulolytic enzymes (Collins et al.,2005, Henrissat et al.,1991). Presently,
glycoside hydrolases are organized into 191 distinct families, reflecting their

functional diversity  and specificity (https://www.cazy.org/Glycoside-

Hydrolases.html). The enzyme activities assigned to glycoside hydrolase family 30

TH-3841_226106007 8
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(GH30) are: endo-p-1,4-xylanase (EC 3.2.1.8); p-glucuronidase (EC 3.2.1.31);
glucuronoarabinoxylan endo-f-1,4-xylanase (EC 3.2.1.136); p-xylosidase (EC
3.2.1.37); glucosylceramidase (EC 3.2.1.45); p-1,6-glucanase (EC 3.2.1.75); endo-4-
1,6-galactanase (EC:3.2.1.164), S-glucosidase (3.2.1.21); p-fucosidase (EC 3.2.1.38)
and (reducing end) S-xylosidase (EC 3.2.1.-) (St John et al., 2010). GH30 family shows
retaining mechanism. Moreover, the 3D structure of GH30 family enzymes shows the
presence of (B/a)s barrel fused to 9-stranded -sandwich structure and Glutamate (Glu)
is found to be the catalytic nucleophile/base (St John et al., 2010). Arrangement of this
9-stranded S-sandwich structure further divides GH30 into 12 subfamilies (Karlsson
etal., 2018).
1.4. Xylan degrading enzymes

The most prevalent hemicelluloses in the cell walls of plants are known to be
xylan polysaccharides. The f-1,4-linked xylose units make up the primary chain of
xylan and can have variety of substitution by a-1,2- or a-1,3-linked arabinosyl units
and/or a-1,2-linked (methyl)-glucuronic acid residues (Suchova et al., 2022). The term
xylanolytic enzymes is used for those hemicellulolytic enzymes that fully hydrolyze
heteroxylans. Table 1.1 lists the different categories of xylan degrading enzymes, such
as glycoside hydrolases (GH) and auxiliary activity enzymes, such as carbohydrate
esterases (CE) and lytic polysaccharide monooxygenases (LPMOs), along with their

mode of action.
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Table 1.1. Xylan degrading enzymes classification in CAZy database.

Enzyme activity EC CAZzy Mode of action References
number family
Endo-$-1,4-xylanase 3218 GH 5, 8,10, Breaks internal -1,4-xylosidic ~ Choudhury
11, 30, 43, bonds within the xylan polymer etal., 2024
98, 141 chain
B-Xylosidase 3.2.1.37 GH 3, 39, Releases individual xylose Ndata et
43,52 units by cleaving from the non- al., 2021
reducing ends of xylo-
oligosaccharides
Exo-$-1,4-xylanase 321156 GHS§, 30 Acts on the terminal §-1,4- Chaudhary
xylosidic bonds at the non- etal., 2021
reducing ends of xylan chains
a-L-Arabinofuranosidase 3.2.1.55 GH 43, 51, Removes a-L-arabinofuranosyl ~ Longetal.,
54, 62 side chains from substituted 214
xylan structures
o-Glucuronidase 321139 GH67,115 Eliminates a-glucuronic acidor  Anisha
related side groups attached to 2022
the xylan backbone
Acetylxylan esterase 3.1.1.72 CE1,4,5,6, Detachesacetylgroups from Shrivastava
7,16 xylan by breaking ester gLar, 2023
linkages
Feruloyl esterase 3.1.1.73 CE1 Catalyzes the cleavage of ester  Shrivastava
bonds connecting ferulic acid etal., 2023
to xylan
Lytic polysaccharide - AA9, 14 Cleaves glycosidic bonds of Malgas et
monooxygenases xylan polysaccharide in the al., 2019
(LPMO) crystalline and insoluble

portion via an oxidative

mechanism
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1.4.1. Endo-g-xylanase from GH30 family

Endo-g-xylanase plays a crucial role in the depolymerization of xylan, a
primary constituent of hemicellulose. It specifically targets and cleaves 5-1,4 xylosidic
bonds within the xylan backbone, leading to the formation of xylo-oligosaccharides
(Fu et al., 2023) as shown in Fig. 1.6. This enzyme is essential in several industrial
applications, like the biofuel sector, paper and pulp industry, food industry and many

more where effective degradation of biomass is vital.

Endo-xylanase Exo-xylanase

B-1,4-linkage

Xylan
polysaccharide

Reducing end Non-reducing end

Xylopentaose Xylose

Fig. 1.6. Mode of action of endo- and exo-xylanases.

The catalytic domain of endo-f-xylanases of GH30 family, typically adopt a
(Bla)s-barrel architecture which is commonly known as the TIM barrel (Puchart et al.,
2021). This structure consists of eight parallel g-strands arranged in the core of the
barrel, each followed by an outward-facing a-helix. The substrate-binding cleft is
largely shaped by the loops connecting the g-strands and a-helices (f-a loops). The
key catalytic residues usually a pair of aspartic or glutamic acids are positioned on the
p-strands (Puchart et al., 2021). These residues act as the catalytic nucleophile and the

acid/base in a two-step, double-displacement reaction mechanism (also called
TH-3841_226106007 11
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retaining mechanism). In this reaction mechanism, a covalent bond containing
intermediate, glycosyl-enzyme is formed, with the two catalytic carboxylic groups
situated ~5.5 A apart. In the first step (glycosylation), one of the residues acts as a
nucleophile and attacks the anomeric carbon of the xylan backbone, while the other
residue acts as an acid to protonate the leaving group, forming the glycosyl-enzyme, a
covalent intermediate (Fig. 1.7). In the second step (deglycosylation), a water
molecule, activated by the same residue now acting as a base, attacks the intermediate
to release the product and regenerate the enzyme (Fig. 1.7). The overall reaction retains
the anomeric configuration of the sugar. Transition states in both steps resemble an
oxocarbenium ion, with GH30 enzymes often stabilizing a half-chair (*Hs)
conformation (Linares-Pasten et al., 2018).

Glycosylation

1. Acid/base catalytic residue 2. Formation of 3. Departure of xylose
donates proton to glycosidic transition state has unit and formation of
oxygen and carboxylate O of oxocarbenium-like Covalent glycosyl—
nucleophilic catalytic residue character enzyme intermediate

attacks anomeric carbon

m:id/Baseq)\J q)\
! -
& ="
C
Xylan “0 o J
disaccharide -Q o CJ\

Nucleophile Oxocarbenium like intermediate C—
R‘,{i'
0 o

Covalent glycosyl-enzyme
intermediate (Stable
intermediate)
1

\/

H

1

— II
e— L O—H
\\
O

Q o) el

I

.

6. Overall retention of 5. Glycosyl and enzyme 4. Catalytic base abstracts
anomeric configuration. bond is cleaved. proton from water.

De-Glycosylation
Fig. 1.7. Retaining mechanism of hydrolysis of endo-xylanase from GH30 family.
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1.4.1.1. Biochemical properties of endo- g-xylanase from GH30 family

The first bacterial endo-xylanase from the GH30 family was BsXynC from
Bacillus subtilis reported in 1991 (St. John et al., 2006). The purified BsXynC from B.
subtilis was analysed to be a 43.9 kDa protein with an optimum temperature of 65°C
and pH 6.0. The half-life (ti2) analysis of BsXynC was 25h at 40°C and 5h at 50°C.
The depolymerization of methylglucuronoxylan by BsXynC resulted in the release of
S-1,4-linked xylo-oligosaccharides containing single substitution of a-1,2-linked 4-O-
methylglucuronate, according to MALDI-TOF MS and *H NMR analyses (St. John et
al., 2006). Another GH30 bacterial endo-xylanase, EcXyn30A from Erwinia
chrysanthemi showed a molecular mass of 42 kDa and optimum pH of 6.0 and
temperature of 35°C (Hurlbert et al., 2001). The examination of EcXyn30A
hydrolyzed products by MALDI-TOF data revealed that, its enzyme activity is highly
dependent on the presence of D-glucuronic acid (GIcA) or (4-O-methyl-D-glucuronic
acid) MeGIcA as side chain residues (Hurlbert et al., 2001). Other bacterial endo-
xylanases including Xyn30D from Paenibacillus barcinonensis BP-23 (Valenzuela et
al., 2012), CaXyn30B from Clostridium acetobutylicum ATCC824 (Crooks et al.,
2020), StXyn30A from Streptomyces turgidiscabies C56 (Maehara et al., 2018) are
known to include mode of hydrolysis action similar to that of EcXyn30A (Puchart et
al., 2021). Both CpXyn30A from Clostridium papyrosolvens DSM 2782 (Puchart et
al., 2021, St John et al., 2014) and CaXyn30A from C. acetobutylicum ATCC 824
(Puchart et al., 2021, St John et al., 2018) each have optimum pH of 4.5 and both
belong to the GH30_8 subfamily. Other biochemical properties like optimum pH,

optimum temperature, pH stability, thermostability for different biochemically
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characterized GH30 endo-xylanases from different prokaryotic organisms are

mentioned in Table 1.2.

Table 1.2. Xylan degrading enzymes classification in CAZy database.

Organism/ Enzyme acronym GH Substrate Opti- Optimum pH and References
subfamily mum  Temperature thermostability (%
pH enzyme activity
retained)

Bacterial xylanases

Streptomyces turgidiscabies, GH30_8 Beechwood 6.5 55°C pH 4.0-5.0, Maehara et
StXyn30A xylan 40°C al., 2018
Clostridium acetobutylicum GH30_8 Wheat 45 40°C pH 2.7-4.7 StJohnetal.,
ATCC 824, CaXyn30A arabinoxylan (68%), 2018
4-50°C (85%)
Clostridium papyrosolvens, GH30_8 Wheat 45 30°C - StJohnetal.,
CpXyn30A arabinoxylan 2014
Paenibacillus barcinonensis,  GH30_8 Beechwood 6.5 50°C pH 6-8 (70%), Valenzuela
Xyn30D xylan 4-50°C (>80%) etal., 2012
Bacillus subtilis, BsXynC GH30_8 Methylglucuron 6 65°C 40°C (50%) St. John et
o-xylan al., 2006

. ] o 1 Hurlbert et
Erwinia chrysanthemi, GH30_8 Sweetgum xylan 6 35°C 25-60°C (>50%) al
EcXyn30A 2001

Fungal xylanases

Thermothelomyces GH30 7 Beechwood 4 50°C pH 3-9 (97%), 45°C  Suchova et
0,
thermophila ATCC 42464, glucuronoxylan (88%) al. 2021
TtXyn30A
. H2.3-5.7 Nakamichi
T. cellulolyticus, TcXyn30C GH30_7 Beechwood 4 55°C p(>90%) aI.a Zagllg e
glucuronoxylan 40-55°C (>§0%) '

1.4.1.2. 3-Dimensional structure of endo-g-xylanases from GH30 family

The first 3D structure was solved in the year 2003 for endo-f-xylanase EcXyn30A,
from Erwinia chrysanthemi as shown in Fig. 1.8 (Puchart et al., 2021). The enzyme
consists of two domains, catalytic domain and small domain. The (f/a)s-barrel motif in
the catalytic domain (residues 46 to 315) features a binding cleft along the C- terminal

side of the S-barrel (Fig. 1.8A). The two catalytic residues were Glu165 and
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Glu253 (Fig. 1.8B), having a distance of 4.22 A located at the C-terminal of p-strands 4
and 7, respectively (Larson et al., 2003). The smaller domain (residues 31-43 and 323-
413) is made up of 9 p-strands, five of which interact with a-helices 7 and 8 of the
catalytic domain (Puchart et al., 2016). The three linkers between this smaller domain
and the catalytic domain are composed of residues 44, 45 and residues 316 to 322
(Larson et al., 2003). The enzyme, EcXyn30A exhibits selectivity for glucuronoxylan
because of ionic interactions between the guanidine group of the conserved arginine
residue (R293) and the carboxyl group of MeGIcA. Other endo-xylanases like,
CpXyn30A from

R. papyrosolvens (St. John et al., 2014) and CaXyn30A from C. acetobutylicum (St.

John et al., 2018) were also structurally characterized.

(B) ) ¥ ' W

f "\ ( EcXyn30A
- Y2 -
' .

Fig. 1.8. (A) 3D structure for EcXyn30A (PDB ID: 2Y24) and (B) Detail view of active
site of the enzyme EcXyn30A along with the ligand shown in green colour
(Puchart et al., 2021).
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1.4.2. Exo-xylanase

The enzyme, exo-f-xylanase acts by cleaving 5-1,4-xylosidic linkages at the
non-reducing ends of xylan chains as illustrated in Fig. 1.6, facilitating the sequential
depolymerization of xylan (Chaudhary et al., 2021). These enzymes are particularly
important for the complete breakdown of xylan, especially when functioning alongside
endo-p-xylanase, which targets the f-1,4-xylosidic bonds within the main chain of
xylan. The synergism between these enzymes enhances the overall performance in
xylan degradation, making them important tools in a wide range of industries including
biofuel production, paper and pulp processing and animal feed development (Yegin,
2023).
1.4.3. Carbohydrate binding modules

Carbohydrate-binding modules (CBMs) are non-catalytic modules associated
with carbohydrate-active enzymes (CAZymes), particularly glycoside hydrolases
(GHs), that facilitate the recognition and binding of complex carbohydrates (Henrissat,
1991). They enhance the catalytic efficiency of the associated with enzymes by
bringing the catalytic domain into close proximity to the polysaccharide substrate,
thereby enhancing the substrate accessibility and hydrolysis rates (Tomme et al.,
2000). CBMs are categorized into different families based on their amino acid
sequences and binding specificities, as curated in the CAZy database (Drula et al.,
2022). CBMs typically function by recognizing specific structural motifs in
polysaccharides, such as f-1,4-linked xylose in xylan or glucose units in cellulose.
Xylanases from GH30 family, often possess a conserved CBM6 or CBM13 module
located either at the N- or C-terminus (Linares-Pastén et al., 2018). The CBMs in

GH30 enzymes are crucial for recognizing and binding to the complex, branched xylan
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structures that these enzymes target (Crooks et al., 2020). The CBM6 family,
commonly associated with GH30 xylanases, typically binds to non-crystalline regions
of xylan and sometimes to cellulose (Henrissat, 1991). Its S-sandwich fold structure
(as shown in Fig. 1.9) with a carbohydrate-binding cleft allows interaction through
hydrophobic stacking and hydrogen bonds, recognizing specific patterns in the
polysaccharide backbone (Henrissat, 1991). This selective recognition is particularly
important in natural lignocellulosic environments, where polysaccharides are

heterogeneous and often decorated with various substitutions (Biely et al., 2016).

Fig. 1.9. p-sandwich fold structure of carbohydrate binding module 6, CBM6 (Henshaw et al.,
2004).
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1.5. Xylanolytic microorganisms

An array of xylan degrading enzymes is identified in various microorganisms.
This includes strains of yeast like Pichia stiptis, Cryptococcus podzolicus, Fellomyces
sp., Candida tropicalis etc. Filamentous fungi under genera Trichoderma, Aspergillu,
and Fusarium are some of the major producers of xylan degrading enzymes (Santibariez
et al., 2021, Sohail et al., 2022). Bacteria like Clostridium thermocellum, Bacillus
stearothermophilus, Rhodotermus marinus etc. have been reported to produce
xylanases with high thermal stability compared to fungal xylanases (Santibafiez et al.,
2021, Sohail et al., 2022). As compared to mesophilic microbes, thermophilic
microbes are known to produce thermostable enzymes, as they can meet the industrial
demands requiring thermostable enzymes having tolerance against high-pressure and
greater resistance against denaturing agents (Bala et al., 2018). Acetivibrio clariflavus
DSM 19732 (earlier known as Clostridium clariflavum DSM 19732), is a thermophilic
anaerobe, chemoganotrophic, curved and rod-shaped bacterium as shown in Fig. 1.10
(Izquierdo et al., 2012) isolated from anaerobic sludge (Izquierdo et al., 2012, Shiratori

etal., 2009). This organism has been found to utilize both hemicelluloses and cellulose
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Izquierdo et al., 2010, Sizova et al., 2011). The analysis of the phylogenetic
relationship of 16S rRNA gene of A. clariflavus with other cellulolytic clostridia from
Cluster 111 showed its close homology to 16s rRNA gene of Clostridium thermocellum
DSM 1313 followed by Clostridium thermocellum ATCC 20475 (lzquierdo et al.,
2012). Its complete genome sequence was finished in July 2011, where the GenBank
accession number for the project is CP003065 (lzquierdo et al., 2012). Its genome
comprises one circular chromosome of length 4,897,678 bp with GC content of 35.6%
but genome size was larger than its close relative C. thermocellum ATCC 20475.
While analyzing the enzymes of A. clariflavus involved in lignocellulosic degradation,
a total of 72 glycosyl hydrolases were identified, among which 27 represented known
families. Comparison of the glycoside hydrolase inventory between C. thermocellum
ATCC 20475 and A. clariflavus, showed 50 enzymes (69.4%) were found with closest
match in C. thermocellum and of the remaining 22 enzymes, a total of 15 are found to
be xylanases of glycosyl hydrolase (GH) families 10, 11, 39, 43, 51, 67 and 74. Also,
it was found that A. clariflavus has a comparatively higher proportion and higher
diversity of xylanolytic enzymes than C. thermocellum while cellulose-active GH
families showed similar distribution between both the organisms. Moreover, A.
clariflavus possesses a variety of xylanolytic enzymes that completely breaks down
xylan to xylose, while xylanolytic enzymes in C. thermocellum, are only able to break
xylan down to xylo-oligomers (lzquierdo et al., 2012). While lacking xylose
isomerase, genome of A. clariflavus is found to have a putative xylulose kinase

(Clocl_2440), which is a key difference from C. thermocellum.
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Fig. 1.10. Scanning electron micrograph of Acetivibrio clariflavus DSM 19732
(Izquierdo et al., 2012).

1.6. Applications of endo-xylanases from GH30 family

The broad substrate specificity and efficiency of endo-f-xylanases have made
them indispensable in diverse of industrial and biotechnological applications (Fig
1.11). From pulp bleaching and biofuel production to animal feed improvement and
the generation of bioactive xylo-oligosaccharides, endo-xylanases contribute
significantly to sustainable biomass utilization. Additionally, their role in producing
functional oligosaccharides with antioxidant, antimicrobial and prebiotic properties
has opened up new avenues in food, pharmaceutical and cosmetic industries. The
versatility of endo-xylanases, particularly from glycoside hydrolase family 30 (GH30),

continues to drive innovation in biomass processing and valorization.
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Fig. 1.11. Different applications of endo-f-xylanases.

1.6.1. Production of antioxidant xylo-oligosaccharides

Oxidative stress is a major factor in the development of chronic diseases and
aging, that has prompted the interest in explaining natural antioxidants. Xylo-
oligosaccharides, especially acidic forms containing uronic acid residues, have shown
potential antioxidant properties. These compounds can be generated through endo-g-
xylanase-catalyzed hydrolysis of glucuronoxylans. Their ability to scavenge free
radicals and chelate metal ions make them as promising ingredient in health
supplements and functional foods aimed at improving cellular defense mechanisms.
GH30_8 xylanases release acidic xylo-oligosaccharides (AXOS) containing uronic
acid residues, which functionally differ from the neutral XOS. These AXOS have
potential bioactivities, such as antimicrobial properties, which may depend on the
uronic acid content and oligosaccharide length (Katapodis et al.,, 2002;
Christakopoulos et al., 2003). Another, GH30 endo-xylanase, Xyn30D from P.
barcinonensis produced acidic XOS on hydrolysing birchwood and beechwood

glucuronoxylan which displayed antioxidant activity (Valls et al., 2018).
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1.6.2. Production of xylo-oligosaccharides for nutraceuticals and cosmetics

Xylo-oligosaccharide like xylobiose has drawn attention for its prebiotic, anti-
inflammatory and antidiabetic effects. It also functions as a low-calorie sweetener and
a moisturizing agent in cosmetics. Enzymatic production of xylobiose using endo-4-
xylanases and accessory enzymes offers a natural and sustainable approach over
chemical synthesis. With increasing demand for natural health and cosmetic products,
the efficient bioproduction of xylobiose holds significant promise for diverse
commercial applications. For example, the action of GH30 endo-xylanase enzyme,
TtXyn30A from Thermothelomyces thermophila along with lytic polysaccharide
monooxygenases (LPMOs) further boosts xylobiose yield (Zerva et al., 2020) used for
prebiotic production.

1.6.3. Role in microbial ecology and plant biomass degradation

In natural ecosystems, microbial degradation of plant biomass is essential for
carbon cycling. Endo-f-xylanases are one of the key enzymes involved in this process,
enabling microorganisms to access energy by breaking down hemicellulose. Their
action initiates the depolymerization of xylan, a major component of plant cell walls,
facilitating further degradation by other enzymes. For example, the GH30 endo-
xylanase enzyme, StXyn30A from Streptomyces thermoviolaceus produced xylo-
oligosaccharides with glucuronic acid substitutions upon hydrolysis of hardwood and
crop residues (Maehara et al., 2018). Understanding the role of xylanases in microbial

ecology provides insights into soil health, symbiotic digestion (e.g., in ruminants) and
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strategies for efficient biomass utilization in biorefineries. Their presence in
phytopathogens (e.g., E. chrysanthemi) suggests involvement in initial plant tissue
degradation. Conversely, in rumen microbes, GH30 enzymes function in coordinated
breakdown of plant-derived xylans, indicating their ecological importance varies with
microbial habitat and substrate availability (Rogowski et al., 2015).
1.6.4. Detoxification of animal feedstock

Animal feed often contains plant-based materials that include anti-nutritional
factors such as non-starch polysaccharides (NSPs), especially arabinoxylans and
glucuronoxylans. These complex carbohydrates can increase gut viscosity, hinder
nutrient absorption and promote the growth of pathogenic microbes in the
gastrointestinal tract of animals like poultry and swine. Endo-f-xylanases play a
crucial role in degrading these xylan-based NSPs, thereby reducing their anti-
nutritional effects. The enzymatic breakdown of xylan not only improves the
digestibility of the feed but also releases fermentable oligosaccharides that can serve
as prebiotics (Choudhury et al., 2025). This contributes to better animal growth
performance, improved feed conversion ratios and overall gut health, making xylanase
supplementation an important strategy in modern livestock nutrition. For example,
GH30 endo-xylanase from Trichoderma piluliferum and T. viride showed increase in
the digestibility of hemicellulose-rich food like soyabean, corn cob and starch, rice
peel and wheat bran (da Costa et al., 2019).
1.6.5. Fruit juice clarification and brewing process

Endo-xylanases play a significant role in the fruit juice and pulp industries by
breaking down hemicellulosic polysaccharides, thereby enhancing juice yield and

quality. Their enzymatic action reduces viscosity and facilitates the removal of
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hemicellulose, improving juice clarity, aroma and color (Liu et al., 2018). For instance,
endo-xylanase from Pediococcus acidilactici GC25 has been reported to enhance
reducing sugar content and reduce turbidity in juices derived from fruits like Kiwi,
apple, peach, orange, apricot, grapes and pomegranate. Similarly, partially purified
xylanase from Streptomyces sp. AOA40 improved the clarity of apple juice, while its
application in orange, mousambi and pineapple juices showed clarity enhancements of
20.9%, 23.6%, and 27.9% respectively (Bhardwaj et al., 2019). In the brewing sector,
cereals such as barley, wheat and rice, rich in non-starch polysaccharides, benefit from
endo-xylanase treatment alongside cellulase and pectinase during mashing. This
enzymatic combination promotes the release of pigments, fermentable sugars, minerals
and nutrients, resulting in improved malt production, increased extract yield, reduced
viscosity and enhanced stability of beverages like juice and wine (Bajaj et al., 2019).
1.6.6. Deinking in paper and pulp industry

Deinking is a critical process in the recycling of waste paper, as it facilitates
the removal of printing inks and other surface contaminants to recover clean cellulose
fibers suitable for reuse in papermaking. Traditionally, chemical deinking methods are
employed, which rely on a combination of alkaline chemicals such as sodium
hydroxide, hydrogen peroxide, surfactants and chelating agents to detach ink particles.
Although effective, these processes often lead to fiber damage, high chemical usage
and environmental pollution due to the discharge of toxic effluents. Physical deinking
techniques such as flotation, washing, sonication and microwave irradiation are also
in use and can enhance the efficiency of ink particle separation, though they may

require high energy inputs and additional equipment for effective implementation
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(Saxena and Chauhan, 2017). In contrast, enzymatic deinking offers an eco-friendly
and efficient alternative. It utilizes specific classes of enzymes such as cellulases,
hemicellulases (e.g. xylanases), pectinases, lipases and laccases to dislodge ink from
fiber surfaces by selectively degrading the polysaccharide or proteinaceous matrices
that bind ink particles. Among these, xylanases, particularly endo-xylanases, have
gained attention for their role in deinking. These enzymes hydrolyze the g-1,4-
xylosidic linkages in xylan, a key hemicellulose component of plant cell walls, thereby
loosening the hemicellulosic matrix that often traps ink particles on the fiber surface.
This enzymatic action enhances fiber porosity and disrupts lignin-carbohydrate
complexes, facilitating more efficient ink removal during subsequent washing or
flotation steps (Yang et al., 2023). Furthermore, enzymatic treatments preserve fiber
integrity better than chemical processes and reduce the load on wastewater treatment
systems, leading to lower operational costs and improved environmental outcomes
(Saxena and Chauhan, 2017). The mechanism of deinking by endo-xylanase involves
multiple synergistic effects. First, the enzyme weakens the physical and chemical
interactions between ink and fiber by hydrolyzing xylan. This leads to fiber surface
modification and detachment of ink particles. Secondly, by disrupting the lignin-
hemicellulose matrix, the enzyme indirectly facilitates the removal of hydrophobic
ink-bound lignin fragments (Yang et al., 2023). This not only improves ink release but
also enhances the hydrophobicity contrast needed for efficient flotation. Xylanases can
also increase the brightness and strength properties of the recycled pulp by improving
the accessibility of residual bleaching agents. Notably, xylanases from glycoside
hydrolase family 30 (GH30) have shown particular effectiveness in such applications.

For example, GH30 endo-xylanase from Bacillus halodurans was reported to
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significantly improve pulp brightness and reduce Effective Residual Ink Concentration
(ERIC), especially when used in combination with laccase or cellulase. These GH30
enzymes are especially effective on substituted xylans, such as glucuronoxylan, found
in hardwood pulps, making them suitable candidates for high-performance enzymatic
deinking applications (Yang et al., 2023).

1.7. Significance and objectives of the proposed work

1.7.1. Significance of the proposed work

Enzymatic hydrolysis of different lignocellulosic biomass components is
favored since it is ecofriendly, results in complete hydrolysis of LCB and yields a
significant amount of reducing sugar. Xylanases play a critical role in degrading plant
polysaccharides. Therefore, the studies on the xylanolytic enzymes from diverse
sources has enormously increased over the world in the last decade. Around 72
glycosyl hydrolase enzymes were identified in the bacterium Acetivibrio clariflavus
DSM 19732. Furthermore, as compared with C. thermocellum, A. clariflavus is known
possess a large proportion and diverse types of xylanolytic enzymes. As A. clariflavus
is a thermophilic microorganism, the endo-$-1,4-xylanase produced by it will have
higher stability and optimum temperature which will help in fulfilling the industrial
demands.

A gene encoding endo-f-1,4-xylanase (AcXyn30B_12) was located in the
genome of A. clariflavus DSM 19732. AcXyn30B_12 is not biochemically and
structurally characterized so far. Therefore, in this proposed work, the gene encoding
a putative endo-p-1,4-xylanase (AcXyn30B_12) of family 30 glycoside hydrolase
(Gene accession number- AEV69300.1) from A. clariflavus will be biochemically and

structurally studied. The cloning, expression and purification and enzymatic assays of
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AcXyn30B_12 can help in understanding the biochemical and functional properties of
the enzyme. Structural characterization of AcXyn30B_12 using in silico techniques
like: 3D structure prediction by modelling, molecular dynamics simulations, molecular
docking can give information regarding its mechanism of catalysis and active-site
pocket. Small angle X-ray scattering (SAXS) and dynamic light scattering (DLS)
analysis will help understanding the molecular arrangement and conformation in
solution form as well as solubility of the enzyme. These studies will give an overall
idea about AcXyn30B_12 being potentially a relevant xylanase enzyme for various
biochemical applications. The deinking efficiency of AcXyn30B_12 against different
waste papers will also be analysed. Additionally, the environmental sustainability of
the enzymatic deinking process will be examined by analyzing the effluent
characteristics. These results will be compared with those obtained from conventional
chemical deinking treatments to determine the relative eco-friendliness and potential
of AcXyn30B_12 as a green alternative. The specific objectives of the present study
are given below.

1.7.2. Specific objectives of the proposed work

1. Cloning, expression and purification endo-f-1,4-xylanase of family 30 Glycoside
Hydrolase (AcXyn30B_12) from Acetivibrio clariflavus.

2. Biochemical and functional characterization  of endo-$-1,4-xylanase
(AcXyn30B_12).

3. 3-Dimensional structure modeling and molecular dynamic analyses of endo-4-1,4-
xylanase (AcXyn30B_12).

4. Structure and molecular organization of AcXyn30B_12 in solution form by SAXS
and DLS.

5. Enzymatic deinking of different waste papers using endo-4-1,4-xylanase
AcXyn30B_12.
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Cloning and expression of an endo-g-1,4-xylanase of family 30 Glycoside
hydrolase (AcXyn30B_12) from Acetivibrio clariflavus DSM 19732

2.1 Introduction

Lignocellulosic biomass (LCB) is an abundant, renewable feedstock with
considerable potential for the sustainable production of biofuels, biochemicals and
biomaterials. Comprising mainly cellulose, hemicellulose and lignin, LCB serves as a
viable alternative to fossil-derived raw materials (Saini et al., 2015; Qaseem et al.,
2021). Among the different classes of hemicellulose, xylan is the predominant
polysaccharide present in the secondary cell walls of most terrestrial plants (Devi et al.,
2022). Efficient degradation of xylan is critical for unlocking its fermentable sugar
content, thereby enabling its full valorization in biotechnological processes. This task is
accomplished through the synergistic action of xylanolytic enzymes belonging to
different CAZy families viz. glycoside hydrolases (GHSs), carbohydrate esterases (CES)
and lytic polysaccharide monooxygenases (LPMOs), which together facilitate the
deconstruction of complex heteroxylans (Biely et al., 2016; Malgas et al., 2019). Among
these, xylanases play a central role by hydrolyzing the internal 5-1,4-glycosidic linkages
in the xylan backbone. Their action is vital for the saccharification of hemicellulose and
supports various industrial applications such as biofuel generation, paper pulping and

the production of value-added oligosaccharides. Within the CAZy database, among the
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different glycoside hydrolases, the glycoside hydrolase family 30 (GH30) xylanases
exhibit unique structural and catalytic characteristics (St John et al., 2010). The endo-
xylanases from GH30 family can specifically target substituted xylans containing a-1,2-
linked glucuronic acid or 4-O-methyl-D-glucuronic acid residues. These substrate
specificities are conferred by conserved sequence motifs in their catalytic domains,
allowing selective recognition and cleavage of decorated xylan chains (St John et al.,
2010). Due to the distinctive properties like catalytic potential, thermostability and
ability to act on complex and branched xylans, GH30 xylanases has emerged as a
promising biocatalyst in several industrial applications. For example, in the pulp and
paper industry, they are applied for chlorine-free bio-bleaching processes, in the food
and feed sector, they enable the production of xylo-oligosaccharides (XOS) with
prebiotic functions and in lignocellulosic biorefineries, they contribute to the enzymatic
release of fermentable sugars for the production of ethanol, xylitol and butanol
(Bharadwaj et al., 2019).

In the search for thermostable and efficient Xxylanases, extremophilic
microorganisms have gained attention as valuable enzyme sources. Acetivibrio
clariflavus DSM 19732 (earlier known as Clostridium clariflavum DSM 19732) is a
thermophilic, chemo-organotrophic, anaerobic bacterium capable of degrading plant
cell wall polysaccharides through a sophisticated enzyme complex known as the
cellulosome (lzquierdo et al., 2012). This organism encodes an array of carbohydrate-
active enzymes (CAZymes), including members of GH30, assembled into a multi-
modular architecture to enhance substrate binding and hydrolysis. One such protein,
AcXyn30B_12 (GenBank accession no. AEV69300.1 and gene locus Clocl_2746), is a

GH30 endo-$-1,4-xylanase comprising a catalytic domain, carbohydrate-binding
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module (CBM6) and a C-terminal type | dockerin domain, indicating its integration into
the cellulosomal machinery. Despite its predicted functional role, AcXyn30B_ 12
remains biochemically uncharacterized. The present chapter describes cloning and
expression of the full-length AcXyn30B_12 gene from A. clariflavus DSM 19732,
setting the foundation for its subsequent purification and functional characterization for
potential industrial applications.

In present study, the gene sequence of AcXyn30B_12 was retrieved from NCBI
(https://www.ncbi.nlm.nih.gov/). The conserved structural domain for AcXyn30B_12
was determined using NCBI Conserved Domains Database (Lu et al.,, 2020;
https://www.ncbi.nIm. nih.gov/Structure/cdd/wrpshb.cgi) and the molecular architecture
was developed using DOG 2.0 software, version 1.0 (Ren et al., 2009). The full-length
gene encoding AcXyn30B_12 contains a total of 673 amino acid residues with an N-
terminal signal peptide (residues 1-27), followed by a catalytic module, Xyn30Bc
(residues 29-440) a family 6 carbohydrate binding module, CBM6 (residues 471-592)
and a C-terminal Type | dockerin domain, Docl (residues 606-671) and 2 amino acid
residues at the C- terminal (residues 672-673). In this study, the full-length gene
encoding the Xyn30Bc catalytic module, CBM6 and Docl without the signal peptide
was cloned in the pET-28a(+) vector. The full-length gene encoding the protein,
AcXyn30B_12 was expressed using
E. coli BL-21 (DE3) cells. Then the enzyme, AcXyn30B_ 12 was subjected to
purification by using immobilized metal-ion affinity chromatography followed by size
exclusion chromatography (SEC) column for biochemical, functional as well as

structural characterization.
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2.2 Materials and methods
2.2.1 Bacterial strains, chemicals, reagents and kits

The genomic DNA of A. clariflavus DSM 19732 was purchased from Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DSMZ), a German collection of
microorganisms and cell culture. To carry out PCR amplification, Tag DNA polymerase
and dNTPs was obtained from New England Biolabs, USA and oligonucleotides,
forward and reverse primers were obtained from GCC Biotech, India. GenElute
miniprep plasmid isolation Kit, polyacrylamide gel electrophoresis components,
ethidium bromide, Trizma base, DNAse-RNAse free water (pH 8.0), gel extraction kit,
kanamycin and Bradford reagent were obtained from Sigma-Aldrich, USA. Both the
restriction enzymes, Nhel and Xhol were obtained from New England Biolabs, USA.
The Escherichia coli cells, DH5a and BL21 (DE3) utilized for cloning and expressing
the recombinant enzyme, AcXyn30B_12, respectively and the expression vector pET-
28a(+) were obtained from Novagen (Madison, WI, USA). 10X ligase buffer and Ta
DNA ligase were purchased from Takara Bio Inc., Japan. The DNA ladder was procured
from GeNei, India. Sodium hydroxide, ethylenediaminetetraacetic acid disodium salt
(EDTA), glucose, sodium dodecyl sulphate (SDS), luria broth (LB) medium, protein
staining dye Coomassie Brilliant Blue R-250 and pre-stained protein ladder were
purchased from HiMedia Pvt. Ltd., India.
2.2.2 Amplification of gene encoding AcXyn30B_12 by PCR

The gene (1.9 kb) encoding AcXyn30B_12 (GenBank accession no. AEV69300.1
and gene locus ID. Clocl_2746) from the genomic DNA of Acetivibrio clariflavus DSM
19732 was amplified by PCR. The restriction sites, Nhel and Xhol in forward and

reverse primers, respectively are underlined and shown in Table 2.1. The PCR reaction
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mixture of 60 pL and PCR cycles (denaturation, annealing and extension) for
amplification are mentioned in Tables 2.2 and 2.3, respectively. The gene amplification
by PCR was performed on a thermal cycler (Bio-Rad Laboratories India Pvt. Ltd.,
India). The PCR amplified product was run on 0.8% (w/v) agarose gel (as outlined

below in Section 2.2.3) to check for the gene amplification.

Table 2.1. Oligonucleotide primer sequences used for amplification of gene encoding
AcXyn30B_12.

Module Primer name Primer sequence

AcXyn30B_12 Forward 5-TGGTGCTAGCAGCTATACAGCTTCTGTAGATGTC-3'

Reverse  5-ACCACCCTCGAGTTATTCCACAGGGAACTTACTAATCTG-
3 !

*Underlined and bold part of the primer sequences present the restriction enzyme (Nhel and Xhol) sites

Table 2.2. PCR mixture for amplification of gene encoding AcXyn30B 12 from
Acetivibrio clariflavus DSM 19732.

PCR components Volume (pL) Final concentration
10X reaction buffer 6.0 1X

dNTPs mix (0.0025 M) 9.0 375 uM
Forward primer (15 uM) 1.8 0.45 uM
Reverse primer (15 uM) 1.8 0.45 uM
Sigma water (nuclease free), pH 8.0 39.3 --
Genomic DNA (86 ng/uL) 1.8 2.6 ng

Tagq DNA polymerase (5 U/ pL) 0.3 0.025 U/uL
Total 60.0 --

Table 2.3. PCR cycles for amplification of gene encoding AcXyn30B 12 from
Acetivibrio clariflavus DSM 19732.

Steps Time (min)
1) Denaturation at 95°C 1 min
2) 30 cycles of i) Denaturation at 95°C 30s
i) Annealing at 57°C 1 min
iii) Extension at 68°C 2 min
3) Final extension at 68°C 5 min
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2.2.3 Agarose gel electrophoresis of PCR amplified products

The PCR amplified product was analysed by using agarose gel electrophoresis by
using agarose gel of 0.8% (w/v). 10X Tris-acetate-EDTA (TAE) buffer stock was
prepared using 0.4 M Tris-acetate and 0.01 M EDTA, pH 8.0 (according to Sambrook
and Rusell 2001). The agarose gel, 0.8% (w/v) was prepared by mixing 0.4 g agarose in
0.05 L of TAE buffer (1X) followed by microwave heating until a transparent solution
was formed. After the agarose gel solution cooled to 50°C, 5 puL of 5 mg/mL ethidium
bromide solution was added to it and the solution was gently poured into a casting
apparatus. The agarose gel was allowed to cool and solidify in around 30 min. For the
agarose gel electrophoresis, the 1X TAE buffer used for agarose gel preparation was
used as electrophoresis running buffer (Sambrook and Rusell 2001).

A stock of 5X DNA loading dye (final pH 8.0) was prepared by mixing the
components as mentioned in Table 2.4. One volume of 5X DNA loading dye and four
volumes of PCR amplified product was mixed to obtain a final concentration of 1X DNA
loading dye before loading into the agarose gel. 10 pL of each of the sample-dye mixture
were loaded in the gel and the gel was run at 50 volts for 1h. Band corresponding to the
PCR product was visualized under UV illumination with the aid of a gel documentation
system (Biorad XR, USA).

Table 2.4. Composition of 5X stock of DNA loading dye.

Components Final concentration (5X)
Tris-HCI 0.05M
Glycerol 25% (wWiv)
EDTA 0.005 M
Bromophenol blue 0.2% (w/v)
Xylene cyanol 0.2% (w/v)
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2.2.4 PCR amplified DNA extraction

The amplified gene product by PCR was extracted from the agarose gel (0.8%,
wi/v) by using a gel extraction kit (GenElute ™ Gel extraction kit, Sigma-Aldrich, USA)
and following the step-wise protocol provided by the manufacturer as discussed below:

1. A sterile and empty microcentrifuge tube (1.5 mL) was weighed and its mass was
noted.

2. The PCR amplified product was resected from the agarose gel by utilizing a sterile
and sharp scalpel. Then this excised gel part was transformed to the empty weighted
micro-centrifuged tube. The tube was reweighed and the mass of resected gel was
determined by subtracting the weight of the empty tube (noted in stepl).

3. Three volumes of gel solubilization buffer were added to 1 volume of the excised gel
(100 mg~ 0.3 mL).

4. The above gel mix was incubated at 50°C for a duration of 10 min (it was vortexed
briefly every 2-3 min) until the gel had fully dissolved.

5. While the gel was solubilized, the GenElute binding column (DNA binding column)
was prepared by placing it in a sterile 2 mL micro-centrifuge tube and adding 0.5 mL
of column preparation solution in it. Then the column was centrifuged at 13,000g,
25°C for 1 min and the supernatant released in the collection tube was discarded.

6. 1 gel volume of 100% isopropanol was added to the gel mixture (step 4) and mixed
properly until a homogenous solution was obtained.

7. 0.7 mL above mixture (step 6) was added to the prepared binding column (step 5)
and centrifuged at 13,000g, 25°C for 1 min and the flow through was disposed. The

same step was repeated until all the gel mixture was added to the binding column.
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8. 0.7 mL of wash solution was gently poured to the binding column through which gel
mixture was passed through as above (step 7) and centrifuged at 13,000g, 25°C for 1
min and the flow through collected was disposed.

9. The binding column was centrifuged again at 13,000g, 25°C for 1 min to remove any
remaining trace of wash solution. Then, the binding column was placed on a fresh
sterile micro-centrifuge tube (1.5 mL) for elution of PCR amplified DNA product.

10. 30 pL of DNAse free water (Sigma-Aldrich Pvt. Ltd. USA) was added to the binding
column and incubated at 25°C for 5 min. The PCR amplified DNA was eluted by
centrifugating at 13,000g, 25°C for 1 min and was stored in deep freezer at -20°C
until further use.

2.2.5 Digestion of PCR amplified DNA by restriction enzymes

The above PCR amplified DNA was digested by using restriction enzymes Nhel
and Xhol following the set up as mentioned in Table 2.5. The digestion mixture was
incubation at 37°C in a water bath (Grant, Sub Aqua dual plus) for 2h. The digested

PCR amplified DNA was run on agarose gel (0.8%, w/v) and the desired gene fragment

was extracted and purified by using the gel extraction kit as outlined in Section 2.2.4

and eluted using 30 pL of elution buffer.

Table 2.5. Digestion set up of PCR amplified DNA by Restriction Enzyme (RE).

Digestion reaction set up Volume (uL)
10X reaction buffer 2.0
PCR amplified DNA (50 ng/uL) 10.0
Nhel (10 U/uL) 1.0
Xhol (10 U/uL) 1.0
DNAse free water 6.0
Total 20.0
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2.2.6 Description of pET-28a(+) expression vector

The pET-28a(+) vector is a widely used expression system in molecular biology,
designed for efficient recombinant protein production in Escherichia coli. It belongs to
the pET series of vectors, which are regulated by the T7 promoter, enabling high-level
transcription when induced by T7 RNA polymerase. This T7 promoter system was
originally developed by Studier and colleagues (Studier and Moffatt, 1986; Studier et
al., 1990). This vector contains an N-terminal T7-Tag sequence and C-terminal His-tag.
The His-tag facilitates easy purification of expressed proteins using affinity
chromatography. Additionally, the presence of a kanamycin resistance gene ensures
selective growth of transformed bacterial cells under antibiotic pressure. The multiple
cloning site (MCS) within pET-28a(+) allows for the insertion of target genes through
various restriction sites. The lac operon regulatory system, including the lacl repressor,
controls expression, preventing basal transcription in the absence of an inducer (e.g.,
IPTG). Overall, the pET-28a(+) system provides a highly effective platform for
expressing recombinant proteins with affinity purification tags, making it ideal for
structural and functional studies. The location of His-tag, fi origin, T7 coding sequence,
kanamycin coding gene and T7 terminator is displayed in the restriction map of pET-

28a(+) vector as depicted in Fig. 2.1.
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Fig. 2.1. A diagram illustrating the restriction map of the pET-28a(+) expression vector.
Multiple cloning site (158-203 bp), restriction enzyme sites, C-terminal Hise-

Tag coding sequence (140-157 bp), N-terminal Hiss-Tag coding sequence

(270-287), T7 promoter (370-386 bp), 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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2.2.7 Restriction digestion of pET-28a(+) expression vector

The pET-28a(+) expression vector (50 ng/uL) was digested by using restriction
enzymes Nhel and Xhol following the set up as mentioned in Table 2.6. The digestion
mixture was incubation at 37°C in a water bath (Grant, Sub Aqua dual plus) for 2h. The
Nhel-Xhol digested pET-28a(+) vector was run on agarose gel (0.8%, w/v) and
subsequently purified by following the protocol as described in Section 2.2.4 and eluted

using in 30 pL elution buffer.

Table 2.6. Restriction Enzyme (RE) digestion set up of pET-28a(+).

RE reaction set up Volume (pL)
Reaction buffer 10X (rCutSmart Buffer-NEB) 25
pET-28a(+) vector (50 ng/pL) 20.0
Nhel (10 U/uL) 1.0
Xhol (10 U/uL) 1.0
DNAse free water 55
Total 30.0

2.2.8 Ligation of both Nhel-Xhol digested PCR fragments into pET-28a(+) vector

The Nhel-Xhol digested PCR amplified product (as mentioned in Section 2.2.5)
was ligated to Nhel-Xhol digested pET-28a(+) vector (as mentioned in Section 2.2.7)
by using T4 DNA liagse. The molar ratio of insert (AcXyn30B_12) to vector was
maintained at 3:1 and the amount of digested AcXyn30B_12 was determined using the

formula given below (Engler and Richardson, 1982):

ng of vector x kb size of insert
kb size of vector

x insert : vector molar ratio = ng of insert

46 ng x 1.9 kb

5 369 Kb x 3:1 = 16.2 ng of insert (gene encoding AcXyn30B_12)
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The set up for ligation of Nhel-Xhol digested AcXyn30B_12 and pET-28a(+)

vector was done as shown in Table 2.7.

Table 2.7. Ligation set up of PCR amplified insert and pET-28a(+) vector.

Ligation reaction set up Volume (pL)
10X buffer (Standard Taq buffer) 1.2
pET-28a(+) vector (23 ng/pL) 2.0
Restriction digested PCR insert (5.8 ng/uL) 2.8
T4 DNA ligase (350 U/pL) 1.0
DNAGse free water 5.0
Total 12.0

The ligation mixture was incubated for 16h at 16°C in a refrigerator.

2.2.9 Preparation of E. coli (DH5a) competent cells
The DH5a competent cells were prepared by following the steps given below:

Day 1

1. 0.05 mL of culture of E. coli (DH5a) from glycerol stock (22.5%) was inoculated
into 5.0 mL Luria Bertani medium (Sambrook et al., 1989) and incubated at 37°C
at180 rpm for 12h.

2. 0.1 M CaCly, 0.1 M MgCl; and 0.1 M CacCl; containing 15% (v/v) glycerol solutions
were prepared and sterilized by filtration through a PVDF membrane (pore size 0.25
um, 2.5 cm dia) using syringe filter under laminar airflow and stored at 4°C.

Day 2

3. 1.5 mL micro-centrifuge tubes, 50 mL centrifuge tubes, micro-tips and the above
prepared solutions of 0.1 M CaCl, 0.1 M MgCl, and 0.1 M CaCl> containing 15%
(v/v) glycerol were sterilized by autoclaving at 121°C and 5 psi for 20 min and were

kept on ice bath and placed under laminar air flow hood.
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4. From the overnight grown culture from above (Step 1), 1.0 mL was inoculated into
100 mL autoclaved Luria Bertani medium in a 250 mL conical flask. The culture was
incubated at 37°C and 180 rpm until the absorbance at 600 nm (Asoo) reached around
0.4-0.6.

5. 40 mL from 100 mL grown E. coli culture was transferred to 50 mL round bottom
centrifuge tubes and centrifuged at 4,000g and 4°C for 10 min. Before placing the
tubes in centrifuge machine, their weights were equally balanced.

6. Previous step (step 5) was repeated for making pellet from the remaining culture.

7. The supernatant was carefully discarded and the cell pellet was gently re-suspended
by adding 4 mL of sterilized and ice chilled 0.1 M MgCl; followed by sterilized and
ice chilled 0.1 M CaCl: solution and the final volume was adjusted upto 20 mL. The
re-suspended cell solution was incubated on ice for duration of 10 min

8. The tubes containing the above mixture (step 7) were centrifuged at 4°C and 4,000g
for 10 min.

9. The supernatant was removed and the cell pellet was again suspended in 3 mL sterile,
ice-cold 0.1 M CaCl: solution and incubated on ice for 10 min. The cell suspension
was then centrifuged again at 4°C and 4,000g for 10 min.

10. The supernatant was removed and cell pellet was now suspended in 1.5 mL of sterile,
ice chilled 0.1 M CaCl> solution containing 15% (v/v) glycerol.
11. 0.1 mL of competent cells were aliquoted into each 1.5 mL micro-centrifuge tube

and stored at -80°C for further utilization.
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2.2.10 Preparation of Luria-Bertani (LB) medium

The Luria-Bertani (LB) medium is most commonly used medium for growth of
recombinant E. coli cells. It was prepared by using the components according to
Sambrook et al., 1989 as mentioned in Table 2.8. All the medium constituents were
dissolved in 250 mL of deionized water and the pH was brought to 7.2 by using 2 N,
NaOH. The final volume was adjusted up to 800 mL. 400 mL of LB medium was then
transferred to 2 different 1.0 L conical flasks and autoclaved at 121°C, for 20 min at 15
psi. The autoclaved LB was cooled in 25°C and filter sterilized kanamycin (0.05mg/mL,
final concentration) was added into it before inoculation.

Table 2.8. Composition of Luria-Bertani medium.

Component Final concentration (%, w/v)
Tryptone 1.0
Yeast extract powder 0.5
Sodium chloride 1.0
pH 7.2

2.2.10.1 Preparation of LB-agar medium

The LB agar medium was prepared by solubilizing the medium components as
mentioned in Table 2.8. In this LB medium, a final concentration of 2% (w/v) nutrient
agar was added. The medium was sterilized by autoclaving at 121°C, for 20 min at 15
psi. The autoclaved medium was kept in a laminar air flow chamber and cooled down
to 50-55°C. To the liquid medium filter sterilized kanamycin (0.05 mg/mL, final
concentration) was added and immediately around 25 mL of medium was dispensed into
each of the sterilized petri dishes. The LB Agar medium was left to solidify for 20 min,

sealed with parafilm and stored in 4°C for further utilization.
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2.2.11 Transformation of ligated DNA using E. coli (DH5a) competent cells

The recombinant plasmid DNA containing the gene encoding AcXyn30B_12
was transformed using E. coli (DH5a) competent cells. The following protocol was
followed for transformation:

1. The micro-centrifuge tube (1.5 mL) containing 0.1 mL E. coli (DHS5a) competent
cells (as mentioned in Section 2.2.9) was taken out from -80°C and kept on ice for 5
min. The ligation mixture (as mentioned in Section 2.2.8) was given a short spin and
0.02 mL of the ligation mixture was gently mixed with 0.1 mL of E. coli (DH5a)
competent cells.

2. The micro-centrifuge tube was tapped gently for around 4-5 times and incubated on
ice for 30 min.

3. The cells were given a heat shock at 42°C for 40 s and then subsequently put back
on to ice for 5 min.

4. 1.0 mL of autoclaved LB-medium was mixed with the E. coli (DH5a) cells and
incubated at 37°C in a shaking incubator at 180 rpm for 1h.

5. The cells were pelleted by centrifugation at 3,000g, 25°C and 5 min.

6. 1.0 mL of the supernatant was gently removed and the cell pellet was resuspended in
the remaining 0.1 mL of supernatant.

7. The cells were plated onto LB-agar medium containing 0.05 mg/mL kanamycin (as
outlined in Section 2.2.10.1) and incubated at 37°C for 12h under static conditions.

8. The transformation efficiency was calculated by using the formula as given below

No. of colonies in LB agar plate x Dilution factor

ug of insert DNA = cfu/pg

Transformation efficiency =
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2.2.12 Isolation of recombinant plasmid DNA from transformed colonies

The colonies based on different morphology, were randomly picked up from the
LB-agar plates containing E. coli (DH5a) cell (as outlined in Section 2.2.13) and
inoculated in 10.0 mL autoclaved Luria Bertani medium containing 0.05 mg/mL of
kanamycin. The inoculum was grown at 37°C, at 180 rpm for 12h in a shaking incubator.
The plasmid DNA was isolated to check for positive clones by using the miniprep kit
(Sigma-Aldrich, Co. LLC, USA) and following the step-wise manufacturer protocol as

mentioned below:

1. The E. coli (DH5a) cells were taken in a fresh and sterile 2.0 mL micro-centrifuge
and centrifuged at 13,000g and 25°C for 1 min.

2. The supernatant was discarded and the same process (stepl) was repeated till entire
8.0 mL culture was harvested.

3. The resulting cell pellet was suspended in 0.2 mL resuspension solution (containing
RNAse at final concentration of 0.3 mg/mL).

4. To the above mixture 0.2 mL of lysis solution was added and mixed by gently
inverting the tube 4-6 times.

5. To the above mixture 0.35 mL of neutralization solution was added and mixed by
gently inverting the tube 4-6 times.

6. The above mixture was centrifuged at 13,000g, 25°C for 10 min and a white cloudy
pellet was obtained.

7. The binding column (GenElute miniprep binding column) was prepared by passing

0.5 mL column preparation solution and centrifugation at 13,000g, 25°C for 1 min.
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8. The clear supernatant (obtained at step 6) was carefully transferred to the binding
column (step 7) and centrifuged at 13,000g at 25°C for 1 min. The flow through
accumulated in collection tube was discarded.

9. 0.75 mL of diluted wash buffer (ethanol added) was added to the binding buffer and
centrifuged at 13,000g at 25°C for 1 min. The flow through accumulated in collection
tube was disposed.

10. The empty binding column was again centrifuged at 13,000g at 25°C for 1 min for
complete removal of any residual wash solution.

11. The binding column was transferred to a new and sterile 1.5 mL micro-centrifuge
tube and 30 pL of elution solution was added to the column and incubated at 25°C
for 5 min.

12. Plasmid DNA was then eluted by centrifugating the column at 13,0009 at 25°C for 1
min.

13. The eluted plasmid was stored at -20°C for further utilization.

2.2.13 Screening of recombinant plasmids to identify positive clones through

restriction digestion
The confirmation of pET-28a(+) plasmid containing the gene encoding for

AcXyn30B_12 was done by restriction digestion. 15 pL of recombinant plasmid isolated

(as mentioned in Section 2.2.12) was taken in a fresh and sterile 1.5 mL micro-centrifuge

tube and digested using Nhel and Xhol restriction enzymes. The reaction mixture was

set up as mentioned in Table 2.9. The reaction mixture was incubation at 37°C in a water
bath (Grant, Sub Aqua dual plus) for 1h. The Nhel-Xhol digested product was analysed

using 0.8% (w/v) agarose gel.
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Table 2.9. Restriction Enzyme (RE) digestion set up of recombinant plasmid DNA.

RE reaction set up Volume (pL)
Buffer 10X (rCutSmart Buffer-NEB) 12
Plasmid DNA (145 ng/uL) 5.0
Nhel (10 U/pL) 1.0
Xhol (10 U/uL) 1.0
DNAse free water 3.8
Total 12.0

2.2.14 Preparation of E. coli BL-21 (DE3) competent cells

The E. coli BL-21 (DE3) competent cells were made by using the same procedure
as outlined in Section 2.2.9. After addition of 0.1 M CaCl; solution containing 15% (v/v)
glycerol to the competent cells, 0.1 mL aliquots were made in sterile 1.5 mL micro-

centrifuge tubes and the tubes were stored at -80°C for further use.

2.2.15 Transformation of recombinant plasmids using E. coli BL-21 (DE3) cells for
protein expression

The isolated recombinant plasmid DNA, 0.002 mL (as mentioned in Section
2.2.12), was transformed using 0.1 mL of E. coli BL-21 (DE3) competent cells (as
mentioned in Section 2.2.15) for expression of AcXyn30B_12. The protocol followed
for transformation was same as mentioned in Section 2.2.11. 0.1 mL of the transformed
cells were spread on LB-agar medium plates containing 0.05 mg/mL kanamycin (as
outlined in Section 2.2.10.1) and incubated at 37°C for 12h. The colonies based on
different morphology were randomly picked from the LB-agar plates containing the
grown E. coli BL-21 (DE3) cells and inoculated in 5 mL Luria Bertani medium
containing 0.05 mg/mL (final concentration) kanamycin. The inoculum was incubated

at 37°C, at 180 rpm for 12h in a shaking incubator for analysis of protein expression.
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The E. coli BL-21 (DE3) cells harbouring the recombinant plasmid containing
pET-28a(+) vector DNA and the gene encoding AcXyn30B_12 were grown in 10 mL
of Luria Bertani medium containing 0.05 mg/mL kanamycin at 37°C and orbital shaking
at 180 rpm, until it reached the intermediate exponential phase (ODsso nm=0.6). To
express the recombinant enzyme AcXyn30B 12, isopropyl 1-thio-g-D-
galactopyranoside at 1.0 mM final concentration was added to the above culture and
further incubated for 16h, with orbital shaking at 180 rpm at 24°C. The induced cells
were then collected by centrifuging the culture at 6000g at 4°C for 15 min. The cell
pellets were resuspended in 0.04 mL distilled water and analysed for protein expression

by SDS-PAGE using 12% (w/v) gel.

2.2.16 Analysis of recombinant protein expression by SDS-PAGE

The expression of recombinant protein, AcXyn30B_12, was examined by using
Sodium dodecyl sulphate-Polyacrylamide gel electrophoresis (SDS-PAGE) using a
12% (w/v) gel. The Polyacrylamide gel was prepared by using the solutions as
mentioned in Table 2.10. The SDS-PAGE was used by following the method of

Laemmli, (1970) and Sambrook et al., (1989).
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Table 2.10. Components used for resolving and stacking gels for SDS-PAGE.

Components Resolving gel, Stacking gel,
12% (w/v), (uL) 4% (W/v), (uL)

30% (w/v) Acrylamide solution” 4000 700
Distilled water 700 2800

10% (w/v) SDS 1000 500

50% (w/v) Glycerol 1000 -

1.5M Tris-HCI (pH 8.8) 3300 -

0.5M Tris-HCI (pH 6.8) -- 1000

10% (w/v) APS 100 50
TEMED 10 5

“30% (w/v) acrylamide solution was prepared fresh by mixing 0.8 g of bis-acrylamide
and 29.2 g of acrylamide into 100 mL ultra-pure deionized water (Milli-Q water)

The SDS-PAGE running buffer was prepared by using 1X Tris-Glycine buffer (pH
8.3), which was diluted from a 5X stock solution formulated using the components listed

in Table 2.11.

Table 2.11. Components used for preparation of 5X Tris-Glycine running buffer.

Component Final concentration (5X)
SDS 0.5% (w/v)
Tris-base 125 mM

Glycine 1250 mM

pH 8.3

The 5X sample loading buffer (pH 6.8) was prepared according to the
composition given in Table 2.12. Protein samples were prepared by mixing 4 volumes
of the protein solution with 1 volume of the 5X loading buffer to achieve a final 1X
concentration of the buffer. This mixture was incubated in a boiling water bath at 100°C

for 3 min. Subsequently, 20 pL of each sample was loaded into individual wells and
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electrophoresis was performed at a constant current of 20 mA (equivalent to 2 mA per

lane).

Table 2.12. Components used for preparation of 5X sample loading buffer.

Component Final concentration (5X)
SDS 2.0% (wiv)
Tris-HCI 0.0625 M
Glycerol 20% (v/V)
Bromophenol blue 0.025% (w/v)
[-mercaptoethanol 5.0% (w/v)

pH 6.8

The protein staining solution was prepared by dissolving 250 mg of Coomassie
Brilliant Blue R-250 dye in 50 mL of deionized water, followed by continuous stirring
on a magnetic stirrer overnight to ensure complete dissolution. Subsequently, 40 mL of
methanol and 10 mL of glacial acetic acid were added to this dye solution, to achieve a
final solvent ratio of 5:4:1 (water: methanol: acetic acid) and a total volume of 100 mL.
Protein bands were visualized by immersing the gel in this staining solution for 10 min
under gentle shaking. The gels were destained by using 100 mL of destaining solution
composed of methanol, glacial acetic acid and distilled water in the same ratio (5:1:4)

and subjecting to gentle shaking until protein bands were clearly visible.

2.2.17 Determination of optimum IPTG concentration and temperature

The optimum concentration of IPTG for the expression of the recombinant
protein AcXyn30B_12 using E. coli BL-21 (DE3) cells was determined by inducing the
cells grown in 10 mL LB medium (supplemented with 0.05 mg/ml kanamycin) by 0.2

mM, 0.5 mM orl.0 mM IPTG concentration and incubated at optimum induction
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temperature of 24°C for 16h. The expression level of AcXyn30B_12 was evaluated by
incubating the cells grown in 10 mL LB medium (supplemented with 0.05 mg/ml
kanamycin) at different temperatures, 16°C, 24°C and 37°C for 16h by using the
optimum, final IPTG concentration of 1.0 mM. The expression levels of AcXyn30B_12

under each condition was analysed by SDS-PAGE using a 12% (w/v) gel.
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2.3 Results and Discussion
2.3.1 Sequence analysis of AcXyn30B_12

The gene sequence of AcXyn30B_12 was retrieved from NCBI database. The
conserved structural domain for AcXyn30B_12 was determined using NCBI Conserved
Domains Database and the molecular architecture was developed using DOG 2.0
software (as shown in Fig 2.1). The full-length gene encoding AcXyn30B_12 contains
a total of 673 amino acid residues with an N-terminal signal peptide (residues 1-27, in
pink color), followed by a catalytic module, Xyn30Bc (residues 29-440, in cyan color)
a family 6 carbohydrate binding module, CBM6 (residues 471-592, in green color) and
a C-terminal Type I dockerin domain, Docl (residues 606-671, in purple color) and 2
amino acid residues at the C-terminal (residues 672-673, in silver color) as shown in
Fig. 2.1. The N-terminal signal peptide and the GH30 catalytic module are separated by
one amino acid residue (alanine, A28). There are two unknown modules containing the
amino acid residues 441-470 (between Xyn30Bc and CBM6) and 593-605 (between
CBM6 and Docl) shown in silver color (Fig. 2.1). The full-length gene encoding the
Xyn30Bc catalytic module, CBM6 and Docl without the signal peptide was cloned in
the pET-28a(+) vector. The full-length cloned gene expressing the mature protein,
AcXyn30B_12 comprised 653 amino acids containing the pET-28a(+) vector sequence
at N-terminal (residues 1-8) containing the His6 tag in yellow color followed by
Xyn30Bc catalytic module (residues 9-412), CBM6 (residues 451-572), Docl (residues
587-651) and 2 amino acid residues at the C-terminal (residues 652-653) as shown in

Fig. 2.1.
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f Xyn30B_12 :
27 440 592 671
SP Xyn30Bc CBM6 Docl
129 471 606 673
Cloning of gene encoding
AcXyn30B_12 in pET-28a(+) vector
9 420 572 651
Xyn30Bc CBM6 Docl
1 451 586 653
} AcXyn30B_12 |

Fig. 2.1. Molecular architecture of AcXyn30B_12, developed by using DOG 2.0

software.

2.3.2 PCR amplification of AcXyn30B_12

The PCR amplified gene encoding the protein, AcXyn30B_12 (1900 bp) from

the genomic DNA of the thermophilic organism, Acetivibrio clariflavus DSM 19732

(by following steps as mentioned in Section 2.2.2) was analysed using 1.0% w/v

agarose gel as shown in Fig 2.2. The PCR amplified product displayed a band of size

~1.9 kb (Fig 2.2, Lanel). This band of amplified product was extracted and purified

by following the procedure as outlined in Section 2.2.4.
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Fig. 2.2. Agarose gel electrophoresis (0.8%, w/v) showing, Lane M: DNA ladder
(Genei, India) and Lane 1: PCR amplified product of gene encoding
AcXyn30B_12.

2.3.3 Cloning of gene encoding AcXyn30B_12 into pET-28a(+) expression vector

The PCR amplified gene encoding AcXyn30B_12 and pET-28a(+) vector were
double digested using restriction enzymes, Nhel and Xhol (as mentioned in Section
and respectively). Both the digested products were analysed using 0.8% (w/v) gel
followed by extraction (as mentioned in Section 2.2.4). The extracted digested
products were further subjected to ligation by following the procedure as outlined in
Section 2.2.8. The above ligated product was transformed using E. coli DH5a
competent cells. These cells were grown overnight on LB plates (supplemented with
0.05mg/mL kanamycin) at 37°C. The transformation efficiency of E. coli DH5
competent cells was found to be 1.5x10° cfu/ug.
2.3.3.1. Isolation of recombinant DNA and screening of positive clones

The recombinant plasmid DNA from the grown colonies (as mentioned in
Section 2.3.3) were isolated by utilizing the plasmid miniprep kit (Section 2.2.12).
The isolated recombinant plasmid was further double digested using the restriction
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enzymes, Nhel-Xhol. Both the digested and undigested recombinant plasmid were

analysed using 0.8% (w/v) to confirm positive clone (as shown in Fig. 2.3A, Lanel).
The digested plasmid showed two bands, one with band equal to the size of pET-
28a(+) vector (5.3 kb) and another with band equal to size of AcXyn30B_12 (1.9 kb).

The undigested plasmid showed only one single band of 7.2 kb (as shown in Fig.

2.3B, Lanel).
(A) (B)
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Fig. 2.3. Agarose gel electrophoresis (0.8%, w/v) showing (A) Lane M: DNA ladder
(GeNei, India) and Lane 1: Undigested recombinant plasmid pET-28a(+).
(B) Lane M: DNA ladder (GeNei, India) and Lane 1: Nhel-Xhol digested
fragments at 5.3 kb of vector pET-28a(+) and at 1.9 kb of gene encoding
AcXyn30B_12 (insert).

The positive colonies were screened through sequencing (1% base Laboratories,
Sanger sequencing services, Selangor, Malaysia) and no mutation was detected (as
shown in Fig 2.4A and B). The absence of any mutation was verified by analyzing
the sequence of the cloned gene encoding AcXyn30B_12 (obtained from sequencing)
by aligning with the genomic sequence of A. clariflavus (CP003065.1) encoding the
identical endo-xylanase by using Clustal Omega. By comparing the two sequence it

was clearly observed that there is no mutation in the cloned gene (as shown in Fig.

2.4C).
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(B) AGCTATACCGCGAGCGTGGATGTGAACACCACCTATCAGACCCTGGAAGGCTTTGGCGCGGCGATTGCGTGGTATAACGATTATCTGA
CCACCCATCCGAACAAAAACGATCTGTATCGCATTCTGTTTTATGATAGCGGCCTGGATATTCTGCGCCTGCGCAACCAGTATCGCAAC
AGCAACAACTTTGGCTATGATGATATGGAAATTGTGAAATATGGCAAAATTATGAACCCGAACCTGAAAGTGCTGCTGAGCAGCTGGAG
CCCGCCGAGCGATCTGAAACGCAACGGCGTGATGAACGGCGGCACCCTGGCGAAAGAAAACGGCAGCTTTGTGTATGAAAAATTTG
CGGATTATTGGTATAACAGCCTGGTGGCGTATCGCGCGAAAGGCATTATTCCGGATTATATTAGCATTCAGAACGAACCGGAATATGAAA
GCGGCGATTGGGAAACCTGCATTTTTCGCGAAACCGAAACCAGCGAATATCCGAGCTATGCGAAAGCGCTGGATGCGGTGTATGAAA
AAATTAAAGATCTGCCGGATATGCCGAAAATTCTGGGCGTGGAAAGCGCGGGCATTATGAACAACACCGTGCAGAACTATGCGCGCTA
TATGGATCTGAGCAAAGTGTATGGCATTGCGCATCATCTGTATAACGGCGGCGATCCGTATAACCCGGATAGCTTTAACGATATTTTTCG
CAGCCTGGCGCGCGATTTTGCGGATAAACCGCTGTTTATGACCGAATATGATTATGGCACCCCGTTTACCACCGCGGAACTGATTCATA
ACAGCCTGGTGGTGGAAGGCGTGAGCGGCTATTTTTATTGGGATCTGATTTGGGAAAACAGCCAGCGCCCGCTGGTGGCGATTGAAG
TGCCGCGCAACCCGGAACAGTGGACCACCAAAGAAGGCTATATTTTTAGCGATTTTTATTATATTATGCAGCAGTTTGCGAAATTTACCG
ATCCGGGCTATAAACGCGTGGATGCGAGCGTGAGCAGCAACGATATTAAAGTGAGCGCGTTTGTGAGCCCGGATAAAAGCAAACTGA
CCATGATTTTTATTAACAAAGGCTATAGCGAACATAGCGTGGCGCTGGATCTGAAAGGCTATAGCAGCAACAAAAGCATTATTTATCGCA
CCCTGCCGGAAGGCAACGAACGCTTTAAAAAAGTGGGCAGCCTGTTTGGCAACACCGTGACCCTGCCGGCGCGCAGCGTGGTGAC
CGTGGCGCTGGGCGTGGATGATGAAGAACAGATTCCGCCGCAGCTGCCGACCCCGACCCCGAAACCGGAAAGCCGCAGCGCGTAT
GATATTATTCAGGCGGAAGATTATAACGAAATGTATGGCATTCAGTGCGAAACCATTGCGGATGATGGCAACAAAAACGTGGCGTATATT
GAAAACGGCGATTATATTCTGTTTAAAGGCGTGGATTTTGGCACCGGCGCGACCGGCTTTGAAGCGAGCGTGGCGAGCGCGGAAAG

CGGCGGCGCGATTGAAATTCGCCTGGATGAACTGTATGGCACCACCGTGGTGAAAATTCCGGTGAGCGGCACCGGCGATTGGCATAA
CTATGTGACCGTGAAAGCGGATATTCCGGAAATTAAAGGCAAACATGATCTGTATCTGGTGTTTACCGGCGGCGGCGGCTATCTGTTTA
ACATTGATTGGTTTGTGTTTACCGGCGGCACCGTGGAAAACCCGGTGCCGGAAGTGATTTATGGCGATGTGAACGGCGATGGCGATT
TTAACAGCATTGATTATGGCTATCTGAAAATGTATCTGCTGGGCCAGATTAAAGAATTTCCGAGCAAAGATGGCATGATTGCGGCGGATG
TGAACGGCGATGGCACCGTGAACAGCATTGATTATGCGTATATGAAAATGCGCCTGCTGGGCCAGATTAGC AAATTTCCGGTGGAA
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Fig. 2.4. DNA sequencing results of the gene encoding AcXyn30B_12 by using T7
promoter primers. (A) Electropherogram of DNA sequencing results for cloned
gene encoding AcXyn30B_12 visualised by Chromas 2.6.6 software and (B)
Sequence of AcXyn30B_12. (C) Multiple sequence alignment of cloned
AcXyn30B_12 sequence with genome sequence of A. clariflavus.

TH-3841_226106007 58



Chapter 2

2.3.4 Expression of recombinant protein AcXyn30B_12

The E. coli BL-21 (DE3) cells harbouring the recombinant plasmid were
analysed for expression of protein AcXyn30B_12 after induction with 1.0 mM IPTG
(as mentioned in Section 2.2.15) grown at 24°C. The expressed AcXyn30B_12 was
analysed using SDS-PAGE in 12% (w/v) gel and a protein band at ~74 kDa (as shown
in Fig 2.5) was found, which was in agreement with the theoretical molecular mass

(75 kDa) by Protparam EXPASYy server.

w—p ~74 kDa

35

25

20

Fig. 2.5. Expression analysis of recombinant AcXyn30B_12 by SDS-PAGE using 12%
(w/v) gel. Lanes M: Pre-stained protein ladder, 1: uninduced E. coli BL21
(DEJ) cells, induced E. coli BL21 (DE3) cells (with 1.0 mM IPTG and grown
at 24°C) from different colonies, 2: colony 1, 3: colony 2, 4: colony 3 and 5:
colony 4.
2.3.5 Optimization of IPTG concentration for expression of AcXyn30B_12
The E. coli BL21 (DE3) cells containing the recombinant plasmid exhibited
differential expression levels of AcXyn30B 12 upon induction with varying IPTG

concentrations (0.2 mM, 0.5 mM and 1.0 mM) at the optimum incubation temperature

of 24°C (Section 2.3.6) grown for 16h. The induction with 1.0 mM IPTG (Fig. 2.6, Lane
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3) resulted in higher expression of AcXyn30B_12 as compared with 0.2 mM (Fig. 2.6,
Lane 1) or 0.5 mM IPTG (Fig. 2.6, Lane 2). Therefore, 1.0 mM IPTG was determined
to be the optimal concentration for recombinant protein expression and was used in all
subsequent experiments.

" kDa M 1 2 3
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180 |
135
100
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63
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20
17 -

11 - | — | —

Fig. 2.6. Expression analysis of AcXyn30B_12 at different IPTG concentrations by
SDS-PAGE using 12% (w/v) gel. Lanes M: Pre-stained protein ladder, induced
AcXyn30B_12 by, 1: 0.2 mM IPTG, 2: 0.5 mM IPTG and 3: 1.0 mM IPTG.

2.3.6 Optimization of temperature for expression of AcXyn30B_12
The E. coli BL21 (DE3) cells harbouring the recombinant plasmid exhibited

differential expression levels of AcXyn30B_12 at varying induction temperatures

(16°C, 24°C and 37°C) using the optimal IPTG concentration of 1.0 mM (Section 2.3.5)

grown for 16h. Induction at 24°C (Fig. 2.7, Lane 2) and 37°C (Fig. 2.7, Lane 3) resulted

in comparable and higher expression levels as compared with induction at 16°C (Fig.

2.7, Lane 1). Based on these results, 24°C was selected as the optimal temperature for

expression of AcXyn30B_12 and was used in all subsequent experiments.
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17
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Fig. 2.7. Expression analysis of AcXyn30B_12 at different induction temperatures by
SDS-PAGE using 12% (w/v) gel. Lanes M: Pre-stained protein ladder,

expression of AcXyn30B_12 by 1.0 mM IPTG at temperatures, 1: 16°C, 2:
24°C and 3: 37°C.
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2.4. Conclusion

The gene encoding AcXyn30B_12 enzyme, a member of glycoside hydrolase
family 30 from Acetivibrio clariflavus DSM 19732 (GenBank accession no.
AEV69300.1), was cloned, expressed and purified. Molecular architecture revealed
that the full-length gene encoding AcXyn30B_12 contains a total of 673 amino acid
residues and an N-terminal signal peptide, followed by a catalytic module, Xyn30Bc,
CBMG6 a C-terminal Type | dockerin domain, Docl. PCR amplification of the gene
yielded a product approximately, 1.9kb in size. The amplified fragment was digested
with restriction enzymes (Nhel-Xhol) and ligated to the linearized pET-28a(+)
expression vector. Upon transformation of ligated product using E. coli DH5a
competent cells, positive clones harbouring the recombinant plasmid were verified
via restriction digestion using enzymes, Nhel and Xhol, which produced DNA bands
of ~5.3 kb (vector) and ~1.9 kb (insert) as analysed by agarose gel electrophoresis
analysis. The confirmed recombinant plasmid was subsequently introduced into E.
coli BL21 (DE3) cells for protein expression. The recombinant AcXyn30B_12
protein was expressed showing a band corresponding to molecular size, ~74 kDa as
confirmed by SDS-PAGE analysis, which was corroborated with its theoretically
known molecular mass (75 kDa). The optimum concentration of IPTG for expression
of AcXyn30B_12 obtained was 1.0 mM and the optimum induction temperature

determined for protein expression was 24°C.
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Purification, biochemical and functional characterization of
endo-p-1,4-xylanase (AcXyn30B_12) from Acetivibrio clariflavus DSM 19732

3.1. Introduction

Xylan, a predominant constituent of hemicellulose, is a heterogeneous
polysaccharide composed of a p-1,4-linked xylose backbone with branching
substitutions of a-L-arabinofuranosyl residues (substituted at carbon 2 and/or 3 by a-
(1-2) or a-(1—3) linkage), a-D-glucuronic acid and its 4-O-methyl derivative
(substituted at carbon 2 by a-(1—2) linkage) or acetyl groups (Collins et al., 2005).
Xylan degradation plays an important role in the efficient utilization of lignocellulosic
biomass (LCB) for various biotechnological applications. The enzyme, endo-$-1,4-
xylanase catalyses the cleavage of internal $-1,4 linkages in the xylan main chain,
leading to the release of xylo-oligosaccharides (XOS), which have potential applications
such as prebiotics and bioactive compounds (Santibanez et al., 2021). Till date, in
glycoside hydrolase family 30 (GH30) a total of 139 bacterial endo-xylanases have been
biochemically, structurally and functionally characterized. A bacterial endo-xylanase
Xyn30D of GH30 family from Paenibacillus barcinonensis showed highest activity of

30 U/mg against beechwood xylan at pH 6.5 and 60°C (Valenzuela et al., 2012).
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Another endo-xylanase, CpXyn30A of GH30_8 family from Clostridium papyrosolvens
showed activity of 17 U/mg against wheat arabinoxylan xylan under optimum
conditions of pH 4.5 and 30°C (St. John et al., 2014). An endo-xylanase, CaXyn30A of
GH30_8 family from Clostridium acetobutylicum displayed activity of 113 U/mg
against wheat arabinoxylan at pH 6.0 and 50°C (St. John et al., 2018). A fungal endo-
xylanase, TcXyn30C of GH30 7 family from Talaromyces cellulolyticus showed
highest activity of 47 U/mg against wheat arabinoxylan at pH 4.0 and 55°C (Nakamichi
etal., 2019).

Although endo-xylanases contribute significantly to xylan degradation, their
action alone is not sufficient for complete xylan depolymerization. Synergistic activity
between endo-xylanase and other xylan-degrading enzymes, such as xylobiohydrolases,
enhances hydrolysis efficiency. Xylobiohydrolases act on the non-reducing ends of
xylan chains to release xylobiose, working synergistically with endo-xylanases which
cleave internal bonds in the xylan backbone. The GH30 family xylobiohydrolase
AcGH30A from Acetivibrio clariflavus exhibited its maximum residual activity (136
U/mg) toward 4-O-methyl glucuronoxylan at pH 7.0 and 80°C (Singh et al., 2024).

This present study focuses on the purification, biochemical and functional
characterization of the endo-p-1,4-xylanase of family 30 Glycoside hydrolase
(AcXyn30B_12) from Acetivibrio clariflavus DSM 19732. AcXyn30B_12 was purified
using immobilised metal-ion affinity chromatography followed by size exclusion
chromatography. The enzyme activity as well as substrate specificity of AcXyn30B_12
were determined against range of substrates. The different biochemical properties such
as pH optimum, temperature optimum, pH stability, thermal stability, half-life (t12) and

melting temperature (Tm) of AcXyn30B_12 were investigated. The kinetic parameters
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and effect of different metal ions and other chemical reagents on activity of endo-$-1,4-
xylanase (AcXyn30B_12) were also analysed. The time dependent hydrolysed products
of partially acetylated birchwood xylan (PABX) by AcXyn30B_12 was analysed using
TLC, HPLC and MALDI-TOF-MS to determine both its endo- and exo-acting mode of
cleavage. The synergistic interaction between endo-xylanase, AcXyn30B_12 and
xylobiohydrolase, AcGH30A was investigated against different xylan substrates.
Additionally, TLC analysis of hydrolysis products and total reducing sugar
quantification were performed for various pretreated biomasses hydrolysed by

AcXyn30B_12.

TH-3841_226106007 67



Chapter 3

3.2. Materials and Methods
3.2.1. Substrates and chemicals

The reagents used for estimation of reducing sugar on hydrolysis of various
xylan substrates by AcXyn30B_12 by using method of Nelson [1944] and Somogyi
[1945], viz. sodium bicarbonate, sodium sulphate anhydrous and ammonium molybdate
were procured from Himedia Laboratories Pvt. Ltd., India. Sodium carbonate acquired
from Merck, India. Sodium potassium tartarate and sulphuric acid were acquired from
SRL India Pvt. Ltd and cupric sulphate acquired from Qualigens, Thermo Fisher
Scientific, India. The substrates, viz. 4-O-methylglucuronoxylan, oat spelt xylan,
curdlan and carboxy methyl cellulose sodium salt (CMC-Na) were procured from
Sigma-Aldrich, USA. Partially acetylated birchwood xylan, beechwood xylan, wheat
arabinoxylan (insoluble and low viscosity), rye arabinoxylan, larchwood xylan,
rhamnogalacturonan (bean and potato pectic fibre), pecticgalactan (lupin), carob-
galactomannan, galactan (potato), arabinogalactan, arabinan (sugarbeet) and 4-
Nitrophenyl-p-D-xylopyranoside were purchased from Megazyme Ltd., Ireland. Xylan
(M.w. 20-30kDa) and corn cob xylan were acquired from Carbosynth Ltd., UK. The
sypro orange dye used for protein melting analysis was procured from Merck,
Darmstadt, Germany. Salts of metal ions, viz. Ni*?, Cu*?, Co*?, Ca*?, Mg*?, K*, Na* and
Li* and chemical reagents, viz. sodium dodecyl sulphate (SDS), ethylene diamine tetra
acetic acid (EDTA), ethylene glycol-bis (B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid
(EGTA), urea and guanidine hydrochloride (GnHCI) were acquired from Himedia
Laboratories Pvt. Ltd., India. The standards used for TLC analysis viz. xylopentaose,
xylotetraose, xylotriose, xylobiose and D-xylose were obtained from Megazyme Ltd.,

Ireland. The TLC silica gel plate was procured from Merck, Darmstadt, Germany. The
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chemicals used for preparing TLC solvent, viz. chloroform was procured from Himedia
Laboratories Pvt. Ltd., India and acetic acid glacial was procured from SRL, Pvt. Ltd.,
India. The chemicals required for TLC dye preparation, viz. diphenylamine, aniline and
ethyl acetate were procured from Merck, India and phosphoric acid and hydrochloric
acid were acquired from Finar LTD., India. For preparing matrix for MALDI-TOF-MS
analysis, 2,5-dihydroxybenzoic acid (DHB) was acquired from Sigma-Aldrich, USA.
The chemicals used for pretreatment of biomasses, viz. sodium hydroxide was acquired
from Himedia Laboratories Pvt. Ltd., India and hydrogen peroxide was acquired from
Finar LTD., India.
3.2.2. Purification of AcXyn30B_12

The E. coli BL-21 (DE3) cells were used for transformation of the recombinant
plasmid containing pET-28a(+) vector DNA and the inserted gene encoding
AcXyn30B_12. The E. coli BL21 cells were grown in 200 mL of Luria Bertani medium
containing 0.05 mg/mL kanamycin at 37°C and orbital shaking at 180 rpm, until it
reached the intermediate exponential phase (ODsso nm=0.6). To express the
recombinant enzyme AcXyn30B_12, isopropyl-1-thio-4-D-galactopyranoside at 1 mM
final concentration was added to the above culture and further incubated for 16h, with
and orbital shaking at 180 rpm at 24°C. The induced cells were then collected by
centrifuging the culture at 6000g at 4°C for 15 min. The cell pellet was resuspended in
5 mL of resuspension buffer (0.05 M sodium phosphate buffer, pH 7.5, 0.05 M
imidazole, 0.3 M NaCl) and sonicated (Sonication cycle: 2 s of on and 8 s of off) for 30
min using a Sonics Vibra cell, USA. The sonicated cell suspension was subjected to
centrifugation at 11,000g and 4°C for 1h. The supernatant obtained after centrifugation

was filtered using a PVDF membrane (pore size 0.45 um) using a syringe filter and with
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the help of a peristaltic pump (GE Healthcare, P1) loaded onto a 1.0 mL HiTrap
Chelating HP prepacked column (GE Healthcare, USA) charged with 100 mM Ni?* ions
for recombinant protein purification by immobilized metal-ion affinity chromatography
(IMAC). The protein bound to the column was extensively washed with 25 mL of 0.05
M sodium phosphate buffer, pH 7.5 containing 0.05 M imidazole and 0.3 M NaCl. The
bound protein, AcXyn30B_12 was eluted with 5 mL of elution buffer (0.05 M sodium
phosphate buffer, pH 7.5, 0.3 M imidazole, 0.3 M NaCl), in 1.0 mL fractions. The
enzyme eluted in different fractions was pooled and dialyzed against 3 L of dialysis
buffer (0.05 M sodium phosphate buffer, pH 7.5) for removal of salt and imidazole. This
dialysed enzyme sample was kept for SDS-PAGE analysis and protein concentration
determination. The dialysed sample (4 mL) was loaded into a 120 mL XK (L x I.D. 60 cm
x 16 mm) HiLoad 16/600 Superdex 75 pg prep grade prepacked size exclusion
chromatography (SEC) column connected to Fast Protein Liquid Chromatography,
FPLC system (AKTA prime plus, GE Healthcare, USA), for further purification. The
column pressure (0.5 MPa) and flow rate (1 mL/min) were kept constant throughout the
experiment. The enzyme was eluted by 0.05 M sodium phosphate buffer, pH 7.5 in 1.5
mL fractions. The purity of both the IMAC and SEC purified enzyme, was determined
by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis
by using a 12% (w/v) gel. The gel was run at 2 mA per lane and stained with Coomassie
Brilliant Blue R-250 (Neuhoff et al., 1988). The fractions containing only a single
protein band at ~74 kDa were pooled and utilized for protein concentration determination

and enzyme assays.
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3.2.3. Protein estimation of purified AcXyn30B_12 using Bradford and UV method
The concentration of crude and purified AcXyn30B_12 was measured by

Bradford’s method (Bradford 1976). Before estimation of protein concentration, a

standard plot of Bovine serum albumin (BSA) in the range 10-100 pg/mL was prepared.

The protein estimation was done at 595 nm and the following formula was used:

. : AA595 XVxC
Concentration of protein (mg/mL) = ——

\Y;
Where,

AAsgs = Change in absorbance of the protein sample
V = Volume of reaction mixture (mL)
C =1 OD equivalent of Bovine serum albumin standard plot (mg/mL)
v = Volume of enzyme for the assay (mL)

Concentration of purified AcXyn30B_12 was also measured by UV method
using a UV-Vis spectrophotometer (Thermo Fisher Scientific, USA). Molar extinction
coefficient, € = 1,22,635 M ecm™ of AcXyn30B_12 computed from the amino acid

sequence by using Protparam ExPASy server (http://web.expasy.org/protparam/) was

utilized for the estimation. The measurement of absorbance was conducted at 280 nm

and the following formula was used for the calculation (Layne, 1957; Stoscheck, 1990):

Absorbance,go X Molecular weight of protein (Da)
Extinction coefiicient (M~'cm™!) x Path length ( 1cm)

Concentration of protein (mg/mL) =

3.2.4.  Enzyme activity assay for AcXyn30B_ 12
3.2.4.1. Estimation of reducing sugar

The enzyme activity was assayed in microcentrifuge tube using total reaction
volume of 0.1 mL that contained final substrate concentration of 1.0% (w/v) in 0.09 mL
of 0.05 M citrate phosphate buffer (pH 5.5) mixed with 0.01 mL of 0.05 mg/mL
AcXyn30B_12 The reaction mixture was incubated at 70°C (optimum temperature) and

for 4 min (optimum reaction time). For control, only substrate with without enzyme was
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incubated under same conditions. All the assays were done in triplicates. The
AcXyn30B_12 enzyme activity was calculated by measuring the released reducing sugar
by protocols of Nelson [1944] and Somogyi [1945] using D- xylose as standard. For
estimation of the reducing sugars following reagents were prepared:

Reagent A (Alkaline tartarate reagent)

Sodium carbonate anhydrous (Na2CO3) 3.75¢
Sodium potassium tartarate (KNaCsHsO6.4H20) 3.75¢
Sodium bicarbonate (NaHCO3) 309
Sodium sulphate anhydrous (NazSOa4) 30¢g

All the above reagents were dissolve in 80 mL Milli-Q water and the final
volume was adjusted to 150 mL. The solution was further filtered using a 0.45 pm
membrane (Axiva Pvt., India) fitted in a filtration unit connected to a vacuum pump and
subsequently stored at 25°C.

Reagent B (Copper reagent)

The copper reagent (reagent B) was prepared by dissolving 22.5 g of copper
sulphate (CuSOg4) in 80 mL of water followed by the addition of two drops of
concentrated sulphuric acid (H2SO4). The final volume was adjusted to 150 mL by Milli-
Q water and then filtered through a 0.45 um membrane (Axiva Pvt., India) fitted in a
filtration unit connected to a vacuum pump and subsequently stored at 25°C.

Reagent C (Arsenomolybdate reagent)

The arsenomolybdate reagent (reagent C) was prepared in dark colour glass
bottle. First of all 7.5 g of ammonium molybdate tetrahydrate [(NH4)sM07024.4H20]
was added to 135 mL of Milli-Q water taken in a 250 mL beaker and 6.3 mL of

concentrated sulphuric acid (H2SO4) was added to it. In another, beaker 0.9 g of sodium
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arsenate was added in 7.5 mL Milli-Q water and this solution was slowly added to
ammonium molybdate solution. This solution (total volume ~150mL) was filtered using
a 0.45 um membrane (Axiva Pvt., India) fitted in a filtration unit connected to a vacuum
pump and subsequently incubated in 37°C for 48h prior to use.
Reagent D

Reagent D was prepared by mixing Reagent A and reagent B in the ratio 25:1.
For every enzyme assay fresh reagent D was prepared.
3.2.4.2. Determination of one OD equivalent from the standard plot of D-xylose

The standard plot of D-xylose was prepared at varying concentration in the

range, 10-210 pg/mL. Each of the concentration (in 100 pL volume taken in 1.5 mL
micro centrifuge tube) was prepared from a stock of 1 mg/mL (1 mL volume) of D-
xylose dissolved in 50 mM sodium phosphate buffer, pH 7.5. For blank, 50 mM sodium
phosphate buffer, pH 7.5 without D-xylose was used. To each of the concentration, 100
pL of reagent D (Section 3.2.3.1) was added and each tube was incubated in a boiling
water bath at 100°C for 20 min. The tubes were cooled down at 25°C and 100 pL of
reagent C (Section 3.2.3.1) was added. Then 700 pL of Milli-Q water was added to each
tube to make final volume of 1 mL. An aliquot of 200 pL from each tube was loaded in
96-well plate (Tarsons Ltd., India) and the absorbance at 500 nm wavelength (Asoco) was
measured using a UV-Visible spectrophotometer (Thermo Fisher Scientific, USA). The
standard plot of Asgo vs D-xylose concentration (ug/mL) was generated and the one OD
equivalent of D-xylose was calculated from it.
3.2.4.3. Calculation of enzyme activity of AcXyn30B_12

The enzyme activity (EA) of the enzyme, endo-$-1,4-xylanase (AcXyn30B_12)

was expressed as U/mL and the specific activity as U/mg of protein. One unit (U) of
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AcXyn30B_12 specific activity is defined as the umole of xylose produced from xylan
per minute per milligram of the enzyme (umol/min/mg) under optimum conditions. The

enzyme activity (EA) of AcXyn30B_12 was calculated using the equation given below:

Acoo XxCxV

EA(U/mL) =
(U/mL) Mwyy1 X XV

Where,
Asoo = Change in absorbance of reaction sample at 500 nm

C =1 OD equivalent from D-xylose standard plot
V = Total volume of reaction mixture (in mL)
t = Time of reaction (in min)
MW,y = Molecular mass of xylose (150 g/mol)
v = Volume of enzyme taken in reaction (in mL)

The specific activity (SA) of AcXyn30B_12 was calculated using the equation

given below:

EA (UML)

SAUME) = centration of protein (mgmL)

3.2.4.4. Substrate specificity of AcXyn30B_12 against natural and synthetic
substrates

The enzyme, endo-f-1,4-xylanase (AcXyn30B_12) was assayed against
different commercial xylan substrates viz. partially acetylated birchwood xylan (PABX),
corn cob xylan, xylan from Carbosynth (Mw. 20,000-30,000), oat spelt xylan, 4-O-
methylglucuronoxylan, larchwood xylan, beechwood xylan, rye and wheat arabinoxylan
(low viscosity and insoluble) and also against cellulose based and mannan based
substrates to confirm its mode of action and substrate preference and efficiency. The
enzyme activity of AcXyn30B_12 was also assayed against different in-house isolated

xylan substrates viz. acacia saw dust xylan (Sharma, Khaireet al., 2020, Sharma, Morla
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et al., 2020), neem saw dust xylan (Sharma, Khaire et al., 2020, Sharma, Morla et al.,
2020), sugarcane top xylan (SCT), water hyacinth xylan and banana stem xylan (Khaire
et al., 2021) and alkaline pretreated sugarcane top xylan, apSCT (Khaire et al., 2022).
The enzyme activity was determined by taking the substrate at a final concentration of
1.0% (w/v) in 0.09 mL of 0.05 M citrate phosphate buffer (pH 5.5) and 0.01 mL of 0.05
mg/mL AcXyn30B_12 in a total reaction volume of 0.1 mL. The reaction mixture was
incubated at 70°C, the optimum temperature and for 4 min, the optimum reaction time.
The AcXyn30B_12 enzyme activity was calculated by measuring the released reducing
sugar by protocols of Nelson [1944] and Somogyi [1945] using D-xylose as standard.
AcXyn30B_12 was also assayed against the synthetic substrate the method reported
earlier Thakur et al. (2020). For this assay, 4 mM of 4-Nitrophenyl-4-D-xylopyranoside
in 0.48 mL of 0.05 M citrate phosphate buffer (pH 5.5) was hydrolysed using 0.02 mL
of enzyme (50 pg/mL) in a total reaction volume of 0.5 mL, at 70°C for 20 min. The
reaction was stopped by adding 0.5 mL of
0.5 M Na2COs solution and the produced p-nitrophenol (pNP) was estimated at 410 nm
(As10) by using a UV-Visible spectrophotometer (Thermo Fisher Scientific, USA). All
the assays of AcXyn30B_12 were carried out in triplicate sets.
3.2.5. Biochemical characterization of AcXyn30B_12
3.2.5.1. Investigation of optimum pH and pH stability of AcXyn30B_12

Buffers with corresponding ranges of pH like, 0.05 M citrate phosphate buffer
(pH 310 6.5), 0.05 M sodium phosphate buffer (pH 6 to 8), 0.05 M Tris-HCI (pH 7.5 to
9) and 0.05 M carbonate bicarbonate buffer (pH 9.5 to 10.5) were utilized to identify pH
stability and optimum pH of the enzyme, endo-$-1,4-xylanase (AcXyn30B_12). For
determination of optimum pH, the assay was performed in total reaction volume of

0.1mL consisting of 1.0% (w/v) PABX in 0.09 mL of 0.05 M each buffer individually
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and 0.01 mL of AcXyn30B_12 (0.05 mg/mL) by incubating at 70°C for 4 min. For

determining the pH stability, 50 uL of AcXyn30B_12 (0.05 mg/mL) was pre-incubated
at different pH ranges mentioned above at 25°C for 2h. The assay was performed by
taking an aliquot of 0.01 mL of incubated enzyme individually in 0.1 mL reaction
mixture consisting of 1.0% (w/v) PABX in 0.09 mL of 0.05 M citrate phosphate buffer,
pH 5.5 at 70°C for 4 min. The residual activity was determined as a percentage by setting
the maximal specific activity at 100%.

3.2.5.2. Investigation of optimum temperature and thermostability of AcXyn30B_12

To determine the optimum temperature of the enzyme, endo-4-1,4-xylanase
(AcXyn30B_12), the assay was performed in 0.1 mL reaction mixture, where 1.0%
(w/v) PABX in 0.09 mL of 0.05 M citrate phosphate buffer (pH 5.5) was hydrolysed by
0.01 mL of AcXyn30B_12 (0.05 mg/mL) at different temperatures in the range, 20°C to
90°C for 4 min. For determining the thermal stability, SO pL of AcXyn30B_12 (0.05
mg/mL) was incubated at various temperatures ranging from 4°C to 90°C for 2h. The
assay was performed by taking an aliquot of 0.01 mL of incubated enzyme individually
in 0.1 mL reaction mixture consisting of 1.0% (w/v) PABX in 0.09 mL of 0.05 M citrate
phosphate buffer, pH 5.5 at 70°C for 4 min. The residual activity was determined as a
percentage by setting the maximal specific activity at 100%. The half-life (ti) of
AcXyn30B_12 was analysed by following the protocol as reported by Nawaz et al.
(2018). For the half-life analysis, 200 uL of 50 pg/mL AcXyn30B_12 was kept at
different temperatures, 4°C and 25°C for a month and at 30°C, 40°C, 60°C and 70°C

for 24h.
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The equation used to calculate half-life (t12) is given below:

0.693
tl/z =

k

Where,
k = Rate constant

2.303 log(Ae/ Ar)
> t

Where,
Ao = Initial enzyme activity
At = Enzyme activity at a particular temperature at 24h
t=24h

3.2.5.3. Thermal shift assay of AcXyn30B_12 by thermofluor dye

The thermal shift assay (TSA) also known as differential scanning fluorimetry
(DSF) of endo-f-1,4-xylanase (AcXyn30B_12) was performed by thermofluor screen
(Sypro orange dye) using Applied Biosystems software v.1.1 using RT-PCR (Agilent
Technologies, Santa Clara, California, USA). For the assay, a mixture of total volume
25 uL was prepared that contained 4.3 uLL AcXyn30B_12 (final concentration 1.6 uM),
12.5 pL, 0.1 M sodium phosphate buffer (pH 7.5) (final concentration 50 mM), 2.5 uL
SYPRO orange dye (Steinberg et al., 1996) from 50X stock (final concentration 5X)
and 5.7 pL distilled water following the method reported earlier (Boivin et al., 2013).
The blank, 25 pL volume mixture contained the dye and buffer without AcXyn30B_12.
After filling the 96 well microplate it was sealed with clear and transparent sealing tape
and then heated from 25°C to 99.9°C with incremental steps of 1°C every minute. The
SYPRO Orange fluorescence was measured at (Aex/Aem) 470 Nm/569 nm. The melting

temperature (Tm) of AcXyn30B_12 was determined by the Boltzmann fit of the

fluorescence curve by using Origin software (Lucet et al., 2014).
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3.2.6. Determination of kinetic parameters of AcXyn30B_12

The reaction parameters like, maximum velocity (Vmax), Michaelis-Menten
constant (Kwm), turnover number (keat) and catalytic efficiency (kcat/Km) for endo-$-1,4-
xylanase (AcXyn30B_12), were determined by Michaelis-Menten equation and the
Lineweaver—Burk plot (double-reciprocal plot). The evaluation of AcXyn30B_12
activity was conducted by using different substrates viz. PABX, corn cob xylan, xylan
(Mw. 20-30 kDa), larchwood xylan, beechwood xylan and 4-O-methylglucuronoxylan,
under optimum conditions. Each substrate at a concentration range of 0.02% (w/v) to
2.2% (w/v) in 0.09 mL of 0.05 M citrate phosphate buffer (pH 5.5) was incubated with
0.01 mL of AcXyn30B_12 (0.05 mg/mL) at 70°C for 4 min. The blank consisted of
equivalent substrate concentration without the enzyme. The enzyme activity of
AcXyn30B_12 was determined as described in Section 3.2.3.4.
3.2.7. Effect of metal-ions and chemical agents on the activity of AcXyn30B_12

The impact of various metal-ions and chemical agents at different concentrations
on the activity of endo-f-1,4-xylanase (AcXyn30B 12) was analysed. 50 pL of
AcXyn30B_12 (0.05 mg/mL) was incubated with various metal salts (2 mM and 5 mM,;
NiSO4, CuCl,, CoClz, CaCl,, KCI, MgCl, NaCl, LiCl and FeCl>) and other reagents (2
mM and 5 mM; SDS, EDTA, EGTA, GnHCI and Urea) individually, at 25°C for 20
min. For the assay, an aliquot of 0.01 mL of incubated enzyme was added to 1.0% (w/v)
PABX in 0.09 mL of 0.05 M citrate phosphate buffer, pH 5.5 in 0.1 mL reaction mixture
and incubated at 70°C for 4 min. For blank, substrate having the respective additives
only without enzyme were analysed. The enzyme activity was calculated as mentioned
in Section 3.2.3.4. The relative activity in the presence of each additive was calculated

considering the reaction devoid of any additive as 100% under optimum conditions.
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3.2.8. Investigating the mode of hydrolysis of AcXyn30B_12
3.2.8.1. TLC analysis of AcXyn30B_12 hydrolysed products of xylan substrates
The time dependent release of endo-f-1,4-xylanase (AcXyn30B_12)
hydrolyzed products of PABX and corn cob xylan were investigated by using thin-layer
chromatography (TLC). The reaction mixture (0.5 mL) consisting of 1.0% w/v (final
concentration) PABX and corn cob xylan in 450 uL. of 0.05 M citrate phosphate buffer
(pH 5.5) and 50 pL of AcXyn30B 12 (50 pg/mL) was incubated for different time
interval (5, 15, 30 min and 1, 3, 6 & 12h). The reaction was terminated by adding 3
volumes of 100% ethanol, followed by precipitation of undigested polysaccharides and
centrifugation for 10 min at 13,000g. After transferring the supernatant containing the
hydrolyzed products to a different microcentrifuge tube, it was dried by keeping at 70°C
for 12h. Each sample, 0.6 uL of hydrolyzed product, the control sample only 1.0% (w/v)
PABX and corn cob xylan in 0.05 M citrate phosphate buffer, pH 5.5) and the standard
solutions (xylo-oligosaccharides, arabinose and galacturonic acid each visualizing
solution containing 1 mL 37.5% HCI, 2 mL aniline, 10 mL 85% H3POa, 100 mL ethyl
acetate and 2 g diphenylamine reagent was used to stain the TLC plate (Verma et al.,
2016). The TLC plate was dried at 70°C in a hot-air oven for 20 min. The reducing
sugars manifested as dark brown patches on TLC plate. Another TLC experiment was
set up to analyse the AcXyn30B 12 hydrolysed products of different xylan
polysaccharides (PABX, corn cob, xylan Carbosynth, larchwood xylan, beechwood
xylan, 4-O-methylglucurono xylan, low viscosity wheat arabinoxylan and rye
arabinoxylan) and in-house xylan substrates (acacia saw dust xylan, neem saw dust
xylan, SCT, banana stem xylan, apSCT and water hyacinth xylan) keeping the reaction

conditions same as above but for an incubation period of only 12h. For PABX and corn

TH-3841_226106007 79



Chapter 3

cob xylan, 100 uL of the hydrolysate at each time interval (5, 15, 30 minand 1, 3,6 &
12h) was collected and analysed for estimating total reducing sugar (TRS) by using the
method outlined in Section 3.2.3.4. To further confirm the enzymatic mode of action
(endo- and exo-lytic), the hydrolysis of 1.1% (w/v) of each xylopentaose, xylotetraose,
xylotriose and xylobiose in 0.09 mL of 0.05 M citrate phosphate buffer, pH 5.5 by 0.01
mL of AcXyn30B_12 (0.05 mg/mL) in 0.1 mL reaction mixture was performed at 50°C
for 1h following the method reported earlier (Nath et al., 2019). The TLC analysis of
the AcXyn30B_12 hydrolysed products of xylopentaose, xylotetraose, xylotriose and
xylobiose was carried out similarly as mentioned above.
3.2.8.2.  Analysis of AcXyn30B_12 hydrolysed products of PABX by HPLC

HPLC analysis of endo-$-1,4-xylanase (AcXyn30B_12) hydrolysed products
of PABX was performed using Rezex™ RSO-Oligosaccharide Ag* 4 % column
(Phenomenex, Inc., Torrance, CA, USA) on a Shimadzu HPLC system. The total
reaction volume of 2 mL consisting of 1.0% (w/v) PABX in 1.8 mL of 0.05 M citrate
phosphate buffer (pH 5.5) and 0.2 mL AcXyn30B_12 (0.05 mg/mL) was incubated at
50°C for different time periods (5 min, 15 min, 1h and 6h). For control, only 1.0% (w/v)
PABX in 2 mL of 0.05 M citrate phosphate buffer (pH 5.5) without adding enzyme was
used. The reaction was terminated by adding 3 volume of 100% ethanol, followed by
precipitation of undigested polysaccharides and centrifugation for 10 min at 13,000g.
After transferring the supernatant containing the hydrolyzed products to a different
microcentrifuge tube, it was dried by keeping at 70°C for 12h. These dried samples were
further resuspended in 0.5 mL degassed Milli-Q water and centrifuged at 13,0009 for
10 min. From its supernatant, 20 uL of the hydrolysate was injected into the HPLC
column. An isocratic mode of elution was used and the flow rate was 0.3mL/min for a

total time of 5 min per hydrolysate sample. The eluent used for the HPLC analysis was
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degassed Milli- Q water and the detection of oligosaccharides was carried out using a
Refractive Index (RI) Detector. The chromatogram of each hydrolysate sample and
xylo- oligosaccharides standard was analysed by utilizing Lab Solution software
(Shimadzu, Japan) and then compared, to examine the presence of xylo-
oligosaccharides.
3.2.8.3. Analysis of AcXyn30B_12 hydrolysed products of PABX by MALDI-TOF MS
Mass spectrometric analysis of endo-$-1,4-xylanase (AcXyn30B_12) hydrolysed
products of PABX was performed using the time of flight (TOF) masss pectrometer
Autoflexspeed (Bruker Daltonics, Bremen, Germany). The samples were prepared by
following the method similar to HPLC (Section 3.2.8.2) for different reaction time
periods: 5 min, 15 min, 1h and 6h. For matrix preparation, 10 mg/mL of 2,5-
Dihydroxybenzoic acid (DHB) was mixed with a solvent containing 50:50 (v/v)
water:acetonitrile and 0.1% (v/v) trifluoroacetic acid (Gavande et al., 2022). The sample
and matrix were mixed in the ratio 1:1 and subjected to MALDI-TOF MS analysis. The
following parameters were set for the analysis: accelerating voltage =4.9 x 2400 V,
reflectron mode =positive, laser shot frequency =2000 Hz and time delay for pulse ion
extraction =120 ns. The results were analyzed by generating m/z versus intensity (a.u) plots
for each reaction sample and the peaks were compared with those of xylo-oligosaccharide
standards.

3.2.9 Synergistic action of AcXyn30B_ 12 and xylobiohydrolase AcGH30A on
hydrolysis of xylan substrates

The synergistic effect of endo-p-1,4-xylanase, AcXyn30B_12 and a
xylobiohydrolase, AcGH30A from A. clariflavus (Singh et al., 2024) was investigated
for hydrolysis of different xylan substrates viz. 4-O-methylglucuronoxylan, xylan from
Carbosynth (Mw: 20,000-30,000) and beechwood xylan. The enzyme, AcXyn30B_12

was purified following the procedure mentioned in Section 3.2.2 and AcGH30A was
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purified by following the protocol reported by Singh et al. (2024). To compare the
specific activity of individual enzymes and in combination, 1.0% (w/v) final substrate
concentration in 90 uL. 50 mM citrate phosphate buffer (pH 5.5), with 0.01 mL
individual enzymes (0.7 uM of AcXyn30B 12 or 0.7 uM of AcGH30A) and with 5 uL.
of each enzyme in equimolar concentration (0.7 pM of AcXyn30B 12 +0.7 uM
AcGH30A) in 0.1 mL total reaction mixture was incubated for 3 min at 70°C. The
reducing sugar thus produced was quantified by protocol of Somogyi [1945] and used
for calculation of the enzyme activity as described in section 3.2.4.3.

For TLC analysis of cleaved products and estimation of TRS, 0.36 mL of 1.0%
(W/v) substrate in 50 mM citrate phosphate buffer, pH 5.5, was incubated with 40 puL
individual enzymes (0.7 uM of AcXyn30B_12 or 0.7 uM of AcGH30A) and with 20 pL
of each enzyme in combination (0.7 uM of AcXyn30B 12 +0.7 uM AcGH30A) in a
total reaction mixture of 0.4 mL, for 1h at 50°C. From each reaction, 100 pL was utilized
for TRS estimation and 300 pL was utilized for TLC analysis following the similar
procedure as mentioned in Section 3.2.8.1.

The TLC analysis was also carried out to study the hydrolysed products released
by the action of AcGH30A on xylo-oligosaccharides. For this experiment, in total
reaction volume of 0.1 mL, 0.09 mL of 1.0% (w/v) xylopentaose, Xxylotetraose,
xylotriose or xylobiose in 0.05 mM sodium phosphate buffer (pH 7.0) separately was
mixed with 0.01 mL of AcGH30A (0.05 mg/mL) and incubated at 40°C for 1h as
reported earlier (Singh et al., 2024). The chromatogram of the hydrolysed products of
xylopentaose, Xylotetraose, xylotriose and Xxylobiose was developed similarly as

mentioned in Section 3.2.8.1.

TH-3841_226106007 82



Chapter 3

3.2.10. Analysis of AcXyn30B_12 hydrolysed products of pretreated lignocellulosic
biomass

The endo-4-1,4-xylanase, AcXyn30B_12 hydrolyzed products of three biomasses,
viz. napier grass (Pennisetum purpureum) and kans grass (Saccharum spontaneum)
available in 11T Guwahati campus and rice straw (Oryza sativa) from local fields of
Barpeta district, Assam, India was analysed. Before the assay by AcXyn30B_12, each
biomass was washed, grinded and sieved to < 1 mm size using wire mesh and then
pretreated for optimal hemicellulose recovery and lignin removal. The biomass, napier
grass at 7.5% (w/v) loading that was pretreated with 4.2% (v/v) alkaline hydrogen
peroxide at 101.8°C for 147.6 min (Aishwarya et al., 2024), 20% (w/v) rice straw
pretreated with 5% (v/v) NaOH at 90°C for 20 min (Suriyachai et al., 2013) and 5%
(w/v) kans grass pretreated with 0.5 % (v/v) NaOH at 121°C for 30 min (Kataria et al.,
2014) were used. The pretreated biomasses were filtered by cotton fabric cloth and the
solid residue was washed with deionised water until pH 7.0 was obtained and then dried
in a hot air oven at 80°C for 12h. Each pretreated biomass (2.0%, w/v) was suspended
individually in 1.8 mL of 0.05 M citrate phosphate buffer (pH 5.5) and hydrolyzed with
0.2 mL AcXyn30B_12 (600 U/g, 0.05 mg/mL) at 50°C for 72h. For control, 2.0%, w/v
of each pretreated biomass in 2 mL of 0.05 M citrate phosphate buffer (pH 5.5) without
enzyme was used. At every 12h, 0.2 mL of hydrolysate was collected and 0.1 mL was
used for TLC analysis and the remaining 0.1 mL was used for total reducing sugar (TRS)

estimation (as described in Section 3.2.3.4).
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3.3. Results and Discussion

3.3.1.Purification of recombinant AcXyn30B_12 and its concentration estimation

The protein, AcXyn30B_12 was purified by IMAC using 1 mL HiTrap™
prepacked column, which showed a prominent protein band of approximately, 75 kDa
molecular size and an additional band at 65 kDa (Fig. 3.1A, lane-6). Its concentration
was determined by Bradford method and UV spectroscopy, was 1.2 mg/mL for 4 mL
protein eluted giving 4.8 mg protein purified from 200 mL culture. AcXyn30B_12
(purified by HiTrap Chelating HP prepacked column) was further purified by using SEC
superdex 75 pg prep grade column and each fraction (1.5 mL) was collected and
analysed by 12% (w/v) SDS-PAGE (data not shown). The fractions 1 to 3
(corresponding to peak 1, as shown in Fig. 3.1B) and fraction 4 (at the start of peak 2,
as shown in Fig. 3.1B) showed no protein bands. Eluted fractions 5 to 8 (corresponding
to peak 2, as shown in Fig. 3.1B) showed a single protein band of molecular size, ~74
kDa showing the removal of impure protein. These eluted fractions (5 to 8) were pooled
for further assays. This pooled fraction of 6 mL gave a single protein band below 75
kDa (Fig. 3.1A, lane-7) and a protein concentration of 0.7 mg/mL. The theoretical
molecular mass of AcXyn30B_12 determined by Protparam Expasy server utilizing the
protein sequence that has a Histidine-6 tag incorporated at N-terminal in AcXyn30B_12-
pET-28a(+) construct, yielded molecular mass of 73.5 kDa. Thus, the molecular mass of
AcXyn30B_12, determined theoretically and analysed that by SDS-PAGE gel were in
agreement with each other. There was no presence of AcXyn30B_12 protein in the
sonicated cell pellet (Fig. 3.1A, lane-3), but it was present in the cell extract (Fig. 3.1A,
lane-4) showing that AcXyn30B_12 expressed as a soluble protein. After the purification
of AcXyn30B_12 by SEC, enzyme activity yield of 44% and fold purification of 52 was
achieved (Table 3.1).
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Fig. 3.1. (A) Purification analysis of recombinant AcXyn30B_12 by SDS-PAGE using
12% (w/v) gel. Lanes M: Pre-stained protein ladder, 1-uninduced E. coli
BL21 (DE3) cells, 2-induced E. coli BL21 (DE3) cells, 3-sonicated cell pellet,
4-cell extract, 5-last column wash, 6-purified AcXyn30B_12 by affinity
chromatography using HiTrap™ 1 mL column and 7-purified AcXyn30B_12
by SEC using Superdex-75 pg, (B) Purification of AcXyn30B_12 by SEC
using Superdex-75 pg showing elution profile by UV absorbance (mAu, at
280 nm) vs Retention volume (mL) chromatogram.

Table 3.1. Purification of AcXyn30B_12.

Purification step Volume AcXyn30B_12 Protein SA Fold Puri-
(mL) (mg/mL)  (U/mg) fication
EA Total Overall
(U.mlt)  Units(U) % yield
Crude lysate 15 68.1 1021.5 100 33 2.1 1
HiTrap™ (HP prepacked) 4 126 504 49.3 12 107.7 51
SEC (Superdex 75 pg) 6 75 450 44 0.7 109 52

EA=Enzyme activity, SA=Specific activity

Enzyme activity was determined against 1% (w/v) PABX under optimum conditions (pH 5.5, 70°C, 4 min)

3.3.2 Substrate specificity of AcXyn30B_12 against natural and synthetic substrates

The assay of AcXyn30B_12 carried out under optimum conditions of pH 5.5,

TH-3841_226106007

temperature 70°C and reaction time 4 min showed the highest specific activity of 121.9
U/mg against PABX, which contains 24% acetyl group substitution. It also showed
activity against corn cob xylan (118.8 U/mg), xylan (Mw. 20,000-30,000, 95.4 U/mg),

larchwood xylan (79.2 U/mg) beechwood xylan (70.6 U/mg), 4-O-

methylglucuronoxylan (70.2 U/mg), rye arabinoxylan (50.9 U/mg) and wheat
85



Chapter 3

arabinoxylan (low viscosity, 47.5 U/mg) as shown in Table 3.2. These results confirmed
the p-(1-4) xylanase activity of AcXyn30B_12. In the present study, the activity of
AcXyn30B_12 (0.05 mg/mL, 0.68 uM) against 1.0% (w/v) 4-O methyl-glucuronoxylan
(70.2 U/mg) in 0.05 M citrate phosphate, pH 5.5 at 70°C for 4 min was significantly
higher (20-fold) than the activity (3.5 U/mg) of the same enzyme, 30.9 nM (2.2 x1073
mg/mL) AcXyn30B against 1.0% (w/v) 4-O-methylglucuronoxylan in 0.05 M sodium
phosphate, pH 6.0 at 40°C as reported by Suchova et al. (2024). The observed
differences in results can be attributed to the fact that, in our study the hydrolysis of
xylan substrates by AcXyn30B_12 was performed under the optimum reaction
conditions, including the enzyme concentration (0.05 mg/mL), substrate concentration
(1.0%, wiv), pH (5.5, 0.05 M citrate phosphate), temperature (70°C) and the reaction
time (4 min). AcXyn30B_12 demonstrated significantly higher activity against xylan
polysaccharides substituted with either arabinose or glucuronic acid (Table 3.2). In rye
arabinoxylan, the main chain is substituted with o-L-arabinofuranosyl residue at O-2
and/or O-3 by a-(1—2) or a-(1—3) linkage respectively, accounting for 38% of the
substitution and the monosaccharide composition is arabinose: xylose =40:60. Also, in
wheat arabinoxylan (low viscosity) and wheat arabinoxylan (insoluble) the main chain
is substituted with 38% a-L-arabinofuranosyl residue however, the monosaccharide
composition is arabinose: xylose =38:62 for wheat arabinoxylan (low viscosity) and
arabinose: xylose: glucose: mannose: galactose =33.5:62:1.5:2:1 for wheat arabinoxylan
(insoluble). Therefore, it can be concluded that in case of rye arabinoxylan, wheat
arabinoxylan (low viscosity and insoluble) the a-L-arabinofuranosyl substitutions on

xylan main chain might be inhibiting the activity of AcXyn30B_12 resulting in lower
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enzyme activity as compared with the other xylan substrates with no side chain
arabinose.

AcXyn30B_12 demonstrated a specific activity of 121.5 U/mg and 118.2 U/mg,
respectively, against acacia sawdust xylan and neem saw dust xylan. It was earlier
reported that, acacia sawdust xylan and neem saw dust xylan contain 15% (w/w) and
10.5% (w/w) glucuronic acid, respectively (Sharma et al., 2020, Sharma et al., 2020).
Therefore, the presence of glucuronic acid substitution in xylan main chain of acacia
saw dust xylan and neem saw dust xylan could be the reason for the higher activity of
AcXyn30B_12 which increases the substrate recognition and enzyme specificity as
reported earlier (Maehara et al., 2018). Similarly, it was reported earlier that, GH11
endo-xylanase XynA from B. subtilis 168 (St. John et al., 2006) has highest activity
against methylglucuronoxylan substituted (MeGA) birchwood xylan and in MeGA
substituted beechwood xylan hence confirming direct correlation between its enzyme
activity and the degree of glucuronosyl moiety substitution on the xylan main chain. The
activity of AcXyn30B_12 against SCT and apSCT was 98.7 U/mg and 87.3 U/mg,
respectively. D-glucuronic acid and L-arabinose residues were found to be present in
SCT at 16% (w/w) and 10% (w/w), respectively and in apSCT at 15% (w/w) and 11%
(w/w), according to a report by Khaire et al (2021). Therefore, the presence of L-
arabinose residues in SCT and apSCT could be the reason of low activity of
AcXyn30B_12 as compared with those in acacia saw dust xylan and neem saw dust
xylan. AcXyn30B_12 exhibited no activity against any of cellulosic-based and mannan-
based substrates. Moreover, it did not show any activity against 4-Nitrophenyl-$-D-

xylopyranoside, which confirmed the absence of xylosidase activity of the enzyme.
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Table 3.2. Specific activity of AcXyn30B_12 against different natural and in-house
isolated substrates.

Natural substrates (1%, w/v) Specific Activity (U/mg)
Partially Acetylated Birchwood Xylan 121.9+0.7
Corn Cob Xylan 111.8+0.8
Xylan Carbosynth (MW-20-30 kDa) 95.4+04
Larchwood Xylan 79.2+0.7
Beechwood Xylan 70.6 £0.2
4-0O-methylglucurono Xylan 70.2+0.8
Rye Arabinoxylan 509+08
Wheat Arabinoxylan (low viscosity) 475+06
Oat spelt Xylan 443+0.2
Wheat Arabinoxylan (Insoluble) 248 +£0.7
Other substrates? NAD
In-house isolated xylan substrates (1%, w/v) Specific Activity (U/mg)

Acacia saw dust Xylan 121.5+ 0.7
Neem saw dust Xylan 1182+ 15
Sugarcane top Xylan (SCT) 98.7 £3.3
Banana stem Xylan 88.7+16
Alkaline pretreated sugarcane top Xylan (ApSCT) 87.3+£20
Neem Xylan 26.2+0.8
Water hyacinth Xylan 20.1+£15

NAD= No activity detected

a4-Nitrophenyl-5-D-xylopyranoside, Carboxy methyl cellulose (CMC), Galactan (potato),
Arabinogalactan (larchwood and larchtree), Arabinan (Sugarbeet), Pecticgalactan (Lupin),
Rhamnogalacturonan (Potato pectic fibre), Rhamnogalacturonan (Soyabean pectic fibre),
Glucomannan (Konjac), Carob Galactomannan, -D-Glucan (barley), Curdlan, Pullulan, Pustulan
3.3.3.  Biochemical characterization of AcXyn30B_12
3.3.3.1. Analysis of optimum pH and pH stability of AcXyn30B_12
The endo-f-1,4-xylanase, AcXyn30B_12 displayed an optimum pH of 5.5
using 0.05 M citrate phosphate buffer, where it showed highest specific activity, 122.1
U/mg with 1.0% (w/v) PABX (Fig. 3.2A). The pH profile showed that AcXyn30B_12

maintained >80% residual activity when assayed between pH 5.0 to 7.5, but rapidly lost
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the activity above pH 7.5. The pH stability profile of AcXyn30B_12 when assayed at
70°C showed that it retains maximum stability in a wide pH range, 4.8-8.0 (Fig. 3.2B),
where it retained 80% of residual activity when incubated for 2h. The pH stability profile
of AcXyn30B_12 showed that the maximum specific activity of AcXyn30B_12 (taken
as 100%) is at pH 7.5, 0.05 M sodium phosphate buffer (121.3 U/mg) followed by pH

5.0, 0.05 M citrate phosphate buffer (120.4 U/mg).
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Fig. 3.2. (A) Optimum pH for AcXyn30B_12 activity and (B) pH stability of
AcXyn30B_12.

3.3.3.2. Optimum temperature, thermal stability and melting temperature of
AcXyn30B_12

The optimum temperature of endo-f$-1,4-xylanase, AcXyn30B_ 12 was
identified to be 70°C, where it showed maximum specific activity (taken as 100%) of
121.1 U/mg against 1.0% (w/v) PABX in 0.05 M citrate phosphate buffer, pH 5.5 (Fig.
3.3A). The investigation of thermostability of AcXyn30B_12 by incubating at a
temperature range, 4°C-60°C, for 2h displayed >80 % residual activity (Fig. 3.3B). The
maximum specific activity for AcXyn30B_12 was obtained at 4°C (121.4 U/mg). The
half-life analysis of AcXyn30B_12 showed a ti> of 7 days (~164h) at 30°C, 4 days

(~105h) at 40°C, ~40h at 60°C and ~1.5h at 70°C (Fig. 3.3C). The enzyme,
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AcXyn30B_12 retained 88% enzyme activity at 4°C and 75.3% enzyme activity at 25°C
when incubated for 1 month. Thermal shift assay of AcXyn30B_12 was carried out using
RT-PCR where on denaturation of protein, the SYPRO-orange dye binds to the
hydrophobic patches and shows the changes in fluorescence intensity. The fluorescence
intensity (a.u) vs temperature (°C) plot of AcXyn30B_12 showed highest fluorescence
intensity at 83.3°C (Fig. 3.4D). The melting temperature (Tm) is the point at which 50%
of a protein is in its folded (native) state and 50% in its unfolded (denatured) state. Tm
of AcXyn30B_12 analysed by Boltzmann fitting of fluorescence vs temperature curve

was found to be 69.4°C (Fig. 3.3D).

(A) 100 (8) 100
< 80 T 80
2 2
2 60 Z 60
@ 8
] Tv
3 40- 3 404
4 @
© @
& 204 € )
e Y
2 30 4 5 6 70 B0 % 0 10 20 30 40 50 60 70 80 90
Tempsiratam °C) Temperature (°C)
—=—4°C
() —-25c (D) "
~—de—30°C T.=69.4 = = =Fluorescence curve
1005 —p—40°C 400000 m —— Boltzman fit
~4—60°C |
| % —-T70°C 5 350000 - : -
s 804 | < ’ \\
ot ‘ < 300000 |
2 2 :
2 601 2 250000 |
° \ g :
= £ 200000+
> 404 3
2 £ 150000
I 8
© 20+ @ 100000+ ,
S |
=]
: g 2 50000 i
T T T T T T T T |
0 3 6 9 12 15 18 21 24 0

30 40 50 60 70 80 90 100

Time (h) Temperature (°C)

Fig. 3.3. (A) Optimum temperature for AcXyn30B_12 activity, (B) Thermal stability of
AcXyn30B_12 and (C) Relative activity (%) vs incubation time (h) plot for
AcXyn30B_12 at different temperatures. (D) Thermal shift assay of
AcXyn30B_12.
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3.3.4. Analysis of kinetic properties of AcXyn30B_12

The different kinetic parameters of endo-f-1,4-xylanase, AcXyn30B_12 were
determined for PABX, corn cob xylan, xylan Carbosynth (Mw.20-30 kDa), larchwood
xylan, beechwood xylan and 4-O-methylglucuronoxylan at optimum conditions of pH
5.5 and temperature 70°C. The Michaelis-Menten plot along-with the Lineweaver-Burk
plot of AcXyn30B_12 against different xylan substrates are shown in Fig. 3.4. The
maximum velocity of the reaction, Vmax and the Michaelis-Menten constant, Km for
PABX were 133.3 U/mg and 0.9 mg/mL, respectively (Table 3.3) indicating the highest
affinity for PABX among all substrates. AcXyn30B_12 gave turnover number (Kcat) of
9797.5 mint and the highest catalytic efficiency (kca/Kwm) of 10,886.2 mintmgimL
against PABX. In contrast, non-substituted linear xylans such as corn cob, larchwood,
Carbosynth and beechwood exhibited lower kcat/Km values (7740.1, 2733.1, 4457.3 and
5831.0 mint. mL.mg? respectively), likely due to their higher molecular weight,
aggregation and reduced solubility, which limit enzyme accessibility despite good
binding. In the present study, the catalytic efficiency (kcat/Kwm) of AcXyn30B_12 against
4-O-methylglucuronoxylan was 2129.0 mint. mL.mg?, however, as reported by
Suchova et al., 2024 the kca/Km of the same enzyme, AcXyn30B against 4-O-
methylglucuronoxylan at pH 6.0 and 40°C was significantly lower, 4.1 s.mL.mg* (or
246 min"t.mL.mg?) due to side chain substitutions of glucuronic acid. The lower value
of keat/Km reported by Suchova et al., 2024 could be due the difference in the source of
the substrate as it was prepared by them in laboratory as mentioned, whereas in our case
it was procured from Sigma Chem. Co. USA. Moreover, the optimized conditions for
the enzyme assay in the present study were used. The kinetic parameters of

AcXyn30B_12 with other xylan substrates are shown in Table 3.3.
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Fig. 3.4. Michaelis-Menten kinetics plots of AcXyn30B_12 against (A) PABX, (B) corn cob

xylan, (C) xylan Carbosynth, (D) larchwood xylan, (E) beechwood xylan and (F) 4-O-
methylglucurono xylan at optimum pH of 5.5, 0.05 M citrate-phosphate buffer, at 70°C
and at 50 pg/mL enzyme. Lineweaver-Burk plot of AcXyn30B_12 against
corresponding substrates is displayed in the inset of each diagram.
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Table 3.3. Kinetic parameters of AcXyn30B_12 against natural xylan substrates.

Natural substrates Vinax Kwm Keat Keat/ K
(umol.min.mg™)  (mg.mL™")  (min’)  (min'.mL.mg™)
Partially Acetylated Birchwood Xylan 133.3 0.9 97975 10886.2
Corn cob Xylan 136.9 13 10062.2 7740.1
4-O-methylglucuronoxylan 118.8 3.1 8731.8 2129.0
Larchwood Xylan 100.4 2.7 7379.4 2733.1
Xylan (Carbosynth, Mw.20-30 kDa) 97.03 16 7131.7 4457.3
Beechwood Xylan 714 0.9 5247.9 5831.0

3.3.5. Effect of metal-ions and chemical reagents on AcXyn30B_12 activity

The impact of various divalent and monovalent metal-ions (their respective salts)
and chemical reagents on the activity of endo-f-1,4-xylanase, AcXyn30B_12 was
investigated at 2 mM and 5 mM (Table 3.4). The residual activity of control (taken as
100%) was 121.4 U/mg. The AcXyn30B_12 activity was enhanced by 2 mM Ca?* (10%)
and Mg?* (7.3%) while other divalent metal ions, Ni?* (25%), Co?" (13%) and Cu®
(2.2%) at 2 mM inactivated the enzyme, AcXyn30B_12. In the presence of 5 mM
monovalent cations such as Na® (13%), Li* (7.1%) and K" (6.8%), a decrease in
AcXyn30B_12 activity was observed. It was reported that an endo-xylanase XIn-1 from
Aspergillus niger B0O3 shows the similar extents of decline in residual activity when
exposed to Na*, Li* and K" ions (Dobrev et al., 2009). AcXyn30B_12 showed 6.1%
lower activity in the presence of 5 mM SDS and only 3% and 2% lower activity with 5
mM EDTA and EGTA, respectively. AcXyn30B_12 was inactivated in presence of 5

mM urea (15.5%) and by 2 mM guanidine hydrochloride (GnHCI) by 15%.
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Table 3.4. Impact of chemical reagents and metal ions on AcXyn30B_12 activity.

Metal ion/ Additive

Relative activity (%0)

2mM 5mM
Control 100 100
Ca** 109.6 +0.2 1119+ 06
Mg?* 107.3+1.0 95.6 £2.6
Cu? 97.8+20 95.8+45
Co? 87.2+39 86.9+28
Niz* 75.2+13 65.3+14
Li* 1045+ 04 92.9+37
Na* 95.1+43 87.1+47
K* 948+11 93.2+0.3
SDS 106.1+ 1.6 93.9+15
EGTA 105.2+29 97.1+19
EDTA 101.8+2.2 98.0+238
Urea 102.1+7.3 84.5+6.6
GnHCI 85.0+2.6 108.8+ 1.7

All assays were performed in triplicate sets and mean + SD wasmentioned.

Relative activity of 120 U/mg for Control was taken as 100%.

3.3.6. Analysis of mode of hydrolysis of AcXyn30B_12
3.3.6.1. TLC analysis of AcXyn30B_12 hydrolysed products of xylan substrates
The TLC analysis of hydrolysed products of different xylan substrates by endo-
[S-1,4-xylanase, AcXyn30B_12 showed that, it can hydrolyse unsubstituted xylan as well
as both arabinose substituted and glucuronic acid substituted xylan substrates. The thin
layer chromatogram of hydrolysis of 1.0% (w/v) xylans (PABX, corn cob xylan, xylan
Carbosynth, larchwood xylan, beechwood xylan, 4-O-methylglucurono xylan, low
viscosity wheat arabinoxylan and rye arabinoxylan) by AcXyn30B 12 (50 pg/mL) in
total reaction volume of 0.5 mL at 50°C, pH 5.5 for 12h showed the release of xylo-
oligosaccharides viz. xylopentaose (X5), xylotetraose (X4), xylotriose (X3), xylobiose

(X2) and xylose (X1) (Fig. 3.5A, lanes-1-6). However, as reported by Suchova et al.,
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2024, the TLC analysis of hydrolysed products of 10 mg/mL 4-O-methylglucurono
xylan (in 0.05 M sodium phosphate, pH 6.0) by the same enzyme, AcXyn30B (10
pug/mL) at 40°C displayed the release of X5, X4, X3 and X2 till 24h and no X1. This
could be due to the low enzyme concentration used that was insufficient in achieving the
saturation kinetics. In the present study, however, for rye arabinoxylan and wheat
arabinoxylan, the TLC profile showed the presence of only X5, X4 and X3 (Fig. 3.5A,
lanes-7-8) after 12h of hydrolysis. The TLC analysis of hydrolysed products of different
in-house xylan substrates by AcXyn30B_12 displayed the presence of X5, X4, X3, X2
and X1 for all substrates (Fig. 3.5B, lanes-1-6) except for water hyacinth xylan, where
only X5 and X4 could be seen (Fig. 3.5B, lane7). Based on the above results, it can be
concluded that the in-house substrates viz., acacia sawdust xylan, neem sawdust xylan,
SCT and apSCT containing relatively low levels of arabinose substitution (10% w/w)
were efficiently hydrolyzed by AcXyn30B_12, resulting in the production of XOS
ranging from xylopentaose to xylose. In contrast, rye arabinoxylan and wheat
arabinoxylan (low viscosity) exhibit higher degrees of a-L-arabinofuranosyl substitution
on the xylan backbone, accounting for approximately 38% substitution. Therefore, this
extensive substitution due to steric hindrance interfered with the enzymatic activity of
AcXyn30B_12, leading to limited hydrolysis of the polysaccharide and resulting in the

release of only xylopentaose and xylotetraose.
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Fig. 3.5 TLC of (A) Hydrolysis of different xylan substrates (1.0%, w/v) by
AcXyn30B_12 (50 pg/ml) at 50°C, pH 5.5 for 12h. Lanes, Standards Sl:
arabinose, S2: glucuronic acid and S3: X1-xylose, X2-xylobiose, X3-xylotriose,
X4-xylotetraose, X5-xylopentaose; 1- PABX, 2-corn cob, 3-xylan Carbosynth,
4-larchwood xylan, 5-beechwood xylan, 6-4-O-methylglucurono xylan, 7-rye
arabinoxylan and 8-wheat arabinoxylan (low viscosity), (B) Hydrolysis of
different in-house xylan substrates (1.0 %, w/v) by AcXyn30B_12 (50 pg/ml) at
50°C, pH 5.5 for 12h. Lanes, Standards S1: arabinose, S2: glucuronic acid and
S3:  Xl-xylose, X2-xylobiose, X3-xylotriose, X4-xylotetraose, X5-
xylopentaose; 1-acacia saw dust xylan, 2-neem saw dust xylan, 3-SCT, 4-banana
stem xylan, 5-apSCT, 6-water hyacinth xylan.
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The mode of time-dependent hydrolysis of PABX by AcXyn30B_12 was also
analysed. The control sample containing only PABX without enzyme showed no spot
for any xylo-oligosaccharides showing that the PABX substrate remained intact and was
not contaminated with pre-existing or broken XOS fragments (Fig. 3.6A, lanel). The
time dependent analysis of the action of AcXyn30B 12 on PABX by TLC, at 5 min
showed the release of only X5, X4 and X3 as shown in Fig. 3.6A, lane 2. Whereas, from
15 min onwards X2 was released besides X5, X4 and X3 (Fig. 3.6A, lanes-3-8).
Moreover, after 1h hydrolysis xylose (X1) was also released along with the other xylo-
oligosaccharides, X5-X2 (Fig. 3.6A, lanes-5-8). Hence, these results proved both, endo-
and exo-acting modes of cleavage by AcXyn30B_12. Similar results were obtained for

the time dependent hydrolysis of corn cob xylan by AcXyn30B 12 as shown in Fig.
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3.6B. The quantification of TRS produced by PABX and corn cob xylan upon hydrolysis
by AcXyn30B_12 at different time intervals is shown in Fig. 3.6a and 3.6b, respectively.
The TRS production from PABX hydrolysis rapidly increased in the initial 15 min and
subsequently reached saturation to 0.4 mg/mL at 3h (Fig. 3.6a). Similar results were

obtained with corn cob xylan hydrolysis by AcXyn30B_12 and TRS saturation reached

0.36 mg/mL at 3h (Fig. 3.6b).
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Fig. 3.6. Time dependent hydrolysis of (A) PABX and (B) Corn cob xylan (1.0%, w/v) at
50°C, pH 5.5 incubated with AcXyn30B_12 for 5 min to 12h. Lanes, Standards S1:
arabinose (above) and glucuronic acid (below), S2: X1-xylose, X2-xylobiose, X3-
xylotriose, X4-xylotetraose, X5-xylopentaose; 1-control, 2-5min, 3-15min, 4-
30min, 5-1h, 6-3h, 7-6h, 8-12h and Plot of the total reducing sugar concentration
(mg/mL) vs time (h) after hydrolysis of (a) PABX and (b) corn cob xylan.
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3.3.6.2. TLC analysis of AcXyn30B_12 hydrolysed products of xylo-
oligosaccharides

The TLC profile containing the hydrolysed products of xylo-oligosaccharides,
X5, X4, X3 and X2 by AcXyn30B_12 for 1h is shown in Fig. 3.7. The hydrolysis of X5
showed the presence of X4, X3, X2 and X1 indicating that the cleavage of X5 by
AcXyn30B_12 gives rise to the formation of X4 and X1 and also X3 and X2 confirming
both exo- and endo-xylanase activity (Fig. 3.7, lane-1). The hydrolysis of X4 by
AcXyn30B_12 showed the presence of X3, X2 and X1 indicating that the cleavage of
X4 by AcXyn30B_12 is giving rise to the formation of X3 and X1 and also X2, again
confirming both exo- and endo-xylanase activity (Fig. 3.7, lane-2). The hydrolysis of
X3 by AcXyn30B_12 showed the presence of X2 and X1 further corroborating its exo-
xylanase activity (Fig. 3.7, lane-3). However, AcXyn30B_12 did not hydrolyze X2 (Fig.
3.7, lane-4), confirming its specificity for longer than X2 xylo-oligosaccharides. Similar
results on hydrolysis of X6, X5, X4, X3 and X2 (each 0.6 mg/mL in 0.05 M sodium
phosphate, pH 6) by AcXyn30B_12 (0.01 mg/mL) at 40°C for 24h were obtained by
Suchova et al., 2024, indicating both endo- and exo-acting mode of hydrolysis

mechanism of the enzyme.
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Fig. 3.7. AcXyn30B_12 hydrolysed products of 1.1% (w/v) xylopentaose, xylotetraose
and xylotriose at 50°C, pH 5.5 for 1h. Lanes, X1-xylose, X2-xylobiose, X3-
xylotriose, X4-xylotetraose, X5-xylopentaose; hydrolysed products of 1-
xylopentaose, 2-xylotetraose, 3-xylotriose and 4-xylobiose.

3.3.6.3. HPLC analysis of AcXyn30B_12 hydrolysed products of PABX

The HPLC profiles of endo-f-1,4-xylanase, AcXyn30B_12 hydrolysed products
of PABX at different time intervals and standard xylo-oligosaccharides (X5, X4, X3,
X2 and X1) are depicted in Fig. 3.8 (A, B, C, D & E). The retention time of xylo-
oligosaccharides produced by PABX hydrolysis (Fig. 3.8 B, C, D & E) corroborated
with the retention time of standard xylo-oligosaccharides (Fig. 3.8 A). The HPLC
chromatogram, indicated the existence of both X5 (RT = 22.6 min) and X4 (RT = 27.4
min) at 5 min hydrolysis time (Fig. 3.8 B). However, no peak for X3 was seen after 5
min as observed in TLC (Section 3.3.6.1). As shown in Fig. 3.8 C, at 15 min hydrolysis
time, X5 produced at 5 min was hydrolysed to X3 (RT =32.6 min) and X2 (RT =36.2
min) showing endo mode of action. However, X5 was also hydrolysed to X4 (RT =27.4
min) and X1 (RT =42.9 min) after 1h (Fig. 3.8 D) showing its exo mode of action. As

shown in Fig. 3.8 D, X4 produced at 5 min hydrolysis was hydrolysed to X2 (RT =36.2
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min) after 1h showing endo mode of hydrolysis. Also, X4 was hydrolysed to X3 (RT
=32.6 min) and X1 (RT =42.9 min) after 6h (Fig. 3.8 E). All these results corroborated
with the hydrolysis pattern reported in the TLC analysis (Section 3.3.6.1). The HPLC
and TLC results confirmed the endo-cleaving activity of AcXyn30B_12 for 1h and after

that it acts in both endo- and exo-modes of hydrolysis.
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Fig. 3.8. HPLC analysis of (A) Xylo-oligosaccharide standards used: X1-xylose, X2-
xylobiose, X3-xylotriose, X4-xylotetraose, X5-xylopentaose. AcXyn30B_12
hydrolysed products of PABX at (B) 5 min, (C) 15 min, (D) 1h and (E) 6h.
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3.3.6.4. MALDI analysis of AcXyn30B_12 hydrolysed products of PABX
MALDI-TOF MS analysis of PABX hydrolyzed products of AcXyn30B_12 at5
min, 15 min, 1h and 6h reaction time is displayed in Fig. 3.9 (A, B, C and D). The mass-
to-charge ratio (m/z) for each xylo- oligosaccharide and xylose was detected as [M+Na]*
after positive-ion mode ionization. The DHB matrix is represented by the peak at 198.5
m/z ratio Fig. 3.9 (A, B, C and D). The MALDI-TOF MS spectrum analysis showed that
after 5 min hydrolysis, X5 (m/z ratio =701.1), X4 (m/z ratio =569.5) and X3 (m/z
ratio=437.3) were present (Fig. 3.9A) showing endo mode of action. X5 (m/z ratio
=701.1) produced after 5 min hydrolysis, was hydrolysed to X3 (m/z ratio =437.3) and
X2 (m/z ratio =304.9) after 15 min (Fig. 3.9B). However, after 1h, X5 was hydrolysed to
X4 (m/z ratio =569.5) and X1 (m/z ratio =173.7) as shown in Fig. 3.9C displaying its
exo mode of action. X4 produced after 5 min hydrolysis, was hydrolysed to X2 after 1h
(Fig. 3.9C) showing its continued endo cleaving activity. Moreover, X4 was also
hydrolysed to X3 (m/z ratio =437.3) and X1 (m/z ratio =173.7) after 6h (Fig. 3.9D)
showing its exolytic activity. Hence the MALDI-TOF MS results of time dependent
hydrolysis of PABX corroborated with those reported for the TLC (Section 3.3.6.1) and
HPLC analyses (Section 3.3.6.3). Therefore, all these results confirmed the endo-
cleaving activity up to 1h and both endo- and exo- cleaving activity of AcXyn30B_12
after 1h. The xylo- oligosaccharide peaks obtained in the present study were nearly in
line with the previously reported m/z ratio (Brasseur et al., 2014, Suchova et al., 2021).
Similar findings were reported by Wang et al., 2015, where 80 U of purified xylanase
enzyme, Xyn-Ixy from Hu sheep rumen fluid hydrolyzed 1.0% (w/v) birchwood xylan
at 50°C into shorter-length xylo-oligosaccharides (X3, X2) and X1 after 5 min of
incubation. Following the 5 min hydrolysis, the concentrations of X1 and X2
increased as the reaction progressed and reached the stationary phase at 4h (Wang et
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al., 2015). Also, the purified recombinant enzyme, f-1,4-xylanase (rXylU) from

Streptomyces mexicanus HY-14 showed release of X5 to X1 while hydrolysing 10 mg

birchwood xylan (in 50 mM sodium phosphate buffer, pH 5.5) when incubated for 12h

at 30°C (Kim et al., 2014).
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Fig. 3.9. MALDI-TOF mass spectrum of the products generated by AcXyn30B 12
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cleavage of PABX at (A) 5min, (B) 15min, (C) 1h and (D) 6h reaction time
at optimum conditions. Here X5- xylopentaose, X4-xylotetraose, X3-
xylotriose, X2-xylobiose and X-xylose Putative xylo-oligosaccharides and
their calculated masses are given above each detected mass signal.
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3.3.6.5. Proposed hydrolysis mechanism of AcXyn30B

The hydrolytic mechanism of endo-$-1,4-xylanase, AcXyn30B_12 based on
TLC, HPLC and MALDI-TOF MS results is proposed in Fig. 3.10. It shows that,
initially in first 5 min, AcXyn30B_12 releases X5, X4 and X3 from polysaccharide
PABX. AcXyn30B_12 further hydrolyses this released X5, to X3 and X2 at 15 min and
later at 1h also to X4 and X1. AcXyn30B_12 also hydrolysed X4 to X2 at 1h and later
at 6h to X3 and X1 confirming endo- and exo-mode of hydrolysis (as depicted in Fig.

3.10).
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Fig. 3.10. Proposed hydrolysis mechanism of AcXyn30B_12 based on results of
enzyme hydrolysis of PABX by TLC, HPLC and MALDI-TOF MS analyses.
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3.3.7. Synergistic action of endo-g-1,4-xylanase, AcXyn30B_12 and
xylobiohydrolase, AcGH30A on hydrolysis of xylan substrates

3.3.7.1. Analysis of specific activity of AcXyn30B_12 or AcGH30A and in combination

The role of endo-f-1,4-xylanase, AcXyn30B_12 in synergistic studies was
investigated by combining with a xylobiohydrolase, AcGH30A from A. clariflavus. The
specific activity of the individual enzymes AcXyn30B_12 and AcGH30A, as well as
their combination in equimolar concentration (AcXyn30B_12 +AcGH30A), were
assessed on the hydrolysis of various xylan substrates (1.0% wi/v, in 0.05 M citrate
phosphate, pH 5.5) at 70°C for 3 min (Table 3.5). The activity of enzyme AcXyn30B_12
against all xylan substrates was increased by the presence of Xxylobiohydrolase,
AcGH30A, when analysed in the combination of the two. The combined enzymatic
activity against 4-O-methylglucuronoxylan was 115.2 U/mg, showing a 40% increase
as compared with the activity of AcXyn30B_12 alone (82 U/mg). Additionally, the
specific activity against beechwood xylan was 96.9 U/mg, reflecting a 12% increase
as compared with the activity of AcXyn30B_12 alone (86.6 U/mg).

The TRS produced from the hydrolysis of various xylan substrates (1.0% w/v,
in 0.05 M citrate phosphate, pH 5.5) by both enzymes together (AcXyn30B_12
+AcGH30A) gave much higher values as compared with the individual enzymes
AcXyn30B_12 or AcGH30A at 50°C for 1h (Table 3.5). The TRS released from the
hydrolysis of xylan from Carbosynth by the combined action of AcXyn30B_ 12 and
AcGH30A (0.48 mg/mL) was 2.3-fold higher than TRS released by AcXyn30B 12
alone (0.21 mg/mL). Similarly, the TRS released from the hydrolysis of beechwood
xylan by the enzyme combination (0.47 mg/mL) was 2.1-fold higher than
AcXyn30B_12 alone (0.22 mg/mL). All these results demonstrated the synergistic effect

of AcXyn30B_12 and AcGH30A in hydrolysing different xylan substrates.
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Table 3.5. Hydrolysis of xylan substrates by AcXyn30B_12 or AcGH30A and in

combination.
Enzyme specific activity (U/mg)
Xylan (1.0%, wiv) AcXyn30B_12 AcGH30A AcXyn30B_12 (0.7 uM)
(0.7 uM) (0.7 uMm) +AcGH30A (0.7 uM)
4-O-methylglucurono Xylan 82.0+0.2 122.0+0.2 115.2+0.9
Partially Acetylated Birchwood Xylan 105.5+04 NA 108.6 + 0.2
Xylan Carbosynth (MW, 20-30 kDa) 96.8+0.2 109.9+0.1 102.2+05
Acacia saw dust Xylan (in house) 96.3+0.3 102.4+04 101.9+0.3
Beechwood Xylan 86.6 + 0.1 88.2+0.1 96.9+0.3
Larchwood Xylan 84604 99.6 £ 0.5 87.3+£0.2
Rye arabino Xylan 80.5+0.0 74.3%00 87.0+00
Oat spelt Xylan 76.7+0.2 84.6 £ 0.5 85.1+0.2
Wheat arabino Xylan 749+0.1 69.7 £ 0.0 79.3+£0.1
Total reducing sugar, TRS (mg/mL)
4-O-methylglucurono Xylan 0.35 0.30 0.56
Xylan Carbosynth (MW- 20-30 kDa) 0.21 0.15 0.48
Beechwood Xylan 0.22 0.11 0.47

3.3.7.2. TLC analysis of hydrolysed products of xylan substrates by AcXyn30B_12
or AcGH30A and in combination

The TLC analysis of the hydrolysed products of xylan Carbosynth, beechwood
xylan and 4-O-methyl-D-glucurono xylan by AcXyn30B_12 showed that it releases X5
to X1 (also mentioned in Section 3.3.6.1) and AcGH30A releases only X2 as also
reported earlier (Singh et al., 2024), whereas the combined action of AcXyn30B 12
+AcGH30A showed the presence of only X2 and X1, confirming the disappearance of
X5 to X4 and X3 (Fig. 3.11A, lanes-3, 6 and 9). This result confirmed that the xylo-
oligosaccharides (X5-X3) produced by AcXyn30B_12 alone were further digested by

xylobiohydrolase, AcCGH30A.
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The hydrolysis of X5 by xylo-biohydrolase, AcGH30A showed the presence of
X3 and X2 (Fig. 3.11B, lane-1). The hydrolysis of X4 by AcGH30A showed the
presence of only X2 (Fig. 3.11B, lane-2). However, AcGH30A did not hydrolyse X3
and X2 as unhydrolyzed X3 and X2, respectively, were observed (Fig. 3.11B lanes 3
and 4). As already seen in Section 3.3.6.2, AcXyn30B_12 was found to hydrolyze X5
into X4, X3, X2 and X1; X4 into X2 as well as into X3 and X1 and X3 into X2 and X1.
All these results clearly indicate that X5 will be utilized by both enzymes AcXyn30B_12
and AcGH30A to give X3 and X2 which is challenging to precisely determine which
enzyme is responsible for releasing these products. Similarly, X4 is also utilized by both
the enzymes to give X2 again making it difficult to elucidate which enzyme of the two
resulted it. Moreover, as AcCGH30A did not hydrolyse X3, further indicated that it
requires at least two xylose residues at the non-reducing end of xylan chain for its
cleaving action. In contrast, AcXyn30B_12 could cleave X3 to X2 and X1. However,
both the enzymes did not cleave X2 thereby necessitating the requirement of xylosidase

for its breakdown.

TH-3841_226106007 106



Chapter 3

(A) (B)

W 3 «— Xylose
&+ Xylobiose
@ * «—Xylobiose § «— Xylotriose
4 " . _
Xylotriose 4 Xylotetraose

—
" Xylotetraose . Xylopentaose

Al X1 X2 X3 X4 X5 1 2 3 4 5 6 7 8 9

Xylopentaose

X2 X3 X4 X5 1 2 3 4

Fig. 3.11. TLC analysis of (A) Synergistic effect in hydrolysis of different xylan
substrates (1.0%, w/v, 0.05 M citrate phosphate buffer, pH 5.5) by
AcXyn30B_12 and AcGH30A (each 0.7 uM) at 50°C for 1h. Standards: Al-
arabinose, X1-xylose, X2-xylobiose, X3-xylotriose, X4-xylotetraose, X5-
xylopentaose. Lanes: 1-xylan Carbosynth+AcXyn30B 12, 2-xylan
Carbosynth+AcGH30A, 3-xylan Carbosynth+AcXyn30B_12+AcGH30A, 4-
beechwood xylan+AcXyn30B 12, 5-beechwood xylan+AcGH30A, 6-
beechwood  xylan+AcXyn30B_12+AcGH30A, 7-4-O-methylglucurono
xylan+AcXyn30B_12, 8-4-0O-methylglucuronoxylan+AcGH30A,9-4-0O-
methylglucurono xylan+AcXyn30B_12+AcGH30A and (B)
Xylobiohydrolase, ACGH30A hydrolysed products of 1% (w/v) xylopentaose,
xylotetraose, xylotriose or xylobiose at 40°C, pH 7.0 for 1h. Lanes, X2-
xylobiose, X3-xylotriose, X4-xylotetraose, X5-xylopentaose; hydrolysed
products of 1-xylopentaose, 2- xylotetraose, 3- xylotriose, 4-xylobiose.
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3.3.7.2.1. Analysis of AcXyn30B_12 hydrolyzed products of pretreated
lignocellulosic biomass

The biomass pretreatment prior to hydrolysis by AcXyn30B_12 was carried out
as described in Section 3.2.10 and is schematically presented in Fig. 3.12. The raw
biomasses (biomass before pretreatment) viz. napier grass, rice straw and kans grass are
depicted in Fig. 3.12A, B and C, respectively. Their corresponding pretreated and dried
forms, which were subsequently used for hydrolysis by AcXyn30B_12, are shown in

Fig. 3.12a, b and c.

| RAW BIOMASS | | PRETREATMENT METHOD | | PRETREATED BIOMASS

(A) (a)

- Aft hing with
Raw napier grass= 7.5% (w/v) Mi,ﬁgﬁ;é:‘ 3,:?,
Alkaline H,0,= 4.2% (vIv) neutral pH and drying
Time= 147.6 min at 80°C for 12h

A 4

Temperature 101.8°C
(Aishwarya et al., 2024)

(B) (b)

= After washing with
Raw rice straw= 20% (wi/v) MilliQ-water until
Sodium hydroxide= 5.0% (v/v) neutral pH and drying
Time= 20 min at 80°C for 12h
Temperature= 90°C =
(Suriyachai et al., 2013)

(€)
After washing with

Raw kans grass= 5.0% (w/v) MilliQ-water until
Sodium hydroxide= 0.5% (v/v) neutral pH and drying
Time= 30 min at 80°C for 12h

Temperature= 121°C, 15 psi
(Kataria et al., 2014)

Fig. 3.12. Schematic diagram of pretreatment of the three biomasses. (A) Napier grass
(B) Rice straw and (C) Kans grass are the raw biomasses before
pretreatment. (a) Napier grass (b) Rice straw and (c) Kans grass are the
pretreated biomasses.

The hydrolyzed products of 2.0% (w/v) pretreated Kans grass, Rice straw or

Napier grass in 0.05 M citrate phosphate, pH 5.5 by endo-f-1,4-xylanase,

AcXyn30B_12 (600 U/g, 0.05 mg/mL) at 50°C from 12h-72h showed the presence of
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X5-X2 and X1 (Fig. 3.13A, B & C, lanes-1-4). This proved that the enzyme,
AcXyn30B_12 can independently and efficiently degrade the xylan polysaccharides of
different pretreated biomass into various degrees of xylo-oligosaccharides and xylose.
The highest TRS released on hydrolysis of 2.0% (w/v) kans grass, napier grass and rice
straw by AcXyn30B_12 were 22.5 £0.1 mg/g, 19.0 £0.1 mg/g and 17.5 0.2 mg/qg,
respectively, at 72h (Fig. 3.13a, b & ¢). The TRS profile for AcXyn30B_12 hydrolyzed
biomasses showed saturation after 60h of reaction (Fig. 3.13a, b & c). The TRS yield of
pretreated Rice straw (17.5 mg/g) on hydrolysis by AcXyn30B_12 was 1.4-fold high
than the TRS vyield (12.7 mg/g) of 1.0% (w/v) pretreated (NaOH combined with
sonication) finger millet straw in 50 mM sodium phosphate buffer, pH 7.5 on hydrolysis
by an endo-f-1,4-xylanase, CtXyn11A (100 U/g) from Clostridium thermocellumin 1.0
mL reaction volume, at 65°C for 1h (Jamaldheen et al., 2019). The TRS vyield of
pretreated kans grass (22.5 mg/g) on hydrolysis by AcXyn30B_12 was 1.5-fold high
than the TRS yield (15.3 mg/g) of 1.0% (w/v) pretreated sugarcane bagasse in 50 mM
sodium phosphate buffer, pH 7.5 on hydrolysis by an endo-$-1,4-xylanase, CtXyn11A
(100 U/g) from Clostridium thermocellum in 1.0 mL reaction volume, at 65°C for 3h
(Thakur et al., 2021). This shows the ability of AcXyn30B 12 to have a significant

efficiency of hydrolysis of hemicellulose components of pretreated biomass.
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Fig. 3.13. Thin layer chromatography analysis of hydrolysis of pretreated 2% (w/v) (A) Kans
grass, (B) Napier grass and (C) Rice straw by AcXyn30B_12 (50 ug/mL) at 50°C and
0.05 M citrate phosphate buffer, pH 5.5 for 72h. Lanes, Standards S1: arabinose, S2:
glucuronic acid and S3: X1-xylose, X2-xylobiose, X3- xylotriose, X4-xylotetraose,
X5-xylopentaose. Lanes,1-12h, 2-24h, 3-36h, 4-48h, 5-60h and 6-72h. Plot of total
reducing sugar (TRS) concentration (mg/g) vs time (h) after hydrolysis of pretreated
2% (w/v) (a) Kans grass, (b) Napier grass and (c) Rice straw by AcXyn30B_12 (50
pg/mL) at 50°C and 0.05 M citrate phosphate buffer, pH 5.5 for 72h.
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3.4. Conclusion

An endo-$-1,4-xylanase, AcXyn30B_12 from Acetivibrio clariflavus DSM 19732
was purified, which displayed a molecular size of ~74 kDa. It displayed maximum
activity at pH 5.5 and 70°C. AcXyn30B_12 exhibited broad substrate specificity, with
the highest catalytic efficiency against partially acetylated birchwood xylan (PABX),
yielding a Vmax of 133.3 U/mg and a Km of 0.9 mg/mL. AcXyn30B_12 activity was
enhanced by Ca?* (10%) and Mg?* (7.3%) ions. The enzyme also showed notable
thermostability and pH tolerance, maintaining activity up to 60°C and within a pH range
of 4.5-8.0. Time-course hydrolysis experiments revealed the ability of AcXyn30B_12 to
release a variety of xylo-oligosaccharides (from xylopentaose to xylobiose) and xylose
from PABX, confirming both its endo and exo-acting mechanisms. Additionally,
AcXyn30B_12 effectively degraded lignocellulosic biomass, releasing significant
amounts of xylo-oligosaccharides and xylose from complex substrates. In contrast,
AcGH30A, previously characterized as an exo-xylobiohydrolase, removes xylobiose
from non-reducing ends of xylan and Xxylo-oligosaccharides. This study also
demonstrated the synergistic action of AcGH30A and AcXyn30B 12 in complex
carbohydrate hydrolysis, with AcXyn30B_12 generating the non-reducing ends that
serve as substrates for ACGH30A. This enzyme synergy underscores the potential
industrial applications of these enzymes in high-temperature processes, including

prebiotic production, bioethanol generation and the paper and pulp industries.
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Structure and functional insights into an endo-f-1,4-xylanase (AcXyn30B_12)
from thermophilic Acetivibrio clariflavus DSM 19732

4.1. Introduction

Hemicellulose, a major structural polysaccharide in lignocellulosic biomass,
accounts for approximately 20-35% of plant cell walls and is characterized by its
branched, amorphous nature (Saini et al., 2015). Among hemicellulose polysaccharides,
xylan is the most abundant, composed of a $-1,4-linked D-xylopyranose backbone that
may be substituted with side groups such as arabinofuranosyl, acetyl, glucuronosyl and
feruloyl residues. These substitutions vary depending on the plant source and influence
the solubility, recalcitrance and enzymatic accessibility of the xylan structure. Complete
depolymerization of xylan requires the concerted action of several enzymes, including
endo-$-1,4-xylanases, f-xylosidases, a-glucuronidases and acetyl xylan esterases.
Among all the xylanolytic enzymes present in GH30 family, endo-f-1,4-xylanase (EC
3.2.1.8), marks an important role as it is involved in direct cleavage of (1-4) glycosidic
bonds in xylan chains liberating xylo-oligosaccharides (XOS) (Santibafiez et al., 2021).
GH30 endo-p-1,4-xylanases are skilled at detecting the side chains of glucuronic acid in
order to recognize the xylan primary backbone (Suchova et al., 2018). As single- domain
enzymes, GH30 endo-p-1,4-xylanases have a typical (f/a)s barrel catalytic domain

fused to a side p-structure of 9 strands that is necessary for catalytic activity
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(Moreiraetal., 2016). For hydrolysis of xylan substrates, mechanism followed by GH30
endo xylanases is retaining mechanism of hydrolysis.

Till date, few endo-xylanases from GH30 family have been structurally
characterized. The endo-4-1,4-xylanase ECXyn30A from Erwinia chrysanthemi was the
first 3D structure solved (Puchart et al., 2021). The (f/a)s- barrel motif in the catalytic
domain (residues 46 to 315) features a binding cleft with the C-terminal of the g-barrel.
The two catalytic amino acid residues Glu165 and Glu253 found were having a distance
of 422 A between them (Larson et al., 2003). The modelled structure of
glucuronoxylan-xylanohydrolase, CtXynGH30 showed the main catalytic core consists
of a (6/a)s barrel fold with a -strand rich region also known as ‘side -structure’ (Verma
et al., 2014). Structural superimposition of CtXynGH30 reflected Glu136 and Glu225
as a catalytic acid/base and catalytic nucleophile respectively (Verma et al., 2014).
Xylanase, RfGH30 from Ruminococcus flavefaciens on homology modelling revealed
(B/0)s TIM barrel like topology accompanied by a ‘side S-structure’ (Singh et al., 2023).
The two catalytic residues found in RFGH30 were Glu200 and Glu302 with a distance of
5.6 A (Singh et al., 2023).

Acetivibrio clariflavus DSM 19732, is a thermophilic anaerobe, chemo-
organotrophic, curved and rod-shaped bacterium (Artzi et al., 2014). A xylan specific
and a thermostable endo-$-1,4-xylanase belonging to family 30 glycoside hydrolase
(GH30) was identified in its genome. The gene encoding AcXyn30B_12 (GenBank
accession no. AEV69300.1) was cloned, expressed and biochemically characterized
showing high thermostability and stability across a wide pH range as reported in Chapter
2 and 3. In this study, the molecular arrangement, stability as well as the conformational

behaviour of the protein, AcXyn30B_12 in solution form were determined. The

TH-3841_226106007 118



Chapter 4

molecular dynamic (MD) simulation and homology modelling were used for
characterization of the structure, conformational flexibility and stability of
AcXyn30B_12. Small angle X-ray scattering and dynamic light scattering investigations
were carried out for elucidation of the conformation and molecular organization of

AcXyn30B_12 structure in solution state.
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4.2. Materials and methods
4.2.1. Amino acid sequence analysis of AcXyn30B_12

The amino acid sequence of endo-f-1,4-xylanase from family GH30
(AcXyn30B_12) from Acetivibrio clariflavus DSM 19732 with GenBank accession no.
AEV69300.1 and UniParc ID: UP000005435 was redeemed from NCBI database

(http://www.ncbi.nlm.nih.gov). The calculated molecular mass, the isoelectric point (pl)

and the molar extinction coefficient of AcXyn30B_12 were calculated from ExXPASY -

ProtParam server (https://web.expasy.org/cgi-bin/protparam/protparam) (Gasteiger et

al., 2005). To search for homologous sequences of AcXyn30B 12, its amino acid
sequence was submitted to the PDB-BLAST

tool(https://blast.ncbi.nlm.nih.gov/Blast.cgi) (Boratyn et al., 2013). Following the

PDB-BLAST analysis, multiple sequence alignment (MSA) of these homologous
sequences were carried out by utilizing Clustal Omega

(https://www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers et al., 2014) and then visualized

by using ESPript 3.0 (https://espript.ibcp.fr/ESPript/cqi-bin/ESPript.cgi) (Gouet et al.,

1999). The different metal ion binding sites in AcXyn30B_12 was identified and
analysed by submitting the amino acid sequence of AcXyn30B_12 into the Metal lon-
Binding site prediction and modeling server (MIB2) server

(https://combio.life.nctu.edu.tw/MIB2/ ).

4.2.2. Expression and purification of AcXyn30B_12
The gene (1.9 kb) encoding the full-length AcXyn30B_12 containing (excluding
the signal peptide) was cloned, expressed and purified as reported in Chapter 2 and

Chapter 3.
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4.2.3. Secondary structure elements analysis of AcXyn30B_12

Using the circular dichroism (CD) approach, the secondary structural study of
AcXyn30B_12 was analysed. Before analysis, the purified AcXyn30B_12 enzyme was
centrifuged at 13,000 g for 15 min at 4°C and was subsequently passed through a syringe
filter that filtered the protein using a membrane of pore size 0.25 pum from Pall
Corporation, USA. The CD analysis was performed by using a JASCO J-815
spectropolarimeter (Japan, JASCO Corporation) installed with a Peltier temperature
controller set to 25°C. The enzyme, AcXyn30B 12 (0.68 uM or 0.05 mg/mL) in 0.05 M
sodium phosphate buffer, pH 7.5 was loaded in a quartz cuvette and then with scans
conducted at 50 nm/min scanning rate, in far UV range (190-250 nm) using the same
buffer as baseline was analysed. An average of 5 scans were taken with a 1 nm bandwidth.
The data obtained were interpreted in terms of molar ellipticity difference (Ae, deciliter
mol cm™), as described earlier (Ahmed et al., 2021). To estimate the content (%) of a-
helix as well as S-sheets in AcXyn30B_12, the Ae values for the specified adjacent
wavelengths were submitted to the K2D3 server (http://cbdm-

01.zdv.uni-mainz.de/~andrade/k2d3/) (Louis-Jeune et al., 2012) and BeStSel server

(https://bestsel.elte.hu/index.php) (Micsonai et al., 2022).

The secondary structure of AcXyn30B_12 was also analyzed computationally by
putting the amino acid sequence into various web servers, viz. PSIPRED

(http://bioinf.cs.ucl.ac.uk/psipred/), PDBSum (https://www.ebi.ac.uk/thornton-

srv/databases/pdbsum/), 2Struc  (http://2struc.cryst.bbk.ac.uk) and SOPMA

(https://npsa-pbil.ibcp.fr/cgi-bin/npsa automat.pl?page=/NPSA/npsa sopma.html). The

default settings in the servers were used for the secondary structure analyses. To further

validate the results, the theoretical prediction results were compared with the CD data.
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4.2.4. Homology modelling and validation of AcXyn30B_12 structure
The 3D structure prediction of AcXyn30B_12, was carried out by several web

servers, including PHYRE2  (http://www.sbg.bio.ic.ac.uk/phyre2),  Robetta

(http://robetta.bakerlab.org), SWISSMODEL (https://swissmodel.expasy.org/),

AlphaFold2(https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/A
IphaFold2.ipynb) and [-TASSER (https://zhanggroup.org/I-TASSER/). The default
settings in the servers were used for the 3D structure analyses. The models obtained from
these servers were further improved using the YASARA energy minimization tool

(http://www.yasara.org/minimizationserver.htm). Structure validation of the predicted

AcXyn30B_12 3D models, both before and after energy minimization, was conducted by

using the SAVES v6.0 server (https://saves.mbi.ucla.edu/). This validation included

assessments of compatibility and stereochemical properties by using ERRAT (Colovos
et al., 1993), VERIFY-3D (Bowie et al., 1991; Lithy et al., 1992) and PROCHECK
(Pontius et al., 1996). The results from these validations were compared and the best
model for AcXyn30B_12 was selected based on the following criteria: a high-quality
factor (above 90%), a high percentage of residues with a 3D-1D score > 0.2 (above 90%)
and above 90% of residues in the favored regions of the Ramachandran plot.
Additionally, the Protein Structure Analysis (ProSA) (Wiederstein et al., 2007) web

server (https://prosa.services.came.sbg.ac.at/prosa.php) was used to estimate Z-score

variations of the final modeled structure of AcXyn30B_12 comparing it within PDB
database. The energy-minimized structure of the finalized model was analysed using the
PyMOL v3.0 software. The topology outline for the AcXyn30B_12 structure was also
generated by using the PDBSum web server to further validate the compatibility of 3D

modelled structure of AcXyn30B_12. The modelled structure of AcXyn30B_12 was
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further superimposed with the PDB structure of its homologous protein, XynA (PDB
ID: 5CXP) from Clostridium acetobutylicum ATCC 824 by PyMOL v3.0 software.
4.2.5. Molecular dynamic simulation of AcXyn30B_12

Molecular dynamic (MD) simulation of modelled structure of AcXyn30B_12
was conducted on super computer (PARAM-KAMRUPA, a 838 Teraflops capacity
hybrid HPC in IIT Guwahati, Assam, India). The atoms of AcXyn30B_12 were defined
with the Charmm36 force field and the most recent algorithm from GROMACS v5.1.4
software was employed for coordination (Sharma et al., 2021). The centre location of
the AcXyn30B_12 modelled structure was placed in a cubic box of volume 541.03 nm?®
that was solvated with 5,8642 water molecules. The addition of 31 Na* ions neutralized
and balanced the system as a whole. Energy minimization with a force of 1000 kJ mol*
nm and 50,000 iteration steps was applied to this solvated structure followed by two
phase equilibrations to bring the solvated and neutralized system to equilibrium. The first
phase of equilibration was conducted under isothermal-isochoric circumstances for 500
ns using an NVT aggregate (N: constant number of particles, V: constant volume and T:
constant temperature). The second stage of equilibration was performed in an NPT
aggregate (N: constant number of particles, P: constant pressure and T: constant
temperature) in isothermal-isobaric circumstances for 500 ns (Hess et al., 2008). The
MD run was executed for 100 ns with an interval time of 10 ps. The structural properties
and stability of the simulated protein, AcCXyn30B_12 was then determined using various
factors like, radius of gyration (Rg), root mean square fluctuation (RMSF), root mean
square deviation (RMSD, calculated by least square fitting method, intramolecular
hydrogen-bonds and solvent accessible surface area (SASA), via commands gmx

gyrate, gmx rmsf, gmx rms, gmx hbonds and
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gmx sasa, respectively. Every dataset was converted to a graphical presentation with the
aid of OriginPro software.
4.2.6. Active-site analysis of AcXyn30B_12

After predicting the modelled structure of AcXyn30B_12, its active-site was
examined for accessible ligand-binding pockets. The analysis also included homologous
proteins of AcXyn30B_12, endo-xylanase XynA from Clostridium acetobutylicum
ATCC 824 (PDB ID: 5CXP). For the identification of plausible pockets, the PDB format
files containing 3D structures of AcXyn30B_12 and XynA from Clostridium
acetobutylicum, were submitted to the Computed Atlas of Surface Topography of

proteins (CASTp) server (http://sts.bioe.uic.edu/castp/index.html?3igg). Both the

volume as well as area of the accessible ligand-binding pockets on the surface of
AcXyn30B_12 and XynA from Clostridium acetobutylicum were determined by using
a default probe radius of 1.4 A.

4.2.7. Ligand binding analysis of AcXyn30B_12 using molecular docking
approach

Molecular docking approach was used to study the ligand binding analysis of
AcXyn30B_12. AutoDockTools-1.5.7, connected to the MGLTools 1.5.6
(http://mgltools. scripps.edu/), was used to investigate the interaction of ligands viz.
xylo-oligosaccharides (xylopentaose, xylotetraose, xylotriose, xylobiose and xylose)
with the active-site of the modelled AcXyn30B_12 structure. The canonical structure of
all xylo-oligosaccharides was obtained in 3D SDF format from the Pubchem

(https://pubchem.ncbi.nlm.nih.gov/) web service and then translated to PDB format

using the Open Babel GUI 3.1.1 program. The specific molecular docking was

conducted targeting the amino acid residues in the CASTp server predicted the active-
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site pocket in AcXyn30B_12 (Section 4.2.6). The active-site of AcXyn30B_12 was
positioned within a grid box, with a 0.37 A spacing between grid points and values of
63 A (X dimension), 61 A (Y dimension) and 79 A (Z dimension). Using the Lamarckian
genetic algorithm (LGA), protein-ligand docking was carried out with total 50 runs. After
analysing all 50 runs, the protein-ligand conformation having the lowest binding energy
(AG) value was chosen in PDBQT format and transformed into PDB format using Open
Babel software. Using the Ligplot software (Wallace et al., 1995), a 2D interaction plot
was created to explore the interactions (hydrophobic and polar) between xylo-
oligosaccharides and AcXyn30B_12.
4.2.8. MD simulation analysis of AcXyn30B_12-xylotriose complex

The MD simulation was utilized to ascertain the interaction between
AcXyn30B_12 and xylotriose. GROMACS v5.1.4 software was used to simulate the
AcXyn30B_12-xylotriose complex with the lowest AG value obtained through
molecular docking analysis (Section 4.2.7). Charmm36 force field was employed to

compute protein forces and the SwissParam site (www.swissparam.ch) (Bugnon et al.,

2023) was used to build the topology of the xylotriose ligand. The AcXyn30B_12-
xylotriose complex that was produced was solvated using 58642 solvent (water)
molecules in a cubic box. To neutralize the system and achieve equilibrium, 31 Na* ions
was introduced. For 500 ns and 2fs iterations two phases of equilibration were carried
out with NVT and NPT conditions sequentially. For this solvated and equilibrated
system MD run was performed for 100 ns and at intervals of 10 ps trajectories were
recorded. For the simulated system, Rq, RMSD, RMSF, SASA and H-bonds were

analysed by using similar commands as discussed in Section 4.2.5 and further equated
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with the parameters of the simulated protein model. For each dataset, a graphical
representation was created using the OriginPro software.
4.2.9. Small angle X-ray scattering (SAXS) analysis of AcXyn30B_12

The SAXS analysis of AcXyn30B_12 was conducted at concentrations of 3
mg/mL as well as 5 mg/mL by utilizing a SAXSpace system (Anton Paar GmbH, Graz,
Austria), to investigate molecular geometry and structural dynamics of AcXyn30B_12
in solution form. The methodology was followed as previously reported by Ahmed et
al., 2021. Scattering profiles were obtained for AcXyn30B_12 and its matching buffer
(0.05 M sodium phosphate, pH 7.5) for monitoring beam stability and accessing
radiation damage, at a wavelength of 1.54 A. The SAXS profile of AcXyn30B 12 at 3
mg/mL and 5 mg/mL was obtained by subtracting the buffer profile using SAXS
analysis software. The software and tools incorporated in ATSAS v2.8.4 suite (Franke
et al., 2017) was used for data processing, normalization and averaging.

Through the indirect Fourier transformation using GNOM software (Svergun et
al., 1992) and the Guinier approximation (Guinier et al., 1955; Konarev et al., 2003),
radius of gyration (Rq) for both globular shape and rod shape were analysed. GNOM
software was also used to compute the maximum particle dimension (Dmax) as well as
the distance distribution function plot P(R). At both the concentrations, the persistence
length was computed utilizing the following formula: [V12{(R¢?)- (RZ)}] as reported
by Odijk et al., 1977. The Kratky plot was used to assess the folding and compactness
of AcXyn30B_12. The molecular weight (Mw) was estimated using the SAXSMoW
server (Fisher et al., 2010). Using DAMMIF (Svergun et al., 2001), 20 separate dummy
atom models (DAMs) were created. These were then averaged using DAMAVER

(Volkov et al., 2003) and refined using DAMMIN (Svergun et al., 1999). The
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pyDockSAXS webserver (https:/life.bsc.es/pid/pydocksaxs) developed by Jiménez-

Garcia et al., (2015) was utilized to conduct the protein-protein docking against the
scattering profile in order to fit the DAM envelope with dimeric AcXyn30B_12.
Utilizing the SUPCOMB program (Kozin et al., 2001), only the top 10 models were
assessed to choose the best model. Using the CRYSOL program, the SAXS experiment
data were fitted to the modelled structure (Svergun et al., 1995). PyMOL v3.0 was used
to visualize the DAM envelopes and OriginPro software was used to construct the
figures.

4.2.10. Hydrodynamic diameter and zeta-potential analysis of AcXyn30B_12 using
Dynamic light scattering

Dynamic Light Scattering (DLS) analysis of AcXyn30B_12 in aqueous solution
was conducted using Particle Analyzer (Litesizer 500, Anton Paar, Graz, Austria), to
investigate the hydrodynamic diameter (Dn) and polydispersity index. Before the
analysis, with the help of a concentrator (Centricon, cut off 30 kDa, Amicon Ultra,
Millipore) purified AcXyn30B_12 (1.5 mg/mL) was concentrated up to 3 mg/mL and 5
mg/mL by centrifuging at 4000g and 4°C for 10 min. For removing any aggregated
protein, AcXyn30B_12 at all three concentrations (1, 3 and 5 mg/mL) was centrifuged
at 13000g and 4°C 15 min. A syringe filter was used to filter each sample individually
using a membrane of pore size 0.25 pm (Pall Corporation, USA) and then the samples
were evaluated via light scattering analysis. This analysis was observed at an average
backscatter angle of 6 runs per response (Lorber et al., 2012). A temperature controller
supported by Peltier helped to keep the system temperature at 25°C. The enzyme,
AcXyn30B_12 0.4 mL, at 3.0 as well as 5.0 mg/mL were placed individually inside the

cuvette (Anton Paar Omega electrode) for zeta potential (&) (Salgin et al., 2012)
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investigation. The surface charge of AcXyn30B_12 was measured and processed for a

total of 100 runs. Also, the average zeta potential was recorded for each experiment.
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4.3. Results and Discussion
4.3.1. Amino acid sequence analysis of AcXyn30B_12

Using the EXPASY-ProtParam website, the molecular mass, isoelectric point
(PI) and molar mass extinction coefficient of AcXyn30B_12 were determined to be 73.5
kDa, 4.79 and 122635 M cm?, respectively. The amino acid sequence of
AcXyn30B_12 was analyzed using PDB-BLAST to identify homologous sequences and
those establishing the evolutionary relationships and functional relevance with
AcXyn30B_12, are summarized in Table 4.1. The PDB-BLAST results showed that the
PDB structure of XynA (PDB ID: 5CXP) from Clostridium acetobutylicum ATCC 824
has the highest sequence identity (27.81%) with AcXyn30B_12. This was followed by
XynC (PDB ID: 3GTN) from Bacillus subtilis 168 (26.58%), XynA (PDB ID: 1INOF)
from Dickeya chrysanthemi (26.56%), endo-xylanase (PDB ID: 4FMV) from
Ruminiclostridium papyrosolvens DSM 2782 (26.49%) and endoxylanase (PDB ID:

2WNW) from Salmonella enterica subsp. enterica serovar Typhimurium str. LT2

(25.51%).
Table 4.1. BLASTp analysis of AcXyn30B 12 amino acid sequence against the PDB
database.
Protein name Organism Max Query E - Identity ~ Accession  Accession
Score Cover value (%) length ID
(%)
Xylanase A Clostridium acetobutylicum ATCC 95.1 86% 6e-21  27.81% 390 5CXP
824
Xylanase C Bacillus subtilis 168 62.8 86% 3e-10  26.58% 401 3GTN
Xylanase A Dickeya chrysanthemi 82.0 89% le-16  26.56% 383 1INOF
Endoxylanase Ruminiclostridium papyrosolvens 95.1 92% 6e-21  26.49% 396 4FMV
DSM 2782
Endoxylanase Salmonella enterica subsp. enterica 82.0 68% 2e-16  25.51% 447 2WNW
serovar Typhimurium str. LT2
Chain A, CBM6 Acetivibrio thermocellus 58.5 96% 8e-09 24.19% 409 4UQA
Chain A,CBM 6  Acetivibrio thermocellus 57.0 96% 2e-08  24.19% 409 4CKQ
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The multiple sequence alignment (MSA) analysis of AcXyn30B_12 with its
homologous proteins using Clustal Omega revealed the distribution of secondary
structural elements (a-helices and f-sheets), within the AcXyn30B_12 sequence (Fig.
4.1). The MSA highlighted the conservation patterns of amino acid residues i.e. fully
conserved residues (by white letters on a red background), semi-conserved residues (by
red letters on a white background) and non-conserved residues (by black letters on a
white background) within AcXyn30B_12 sequence (Fig. 4.1). Furthermore, the dark
blue, light blue and white lines at the bottom of the MSA represent high solvent
accessible, intermediate solvent accessible and least solvent accessible (or buried areas)
regions, respectively (Fig. 4.1). Aditionally, the MSA showed 2 catalytic residues,
Glul51 (acid/base) and Glu259 (nucleophile) marked by green stars as shown in Fig.
4.1. These two catalytic residues were found to be conserved and lie in least solvent
accessible region i.e they are present in core of the protein. However, in the study
reported by Suchova et al., 2024, the same protein labelled as AcXyn30B contained the
signal peptide (20 amino acid long) along with the catalytic, CBM6 and Dockerin type
I module, which on alignment with the sequences of selected representatives of GH30
subfamilies, gave the different catalytic residue numbers, viz. Glul71 (acid/base) and
Glu279 (nucleophile), because of extra signal peptide sequence which was not present

in our study.
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Fig. 4.1. Multiple sequence alignment of AcXyn30B 12 with homologos by using
Clustal Omega. Conserved amino acids are highlighted with white letters on
a red background, semi-conserved amino acids appear as red letters on a white
background and non-conserved amino acids are represented by black letters
on a white background. The residues Glu 151 and Glu 259 are the catalytic
residues of AcXyn30B_12 (marked with green star). The highly solvent
accessible areas are represented by dark blue lines and intermediate solvent
accessible areas by light blue lines.

Metal ion binding site prediction using the MIB2 server revealed a substantial
number of residues within both the catalytic module and the CBM6 domain of
AcXyn30B_12 exhibiting high binding scores for Ca?" and Mg2* ions as shown in Fig.
4.2. Glul51 was predicted to bind Ca®>" not in isolation, but in coordination with
neighbouring residues such as Asp152 and Leul53, indicating a cooperative binding
environment that likely confers greater rigidity and stability to the local structure (Fig.

4.2). Similarly, Glu259 was also predicted to coordinate Ca?" in concert with
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surrounding residues (Thr258, Glu259 and Asp261) suggesting the formation of a
tightly bound metal-binding pocket that is critical for maintaining catalytic efficiency.
The catalytic residues Glul51 and Glu259 displayed binding scores of 1.3 and 2.08 for
Ca?" and 2.05 and 1.5 for Mg, respectively. These results suggest that metal ion
coordination, particularly with Ca** and Mg?*, enhanced the structural and functional
integrity of the enzyme, potentially contributing to increased catalytic activity. This
observation is consistent with the experimental findings discussed in Chapter 3, Section

3.3.4.
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Fig. 4.2. Ca?* ion binding-site prediction using Metal-lon binding site prediction and
modelling server (MIB2).

4.3.2. Secondary structure analysis of AcXyn30B_12

The AcXyn30B_12 amino acid sequence was found to have 24.0% a-helices and
26.5% p-strands, according to the PSIPRED (Fig. 4.3A) and 23.4% a-helices and 28.3%
f-strands according to SOPMA as also mentioned in Table 4.2. Fig. 4.3A displays the
distribution of secondary structural elements a-helices (by pink line), p-sheets (by

yellow line) and random coils (by black line) within AcXyn30B_12 sequence. The CD
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spectrum profile of purified AcXyn30B_12 displays the plot of wavelength vs mean
residue ellipticity, MRE (Fig. 4.3B). The CD spectrum data of AcXyn30B_12 analysed
by BestSel server revealed 26.2% o-helices and 28.1% g-strands, whereas the analysis
by K2D3 server also showed similar content of 24.3% a-helices and 27.7% f-strands
(Table 4.2). All the prophesied secondary structure elements analysed by prediction

tools as well as CD spectrum analyses closely agreed with one another.
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Table 4.2. Secondary structure inspection of AcXyn30B_12.

Server/Tool a-helix (%) p-strands (%) Random coil (%)
PSIPRED 240 26.5 495
SOPMA 234 28.3 48.2
PDBSum 22.8 30.2 47.0
2Struc 225 30.2 47.3
CD (BeStSel server) 26.2 28.1 474
CD (K2D3 server) 24.3 217 47.9

4.3.3. Homology modelling and validation of AcXyn30B_12 structure

The SAVES v6.0 webserver's validation variables were used to compare the
three-dimensional modelled structures of the AcXyn30B_12 protein before and after
energy minimization (using the YASARA tool). The structure from Alphafold2 was
regarded as the final model for AcXyn30B_12 based on the comparative analysis (based
on the criteria specified in Section 4.2.4). The energy minimized 3D structure of
AcXyn30B_12 from Alphafold2 has an overall model quality of 92.8%, according to
ERRAT (Fig. 4.4A), indicating that it is of acceptable quality. 91.4% amino acid
residues in the modelled structure AcXyn30B_12 are predicted by VERIFY3D (Fig.
4.4B) exhibiting 3D-1D score of > 0.2, which indicates fitness of the structure. The
PROCHECK server verified the validity of the modelled structure AcXyn30B_12. The
Ramachandran Plot (Fig. 4.4C) revealed total of 653 amino residues. It showed, 88.6%
(499) of amino acid residues in the most- favored region, 11% (62) in the additionally
allowed region, 0.2% (1) in the generously allowed region and only 0.2% (Asp516) in
the disallowed region. This finding showed that the modelled AcXyn30B_12 structure
followed phi (¢) as well as psi (y) angles within the Ramachandran plot. However,

with 8.71 Z-score, the ProSA results also
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confirmed the AcXyn30B_12 modelled structure's correctness and compatibility (Fig.
4.4D). According to ProSA assessment of the local model quality of AcXyn30B_12, all
residues exhibited non-positive value, meaning that no portion of the modelled structure
is incorrect (Fig. 4.4E).
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Fig. 4.4. Quality assessment of Alphafold2 energy minimized modelled structure of
AcXyn30B_12 by SAVES server. (A) ERRAT plot, on the residue window 2 lines
(indicating confidence level for rejecting regions that surpass the specified error
value) are drawn against error value axis. Red, yellow and gray lines represent
regions that surpass the error value, moderate error and below error threshold
respectively. (B) VERIFY3D plot, blue line denotes mean 3D-1D score for amino
acids and green dots denote raw scores. (C) Ramachandran Plot investigation
(PROCHECK server), representing different colour-coded regions: most favored in
red, additionally allowed in yellow, generously allowed in whitish and disallowed
region in white area. Glycine residues denoted by triangular shape, proline residues
by black square and both non-glycine and non-proline residues by red square and
(D) ProSA graphical representation, illustrating the overall model quality and Z-
score. (E) The energy departure from the energy distribution produced from random
configurations is measured by the ProSA local model quality plot.
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The cartoon depiction of the Alphafold2 modelled AcXyn30B_12 structure was
examined by using PyMOL 3.0 (Fig. 4.5A). The conserved modules of AcXyn30B_12,
analyzed by the NCBI-CDD database as depicted in Fig. 4.5A are, the catalytic module
(in blue colour), the carbohydrate binding module family 6 (CBM®6) (in green colour)
and dockerin type | (Docl) (in brown colour). The catalytic module consists of 8 -
strands enclosed by 8 a-helices forming a (5/a)s barrel structure. Moreover, 9 s-strands
were also found at the side of (#/a)s barrel fold which is called as ‘side-# structure’ char
of this family. The presence of (f/a)s barrel fold accompanied by the side-# structure in
AcXyn30B_12 is the characteristic feature of GH30 family enzymes as reported earlier
(Moreiara et al., 2016). The CBM®6 and dockerin are composed of only S-strands and a-
helices, respectively. PyMOL v3.0 software was used to superpose the modelled
structure AcXyn30B_12 (shown in green colour) with its homologous proteins, XynA
(PDB ID: 5CXP) from Clostridium acetobutylicum ATCC 824 (St. John et al., 2018)
and XynC (PDB ID: 3GTN) from Bacillus subtilis 168 (St. John et al., 2011) as shown
in Fig. 4.5B. The superposition gave a Root Mean Square Deviation (RMSD) value of
1.63 A and match align score of 672.3. The spatial alignment and conservation of the
catalytically significant active-site residues of AcXyn30B 12 (Glu 151 and Glu 259
shown in magenta colour) with that of XynA (Glu 141 and Glu 230 shown in red colour)
and XynC (Glu 140 and Glu 229 shown in cyan colour) can be observed through this
superposition (Fig. 4.5C). According to a previous study by Wang et al., (1994) on the
experimental mechanisms for hydrolysis, it was determined that, for the inverting
mechanism, the mean distance between the two -COOH groups should fall within of 8.5
A to 12.5 A, while for the retaining mechanism, it should be 5.5 A. The in-silico

technique assessed the distance of 5.0 A between the -COOH groups of Glu151 and
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Glu259 for AcXyn30B_12, indicating a retention type of hydrolytic mechanism (Fig.

4.5C).

(A)

Catalytic
Module

(B/a)s TIM Barrel Dockerin

N

Fig. 4.5. (A) Cartoon view of 3D modelled structure of AcXyn30B 12. (B)
Superposition of modelled structure of AcXyn30B_12 structure (green) with
its homologous proteins XynA (PDB ID: 5CXP) from Clostridium
acetobutylicum ATCC 824 (blue) and XynC (PDB ID: 3GTN) from Bacillus
subtilis 168 (yellow). (C) Superposition of Glul51 and Glu259 catalytic
residues; in magenta and distance of 5.0 A) of AcXyn30B_12 with catalytic
residues (Glu141 and Glu230; red) of XynA from Clostridium acetobutylicum
ATCC 824.

According to the topological profile inferred by the PDBSum server, a total of
19 a-helices and 36 p-strands were found in the full length AcXyn30B_12 predicted

structure (Fig. 4.6). Out of all, 8 S-strands contribute to the formation of (5/a)s barrel
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fold structure. Through its topological diagram, the PDBsum server also provides

information regarding residue numbering involved in producing S-strands and a-helices.

Fig. 4.6. Topology diagram of AcXyn30B_12 modelled structure by PDBSum server
which denotes secondary structures, alpha-helix (by red cylindrical shapes)
and beta-strands (by pink arrows) along with their respective amino acid
sequence range.

4.3.4. Molecular dynamic simulation of AcXyn30B_12

The 3D modelled structure of AcXyn30B_12 was put through a 100 ns MD
simulation for observing the structural dynamics, compactness and stability. The
observed RMSD vs. time graph first displayed variations between 0.5 and 1.2 nm from
0 to 32 ns. After 32 ns, the structure displayed stability with RMSD values between 1.2
and 1.3 nm up to 100 ns giving an average RMSD of 1.2 nm (Fig. 4.7A). The RMSF

value of AcXyn30B_12 was employed to ascertain the stability of the structure (atoms
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displacement from their original shape). High variations were seen within residues
implicated in loops, including L1 (103-121 aa), L2 (148-165 aa), L5 (286-312 aa) and
L-10 (609-618 aa) (Fig. 4.7B, highlighted in red). The catalytic residue Glu259, with an
RMSF value of 0.3, demonstrated limited flexibility, whereas the catalytic residue
Glul51 in L2 was shown to be flexible (Fig. 4.7B, green). The Rq varied mid 1 and 9
ns, then stabilized after 9 ns, falling within a narrow range of 3.98-3.75 nm and with a
mean Ry of 3.9 nm denoting remarkable compactness (Fig. 4.7C). The SASA plot (Fig.
4.7D) demonstrated the stability over the course of the 100 ns run with an average value
of 332.8 nm? suggesting that catalytically significant residues were accessible to the
substrate and that no deformation was occurring. Up to 100 ns, the AcXyn30B_12 main
chain had an average of 423 intramolecular H-bonds (Fig. 4.7E). The structural stability
of the protein was significantly influenced by these hydrogen bonds. After superposing
the AcXyn30B_12 modelled structure on top of the simulated structure, the RMSD value
was 0.33 nm. Hence, it was concluded that the simulated structure was stable, compact

and appropriate for further investigation.

TH-3841_226106007 139



Chapter 4

(A) (B)
2.0+ 2.5+
L10
2.0 4
1.5
E T 154
& L
1.0 4 TH
2 i
= .0
= g 10
L1 L2 L5
0.5 -
0.5
Glu2s!
0.0 T T T T 1 0.0 T T T T T T 1
0 20 40 60 80 100 0 100 200 300 400 500 600 700
Time (ns) Residue number
(€) (D)
5.0 400 -
= 4.5+
g 350 -
S —
= 404 -
300 -
o
- 5
o 354 <
3 @
s 250 -
X 3.0+
25 T T T T T T T T T 1 200 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Time (ns) Time (ns)
(E)

500 ~

No. of H-bonds

350

300 T T T T 1
0 20 40 60 80 100

Time (ns)

Fig. 4.7. Different graphs of molecular dynamic simulation of AcXyn30B_12 modelled
structure (A) Root mean square deviation, (B) Root mean square fluctuation,
where L1, L2, L5 and L10 represent loops sequentially numbered according to
the PDB topology file generated by the PDBsum server, (C) Radius of gyration,
(D) Solvent accessible surface area and (E) Intra-molecular hydrogen bonds.
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4.3.5. Active-site examination of AcXyn30B_12 by using CASTp server

After measuring the volume and area of the AcXyn30B_12 active-site pocket by
using the CASTp server, the characteristics of the active-pocket site were compared with
those of its homolog, endo-xylanase XynA from Clostridium acetobutylicum ATCC
824. The active-site of AcXyn30B_12 had a solvent accessible surface area of
156.5 A? and volume of 215 A3 (shown in red colour in Fig. 4.8A). The conserved
residues Trp96, Asn150 and Tyr228, non-conserved residues Tyr154, Trp159, Glul60,
Thrl61, Ala201 and Tyr262, as well as catalytic residues Glul51 and Glu259 were
found in this active-site pocket. Similarly, for XynA from Clostridium acetobutylicum
ATCC 824, the predicted active-site area and volume were 84.8 A% and 101.3 A3,
respectively (shown in red colour in Fig. 4.8B). The comparison of the active-site of
AcXyn30B_12 with that of its homologue, endo-xylanase, XynA disclosed that the

active-site of AcXyn30B_12 is deeper than XynA.

Fig. 4.8. Active-site investigation of (A) AcXyn30B_12 and (B) endo-xylanase XynA
(PDB ID: 5CXP) from Clostridium acetobutylicum ATCC 824 by using
CASTp web-server.
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4.3.6. Analysis of ligand binding by AcXyn30B_12 using molecular docking

The molecular docking by AutoDockTools-1.5.7 software was carried out to
investigate the interactions of the active-site amino acid residues of AcXyn30B_12 with
xylose, Xxylo-oligosaccharides (xylobiose, xylotriose, Xylotetraose, xylopentaose).
AcXyn30B_12 exhibited binding with xylose, xylobiose, xylotriose, xylotetraose and
xylopentaose with binding free energy (AG) of -8.9, -9.6, -11.2, -9.1 and -8.6 kcal/mol,
respectively (Table 4.3). Hence this displayed the maximum affinity of AcXyn30B_12
for xylotriose (-11.2 kcal/mol). The catalytic residue, Glul51 was observed to
participate in polar interactions with xylotriose and xylotetraose (Table 4.3). The amino
acids in the catalytic cleft of AcXyn30B_12 involved in interactions (both polar and
non-polar) with xylopentaose, xylotetraose, xylotriose, xylobiose and xylose is shown

in Table 4.3.

Table 4.3. Molecular docking analysis of AcXyn30B_12 with different xylo-
oligosaccharides.

Ligand Binding free Residues involved in Residues involved in non-polar
energy (AG) polar interactions interactions
(kcal/mol)
Xylose -8.9 Ala29, Tyr33, Asp288, 11e30, Leu37
Leu289, 11e290
Xylobiose -9.6 Glul51, Tyr228, Asp261, Tyr260, Tyr262, Gly263, Trp287, Pro297
Arg296
Xylotriose -11.2 Asp261, Gly263, Glul51, Tyr228, Tyr260, Tyr262, Tyr286,
Asp288, Arg296 Trp287, GIn295, Pro297, Leu298
Xylotetraose 9.1 Glul51, Ser156, Asn229,  Tyrl54, Trpl59, Tyr228, Tyr262, Trp287
Asp261, Arg296
Xylopentaose -8.6 Ser156, Asp158 Trp32, Tyrl54, Glul55, Trpl59, Trp287,
Trp291

TH-3841_226106007 142



Chapter 4

The alignment of xylose, xylotriose and xylopentaose inside the catalytic cleft
of the modelled AcXyn30B_12 with polar (in orange colour) and non-polar (in green
colour) interactions was envisioned using Pymol v3.0 software as shown in Fig. 4.9 (A,
B and C). The 3D interaction of ligand and amino acid residues of AcXyn30B_12 with
polar interactions using Pymol v3.0 software is shown in Fig. 4.9(D, E and F). The 2D
interaction analysis using Ligplot software of docked AcXyn30B_12 and different xylo-
oligosaccharide is shown in Fig. 4.9 (G, H and I). The 2D diagrams display the binding
environment within the active-site of AcXyn30B_12, showing the residues participating
in both polar and non-polar interactions with ligand molecules differentiating the nature
of these interactions. The 2D interaction analysis of docked AcXyn30B_12-xylotriose
complex showed that the residues; Asp216, Gly263, Asp288 and Arg296 make polar
interactions, while Tyr 228, Tyr260, Tyr262, Tyr286, Trp287, GIn295, Pro297 and

Leu298 make non-polar interactions with xylotriose (Fig. 4.9H).
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Fig. 4.9. Molecular docking of AcXyn30B_12 with xylo-oligosaccharides. (A, B and
C) Surface view of AcXyn30B_12 (cyan) showing the fitting of xylose,
xylotriose and xylopentaose (red) respectively in the catalytic cleft (amino
acids with polar interactions are shown in orange and with non-polar
interactions are shown in green). (D, E and F) 3D schematic representation
of docked xylose, xylotriose and xylopentaose (red) respectively with the
amino acid residues (orange) of the active-site with polar interactions only.
(G, H and 1) 2D schematic representation by using Ligplot software.
Showing interaction of xylose, xylotriose and xylopentaose respectively with
the amino acids at active-site of AcXyn30B_12 plotted (dashed lines represent
hydrogen bonds and the amino acid are depicted in an arc with spokes,
indicating non-polar interactions with the xylo-oligosaccahrides).
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The binding analysis of xylotriose with AcXyn30B_12 revealed the presence of
subsite, where the negative numeral designation (-1) corresponds to the non-reducing
end of the bound xylotriose (Fig. 4.10A). While, the reducing end is represented by
positive numeral subsites (+1 and +2). The amino acid residues Asp288 and Arg296 are
placed at -1 subsite and play a crucial role in binding xylotriose at its non-reducing end
within AcXyn30B_12 (Fig. 4.10B). Additionally, Asp261 is associated with the +1

subsite, while Gly263 associated with the +2 subsite (Fig. 4.10B).

(A) (B)

-4

Fig. 4.10. Subsite analysis of AcXyn30B_12 with xylotriose. (A) Xylotriose as red ball
and stick model and AcXyn30B_12 in sand colour with the subsites and (B)
amino acid residues of AcXyn30B_12 involved in hydrogen bonding with
xylotriose ligand.

4.3.7. MD simulation analysis of AcXyn30B_12-xylotriose complex

The AcXyn30B_12-xylotriose docked complex was submitted for MD
simulation (100 ns) in order to establish its global compactness and stability.
Comparisons were made between the acquired dynamics datasets and the datasets of
unbound AcXyn30B_12 simulated structure. Beyond 16 ns, the average RMSD of the
complex reduced to 0.9 nm indicating that it is relatively more stable and compact than

the unbound AcXyn30B_12 (Fig. 4.11A). This implied that the existence of ligand in
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AcXyn30B_12 active-site cleft, reduced slightly the RMSD value. The catalytic
residues, Glu151 and Glu259 showed decrease in their RMSF values from 0.37 nm to
0.23 nm and from 0.24 to 0.12 nm, respectively. This suggests that upon ligand binding
the catalytic residues were more rigid when attached to the ligand. Furthermore, as
shown in Fig. 4.11B, the loop regions in the ligand bound AcXyn30B_12 structure
exhibit reduced variability, indicating reduction in flexibility within the AcXyn30B_12-
xylotriose complex. The Rgof the AcXyn30B_12-xylotriose complex fluctuated initially
mid 1ns and 7 ns, then stabilized after 7 ns within a narrow range of 3.75-3.64 nm,
finally giving an average Rq of 3.6 nm, approximately 0.3 nm less than the unbound
simulated AcXyn30B_12 structure (Fig. 4.11C). This demonstrated that how the ligand
interaction increases the compactness of the AcXyn30B_12 structure. The SASA
effectively dropped by 17 nm? from the SASA of the unbound AcXyn30B_12 simulated
structure (Fig. 4.11D) and stayed near to 316 nm? throughout the MD run until 100 ns.
This suggested that there is a decrease in the available surface area upon ligand binding
in catalytic cleft of AcXyn30B_12. The AcXyn30B_12-xylotriose docked complex
generated an average of 463 intramolecular hydrogen bonds which was around 39 more
than unbound AcXyn30B_12, showing that the ligand was strongly bound to its catalytic

cleft of the enzyme (Fig. 4.11E).
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Fig. 4.11. Graphs showing comparative study between molecular dynamic simulation
of docked complex AcXyn30B_12-xylotriose (pink) and unbound
AcXyn30B_12 structure (blue); (A) Root mean square deviation, (B) Root
mean square fluctuation, where L1, L2, L5 and L10 represent loops
sequentially numbered according to the PDB topology file generated by the
PDBsum server (C) Radius of gyration, (D) Solvent accessible surface area
and (E) Intra-molecular hydrogen bonds.
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4.3.8. Solution structure analysis of AcXyn30B_12 by SAXS analysis

The solution structure of AcXyn30B_12 at 3 mg/mL and 5 mg/mL was analysed
by Small Angle X-ray Scattering analysis (SAXS) and the data obtained were examined
by utilising ATSAS v2.8.4 suite. Polydispersity at both concentrations and aggregation
at 5 mg/mL are displayed in the intensity vs. scattering plot (Fig. 4.12A). Fig. 4.12B
displays the Guinier plot and Rq values for AcXyn30B_12 computed using the Guinier
approximation is shown in Table 4.4. The Rq values for globular and rod shapes were,
4.01and 2.7 nm at 3 mg/mL and 5.13 nm and 3.9 nm at 5 mg/mL (Table 4.4). According
to SAXSMoW, the molecular weight of AcXyn30B_12 was 73.3 kDa and 144.4 kDa at
3 mg/mL and 5 mg/mL, respectively. This demonstrated that the molecular weight of
AcXyn30B_12, at 5 mg/mL, was nearly twice of its theoretical molecular mass,
suggesting that the protein is in dimeric state. This conformational flexibility indicates
that the enzyme undergoes concentration-dependent structural changes, which may
influence substrate binding and catalysis as reported earlier (Koch et al., 2013). The
persistent length was 30.3 nm and 40.7 nm at 3 mg/mL and 5 mg/mL, respectively
(Table 4.4). Through the Indirect Fourier Transformation (IFT) of the scattering profiles
at 3 mg/mL as well as 5 mg/mL, a symmetric bell-shaped curve for 3 mg/mL and an
asymmetric bell-shaped curve for 5 mg/mL were derived from the P(R) plot as shown
in Fig. 4.12C. The Rq values obtained by the Guinier plot (Table 4.4) were supported by
the Ry by P(R) which were 4.0 and 5.2 nm at 3 mg/mL and 5 mg/mL, respectively. The
maximum particle dimension (Dmax) of AcXyn30B_12 was 13.3 nm and 17.9 nm at 3
mg/mL and 5 mg/mL, respectively (Table 4.4). Therefore, the three-fold higher Dmax
value than R value at both concentrations indicated that AcXyn30B_12 has an extended

structure contrary to a folded globular form. In the Kratky plot (at low Q regio) the
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AcXyn30B_12 structure at 3 as well as 5 mg/mL displayed symmetric bell-shaped

curves (Fig. 4.12D) that suggested the compactness, fully folded conformation and

minimal flexibility of AcXyn30B_12 structure in the solution state.
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Fig. 4.12. SAXS analysis of AcXyn30B_12 at 3 mg/mL and 5 mg/mL concentrations.
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(A) SAXS profiles at 3 mg/mL and 5 mg/mL, (B) Guinier plot (C) P(R) plot
as a function of R and (D) Kratky plot.
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Table 4.4. Collection of SAXS data and derived parameters of AcXyn30B_12.

Data Collection parameters

AcXyn30B_12

Instrument

Wavelength (A)

Q range (nm™)

Exposure time (min)

Temperature (°C)

Protein Concentration (mg/mL)
Structural parameters

Q range (nm!) used for Rg analysis
1(0) au from Guinier

Rg (nm) from Guinier

1(0) au from P(R)

Rg (nm) from P(R)

Dimax (nm)

Porod volume estimate (nm?®)
Persistent length (nm)

Molecular mass determination
Theoritical molecular mass (kDa)
Mw from SAXSMoW (kDa)
Modeling parameters

Q range (nm™1) used for structure modeling
Resolution (nm)

X2 (Chin2)

Normalized spatial discrepancy (NSD)
Software employed

Data processing

P(R) function calculation

Ab initio modeling

Validation and averaging

Structure superposition

3D graphical representation

SAXS-Anton Paar
154

0.12-7.53

30x2

10

3 mg/mL

0.20-0.32
112057.0 + 4770.0
4.01

109300.0

4.02

133

118.5

30.3

735
73.3

0.20-0.38
3.79
0.012
1.09

Primus
GNOM
DAMMIF
DAMAVER
SUPCOMB
PyMOL

5 mg/mL

0.16-0.24

820492.0 + 26439.7
5.13

793000.0

5.17

17.9

223.4

40.7

144.4

0.16-0.29
4.66
0.73
0.73
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Using the DAMMIF tool, 20 dummy atom models were created. DAMAVER
and DAMMIN then refined the models. Additionally, the average of the 20 separate
models normalized spatial discrepancy (NSD) values was calculated. For the ab initio
model at 3 mg/mL (Fig. 4.13A), the normalized spatial discrepancy (NSD) value was
1.1 which indicates a good alignment between the model and DAM envelope. Also, this
structure displayed nearly the monomeric form of DAM envelope. When the simulated
modelled structure of AcXyn30B_12 was superimposed on this monomeric dummy
atom model it imitated the structure of a chicken thigh bone (Fig. 4.13B). The
normalized spatial discrepancy (NSD) value for ab initio model at 5 mg/mL was 0.7
which indicates a good alignment between the model and DAM envelope. This structure
displayed nearly the dimeric form of DAM envelope (Fig. 4.13C). The protein-protein
docking of simulated AcXyn30B_12 model as ligand and SAXS profile as receptor was
carried out and using SUPCOMB program the best model generated was superposed
with the DAM envelope attained at 5 mg/mL (Fig. 4.13D). At both protein
concentrations, the DAM envelopes had an extended shape (Fig. 4.13A, Fig. 4.13C). A
CRYSOL fitting between the simulated modelled structure and the experimental SAXS
data at 3 mg/mL and 5 mg/mL yielded an X? value of 0.012 and 0.73 respectively (Fig.
4.13E). This low X? values at both the concentrations indicates good fit between the

experimental data and modelled structure.
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4.3.9. Hydrodynamic diameter and zeta-potential analysis of AcXyn30B_12 by
using Dynamic light scattering

The hydrodynamic diameters (Dn) of AcXyn30B_12 measured at protein
concentrations 1, 3 and 5 mg/mL by dynamic light scattering (DLS) gave values of 8.4
nm, 9.0 nm and 10.6 nm, respectively (Fig. 4.14A). The hydrodynamic radii (Rn)
measured at the same concentrations were 4.2 nm, 4.5 nm and 5.3 nm, respectively. The
observed increase in Rn at higher protein concentrations indicated that AcXyn30B_12
undergoes oligomerization in solution. These R values corroborated with the radius of
gyration (Rg) values obtained from SAXS analysis (Section 4.3.8). Fig. 4.14 (A) shows
the decrease in intensity at 3 mg/mL and 5 mg/mL which suggested aggregation due to
particle interactions at these higher concentrations. The Polydispersity Index (PI) value
at 5 mg/mL was 24.4%, which is higher than the standard threshold of 20% (Panalytical
et al., 2019), indicating that AcXyn30B_12 exhibits significant polydispersity in
solution.

Zeta potential analysis of AcXyn30B_12 showed a net negative surface charge of -
10.5 + 1.6 mV at 3 mg/mL (Fig. 4.14B) and -4.0 + 1.0 mV at 5 mg/mL (Fig. 4.14C),
confirming the protein's solubility and stability in an aqueous environment. The
reduction in zeta potential by 5.5 mV from 3 mg/mL to 5 mg/mL suggests a decrease in
overall surface charge, likely due to surface charge shielding and increased electrostatic
interactions between AcXyn30B_12 monomers, leading to oligomerization and

aggregation at higher concentrations.
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Fig. 4.14. DLS analysis of AcXyn30B_12. (A) Dn of AcXyn30B_12 at 1, 3 and 5
mg/mL. Surface charge analysis of AcXyn30B_12 at, (B) 3 and (C) 5
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4.4. Conclusion

The sequence analysis of the cloned gene encoding AcXyn30B_12 along with
pET-28a(+) vector sequence including N-terminal His6 tag revealed a total of 653 amino
acids giving its molecular weight, 73.5 kDa and the isoelectric point of 4.79. BLASTp
analysis of AcXyn30B_12 with its homologous proteins showed highest sequence
identity (27.81%) of AcXyn30B_12 with XynA (PDB ID: 5CXP) from Clostridium
acetobutylicum ATCC 824. Glul51 and Glu259 were the catalytic residues that were
found to be conserved on multiple sequence alignment and superimposition with its
homologous protein sequences. The distance between these catalytic residues was found
to be 5.5 A which revealed the retaining-type mechanism of hydrolysis followed by
AcXyn30B_12. Circular dichroism analysis of AcXyn30B_12 showed 26.2% a-helices
and 28.1% p-strands, corroborating with predictions from PSIPRED and SOPMA
servers. 3D modelled structure of AcXyn30B_12 by Alphafold2 was the best showing
99.8% of amino acid residues in favorable region and only 0.2% in disallowed region
of Ramachandran plot. ProSA results also validated the AcXyn30B_12 modelled
structure's correctness and compatibility with Z-score of 8.71. The 3D model structure
of AcXyn30B_12 showed the presence of (f/a)s barrel and an associated a ‘side-f
structure’, which is a characteristic feature of glycoside hydrolase family 30 (GH30)
proteins. This structural arrangement aligns with known features of GH30 enzymes,
supporting its classification within this family. The active-site of AcXyn30B_ 12
predicted by CastP server showed a solvent accessible surface area of
156.5 A? and volume of 215 A3. Molecular docking revealed the highest affinity of
amino acids of catalytic cleft of AcXyn30B_12 with xylotriose (-11.2 kcal/mol)

followed by xylobiose (-9.6 kcal/mol), xylotetraose (-9.1 kcal/mol), xylose (-8.9
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kcal/mol) and xylopentaose (-8.6 kcal/mol). MD simulation analyses of both unbound
AcXyn30B_12 and docked AcXyn30B_12-xylotriose complex, revealed that the docked
complex had low RMSD value, lower fluctuation and lower flexibility at loop region
(by RMSF value), lower surface area accessible on ligand binding (by SASA value) and
higher compactness (by Ry value) as compared with unbound AcXyn30B_12. These
results suggest that xylotriose binding induces structural stabilization in AcXyn30B_12,
enhancing its rigidity and reducing flexibility, particularly in catalytically relevant
regions. The Rq value of 3.9 nm found by MD simulation for unbound AcXyn30B_12
was similar with the results of SAXS and DLS. Small angle X-ray scattering (SAXS)
analysis of AcXyn30B_12 confirmed the polydisperse and elongated structure of
AcXyn30B_12 at 3 mg/mL and 5 mg/mL concentrations. Dummy atom model analysis
of AcXyn30B_12 revealed monomeric form at 3 mg/mL and dimeric form at 5 mg/mL.
Dynamic light scattering (DLS) analysis of AcXyn30B_12 confirmed the polydisperse
nature at all concentrations (1, 3 and 5 mg/mL). The DLS study showed R values of
4.2 nm, 4.5 nm and 5.3 nm at 1, 3 and 5 mg/mL, respectively, matching the Rq results
from SAXS analysis. A lower zeta potential of -4.0 mV at 5 mg/mL compared to -10.5
mV at 3 mg/mL indicated protein aggregation and dimerization at higher concentration
which makes the enzyme valuable for production of different value-added products like

prebiotics and biofuel.
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Efficient and eco-friendly enzymatic deinking of waste papers using
endo-p-1,4-xylanase (AcXyn30B_12) from Acetivibrio clariflavus DSM 19732

5.1. Introduction

The global pulp and paper industry is facing increasing pressure to adopt
environmentally sustainable practices in response to resource scarcity, rising
production costs and environmental regulations. Traditional recycling of printed
papers especially newspapers and office paper utilize chemical-intensive deinking
methods (Desai and lyer, 2016). These chemical treatments, including the use of
sodium hydroxide, surfactants and hydrogen peroxide, although effective in ink
removal, often result in environmental pollution and degraded fiber quality (Saxena
and Chauhan, 2017). As a result, the development of enzyme-based deinking strategies
has gained attention as a promising alternative to conventional methods.

Enzymatic deinking offers a cleaner (releasing less toxic effluent) and more fiber-
preserving approach (targeted hydrolysis of cellulose, hemicellulose and lignin) by
utilizing hydrolytic enzymes such as cellulases, xylanases, pectinases and laccases to
disrupt the ink-fiber bonds. Among these enzymes, xylanases have shown particular
promise due to their ability to specifically degrade hemicellulose (xylan), which is
abundantly present in lignocellulosic paper fibers (Yang et al., 2023). Unlike cellulases

that may weaken the mechanical strength of recycled paper by hydrolyzing cellulose,
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xylanases selectively target non-cellulosic components, thus facilitating ink removal
without compromising pulp integrity (Desai and lyer, 2016). Xylanases that function
efficiently at mildly acidic pH (5.0-6.0) are particularly well-suited to the native pH
conditions of many waste paper types, thereby offering enhanced compatibility with
practical recycling environments (Dutt et al., 2012). The deinking efficiency achieved
by different xylanases is evaluated through various parameters such as brightness,
effective residual ink concentration (ERIC), whiteness, fiber strength and many more.
Among these parameters, ERIC is one of the widely used quantitative indicators that
reflects the amount of residual ink is remaining on the paper surface after deinking
treatment. For instance, the application of 15 U/g purified bacterial xylanase from
Bacillus halodurans FNP 135 for the deinking of 5.0% (w/v) old newspaper at 65°C
for 3h resulted in a 45% deinking efficiency, as determined by the ERIC method (Virk
et al., 2013). Similarly, the deinking of 10% (w/v) old paper at 100°C for 30 min by
50 U/g purified fungal endo-xylanase from Aspergillus niger DX-23, led to a 79%
deinking efficiency, as determined by the ERIC method (Desai et al., 2016). These
findings highlight the potential of xylanase as effective bio-based agent in the
enzymatic deinking of waste paper, especially under conditions that align with
industrial recycling processes.

In this study, the endo-$-1,4-xylanase (AcXyn30B_12) from Acetivibrio
clariflavus DSM 19732 was investigated for its effectiveness in the eco-friendly
deinking of newspaper waste (NEPW) and notebook paper waste (NOPW). The
different deinking conditions (enzyme dosage, time and temperature) were optimized
using response surface methodology (RSM) and their effect on pulp properties was

comprehensively assessed through various analytical techniques, including FTIR,

TH-3841_226106007 162



Chapter 5

XRD, FESEM, brightness and Cobb tests. The total reducing sugars (TRS) present in
the effluent were also analyzed to evaluate the extent of hemicellulose hydrolysis and
residual sugar released during the deinking process. To evaluate the environmental
sustainability of the process, the effluent generated during deinking was analyzed for
total dissolved solid (TDS) and total suspended solid (TSS) levels. Moreover,
comparative evaluation was performed using the crude enzyme, purified
AcXyn30B_12 and chemical treatment (NaOH) to determine their relative
effectiveness in the deinking process, along with an assessment of their environmental
impact to identify sustainable and eco-friendly alternative to conventional chemical

methods.
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5.2. Materials and methods
5.2.1. Chemicals and reagents

The 5 different types of waste papers (each at least six months old) viz., Assam
Tribune newspaper waste (NEPW), unruled Classmate notebook paper waste (NOPW)
with blue ballpoint pen ink, Amazon packing cardboard paper waste (CaPW), A4-sized
HP LaserJet printed paper waste (LPW) and magazine paper waste (MPW) were
selected and collected from IIT Guwahati campus. The reagents used for the standard
TAPPI protocols viz., sodium chlorite, disodium phosphate and citric acid were
procured from HiMedia, Laboratories Pvt. Ltd., India. Acetic acid from SRL Pvt. Ltd.,
India and acetone from Actylis, India were purchased. For the standard NREL
protocol, sulfuric acid was obtained from Actylis, India, while sodium hydroxide was
procured from Sigma-Aldrich, USA.
5.2.2. Collection and composition analysis of different waste papers

The five different types of waste papers viz., NEPW, NOPW, CaPW, LPW and
MPW were cut into uniform sizes (15 cm x 15 cm, | x b), ensuring ~100% ink coverage
on both sides. Subsequently, the papers were shredded into smaller pieces using a
domestic mixer grinder. The prepared samples were stored at 25°C until further use. The
hemicellulose and cellulose contents of each waste paper type were determined by using
the standard Technical Association of the Pulp and Paper Industry (TAPPI) protocol
(Weinstock et al., 1995). The lignin content was estimated following the National
Renewable Energy Laboratory (NREL) protocol (Sluiter et al., 2008). For deinking, the
waste paper with higher hemicellulose content and lowest lignin content were selected
for enzymatic deinking with the crude enzyme and purified endo-xylanase,

AcXyn30B_12 (produced as described in Chapter 3, Section 3.3.1).

TH-3841_226106007 164



Chapter 5

5.2.3. Statistical optimization of efficient deinking of NEPW and NOPW by
AcXyn30B_12 using response surface methodology

5.2.3.1. Experimental design and variable selection for response surface
methodology

The deinking conditions viz., enzyme dosage (U/g), temperature (°C) and
incubation time (min), were optimized by using a response surface methodology
(RSM) based on Box-Behnken experimental design (Box and Behnken, 1960). The
deinking efficiency (%) was set as response in the model. A total of 17 randomized
experimental runs, including 5 unique combinations and 3 center point replicates, were
generated using Design Expert version 9 software (Stat-Ease Inc., Minneapolis, USA).
The ranges of the 3 independent variables used in the design are presented in Table
5.1.

Table 5.1. Independent variables and their levels used in Box-Behnken design.

Independent variables Units Levels
-1 +1
Enzyme dosage (For purified AcXyn30B_12) Ulg 10 100
Temperature °C 40 70
Time min 30 90

5.2.3.2. Deinking procedure using purified AcXyn30B_12 and evaluation of
deinking efficiency

Prior to the deinking experiment the endo-xylanase enzyme, AcXyn30B_12
was purified by following the protocol as described in Chapter 3, Section 3.3.1. For

each experimental run, a 10 mL reaction mixture was prepared with a pulp consistency
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of 5.0% (w/v) by dispersing NEPW and NOPW separately in 50 mM citrate-phosphate
buffer (pH 5.5). The buffer 50 mM citrate-phosphate (pH 5.5) was selected as the
reaction buffer for deinking as it represented the optimal pH for AcXyn30B activity,
as determined in Chapter 3, Section 3.3.2.1. Deinking was performed under varying
conditions of enzyme dosage, temperature and incubation time, as specified by the
Box-Behnken design, with orbital shaking at 150 rpm in a shaking incubator. Upon
completion of each run, the reaction mixtures were heat-inactivated by incubation at
100°C for 5 min. The resulting pulp was thoroughly washed using 200 mL of Milli-Q
water in a 25 mL sintered glass funnel connected to a vacuum pump, ensuring the
removal of residual ink particles. The washed pulp was then pressed by using a 15-ton
hydraulic press (Perkin Elmer, USA) to form circular and uniform paper sheets each
with diameter of 3 cm and thickness ~1.0 mm. These sheets were dried at 50°C (in hot
air oven) for 6h and stored at 25°C for further analysis. The reflectance of each deinked
sheet was measured at 950 nm (Jordan and Popson 1994) with a resolution of 4.0 cm™!
using ATR-FTIR spectrophotometer (Spectrum Two, Perkin Elmer, USA). To ensure
reproducibility, each RSM-suggested experimental run was carried out in duplicate.
The deinking efficiency (for each run) was assessed by calculating the
Effective Residual Ink Content (ERIC), using the Kubelka Munk equation (Dzimbeg-

Malcic et al., 2011) as given below:

k
x 10° ppm

ink

ERIC =

Where,

ERIC = Effective residual ink content
k = Kubelka-Munk coefficient
Kink = 10° m?/kg
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The Kubelka-Munk coefficient was calculated by using the following formula
(Malcic et al., 2011):

(1-R)’
S —_—

K=s —nr

Where,

k = Kubelka-Munk coefficient
s = specific scattering coefficient (default value =50 m?/kg)
R = reflectance at 950 nm

The deinking efficiency using ERIC values of untreated (paper in buffer
without enzyme) and treated NEPW and NOPW was calculated by using the following
formula (Li et al., 2011):

ERIC — ERIC
Deinking efficiency (%) 9 Treated sample Untreated sample

ERICUntreated sample

5.2.4. Comparative analysis of deinking of NEPW and NOPW by crude enzyme,
purified AcXyn30B_12 and NaOH under optimized conditions

The deinking efficiency of crude enzyme and purified AcXyn30B_12, as well
as NaOH, was evaluated by treating NEPW and NOPW under optimized conditions of
70°C for 90 min, as determined in Section 5.2.3. Each reaction was carried out in a
total volume of 10 mL with a pulp consistency of 5.0% (w/v), prepared by suspending
the waste papers individually in 50 mM citrate-phosphate buffer (pH 5.5) and
incubated at 150 rpm in a shaking incubator (as mentioned in Section 5.2.3.2). The
enzyme dosage for both crude enzyme and purified AcXyn30B_12 were applied at
their respective optimized levels viz., 46.4 U/g of paper for NEPW and 58.6 U/g of
paper for NOPW (as determined in Section 5.3.2). NaOH was selected for the

comparative study because it
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is one of the most prominent deinking agents used in industrial processes (Bajpai et
al., 2015). Hence, it was included under present optimized conditions to evaluate its
efficiency relative to the enzymatic treatment. The NaOH concentration of 0.6% (w/v)
was chosen, in accordance with the INGEDE Method 11 (International Association of
the Deinking Industry). Upon completion of the reaction, the mixtures were heat-
inactivated by incubating at 100°C for 5 min. The resulting pulp was thoroughly
washed using 200 mL of Milli-Q water in a 25 mL sintered glass funnel connected to
a vacuum pump, ensuring the removal of residual ink particles. Subsequently, the
washed pulp was pressed and uniform circular sheets were prepared by following the
procedure as described in Section 5.2.3. The reactions were performed in duplicate.

5.2.5. Crystallinity index (Crl) analysis of deinked NEPW and NOPW using X-
ray diffraction

The crystallinity index (Crl) of untreated (paper dissolved in buffer but without
enzyme) and crude enzyme, purified AcXyn30B_12 and NaOH treated NEPW and
NOPW samples was determine by X-ray diffraction (XRD) analysis. Prior to XRD
analysis, deinking treatments were performed with crude enzyme (46.4 U/g for NEPW
and 58.6 U/g for NOPW), purified AcXyn30B_12 (46.4 U/g for NEPW and 58.6 U/g
for NOPW) and NaOH (0.6% wi/v), in a total reaction volume of 10 mL with 5.0%
(w/v) pulp consistency in 50 mM citrate-phosphate buffer (pH 5.5) at 150 rpm, at 70°C
for 90 min (as mentioned in Section 5.2.3.2). Pulp washing and hand-sheet preparation
were carried out as described in Section 5.2.3.2. The dried hand-sheets were cut into
small fragments (~1.0 mm in length) and 1.0 g of each sample was analyzed for Crl
using an X-ray diffractometer (D8 Advance, Bruker, Germany). Scanning was

performed over a 26 range of 10° to 80° with a step size of 0.05° (Virk et al., 2013).
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The crystallinity index of each sample was calculated using the Segal equation (Segal
et al., 1959), as given below:

loo2 — Iam X 100%

Crl =
loo2

Where,

loo2 = peak intensity of (0 0 2) lattice plane (26 =22.6)
lam = peak intensity of amorphous phase (26 =19.0)

The apparent crystalline size (ACS) was evaluated to assess the impact of
deinking treatments on the structural crystallinity of cellulose fibers in the deinked
paper (Virk et al., 2013). It was calculated by using the following Scherrer equation
(Heinze and Liebert 2001):

ACS = 0.89 ABCosO
Where,

A = wavelength of incident X-ray (1.5 A)
© = Bragg angle corresponding to loo2 plane

B = half height width of the peak angle of loo2 reflection

5.2.6. Functional group analysis of deinked NEPW and NOPW using ATR-
Fourier Transform Infrared (FTIR) spectroscopy

The ATR-FTIR analysis of untreated (paper dissolved in buffer but without
enzyme) and crude enzyme, purified AcXyn30B 12 and NaOH treated NEPW and
NOPW samples was performed to investigate the alterations in functional groups after
pretreatment, thereby analysing the associated structural modifications. Prior to ATR-
FTIR analysis, deinking treatments of waste papers were performed with crude
enzyme (46.4 U/g for NEPW and 58.6 U/g for NOPW), purified AcXyn30B_12 (46.4

U/g for NEPW and 58.6 U/g for NOPW) and NaOH (0.6% w/v), in a total reaction
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volume of 10 mL with 5.0% (w/v) pulp consistency in 50 mM citrate-phosphate buffer
(pH 5.5) at 150 rpm, at 70°C for 90 min (as mentioned in Section 5.2.3.2). Pulp
washing and hand-sheet preparation were carried out as described in Section 5.2.3.2.
The dried hand-sheets were analyzed by using an ATR-FTIR spectrophotometer
(Spectrum Two, Perkin Elmer, USA) over a wavenumber range of 4000-400 cmt, with
a resolution of 4.0 cm™ and a total number of 3 scans per sample.

5.2.7. Morphological analysis of deinked NEPW and NOPW using field emission
scanning electron microscopy (FESEM)

To study and compare the morphological changes, the untreated (paper
dissolved in buffer but without enzyme), crude enzyme, purified AcXyn30B_12 and
NaOH treated NEPW and NOPW samples were analysed by FESEM. Prior to the
morphological analysis, deinking treatments were performed with crude enzyme (46.4
U/g for NEPW and 58.6 U/g for NOPW), purified AcXyn30B_12 (46.4 U/g for NEPW
and 58.6 U/g for NOPW) and NaOH (0.6% w/v), in a total reaction volume of 10 mL
with 5.0% (w/v) pulp consistency in 50 mM citrate-phosphate buffer (pH 5.5) at 150
rpm, at 70°C for 90 min (as mentioned in Section 5.2.3.2). Pulp washing and hand-
sheet preparation were carried out as described in Section 5.2.3.2. The dried hand-
sheets were cut into small pieces (~1.0 mm) mounted on carbon tape, coated with a
thin layer of gold and then examined by for FESEM under varying magnifications

using accelerating voltage of 2 kV (Zeiss, Sigma, Germany).
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5.2.8. Evaluation of optical properties of deinked NEPW and NOPW via
brightness measurement

The improvement in the optical property i.e. brightness (%) of the deinked
NEPW and NOPW was also measured using the standard TAPPI T452 OM-87
protocol (Weinstock et al., 1995). Prior to the brightness measurement, deinking
treatments were performed with crude enzyme (46.4 U/g for NEPW and 58.6 U/g for
NOPW), purified AcXyn30B_12 (46.4 U/g for NEPW and 58.6 U/g for NOPW) and
NaOH (0.6% wl/v), in a total reaction volume of 10 mL with 5.0% (w/v) pulp
consistency in 50 mM citrate-phosphate buffer (pH 5.5) at 150 rpm, at 70°C for 90 min
(as mentioned in Section 5.2.3.2). Pulp washing and hand-sheet preparation were
carried out by following the methods as described in Section 5.2.3.2. The dried hand-
sheets were cut into circular samples of 1.5 cm diameter and placed in a sample holder
cell. Reflectance of each hand-sheet was measured at 457 nm using directional
reflectance spectroscopy (DRS) mode on a Perkin Elmer Lambda 500 Reflectometer,
following the protocol as reported by Lee et al. (2013).

5.2.9. Analysis of water absorptivity of deinked NEPW and NOPW by Cobb test

Water absorptivity is a critical parameter that influences the suitability of
recycled paper for applications such as writing, printing and packaging. It provides
insight into the porosity and surface properties of the deinked paper. Evaluating water
absorption behavior helps in determining whether further treatments (such as sizing)
are required before the pulp can be effectively reused in papermaking (Hubbe et al.,
2009). Prior to this analysis, deinking treatments were performed with crude enzyme
(46.4 U/g for NEPW and 58.6 U/g for NOPW), purified AcXyn30B_12 (46.4 U/g for

NEPW and 58.6 U/g for NOPW) and NaOH (0.6% w/v), in a total reaction volume of
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10 mL with 5.0% (w/v) pulp consistency in 50 mM citrate-phosphate buffer (pH 5.5)
at 150 rpm, at 70°C for 90 min (as described in Section 5.2.3.2). Pulp washing and
hand-sheet preparation were carried out as described in Section 5.2.3.2. The
absorptivity of each deinked paper was measured using the standard TAPPI T441 om-
09 method (Weinstock et al., 1995). Each deinked paper sample was immersed in
50 mL of Milli-Q water for 1h (Manandhar et al., 2022) and the weight of the soaked
paper samples was recorded at specific time intervals to assess water absorption. The

cobb value was calculated using the following formula (Soz, 2021):

_ (X-7Y)x 1000
" Area of paper (m?)

Where,

Z = cobb value (g/ m?)

X= weight of paper before soaking in water (g)
Y= weight of paper after soaking in water at each time interval (g)
5.2.10. Analysis of effluent generated during deinking of NEPW and NOPW

5.2.10.1. Total reducing sugar estimation in effluents produced from deinking of
NEPW and NOPW

The total reducing sugar (TRS) released after the deinking of NEPW and
NOPW by crude enzyme, purified AcXyn30B_12 and NaOH was measured to evaluate
the extent of hemicellulose hydrolysis resulting from enzymatic or chemical treatment.
For TRS estimation, 5.0% (w/v) of each paper type (NEPW and NOPW) was
suspended individually in 50 mM citrate-phosphate buffer (pH 5.5) in a total reaction
volume of 10 mL. The samples were treated with crude enzyme (46.4 U/g for NEPW
and 58.6 U/g for NOPW), purified AcXyn30B_12 (46.4 U/g for NEPW and 58.6 U/g

for NOPW) and NaOH (0.6% wi/v) at 70°C for 90 min at 150 rpm in a shaking
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incubator (as mentioned in Section 5.2.3.2). After the end of reaction, each reaction
mixture was centrifuged at 13,0009 at 25°C for 5 min. From the supernatant obtained,
100 pL of the effluent was collected and TRS was estimated using the method of
Nelson [1944] and Somogyi [1945], as described in Chapter 3. All the assays were
performed in duplicate.

5.2.10.2. Analysis of total suspended solids and total dissolved solids in effluents
from deinking of NEPW and NOPW

Total suspended solids (TSS) include solid particles that are not dissolved in
water, such as ink particles, fiber fines or sludge, while total dissolved solids (TDS)
include all inorganic and organic substances dissolved in water (e.g., salts, minerals,
ions). Prior to TSS and TDS estimation, 5.0% (w/v) of each paper type (NEPW and
NOPW) was suspended individually in 50 mM citrate-phosphate buffer (pH 5.5) in a
total reaction volume of 10 mL. The samples were treated with crude enzyme (46.4
U/g for NEPW and 58.6 U/g for NOPW), purified AcXyn30B_12 (46.4 U/g for NEPW
and 58.6 U/g for NOPW) and NaOH (0.6% wi/v) at 70°C for 90 min at 150 rpm in a
shaking incubator (as mentioned in Section 5.2.3.2). After the end of reaction, each
reaction mixture was centrifuged at 13,000g at 25°C for 5 min. From the supernatant
obtained, 4 mL of the effluent was collected for TDS and TSS analysis. The analysis
of TDS and TSS was carried out by following the standard protocol described by
APHA (1998). For TSS determination, 2 mL of each effluent sample was filtered
through pre-weighed 0.45 pm PVDF membrane using syringe filter. The membrane
filters were then dried at 100°C for 4h and cooled until a constant weight was obtained.
For TDS analysis, 2 mL of the above filtrate (filtered effluent) was transferred into

pre-weighed 15 mL quartz crucible, dried at 100°C for 4h and cooled until a constant
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weight was obtained. The weight of both dried membrane filter and dried crucible was
measured. The differences in weights of membrane filters and crucibles, before and
after drying were used to calculate the concentrations of TSS (mg/L) and TDS (mg/L),
respectively. Both the assays were performed in duplicate. The TDS was calculated
by using the following formula (Wahab et al., 2018):

Weigh of membrane filter after filtering — Initial weigh of membrane filter

TSS (mgL) =

Volume of sample (L)

The TSS was calculated using the following formula:

Final weigh of crucible — Initial weigh of crucible
Volume of sample (L)

TDS (mgL) =
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5.3. Results and Discussion
5.3.1. Composition analysis of different waste papers

The hemicellulose and cellulose compositions of 5 different types of waste
papers viz., Assam Tribune newspaper waste (NEPW), unruled Classmate notebook
paper waste (NOPW) with blue ballpoint pen ink, Amazon packing cardboard paper
waste (CaPW), A4d-sized HP LaserJet printed paper waste (LPW) and magazine paper
waste (MPW) were determined by using the standard TAPPI protocol. The
composition analysis of the waste papers revealed that the highest hemicellulose
content of 34.6% (w/v) in NEPW, followed by 18.6% (w/v) in NOPW and lowest
hemicellulose content of 10.4% (w/v) in MPW was observed. The details of
hemicellulose and cellulose content for all the tested waste paper types are presented
in Table 5.2. Additionally, the lignin and ash contents of NEPW, NOPW, CaPW,
MPW and LPW were determined by the standard NREL protocol. Among these,
NEPW exhibited the lowest lignin content of 1.1% (wi/v), followed by NOPW (2.6%,
w/v), whereas CaPW showed the highest lignin content of 8.5%, w/v (Table 5.2).
Moreover, the hemicellulose, cellulose and lignin contents of NEPW and NOPW were
found to be close with the values previously reported by Estrella et al. (2017) and Chen
et al. (2012), respectively. Based on the relatively high hemicellulose and low lignin
contents, NEPW and NOPW were selected for further enzymatic deinking process by

using the endo-xylanase enzyme, AcXyn30B_12.
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Table 5.2. Composition analysis of different waste papers.

Waste paper samples Cellulose Hemicellulose  Lignin Ash %
pap P % (W) % (wiw) % (Wiw)  (Wiw)
Newspaper (NEPW) 59.9 34.6 11 2.3
Notebook paper (NOPW) 64.5 18.6 2.6 12.7
Cardboard paper (CaPW) 53.4 16.5 85 20.3
HP Laser print paper (LPW) 67.9 13.9 6.1 4.7
Magazine paper (MPW) 47.5 10.4 5.2 19.0

5.3.2. Statistical optimization of efficient deinking of NEPW and NOPW by
AcXyn30B_12 using response surface methodology (RSM)

The deinking process of newspaper waste (NEPW) and notebook paper waste
(NOPW) was statistically optimized using a Box-Behnken experimental design under
the response surface methodology (RSM) framework. Each experimental run was
conducted in a 10 mL reaction volume, maintaining a pulp consistency of 5.0% (w/v)
in 50 mM citrate-phosphate buffer (pH 5.5) and incubated at rotation of 150 rpm in a
shaking incubator. The variables tested included temperature (°C), enzyme dosage
(U/g) and incubation time (min). The reaction setup, along with the procedures for
paper washing and drying, pulp washing and hydraulic press paper-sheet formation,

are illustrated in Fig. 5.1.
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Newspaper Notebook paper
waste (NEPW ) waste (NOPW)

15cm x15cm (I x b)
~100% ink on both sides

Cut into pieces

Grinded using domestic
mixer grinder and stored at
25°C

0.5% (wl/v) of above grinded
waste paper in 50mM citrate
phosphate buffer (pH 5.5)

Treated using AcXyn30B_12
(46.4 U/g for NEPW and 58.6 U/g
for NOPW) at 70°C for 90 min, at

150 rpm

After the above enzymatic
treatment, sheets (3.0 cm
diameter) prepared in
hydraulic press and dried
at 50°C for 6h

NEPW NEPW treated NOPW NOPW treated
untreated with AcXyn30B_12 untreated with AcXyn30B_12

Fig. 5.1. Schematic presentation of the sequential procedure for preparation of paper
samples, AcXyn30B_12 mediated NEPW and NOPW treatment, pulp
washing and laboratory hand sheet formation.
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The RSM model for NEPW demonstrated that, at a constant incubation time,
the deinking efficiency improved with simultaneous increase in both temperature and
enzyme dosage (Fig. 5.2A). Similarly, at a constant temperature, with simultaneous
increase in both incubation time and enzyme dosage led to the enhanced deinking
efficiency, however, increasing only one of the two factors did not yield a significant
improvement (Fig. 5.2B). When enzyme dosage was held constant, the deinking
efficiency increased with increase in both temperature and time, but elevating
temperature alone without extending the reaction time did not improve the deinking
efficiency (Fig. 5.2C). The ANOVA results for NEPW indicated that the quadratic
model provided a statistically significant fit to the data, as evidenced by p-value of
0.0012. The coefficient of determination (R2), which ranges from 0 to 1, reflects the
extent to which the variability in the response can be attributed to changes in the model
variables and their interactions. In this study, a R? value of 0.95 was obtained,
suggesting that the quadratic model fits the experimental data reasonably well. The
second-order equation in terms of the factors (enzyme dosage, temperature and time)
given by the RSM model is as follows:

Deinking efficiency = 59.50 + 11.98*A + 0.91*B + 7.15*C + 2.86*A*B + 18.16*A*C
+ 24.54*B*C - 6.10*A? + 7.47*B? - 13.05*C?
Where,

A=enzyme dosage (U/g), B =temperature (°C) and C =incubation time (min)
Using the point prediction tool in Design Expert software, the deinking
efficiency for NEPW was estimated to be 80.0% under the conditions of enzyme

dosage 46.4 U/g pulp, temperature 70°C and a reaction time 90 min. This predicted
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value closely matched with the experimentally observed deinking efficiency of 81.3%,

indicating the reliability and validity of the predicted model value.
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Fig 5.2. Response surface curves showing effect of (A) temperature (°C) and enzyme
dosage (U/g) at constant time (min), (B) time (min) and enzyme dosage (U/g)
at constant temperature (°C) and (C) time (min) and temperature (°C) at
constant enzyme dosage (U/g) on deinking of NEPW by AcXyn30B_12.
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The RSM model for NOPW demonstrated that at constant time, an increase in
enzyme dosage at a specific temperature enhanced deinking efficiency, with maximum
efficiency achieved when both enzyme dosage and temperature were high (Fig. 5.3A).
When temperature was kept constant, deinking efficiency increased with both longer
incubation time and higher enzyme dosage (Fig. 5.3B). However, when enzyme
dosage was kept constant, the highest deinking efficiency was observed at a moderate
temperature range and with moderate to high incubation time, suggesting a more
complex interaction between the variables in NOPW deinking as compared with that
of NEPW (Fig. 5.3C). The ANOVA results for NOPW indicated that the quadratic
model provided a statistically significant fit to the data, as confirmed by p-value of
0.0035. The R? value of 0.93 was obtained, suggesting that the quadratic model fits
reasonably well. The second-order equation in terms of the factors (enzyme dosage,
temperature and time) given by the RSM model is as follows:

Deinking efficiency = 64.21 + 19.28*A - 16.22*B + 10.92*C + 11.46*A*B +
3.05*A*C + 22.20*B*C + 8.41*A%- 5.84*B? + 2.68*C?2
Where,

A=enzyme dosage (U/g), B =temperature (°C) and C =incubation time (min)

Using the point prediction tool in Design Expert software, the deinking
efficiency for NOPW was estimated to be 80.4% under the conditions of enzyme
dosage 58.6 U/g pulp, temperature 70°C and a reaction time 90 min. This predicted
value fairly matched with the experimentally determined deinking efficiency of 77.2%,

indicating the reliability and validity of the predicted model value.
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at constant temperature (°C) and (C) time (min) and temperature (°C) at
constant enzyme dosage (U/g) on deinking of NOPW by AcXyn30B_12.
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A comparative analysis, highlighting the deinking efficiencies of
AcXyn30B_12 (present study) and other reported xylanases under their respective
optimized conditions across different types of waste papers is presented in Table 5.3.
The deinking efficiency of 81% for NEPW and 77% for NOPW of AcXyn30B_12 was
significantly higher than that of endo-xylanase from Bacillus halodurans FNP 135 (15
U/g), which gave 48% deinking efficiency (analyzed using ERIC) when treated 5.0%
(w/v) old newspaper at 65°C and pH 9.0 for 3h (Virk et al., 2013). The deinking
efficiency of AcXyn30B_12 was also higher than that reported by Chutani et al.
(2015), where a fungal endo-xylanase (100 U/g) from Aspergillus oryzae MDU-4
resulted much lower deinking efficiency of 35% (analyzed using ERIC) on treatment
of 5.0 % (w/v) newspaper in 100 mM citrate phosphate buffer, pH 6.0 at 40°C for 3h.
However, the deinking efficiency of AcXyn30B_12 was lower than that reported for
endo-xylanase from Bacillus halodurans TSEV1, which gave high deinking efficiency
of 150% when treated 5.0 % (w/v) A4 printed paper dissolved in100 mM glycine-
NaOH, pH 9.0 (Kumar et al., 2013). This notably high value may be attributed to the
considerably higher enzyme loading (1200 U/g) and an extended incubation time of
38h. Although, a comparable deinking efficiency with that of AcXyn30B_12 (81% for
NEPW and 77% for NOPW) was reported for endo-xylanases (74.3%) from Bacillus
subtilis (Sango et al., 2020), endo-xylanases (75.3%) from Bacillus halodurans (Gupta
et al., 2015) and endo-xylanase (78.8%) from Aspergillus niger DX-23 (Desai et al.,

2016) as mentioned in Table 5.3.
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Table 5.3. Comparison of deinking efficiency of various xylanases on different waste

papers.
Enzyme/Organism Waste paper Deinking conditions Deinking Deinking References
type parameter efficiency
(%)
Endo-xylanase from Newspaper 100U/g, 40°C, 3h, 5.0% ERIC 35% Chutani et
Aspergillus oryzae (w/v), 100 mM Citrate al. 2015
MDU-4 phosphate, pH 6.0 B
Endo-xylanase from ONP (old 15 U/g, 65°C, 3h, pH 9.0, ERIC 47.9% Virketal.,
Bacillus halodurans newspaper) 5.0% (w/v) paper 2013
FNP 135
Endo-xylanase from Printed paper 0.6 U/g, 60 min ERIC 74.3% Sango et
Bacillus subtilis al., 2020
Endo-xylanase from A4 printed 20 U/g, 60°C, 1h Diazo dye 88% Malhotra et
Bacillus licheniformis paper al., 2023
Endo-xylanase from Printed paper 1200 U/g, 40.2°C, 17.7 h, Diazo dye 106.7% Amobonye
Beauveria bassiana 8.0% (w/v) paper, 50 mM etal., 2021
SANO1 sodium acetate, pH 6.0, 5
mL reaction mixture
Endo-xylanase from old 50 U/g, 100°C, 30 min, 60 Brightness 78.8% Desai etal.,
Aspergillus niger DX-23 newspaper mL reaction mixture 2016
10% (w/v) paper, 100 mM
sodium citrate, pH 5.5
Endo-xylanase from Old news 15 U/g, 70°C, 80 rpm, 3h, Whiteness 75.3% Guptaet
Bacillus halodurans paper 5.0% (w/v) paper 0.1 M, al., 2015
Tris-Cl, pH 9.0
Endo-xylanase from A4 printed 1200 U/g, 70°C, 38h, Diazo dye 150% Kumar et
Bacillus halodurans paper 5.0% (w/v), 100mM al., 2013
TSEV1 glycine-NaOH, pH 9.0, 2
mL reaction mixture
Endo-xylanase Newspaper 48 U/g (NEPW), 50 U/g ERIC 81% for Present
(AcXyn30B_12) from (NEPW) and (NOPW), 70°C, 90 min, NEPW study
Acetivibrio clariflavus 150 rpm, 5.0% (w/v) and
Notebook
DSM 19732 0teb00 paper, 50 mM Citrate 0
Paper hosphate, pH 5.5 71% for
(NOPW) priosphate, pHs. NOPW
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5.3.3. Deinking of NEPW and NOPW at large scale using AcXyn30B_12 under
optimized conditions

The deinking efficiency of AcXyn30B_12 using NEPW and NOPW was
further evaluated at larger reaction volumes of 20 mL and 50 mL under the same
optimized conditions as mentioned in Section 5.3.2. The enzyme, AcXyn30B_12 was
applied at a constant loading (46.4 U/g for NEPW and 58.6 U/g for NOPW) and
reactions were carried out under optimum conditions of 70°C with agitation at 150 rpm
for 90 min. Paper pulp consistency was maintained at 0.5% (w/v) in 50 mM citrate-
phosphate buffer, pH 5.5 (as mentioned in Section 5.2.3). The deinking efficiency
achieved for NEPW was 79.0%, corresponding to a reduction in ERIC from 6300.0
ppm (untreated) to 1323.0 ppm (treated) at 20 mL scale. NEPW showed a deinking
efficiency of 78.7%, with ERIC decreasing from 7100.0 ppm (untreated) to 1511.0
ppm (treated) at the 50 mL scale. These values were comparable to those obtained for
NEPW exhibiting a deinking efficiency of 81.3% with ERIC reducing from 2838.4
ppm (untreated) to 532.3 ppm (after treatment) at the 10 mL scale. Similarly, for
NOPW, the deinking efficiency was 72.1%, with ERIC reduced from 7550.0 ppm
(untreated) to 2109.4 ppm (treated) at 20 mL scale, while it was 71.3%, with ERIC
decreasing from 8000.0 ppm (untreated) to 2294.6 ppm (treated) at 50 mL scale. These
results were in close agreement where NOPW showed a deinking efficiency of 77.2%
and ERIC declined from 6746.1 ppm (treated) to 1537.8 ppm (untreated) at the 10 mL
scale (Table 5.4). These results demonstrated that AcXyn30B_ 12 maintains its
deinking efficiency even at higher reaction volumes, indicating its potential scalability
and applicability for higher scale deinking processes. Furthermore, biomass recovery

during large-scale deinking reactions using
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AcXyn30B_12 was consistent across different volumes. For NEPW, a biomass
recovery of 77% was observed at both 20 mL and 50 mL, while for NOPW, the
recovery remained steady at 76% at both volumes.

Table 5.4. Comparison of deinking efficiency (%) and biomass recovery (%) of

NOPW and NEPW by AcXyn30B_12 at large scale.

Deinked samples in ERIC (ppm) Biomass Deinking
different reaction recovery (%) | efficiency (%)
volumes
After enzyme |Paper in solution but| After enzyme | After enzyme
treatment without enzyme treatment treatment
(control)

NEPW
10 mL 532.3+0.6 2838.4+0.1 78+0.4 81.3+£0.6
20 mL 1323.0+0.1 6300.0 £ 0.1 77+0.2 79.0+0.1
50 mL 1511.0+0.2 7100.0 £ 0.7 77+0.2 78.7+0.2
NOPW
10 mL 1537.8 £0.9 6746.1 £ 0.8 76 £0.7 77.2+£09
20 mL 21094+ 0.4 7550.3 £ 0.1 76 £ 0.4 721104
50 mL 2294.6 £ 0.5 8000.0 £ 0.1 76 £0.9 71.3+£05

Each treatment was carried out using 46.4 U/g (for NEPW) and 58.6 U/g (for NOPW)
AcXyn30B_12 under optimized conditions (70°C, 90 min, 150 rpm) and in duplicate.

5.3.4. Comparative analysis of deinking efficiency of deinked NEPW and NOPW
using crude enzyme, purified AcXyn30B_12 and NaOH

The deinking efficiency of crude enzyme and purified AcXyn30B_12 (both at
46.4 U/g and 58.6 U/g for NEPW and NOPW respectively, as optimized in Section
5.3.2), as well as 0.6% (w/v) NaOH, was evaluated by treating NEPW and NOPW in
a total volume of 10 mL with a pulp consistency of 5.0% (w/v) in 50 mM citrate-
phosphate buffer (pH 5.5) under optimized conditions of 70°C and 90 min and at 150
rpm in a shaking incubator (Section 5.3.2). The ERIC values (ppm) and corresponding
deinking efficiencies following each treatment are summarized in Table 5.5. Among
all the treatments, NaOH exhibited the highest deinking efficiency for NEPW and

NOPW, achieving 87.3% and 87.7%, respectively, which corresponded to the lowest
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ERIC values of 368.9 ppm (NaOH treated NEPW) and 809.5 ppm (NaOH treated
NOPW) as shown in Table 5.5). In comparison, treatment with purified AcXyn30B_12
enzyme resulted in slightly lower, yet comparable, deinking efficiencies of 81.3% for
NEPW and 77.2% for NOPW, with corresponding ERIC values of 532.3 ppm
(AcXyn30B_12 treated NEPW) and 1537.8 ppm (AcXyn30B_12 treated NOPW). The
superior performance of NaOH can be attributed to its strong alkaline nature, which
promotes effective swelling and fiber loosening, as well as enhanced solubilization and
dispersion of ink particles. However, the deinking efficiency of AcXyn30B_12 was
found to be relatively close to that of NaOH, indicating the promising potential of the
enzyme as an environment-friendly alternative for waste paper deinking, especially
when considering its eco-toxicological advantages over chemical treatments.
Additionally, the crude enzyme showed deinking efficiencies of 43.4% for NEPW and
52.4% for NOPW, corresponding to higher ERIC values of 1606.0 ppm (crude enzyme
treated NEPW) and 3211.2 ppm (crude enzyme treated NOPW) demonstrating that
even the unpurified form of the enzyme exhibited at least 50% of the deinking
efficiency given by the purified AcXyn30B_12 enzyme.

Although deinking efficiency was higher in the case of NaOH treatment, the
harsh chemical treatment led to excessive hydrolysis of cellulose fibers, resulting in
lower biomass recovery of 68% for NEPW and 72% for NOPW. In contrast, treatment
with purified AcXyn30B_12 resulted in significantly higher biomass recovery, with

values of 78% for NEPW and 76% for NOPW, as presented in Table 5.5.
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Table 5.5. Comparison of waste paper deinking efficiency (%) by crude enzyme,
purified AcXyn30B_12 and NaOH.

Deinked sample ERIC (ppm) Biomass Deinking
recovery (%) efficiency (%)

NEPW
Untreated 2838.4+1.2 - --
Crude treated 1606.0 + 0.8 64 +0.3 43.4+£0.8
NaOH treated 368.9 £ 0.5 68 + 0.2 87.3+05
Purified AcXyn30B_12 treated 532.3+ 0.6 78+ 04 81.3+0.6
NOPW
Untreated 6746.1 £ 0.8 - -
Crude treated 3211.2+1.2 66 + 0.8 524 +12
NaOH treated 809.5+0.8 72+0.2 87.7+£0.8
Purified AcXyn30B_12 treated 1537.8 £ 0.9 76 £ 0.7 77209

Each treatment was carried out in 10 mL reaction volume under optimized conditions (70°C,
90 min, 150 rpm) and in duplicate.

5.3.5. Crystallinity index analysis of untreated and deinked NEPW and NOPW
using X-ray diffractometer

The Crystallinity index (Crl) and average crystallite size (ACS) of the deinked
NEPW and NOPW were examined to study the structural changes. For NEPW,
treatment with crude enzyme marginally increased the Crl to 54.2% (3.9% increase),
followed by NaOH treatment resulting even higher Crl of 54.9% showing 5.5%
increase (Table 5.6). Notably, the treatment of NEPW with purified AcXyn30B_12
significantly enhanced the Crl to 58.8%, giving a 12.9% increase exhibiting the highest
among all treatments (Table 5.6). A similar trend was observed in ACS, where
AcXyn30B_12 treatment increased the average crystallite size from 15.3% in untreated
NEPW to 17.7 giving an 16% increase as shown in Table 5.6.

In the case of NOPW, crude enzyme treatment led to a substantial Crl increase
to 60.3% (35.4%), while NaOH further improved it to 63.2% (41.9%) as compared

with untreated NOPW (44.5%). The AcXyn30B_12 treatment of NOPW resulted in
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achieved the highest Crl of 63.4%, reflecting a 42.3% increase over the untreated

control (Table 5.6). The ACS of NOPW also improved significantly with

AcXyn30B_12 treatment, reaching 22.8% giving 23.0% increase (Table 5.6). These

results underscore the superior performance of AcXyn30B_12 enzyme in effectively

removed ink and hemicellulose part and reorganizing and purifying cellulose fibers in

both newspaper and notebook paper waste.

Table 5.6. Comparison of Crl and ACS of deinked NEPW and NOPW by
AcXyn30B_12 and NaOH.

Deinked sample Crl Increase in Crl  ACS Increasein ACS
(%) (%)
NEPW
Untreated 52.1 -- 15.3 --
Crude treated 54.2 3.9 16.5 7.8
NaOH treated 54.9 55 17.1 11.7
Purified AcXyn30B_12 treated 58.8 12.9 17.7 15.6
NOPW
Untreated 44.5 -- 17.6 --
Crude enzyme treated 60.3 35.4 18.2 2.9
NaOH treated 63.2 41.9 21.3 21.0
Purified AcXyn30B_12 treated 63.4 42.3 22.8 23.0

The X-ray diffractograms of untreated and treated NEPW and NOPW samples,

are shown in Fig. 5.4A and Fig. 5.4B, respectively. The sharp diffraction peak

observed at 20 =22.6° corresponds to the (002) lattice plane of crystalline cellulose

and the broad peak at 26 =19.0° corresponds to the amorphous region. In addition to

this, the diffractograms (Fig. 5.4A and B) exhibit characteristic peaks corresponding

to inorganic fillers viz., kaolinite (26 =25.0°), magnesium silicate (26 =28.6°) and
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calcite (20 =29.4°) commonly employed in paper manufacturing (Manandhar et al.,

2020).
(A)
Untreated NEPW
250000 - — NEPW treated by Crude
—— NEPW treated by NaOH
—— NEPW treated by AcXyn30B_12
200000 -
2 150000 -
@
9 206= 25°= Kaolinite [Al,SiO5(OH),]
< 100000 -
20= 28.6°= Magnesium silicate talc
50000 - (Mg3Si2010)
20= 29.4°= Calcite (CaCO,)
0
10 20 30 40 50
20

(B)

Untreated NOPW
—— NOPW treated by NaOH

300000 - ﬂ —— NOPW treated by Crude
—— NOPW treated by AcXyn30B_12
250000 -
200000 ﬂ
2
€ 150000 -
=
£ 26= 25°= Kaolinite [AL,SiO4(OH),]
100000 - 20= 28.6°= Magnesium silicate talc
(Mg;Si,0,,)
50000 - 206=29.4°= Calcite (CaCO,)
0
10 20 30 40 50
20

Fig. 5.4. X-ray diffractogram of untreated and crude enzyme, purified AcXyn3B_12
and NaOH treated deinked waste papers (A) newspaper waste (NEPW) and
(B) notebook paper waste (NOPW).
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5.3.6. Functional group analysis of untreated and deinked NEPW and NOPW
using ATR-Fourier Transform Infrared (FTIR) spectroscopy

The Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR)
spectroscopy was employed to investigate the structural changes in deinked NEPW
and NOPW. The functional groups and their peak frequencies corresponding to laser
ink components, as reported by Lee et al. (2014) and those present in blue ballpen ink,
as reported by Zaharullil et al. (2012), are summarized in Table 5.7.

Table 5.7. FTIR band assignments of various functional groups detected in ink and
hemicellulose components of NEPW and NOPW.

Bands (cm™) Assignment

NEPW

3025-3060 -C-H stretching of aromatic group in laser ink
2995-2918 -CH; and CHjs stretching in laser ink
1729-1452 -C=0 of laser toner

1315 -OH stretching in hemicellulose
1075-1000 -CO stretching in hemicellulose

810 -CH stretching in hemicellulose
NOPW

3000-3600 -CH2OH groups in blue ink
2800-2900 -CHz and CHs stretching in blue ink
1315 -OH stretching in hemicellulose
1075-1000 -CO stretching in hemicellulose

810 -CH stretching in hemicellulose
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The ATR-FTIR spectra for NEPW and NOPW are presented in Fig. 5.5A and
5.5B, respectively. For NEPW, the C-H stretching vibrations corresponding to
aromatic groups in the laser ink appeared in the range of 3025-3060 cm™, indicating
the presence of toner-derived aromatic structures (Fig. 5.5A). Additionally, symmetric
and asymmetric stretching vibrations of -CH: and -CHs groups, corresponding to
organic components in laser ink, were observed between 2995-2918 cm™! (Fig. 5.5A).
A distinct band in the range 1729-1452 cm™' was assigned to the stretching vibrations
of carbonyl (C=0) groups present in the laser toner formulation (Fig. 5.5A). Peaks
specific to hemicellulose components of the NEPW fiber were evident at 1315, 1075-
1000 and 810 cm™!, corresponding to -OH stretching, C-O stretching and C-H
stretching vibrations, respectively (Fig. 5.5A). A notable decrease in peak intensity
was observed in the region corresponding to -CH, and CHs stretching in laser ink
(2995-2918 cm™) in treated NEPW when compared with the untreated NEPW
indicating removal of laser ink after treatment (Fig. 5.5A). Moreover, significant
decrease in peak intensity at -OH stretching vibrations of hemicellulose (1315 cm™) in
AcXyn30B_12 treated NEPW compared to crude enzyme and NaOH treated NEPW
indicated the specific and efficient hydrolysis of hemicellulose region of NEPW by
AcXyn30B_12.

In the case of NOPW, the FTIR spectrum showed broad absorption between
3000-3600 cm ™, which can be attributed to -CH-OH, indicative of the hydroxyl groups
in blue ink (Fig. 5.5B). Stretching vibrations of -CH: and -CHs groups, from ink and
residual additives, were observed in the range of 2800-2900 cm™* (Fig. 5.5B). Similar
to NEPW, the hemicellulose region was confirmed by peaks at 1315 cm™ for -OH

stretching, 1075-1000 cm™* for C-O stretching and 810 cm™! for C-H stretching (Fig.
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5.5B). A notable decrease in peak intensity was observed in the region corresponding
to -CH2 and CHs stretching in laser ink (2900-2800 cm™) and -OH stretching
vibrations of hemicellulose (1315 cm™) in treated NOPW when compared with
untreated NOPW indicating removal of ink and hydrolysis of hemicellulose region
after treatment (Fig. 5.5B). Among various treatments, purified AcXyn30B_12 treated
NEPW and NOPW samples exhibited the most significant peak intensity decrease in
these regions (2900-2800 cm™ and 1315 cm™), followed by NaOH-treated and crude
enzyme-treated samples. These spectral changes suggested that AcXyn30B 12
treatment led to more effective disruption or removal of toner ink components, due to
the targeted hydrolysis of hemicellulosic components in the fiber-ink matrix. In
contrast, NaOH treatment, although effective to a certain extent, likely achieved ink

removal through non-specific chemical degradation.
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Fig. 5.5. ATR-FTIR spectra of crude enzyme, purified AcXyn3B_12 and NaOH
treated deinked waste papers (A) newspaper waste (NEPW) and (B)
notebook paper waste (NOPW).
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5.3.7. Morphological analysis of untreated and deinked NEPW and NOPW
using field emission scanning electron microscopy

Field Emission Scanning Electron Microscopy (FESEM) was employed to
examine the surface morphology of untreated and deinked NEPW and NOPW
samples. The untreated NEPW displayed a compact and dense structure and the fiber
surface appeared rough and coated (Fig. 5.6A). The crude enzyme treated NEPW
exhibited a comparable level of broken and damaged fibers as observed in the
untreated sample, suggesting limited fiber disruption (Fig. 5.6B). In contrast, treatment
with NaOH (Fig. 5.6C) and AcXyn30B_12 (Fig. 5.6D) resulted in significantly more
broken and fragmented fibers, with both treatments showing almost similar degrees of
differentiated fiber. This suggested that AcXyn30B_12 imparted a strong hydrolytic
effect on the hemicellulosic components of the fiber matrix, leading to increased fiber

disruption similar to that caused by the chemical treatment by NaOH.
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Fig. 5.6. FESEM micrographs of (A) untreated NEPW and deinked NEPW by (B)
crude enzyme, (C) NaOH and (D) purified AcXyn3B_12.

The FESEM results for both untreated and treated NOPW samples by, crude
enzyme, purified AcXyn30B_12 and NaOH are shown in Fig 5.7 (A-D) which showed
similar results like NEPW. The untreated NOPW displayed a compact and dense
structure and the fiber surface appeared rough and coated (Fig. 5.7A). The crude
enzyme treated NOPW exhibited a comparable level of broken and damaged fibers

suggesting limited fiber disruption (Fig. 5.7B). The NOPW treated with NaOH (Fig.
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5.7C) and AcXyn30B_12 (Fig. 5.7D) resulted in significantly more broken and
fragmented fibers, with both treatments showing almost similar degrees of
differentiated fiber. Similarly, like NEPW, these results also suggested AcXyn30B_12
imparted a strong hydrolytic effect on the hemicellulose components of the fiber
matrix, leading to fiber disruption similar to that caused by the chemical treatment by
NaOH.
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m EHT= 4.00kV Signal Az inens I GUWAHATI ﬁ 204m EHT= 5,004V wp m R ——
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Fig. 5.7. FESEM micrographs of (A) untreated NOPW and deinked NOPW by (B)
crude enzyme, (C) NaOH and (D) purified AcXyn3B_12.
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5.3.8. Evaluation of optical properties of untreated and deinked NEPW and
NOPW via brightness measurement

The brightness of deinked NEPW and NOPW samples was assessed to evaluate
the effectiveness of different treatments, including crude enzyme, NaOH, and the
purified AcXyn30B_12. For NEPW, the crude enzyme treatment slightly increased the
brightness to 69.6%, reflecting a 3.9% enhancement, while NaOH treatment showed a
marginal improvement with a brightness of 67.9% (1.3% increase), as presented in
Table 5.7. In contrast, the treatment of NEPW with AcXyn30B_12 significantly
enhanced the brightness to 75.3%, corresponding to a 12.4% increase, as compared to
67% for untreated NEPW (Table 5.8). A similar trend was observed for NOPW, where
crude enzyme treatment increased the brightness to 41.5% (9.2% increase) and NaOH
treatment showed a modest rise to 39.2% (3.2% increase) as compared with 38% for
untreated NOPW (Table 5.8). The enzyme, AcXyn30B_12 treated NOPW displayed a
substantial improvement in brightness, reaching 48.0%, which corresponded to a
26.3% increase (Table 5.8). These results clearly indicated that AcXyn30B_12 is more
effective in enhancing the optical properties of both NEPW and NOPW, due to its
specific and efficient action on hemicellulosic components and ink detachment,

thereby contributing to improved deinking performance.

TH-3841_226106007 197



Chapter 5

Table 5.8. Comparison of brightness (%) of deinked NEPW and NOPW by
AcXyn30B_12 and NaOH.

Deinked sample Brightness (%) Increase in brightness (%)
NEPW

Untreated 67.0 --
NaOH treated 67.9 1.3
Crude enzyme treated 69.6 3.9
Purified AcXyn30B_12 treated 75.3 124
NOPW

Untreated 38.0 -
NaOH treated 39.2 3.2
Crude enzyme treated 415 9.2
Purified AcXyn30B_12 treated 48.0 26.3

5.3.9. Analysis of water absorptivity in deinked NEPW and NOPW by Cobb test
The water absorptivity of untreated and deinked NEPW and NOPW samples
was assessed over a time interval of 0 to 60 min using the Cobb method. Cobb value
(g/m?) indicates the capacity of the paper to absorb water and serves as an important
parameter for evaluating the reusability of recycled paper in printing and writing
applications. The untreated NEPW showed a gradual increase of Cobb value from 0 to
5.9 g/m?, while untreated NOPW showed an increased only up to 2.6 g/m2 from 0 to
60 min (Fig. 5.8A). The low absorptivity confirms poor water absorption due to
residual hydrophobic components such as ink, sizing agents and fillers. Moreover, it
indicates that the untreated waste papers retain surface coatings that inhibit moisture
penetration, rendering them less suitable for reprocessing without the prior treatment.
The crude AcXyn30B_12 treated NEPW showed Cobb value rapidly rising from 3.5
g/m? at 5 min to 28.0 g/m? at 60 min (Fig. 5.8A), demonstrating enhanced fibre

exposure due to enzymatic removal of matrix-bound ink and hemicellulose. Similarly,
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NOPW treated with crude enzyme showed a steady increase, reaching 17.7 g/m? at 60
min (Fig. 5.8B), indicating that the enzyme likely acted non-specifically to cleave
hemicellulosic linkages, increasing water retention. In NEPW treated by
AcXyn30B_12, water absorptivity increased from 18.1 g/m? at 5 min to 28.1 g/m? at
60 min (Fig. 5.8A), closely approaching the levels obtained with crude enzyme.
Similarly, NOPW treated with AcXyn30B_12 displayed a sharp initial increase of 13.1
g/m2 at 5 min and then stabilizing at 14.9 g/m? by 60 min (Fig. 5.8B). While the cobb
value slightly lower than the crude enzyme treatment in later phases, the faster initial
uptake suggests that purified AcXyn30B_12 acts rapidly and specifically on xylan-rich
regions of the fiber surface, enhancing hydrophilicity early in the treatment. The
NEPW sample treated by NaOH showed a sharp rise from 24.6 g/m? at 5 min to 35.6
g/m? at 60 min (Fig. 5.8A), while NOPW reached 24.6 g/m? in 60 min (Fig. 5.8B).
Hence, the NaOH-treated samples showed the highest Cobb values with both the paper
types, reflecting aggressive chemical delamination and ink removal but at the same
time compromising the cellulosic strength leading to increase in water absorption. In
contrast, AcXyn30B_12 facilitates significant water absorptivity with reduced
structural damage making it highly suitable for paper recycling applications like

deinking.
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Fig. 5.8. Cobb value (g/m?) of untreated, crude enzyme, NaOH and purified
AcXyn3B_12 treated deinked (A) NEPW and (B) NOPW with time (min).
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5.3.10. Analysis of effluent generated during deinking of NEPW and NOPW

5.3.10.1. Total reducing sugar estimation in effluents from deinking of NEPW and
NOPW

The total reducing sugar (TRS) released from treated NEPW and NOPW
samples was measured to evaluate the extent of hemicellulose (xylan) hydrolysis
during deinking. For NEPW, the treatment with crude enzyme showed increase in the
TRS concentration to 1.5 mg/g in effluent, indicating partial hydrolysis of xylan
components (Table 5.9). NaOH treatment released only 0.3 mg/g of TRS, suggesting
limited polysaccharide breakdown under alkaline conditions (Table 5.9). Notably, the
treatment with purified AcXyn30B_12 showed higher release of 1.8 mg/g TRS (Table
5.9), representing the highest among all treatments and reflecting its superior xylan
degrading efficiency. A similar trend was observed for NOPW, where crude enzyme
treatment yielded 1.4 mg/g of TRS (Table 5.9). In contrast, AcXyn30B_12 treatment
resulted in a substantial higher TRS to 2.3 mg/g in the effluent (Table 5.9), again
indicating higher hemicellulose degradation and effective deinking.

Table 5.9. Comparison of TRS in effluents of deinked NEPW and NOPW by
AcXyn30B_12 and NaOH.

Deinked sample TRS (mg/mL) TRS (mg/g)

NEPW

NaOH treated 0.02 £ 0.08 0.3+0.08
Crude treated 0.07 £ 0.06 1.5+06
Purified AcXyn30B_12 treated 0.09 £0.01 18+10
NOPW

NaOH treated 0.01 £ 0.02 0.2 +0.02
Crude treated 0.06 + 0.03 1.4+£03
Purified AcXyn30B_12 treated 0.1+£0.04 23+04
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5.3.10.2. Analysis of TDS and TSS in effluents from deinking of NEPW and
NOPW

The Total suspended solids (TSS) and Total dissolved solids (TDS) were
evaluated to assess the quality of effluents generated from deinking of NEPW and
NOPW using different treatments. For NEPW, the untreated sample exhibited a TSS
of 1.0 mg/L and TDS of 5.5 mg/L. Its treatment with the crude enzyme increased TSS
and TDS to 2.0 mg/L and 7.5 mg/L, respectively. NaOH treatment led to a higher
increase, in TSS (4.5 mg/L) and TDS (13 mg/L) as shown in Table 5.10. In contrast,
treatment with purified AcXyn30B_12 resulted in moderate TSS (3.0 mg/L) and a TDS
of 10 mg/L (Table 5.10). For NOPW, untreated samples had a very low TSS of 0.1
mg/L and TDS of 4.0 mg/L. The crude enzyme treatment raised these values to 1.0
mg/L (TSS) and 8.0 mg/L (TDS), whereas NaOH treated NOPW showed the highest
TSS and TDS at 5.5 mg/L and 10.5 mg/L, respectively. Notably, AcXyn30B_12
treatment of NOPW yielded a moderate TSS of 3.5 mg/L and TDS of 8.5 mg/L which
were lower than those of NaOH (Table 5.10).

Overall, treatment of both NEPW and NOPW with purified AcXyn30B_12
showed lower TSS and TDS as compared with chemical NaOH treatment. These
findings suggested that AcXyn30B_12 treatment is more environment-friendly than
chemical NaOH treatment, as it generates effluent with lower solid load and dissolved
content, indicating reduced environmental burden and lower wastewater treatment

requirements.
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Table 5.10. TSS and TDS levels in released effluents of deinked NEPW and NOPW

by enzyme AcXyn30B_12 and NaOH.

Deinked sample TSS (mg/L) TDS (mg/L)
NEPW

Untreated 1.0£0.1 55+11
Crude treated 20x0.1 7510
AcXyn30B_12 treated 3.0+£0.2 10.0+£05
NaOH treated 45+0.3 13.0+12
NOPW

Untreated 03+0.1 40+0.3
Crude treated 1.0+£0.6 8005
AcXyn30B_12 treated 3.5%203 85+10
NaOH treated 55+10 105+ 0.7
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5.4. Conclusion

Among different types of waste papers analyzed, newspaper (NEPW) and
notebook paper (NOPW) were selected based on their relatively high hemicellulose
and low lignin content. Statistical optimization using response surface methodology
(RSM) identified the ideal deinking conditions for both 5.0% (w/v) NEPW and NOPW
with enzyme (AcXyn30B_12) loadings of 46.4 U/g and 58.6 U/g, respectively in 10
mL reaction mixture at 70°C for 90 min. Under these optimized conditions,
AcXyn30B_12 achieved deinking efficiencies of 81.3% for NEPW and 77.2% for
NOPW at 10 mL reaction scale, as determined by ERIC measurements. The deinking
efficiency results obtained for AcXyn30B_12 were comparable to that of NaOH treated
papers (87.3% for NEPW and 87.7% for NOPW) at 10 mL reaction scale. Although,
AcXyn30B_12 deinking preserved paper is better than that of NaOH (68% (w/w) for
NEPW and 72% (w/w) for NOPW), with 78% (w/w) recovery for NEPW and 76%
(w/w) for NOPW indicating the retention of fiber integrity making it more suitable for
paper recycling. At higher reaction volumes (20 mL and 50 mL), AcXyn30B_12
maintained consistent deinking efficiencies (79.0% for NEPW and 72.1% for NOPW)
and biomass recovery (77% (w/w) for NEPW and 76% (w/w) for NOPW),
demonstrating its scalability and suitability for large-scale deinking applications.
Structural analysis revealed that AcXyn30B_12 treatment increased the crystallinity
index to 58.8% (NEPW) and 63.4% (NOPW), with corresponding increases in their
apparent crystallite size (17.7% for NEPW and 22.8% for NOPW). ATR-FTIR
analysis revealed that AcXyn30B_12 treatment significantly reduced the intensity of
characteristic ink peaks (2900-2800 cm ! for -CH> and -CHj3 vibration and 1315 cm™!

for -OH in hemicellulose), confirming effective removal of ink and targeted
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hemicellulose hydrolysis, higher than that of crude enzyme and NaOH pretreated
papers. FESEM imaging showed that AcXyn30B_12 treated fibers were more
fragmented and exposed compared to untreated and crude enzyme-treated papers and
comparable to that of NaOH treated papers. AcXyn30B_12 significantly improved
deinked paper brightness up to 75.3% for NEPW and 48.0% for NOPW, representing
12.4% and 26.3% increases, respectively, over untreated samples. Water absorptivity
(Cobb value) increased to 28.1 g/m? (NEPW) and 14.9 g/m? (NOPW) in case of
AcXyn30B_12 as compared to that of NaOH (35.6% g/m?2 for NEPW and 24.6% g/m?
for NOPW) showing higher fiber strength retention in papers deinked by
AcXyn30B_12. The total reducing sugar (TRS) content in the effluent reached
1.8 mg/g for NEPW and 2.3 mg/g for NOPW with AcXyn30B_12, which was highest
among all treatments. In contrast, the TRS released by NaOH was just 0.3 mg/g
(NEPW) and 0.2 mg/g (NOPW). Effluent analysis showed AcXyn30B_12 generated
lower Total Dissolved Solids (TDS: 10.0 mg/L NEPW, 8.5 mg/L NOPW) and Total
Suspended Solids (TSS: 3.0 mg/L NEPW, 3.5 mg/L NOPW) compared to NaOH (TDS
of 13.0 mg/L in NEPW and 10.5 mg/mL in NOPW; TSS of 4.5 mg/L in NEPW and
5.5 mg/mL in NOPW), demonstrating its eco-friendly nature. These results together
conclude that AcXyn30B_12 effectively removes ink, enhances fiber properties and
produces environmentally effluent, making it an efficient and sustainable biocatalyst

for waste paper recycling.
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