Molecular cloning, expression, purification, biochemical characterization
and structure analysis of a novel obligate xylobiohydrolase (AcGH30A)
from Acetivibrio clariflavus ATCC 19732

PhD Thesis

by
YUMNAM ROBINSON SINGH

APRIL 2025

DEPARTMENT OF BIOSCIENCES AND BIOENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI
GUWAHATI 781039, ASSAM, INDIA

TH-3737_196106031



TH-3737_196106031



Molecular cloning, expression, purification, biochemical characterization
and structure analysis of a novel obligate xylobiohydrolase (AcGH30A)
from Acetivibrio clariflavus ATCC 19732

A thesis submitted for the partial fulfillment
of requirements for the award

of

DOCTOR OF PHILOSOPHY

by
YUMNAM ROBINSON SINGH

Under supervision of
Professor Arun Goyal

&\ﬁ‘?ﬁﬁ 7y

G g
Owahatj . @\%\?f

l';
[7)
% of Techn®°

\)\\)E\pm o 1??'
)

S

s

April 2025

BIOSCIENCES AND BIOENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI
GUWAHATI 781039, ASSAM, INDIA

TH-3737_196106031



TH-3737_196106031



@M@ﬂy
@qmzld

33333333333333333



TH-3737_196106031



STATEMENT

| do hereby declare that the content embodied in this thesis entitled as
“Molecular cloning, expression, purification, biochemical
characterization and structure analysis of a novel obligate
xylobiohydrolase (AcGH30A) from Acetivibrio clariflavus ATCC 19732” is
the result of investigations carried out by me in the Department of Biosciences
and Bioengineering, Indian Institute of Technology Guwahati, Guwahati, India
under the guidance of Professor Arun Goyal.

In keeping with the general practice of reporting scientific observations,

due acknowledgements have been made wherever the work described is based

on the findings of other investigators.

April, 2025 Yumnam Robinson Singh

(196106031)

TH-3737_196106031



TH-3737_196106031



f‘ ?"”\"% INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI

®:
e s> DEPARTMENT OF BIOSCIENCES & BIOENGINEERING

CERTIFICATE

It is certified that the work described in this thesis entitled “Molecular
cloning, expression, purification, biochemical characterization and
structure analysis of a novel obligate xylobiohydrolase (AcGH30A) from
Acetivibrio clariflavus ATCC 19732” by Yumnam Robinson Singh (Roll No.
196106031) for the award of degree of Doctor of Philosophy is an authentic
record of the results obtained from the research work carried out under my
supervision at the Department of Biosciences & Bioengineering, Indian Institute

of Technology Guwahati, Guwahati, India and this work has not been submitted

elsewhere for a degree.

Dr. Arun Goyal (MSc, MTech, PhD)
(FAMI, FBRS, FABAP, FNABS, FNAAS, FIFIB,
FMBI, FACCTI, FSEES)

Professor (HAG) and Former Head
(Thesis Supervisor)

Department of Biosciences &
Bioengineering

Indian Institute of Technology Guwahati
Guwahati, 781 039, India

TH-3737_196106031



TH-3737_196106031



Acknowledgements v

ACKNOWLEDGEMENTS

The journey toward a PhD is a transformative pursuit of knowledge, growth,
and self-discovery. The journey of completing this thesis has been a valuable
opportunity to recognize my strengths, equipping me with the resilience and wisdom to
navigate the next chapters of life. I take great pleasure in expressing my heartfelt
gratitude to all whose contributions and support have significantly influenced this
study, for this thesis is not merely the culmination of years of research but a testament
to the unwavering support, wisdom and encouragement of many.

First and foremost, I am profoundly grateful to my thesis supervisor, Professor
Arun Goyal, Department of Biosciences and Bioengineering, IIT Guwahati, for his
unwavering support, invaluable guidance, and constant encouragement throughout this
journey. His wisdom, patience and belief in my abilities have been instrumental in
shaping this research. I deeply appreciate the opportunities he has provided, along with
access to essential resources and research facilities, which have greatly enriched my
academic and professional growth. His enthusiasm and joy for research and work have
been inspirational and motivating. The insight, strategic planning and problem-solving
skills imparted by my supervisor have not only guided my research but have also shaped
my mindset and perspective on overcoming challenges.

I would also like to express my sincere gratitude to my doctoral committee
members, Prof. Sachin Kumar, Dr. Anil Mukund Limaye, Dr. Sunanda Chatterjee and
Prof. Arun Goyal, for their insightful suggestions and constructive criticism, which
have been instrumental in refining my research and guiding me toward the successful
completion of my thesis.

I am deeply thankful to the Department of Biosciences & Bioengineering and
Central Instrumentation Facility (CIF), IITG, for providing infrastructural support and
instruments for my research work. I am also thankful to IIT Guwahati for the Param-
Ishan and Param-Kamrupa Supercomputing facility. I want to thank Dr. Ravishankar
Ramachandran, Principal Scientist and his team members at CSIR-Central Drug
Research Institute (CDRI), Lucknow, India, for providing the SAXS facility. I also want
to thank Prof. Carlos M.G.A. Fontes, CIISA-Faculdade de Medicina Veterindria,
Universidade de Lisboa, Avenida da Universidade Técnica, Lisbon, Portugal for his
expert suggestions.

I also sincerely thank Guwahati Biotech Park, Guwahati, funded by the
Department of Biotechnology, India, for providing essential research facilities and
support.

TH-3737_196106031



Acknowledgements Vi

I would also like to thank the present and former Heads of the Department of
Biosciences & Bioengineering, IIT Guwahati, Prof. Utpal Bora, Prof. Rakhi Chaturvedi
and Prof. Latha Rangan for providing the necessary facilities. I am highly thankful for
the support received from all the other teaching and non-teaching staff members of the
Department of Biosciences and Bioengineering, IIT Guwahati.

I wish to acknowledge the Ministry of Education (MoE), Govt. of India, for
providing financial assistance through research scholarship.

I extend my deepest gratitude to all those with whom I shared unforgettable
experiences at IIT Guwahati, particularly the members of my lab, CEBL. I am
especially thankful to my seniors, Dr. Abhijeet Thakur, Dr. Sumitha Banu J., Dr. Vikky
Rajulapati, Dr. Krishan Kumar and Dr. Kaustubh C. Khaire for their support, guidance
and kindness, my colleagues, Dishant, Premeshwari and Jebin for their cooperation
and camaraderie and my juniors, Madhulika, Vishwanath, Aishwarya, Shreya,
Bipasha, Shushruta, Akshay, Ashwani and Akshita for their assistance and for fostering
a vibrant and dynamic environment in the lab.

I am deeply grateful to all my batchmates and friends for their unwavering
support and encouragement throughout this journey. In particular, I would like to
express my heartfelt thanks to Dr. Birjit, Dr. Elizabeth, Sourav, Kishan, Suchetna and
Jitendra for always being there for me.

Finally, I would like to express my heartfelt gratitude to my family, my greatest
source of strength, for their unwavering trust, blessings, love and support, which have
been the foundation of my journey to complete this work. I can never truly express my
gratitude to my parents for their countless sacrifices, but I dedicate this thesis to
parents, as their blessings have made this journey smoother and more meaningful. 1
would also like to thank my little sisters, Divya and Riya, for their constant support and
care.

I thank God, the Almighty, whose blessings and grace have been my guiding
light throughout this journey. Without his divine support, completing this thesis would
not have been possible.

“Believe on yourself, Be kind to yourself.”

Gprt, 2025

TH-3737_196106031



SYNOPSIS

Introduction

Lignocellulosic biomass refers to the naturally occurring biomass primarily
made up of the secondary cell walls of the plant cells, which is mainly composed of
cellulose, hemicellulose and lignin as primary components (Bajpai, 2016). They are
abundantly generated as waste products from agriculture and forestry activities. The
primary components of the lignocellulosic materials are tightly packed in a hetero-
matrix configuration. In general, the lignocellulosic waste generated from agricultural
activities is composed of mainly cellulose, which accounts for 40% to 50%, followed
by hemicellulose 20%-30% and lignin 10%-25% (Bajpai, 2016). The lignocellulosic
materials can be utilized for various industrial purposes. They can be used to make
paper, fine chemicals, biofuels, and animal feed, as well as to produce industrially
important enzymes (Bajpai, 1999; Garg, 2016; V. Kumar et al., 2016).

Xylan is an essential polysaccharide component of hemicellulose, primarily
located in the cell walls of plants, where it contributes significantly to structural
integrity and supports plant growth (Rennie & Scheller, 2014; Gigli-Bisceglia et al.,
2020). Xylan is widely distributed among various plant species, forming a substantial
part of the biomass in both dicots and monocots. Interestingly, xylan is also found in
certain algae, where it can substitute for cellulose in the cell wall matrix (Hsieh &
Harris, 2019). Xylan is characterised by a backbone of -1,4-linked xylose residues and
can include a variety of substituents, such as acetyl, feruloyl and glucuronic acid
groups, which add to its structural complexity and functional diversity (Bajpai, 2014;
Curry et al., 2023). The structural variations of xylan not only strengthen its role in

plant defence against herbivores and pathogens but also modulate its interactions with
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Synopsis viii

cellulose, influencing the overall recalcitrance of plant materials to enzymatic
degradation. This complexity requires a diverse set of enzymes for its degradation,
especially within microbial systems. Essential enzymes involved in xylan degradation
include  endo-1,4-f-xylanase, = which  hydrolyses to give  short-chain
xylooligosaccharides, P-xylosidase, hydrolyses these xylo-oligomers into xylose
monomer and various other debranching enzymes, such as a-L-arabinofuranosidase and
a-glucuronidase remove its side chains (Juturu & Wu, 2012). Another enzyme called
xylobiohydrolase also acts on the xylans and specifically produces xylobiose by its
exolytic mode of action. The synergistic action of all these enzymes is vital for the
complete hydrolysis of xylans into fermentable sugars, which is essential for both
natural ecosystems and industrial applications, including biofuel production and the
paper industry (El Enshasy et al., 2016). Understanding the properties and ecological
roles of xylanases and xylobiohydrolases is essential for harnessing their potential in
various biotechnological fields. These enzymes have been harnessed for a wide range
of applications, such as enhancing the quality of bread (Guo et al., 2018), clarifying
must and juices (Juturu & Wu, 2012), degumming bast fibres (Wang et al., 2019), pre-
bleaching kraft pulps (Kaur et al., 2016; Kumar et al., 2016), and treating hemicellulosic
waste (El Enshasy et al., 2016; Jamaldheen et al., 2019).

Glycoside hydrolases (GH) constitute a large category of enzymes responsible
for catalyzing the hydrolytic cleavage of glycosidic linkages in complex carbohydrates
(Henrissat & Davies, 1997; Vuong & Wilson, 2010). Xylanases are a class of enzymes
comprising B-(1—4)-endo xylanase, B-(1—4)- xylobiohydrolase and [-(1—4)-
xylosidase which are involved in complete breakdown of xylan into xylose monomers

(Collins et al., 2005). Xylanases specifically target xylan, recognizing the B-1,4-
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glycosidic bonds between the xylose units in the xylan polymer. B-(1—4)-Endo
xylanase hydrolyses xylan into xylooligosaccharides (XOS), which are short chains of
xylose units linked by B-1,4-glycosidic bonds (El Enshasy et al., 2016). B-(1—4)-
Xylobiohydrolase, reported exclusively in the GH30 family, is an exo-acting enzyme
that cleaves xylan polysaccharides or XOS at the non-reducing end to release xylobiose
units (Katsimpouras et al., 2019; Kadowaki et al., 2021; Puchart et al., 2021; Suchova
et al., 2021). In contrast, B-(1—4)-xylosidase hydrolyses xylan, XOS or xylobiose by
sequentially removing xylose residues from the non-reducing end (Rohman et al.,
2019). B-Xylanases and B-xylosidases occur in multiple glycoside hydrolase families,
but family GH30 enzymes, primarily target glucuronoxylan and uniquely harbors
xylobiohydrolases.

The documented enzymes exhibiting xylobiohydrolase activity to date have
been only from fungal origin. Two GH30 family glucuronoxylanases, 7cXyn30B from
Talaromyces cellulolyticus (Nakamichi et al., 2020) and 7rXyn30A from
Thermothelomyces thermophila (Nikolaivits et al., 2021), have been reported to release
xylobiose from the non-reducing end of xylan substrates in addition to exhibiting
endoxylanase activity. However, both displayed different levels of endo- and exo-
activities. In the case of TcXyn30B, the xylobiohydrolase activity was more significant
than its endo-glucuronoxylanase activity, whereas 7tXyn30A exhibits both modes of
action at approximately equal levels. Recently, another similar glucuronoxylanase,
SIXyn30A, from yeast Sugiyamaella lignohabitans displaying xylobiohydrolase
activity was reported (Suchova et al., 2022). The most stringent xylobiohydrolase,
AaXyn30A, was reported from a cellulolytic fungus Acremonium alcalophilum

(Suchova et al., 2020). Numerous glycoside hydrolases from clan A of the GH30 family
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following the retaining-type of reaction mechanism share a common structural feature.
They contain a TIM barrel as a standard structural feature with a pair of aspartic or
glutamic acid residues in the catalytic cleft primarily formed by B-a loops, participating
in the catalysis (Henrissat et al., 1995; Puchart et al., 2021).

Acetivibrio clariflavus is a bacterium characterized by its thermophilic nature,
anaerobic metabolism, gram-positive cell structure and ability to form spores (Artzi et
al., 2014). This bacterium was initially isolated from anaerobic sludge obtained from a
thermophilic methanogenic bioreactor (Shiratori et al., 2006, 2009). Acetivibrio
clariflavus is the only thermophilic bacterium that has been reported to produce a
complex cellulosomal system after the discovery of a cellulosomal system in
Clostridium thermocellum (Artzi et al., 2014; Lamed & Bayer, 1988). It produces both
cell-free and cell-bound cellulosome complexes. Several glycoside hydrolases from the
Acetivibrio clariflavus have been characterized, but many more remain unexplored. A
gene (GenBank accession number AEV68404.1) encoding a family GH30 enzyme from
Acetivibrio clariflavus was identified and designated as AcGH30A. In this study, the
gene encoding AcGH30A containing a GH30 family catalytic module and a dockerin 1
was cloned, expressed, and biochemically characterized. The structure and functional
characteristics of xylobiohydrolase, AcGH30A, were explored by in silico and small-
angle x-ray scattering (SAXS) approaches (Fig. 1). Furthermore, the enzymatic
degumming potential of AcGH30A was evaluated in combination with mannanase
(RfGHS5_7) and pectate lyase (CtPL1B) for the treatment of Ramie (Boehmeria nivea)

bast fibres and Pineapple (4dnanas comosus) leaf fibres.
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Signal Peptide

128 466

Glycoside hydrolase superfz

1 29 461 534

Fig. 1 Molecular organisation of the AcGH30A. The amino acid sequence of AcGH30A

consists of 3 major domain sequences: (1) Signal peptide (1-28) at the N-terminal,

(i1)) GH30 catalytic module (29-461) and (iii)) Dockerin 1 at C-terminal (466-

534).
Present work

The present work entitled as “Molecular cloning, expression, purification,

biochemical characterization and structure analysis of a novel obligate
xylobiohydrolase (AcGH30A) from Acetivibrio clariflavus ATCC 19732” has been
divided into 5 chapters.

Chapter 1 serves as the General Introduction, providing a comprehensive
overview of lignocellulosic biomass and its primary components: cellulose,
hemicellulose and lignin. It discusses the structural complexity of plant cell walls,
emphasizing the role of hemicellulose, particularly xylan, and its diverse structural
variants, such as arabinoxylan, glucuronoxylan, and glucuronoarabinoxylan. The
chapter elaborates on carbohydrate-active enzymes (CAZymes), their classification
based on sequence similarities, and their enzymatic mechanisms in polysaccharide
degradation. A particular focus is given to glycoside hydrolases, polysaccharide lyases,

and carbohydrate esterases, detailing their catalytic functions and industrial relevance.

The chapter introduces Acetivibrio clariflavus, a thermophilic bacterium with a
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complex cellulosomal system, highlighting its potential for xylan degradation. The
significance of thermostable xylanases in biomass conversion and industrial
applications, including biofuel production and enzymatic degumming, is discussed.
This chapter provides the necessary background for the exploration of glycoside
hydrolase family 30 xylanase from Acetivibrio clariflavus in lignocellulosic biomass
processing.

Chapter 2 describes the cloning and expression of the gene encoding
xylobiohydrolase, AcGH30A (GenBank accession number AEV68404.1) of glycoside
hydrolase family 30 (GH30) from Acetivibrio clariflavus DSM 17932. The molecular
architecture of AcGH30A revealed an N-terminus signal peptide (28 aa) followed by a
glycoside hydrolase module belonging to the GH30 family (433 aa) and a dockerin 1
module at the C-terminus (68 aa). The 1518 bp of DNA sequence encoding AcGH30A
was amplified by PCR from the genomic DNA of Acetivibrio clariflavus. The amplified
PCR product carrying the desired restriction sites was ligated to the pET-28a(+)
expression vector. The recombinant plasmid containing the pET-28a(+) expression
vector and the gene encoding AcGH30A was used for transformation of E. coli DH5q,
competent cells. The positive clone of recombinant 4cGH30A was confirmed by the
release of its encoding gene insert after the restriction digestion using the restriction
enzymes Nhel and Xhol. The recombinant plasmid after restriction digestion showed
pET-28a(+) vector DNA of ~5.3 kb size and the Insert DNA band of ~1.5 kb on agarose
gel, confirming the inserted gene of interest. The E. coli BL21(DE3) cells were

transformed by the recombinant plasmid DNA to express the recombinant enzyme,
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AcGH30A. The hyper-expression of AcGH30A was achieved by using 1 mM as the
optimum concentration of IPTG as analysed by SDS-PAGE.

Chapter 3 focuses on the purification and biochemical characterization of
xylobiohydrolase, AcGH30A. AcGH30A was purified by immobilized metal-ion
affinity chromatography followed by size exclusion chromatography. SDS-PAGE
analysis of AcGH30A showed a molecular mass of ~58 kDa. AcGH30A demonstrated
thermophilic nature with an optimum temperature of 80°C, setting it apart as the first
bacterial xylobiohydrolase from the GH30 family with such an elevated optimum
temperature. AcGH30A displayed remarkable stability in a wide range of temperatures
and pH. These findings position AcGH30A as a promising candidate for applications
demanding high temperatures and flexibility with pH. AcGH30A exhibited an optimal
pH of 7.0. AcGH30A was stable (maintaining >80% of control activity) in the pH range,
4-7 and the temperature range, 30°C -70°C when incubated for 90 min. In all the
enzyme assays, an enzyme reaction without the enzyme was run in parallel as a negative
control. AcGH30A displayed a melting temperature of 72°C and a half-life of 21 days
at 4°C. Thermal stability analysis by circular dichroism (CD) spectroscopy indicated
that AcGH30A retained its secondary structure elements up to 70°C, with complete loss
of structure at 85°C. 4cGH30A, with broad stability profiles, can be applied in various
industries, including biofuel production, food processing, textile manufacturing, and
bioremediation, offering versatility and value across different sectors. The enzyme
activity of AcGH30A was enhanced by 10 mM Ca** and Mg?" ions by 25% and 21%,
respectively, whereas 10 mM Co?", Zn?**, Fe**, and Cu®" ions significantly reduced it.
AcGH30A showed activity against various xylan polysaccharides, displaying the

highest Viax, 139 U.mg™! and Kus, 0.71 mg.ml™' against 4-O-methyl glucuronoxylan
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under optimum conditions, 80°C and pH 7.0. The analysis of 4cGH30A hydrolyzed
products of beechwood xylan by TLC, HPLC and LC-MS revealed the release of only
one product, xylobiose, confirming its obligate xylobiohydrolase activity. AcGH30A is
anovel bacterial enzyme displaying obligate xylobiohydrolase activity by orchestrating
exclusive and sequential release of xylobiose from xylan polysaccharides. Therefore,
AcGH30A can be used for commercial production of xylobiose and other value-added
products from xylan polysaccharides or lignocellulosic biomasses.

Chapter 4 describes the structure analysis and molecular dynamics of
xylobiohydrolase, AcGH30A. This study focuses on the solution structure and substrate
binding analysis of AcGH30A. A high-quality homology model of AcGH30A,
generated from Alphafold2, demonstrated structural accuracy, supported by
Ramachandran plot analysis and secondary structure assessments. Ramachandran plot
depicted that the favoured and allowed regions contained 100% amino acids and no
residue in the disallowed region. The 3-dimensional model of AcGH30A showed an
overall quality score of 93.6% in the ERRAT server analysis. Secondary structure
analysis of AcGH30A in an aqueous environment using Circular Dichroism (CD) and
in silico modeling revealed an o/p/a sandwich structure with a central B-barrel
comprising eight B-strands. CD revealed 21.94% a-helices, 20.98% [-sheets and
57.08% random coils in AcGH30A, aligning closely with the prediction results from
Psipred, SOPMA and 2Struc servers. Superposition of the homology-modelled
structure of AcGH30A with its closest homolog showed that the active-site contains
Glul75 and Glu268 as the catalytic residues. The molecular docking analysis revealed
a significant binding affinity of AcGH30A with xylobiose with a binding free energy

of —4.3kcal.mol!, suggesting the xylobiohydrolase activity of 4cGH30A. The
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molecular docking study suggested a retaining type mechanism supported by the
positioning of xylobiose between the catalytic residues Glul75 and Glu268. The —1
subsite was predominantly composed of Trp123, Glul75, Asn174, and Glu268 residues
forming hydrogen bonds with xylobiose. AcGH30A displayed a high binding affinity
with xylobiose with an association constant (K,) of 7.83 x 10> M!, as determined by
isothermal titration calorimetry. This strong affinity is characteristic of
xylobiohydrolases, which are specialized to selectively bind and release xylobiose,
while most other xylanases and related enzymes have lower or broader substrate
affinities. Molecular dynamics (MD) simulations of AcGH30A and AcGH30A-
xylobiose complex in solution showed reduced RMSD, R, and SASA wvalues,
confirming the stability and compactness of the complex. MD simulations further
highlighted the crucial role of Glul75 in hydrogen bonding with the ligand, which
alternates between acting as an acid and as a base, depending on the stage of catalysis.
MD simulations revealed consistent conformational alterations in AcGH30A following
the binding of the ligand, evidenced by reduced RMSD, R, and SASA values of the
docked complex with xylobiose compared to the free AcGH30A. The average RMSD,
R, and SASA values of AcGH30A in the docked complex declined by 0.39, 0.32 and
22.57 nm?, respectively. Small-angle X-ray scattering (SAXS) analysis of AcGH30A
showed its molecular shape as an earbud with a globular structure existing in a
monodispersed state, which was corroborated by dynamic light scattering (DLS). The
hydrodynamic radius (R») of AcGH30A, determined by DLS, was 3.7 nm.

Chapter 5 presents the findings on the enzymatic degumming of ramie
(Boehmeria nivea) bast fibres and pineapple (4nanas comosus) leaf (PAL) fibres using

AcGH30A (xylobiohydrolase) along with CtPL1B (pectate lyase) and RfGHS 7
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(mannanase). The objective was to establish an eco-friendly alternative to conventional
chemical degumming methods, which often cause fibre degradation and environmental
pollution. The enzymatic degumming process was optimized by evaluating different
enzyme concentrations (1-20 mg-mL™") and incubation times (15-180 min). The
concentration of all three enzymes, AcGH30A, CfPL1B and RfGH5 7, were optimized
individually as well as in dual and triple combinations and the optimum degumming
efficiency was observed at 15 mg-mL™ enzyme concentration and 60 min incubation
time. The treatments were carried out with 10 mg fibre in 1.5 mL reaction volume. The
apparently high protein concentration reflects the use of crude enzyme extracts, in
which the fraction of active enzyme is lower than in purified preparations. Scaling up
the degumming process (100 mg fibres in 15 mL enzyme solution) confirmed the
feasibility of enzymatic treatment at a larger scale. Among single-enzyme scale-up
treatments, CfPL1B showed the highest weight loss of 11.2 + 0.3% for ramie and 19.1
+ 0.5% for pineapple leaf (PAL) fibres, highlighting its role in pectin degradation. Dual-
enzyme mixtures exhibited a synergistic effect, with AcGH30A + CfPL1B achieving
11.0 £0.2% weight loss for ramie and CfPL1B + RfGHS 7 yielding 18 + 0.4% for PAL
fibres, as the best dual enzyme combination. The triple-enzyme combination resulted
in 9.8 + 0.3% weight loss for ramie and 17.3 + 0.3% for PAL fibres. Comparatively,
chemical degumming using NaOH (5 g-L™) resulted in 15.0 + 0.6% and 21 + 0.6%
weight loss for ramie and PAL fibres, respectively. The mechanical properties of
enzyme-treated fibres were significantly improved, with AcGH30A + CtPL1B treated
ramie fibres showing the highest tensile strength (418.3 MPa) and C/PL1B + RfGHS 7
treated PAL fibres achieving 323.2 MPa. These values were comparable to those

achieved through chemical treatment with NaOH (5 g.L.™!), which poses environmental
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and sustainability concerns despite its higher degumming efficiency. The
characterization of the enzyme-treated fibres by FESEM, ATR-FTIR, and
thermogravimetric analysis confirmed the removal of pectin and hemicellulose. The
FESEM images revealed smooth fibre surfaces after treatment, and ATR-FTIR analysis
showed distinct changes in functional groups corresponding to the degradation of non-
cellulosic components. The thermogravimetric analysis demonstrated improved
thermal stability of degummed fibres, with degradation temperatures increasing to
356.3°C for ramie and 375.7°C for PAL fibres after enzymatic treatment due to
increased cellulose crystallinity. Enzymatic degumming using AcGH30A, CfPL1B, and
RfGHS5 7 provides a sustainable and effective method for processing natural fibres.
Enzymatic degumming not only aligns with the principles of sustainable development
but also addresses the limitations of conventional chemical methods, such as fibre

damage and environmental pollution.
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Chapter 1

General Introduction

1.1 Carbohydrates

Carbohydrates are the most abundantly available biomolecule on planet Earth,
constituting the largest renewable source of organic carbon (Gilbert, 2010). They serve
as a primary energy source and form a substantial organic component in a variety of
fruits, vegetables, legumes and cereal grains. Chemically, carbohydrates are composed
of carbon, hydrogen and oxygen and can be classified as polyhydroxy aldehydes or
ketones (Slavin, 2012). The presence of hydroxyl groups makes carbohydrates prone
to modification by various chemical entities, resulting in a wide array of molecular
structures. They can undergo modifications, such as esterification and etherification,
and can also incorporate deoxy and amino groups. Furthermore, carbohydrates can
form covalent bonds with proteins and lipids, resulting in glyco-conjugates, which

include proteoglycans, glycoproteins and glycolipids (Slavin, 2012).
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1.2 Lignocellulosic biomass

Lignocellulosic biomass refers to the naturally occurring biomass primarily
made up of the secondary cell walls of the plant cells, which is mainly composed of
cellulose, hemicellulose and lignin as primary components (Bajpai, 2016). They are
abundantly generated as waste products from agriculture and forestry activities. The
primary components of the lignocellulosic materials are tightly packed in a hetero-
matrix configuration. The degree of its complexity varies according to the source and
various other factors, such as the different species of plants it is composed of and the
age of the plants involved. The composition of biomass in a living plant also varies
according to its location, species, age, stage of growth and various other factors
(Motghare et al., 2016; Singh et al., 2017). In general, the lignocellulosic waste
generated from agricultural activities is composed of mainly cellulose, which accounts
for 40% to 50%, followed by hemicellulose 20%-30% and lignin 10%-25% (Bajpai,
2016). The woody biomass can be divided into two classes, softwood and hardwood.
Softwood, as its name implies, are low in density compared to hardwood. They are
mainly sourced from coniferous and gymnosperm trees, such as pine, cypress and
cedar. Whereas the hardwood belongs to the angiosperm plants, such as poplar, oak
and aspen etc., most of which are deciduous. The stability and the rigidity of the hetero-
matrix of the lignocellulosic materials is imparted by the hydrogen and covalent bonds
present in abundance among the constituent biopolymers. The cellulose molecules
bonds, with each other to form microfibers that provide the basic foundation for the
matrix in which the hemicellulose and lignin is embedded. The lignocellulosic

materials can be utilized for various industrial purposes. They can be used to make
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paper, fine chemicals, biofuels, animal feed and for producing industrially important
enzymes (Bajpai, 1999; Garg, 2016; V. Kumar et al., 2016).
1.2.1 Cellulose

Cellulose is a polysaccharide that serves as a primary structural component of
plant cell walls, imparting strength and rigidity. It consists of linear glucose chains
connected by B-1,4-glycosidic linkages. Extensive intermolecular hydrogen bonding
between adjacent chains leads to the formation of microfibrils, resulting in a highly
ordered, robust, and insoluble structure. Many enzymes hydrolyse -glycosidic bonds,
but the crystalline structure and insolubility of cellulose restrict their access, making
cellulose resistant to digestion in most organisms. Its unique properties make cellulose
a key contributor to the structural integrity of plant cell walls, imparting resilience and
resistance to environmental stresses. Moreover, cellulose serves as a renewable source
for feed stock and various industrial applications, such as the production of paper,
textiles and biofuels, underscoring its significance in both biological and technological
contexts.

1.2.2 Hemicellulose

Hemicellulose is a complex, heterogeneous group of polysaccharides that,
together with cellulose, lignin, and pectin, forms a major structural component of plant
cell walls. It comprises various polysaccharide types, including xyloglucans, xylans,
mannans, glucomannans, galactans, arabinans, and B-(1—3,1—4)-glucans. The
composition, structure, and abundance of hemicelluloses vary considerably across plant
species and cell types. Hemicellulose plays a crucial role in cementing cellulose
microfibrils, thereby influencing the overall strength and architecture of the cell wall.

Hemicellulose serves as a key component in plant biomass, making it a valuable
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resource for bioenergy production and various industrial applications. The structural
variability and functional diversity of hemicelluloses underscore their importance in
both the biological and biotechnological realms, emphasizing the need for a
comprehensive understanding of these polymers in the context of plant biology and
sustainable technology.

1.2.3 Xylan

Xylan is the second most abundant polymer present in the plant kingdom. It is
the primary component of the hemicellulose present in plants (Fonseca-Maldonado et
al., 2014; He et al., 2014). Structurally, they are heteropolysaccharides in which the
backbone is composed of xylose monomers linked by B-1,4-glycosidic linkages. The
main chain is embedded with a diverse group of side-chain moieties including
glucuronic acid, arabinose, p-coumaric acid and ferulic acid (Thakur et al., 2019).
Xylans are structurally very diverse and their structure differs according to the species
of the plants, specific part of the plant and its age.

Since xylans are highly abundant in nature, they hold a great potential for
various industrial purposes as a renewable source of energy and chemicals. In order to
achieve this, they are required to be degraded into simpler forms, viz. monosaccharides
and oligosaccharides. Their degradation can be achieved by physical process like
pyrolysis or by using carbohydrate-active enzymes, such as xylanases. The enzymatic
degradation is preferable due to its ecological aspects. The complexity of the xylan
structure demands a consortium of enzymes that can work in combination or synergism
for its degradation (Fonseca-Maldonado et al., 2014). These enzymes are widely
available in nature in all types of lifeforms, including bacteria, archaea, animal gut,

termite gut, fungi and plants (Biely, 1985; Bajpai, 2014). A large number of these
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enzymes have been discovered and isolated in the past two decades, but majority of
them are yet to be found.

Xylan is the major biopolymer present in the hemicellulosic part of the
lignocellulosic biomass. They are composed of a linear backbone made up of repeating
units of xylose residues, which are substituted with various side chains. Xylan and
lignin play important roles in protecting the plants from the attacks of herbivores and
pathogens by enhancing the recalcitrance of the cell walls. There are four main types
of xylans, Arabinoxylans, Glucuronoxylans and Glucuronoarabinoxylans (Bajpai,
2014, 2016; Fernandez et al., 2019).
1.2.3.1 Arabinoxylan

Arabinoxylans are composed of a backbone chain made up of B-(1-4)-linked
xylose residues and a varying number of L-arabinofuranosyl residues, substituted with
the main chain at position O-2 or O-3 (Fig. 1.1). They are found mainly in the lower
plants like grasses and cereal plants such as wheat, rye, oat, barley, rice and corn. They
are well suited for the baking industry because the water molecules bind to the arabinose

sugar units, providing viscous property to the dough.

B-{1-—4)-xylopyranose

B+{1--3) linked substitution of L-arabinofuranosyl

H
B-(1—2) linked substitution of L-arabinofuranosyl

Fig. 1.1 Chemical structure of arabinoxylan showing a p(1—4)-linked D-
xylopyranose backbone, substituted at the O-2 and/or O-3 positions with
L-arabinofuranosyl residues.
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1.2.3.2 Glucuronoxylan

Similar to arabinoxylan, glucuronoxylan also contains a primary chain made up
of B-(1-4)-linked xylose residues. However, instead of L-arabinofuranosyl side groups,
it carries a-D-glucuronic acid substituents at the C-2 or C-3 positions. These side chains
are attached via a-(1—2) or a-(1—3) glycosidic linkages (Fig. 1.2).

HOOC
6

H{CO
/ p-(1->4)-xylopyranose
OH
H 0
HOJ 20"' H HO_ 3 H 0H|‘ ( H H
Z ’ 5 [.O :lW\ 5|0 -
0 0 0
5 170
HO" W H HO-%"1 2™ i 1:|0 HO-R"1 2\ ™ N
i " 6w

Fig. 1.2 Chemical structure of glucuronoxylan consisting of a p(1—4)-linked D-
xylopyranose backbone, with a-D-glucuronic acid (GlcA) or 4-O-methyl
a-D-glucuronic acid (MeGlcA) residues substituted at the O-2 positions of
the xylose units (Padilha et al., 2014).

1.2.3.3 Glucuronoarabinoxylan

Glucuronoarabinoxylan consists of a backbone of B-(1—4)-linked xylose
monomers, substituted with arabinofuranose and a-D-glucuronic acid side chains. They
can also contain acetyl groups linked with xylose units and ferulic acid linked with
arabinose subunits.

1.2.4 Mannan

Mannan is a complex polysaccharide primarily composed of the monomer,
mannose and it plays a significant role in the structure of hemicellulose found in higher
plants, particularly softwoods. Its structure can be characterized by various types,
including linear mannan, galactomannan, glucomannan and galactoglucomannan.

Linear mannan, also known as (1-4)-mannan, consists of a straight chain of mannose
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units linked by B(1-4) glycosidic bonds. This type is typically insoluble and serves as a
storage polysaccharide. The other types of mannam are as follows,
1.2.4.1 Galactomannan

Galactomannan, on the other hand, features a backbone of mannose with
branches of galactose linked through a(1-6) bonds, creating a more complex structure

that can vary in the ratio of mannose to galactose depending on its source (Fig. 1.3).

i a~(1-+6)-linked-D-galactopyranose

OH

4 3 OH
5|-0
OH

p=(1-»4)-linked mannopyranose

Fig. 1.3 Chemical structure of galactomannan showing a backbone composed of
repeating B(1—4)-linked D-mannopyranose units, substituted with side
chains of D-galactopyranose linked through a(1—6) glycosidic bonds.

1.2.4.2 Glucomannan

Glucomannan combines both mannose and glucose in its backbone, which are
also linked by B(1-4) bonds. It includes additional branches that can be a(1-2) or a(1-
3) linked (Fig. 1.4) with a length of 11 to 16 hexose residues like glucose and mannose
(Hongu et al., 2005). This type is notable for its water solubility and is often utilized in
dietary supplements due to its prebiotic properties. The main source of glucomannan is
a corm (root, not seed) of Konjac plant (Amorphophallus konjac). It is also present in
the cell wall of gymnosperms. It is a soluble dietary fibre used as a food additive and

nutritional supplements to use as therapeutic agents in case of constipation, obesity,
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high cholesterol, acne valgaris and type 2 diabetes (Passaretti et al., 1991; Vuksan et

al., 1999; Walsh et al., 1984).

B-(1-4)-linked mannopyranose

HO _ i B-(1-6)-linked glycosyl unit

H @ H @ - Mannose
@ - Glucose

M-M-G-G-M-M ( -M-M]

Fig. 1.4 Chemical structure of glucomannan depicting a backbone composed of
p(1—4)-linked D-glucose (G) and D-mannose (M) units arranged in an
M-M-G sequence. Branching occurs via P(1—6) linkages involving
either mannose or glucose residues (Behera & Ray, 2016).

1.2.4.3 Galactoglucomannan

Galactoglucomannan is characterized by a mixed backbone composed of
mannose and glucose units linked by B(1-4) bonds (Fig. 1.5). The backbone is
decorated with a(1-6)-linked galactose units, contributing to its structural diversity
(Chekan et al., 2014). The structural integrity of mannans is enhanced by the presence
of acetyl groups and other substituents, which can influence their solubility and

biological activity. Mannans are not only significant for plant structure but also have

TH-3737_196106031



Chapter 1 9

applications in various industries, such as food, pharmaceuticals and animal nutrition

due to their functional properties and health benefits (Voiniciuc, 2022).

Fig. 1.5 Chemical structure of galactoglucomannan illustrating a linear

OH
OH
GALACTOSE
o
HO

OH

OH T

_0
HO 0 o oA
o ~0
GLUCOSE MANNOSE OH  \MANNOSE
OH OH

backbone of (1 —4)-linked glucose and mannose units, substituted with
o(1—6)-linked galactose side chains (Yu et al., 2018).

1.2.5 Pectin

Pectin is a structurally complex polysaccharide essential for maintaining the
architecture and physiological functions of plant cell walls (Chandel et al., 2022). It is
composed of linear chains of galacturonic acid, interspersed with neutral sugar
residues, such as arabinose and galactose, pectin exhibits considerable heterogeneity in
its composition (Zdunek et al., 2021). This heteropolymer contributes to the gel-like
matrix in the middle lamella of plant cells, facilitating adhesion between adjacent cells
and imparting stability to tissues. Pectin is involved in various physiological processes,
including cell expansion, fruit ripening and response to stress. Its solubility and ability
to form gels make pectin a valuable component in the food industry, where it is utilized
as a thickening and gelling agent (Chandel et al., 2022). The enzymatic modification
of pectin is a focus of research in biotechnology for applications in food industry,

pharmaceuticals and other industrial sectors. Understanding the diverse functions and
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structures of pectin is crucial for both advancing the knowledge of plant biology and
harnessing its beneficial applications for various industries (Chandel et al., 2022). The
main types of pectin include homogalacturonan (HG), rhamnogalacturonan I (RG-1),
rhamnogalacturonan II (RG-II) and xylogalacturonan (XGA).
1.2.5.1 Homogalacturonan

Homogalacturonan consists of a linear chain of a-D-galacturonic acid residues,
which may be methyl-esterified or O-acetylated at specific positions, contributing to
its gel-forming properties (Liang et al., 2022).
1.2.5.2 Heterogalacturonan
1.2.5.2.1 Rhamnogalacturonan I

Rhamnogalacturonan 1 features a backbone of repeating disaccharides
composed of a-L-rhamnose and a-D-galacturonic acid, with numerous neutral sugar
side chains of L-arabinose and D-galactose branching off, and giving it a "hairy"

appearance (Kaczmarska et al., 2022).

1.2.5.2.2 Rhamnogalacturonan Il

Rhamnogalacturonan II is more complex and less common, contains an
intricate structure with additional non-sugar components and disaccharide side chains
made of apiose, thamnose, arabinose and galactose, making it crucial for plant cell wall

stability and interaction with metal ions (Pérez et al., 2003).

1.2.5.2.3 Xylogalacturonan

Xylogalacturonan includes xylose units attached to the galacturonic acid
backbone, further diversifying the structural characteristics of pectin (Zandleven et al.,
2005). The varying proportions and arrangements of these components not only

influence the physical properties of pectin, such as its ability to form gels but also its
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functional roles in plant biology, including cell adhesion, growth regulation and
defence mechanisms against pathogens (Chandel et al., 2022). The complexity of
pectin's structure allows it to serve as a vital ingredient in food processing and
pharmaceuticals due to its gelling, thickening and stabilizing properties.

1.2.6 Lignin

Lignin is a complex and non-carbohydrate polymer found in the cell walls of
plants, providing rigidity and strength to vascular tissues. It comprises an intricate
network of phenolic compounds, including coniferyl, sinapyl and p-coumaryl alcohol
units (Ralph et al., 2019). Lignin is unique in its three-dimensional and irregular
structure. This complexity renders lignin hydrophobic and resistant to microbial
degradation. It acts as a binder, cementing cellulose and hemicellulose fibers in the
plant cell wall, thereby enhancing structural integrity (Hatakeyama & Hatakeyama,
2010). Lignin is essential for plants to withstand mechanical stress and environmental
challenges. However, its recalcitrant nature poses challenges in biomass processing for

biofuel and paper production.

1.3 Carbohydrate active enzymes

Carbohydrate-active enzymes (CAZymes) are categorized into six classes
based on sequence similarities and their catalytic mechanisms on substrates (Cantarel
et al., 2009; Lombard et al., 2014). This classification has been maintained since 1998
in the continuously updated CAZy database (www.cazy.org). Different classes of
CAZymes are as follows,

1.3.1 Glyoside hydrolases

Glycoside hydrolases (GHs) are a broad group of enzymes that hydrolyze the

glycosidic bond between two or more carbohydrates or between carbohydrate and a
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non-carbohydrate moiety. There are currently 171 GH families based on the sequence
(Drula et al., 2022).

1.3.2 Glycosyl transferases

Glycosyl transferases (GTs) catalyze the transfer of an activated carbohydrate
moiety from donor molecule to an acceptor molecule. GTs are responsible for
biosynthesis of glycosidic bonds to produce polysaccharides. They are categorized into
114 families based on the sequence (Drula et al., 2022).

1.3.3 Polysaccharide lyases

Polysaccharide lyases (PLs) catalyze the cleavage of glycosidic (carbon-
oxygen) bond in polysaccharides leading to the release of an unsaturated product and
the elimination of an alcohol. These are categorized into 42 families based on the
sequence (Drula et al., 2022).

1.3.4 Carbohydrate esterases

Carbohydrate esterases (CEs) catalyze the hydrolysis of ester bonds in plant
polysaccharides and oligosaccharides, removing ester-linked side chain groups (e.g.
acetyl, feruloyl or coumaroyl groups), playing a vital role in modifying and degrading
plant polysaccharides. They are categorized into 19 families based on their amino acid
sequence (Drula et al., 2022).

1.3.5 Carbohydrate-binding modules

Carbohydrate-binding modules (CBMs) are non-catalytic and structurally
discreet protein modules, forming part of larger multi-modular enzymes. CBMs
facilitate the binding of enzymes to complex carbohydrates and direct the catalytic
machinery on the substrate, thus enhancing the catalytic efficiency of the multi-

modular carbohydrate-active enzymes (Christiansen et al., 2009). The binding of
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CBMs with the substrate are mediated through different non-covalent interactions, such
as hydrogen bonds, hydrophobic interactions, and van der waals forces. They are
categorized into 88 families based on sequence (Drula et al., 2022).

1.3.6 Auxiliary Activities

Auxiliary activities (AAs) are redox enzymes that help in the breakdown of the
lignocellulosic biomass by acting on the lignin and providing better access for the other
carbohydrate active enzymes to plant cell wall. AAs currently have 17 families (Drula

et al., 2022).

1.4 Enzymatic hydrolysis of xylan

The involvement of enzymes in xylan degradation was first noted by Hopper-
Seyler over a century ago (Bastawde, 1992). Xylan is a chemically complex and
heterogeneous compound, necessitating various hydrolytic enzymes with distinct
modes of action and specificities for its complete breakdown. The xylanolytic enzymes
system comprises [-1,4-endoxylanase, [-xylosidase, xylobiohydrolases, a-
glucuronidase, a-L-arabinofuranosidase, acetyl xylan esterase (Motta et al., 2013) and
phenolic acid (ferulic and p-coumaric acid) esterase (Beg et al., 2001; Dhiman et al.,
2008). The synergistic action of these enzymes enables the conversion of xylan into its
constituent sugars. Among xylan-degrading enzymes, endoxylanases and J-
xylosidases play critical roles in breaking down xylan into monomeric pentose units.
Endoxylanases cleave glycosidic bonds to produce short xylooligosaccharides, while
B-xylosidases release xylose residues from the non-reducing ends of these
xylooligosaccharides (Motta et al., 2013). Acetyl esterase, ferulic esterase,
glucuronidase and arabinosidase are essential for removing various side chains from

the xylan backbone (Dhiman et al., 2008).
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1.4.1 Xylanases

Xylanases (E.C.3.2.1.8), are a large class of hydrolytic enzymes that can
completely disintegrate the linear polysaccharide, xylan into simpler products (Juturu
& Wu, 2012). Xylanases are divided into two key enzyme classes, endo- and exo-acting
according to their mode of action. Endo-acting xylanases, mainly referred to as endo-
1,4-B-xylanases, randomly cleave internal B-1,4-glycosidic bonds within the xylan
backbone. In contrast, exo-acting xylanases, commonly known as -xylosidases, target
the non-reducing ends of xylooligosaccharides to release individual xylose molecules.
Xylanases play a very important role in the saccharification of lignocellulosic biomass
and have attracted significant attention for their ability to hydrolyze lignocellulose into
simple fermentable sugars. In the carbohydrate-active enzyme database (CAZy;
www.cazy.org), xylanases from various organisms have been classified into distinct
GH families (5, 7, 8, 10, 11, 26, 30, 43, 51, 98 and 141) based on the similarities of
their amino acid sequence and structural properties. All these enzymes present in the
database present diverse ranges of substrate specificities, mode of action and physico-
chemical characteristics (Poosarla & Chandra, 2014; Sharma et al., 2018a, 2018b).
1.4.1.1 Endo-1,4-f-xylanases

Endo-1,4-B-xylanases (E.C.3.2.1.8) cleave the B-1,4-glycosidic linkages within
the xylan polysaccharide, resulting in the production of xylooligosaccharides and
xylose. Endo-1,4-B-xylanases are predominantly produced by various microorganisms,
including fungi and bacteria, which utilize these enzymes to break down plant materials

for nutrients (Collins et al., 2005).
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1.4.1.2 Exo-f-1,4-D-xylosidase

Exo0-B-1,4-D-xylosidase (E.C. 3.2.1.37) catalyzes the stepwise removal of D-
xylose residues from the non-reducing ends of B-1,4-D-xylo-oligosaccharides through
hydrolytic cleavage (Fig. 1.6). For example, B-xylosidase breaks down xylobiose
leading to release of two xylose units. Exo-p3-1,4-D-xylosidase have been isolated from
various microorganisms, such as Selenomonas ruminantium (Jordan & Wagschal,
2010), Aspergillus niger (Scott-Craig et al., 2011), Bacillus Subtilis (Banka et al., 2014)
and Thermoanaerobacterium saccharolyticum (Shao et al., 2011) .
1.4.1.3 Xylobiohydrolases

Xylobiohydrolases (E.C.3.2.1.-) are xylanases that release xylobiose, a
disaccharide composed of two xylose units from the non-reducing end of
xylooligosaccharides and xylan polysaccharides. Several xylanases from GH30 family
displaying different modes of action have been reported and some showing
xylobiohydrolase activity are listed in Table 1.1. Most xylobiohydrolases reported
come from fungal species and they show bifunctional enzymatic activity. 7tXyn30A
and 7cXyn30B from Thermothelomyces thermophila and Talaromyces cellulolyticus,
respectively, displayed both exo- and endo-acting catalytic behaviour (Katsimpouras
et al., 2019; Nakamichi et al., 2020). Both enzymes released methylglucuronic acid
linked xylooligosaccharides and xylobiose from glucuronoxylan substrates. An
enzyme, AaXyn30A from fungus Acremonium alcalophilum was reported as an almost
strict xylobiohydrolase (Suchova et al., 2020). The enzyme demonstrated maximal
catalytic activity on rhodymenan, generating isomeric xylotrioses and specifically
released xylobiose from the non-reducing termini of xylan chains. S/Xyn30A is a GH30

xylanase from the fungus Sugiyamaella lignohabitans which releases acidic
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xylooligosaccharides from glucuronoxylan and shows auxiliary xylobiohydrolase
activity (Suchova et al., 2022).

Table 1.1 Fungal xylobiohydrolases from GH30 family.

Optimum

i E famil Ref
Organism nzyme Subfamily temperature and pH eference
Acremonium (Suchova et

AaXyn30A | GH30 7 50°C, pH 7.5-10.0
alcalophilum aayn - P al., 2020)
Talarom (Nakamichi et
CZJZ,;Z z fl CCZSS TeXyn30B | GH30 7 | 50°C, pH 5.0 al., 2019,

4 2020)
Thermothelomyces - (Nikolaivits et
b TrXyn30A | GH30 7 | 50°C, pH 4.0 o 2oy
Sugiyamaella (Suchova et

SIXyn30A | GH30 7 50°C, pH 3.5
lignohabitans b 3 P al., 2022)

1.4.2 Xylan side-chain removing enzymes
1.4.2.1 a-L-Arabinofuranosidases

a-L-Arabinofuranosidases (E.C.3.2.1.55) hydrolyze the terminal, non-reducing
a-L-arabinofuranosyl groups of arabinans, arabinoxylans and arabinogalactans (Fig.
1.6). This enzyme is produced by fungi, actinomycetes and bacteria (Numan & Bhosle,
2006).
1.4.2.2 a-D-Glucuronidases

a-D-Glucuronidases (E.C.3.2.1.139) catalyze the hydrolysis of a-1,2-glycosidic
linkage between xylose and D-glucuronic acid or its 4-O-methyl ether derivative as
shown in Fig. 1.6 (Nam et al., 2016).
1.4.2.3 Acetyl xylan esterase

Acetyl xylan esterase (E.C.3.1.1.72) catalyzes the hydrolysis of acetyl groups

from acetylated xylan and xylo-oligosaccharides, releasing acetic acid, providing better

accessibility for xylanases to act on the xylan backbone (Zhang et al., 2011).
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1.4.2.4 Feruloyl esterase
Feruloyl esterase (E.C.3.1.1.73) hydrolyzes the ester bonds between phenolic
acids such as ferulic acid and p-coumaric acid and the arabinose residues of

arabinoxylan or other polysaccharides as shown in Fig. 1.6 (Fazary & Ju, 2007).
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Fig. 1.6 Schematic presentation of xylan structure along with the enzymes
necessary for its complete hydrolysis. 1. Endo-1,4-p-xylanase, 2. B-
Xylosidase, 3. a-L-Arabinofuranosidase, 4. a-Glucuronidase, 5. Feruloyl
esterase, 6. Acetylxylan esterase (Topakas et al., 2013).

1.5 Glycoside hydrolase families containing xylanase

Several glycoside hydrolase families exhibit diverse structures and enzyme
activities on xylan substrates. Enzymes with endo-1,4-B-xylanase activity are present
in 9 distinct glycoside hydrolase families: GHS, GH7, GH8, GH10, GH11, GH30,
GH43, GH51 and GH141. However, xylobiohydrolases have been reported primarily
within GH30 family. GHS is a large family with 48,671 sequences, 628 of which are

characterized, featuring broad substrate specificity and a (p/a)8-barrel fold. GHS,
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containing 10,687 members, mainly includes bacterial single-domain enzymes with an
(o/a)6-barrel structure, acting on xylan via an inversion mechanism (Table 1.2). The
family GH10 has 12,870 sequences and primarily functions as endo-1,4-B-xylanases,
using a (B/a)8-barrel fold similar to that of GHS. GH11 comprises 5,320 xylanase-only
enzymes, predominantly extracellular with a B-jelly roll fold and a deep active-site
cleft. Family GH43, with 14 sequences reported, is characterized by a five-bladed B-
propeller architecture and includes multidomain enzymes (Table 1.2). GH51 family
contains two enzymes identified by GenBank IDs AAC45377.1 and ACV57112.1,
exhibiting endoxylanase activity (Eckert and Schneider, 2003; Malburg et al., 1997).
The 3D structure of GH51 enzymes primarily consists of a (3/a)8-fold (Table 1.2).
GH141, a recently established family, has limited characterized members, with only
one xylanase, displaying broad substrate specificity and modular architecture akin to
GH10 (Table 1.2). Together, these families illustrate structural diversity and specificity
in xylan degradation.

1.5.1 Glycoside hydrolase family 30

The GH30 glycoside hydrolase family currently comprises 9,442 proteins, of
which only 67 have been biochemically characterized. This family encompasses a
diverse array of endo- and exo-xylanases, exhibiting broad and frequently
multifunctional activities directed toward the -1,4-linked backbone of xylan and xylo-
oligosaccharides. These include endo-1,4-B-xylanases (EC 3.2.1.8), xylobiohydrolases
(E.C.3.2.1.-), glucuronoxylanases (EC 3.2.1.136) and B-xylosidases (EC 3.2.1.37). An
endo-1,4-B-xylanase, CtXynGH30 from Clostridium thermocellum, cleaves the
internal B-1,4-glycosidic linkages in the xylan backbone (Verma & Goyal, 2016).

Xylobiohydrolases release xylobiose from the non-reducing-end of xylan or
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xylooligosaccharides (Crooks et al., 2021; Suchova et al., 2021). Glucuronoxylanases
are specific for glucuronoxylan and act on regions of the backbone substituted with
glucuronic acid or methyl-glucuronic acid, releasing shorter length
xylooligosaccharides (Sakka et al., 2012). GH30 family also features B-xylosidases,
which release xylose from the non-reducing end of xylooligosaccharides and xylobiose
(Luo et al.,, 2010). GH30 family also includes various other enzymes such as
glucosylceramidases (EC 3.2.1.45), p-glucosidases (EC 3.2.1.21), endo-B-1,6-
glucanases (EC 3.2.1.75), endo-1,6-fB-galactanases (EC 3.2.1.164), B-glucuronidases
(EC 3.2.1.31), a-L-Arabinofuranosidases and -fucosidases (EC 3.2.1.38). Currently,
11 subfamilies have been proposed for GH30 (Li et al., 2022b). However, the enzymes
that exhibit hydrolytic activity on xylan and xylo-oligosaccharides, are classified in 3
subfamilies GH30 7, GH30 8, and GH30 10. Both subfamilies GH30 7 and GH30 8
are associated with endo-1,4-B-xylanase activity, along with P-xylosidases and
glucuronoxylanase functions, however, in GH30 10 subfamily, only one
xylobiohydrolase has been reported (Crooks et al., 2021; Suchova et al., 2021). The
GH30 family is primarily composed of bacterial sequences, which account for
approximately, 94%, with eukaryotic sequences making up the remaining ~6%.

Due to their close evolutionary relationship, many GH30 enzymes, including
several xylanases, were initially classified within the GHS family but were later
reclassified to GH30 following extensive phylogenetic and structural analyses (St John
etal., 2010). Like GH5 and GH10 enzymes, GH30 members feature a (p/a)s-barrel fold
structure and catalyze hydrolysis while maintaining the anomeric configuration, using
two glutamic acid residues as critical catalytic amino acids (Freire et al., 2016;

Nakamichi et al., 2019a, 2020b; Sainz- Polo et al., 2014; St John et al., 2011, 2014)
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(Table 1.2). In contrast to GH5 and GH10 families, GH30 enzymes possess an
additional structural feature: a nine-stranded aligned [3-sheet, which is connected to the
(B/a)s-barrel domain via conserved linker sequences at both the N- and C-termini, as
well as through hydrophobic interactions with a-helices 7 and 8. Although the overall
three-dimensional structures of GH30 7 and GH30 8 enzymes are highly similar, their
sequence identity generally remains below 25%. Key structural differences within the
(B/a), domain include a notably shorter f2-a2 loop and Bl-al structures in GH30 8
enzymes, as well as the presence of an a6-helix instead of an unstructured loop. In
contrast, GH30 7 enzymes contain two short B-strands (B8A and $8B) in the $8-a8
loop, two disulfide bonds, and several other minor variations in loop lengths and

secondary structure positioning (Nakamichi et al., 2019a).
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Table 1.2 Characteristics of xylanases from various GH families. (Mendonga et al.
2023)
Glycoside .
Hydrolase Xylanase activities Structure 3D structure Cataly?lc
. fold mechanism
Family

Endo-1,4-B-xylanase Retaining
GHS5 ’ : -

Exo-1,4-B-xylosidase (B/v)s-fold

Endo-1 ,4-B-xylangse Inverting
GHS Endo-1,3-B-xylosidase | (a/a)s-fold

Exo-1,4-B-xylosidase

Endo-1 ,4-B-xylangse Retaining
GH10 Endo-1,3-B-xylosidase | (B/a)s-fold

Exo-1,4-B-xylosidase
GHI1 Endo-1,4-B xylanase B-jelly roll Retaining

Exo-1,4-p-xylosidase fold

Endo-1,4-B xylanase Retaining
GH30 Glucuronoxylanase (B/a)s-fold

Exo-1,4-B-xylosidase

Endo-1,4-B xylanase e o Invertin
GH43 Exo-1,4-B-xylosidase B- Sr-(foi(lller Lt ﬁ‘%) 8

Exo-1,3-B-xylosidase prop " -é, Vs

Endo-1,4-B xylanase Retaining
GH>I Exo-1,4-B-xylosidase (P/o)8-fold

, “&2"\' Not known
GHI141 | Endo-1,4-p xylanase B-helix A,
AT
et Lohg
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1.6 Sources of xylanase

Xylanases are ubiquitous and highly diversified in nature. Many different
lifeforms from different habitats have been found to produce these enzymes, which
includes terrestrial plants, seaweeds, bacteria, archaea, fungi, protozoa, crustaceans and
insects (Bajpai, 2014; Smith et al., 1991; Subramaniyan & Prema, 2002). However,
from the commercial point of view, the xylanase producing filamentous fungi is more
interesting and has gained more attention than the rest. When grown in a medium, the
fungi release the xylan-degrading enzymes in the surrounding medium, cancelling the
need to destroy the cells for purifying the enzymes (Polizeli et al., 2005). Fungi also
produce several additional enzymes needed to degrade substituted xylans (Bajpai,
2014). In the case of mesophilic fungi, Aspergillus niger and Trichoderma reesei have
been found to be the most important xylanase producing species. In the past decade,
extensive efforts have been made on isolation of enzymes from the thermophiles and
extremophiles because they are found to produce enzymes with higher thermo-
tolerance and stability. Several bacterial species Bacillus licheniformis, Bacillus
thermantarcticus, Dictyoglomus thermophilum, Geobacillus stearothermophilus,
Thermotoga,  Caldocellum  saccharolyticum,  Dictyoglomus  thermophilum,
Thermoanaerobacterium saccharolyticum, Anoxybacillus kaynarcensis,
Caldanaerobius polysaccharolyticus, Thermopolyspora flexuosa and Clostridium
thermocellum have been reported to express xylanase enzymes (Guo et al., 2018;
Khasin et al., 1993; Liithi et al., 1990; Patel et al., 1987). In the case of fungi, multiple
thermophilic species have been found to produce xylanase; some of them are
Myceliophthora thermophila, Paecilomyces themophila, Talaromyces thermophilus,

melanocarpus albomyces, Humicola grisea, Thermoascus aurantiacus, Thermomyces
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lanuginosus, Scytalidium thermophilum, Myceliophthora sepedonium, Pseudocerco
sporella, Rasamsonia byssochlamys, and Thielavia australiensis (Sunna &
Antranikian, 1997). The optimal temperature for xylanases from these fungi falls
between 60 and 85°C. They are found to be highly tolerant and stable in this optimal
temperature range and active in the acidic pH range, 4.5-6.5.
1.7 Thermostable carbohydrate enzymes and their importance

Enzymes that are stable and show good activity at high temperatures and in both
acidic and alkaline pH have always been in high demand commercially because the
majority of industrial processes are conducted at high temperatures and across a broad
pH range. The screening and isolation of thermophilic microorganisms that flourish in
various extreme environments, such as thermal springs and salty marsh fills, has
garnered great attention in the last two decades, i.e., thermophiles, mesophiles and
psychrophiles (Collins et al., 2005). They are found to produce efficient thermostable
enzymes appropriate for commercial purposes like bio-bleaching in the textile and,
pulp and paper industry and saccharification of lignocellulosic waste (El Enshasy et al.,
2016). Xylanases isolated from the thermophilic bacteria and archaea have been found
to possess a remarkably long half-life at 80°C or higher temperatures, as compared with
the enzymes from thermophilic fungi. Thermostable xylanases have been discovered

in various GH families, such as 5, 7, 8, 10, 11, 30 and 43 (Collins et al., 2005).
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1.8 Applications of xylanase

Xylanolytic enzymes produced by the microorganisms hold immense
biotechnological potential for multiple industrial applications such as pulp and paper,
textiles, food, beverages, animal feed, chemicals, biofuel and laundry (Juturu & Wu,
2012; V. Kumar et al., 2018; Subramaniyan & Prema, 2002) as depicted in Fig. 1.7. In
textile, pulp and paper industry, the bleaching of pulp using xylanase and other
carbohydrate active enzymes are commercially well accepted nowadays (Bajpai, 1999;
V. Kumar et al.,, 2016). It has significantly decreased the usage of chlorine for
bleaching, reducing the ecological harm caused by the process. In textile industries
also, the use of xylanase for the refinement and processing of plant fabrics has reduced
the use of harsh chemicals for bleaching (Subash & Muthiah, 2021). In the food sector,
xylanase is utilized to make quality breads with varying softness and elasticity, and to
extract coffee and plant oils (Maat et al., 1992). The application of xylanase on forage
crops increases its digestibility when feed to the ruminant animals (Selzer et al., 2021).
In the pharmaceutical sector xylanase has been used with other digestive enzymes as a

dietary supplement to help people with poor digestion (Juturu & Wu, 2012).
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Fig. 1.7 Lignocellulosic materials conversion into value-added products.

1.8.1 Xylanase in enzymatic degumming of plant-based textile fibres

Enzymatic degumming is an eco-friendly and efficient method for eliminating
non-cellulosic substances, including pectin, hemicellulose and lignin from plant fibres,
particularly bast fibres like ramie, hemp and flax using pectinolytic and
hemicellulolytic enzymes (Subash & Muthiah, 2021). This process utilizes specific
enzymes, such as xylanases, pectinases and ligninases, to selectively breakdown the
gum that binds the fibres together, facilitating their separation without compromising
the structural integrity of the fibres (Abidin et al., 2023). Xylanases contribute to the
degumming process by breaking down xylan from the hemicellulose portion.
Pectinolytic enzymes, particularly pectate lyases, play a key role in removing pectin

from the fiber surface.
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Enzymatic and chemical degumming methods share the common goal of
achieving cleaner fibres by removing non-cellulosic substances. Both degumming
processes share some similarities, but their approaches differ significantly, with
enzymatic degumming relying on biological catalysts and chemical degumming using
harsh chemicals. In the beginning, plant fibres like hemp, ramie and flax are prepared
by decortication, followed by cleaning and washing to remove dirt and loose particles
(Fig. 1.8). The fibres are then treated with enzymes or chemicals, depending on the
approach. After degumming, the fibres are washed with water to remove degraded
components and residual chemicals or enzymes (Fig. 1.8). Then, the fibres are dried
and sent forward for different applications. Recent advancements in enzyme
technology have led to the development of customized enzyme cocktails and optimized
process parameters, further enhancing the efficiency and applicability of enzymatic

degumming in the textile and composite industries (Kaur et al., 2020).
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Fig. 1.8 Schematic presentation of enzymatic and chemical degumming process.
Bast fibres are an essential source of natural textile fibres, derived from the
phloem of dicotyledonous plants, exhibit a complex structure and composition that

contribute to their unique properties and applications. These fibres primarily consist of
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cellulose, hemicellulose, lignin, pectin, and waxes, with cellulose being the most
abundant component, typically comprising 60-80% of the fibre's dry weight
(Koztowski et al., 2020; Sadrmanesh and Chen, 2019). The enzymes, like xylanase, in
combination with pectinase and lignase, are important for efficient and
environmentally sustainable extraction of natural plant fibres from bast fibres (Abidin
etal., 2023). These enzymes facilitate the retting process by specifically breaking down
the non-cellulosic components, such as xylan, pectin and lignin, leading to faster fibre
extraction. A degumming efficiency of 82% was achieved by using an enzymatic
concoction produced by Pectobacterium carotovorum HG-49, containing xylanase,
pectinase and mannanase for ramie fibres (Shu et al., 2020). The degumming efficiency
is calculated as the percentage reduction in gum content relative to the initial gum
content present in the raw material. The structural organization of bast fibres includes
a primary wall of a rigid network of cellulose microfibrils embedded within a matrix
of hemicellulose and pectin, which provides flexibility and strength (Fig. 1.9). The
fibres are characterized by a hollow lumen that aids in nutrient transport within the
plant. At the same time, the overall morphology includes elongated bundles of fibrils
that exhibit a high length-to-diameter ratio, enhancing their mechanical properties
(Zimniewska et al., 2011). Recent studies have highlighted the variability in the
composition and properties of bast fibres, which can be affected by factors such as plant
species, cultivation conditions, and extraction methods, underscoring the importance

of optimizing these parameters for specific industrial applications (Santos et al., 2024).
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Fig. 1.9 Schematic presentation of (a) cross-section of bast stem and (b) Bast fibre
bundle.

1.9 Acetivibrio clariflavus

Acetivibrio clariflavus 1s a thermophilic, anaerobic, gram-positive and
cellulosome forming bacterium (Fig. 1.10). Numerous strains of 4. clariflavus have
been found to utilize both cellulose and hemicellulose as a carbon source. It was first
isolated from an anaerobic sludge taken from a thermophilic methanogenic bioreactor
(Shiratori et al., 2006). The whole genome of the 4. clariflavus has been sequenced,
after which many putative carbohydrate-active enzymes produced by this thermophile
were found and characterized, including enzymes from glycoside hydrolase families

GHS, GH9, GH10, GH11, GH30 and GH48 (Artzi et al., 2015).

Fig. 1.10 Scanning electron micrograph of Acetivibrio clariflavus DSM 19732
(Izquierdo et. al., 2012).
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1.9.1 Cellulosomal organisation of Acetivibrio clariflavus

The genome of A. clariflavus features 49 cohesin modules distributed across 13
distinct scaffoldins, along with 79 proteins containing dockerin domains, indicating a
high potential for the formation of multiple cellulosome complexes. The modular
configuration of the cohesin and dockerin modules on the 13 different scaffoldins (Sca)
are displayed in Fig. 1.11 (Artzi et al., 2014). Cohesin is a protein module that serves
as a primary building block of scaffoldins, which are structural proteins that organize
different cellulolytic enzymes into a cohesive multi-enzyme complex called
cellulosome (Handelsman et al., 2004). Cohesin modules have the ability to bind tightly
to dockerin modules, forming high-affinity interactions essential for cellulosome
integrity and function. Whereas, dockerin is a protein module that anchors catalytic
enzyme subunits to scaffoldins via its interaction with cohesins. Dockerins exhibit a
unique structural feature known as the F-hand motif, which includes a calcium-binding
loop that is critical for binding to cohesins (Duarte et al., 2021). Dockerins bind with
cohesins from the same species, while exhibiting less specificity towards cohesins from
different species. The presence of signal peptides at the end of their N-terminus of the
scaffoldins (except ScaO and ScaM (a)), indicates that they are secreted exogenously
(Fig. 1.11). Among the 79 proteins reported to contain a dockerin, 4 of them have type
IT dockerin and 75 of them possess type I dockerin, including 57 dockerin I-containing
enzymes. These enzymes are comprised of 41 glycoside hydrolases (GHs), 14
carbohydrate esterases (CEs) and 2 polysaccharide lyases (PLs), in which some of the
dockerin containing enzymes are composed of more than one catalytic module and are
bifunctional in nature (Artzi et al., 2014). 4. clariflavus also contains non-catalytic

dockerin containing proteins like serpin (Clocl 3968) and expansin-containing proteins
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(Clocl 1298 and Clocl 1862). Serpins are serine protease inhibitors and expansins are
non-catalytic proteins that loosen the cell walls during the growth of the plant. The
expression of the cellulosomal proteins are regulated by the type of substrate in the

growth medium (Artzi et al., 2015).
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Fig. 1.11 Schematic presentation of modular arrangement of 13 putative
scaffoldins (denoted as Sca) of A. clariflavus DSM 19732 genome. SLH,
S-layer homology; FN3, fibronectin type III domain; CARDB, cell
adhesion-related domain present in bacteria; DUF11, domain of
unknown function; CSBM, cell surface-binding module; BIL, bacterial
intein-like domain; CBM, carbohydrate-binding module (Artzi et al.,
2014).

Discovering and revealing novel enzymes from this microorganism may help
in evolving the current methodologies for the breakdown of the lignocellulosic
materials. Out of various candidate organisms for thermophilic consolidated
bioprocessing (CBP) (Chen et al., 2018; Gao et al., 2020), Acetivibrio clariflavus has

obtained little attention compared to the model cellulolytic thermophile Clostridium

thermocellum, that has been extensively studied in the last decade (Verma & Goyal,
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2016). According to the carbohydrate-active enzymes database (CAZy;
www.cazy.org), there are 57 putative glycoside hydrolase genes present in the genome
of Acetivibrio clariflavus, out of which only 4 enzymes have been characterized.
Considering the limited reports and attention surrounding the putative glycoside
hydrolases from Acetivibrio clariflavus, this study focuses on the investigation on the

putative glycoside hydrolase, xylobiohydrolase.
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1.10 Significance of the project

Lignocellulosic biomass is an abundant, renewable and underexploited resource
with immense potential to support sustainable bio-based industries. Derived mainly
from agricultural and forestry residues, this biomass consists of a complex matrix of
cellulose, hemicellulose and lignin. Once it is converted to simpler forms, the products
can be used for various purposes. The most popular application is the production of
bio-fuels and reduction in the carbon footprint caused by agricultural and forestry
activities. Fuels derived from biomass do not contribute to increased atmospheric CO»,
as the COz released during combustion is balanced by the amount fixed during
photosynthesis (Singh et al., 2017). In India, urbanization and intense economic growth
have resulted in the production of unprecedented amount of waste products, including
agro-waste. Forests and agriculture activities are the two biggest sources from which
biomass is generated every year. A large part of Indian population depends on
agriculture for livelihood. It is estimated that around 1.79 million km? of land in India
is utilized for agriculture (Cardoen et al., 2015; Hiloidhari et al., 2014). According to
the ministry of New and Renewable Energy, Government of India, the latest estimate
of the available biomass generated per year in India is 500 million metric tonnes. The
availability of lignocellulosic biomass from the agriculture and forestry fields is
expected to reach 281 metric tonnes per annum by 2030-31 in India (Cardoen et al.,
2015; Purohit & Chaturvedi, 2018; Sadi et al., 2021). The degradation of hemicellulosic
xylan requires the cooperative action of xylanases. The increasing availability of
lignocellulosic biomass and the urgent need for sustainable bio-based solutions
highlight the importance of enzymes capable of efficiently degrading plant

polysaccharides. Xylanases also hold great potential for green chemical production,
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prebiotic formulation and sustainable biobleaching in the textile, pulp and paper
industries, minimizing dependence on chemical treatments.

The genome of Acetivibrio clariflavus contains a large repertoire of glycoside
hydrolase genes, more than the genes found in Acetivibrio thermocellus (1zquierdo et
al., 2012). Acetivibrio clariflavus is a thermophilic microorganism, making it a
promising candidate for sourcing thermophilic enzymes. Several enzymes from the
cellulosomal complex of Acetivibrio clariflavus, belonging to GH30 family, have been
characterized but none of them was found to be thermophilic (Puchart et al., 2021).
The proposed study focuses on a putative thermostable xylanase from Acetivibrio
clariflavus, classified under glycoside hydrolase family GH30. The identified gene
accession number and locus tag of the proposed enzyme, AcGH30A is AEV68404.1
and Clocl 1795, respectively. The putative thermostable xylanase, AcGH30A from
Acetivibrio clariflavus can potentially contribute to the efficient degradation and
processing of the lignocellulosic biomass. Expression and purification of this enzyme
is designed to provide enough enzyme for biochemical and structural characterization.
This will provide us with a thermophilic xylan degrading enzyme from a thermophilic
microorganism. This enzyme may also be applicable in various industries, such as pulp
and paper, textiles, food, beverages, animal feed, chemicals, biofuel and laundry. The
in-silico study of the enzyme will enable us to understand its structural properties and
its behaviour with different substrates or its mode of action. The 3-dimensional
structure of the enzyme may be elaborately understood by the crystallization of the

enzyme and X-ray diffraction methods for a better understanding of its structure.
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The reasons for selecting the family 30 glycoside hydrolase from Acetivibrio

clariflavus are summarized below:

1.

il

1il.

The genome of Acetivibrio clariflavus encodes an intricate and extensive
cellulosome system, housing numerous enzymes capable of degrading
hemicellulose and cellulose.

The functional characterization of family 30 xylanase is crucial, as all enzymes
within this family share a retaining-type catalytic mechanism. Therefore,
analyzing their degradation products can reveal if they follow an exo- or endo-
cleavage mode.

Several xylanases from GH30 have been identified as glucuronoxylanases,
exhibiting specificity for xylan backbone linked to glucuronic acid moieties.
Investigating GH30 glycoside hydrolases can provide insights into the molecular
basis of this specificity toward glucuronoxylan.

The identification of enzymes from the thermophilic organisms, Acetivibrio

clariflavus, offers a promising opportunity to study thermostable carbohydrate-active

enzymes. By focusing on the putative glycoside hydrolase family 30 xylanase,

AcGH30A, this study aims to enhance the understanding of carbohydrate-active

enzymes and their potential. The comprehensive characterization of AcGH30A, both

structurally and functionally, will pave the way for its use in different industrial

applications, such as biofuel production and degumming of natural plant fibres. To

achieve these goals, the following specific objectives were formulated:

1.10.1 Specific objectives

1.

Cloning, expression and purification of a putative xylanase, AcGH30A of family
30 Glycoside Hydrolase from Acetivibrio clariflavus ATCC 19732.

. Biochemical and functional characterization of AcGH30A, a putative xylanase
from Acetivibrio clariflavus ATCC 19732.

. Structure analysis of 4cGH30A by in silico approaches, including homology
modelling and molecular dynamics simulation.

Structure analysis of AcGH30A in an aqueous environment by circular dichroism
(CD), dynamic light scattering (DLS) and small-angle X-ray scattering (SAXS).

. Application of AcGH30A in combination with other hemicellulosic enzymes in
degumming of ramie (Boehmeria nivea) bast fibres and pineapple (Ananas
comosus) leaf fibres.
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Cloning and expression of glycoside hydrolase family 30 xylobiohydrolase,
AcGH30A from Acetivibrio clariflavus ATCC 19732

2.1 Introduction

Xylan is an essential polysaccharide component of hemicellulose, primarily
located in the cell walls of plants, where it contributes significantly to structural
integrity and supports plant growth (Rennie & Scheller, 2014; Gigli-Bisceglia et al.,
2020). Xylan is widely distributed among various plant species, forming a substantial
part of the biomass in both dicots and monocots. Xylan content varies from 10% to 35%
in hardwoods and from 10% to 15% in softwoods (Faik, 2010; Pena et al., 2016).
Interestingly, xylan is also found in certain algae, where it can substitute for cellulose
in the cell wall matrix (Hsieh & Harris, 2019). Xylan is characterised by a backbone of
B-1,4-linked xylose residues and can include a variety of substituents, such as acetyl,
feruloyl and glucuronic acid groups, as discussed in Chapter 1, which add to its
structural complexity and functional diversity (Bajpai, 2014; Curry et al., 2023). The

structural variations of xylan not only strengthen its role in plant defence against
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herbivores and pathogens, but also modulate its interactions with cellulose, influencing
the overall recalcitrance of plant materials to enzymatic degradation. This complexity
requires a diverse set of enzymes for its degradation, especially within microbial
systems. Essential enzymes involved in xylan degradation include endo-1,4-B-
xylanase, which hydrolyses to give short chain xylooligosaccharides, B-xylosidase,
hydrolyses these xylo-oligomers into xylose monomer and various other debranching
enzymes, such as a-L-arabinofuranosidase and a-glucuronidase remove its side chains
(Juturu & Wu, 2012). Another enzyme called xylobiohydrolase also acts on the xylans
and substituted xylans and specifically produce xylobiose by its exolytic mode of action
(Ref.). The synergistic action of all these enzymes is vital for the complete hydrolysis
of xylans into fermentable sugars, which is essential for both natural ecosystems and
industrial applications, including biofuel production and the paper industry (El Enshasy
et al., 2016). These enzymes are produced by a diverse array of organisms, including
bacteria, fungi, yeast and even some marine algae, with microbial sources being
particularly significant for industrial applications due to their efficiency and
adaptability (Topakas et al., n.d.). The biochemical properties of xylanases, such as
molecular weight, optimal pH and temperature, widely vary and depend on the type of
microorganism and its habitat (El Enshasy et al., 2016). The ability of xylanases to
facilitate the breakdown of lignocellulosic biomass is crucial not only for industrial
applications but also for ecological processes, as they contribute to the recycling of
organic matter in natural ecosystems (Abdulhadi et al., 2023). Moreover, advancements
in biotechnology, including recombinant DNA technology, are enhancing the
production and efficiency of these enzymes, allowing for tailored applications that meet

specific industrial needs. Understanding the properties and ecological roles of xylanases
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and xylobiohydrolases is essential for harnessing their potential in various
biotechnological fields.

These enzymes have been harnessed for a wide range of applications, such as
enhancing the quality of bread (Guo et al., 2018), clarifying must and juices (Juturu &
Wu, 2012), degumming bast fibres (Wang et al., 2019), pre-bleaching kraft pulps (Kaur
et al., 2016; Kumar et al., 2016), and treating hemicellulosic waste (El Enshasy et al.,
2016; Jamaldheen et al., 2019). The versatility of xylanolytic enzymes makes them
valuable tools for improving processes and products in different industries. They are
also extensively used for the production of ethanol, furfural and xylitol (Dodd & Cann,
2009; Garg, 2016). Proper utilisation of pentose sugars present in hemicellulose is an
essential step in the cost reduction of bioethanol production processes (Garg, 2016).

In the present study, the sequence data of gene encoding a glycoside hydrolase
family 30, AcGH30A from Acetivibrio clariflavus with GenBank accession No.
AEV68404.1 was retrieved from the NCBI (http://www.ncbi.nlm.nih) database. The
conserved domains present in the gene were found by using the NCBI conserved
domain database (CDD) (http://www.ncbi.nlm.nih.gov/cdd/). The signal peptide
sequence contained by the gene was determined by the SignalP 5.0 server
(https://services.healthtech.dtu.dk/services/SignalP-5.0/).

The full-length gene (GenBank accession AEV68404.1) encoding the enzyme,
AcGH30A is a 534 amino acid protein whose molecular framework revealed the
presence of a signal peptide of 28 amino acids (1-28 aa) at the N-terminal followed by
a GH30 family catalytic module of 433 amino acid residues (29-461 aa) and a dockerin
type I of 68 amino acids (466-534 aa) at the C-terminus, connected by a linker sequence

of 5 amino acids (432-465 aa) to a GH30 catalytic domain (Fig. 2.1). The presence of
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a dockerin I indicates the potential participation of AcGH30A in cellulosome assembly

and protein-protein interactions.

Signal Peptide

1128 466

129 461 534

Fig. 2.1 Molecular organisation of the AcGH30A. The amino acid sequence of
AcGH30A consists of 3 major domain sequences: (i) Signal peptide (1-28)
at the N-terminal, (ii) GH30 catalytic module (29-461) and (iii) Dockerin 1
at the C-terminal (466-534).
In the present study, the gene encoding full-length AcGH30A, which consists

of catalytic and dockerin type I domains, was cloned and expressed in E. coli bacterial

cells for purification and further biochemical, functional and structural characterisation.

TH-3737_196106031



Chapter 2 49

2.2 Materials and Methods

2.2.1 Bacterial strains, vectors and chemicals

The genomic DNA of Acetivibrio clariflavus was procured from the collection
of microorganisms and cell culture, DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen), Germany. Escherichia coli strains DH5a and
BL21 (DE3) were used for cloning and recombinant enzyme expression, respectively.
Reagents including dNTPs, MgClz, RNase solution (20 mg-mL™), glacial acetic acid
(99.9% purity), Trizma base, ethidium bromide, nuclease-free water (pH 8.0), and
polyacrylamide gel electrophoresis components, along with the GenElute Miniprep
Plasmid Isolation Kit and Gel-Extraction Kit, were sourced from Sigma-Aldrich, India.
DNA was electrophoresed on agarose gels prepared using Agarose, with low EEO
purchased from Sigma-Aldrich, India. The DNA ladder was purchased from New
England Biolabs (NEB), USA. The PCR-amplified products were cloned and expressed
using the pET28a(+) expression vector. pET28a(+) plasmid, E. coli. DH5a and BL21
(DE3) cells were acquired from Novagen (Madison, WI). SDS-PAGE was performed
using a Mini-PROTEAN Tetra Cell system from Bio-Rad Laboratories, USA. The
protein marker was procured from HiMedia Laboratories Private Limited, India.

2.2.2 Microorganisms

The E. coli DH5a and E. coli BL-21 (DE3) cells utilised in this study were
procured from Novagen, Germany.

2.2.3 PCR amplification of genes encoding AcGH30A

The amplification of gene (GenBank accession AEV68404.1) encoding
AcGH30A, spanning a length of 1518 base pairs, was performed via polymerase chain

reaction (PCR) using Taqg DNA polymerase and specific oligonucleotide primers. The
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genomic DNA of Acetivibrio clariflavus was used as the template for the amplification.
For directional cloning, Nhel/Xhol restriction sites were utilised to incorporate the PCR
product into the expression vector pET28a(+). The oligonucleotide primers utilised in
this process were:

Forward primer 5-GGTGGTGCTAGCGCATCAACTGTTACCGTTGATTGGGAC-3'
Reverse primer 5'-ACCACCCTCGAGTTATTGTTCTACCGGGAATTTTTGAATC-3'

The total volume of the PCR mix containing the template, polymerase enzyme,
primers, dNTPs and buffer was 60 uL (Table 2.2.1). After the initial denaturation of the
template DNA at 95°C for 5 min, the PCR was conducted for 30 cycles under the
parameters mentioned in Table 2.2.2, using the PCR system, Bio-Rad T100, USA. The
PCR products were analysed by 0.8% (w/v) agarose gel electrophoresis to check their
size and purity.

Table 2.2.1 PCR mixture for amplification of AcGH30A from Acetivibro clariflavus.

PCR components Volume (ul) Final concentration
10x reaction buffer 6.0 Ix

100 mM dNTP mix 0.2 0.33 mM

Forward primer (15 pM) 1.5 0.37 uM

Reverse primer (15 uM) 1.5 0.37 uM

Sigma water, pH 8.0 49.8 --

Genomic DNA (20.0 pg.mL™) 0.5 10.0 ng

Taq DNA polymerase (1 U.ul™) 0.5 0.008 U

Total 60.0 =

Table 2.2.2 PCR conditions for AcGH30A

Cycle step Temperature Time Cycle
Initial denaturation 95°C 5 min 1
Denaturation 95°C 30 sec
Annealing 50-70°C 45 sec 30
Extension 72°C 90 Sec
Final Extension 72°C 10 min 1
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2.2.4 Agarose gel electrophoresis of PCR amplified products

The PCR-amplified products were electrophoresed on a 0.8% (w/v) agarose
gel prepared with 1x TAE buffer. In accordance with Sambrook and Russell (2001), a
TAE buffer stock solution was formulated with component concentrations at 10x (400
mM Tris-acetate, 10 mM EDTA, pH 8.0). The agarose gel was prepared for 0.8%
(w/v) and 1% (w/v) concentration by mixing 400 mg and 500 mg agarose powder in
50 mL of 1x TAE buffer, respectively. The mixtures were heated in a microwave to
obtain a transparent solution. The agarose solution was cooled to 50°C, then mixed
with 5.0 uL. of ethidium bromide (5.0 mg-mL™"). The solution was poured into the
casting apparatus, and combs were inserted to form wells. After allowing the gel to
solidify for 30 min, 1x TAE (Tris-acetate-EDTA) buffer was used as the
electrophoresis buffer (Sambrook & Russell, 2001). The DNA sample was combined
with DNA loading dye in a 4:1 ratio, and electrophoresis was carried out at 60 V until
the dye had migrated over 70% of the gel length. DNA bands were visualized under
UV light using a gel documentation system (BioRad XR).
2.2.4.1 DNA loading buffer

The DNA or sample loading buffer was prepared by mixing the components
mentioned below in Table 2.2.3. A stock solution (5x) of DNA loading buffer was
formulated. Prior to loading, 4 volumes of DNA were mixed with 1 volume of the
stock solution to obtain 1x. The pH of the DNA loading dye was adjusted to 8.0.

Table 2.2.3 Composition of 5Xx DNA loading buffer.

Components Final concentration (5x)
Tris-HCI (pH 8.0) 50 mM
Glycerol 25% (w/v)

EDTA 5.0 mM
Bromophenol blue 0.2% (w/v)
Xylene cyanol 0.2% (w/v)
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2.2.5 Extraction of DNA from agarose gel

The DNA or other plasmids, amplified through PCR, were extracted and

purified from agarose gel utilising a kit (Sigma GenElute), following the

manufacturer's protocol outlined in Section 2.2.5.1. The resultant DNA was eluted

using 30 uL of elution buffer provided with the kit (Sigma-Aldrich, USA).

2.2.5.1 Protocol for extraction of DNA from agarose gel

1.

A sterile 1.5 mL microcentrifuge tube was weighed and the result was
recorded.

The PCR-amplified DNA or plasmid was carefully excised from the agarose
gel using a sterile scalpel and transferred into a pre-weighed microcentrifuge
tube. After re-recording the weight of the tube, the weight of the excised gel
was determined by subtracting the initial weight of the tube.

Subsequently, 3 volumes of Gel Solubilisation Solution were added for every
1 volume of gel (approximately 100 mg ~ 100 uL).

The microcentrifuge tube containing the excised gel was incubated at 50°C for
10 min or until complete dissolution of the gel slice occurred.

To this solution, an equivalent, 1 volume of isopropanol was introduced.

The GenElute binding column G was inserted within a 2 mL collection tube
supplied with the kit. 500 pL of column preparation solution was dispensed
over the column membrane and centrifuged at 16,000g for 1 min. The flow-
through was discarded.

The PCR-amplified DNA or plasmid solution (~700 pL) was introduced to
DNA binding columns, followed by centrifugation at 16,000g for 1 minute at
room temperature, with the subsequent removal of the flow-through. In
instances where the volume exceeded 700 pL, the remaining solution was
centrifuged and the flow-through was discarded as before.

Each DNA-bound spin column was added with 700 pL of Wash Solution,
followed by centrifugation at 16,000g for 1 minute at room temperature, with
subsequent removal of the flow-through. An additional spin of 1 minute at
16,000g was performed to ensure complete elimination of residual ethanol.

The column containing the bound DNA was transferred to a fresh, sterile 1.5
mL microcentrifuge tube. To the centre of the column, 30 uL. of DNase-free
water (Sigma-Aldrich, USA) or elution buffer (10 mM Tris-Cl, pH 8.5) was
added. The column was incubated at room temperature for 2 min, followed by
centrifugation at 16,000g for 1 min. For optimal DNA recovery, the elution
solution was preheated to 65°C before introducing to the membrane,
improving DNA recovery by 2 to 3-fold.

TH-3737_196106031



Chapter 2 53

10. The DNA or plasmid amplified through PCR was eluted from the GenElute
spin columns and collected in a sterile 1.5 mL microcentrifuge tube, and stored
at -20°C for future use.

2.2.6 Preparation of Luria-Bertani medium

The Luria-Bertani (LB) medium for cultivating E. coli cells containing
recombinant plasmids was prepared by dissolving the specified ingredients (Table
2.2.4) in 800 mL of deionised water. The pH of the medium was adjusted to 7.2, and
the final volume was made up to 1 litre. An aliquot of 100 mL of this LB medium was
dispensed into a 250 mL conical flask and sterilized by autoclaving at 121°C and 15
psi for 20 min. The filter-sterilised antibiotic (Kanamycin; 50 pg.mL!) was mixed
with the autoclaved and cooled LB medium before inoculation.

Table 2.2.4 Composition of Luria-Bertani medium (Sambrook ef al., 1989)

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

2.2.7 Preparation of SOC medium

The SOC (super optimal medium with catabolic repression) was prepared by
using the ingredients mentioned in Table 2.2.5 (Sambrook ef al., 1989). It is a modified
SOB (super optimal broth) with the addition of glucose (Hanahan, 1983).
Bactotryptone, yeast extract powder and NaCl were autoclaved. The stock solutions
IM each of KCI, MgClz, MgSO4 and glucose were filter-sterilised, and the required
quantities were added to the above solution in the laminar hood to make the SOC

medium.
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Table 2.2.5 Composition of SOC medium.

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

KCl 2.5 mM
MgCl» 10 mM
MgSOg4 10 mM
Glucose 20 mM

2.2.8 Preparation of Luria-Bertani (LB)-Agar medium

The LB-Agar medium was prepared by dissolving 2% (w/v) Agar Agar type 1
in the LB-broth medium, as described in Section 2.2.6. The solution was autoclaved
at 121°C at 15 psi for 20 min for sterilisation. The medium was cooled to
approximately 50 °C, and filter-sterilised kanamycin (50 pug.mL™") was aseptically
added under a laminar airflow hood. The LB-Agar medium was poured over the sterile
petri plates and left to solidify for 15-20 min. The petri plates were stored in an
inverted position at 4°C to prevent contamination.

2.2.9 Preparation of E. coli DHSa competent cells calcium chloride method
Day 1
1. 50 pL glycerol stock of E. coli DH5a cells was inoculated into 5.0 mL LB

medium (Sambrook et al., 1989) in a test tube and grown overnight at 37°C and
180 rpm.

2. A solution of 0.1 M CaCl, was filter-sterilised by passing it through a 0.22 um
filter in a laminar airflow environment and afterwards stored in the refrigerator.

Day 2

3. 1.0 mL from the day 1 culture was introduced into a 100 mL LB medium placed
in a 250 mL conical flask. The mixture was then incubated at 37°C with 180 rpm
until the optical density of the cells reached a range of 0.4-0.6 at 550 nm.

4. Microcentrifuge tubes, 50 mL centrifuge tubes with round bottoms and micro
tips, were autoclaved, cooled on ice and kept inside a laminar airflow hood.

5. 40 mL culture was transferred to round bottom centrifuge tubes in a sterile
environment.

6. The tubes were centrifuged at 4°C with at 4000xg for 10 min. This step was
repeated until the entire 100 mL culture volume had been processed.
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7. The cell pellet was re-suspended in 3-4 mL sterile, ice-chilled 0.1 M CaCl,
solution, and the final volume was adjusted to 20 mL. The cell suspension was
incubated on ice for 10 min, followed by centrifugation at 4000g and 4°C for 10
min.

8. The supernatant was carefully decanted, and the pellet was re-suspended in 3.0
mL of sterile, ice-cold 0.1 M CaCl: solution.

9. An aliquot of 200 pL of competent cells was transferred into sterile 1.5 mL
microcentrifuge tubes containing 10% (v/v) glycerol to achieve the final
concentration, and the tubes were stored at —80°C for subsequent use.

2.2.10 Cloning of gene encoding AcGH30A into pET28a(+) vector
2.2.10.1 The restriction map of the pET-28a(+) expression vector

The expression vector, pET-28a(+) is designed for the expression of
recombinant proteins in Escherichia coli. It features a robust T7 promoter system that
allows for high levels of protein expression driven by the T7 RNA polymerase. The
T7 promoter system was initially developed by Studier and colleagues (Studier and
Moffatt, 1986; Studier et al., 1990). The expression of genes introduced into pET
plasmids is governed by the T7 bacteriophage promoter, transcribed by the host cell's
T7 RNA polymerase. In the uninduced state, the cloned genes within pET vectors
remain transcriptionally inactive. The proteins encoded by these cloned genes possess
a His6-Tag, facilitating single-step purification through affinity chromatography. The
pET-28a(+) vector enables the integration of an expressed protein with an N-terminal
His6-Tag/thrombin/T7-Tag, along with the option of including a C-terminal His6-Tag

sequence (refer to Fig. 2.2). The figure displays the locations of the sequence encoding

the His-Tag, T7 promoter, T7 terminator, kanamycin resistance and f1 origin.
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Fig. 2.2 Restriction map of the pET-28a(+) expression vector showing multiple
cloning sites and restriction enzyme sites.

2.2.10.2 Restriction digestion of PCR amplified gene encoding AcGH30A and
PET-28a(+) plasmid DNA

The pET-28a(+) vector was digested using Nhel-Xhol restriction enzymes
(refer to Table 2.2.6). PCR-amplified genes encoding AcGH30A were also subjected
to Nhel-Xhol digestion, preparing them for subsequent ligation with the restriction-
digested pET-28a(+) vector (see Table 2.2.7). These digestion reactions were

incubated in a water bath at 37°C for 90 min. Following digestion, the Nhel-Xhol-
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digested pET vector and PCR-amplified gene were purified from the agarose gel using
the method outlined in Section 2.2.5.1.

Table 2.2.6 Restriction enzyme digestion of pET-28a (+) plasmid DNA.

Reaction components Volume (nL)
10x buffer 3.0
Nuclease free water 4.5
Bovine serum albumin (10 mg.mL™") 0.5
Plasmid DNA (approx. 13 ng.ul™) 20.0
Nhel (10 U.ul™) 1.0
Xhol (10 U.ul™h 1.0
Total 30.0
Table 2.2.7 Restriction enzyme digestion of PCR amplified gene encoding
AcGH30A.
. Gene encoding AcGH30A
Reaction component
(nL)
10x buffer 3.0
Nuclease-free water 4.5
Bovine serum albumin (10 mg.mL™") 0.5
PCR amplified product 20 (~125 ng)
Nhel (10 U.ul) 1
Xhol (10 U.ul™h 1
Total 30

2.2.10.3 Ligation of gene encoding AcGH30A into pET-28a(+) vector

The gene encoding AcGH30A, which has been digested with Nhel-Xhol, was
ligated into the pET-28a(+) vector. The vector itself was also subjected to digestion
using the same Nhel-Xhol restriction enzymes, as detailed in Section 2.2.10.2. Ligation
reaction was established utilising the components specified in Table 2.2.8. This
reaction was then incubated at 16°C overnight to maximise the number of
transformants. The insert:vector molar ratio for the setup was 3:1, with the amount of
the insert calculated according to the method outlined below:

amount of vector (ng) X size of insert (kb) X insert vector molar ratio = amount of insert (ng)
Size of vector (kb)
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72 (ng) x 1.5 (kb) " 3

5.369 (kb) | = 60 ng (4cGH30A)

Table 2.2.8 Components of reaction for ligating gene encoding AcGH30A into pET-
28a (+) expression vector

Reaction component Gene encoding AcGH30A (nL)
10x Rapid Ligation Buffer 1.5

pET-28a(+) Vector 4 (100 ng)

Restriction digested product 6 (60 ng)

T4 DNA Ligase (3 Units/pl) 1

Nuclease-free water 2

Total 15

2.2.11 Screening of recombinant plasmid DNA for positive clones
2.2.11.1 Transformation of ligated recombinant DNA into E. coli DH5a cells

The competent cells, E. coli DH5a were transformed with ligation reactions
following the overnight ligation. The method of preparation of E. coli competent cells
has been described in Section 2.2.9.

The step-wise transformation protocol is described below:

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

2. 10 pL of ligation mixture was added to cells, and the tube was gently tapped
4-5 times and kept on ice for 30 min. The cells were occasionally tapped gently
during 30 min incubation.

3. The cells were given a heat shock at 42°C for 40s.
4. The cells were immediately transferred back to the ice and kept for 5 min.

5. 800 pL of super optimal medium with catabolite repression (SOC) (Hanahan,
1983; Sambrook et al., 1989; given in Section 2.2.7) (previously incubated at
37°C) was added to the transformed cells.

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

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

8. 800 puL supernatant was discarded, and the cell pellet was re-suspended in the
remaining 200 uL supernatant.
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9. The 200 pL cells were spread-plated on LB agar plates as described in Section
2.2.8, supplemented with antibiotics. The LB agar plates were incubated
overnight at 37°C.

10. The transformation efficiency was calculated using the following formula,

Transformation ~ _ No. of colonies on LB plate —  ofu
efficiency Amount of insert (ug) HE

The 15-20 pL of ligation mixture was added to 200 pL E. coli DHS5a competent
cells, following the above transformation protocol. The transformed DH5a cells were
plated on LB plates supplemented with kanamycin (50 pg.mL™') and grown overnight
at 37°C, 180 rpm.
2.2.11.2 Isolation of plasmid DNA from transformed colonies by miniprep kit

Plates incubated overnight were examined for the presence of colonies.
Colonies, preferably selected from the central region of the plate, were randomly
chosen in a laminar airflow hood and cultured overnight in 10 mL LB medium
supplemented with kanamycin (50 pg.mL™"). The plasmid DNA from this 5 mL culture
was isolated using a miniprep kit from Sigma-Aldrich (USA), following the protocol

mentioned below in Section 2.2.11.2.1

2.2.11.2.1 Plasmid isolation protocol by miniprep Kit

I. 9 mL from each of the grown cultures containing recombinant plasmid were
pelleted in a 1.5 mL microcentrifuge tube aseptically.

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

3. The resulting cell pellet of each recombinant derivative was re-suspended in 200
uL resuspension solution and vortexed. RNAse at a final concentration of 0.3
mg.mL! was added to the resuspension solution prior to use.

4. 200 pL of lysis solution was added to each tube, and the tubes were inverted
gently 5-6 times to ensure mixing and allowed to stand for 2-5 min.

5. 350 pL of neutralisation solution was added to the mixture, and the tubes were
inverted again for 4—6 times to mix properly.
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6. The mixture was centrifuged at 16,000g for 10 min.

7. The DNA binding columns were equilibrated by applying 500 puL of column
preparation solution, followed by centrifugation at 14,000g for 1 min. The
resulting flow-through in the collection tube was discarded.

8. The clear lysate was then transferred to the activated DNA binding column,
centrifuged at 14,000g for 1 min and the flow through in the collection tube was
discarded again.

9. The plasmid DNA bound to the column was washed with wash solution and spun
at 14,000g for 1 min. The flow-through was discarded and the column was given
another 1 min spin at 14,000g for removing the wash solution completely.

10. The DNA binding column was transferred to a fresh sterile microcentrifuge tube
and 30 uL of TE buffer solution or DNAse free water was added at the centre of
the binding column. The microcentrifuge tube was allowed to stand for 10 min
at room temperature and then plasmid DNA was eluted by centrifugation at
14,000g for 1 min.

11. The eluted plasmid DNA in a sterile microcentrifuge tube was stored at -20°C.

2.2.11.3 Confirmation of positive clones by restriction digestion of plasmid DNA

15 pL of recombinant plasmids from pET-28a(+) clones of AcGH30A that
were isolated in the last step were taken in separate fresh sterile micro-centrifuge tubes
for restriction enzyme digestion analysis. The recombinant plasmid DNA of each of
the above-mentioned derivatives was digested with restriction enzymes, Nhel and
Xhol, to verify the presence of positive clones, using a 30 pL reaction mixture as
outlined in Table 2.2.6.
2.2.12 Hyper-expression of recombinant plasmid with gene encoding AcGH30A
2.2.12.1 Preparation of competent E. coli BL-21 cells

The competent E. coli BL-21 (DE3) cells were prepared using the calcium
chloride method following the protocol discussed in Section 2.2.9. Finally, 10% (v/v)
glycerol (final concentration) was added to competent cells and 200 pL aliquots were

made in sterile microcentrifuge tubes and stored at -80°C for further use.
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2.2.12.2 Transformation of recombinant plasmid containing genes encoding
AcGH30A into E. coli BL-21 cells

Two microliters of the recombinant plasmid of positive pET-28a(+) clone
isolated in Section 2.2.11.2, were used to transform 200 uL of £. coli BL21(DE3) cells
for protein expression, following the transformation protocol described in Section
2.2.11.1. The recombinant plasmid, encoding the AcGH30A gene, was introduced into
E. coli BL21(DE3) cells, which were then plated on LB agar containing kanamycin
(50 pg-mL™) and incubated overnight at 37°C.
2.2.12.3 Expression of recombinant AcGH30A

E. coli BL21(DE3) cells used as a host for expression of 4cGH30A were

cultured in 100 mL of LB medium supplemented with kanamycin (50 pg.mL™') at
37°C, 180 rpm. After the cell growth reached mid-exponential phase (Agoo = 0.6), the

cells expressing 4cGH30A were cooled and Isopropyl-p-D-thiogalactopyranoside
(IPTG) induction was carried out at 24°C. IPTG was added at a final concentration of

1 mM and the culture was further incubated at 180 rpm for 20 h.

2.2.12.3.1 Determination of the optimum IPTG concentration required for hyper-
expression of AcGH30A

E. coli BL21(DE3) cells containing the recombinant plasmid with the
AcGH30A gene were cultured in 5 mL of LB medium supplemented with kanamycin
(50 pg'mL™) at 37°C and 180 rpm. Once the culture reached mid-exponential phase
(Aso0 = 0.6), the temperature was lowered to 24°C, and protein expression was induced
by adding IPTG to a final concentration between 0.25 and 1.0 mM. Following IPTG
induction, cells were incubated at 24°C for 20 h at 180 rpm. From each culture, 200
uL broth was collected, centrifuged at 13,000xg for 5 min and the supernatant was

removed. The cell pellet was resuspended in 200 pL of distilled water, centrifuged
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again at 13,000xg for 5 min and then resuspended in 40 pL of distilled water and to
this 10 pul. of 5X SDS-PAGE sample loading buffer was added. Recombinant
AcGH30A expression was confirmed by loading equal volumes (10 pl.) of uninduced
and all IPTG induced cell samples onto an SDS-PAGE gel and analyzing by
comparison.

2.2.13 Analysis of recombinant AcGH30A expression by SDS-PAGE

The recombinant protein, 4cGH30A expression was analysed by Sodium
dodecyl sulphate-Polyacrylamide gel electrophoresis (SDS-PAGE) using a 12% (w/v)
gel.
2.2.13.1 Preparation of SDS-PAGE gel

The constituents of SDS-PAGE gel include 30% (w/v) acrylamide, a resolving
gel (Tris-HCI, pH 8.8), a stacking gel (Tris-HCI, pH 6.8), 10% (w/v) Sodium Dodecyl
Sulfate (SDS), 10% (w/v) Ammonium persulfate (APS), N.NN.N' -
Tetramethylethylenediamine (TEMED), a sample loading buffer (pH 6.8), and an
electrophoretic running or tank buffer (pH 8.3-8.5). The detailed description of SDS-
PAGE gel and buffer components are given in the Sections 2.2.13.2 to 2.2.13.5.
2.2.13.2 Preparation of acrylamide solution

The acrylamide solution (30% w/v) was prepared by first dissolving 0.8 g of
bis-acrylamide in 50 mL of ultra-pure deionised water (MilliQ) in an amber-color bottle
on a magnetic stirrer (IKA, C-MAG HS7, Germany). After its dissolution, 29.2 g of
acrylamide was added and the solution was stirred with a magnetic stirrer until it
became a clear solution. The volume was adjusted to 100 mL with deionized water. The
acrylamide solution was subsequently filtered through Whatman No. 1 filter paper and

stored in an amber-colored bottle at 4°C.
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2.2.13.3 Polymerisation of SDS-PAGE gel

The resolving gel and stacking gels were prepared according to the protocols
outlined by Sambrook et al. (1989), using the composition of reagents specified in
Tables 2.2.9 and 2.2.9. The resolving gel was prepared by sequentially adding all
components, as listed in Table 2.2.9, into a 50 mL conical flask, maintaining the final
acrylamide concentration at 12.0% (w/v). The stacking gel (4%, w/v) was prepared by

dissolving the specified components, as outlined in Table 2.2.10.

Table 2.2.9 Composition of SDS-PAGE components for preparation of resolving gel.

Gel (12%, w/v)
Component Volume (mL)
Acrylamide solution (30%,w/v) 4.0
Deionised water 0.7
SDS (10%,w/v) 1.0
Glycerol (50%,v/v) 1.0
1.5 M Tris-HCI (pH 8.8) %
TEMED 0.01
APS (10%,w/v) 0.1
Total 10 mL

Table 2.2.10 Composition of SDS-PAGE components for preparation of stacking gel.

Gel (4%, w/v)
Components volume (mL)
Acrylamide solution (30%, w/v) 0.7
Deionised water 2.8
SDS (10%, w/v) 0.5
0.5 M Tris-HCI (pH 6.8) 1.0
TEMED 0.005
APS (10%, w/v) 0.05
Total 5.055

2.2.13.4 Preparation of SDS-PAGE running buffer

SDS-PAGE was performed using 1x Tris-Glycine running buffer (pH 8.3) at a
constant current of 2 mA per lane. The running buffer, 1X Tris-Glycine was prepared
from the 5x stock solution, as described in Table 2.2.11. One litre of 5x Tris-Glycine

buffer was prepared by dissolving 15.14 g of Tris-HCI and 94 g of glycine in 800 mL
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of deionized water in a 1 L beaker. Then, 50 mL of 10% (w/v) SDS was added, and the
pH was adjusted to 8.3. The final volume was adjusted to 1 L. The buffer was then
filtered through Whatman No. 1 filter paper and stored at 4°C.

Table 2.2.11 Composition of 5X Tris-Glycine, running buffer.

Components Final concentration Final concentration
(5x buffer) (1x buffer)

Tris-HCI 0.125M 0.025 M

Glycine 1.25M 0.25M

SDS 0.5 % (w/v) 0.125% (w/v)

2.2.13.5 Preparation of sample loading buffer

The sample loading buffer (5x) was prepared by dissolving the components in
sequence at the concentrations specified in Table 2.2.12 and the pH of the buffer was
adjusted to 6.8. The final concentration of the sample buffer when loading onto an SDS-
PAGE gel was always maintained at 1x.

Table 2.2.12 Composition of 5x sample loading buffer (Laemmli, 1970).

Components Final concentration (5x buffer)
Tris-HCI (pH 6.8) 62.5 mM

Glycerol 20.0 (%, v/v)

SDS 2.0 (%, w/v)
Bromophenol Blue 0.025 (%, w/v)
-Mercaptoethanol 5.0 (%, w/v)

2.2.13.6 Preparation of staining and destaining solutions

The staining solution (100 mL) for SDS-PAGE gel was prepared by dissolving
250 mg (0.25% w/v) of Coomassie Brilliant Blue (CBB R-250) dye in 50 mL of
deionised water. The solution was mixed overnight in an amber-color bottle using a
magnetic stirrer. Then, 40 mL of methanol and 10 mL of glacial acetic acid were added,
resulting in a final ratio of 5:4:1 (deionised water:methanol:acetic acid). The solution
was stirred overnight, filtered, and stored at 4°C. The destaining solution (100 mL) was

prepared by mixing deionised water, methanol, and glacial acetic acid in the 5:4:1 ratio.
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The gels were destained by immersing them in the destaining solution with gentle
shaking, and the solution was replaced every 30 min until the protein bands became

visible.
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2.3 Results and Discussion
2.3.1 PCR amplification of genes encoding AcGH30A

The gene encoding AcGH30A was amplified from genomic DNA of
Acetivibrio clariflavus ATCC 19732 using the conditions outlined in Section 2.2.3 and
detected on 0.8% (w/v) agarose gel and are displayed in Fig. 2.3 below. The PCR
products were purified from gel using gel extraction kit described in Section 2.2.5 and

stored at -20°C.

—— Gene encoding AcGH30A

~15—»

-1.2

~-1.0

Fig. 2.3 Agarose gel (0.8%, w/v) analysis of amplified AcGH30A. Lane 1- DNA
Ladder (NEB, USA), Lane 2- 50 °C, Lane 3- 54°C, Lane 4- 58°C, Lane
5- 62°C, Lane 6- 66°C, Lane 7- 70°C.
2.3.2 Digestion of PCR insert DNA and vector DNA by restriction enzymes
The PCR insert DNA and vector DNA were enzymatically digested following
the procedure outlined in Section 2.2.10.2. The double-digested insert DNA and vector

DNA were analysed on a 0.8% (w/v) agarose gel, followed by purification using the

gel extraction kit, as described in Section 2.2.5.1. Agarose gels illustrating the digested

TH-3737_196106031



Chapter 2 67

pET-28a(+) vector (~5.3 kb) and the gene encoding AcGH30A (~1.5 kb) are presented

in Fig. 2.4.
A Kb B Kb

~10 — -
- — -8
-~ — [ —
~f —— — pET-28a(+) SEo
— (digested) i
~3 —— —
D — o

~1.5 — -15 "

= — Gene encoding AcGH30A
~1.2 (digested)

12—

- =

Fig. 2.4 Agarose gels (0.8%, w/v) showing (A) Lane 1- DNA ladder (1 kb DNA
ladder, NEB, USA) and Lane 2- pET-28a(+) vector digestion by Nhel
and Xhol enzymes (B) Lane 1- DNA Ladder (1 kb DNA ladder, NEB,
USA) and Lane 2- PCR-DNA insert digested by Nhel and Xhol enzymes.

2.3.3 Cloning of genes encoding AcGH30A into pET-28a (+) vector

The restriction enzyme-digested gene encoding 4cGH30A was ligated with
the linearized fragments of the pET-28a(+) vector, following the protocol outlined in
Section 2.2.10.3. The ligation product was then transformed into E. coli DH5a
competent cells, which were grown overnight on LB agar plates at 37°C under
stationary conditions. The transformation efficiency of E. col/i DH5a competent cells
was 1.5 x108.
2.3.3.1 Isolation of recombinant plasmid DNA

Plasmid DNA from the colonies resulting from cloning into pET-28a(+) was
isolated using a plasmid miniprep kit, following the protocol outlined in Section

2.2.11.2. The isolated plasmids were visualised after electrophoresis on 0.8% (w/v)
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agarose gel. Positive clones were confirmed by restriction digestion of the isolated
plasmid DNA.

2.3.3.2 Restriction digestion of isolated plasmid DNA for confirmation of positive
clones

The isolated plasmid was digested with Nhel and X#ol restriction enzymes to
confirm the positive clones. The plasmid after restriction digestion was
electrophoresed on 0.8% (w/v) agarose gels alongside the undigested recombinant
plasmid (Fig. 2.5). Nhel and Xhol digested fragments of gene encoding AcGH30A
(Fig. 2.5; Lane 2), were visualised on agarose gels around ~1.5 kb. After restriction

digestion, the linearised pET-28a(+) vector was observed at around ~5.3 kb.

kbp

10 kb ——
3 kb——

, —_
S0 Gene encoding AcGH30A

0.5 kb ——

Fig. 2.5 Agarose gel (0.8%, w/v) showing, Lanes 1: DNA Ladder, 2: Nhel-Xhol
digested recombinant plasmid containing gene encoding AcGH30A and
3: Undigested plasmid.
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2.3.4 Expression of recombinant protein, AcGH30A

The cloned and expressed AcGH30A protein comprised 514 amino acids,
including an N-terminal Hiss-tag preceded by 2 amino acids derived from the vector
sequence. The GH30 catalytic module spans residues 9 to 441, while the C-terminal
Dockerin 1 domain extends from residues 446 to 504 (Fig. 2.6). The 1518 bp DNA
sequence corresponds to 506 amino acids of the native AcGH30A, excluding the 8
additional N-terminal residues introduced from the expression vector.

9 441 514

GH30 Catalytic domain Doc 1 1

446 504

Fig. 2.6 Molecular architecture of cloned AcGH30A showing amino acid
sequence of catalytic module (purple), flanked by vector sequence (cyan)
at the N-terminal and Dockerin 1 (green) at C-terminal.

2.3.4.1 Protein expression analysis

The protein AcGH30A by the transformed E. coli BL-21 (DE3) cells was
expressed after induction with 1 mM IPTG at the mid-exponential stage, as described
in Section 2.2.12.3. The protein AcGH30A expression was analysed by SDS-PAGE
using a 12% (w/v) gel with uninduced and induced cells loaded into adjacent wells, as
illustrated in Fig. 2.7. Overexpression of the AcGH30A gene yielded a protein with a

molecular mass of approximately, 58 kDa.
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—— ~58 kDa
(AcGH30A)

~25

~20

~-17

Fig. 2.7 SDS-PAGE (12%, w/v gel) showing expression of AcGH30A. Lanes 1:
Protein molecular-mass marker, 2: Un-induced E. coli BL-21 DE3 cells
pellet, 3: Induced E. coli BL-21 DE3 cell pellet.

The minimum concentration of IPTG required for adequate expression of the
recombinant enzyme, AcGH30A was determined by inducing the E. coli BL-21 (DE3)
cells with different concentrations from 0.25 to 1.0 mM IPTG. The optimum

concentration of IPTG for AcGH30A protein expression was 1.0 mM (Fig. 2.8).

kDa 1 2 3 4 5 6

~245 —
~180 ——
~135 —

~100 ——
=75 —— N
~63 —— ——

— - -
—— ~58 kDa
(AcGH30A)
T pe——

Fig. 2.8 SDS-PAGE (12%, w/v gel) analysis showing hyper-expression of
AcGH30A by E. coli BL-21 cells at different IPTG concentrations. Lanes
1: Protein molecular-mass marker (HiMedia Labs Pvt. Ltd., India), 2
Un-induced cells pellet, 3: Induced cells pellet (0.25 mM), 4: Induced cells

pellet (0.5 mM), 5: Induced cells pellet (0.75S mM) and 6: Induced cells
pellet (1.0 mM IPTG).

R
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2.4 Conclusion

The gene encoding AcGH30A (AEV68404.1) of glycoside hydrolase family 30
(GH30) from Acetivibrio clariflavus DSM 17932 was cloned and expressed. The
molecular architecture of AcGH30A revealed an N-terminus signal peptide (28 aa)
followed by a glycoside hydrolase module belonging to the GH30 family (433 aa) and
adockerin 1 module at the C-terminus (68 aa). The 1518 bp of DNA sequence encoding
AcGH30A was amplified by PCR from the genomic DNA of Acetivibrio clariflavus.
The amplified PCR product carrying the desired restriction sites was ligated to the pET-
28a(+) expression vector. The recombinant plasmid containing the pET-28a(+)
expression vector and the gene encoding AcGH30A was used for transformation of

E.coli DH50 competent cells. The positive clone of recombinant AcGH30A was

confirmed by the release of its encoding gene insert after the restriction digestion using
the restriction enzymes Nhel and Xhol. The recombinant plasmid after restriction
digestion showed pET-28a(+) vector DNA of ~5.3 kb size and the Insert DNA band of
~1.5 kb on agarose gel confirming the inserted gene of interest. The E. coli BL21(DE3)
cells were transformed by the recombinant plasmid DNA to express the recombinant
enzyme, AcGH30A. The hyper-expression of AcGH30A was achieved by using 1 mM

as the optimum concentration of IPTG as analysed by SDS-PAGE.

TH-3737_196106031



Chapter 2 72

References

1.

10.

11.

Abdulhadi, Y., Kaur, K., & Vyas, A. (2023). Chapter 3—Role of microbial
xylanases in biorefinery platform and its impact on ecosystem services. In J.
Samuel, A. Kumar, & J. Singh (Eds.), Relationship between microbes and the
environment for sustainable ecosystem services (pp. 43-59). Elsevier.

https://doi.org/10.1016/B978-0-323-89936-9.00013-8

Ajeje, S. B., Hu, Y., Song, G., Peter, S. B., Afful, R. G., Sun, F., Asadollahi, M. A.,
Amiri, H., Abdulkhani, A., & Sun, H. (2021). Thermostable Cellulases / Xylanases
from thermophilic and hyperthermophilic microorganisms: Current Perspective.

Frontiers in Bioengineering and  Biotechnology, 9, 794304.
https://doi.org/10.3389/fbioe.2021.794304

Bajpai, P. (2014). Chapter 2 - Xylan: Occurrence and structure. In P. Bajpai (Ed.),
Xylanolytic enzymes (pp. 9—18). Academic Press. https://doi.org/10.1016/B978-0-
12-801020-4.00002-0

Collins, T., Gerday, C., & Feller, G. (2005). Xylanases, xylanase families and
extremophilic xylanases. FEMS Microbiology Reviews, 29(1), 3-23.

Curry, T. M., Pefia, M. J., & Urbanowicz, B. R. (2023). An update on xylan
structure, biosynthesis, and potential commercial applications. The Cell Surface, 9,
100101. https://doi.org/10.1016/j.tcsw.2023.100101

El Enshasy, H. A., Kandiyil, S. K., Malek, R., & Othman, N. Z. (2016) Microbial
xylanases: Sources, types, and their applications. In V. K. Gupta (Ed.), Microbial

Enzymes in Bioconversions of Biomass (Vol. 3, pp. 151-213). Springer
International Publishing. https://doi.org/10.1007/978-3-319-43679-1 7.

Faik, A. (2010). Xylan Biosynthesis: News from the Grass. Plant Physiology,
153(2), 396—402. https://doi.org/10.1104/pp.110.154237

Fonseca-Maldonado, R., Ribeiro, L. F., Furtado, G. P., Arruda, L. M., Meleiro, L.
P., Alponti, J. S., Botelho-Machado, C., Vieira, D. S., Bonneil, E., & Furriel, R. dos
P. M. (2014) Synergistic action of co-expressed xylanase/laccase mixtures against
milled sugar cane bagasse. Process Biochemistry, 49(7), 1152-1161.
https://doi.org/10.1016/j.procbio.2014.03.027.

Gigli-Bisceglia, N., Engelsdorf, T., & Hamann, T. (2020). Plant cell wall integrity
maintenance in model plants and crop species-relevant cell wall components and
underlying guiding principles. Cellular and Molecular Life Sciences, 77(11), 2049—
2077. https://doi.org/10.1007/s00018-019-03388-8

He, J., Su, L., Sun, X., Fu, J., Chen, J., & Wu, J. (2014). A novel xylanase from
Streptomyces sp. FAl: Purification, characterisation, identification and
heterologous expression. Biotechnology and Bioprocess Engineering, 19(1), 8—17.
https://doi.org/10.1007/s12257-013-0490-2.

Henrissat, B. (1991) A classification of glycosyl hydrolases based on amino acid
sequence similarities. Biochemical Journal, 280, 309-316.
https://doi.org/10.1042/bj2800309.

TH-3737_196106031



Chapter 2 73

12. Hsieh, Y. S. Y., & Harris, P. J. (2019). Xylans of red and green algae: What is known
about their structures and how they are synthesised? Polymers, 11(2), Article 2.
https://doi.org/10.3390/polym11020354

13. Juturu, V., & Wu, J. C. (2012) Microbial xylanases: Engineering, production and
industrial  applications.  Biotechnology  Advances, 30(6), 1219-1227.
https://doi.org/10.1016/j.biotechadv.2011.11.006.

14. Katsimpouras, C., Dedes, G., Thomaidis, N. S., & Topakas, E. (2019). A novel
fungal GH30 xylanase with xylobiohydrolase auxiliary activity. Biotechnology for
Biofuels, 12(1), 120. https://doi.org/10.1186/s13068-019-1455-2

15. Laemmli, U.K. (1970) Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature, 227, 680-685. https://doi.org/10.1038/227680a0.

16. Moreira, L. R. S., & Filho, E. X. F. (2016) Insights into the mechanism of enzymatic
hydrolysis of xylan. Applied Microbiology and Biotechnology, 100(12), 5205—
5214. https://doi.org/10.1007/s00253-016-7555-z.

17. Meyer, T.S., and Lambert, B, L. (1965) Use of coomassie brilliant blue R250 for
the electrophoresis of microgram quantities of parotid saliva proteins on
acrylamide-gel strips. Biochimica et Biophysica Acta (BBA)-General Subjects, 107,
144-145. https://doi.org/10.1016/0304-4165(65)90403-4.

18. Pefia, M. J., Kulkarni, A. R., Backe, J., Boyd, M., O’Neill, M. A., & York, W. S.
(2016). Structural diversity of xylans in the cell walls of monocots. Planta, 244(3),
589-606. https://doi.org/10.1007/s00425-016-2527-1

19. Rennie, E. A., & Scheller, H. V. (2014). Xylan biosynthesis. Current Opinion in
Biotechnology, 26, 100—107. https://doi.org/10.1016/j.copbio.2013.11.013

20. Sepulchro, A. G. V., Pellegrini, V. O. A., Briganti, L., de Araujo, E. A., de Araujo,
S. S., & Polikarpov, I. (2020) Transformation of xylan into value-added
biocommodities using Thermobacillus composti GH10 xylanase. Carbohydrate
Polymers, 247, 116714. https://doi.org/10.1016/j.carbpol.2020.116714.

21. Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) In (2nd ed.) Molecular Cloning:
A Laboratory Manual, Vol. 1. Plainview, Cold Spring Harbor Laboratory Press,
Woodbury, New York.

22. Sambrook, J. and Russel, D.W (2001) In (3rd ed.) Molecular Cloning: A Laboratory
Manual, Vol. 1. Cold Spring Harbor Laboratory Press, Woodbury, New York.

23. Studier, F.W. and Moffatt, B.A. (1986) Use of bacteriophage T7 RNA polymerase
to direct selective high-level expression of cloned genes. Journal of molecular
biology, 189, 113-130. https://doi.org/10.1016/0022-2836(86)90385-2.

24. Topakas, E., Panagiotou, G., & Christakopoulos, P. (n.d.). Xylanases:
Characteristics, sources, production, and applications. In bioprocessing
technologies in biorefinery for sustainable production of fuels, chemicals, and
polymers (pp- 147-166). John Wiley & Sons, Ltd.
https://doi.org/10.1002/9781118642047.ch

TH-3737_196106031



TH-3737_196106031



Chapter 3

Purification, biochemical and functional characterization of the recombinant
AcGH30A from Acetivibrio clariflavus ATCC 19732

3.1 Introduction

Xylans, the primary component of hemicellulose present in lignocellulosic biomass, are
the second most prevalent polysaccharides present in plants, succeeded by cellulose
(Fonseca-Maldonado et al., 2014; He et al., 2014). They are heteropolysaccharides that
principally consist of xylose and arabinose. The backbone of xylan is a linear polymer
composed of xylopyranosyl residues linked by B-1,4-glycosidic bonds, having an
equatorial configuration. The polysaccharide structure contains a variety of substituted
groups, including arabinose, ferulic acid, glucuronic acid, acetyl and p-coumaric acid,
that are integrated within the backbone (Moreira & Filho, 2016). The complete
depolymerization of xylan is a complex process that requires the enzymes capable of
breaking the backbone glycosidic linkages as well as enzymes that can remove

substituted groups (Juturu & Wu, 2012).
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Xylanases (EC 3.2.1.8) are a class of glycoside hydrolases that can hydrolyze
the linear polysaccharide p-1,4-xylan into simpler products, such as
xylooligosaccharides, xylobiose and xylose (Juturu & Wu, 2012; Sepulchro et al.,
2020). Xylanases have been harnessed for a wide range of applications, such as
enhancing the quality of bread (Guo et al., 2018), clarifying must and juices (Juturu &
Wu, 2012), degumming bast fibres (Wang et al., 2019), pre-bleaching kraft pulps (Kaur
et al., 2016; Kumar et al., 2016), and treating hemicellulosic waste (El Enshasy et al.,
2016; Jamaldheen et al., 2019).

Endo-B-1,4-xylanases belonging to glycoside hydrolase family 30 exhibits
significant catalytic diversity. The family GH30 contains endo-f-1,4-xylanases which
hydrolyse xylans containing 4-O-methyl-D-glucuronic acid or D-glucuronic acid side
chain residues and are called glucuronoxylanase (Puchart et al., 2021). A specific
glucuronoxylanase, StXyn30A from Streptomyces turgidiscabies C56, has a conserved
arginine residue at the subsite -2, which is essential for recognizing glucuronic acid side
chains (Maehara et al., 2018). These enzymes are primarily found in the bacterial
GH30 8 subfamily. The family GH30 also contains non-D-glucuronic acid specific
xylanases, such as 7/Xyn30A from Talaromyces leycettanus (Suchova et al., 2021),
which are not specific to glucuronoxylan and can also hydrolyze arabinoxylan and
rhodymenan. Numerous xylanases from the GH30 family displaying different modes
of action have been studied, among which only a limited number showing
xylobiohydrolase activity have been reported. Xylobiohydrolases from the GH30
family reported till now majorly come from fungal sources, and they show two different
modes of action. 7rXyn30A (Katsimpouras et al., 2019) and 7cXyn30B (Nakamichi et

al., 2019) from Thermothelomyces thermophila and Talaromyces cellulolyticus,
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respectively, displayed both exo- and endo-acting catalytic behaviour. Both enzymes
released 4-O-methyl-D-glucuronic acid embedded xylooligosaccharides and xylobiose
from glucuronoxylan substrates. A4aXyn30A from the fungus Acremonium
alcalophilum was reported as an almost strict xylobiohydrolase (Suchova et al., 2020).
AaXyn30A cleaves xylobiose from the non-reducing end of the xylan. S/Xyn30A from
the yeast Sugiyamaella lignohabitans is a GH30 xylanase that releases acidic
xylooligosaccharides from glucuronoxylan and shows auxiliary xylobiohydrolase
activity (Suchova et al., 2022). The first enzymes identified to selectively release
xylobiose from birchwood and oat spelt xylan were xylanase V from Aeromonas caviae
ME-1 (Kubata et al., 1994) and xylobiohydrolase from Aspergillus sydowii MG49
(Ghosh & Nanda, 1994). To date, their catalytic mechanisms have not been thoroughly
elucidated, and their glycoside hydrolase (GH) family affiliations remain unclassified.
Subsequent investigations led to the isolation and characterization of xylobiohydrolases
from the GH11 and GH30 families. Two enzymes from the GH11 family, compost
21 GHI11 (Evangelista et al., 2019) and MetXynl1 (Mello et al., 2017), were found to
hydrolyze xylan with complete selectivity towards xylobiose as the sole reaction
product, despite the GH11 family predominantly comprising endo-acting xylanases.
Acetivibrio clariflavus is a bacterium characterized by its thermophilic nature,
anaerobic metabolism, gram-positive cell structure and ability to form spores (Artzi et
al., 2014). This bacterium was initially isolated from anaerobic sludge obtained from a
thermophilic methanogenic bioreactor (Shiratori et al., 2006, 2009). The analysis of the
Acetivibrio clariflavus genome revealed that the bacterium utilizes an elaborate system
of cellulosomal complexes containing multiple enzymes to break down lignocellulosic

biomass into simpler products (Dassa et al., 2012). Acetivibrio clariflavus is the only
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thermophilic bacterium that has been reported to produce a complex cellulosomal
system after the discovery of a cellulosomal system in Clostridium thermocellum (Artzi
et al.,, 2014; Lamed & Bayer, 1988). It produces both cell-free and cell-bound
cellulosome complexes. Bioinformatics studies revealed the presence of 79 dockerin
containing proteins in Acetivibrio clariflavus, indicating the possibility of multiple
cellulosome structures (Artzi et al., 2014). Several glycoside hydrolases from the
Acetivibrio clariflavus have been characterized, but many more remain unexplored. The
gene (GenBank accession number AEV68404.1) encoding a putative xylanolytic
enzyme, AcGH30A from the cellulosomal complex of Acetivibrio clariflavus, belongs
to the GH30 family.

In this study, the gene encoding the xylobiohydrolase (4cGH30A) was purified
and characterized. During the study of the enzyme, AcGH30A, Suchova et al., (2021)
and Crooks et al., (2021) also reported their work on the same enzyme. Despite some
overlaps in the findings, our report presents more detailed and valuable data on the
characteristics of AcGH30A. It is hypothesized that the in-depth biochemical
characterization of AcGH30A will enhance the understanding regarding its capabilities
as a thermophilic xylobiohydrolase of bacterial origin. The new results from the current
study, shed light on the greater potential of the enzyme with regard to its commercial
usage, such as its thermophilic enzyme properties, stability and capability to produce
xylobiose from wide variety of xylan polymers. The biochemical characteristics of
AcGH30A discovered in this study may be beneficial for the enzymatic digestion of
xylan based biomasses to produce xylobiose, renowned for its superior prebiotic

properties (Manisseri & Gudipati, 2012).
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3.2 Materials and Methods

3.2.1 Substrates and reagents

Sodium hydroxide, copper sulphate pentahydrate, sodium carbonate, sodium
potassium tartarate, sodium bicarbonate, sodium sulphate, sodium phosphate
(monobasic), sodium phosphate (dibasic) and salts of metal ions viz. CaCl,, MgCl,
CuCl,, CoClp, FeClz, MgS0Os, MnSO4, ZnSO4, NiSOs, CuSO4, NaCl and KCl were
procured from HiMedia Laboratories Pvt. Ltd., India. Multiple xylan polysaccharides,
each composed of a primary chain formed by a linear sequence of xylose units linked
through B-1,4-glycosidic bonds, were obtained from different sources. Natural xylan
polysaccharides viz. Beechwood xylan, larchwood xylan, rye arabinoxylan and wheat
arabinoxylan (low viscosity), birchwood acetylated xylan and standards viz. D-xylose,
xylobiose, xylotriose, xylotetraose and xylopentaose were procured from Megazyme
Ltd., Ireland. Xylan, M.W. 20000-30000 and xylan corn cob were purchased from
Carbosynth Ltd., UK. The polysaccharides, 4-O-Methyl glucuronoxylan, oat spelt
xylan and carboxy methyl cellulose sodium salt were purchased from Sigma-Aldrich
Co. LLC., USA. Various in-house xylan substrates namely, banana stem xylan, water
hyacinth xylan, sugarcane tops xylan (Khaire et al., 2021), alkali pretreated sugarcane
tops xylan (Khaire et al., 2022), neem saw dust xylan (Sharma et al., 2020) and acacia
sawdust xylan (Sharma et al., 2020) were also used for the study. Sodium arsenate,
ammonium molybdate, sulphuric acid, hydrochloric acid, acetone, acetonitrile, acetic
acid and Folin’s reagent were purchased from Merck Limited, India. The silica-coated
plates for thin-layer chromatography (TLC Silica gel 60 F2s4, 20 cm x 20 cm) were

acquired from Merck, India.
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3.2.2 Purification of recombinant protein, AcGH30A

The recombinant protein AcGH30A, engineered with an N-terminal Hiss-tag,
was purified using immobilized metal-ion affinity chromatography (IMAC), as
detailed in Section 3.2.2.1. Purification was performed utilizing a 1.0 mL Sepharose-
based column (HiTrap Chelating HP, GE Healthcare). The compositions of the
binding and elution buffers employed during affinity purification are listed in Table
3.1. The recombinant protein, AcGH30A, was further purified by size-exclusion
chromatography (SEC), as mentioned in Section 3.2.2.2.

Table 3.1 Composition of buffers required for purification of recombinant proteins
by affinity purification.

Buffers Composition

Equilibration buffer 50 mM sodium phosphate, pH 7.5
300 mM NaCl, 50 mM Imidazole

Elution buffer 50 mM sodium phosphate, pH 7.5
300 mM NaCl, 300 mM Imidazole

Column cleaning buffer 50 mM sodium phosphate, pH 7.5

300 mM NaCl, 50 mM EDTA

3.2.2.1 Purification protocol of recombinant AcGH30A by IMAC

1. Bacterial cells obtained from a 100 mL culture were harvested by
centrifugation at 10,000g for 10 min at 4°C. The resulting cell pellet was
resuspended in 5 mL of 50 mM Tris-HCI buffer, adjusted to pH 8.5.

2. The cells were sonicated on ice for 15 min using a pulse cycle of 10s on and
15s off at 33% amplitude. The sonicated suspension was centrifuged at
12,000g for 30 min at 4°C to obtain the crude cell-free extract.

3. The cell-free extract was passed through a 0.45 um filter membrane before
loading onto ImL HiTrap chelating HP column. The column was pre-washed
with 5 volumes of filtered and degassed water to remove the alcohol.

4. Column was charged using 2.0 mL of 0.1 M NiSO4 solution, and the unbound
Ni** ions were washed away with 2-5 volumes of water.

5. The column was equilibrated with 10 column volumes of equilibration buffer
prior to sample loading (Table 3.1).

6. The filtered cell-free extract of recombinant protein was applied onto the
column at a flow rate of 0.5 mL.min"'.
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7. The column was subsequently washed with 50 column volumes of
equilibration buffer to eliminate unbound proteins.

8. The bound recombinant protein was eluted using the elution buffer by
applying a linear gradient of 0-100% imidazole concentration. Eluate was
collected in 1 mL fractions (Carvalho et al., 2004).

9. The column was cleaned using the cleaning buffer outlined in Table 3.1,
followed by washing with 5 column volumes of water. The column was then
incubated with 1N NaOH at 4°C for 2h. After incubation, it was washed with
20 column volumes of water to remove any residual NaOH, and finally
stored in 20% (v/v) ethanol at 4°C.

The purified recombinant protein AcGH30A was dialyzed against 50 mM
sodium phosphate buffer, pH 7.0. The purity and molecular mass of the recombinant
protein was assessed by SDS-PAGE, as detailed in Section 2.2.13.
3.2.2.2 Purification of AcGH30A by Size-exclusion chromatography

The purified protein, AcGH30A, obtained after IMAC was further purified by
Size-exclusion chromatography (SEC) at 25°C, using 120 mL, HiLoad Superdex 75
pg column (GE Healthcare, Chicago, IL, USA) installed on a fast protein liquid
chromatography (FPLC) system (AKTA Prime, GE Healthcare, Chicago, IL, USA).
The sodium phosphate buffer (50 mM, pH 7.0) was utilized as the mobile phase at a
flow rate of 1 mL.min"". The column was initially equilibrated using the mobile phase
before loading the protein sample. The fractions (2.0 mL) were collected under peak
area and analysed for protein by Folin-Lowry (Lowry et al., 1951) method as described
in Section 3.2.3.1 and purity by SDS-PAGE as described in Section 2.2.13. After the
elution, the column was washed with 1 column volume of 0.5 M NaOH solution
followed by 5 column volume of degassed and deionized water. The column was

stored with 20% v/v ethanol inside the resin to prevent contamination.
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3.2.3 Protein concentration determination of purified recombinant proteins by
using Folin-Lowry and UV method

The concentration of the purified AcGH30A was determined by Folin-Lowry
method (Lowry et al., 1951) using bovine serum albumin (BSA) as standard. The BSA
standard at different concentrations (10-1000 pg.mL™) and the unknown 4cGH30A
fraction samples were treated with an alkaline reagent composed of sodium carbonate
and copper sulfate, which binds to peptide bonds and forms a blue complex.
Subsequently, the Folin-Ciocalteu reagent, which contains phosphomolybdic and
phosphotungstic acids, was added, resulting in a color change due to the reduction of
these acids by the tyrosine and tryptophan residues in proteins. The intensity of the
resulting blue color, which develops over a 30-minute incubation period, was
measured spectrophotometrically at 660 nm. By comparing the absorbance values of
the samples to those of a standard curve generated from known BSA concentrations,
the protein concentration in the AcGH30A was quantified.
3.2.3.1 Composition of reagents used in the Folin-Lowry method
Reagent A: Sodium carbonate (2.0 g) and sodium hydroxide (0.4 g) dissolved 100 mL
of distilled water.

Reagent BI: Potassium sodium tartrate tetrahydrate (2.0 g) dissolved in 10 mL
distilled water.

Reagent B2: Copper sulphate pentahydrate (1.0 g) dissolved in 100 mL distilled water.
Reagent C: Freshly prepared prior the experiment by dissolving reagent B1, A and B2
in a ratio of B1:A:B2 = 1:100:1.

Folin-Ciocalteu reagent : 1 N Folin-Ciocalteu reagent.
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3.2.3.2 Protocol of Folin-Lowry method for protein estimation

1.

Standard curve preparation

A series of dilutions of the BSA standard was prepared to generate a range of
protein concentrations (10-1000 pug.mL™") for making the standard curve.
Sample preparation

0.2 mL of the protein sample or standard solution was placed into labeled test
tubes.

Addition of Reagent C (Alkaline Copper Solution)

1.0 mL of freshly prepared Reagent C was added to each tube (containing
either protein standards or unknown samples). The mixtures were incubated at
room temperature for 10 min to allow color development.

Addition of Folin-Ciocalteu reagent

0.1 mL of 1 N Folin-Ciocalteu reagent was added to the sample solutions. The
solution was mixed and incubated at room temperature for 30 min.
Measurement

The absorbance was measured at 660 nm using a spectrophotometer.

Protein concentration determination:

The absorbance readings of the standards were utilized to generate a standard
curve. The protein concentrations of the unknown samples were determined

by reference to this standard curve.

The amount of recombinant protein was estimated using the following equation,

Protein concentration =

AAgso X C XV
Vv

Where,

AAsso = change in absorbance of the sample
V = volume of the protein-buffer mixture (mL)
C =1 0D equivalent of BSA from the standard plot (mg.mL™")
v = volume of the protein used for assay (mL)

3.2.3.3 Ultra-Violet method for protein estimation

The concentration of purified protein was also determined from their

corresponding absorbance at 280 nm using the equation below (Layne, 1957;
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Stoscheck, 1990). Absorbance was measured after proper dilution of the protein using
a spectrophotometer (Gene Quant, GE) having a path length of 1 cm. The molar
extinction co-efficient 122730 M-'em™ for 4cGH30A was used for the calculation.

Concentration of Absorbance at 280 nm X Mol. weight (Da)

protein (mg.mL™") Extinction coefficient (M-'ecm™ ) x Path length (1 cm)

3.2.4 Assay of enzyme activity

The assays for biochemical characterization of AcGH30A were performed using
a working solution of AcGH30A (50 ug.mL™") prepared by diluting the 4AcGH30A stock
(500 pg.mL") obtained after SEC. The assays were conducted with a reaction mixture
of 100 pL containing 10 puL of 4cGH30A (50 pg.mL™!) and 2.0% (w/v) final
concentration of beechwood xylan in sodium phosphate buffer (50 mM, pH 7.0) by
incubating at 80°C for 2 min. A negative control, containing only 2.0%, (W/v)
beechwood xylan in 100 uL. of sodium phosphate buffer (50 mM, pH 7.0) without the
enzyme, was run in parallel for each reaction. The activity of AcGH30A against various
xylan substrates were examined. The enzyme activity of crude AcGH30A enzyme and
after IMAC and SEC purification steps was determined by using 2.0% (w/v)
beechwood xylan following the same conditions as mentioned above. The activity of
the enzyme was calculated by quantifying the amount of reducing sugars produced from
the enzyme-substrate reactions using the method developed by Nelson (Nelson, 1944)
and Somogyi (Somogyi, 1945) with plotting a standard curve for D-xylose. 25 parts of
the copper reagent A (NS-A) were added with 1 part of copper reagent B (NS-B) to
make Nelson-Somogyi-D (NS-D) solution (Nelson, 1944). After the completion of the
enzyme-substrate reaction, 100 pL of the enzyme-substrate mixture was mixed with

100 pL. of NS-D reagent, followed by incubation in a boiling water bath for 20 min for
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deactivating the enzyme and the reaction between the NS-D and reducing sugars. The
mixture was cooled and 100 pLL of arsenomolybdate colour reagent (NS-C) reagent was
added. The volume of the mixture was adjusted to 1 mL by further adding 700 pL
sodium phosphate (50 mM, pH 7.0) buffer. The absorbance of the final mixture was
recorded at 500 nm using a spectrophotometer (Multiskan SkyHigh, Thermo Fisher
Scientific, Waltham, MA, USA).

3.2.4.1 Preparation of reagents for reducing sugar estimation

Reagent A
Sodium carbonate anhydrous 625¢g
Sodium potassium tatarate 625¢
Sodium bicarbonate 50¢g
Sodium sulphate anhydrous 500¢g

The above specified components were dissolved in 100 mL of deionized water
and the total volume was adjusted to 250 mL. The resulting solution was filtered using
Whatman No. 1 filter paper and stored at temperature of 30°C.

Reagent B

Reagent B was formulated by dissolving 15 g of copper sulfate (CuSO4) in 50
mL of deionized water, with the addition of one or two drops of concentrated sulfuric
acid. The final volume of the resulting solution was adjusted to 100 mL and filtered
using Whatman No. 1 filter paper. The solution was stored at temperature of 30°C.
Reagent C

Reagent C was prepared in a dimly lit environment through a two-step process.
Initially, 2.5 g of ammonium molybdate were dissolved in 45 mL of deionized water
using a 100 mL beaker, followed by the addition of 2.1 mL of concentrated sulfuric

acid. Simultaneously, in another beaker, 0.3 g of sodium arsenate was dissolved in 2.5
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mL of deionized water. Subsequently, the sodium arsenate solution was mixed with
ammonium molybdate solution resulting in a total volume of approximately 50
milliliters. The resulting solution was then filtered using Whatman No. 1 filter paper in
low-light conditions and stored at 37°C. The solution was utilized after a 24 h
incubation period.
Reagent D

Reagent D was prepared by combining reagent A and reagent B in a ratio of
25:1. The composite reagent D was freshly prepared for the assay.
3.2.4.2 Generation of a standard plot of D-xylose

The standard plot for D-xylose was created by altering its concentration within
the range of 10-100 pg.mL. 100 pl reaction mixture containing 50 mM sodium
phosphate buffer pH 7.0 with D- xylose in a 1.5 mL microcentrifuge was added with
100 pl of solution D (Section 3.2.4.1). The reaction mixture was then heated in a boiling
water bath for 20 min, followed by cooling to room temperature. 100 puL of solution C
(Section 3.2.4.1) was added and the components were mixed. Then 700 pL sodium
phosphate (50 mM, pH 7.0) buffer was added to adjust the final volume to 1 mL. The
absorbance at 500 nm (Asp0) was measured using a UV-Visible spectrophotometer
(Thermo, Multiskan) against a buffer blank. A standard plot of Aspo versus D- xylose
concentration (ug.mL") was developed and 1 Asoo equivalent of D- xylose (ug.mL™)
was calculated. 1 Asoo equivalent of D- xylose (ug.mL™) was converted into mg.mL"!
for the determination of enzyme activity.
3.2.4.3 Calculation of engyme activity of AcGH30A

The enzyme activity was quantified in units per milliliter (U.mL™!), while its

specific activity was measured in units per milligram of protein (U.mg™!). One unit (U)
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of enzyme (1 umol.min™') was defined as the enzyme quantity needed to generate 1
umole of xylose per minute. The enzyme activity (UmL™"! or pmol.min'.mL™) is
defined as the amount of enzyme per mL needed to generate 1 pumole of xylose per min.
Whereas, the specific enzyme activity (U.mg™! or umol.min"'.mg™) is defined as the
enzyme quantity per milligram required to produce 1 umole of xylose, per minute under
the optimum conditions of reaction. The enzyme activity of AcGH30A was calculated
as described below,
AAspox Cx V

Enzyme activity (U.mL") = = (umole.min'.mL™")
150xtxv

where,
AAsoo = change in absorbance of the sample at 500 nm
C =1 OD equivalent D-xylose concentration from the standard plot
V = volume of the reaction mixture (mL)
t = time of reaction (min)
150 = molecular weight of D-xylose
v = volume of the enzyme taken in assay (mL) for reducing sugar estimation.

3.2.5 Determination of optimum pH and pH stability

The optimum pH of AcGH30A was investigated by conducting enzyme-
substrate reactions with beechwood xylan at different pH. Different buffer systems for
various pH range used were sodium acetate buffer (pH 3.5-5.5), sodium phosphate
buffer (pH 6.0-8.0) and glycine-NaOH buffer (pH 8.5-10.5) at 50 mM concentration.
To examine the stability of AcGH30A at different pH environment, the recombinant
enzyme, AcGH30A was incubated for 90 min at 25°C using different buffers with a pH
range of 4.0 to 8.0. From this, an aliquot of 10 pLL enzyme was taken for 100 pL reaction
mixture and assayed under optimum conditions of 80°C for 2 min. The level of activity

shown by the enzyme after the incubation period was determined by quantifying the
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reducing sugars released after the reaction, as previously described. In all the assays,
an enzyme reaction without the enzyme was run in parallel as a negative control.

3.2.6 Determination of optimum temperature and thermal stability

The optimum temperature required for the activity of AcGH30A was evaluated
by conducting the identical enzyme-substrate reactions at different temperatures,
spanning from 20 to 95°C. The reaction mixture, 100 uL. containing 10 pL. of AcGH30A
(50 ug.mL™) and 2.0% (w/v) beechwood xylan in sodium phosphate buffer (50 mM,
pH 7.0) were incubated at varying temperatures for 2 min. The reactions were
terminated after 2 min of incubation and the reducing sugar analysis was performed by
using the methods of Nelson (Nelson, 1944) and Somogyi (Somogyi, 1945). In all
assays, substrate and buffer without enzyme were included in parallel as negative
controls. The thermostability of AcGH30A was investigated by incubating the stock
solution of the enzyme at different temperatures for 90 min, prior to the enzyme-
substrate reactions conducted at optimum temperature and pH. 10 uL. of 4cGH30A (50
ng.mL") from the incubated stocks was added with 90 pL of 2.0% (w/v) beechwood
xylan at 80°C for 2 min in a sodium phosphate buffer system (50 mM, pH 7.0). The
thermal properties of 4cGH30A were also assessed by Circular Dichroism (CD)
spectroscopy, using the purified enzyme at 1 mg.mL™! concentration, dissolved in
sodium phosphate buffer (50 mM, pH 7.0). Variations in the spectrum as a function of
temperature was measured using a spectropolarimeter (JASCO J-815, Jasco Corp.,
Heckmondwike, UK). The enzyme sample and the corresponding buffer without
enzyme were analyzed at the rate of 50 nm.min"! and bandwidth of 1 nm. Far-UV (190-
240 nm) CD spectrum was recorded at the intervals of 5°C, with increase in the

temperature from 25°C to 110°C. CD ellipticity was plotted against wavelength and
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temperature to analyze the thermal properties of AcGH30A. The melting temperature
(Tm) of AcGH30A was calculated by plotting the change in CD spectra captured at 222
nm (FAR-UV) and examining the pattern of thermal denaturation. The transition curve
at 222 nm was normalized using the formula: %denaturation = (625 - Oremp) / (025 — 0110).
The T, value was calculated through non-linear fitting using the Boltzmann method
(Ruiz et al., 2022). The half-life (#;2) of AcGH30A at different temperatures was
determined by incubating the enzyme at 4°C, 30°C, 60°C and 70°C and an aliquot of
enzyme was taken at different time intervals viz., 0 to 24 h. All the assays were
performed at an optimum temperature of 80°C and optimum pH of 7.0 using 2%
beechwood xylan as substrate. The half-life was calculated by plotting relative residual
activity against the incubation period. The half-life of 4cGH30A was calculated based
on the assumption that enzyme degradation followed first-order kinetics, where the
half-life (ti2) = In2/k, with ‘k’ representing the rate constant (Han & Lim, 2004; Sarossy
et al., 2013).

3.2.7 Substrate specificity analysis of AcGH30A

The enzyme activity of AcGH30A against various commercial, natural and
pretreated substrates was investigated under optimized assay conditions. Each assay
mixture of 100 pL containing 10 uL of 4cGH30A (50 ug.mL™") and 2.0%, (w/v) of
respective substrates in sodium phosphate buffer (50 mM, pH 7.0) was incubated at
80°C for 2 min. The reducing sugar analysis and the enzyme activity calculation was
performed as mentioned in Section 3.2.4.

3.2.8 Determination of kinetic parameters

The kinetic properties of 4cGH30A were examined by conducting enzyme

assays, with varying concentrations (from 0.005%, w/v to upto 3.0 %, w/v) of
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substrates, at optimum temperature and pH conditions. The substrates employed for the
enzyme kinetics investigation included 4-O-methyl glucuronoxylan (Sigma-Aldrich,
USA), xylan M.W. 20000-30000 (Carbosyth Ltd., USA), beechwood xylan
(Megazyme Ltd., Ireland) and larchwood xylan (Megazyme Ltd., Ireland). In each
assay, 90 pL of the respective substrate was mixed and added with 10 uLL of AcGH30A
(50 pg.mL"). Identical reaction mixtures without the enzymes were used as negative
controls. The estimation of reducing sugars and the subsequent calculation of enzyme
activity after the enzyme reaction were conducted as outlined in Section 3.2.4. The
values for Ky, Vma, and the turnover number (kc./) were determined using the
Michaelis-Menten equation, assuming steady-state conditions. All enzyme reactions
were executed in triplicate. The calculated data are presented as mean values with their
corresponding standard deviations (mean £+ SD). The GraphPad Prism software was
used to calculate the kinetic parameters (Swift, 1997).

3.2.9 Influence of metal ions and chemical agents on enzyme activity

The capability of the different metal ions to change the catalytic activity of
AcGH30A was investigated. For this study, enzyme-substrate reactions were
supplemented separately with different metal salts, including CaCl,, MgCl,, CuCl,
CoCly, FeClz, MgSO4, MnSO4, ZnSO4, NiSO4, CuSO4, NaCl and KCI. The effect of the
chelating agents like EDTA and EGTA on the activity of 4cGH30A were also
examined. The enzyme was pretreated with each additive at two different
concentrations, i.e., 1 mM and 10 mM, by diluting it with the respective additive
solution. Twenty microliters of enzyme, AcGH30A (500 pg.mL™') with respective
additive in 200 pL total volume was incubated at 25°C for 20 min. Afterwards, the

pretreated enzyme samples were subjected to standard enzyme assays against 2% (w/v)
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beechwood xylan, as previously described in Section 3.2.4. The activity was expressed
as a percentage of the activity level in the absence of each additive (control sample).

3.2.10 Study of the hydrolytic mechanism by AcGH30A by TLC

The hydrolysis products generated by AcGH30A from various xylan substrates
were examined using thin-layer chromatography (TLC). To prepare the samples for
TLC analysis, 20 pL of AcGH30A solution (50 pg.mL ") was incubated with 180 uL of
xylan substrates (1%, w/v). The xylan substrates used were beechwood xylan,
larchwood xylan, 4-O-methyl glucuronoxylan, rye arabinoxylan, wheat arabinoxylan
and oat spelt xylan. These substrates were dissolved with sodium phosphate buffer (50
mM, pH 7.0) and incubated at 70°C for 60 min. The time-dependent TLC analysis of
AcGH30A hydrolysed beechwood xylan was performed to investigate the pattern of
product formation over time. For this analysis, 10 pL. of AcGH30A solution (50 pg.mL"
" and 90 pL of 1% (w/v) beechwood xylan in sodium phosphate buffer (50 mM, pH
7.0), was incubated at 40°C for different time durations viz. 1, 2, 5, 10, 15, 30, and 60
min and 2, 4, 6, 12, and 24 h. A negative control consisting of an equal volume of the
reaction mixture without the enzyme was included in the study. To inactivate the
enzyme, present in reaction mixtures, an equal volume of absolute ethanol was added.
The reaction mixture was centrifuged at 14,000g for 10 min at 25°C to separate the
undigested substrate. The resulting clear supernatant (~200 pL), containing enzyme
reaction product, was carefully moved to a fresh 1.5 mL microcentrifuge tube. The
hydrolysed products present in the supernatant were concentrated to 10-20 pL in a hot
air oven at 70°C for 12 h. D-xylose, xylobiose, xylotriose, xylotetraose and
xylopentaose (each 1.0 mg.mL') were utilized as the standards. The concentrated

hydrolyzed samples (0.6 uL each) and 1.0 pL (1 mg.mL") of each standard were loaded
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over the TLC plate (Silica gel-coated aluminium plate, Merck, Germany). The TLC
plate was inserted into a developing chamber containing a solvent system composed of
chloroform, glacial acetic acid and water mixed with a ratio of 6:7:1 (Valls et al., 2010).
After drying the TLC plate in a hot air oven, the spots developed on the plate were
visualized by using a staining solution consisting of 0.5% (w/v) a-naphthol and sulfuric
acid/methanol in a 5:95 ratio (v/v).

3.2.11 HPLC analysis of AcGH30A hydrolyzed products

The hydrolytic mechanism of AcGH30A against beechwood xylan was
investigated by analyzing the hydrolyzed products using high-performance liquid
chromatography (HPLC). The enzyme, AcGH30A, 120 uL (100 pg.mL™") with 1.0%
(w/v) beechwood xylan dissolved in sodium phosphate buffer (50 mM, pH 7.0) in total
volume of 1.2 mL reaction mixture was incubated at 70°C for 60 min. The reaction was
stopped by inactivating the enzyme by adding an equal volume of absolute ethanol and
the rest of the further procedure was followed as outlined in Section 3.2.10 for preparing
the hydrolyzed product sample. The supernatant was dried in a hot air oven at 75°C for
24 h, after which it was re-dissolved in 500 pL of distilled water. The sample was then
filtered through a 0.45 pm membrane using a syringe filter to remove any impurities.
Xylobiose at a concentration of 1 mg mL™" was used as the standard. The column for
oligosaccharide separation (Rezex RSO-Oligosaccharide column, 200 x 10 mm,
Phenomenex, Inc., Torrance, CA, USA) with a guard column (Rezex RSO-
Oligosaccharide guard, 60 x 10 mm, Phenomenex, Inc., Torrance, CA, USA) attached
with HPLC (Shimadzu Corporation, Kyoto, Japan) was used. Milli-Q water was

utilized as the mobile phase with a flow rate of 0.3 mL.min"!. The samples were run in
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the isocratic mode with injection volume of 20 pL.. The column temperature was set at
80°C. The eluted samples were analyzed by using a refractive index detector.

3.2.12 Liquid chromatography-mass spectrometry of AcGH30A hydrolyzed
product

The enzyme, AcGH30A reaction product released from beechwood xylan was
prepared according to the protocol described in Section 3.2.11. 500 pL. of the reaction
mixture was used to prepare the analyte samples, consisting of 50 uL. of AcGH30A (100
pg.mL™1) and 1.0% (w/v) beechwood xylan dissolved in sodium phosphate buffer (50
mM, pH 7.0). The mixture was incubated at 70°C for 60 min. The reaction was
terminated by inactivating the enzyme by adding an equal volume of absolute ethanol
to the reaction mixture. Subsequently, the product was dried at 75°C for 12 h. The dried
sample was reconstituted in 500 pL. of acetonitrile/Milli-Q water (1:1) and analyzed.
This sample containing AcGH30A hydrolysed products were analysed by Liquid
chromatography-mass spectrometry, (LC-MS) instrument (Agilent 6410 Triple Quad
MS-MS, Agilent Technologies, Inc., Santa Clara, CA, USA). A carbohydrate column
(4.6 x 150 mm, ZORBAX, Agilent Technologies, Inc., Santa Clara, CA, USA) encased
with 5 pm size particles for chromatography was used. The mobile phase comprised
acetonitrile/Milli-Q water (70:30). The flow rate of the mobile phase through the
column was 600 pL.min"!. Electrospray ionization was operated in positive ion mode.

The scan range was set at 25-1200 m/z.
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3.3 Results and Discussion

3.3.1 Purification of the recombinant protein by immobilized metal-ion affinity
chromatography

The recombinant proteins were purified by immobilized metal-ion affinity
chromatography (IMAC) as described in Section 3.2.2.1 and then dialyzed for removal
of imidazole and sodium chloride. The recombinant AcGH30A was expressed as
soluble protein and following purification, an additional band was observed above the
expected molecular mass on SDS-PAGE gels (Fig. 3.1, Lane 7). The calculated
molecular mass of the recombinant AcGH30A, including the N-terminal histidine tag,

was 57.78 kDa, which closely matched the observed value on the SDS-PAGE gels.
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Fig. 3.1 SDS-PAGE (12%, w/v gel) showing expression and purification of
AcGH30A. Lanes, 1: Protein molecular-mass marker, 2: Un-induced E.
coli BL-21 cells pellet, 3: Induced E. coli BL-21 cells pellet of, 4: Induced
cells pellet of E. coli BL-21 cells after sonication, 5: Cell extract, 6: Last
wash from column, 7: Purified protein AcGH30A (~58 kDa).

3.3.2 AcGH30A protein purification by Size-Exclusion Chromatography

The recombinant enzyme AcGH30A, initially purified by immobilized metal-
ion affinity chromatography (IMAC) was further purified by Size-Exclusion

Chromatography (SEC) using HilLoad Superdex 75 pg column connected to FPLC
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system. The elution chromatogram showed two peaks, peak 1 and peak 2,
corresponding to the two bands of protein observed on SDS-PAGE after the purification
by IMAC (Fig. 3.2). Enzyme activity assays indicated that Peak 2 exhibited
xylobiohydrolase activity, while Peak 1 showed only negligible activity under standard
assay conditions. Therefore, Peak 2, collected between 62-80 mL, was selected for
further biochemical characterization. The peak 1 at 45 mL represents the undesired
protein band, while the peak 2 at 64 mL corresponds to the pure AcGH30A. The purified
AcGH30A collected from 62-80 mL elution (peak 2) after SEC exhibited a single
homogeneous protein band on SDS-PAGE analysis (Fig. 3.3, lane 8), indicating a
molecular mass of approximately, 58 kDa. This molecular mass closely matched the
theoretically calculated value of 57.78 kDa.
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Fig. 3.2 FPLC chromatogram of AcGH30A purification. IMAC purified
AcGH30A was further purified by size exclusion chromatography (SEC)
at 25°C, using HiLoad Superdex 75 pg column (GE Healthcare, GE
Healthcare, Chicago, IL, USA) installed with fast protein liquid
chromatography (FPLC) system (AKTA Prime, GE Healthcare,
Chicago, IL, USA). The sodium phosphate buffer (50 mM, pH 7.0) was
utilized as the mobile phase.

TH-3737_196106031



Chapter 3 96

~58 kDa

Fig. 3.3 SDS-PAGE (12%, w/v gel) showing expression and purification of
AcGH30A after metal ion affinity chromatography and Size-Exclusion
Chromatography. Lanes, 1: Protein molecular-mass marker (Himedia,
India), 2: Un-induced E. coli BL-21 DE3 cells pellet, 3: Induced cells pellet
of E. coli BL-21 DE3, 4: Induced cells pellet of E. coli BL-21 DE3 cells
after sonication, 5: Cell extract (Supernatant obtained after
centrifugation of the sonicated induced cells pellet of E. coli BL-21 DE3),
6: Last wash from column, 7: Purified protein AcGH30A after metal ion
affinity chromatography and 8: Purified protein AcGH30A (~58 kDa)
after Size-Exclusion Chromatography.

3.3.3 Purification and yield analysis of AcGH30A enzyme activity

Specific activity and percent yield of enzyme activity of AcGH30A were
calculated and compared as the purification process proceeded. The cell lysate obtained
after sonification of the induced E. coli BL21(DE3) cells gave a specific activity of 6.2
U.mg!. The enzyme, AcGH30A purified from the cell lysate, using IMAC showed
specific activity of 87.5 U.mg’!, displaying 14-fold purification as compared with cell
lysate (Table 3.2). On further purification of IMAC purified AcGH30A by SEC, the
specific activity increased to 109.6 U.mg’!, giving over 16-fold purification as
compared with the cell lysate (Table 3.2). The specific activity of the enzyme,
AcGH30A was found to increase with enhancement in purity after each step of

purification step. The total yield of enzyme activity of AcGH30A after IMAC and SEC
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was determined to be 91% and 72%, respectively. The amount of purified AcGH30A
protein after SEC obtained from 500 mL culture grown in Luria-Bertani medium was
7 mg. The yield of AcGH30A enzyme was 4.4 mg per gram dry weight of E. coli cells.

Table 3.2 Purification of AcGH30A enzyme.

Fractionation Volume AcGH30A Protein SA** Fold
step (mL) EA* Total Overall concentrlzj_tlion (U.mg!) purification
(U.mL") Units % yield (M&mL)
Cell lysate 10 106 1060 100 17 6.2 1
IMAC 10 963 9625 90.8 1.1 87.5 14
SEC 14 54.8 723.5 72.4 0.5 109.6 17

Enzyme activity was determined against 2.0%, (w/v) beechwood xylan in sodium
phosphate buffer (50 mM, pH 7.0), at 80°C for 2 min.
*Enzyme activity, **Specific enzyme activity
3.3.4 Determination of optimum pH and pH stability

The enzyme, AcGH30A exhibited above 85% activity over a wide range of pH,
between 5 to 8 with a maximum enzymatic activity at pH 7.0 (Fig. 3.4A). The pH
stability analysis of AcGH30A after 90 min incubation at 25°C showed that, the activity
remained above 80% between pH 4.0 and 7.0 (Fig. 3.4B). At pH 8, the enzyme
maintained 67% of activity, suggesting excellent flexibility with pH, which can be
beneficial for various commercial applications. 4aXyn30A, a fungal xylobiohydrolase
purified from Acremonium alcalophilum showed similar optimum pH in the alkaline
range, 7.5-10 (Suchova et al., 2020). Other fungal xylanases, 7rXyn30A (Nakamichi et
al., 2020), STXyn30A (Suchovi et al., 2022) and TcXyn30B (Katsimpouras et al., 2019)

with auxiliary xylobiohydrolase activity showed optimum pH in the acidic range with

pH 4.0, 3.5 and 5.0, respectively.
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Fig. 3.4 Effect of pH on enzyme activity of AcGH30A. (A) The optimum pH profile
in different buffer systems (B) pH stability profile at different pH.

3.3.5 Determination of optimum temperature and thermal stability of AcGH30A

Assays of AcGH30A at different temperatures revealed its maximum activity at
80°C. AcGH30A retained over 94% of its residual activity up to 85°C, thereafter it
drastically decreased and showed ~30% activity at 100°C (Fig. 3.5A). This makes it an
exceptionally superior bacterial thermophilic xylobiohydrolase characterized so far
within the GH30 family. To the best of our knowledge, this is the first bacterial
xylobiohydrolase from GH30 family showing optimum temperature as high as 80°C.
The investigation of thermostability of AcGH30A showed that it retained 77% of its
residual activity at 70°C for 90 min (Fig. 3.5B). Crooks et al., (2021) reported the
thermal properties of the catalytic module, 4cXbh30A-CD of the full-length AcXbh30A
xylobiohydrolase (named AcGH30A in present study) displaying a similar pattern with
optimum temperature of 73°C at pH 6.0 (four-component HPLC-compatible buffer).
The optimum temperature and thermostability of AcGH30A were much higher when
compared with other GH30 family enzymes with xylobiohydrolase activity. A
xylobiohydrolase, AaXyn30A from Acremonium alcalophilum exhibited optimum

temperature within a range of 40 to 50 °C, giving maximum activity (Suchova et al.,
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2020). AaXyn30A displayed limited stability at 50 °C, retaining only 6% of its activity
after 1 h incubation, whereas it maintained 68% of its activity at 40°C. 7tXyn30A, a
xylanase with auxiliary xylobiohydrolase activity isolated from Thermothelomyces
thermophila showed highest enzyme activity at 50°C, but it experienced a rapid decline
in activity at temperature above 55°C (Katsimpouras et al., 2019). Similarly, 7cXyn30B
(Nakamichi et al., 2019) from Talaromyces cellulolyticus and SIXyn30A (Suchova et
al., 2022) from Sugivamaella lignohabitans, showed a decline in their activity after
50°C. The distinctive thermostability of AcGH30A can be advantageous and favourable
as compared with the other commercial xylobiohydrolases for a variety of
biotechnological applications. The combination of AcGH30A with thermophilic
xylanases is advantageous, since AcGH30A remains stable and active at elevated
temperatures, thereby lowering the risk of microbial contamination, consistent with
properties reported for other thermophilic enzymes (Collins et al., 2005). Furthermore,
combining AcGH30A with complementary enzymes, such as the thermostable B-
glucanase reported by Zhang et al., which retains substantial activity after 30 min at
temperatures above 70 °C, can improve the enzymatic hydrolysis of complex plant cell
wall polysaccharides, thereby facilitating the production of biofuels and other value-
added bioproducts (Zhang et al., 2023; Ajeje et al., 2021). A thermostable B-1,3-1,4-
glucanase has been developed with high stability and activity at elevated temperatures,

retaining significant activity after 30 minutes at temperatures above 70°C.
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Fig. 3.5 Effect of temperature on enzyme activity of AcGH30A. (A) The optimum
temperature profile and (B) Thermo-stability profile of 4cGH30A.
Enzyme assays were conducted with 100 pL reaction mixtures containing
10 pL of AcGH30A (50 pg'mL™) and 2% (w/v) beechwood xylan in 50 mM
sodium phosphate buffer (pH 7.0), and all reactions were performed in

triplicate.

Thermal stability analysis of AcGH30A, by measuring the changes observed in

the CD spectrum with increasing temperature revealed that the secondary structure

elements remained intact up to 70°C (Fig. 3.6A). However, secondary structure was

partially unfolded at 75°C and completely denatured at 85°C. The melting temperature,

Tm of AcGH30A where the folded and unfolded state of protein is in 50:50 ratio,

calculated by the CD data obtained at 222 nm was found to be ~72°C (Fig. 3.6B).
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Fig. 3.6 Circular dichroism spectra of AcGH30A (1.0 mg.mL"") in 50 mM sodium
phosphate pH 7.0 (A) Circular dichroism spectra as a function of
wavelength and temperature against temperature (B) Plot of percent (%)
denaturation vs temperature for calculating melting temperature, Tm.
CD data were obtained at wavelength 222 nm.
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The half-life, ti» of AcGH30A were 1.75 h and 21 days at temperatures 70°C
and 4°C, respectively. The ti2 of enzyme at 30°C and 60°C were 6.5 and 2 days,

respectively (Fig. 3.7).
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Fig. 3.7 Time course of inactivation of AcGH30A at different temperatures 4, 30,
60 and 70°C. Plot of residual enzyme activity vs time. All the assays were
performed at an optimum temperature of 80°C and optimum pH of 7.0
using 2% beechwood xylan as substrate.

3.3.6 Substrate specificity analysis of AcGH30A

The enzyme activity of AcGH30A against various natural substrates was
investigated under optimum assay conditions. AcGH30A displayed efficient hydrolysis
of the xylan main-chain-based polysaccharides and showed a preference for
glucuronoxylans as compared with arabinoxylans (Table 3.3). AcGH30A demonstrated
maximum specific activity of 136.2 U.mg™' against 4-O-Methyl glucuronoxylan
followed by xylan M. W. 20000-30000 (130.4 U.mg '), beechwood xylan (126.2
U.mg ™), Larchwood xylan (122.1 U.mg ") and other xylan substrates. It also showed a
moderate activity of 52.3 U.mg™! towards oat spelt xylan. 4cGH30A showed limited
specific activity against low viscosity (9.3 U.mg™!) and insoluble (9.1 U.mg™") wheat
arabinoxylan, followed by rye arabinoxylan (3.2 U.mg™!) (Table 3.3). 4cGH30A gave

much higher xylobiohydrolase activity against beechwood xylan containing 13%
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glucuronic acid side chains as compared with the arabinoxylans where the percentage
of arabinose side chains is much higher (37-39%) (Liab et al., 2000; Weng et al., 2023).
AcGH30A was not able to fully convert them to xylobiose due to the presence of side
chain moieties. This suggest that the activity of AcGH30A may potentially be improved
by pre-treating xylan substrates with enzymes like [-glucuronidase and
arabinofuranosidase, which can cleave the side chain components, glucuronic acid and
arabinose residues, respectively. Consequently, this process would enhance the
accessibility of the xylan backbone for 4cGH30A action.

In the case of the in-house xylan substrates, AcGH30A showed higher activity
of 77.3 U.mg! with neem saw dust xylan (Sharma et al. 2020a) and 88.2 U.mg™! with
acacia sawdust xylan (Sharma et al 2020b) and lower activity, 63.3 U.mg ™! with xylan
isolated from sugarcane tops and 26 U.mg ! with alkali pretreated sugarcane top
(Khaire et al., 2021). Neem saw dust xylan and acacia sawdust xylan were reported to
contain ~10.5% (w/w) and 15% (w/w) of glucuronic acid units, respectively. Neem saw
dust xylan had lower glucuronic acid than acacia xylan, but showed lower activity
which could be due to the differences in their solubility and the exact branching
structure. Sugarcane tops xylan showed the presence of 16% (w/w) D-glucuronic acid
and 10% (w/w) of L-arabinose residues (Khaire et al., 2021). Alkali pretreated
sugarcane tops xylan contained 15% (w/w) D-glucuronic acid and 11% (w/w) L-
arabinose residues (Khaire et al., 2022). 4-O-Methyl glucuronoxylan has a primary
chain made up of f-(1—4)-linked D-xylopyranosyl units that contains varying number
of 4-O-methyl a-D-glucuronic acid at the 2 position as side-chain substitutions, which
are linked by o-(1—2) glycosidic bonds to the main chain (Barbat et al., 2008). The

chemical composition and structure of natural xylan substrates, such as beechwood,
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birchwood and larchwood xylan can vary slightly depending on the source and
extraction method (Teleman et al., 2002). The general structure of these xylans is a
linear polymer of xylose residues linked by (1—4) glycosidic bonds, with several
xylose units substituted with groups like acetyl, glucuronic acid and 4-O-methyl
glucuronic acid. Beechwood xylan is reported to have a ratio of monosaccharide
composition of Xylose: Glucuronic Acid: Other sugars = 80.8: 11.4: 7.8 (Nieto-
Dominguez et al., 2019). Overall, the structure of xylan substrates is characterized by a
backbone of 3-(1,4)-linked xylose residues, which are substituted with various side
chains, making them important components of hemicellulosic plant cell wall
polysaccharides. Arabinoxylans are also composed of a backbone chain made up of 8-
(1—4)-linked xylose residues with L-arabinofuranosyl residues as side chain
substitutions linked with the main chain at positions 2 or 3 (He et al., 2021).
Xylanases of GH30 family are usually glucuronoxylanases, which require the
presence of glucuronic acid substitutions for substrate recognition and their activity, but
the capability of AcGH30A to cleave arabinoxylans, a polysaccharide devoid of
glucuronic acid, to produce xylobiose suggest that it does not require the presence of
glucuronic acid moieties for its action. Similar broad substrate specificity of enzyme
activity was also observed with other xylobiohydrolases from the GH30 family, such
as AaXyn30A, which generated xylobiose as the main product from beechwood
glucuronoxylan, rhodymenan and wheat arabinoxylan (Suchova et al., 2020). Other
GH30 family xylanases with auxiliary xylobiohydrolase activity from fungal origin,
TtXyn30A (Katsimpouras et al., 2019) and SIXyn30A (Suchova et al., 2022) also
showed activity, preferably against glucuronoxylan followed by arabinoxylan. This

result suggests that the activity of AcGH30A resembles more to the fungal GH30
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xylanases, which show broad substrate specificity, rather than with bacterial GH30
xylanases, which show activity only with glucuronoxylans. 4AcGH30A also showed
enzyme activity on various in-house xylan substrates, listed in Table 3.3.

Table 3.3 Substrate specificity of AcGH30A from Acetivibrio clariflavus.

Substrate (2%, w/v) Specific activity (U.mg™)
4-O-Methyl glucuronoxylan (Sigma) 136.2+ 0.6
Xylan, M.W. 20000-30000 (Carbosynth) 1304 +£1.1
Beechwood xylan (Megazyme) 126.2+2.5
Larchwood xylan (Megazyme) 122.1+3.2
Acacia sawdust xylan® 88.2+14
Neem saw dust xylan® 77.3+0.7
Sugarcane tops xylan® 63.3+1.0
Banana stem xylan® 51.5+22
Oat spelt xylan (Sigma) 523+0.5
Alkali pretreated Sugarcane tops xylan® 260+ 1.0
Wheat arabinoxylan, Low viscosity (Megazyme) 9.3+0.3
Wheat arabinoxylan, insoluble (Megazyme) 9.1£0.9
Water hyacinth xylan® 48+09
Rye arabinoxylan (Megazyme) 32+04

Birchwood Acetylated (Megazyme) =
Xylan Corn Cob (Carbosynth) -
Carboxy methyl cellulose (Sigma) =

— No activity detected; * in-house xylan substrates

All the assays were performed at an optimum temperature of 80°C and optimum pH of 7.0 using
2% xylan substrate.

AcGH30A showed no activity against the cellulosic substrates, a beneficial
property needed for the extraction of cellulose fibres in the textile and paper processing
industries by selectively degrading the xylan components of the plant biomass. These
findings suggested that xylobiohydrolase, 4cGH30A can also contribute to the
degumming of plant fibers used in textiles in combination with other enzymes, such as

endoxylanases and pectinolytic enzymes (Bhalla et al., 2015; Chiliveri et al., 2016).
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3.3.7 Kinetic parameters of AcGH30A

The kinetic parameters of AcGH30A were determined by using 4-O-methyl
glucuronoxylan (Fig. 3.8A), xylan M.W. 20000-30000 (Fig. 3.8B) beechwood xylan
(Fig. 3.8C) and larchwood xylan (Fig. 3.8D) as substrate at 80°C in 50 mM sodium
phosphate buffer, pH 7.0. All the kinetic parameters obtained for the 4 substrates are
mentioned in Table 3.4. Out of 4 substrates, 4-O-methyl glucuronoxylan gave
maximum Vg, 139 (U.mg™") followed by xylan M.W. 20000-30000 (132 U.mg™),
beechwood xylan (129 U.mg™"), larchwood xylan (128 U.mg ") shown in Fig. 3.8 and
Table 3.4. The reaction of AcGH30A with 4-O-Methyl glucuronoxylan gave the turn
over number (kca) 134.2 s™! and catalytic efficiency (kea/Ki) 189.1 mL.mg '.s™' (Table
3.4). However, Suchové and colleagues (2021), reported a significantly lower k. value
of 17.7 s for HcXyn30A (named in present study as AcGH30A) for beechwood 4-O-
methylglucuronoxylan (GX) at 37°C in 50 mM sodium phosphate buffer pH 6.0. The
kear value of AcGH30A against GX found was much higher in our studies, which could
be due to the analysis of kinetic parameters at optimum temperature, 80°C and optimum
pH 7.0. A fungal xylobiohydrolase, 4aXyn30A showed a Viar, 9.03 U.mg ™! and keqr of
7.85 57! for 4-O-methylglucuronoxylan at 50°C (Suchova et al., 2020), which were also
much lower than the reported values in the present study.

Table 3.4 Kinetic properties of AcGH30A.

Substrate Vinax K kear keat/Km
(U.mg™) (mgml!) (s (ml.mg's)

4-O-Methyl glucuronoxylan (Sigma,
USA)

Xylan, M. W. 20000-30000
(Carbosynth, UK)

Beechwood xylan (Megazyme,
Ireland)

Larchwood xylan (Megazyme, Ireland) 128 + 6 0.41+£0.04 123.3+42 301.1+22

139+ 6 0.71+0.04 1342 +3 189.1 £ 3.8

13243 0.49+0.03 126.9+22 259.1+4.1

129+5 0.45+0.05 124 +£3 275.5+£3.7
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Fig. 3.8 Michaelis-Menten Kinetics
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of AcGH30A against (A) 4-O-Methyl

glucuronoxylan (Sigma-Aldrich, USA) (B) Xylan, M.W. 20000-30000
(Carbosynth Ltd., UK) (C) Beechwood xylan (Megazyme Ltd., Ireland)
(D) Larchwood xylan (Megazyme Ltd., Ireland). The enzyme assays were
conducted at pH of 7.0 and 80°C. The reaction mixtures contained of 10
pL of AcGH30A (50 pg.mL") and different concentrations of substrates
dissolved in 90 pL of sodium-phosphate buffer (pH 7.0). The enzyme
assays were conducted in triplicate. The inset graphs are Lineweaver-
Burk plots of AcGH30A with respective substrate.

Most xylobiohydrolases, such as SIXyn30A (Suchova et al., 2022), TrXyn30A

(Katsimpouras et al., 2019) and 7cXyn30B (Nakamichi et al., 2019), reported to date

are strongly bifunctional in nature having core endoxylanase activity. A GH30

glucuronoxylanase, SIXyn30A from S. lignohabitans with auxiliary xylobiohydrolase

activity, showed Viax, 24.2 U.mg ™", keas 0£ 20.2 s and kea/Ku of 1.2 mL.mg~!.s™! with

glucuronoxylan (GX). Another bifunctional, glucuronoxylanase, 7tXyn30A from 7.

thermophila displayed Vi, 24.3 U.mg™, kear of 7.21 s and a catalytic efficiency

kea/Km of 4.24 mL.mg '.s™! against beechwood glucuronoxylan, whereas, TcXyn30B
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from Talaromyces cellulolyticus gave Viyax, 7.1 Umg™!, keas of 20.9 s and keas/Kis of
1.1 mL.mg'.s™!, at their optimum assay conditions. Evidently, 4cGH30A showed the
higher Vuax, turnover number and catalytic efficiency against the natural xylan
substrates as compared with the other xylobiohydrolases reported to date, with the
observed differences also reflecting the influence of varying assay conditions on
enzyme performance. A higher Viu of AcGH30A will allow a faster conversion of
substrate into product, which is crucial in various biotechnological processes. Enhanced
turnover number and catalytic efficiency suggest that a smaller amount of enzyme is
required to achieve the same level of substrate conversion compared to other reported
enzymes.

3.3.8 Effects of metal ions and chemical agents on AcGH30A activity

The enzyme activity of AcGH30A was investigated in the presence of different
metal ions and chemical agents at concentrations of 1 and 10 mM and outcomes were
presented in Table 3.5. Ca®>" and Mg?" ions enhanced the enzyme activity of AcGH30A
at both the concentrations of 1 and 10 mM. The enzyme activity of AcGH30A at 10
mM concentration of Ca?* and Mg?" increased by 25% and 23%, respectively, whereas,
Co?", Zn**, Fe** and Cu*' ions, drastically reduced the enzyme activity. The decrease
in enzymatic activity in the presence of heavy metal ions might be due to their
interference with the amino acid residues at the active site. The chelating agents, EDTA,
which can chelate a broad range of metal ions and EGTA, which has high affinity for
calcium ions, effectively reduce the activity of xylanases that contain metal ions at their
catalytic sites (Prakash et al., 2012). However, in the case of AcGH30A, they showed
no significant effect on the activity of the enzyme. It indicated that AcGH30A does not

necessarily require metal ions for its enzymatic activity.
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Table 3.5 Effect of metal-ions and chelating agents on the activity of AcGH30A.

Metal-ion/Reagent
additive

Relative enzyme activity (%) of AcGH30A

1 mM 10 mM

Control 100 100

Ca®" 1089+ 1.5 125.1+£1.3
Mg?* 116.7+ 1.4 123.0+ 1.7
Mn?* 99.7+ 1.4 103.0+1.5
K* 99.7 +2.3 923+1.9
Ni** 104.8 +2.8 99.5+2.4
Na* 97.6+3.2 96.0+2.9
Co*" 84.7+1.6 79.0+1.2
Fe?* 91.5+2.7 80.2+2.2
Cu** 69.7+ 1.6 66.9 + 1.6
Zn* 73.1+ 1.1 589+ 1.3
EDTA 100.9+2.5 992 +2.1
EGTA 99.5+34 98.1+3.3

3.3.9 Analysis of hydrolytic mechanism of AcGH30A by TLC

The TLC chromatogram of enzyme hydrolyzed products released from different

xylan substrates viz., beechwood xylan, larchwood xylan, 4-O-methyl glucuronoxylan,

rye arabinoxylan, wheat arabinoxylan and oat spelt xylan, by 4cGH30A displayed the

presence of the same and only one product, xylobiose (Fig. 3.9). The low intensity spots

of xylobiose produced from arabinoxylans and oat spelt xylan showed the low activity

of AcGH30A against these substrates.
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Fig. 3.9 Thin-layer chromatography (TLC) analysis with various xylan
substrates. The reaction mixture (100 pL) contained 10 pL. AcGH30A (50
pg.mL") and 0.5% (w/v) substrate dissolved in 50 mM sodium phosphate
buffer (pH 7.0), incubated at 80°C for 2 min. Lane 1. Beechwood xylan,
Lane 2. Larchwood xylan, Lane 3. 4-O-Methyl glucuronoxylan, Lane 4.
Rye arabinoxylan, Lane 5. Wheat arabinoxylan and Lane 6. Oat spelt
xylan with standards (Lane S) xylose, xylobiose, xylotriose, xylotetraose
and xylopentaose.

The TLC chromatogram of time-dependent hydrolysis of beechwood xylan by
AcGH30A at 40°C also showed the release of the sole product, xylobiose (Fig. 3.10A).
The time-dependent TLC analysis did not show the presence of any other hydrolyzed
products as the incubation time progressed except the quantitative increase of the
xylobiose amount (Fig. 3.10B). AcGH30A produced 26 ng.mL™! of reducing sugar from

beechwood xylan at 1 min reaching up to 319 pg.mL"" at 24 h incubation (Fig. 3.10B).
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Fig. 3.10 Thin-layer chromatography (TLC) analysis
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of time-dependent

hydrolysis of beechwood xylan (1%, w/v) at 40°C, pH 7.0 incubating with
AcGH30A for 1 min to 24 h. (A) TLC chromatogram. Standards (S) used
were xylose, xylobiose, xylotriose, xylotetraose and xylopentaose and (B)
Quantitative graph of reducing sugar produced with time by 4cGH30A
at different time periods.

3.3.10 Explication of the hydrolytic mechanism of AcGH30A by HPLC analysis

The hydrolyzed products of beechwood xylan by AcGH30A analysed by HPLC

showed a distinct peak at retention time, 35.8 min corresponding to xylobiose (Fig.

3.11). The HPLC profile of enzyme-hydrolyzed product was compared with those of

control containing only substrate and the standard xylobiose (Fig. 3.11). The common

peaks with retention times ~16.5 and ~13 min was observed in both the enzyme
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hydrolysate and the control corresponding to undigested polysaccharide which were not
detectable by TLC (Fig. 3.11). The HPLC results revealed the release of the only
product, xylobiose from beechwood xylan by AcGH30A. These results confirmed that

AcGH30A is an obligate xylobiohydrolase enzyme.
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Fig. 3.11 HPLC analysis of 4AcGH30A hydrolyzed products from beechwood
xylan showing chromatogram of enzyme hydrolyzed product (in Black),
control containing beechwood xylan without enzyme (in Blue) and
standard xylobiose (in Red). The enzyme-substrate reaction was carried
out using 100 pg.mL! of enzyme, AcGH30A with 1% (w/v) beechwood
xylan in 50 mM sodium phosphate buffer, pH 7.0 at 70°C for 60 min.

3.3.11 Analysis of hydrolysed products of AcGH30A by LC-MS

The analysis of AcGH30A hydrolyzed products of beechwood xylan by LCMS
showed a single charge species at m/z 325.2 9 [M+ACN+H]" depicting the xylobiose
(Fig. 3.12A), which corresponded to mass spectrum of standard xylobiose showing a
single peak at m/z 305.0 [M+Na]" (Fig. 3.12B). LC-MS analysis confirmed that

AcGH30A releases xylobiose as the sole product from beechwood xylan. In contrast,
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fungal xylobiohydrolases, such as 4aXyn30A (Suchova et al., 2020), 7rXyn30A
(Nakamichi et al., 2020), and 7cXyn30B (Nakamichi et al., 2019), on hydrolyzing
beechwood 4-O-methyl glucuronoxylan, produced xylobiose along with other xylo-
oligosaccharides.
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Fig. 3.12(A) Positive ESI ion MS analysis of AcGH30A hydrolyzed product from
beechwood xylan and (B) Positive ESI ion MS analysis of xylobiose
(Standard). The reaction was carried out using 100 pg.mL"! of enzyme,
AcGH30A with 1% (w/v) beechwood xylan in 50 mM sodium phosphate
buffer, pH 7.0 at 70°C for 60 min.
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3.4 Conclusion

The recombinant enzyme, AcGH30A expressed a soluble protein and after
purification by IMAC followed by SEC showed a homogeneous single protein of
molecular size, ~58 kDa on SDS-PAGE analysis. The total yield of enzyme activity of
AcGH30A after SEC purification was 72%. The enzyme, AcGH30A displayed
maximum activity against 4-O-methyl glucuronoxylan followed by xylan, beechwood
xylan, larchwood xylan and other xylan substrates. AcGH30A demonstrated
thermophilic nature with an optimum temperature of 80°C, setting it apart as the first
bacterial xylobiohydrolase from GH30 family with such an elevated optimum
temperature. AcGH30A displayed remarkable stability in a wide range of temperature
and pH. The thermostability analysis of AcGH30A showed 77% of residual activity at
70°C when incubated for 90 min. AcGH30A showed an optimum of pH 7.0 and residual
enzyme activity was above 85% in a wide pH range 5-8. The pH stability analysis of
AcGH30A showed above 80% of residual activity between pH 4.0 and 7.0 when
incubated at 25°C for 90 min. These findings position AcGH30A as a promising
candidate for applications demanding high temperatures and flexibility with pH.
Thermal stability analysis of AcGH30A by circular dichroism (CD) spectroscopy,
indicated that it retains secondary structure elements up to 70°C and displays complete
loss of structure at 85°C. The Tm of AcGH30A obtained from CD was found to be
~72°C. The half-life, ti» of AcGH30A at 70°C, 30°C and 4°C were 1.75 h, 6.5 days and
21 days, respectively. AcGH30A with broad stability profiles can be applied in various
industries, including biofuel production, food processing, textile manufacturing, and
bioremediation, offering versatility and value across different sectors. AcGH30A

showed activity against various xylan polysaccharides displaying the highest Vax, 139
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U.mg ™!, kear, 134.2 57! and Kiy, 0.7 mg.ml™" against 4-O-methyl glucuronoxylan under
optimum conditions. The enzyme activity of AcGH30A was enhanced by 10 mM Ca*"
and Mg?" ions by 25% and 21%, respectively, whereas 10 mM Co?*, Zn?*, Fe**, and
Cu?" ions significantly reduced it. The analysis of AcGH30A hydrolyzed products of
beechwood xylan by TLC, HPLC and LC-MS revealed the release of only one product,
xylobiose, confirming its obligate xylobiohydrolase activity. AcGH30A is a novel
bacterial enzyme displaying obligate xylobiohydrolase activity by orchestrating
exclusive and sequential release of xylobiose from xylan polysaccharides. This study
highlights the potential of 4cGH30A as an industrially valuable enzyme owing to its
thermal and pH stability. Therefore, AcGH30A can be used for commercial production
of xylobiose and other value-added products from xylan polysaccharides or

lignocellulosic biomasses.
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Small angle X-ray scattering and in silico based structure and function analysis
of xylobiohydrolase (4cGH30A) from Acetivibrio clariflavus

4.1 Introduction

Xylans are the second most abundant polymer present in the plant kingdom.
They are the primary component of the hemicellulose present in plants (Fonseca-
Maldonado et al., 2014; He et al., 2014). Structurally, they are heteropolysaccharides
in which the backbone is composed of xylose monomers linked by B-1,4-glycosidic
linkages (Curry et al., 2023). The main chain is decorated with a diverse group of side-
chain moieties viz., glucuronic acid, arabinose, p-coumaric acid and ferulic acid
(Thakur et al., 2019). Xylans are structurally very diverse and their structures differ
based on the species, the specific part and the age of the plant. Xylans hold great
potential to be used for various industrial purposes as a renewable source of energy and
chemicals. To harness the energy and chemicals from xylan, they are required to be
broken down into simpler forms viz. oligosaccharides and monosaccharides. The

degradation process of xylans is complex and its degradation can be achieved by
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physical process like pyrolysis or enzymatic hydrolysis by using xylanases. The
enzymatic breakdown of xylan requires a combined and systematic action of several
xylanolytic and auxiliary enzymes. These auxiliary enzymes are acetyl xylan esterase,
a-arabinofuranosidase, feruloyl esterase, xylan methylesterase and B-glucuronidase
(Moreira, 2016). The enzymatic degradation process is preferable owing to its
environment friendly nature (Juturu & Wu, 2012).

Glycoside hydrolases (GH) constitute a large category of enzymes responsible
for catalyzing the hydrolytic cleavage of glycosidic linkages present in complex
carbohydrates (Henrissat & Davies, 1997; Vuong & Wilson, 2010). Xylanases are a
class of enzymes comprising f-(1—4)-endo xylanase, B-(1—4)- xylobiohydrolase and
B-(1—4)-xylosidase which are involved in complete breakdown of xylan into xylose
monomers (Collins et al., 2005). Xylanases specifically target xylan, recognizing the -
1,4-glycosidic bonds between the xylose units in the xylan polymer. -(1—4)-Endo
xylanase hydrolyses xylan into xylooligosaccharides (XOS) which are short chains of
xylose units linked by B-1,4-glycosidic bonds (El Enshasy et al., 2016). B-(1—4)-
Xylobiohydrolase acts on xylan polysaccharides or XOS and releases xylobiose units
(Kadowaki et al., 2021; Katsimpouras et al., 2019). B-(1—4)-Xylosidase utilizes, xylan,
XOS or xylobiose as substrates cleaving the xylose units from the non-reducing end
(Rohman et al., 2019). B-Xylanase and B-xylosidase from various glycoside hydrolase
families have been reported, while xylobiohydrolase has been reported from only the
GH30 family (Puchart et al., 2021; Suchova et al., 2021). The catalytic mechanism of
xylobiohydrolase involves the nucleophilic attack of a catalytic residue (usually a
glutamate or aspartate) on the glycosidic bond, leading to its cleavage (Puchart et al.,

2021; Suchova et al., 2020, 2021, 2022). The GH30 family contains xylanases primarily
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targeting glucuronoxylan. The family GH30 exclusively included xylobiohydrolases
which are exo-acting enzymes, releasing xylobiose units from the non-reducing ends of
xylan chains or XOS (Puchart et al., 2021).

The documented enzymes exhibiting xylobiohydrolase activity till date have
been only from fungal origin. Two glucuronoxylanases from GH30 family, 7c¢Xyn30B
(Nakamichi et al., 2020) and 7tXyn30A (Nikolaivits et al., 2021) from Talaromyces
cellulolyticus and Thermothelomyces thermophila, respectively have been found to
release xylobiose from the non-reducing end of xylan substrates, along with their
endoxylanase activity. However, both displayed different levels of endo- and exo-
activities. In the case of 7cXyn30B, the xylobiohydrolase activity was more significant
than its endo-glucuronoxylanase activity, whereas 7tXyn30A exhibits both modes of
action at approximately equal levels. Recently, another similar glucuronoxylanase,
SIXyn30A from yeast Sugiyamaella lignohabitans displaying xylobiohydrolase activity
was reported (Suchova et al., 2022). The most stringent xylobiohydrolase, 4aXyn30A
was reported from a cellulolytic fungus Acremonium alcalophilum (Suchova et al.,
2020). Numerous glycoside hydrolases from clan A of the GH30 family following the
retaining-type of reaction mechanism share a common structural feature. They contain
TIM barrel as a standard structural feature with a pair of aspartic or glutamic acid
residues in the catalytic cleft primarily formed by B-a loops, participating in the
catalysis (Henrissat et al., 1995; Puchart et al., 2021).

Acetivibrio clariflavus is a thermophilic, anaerobic, gram-positive, spore-
forming bacterium. The whole genome of C. clariflavum has been sequenced and
several enzymes produced by it have been characterized. Exploring new and novel

enzymes from this microorganism may help current methodologies by improving the
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efficacy of lignocellulosic materials breakdown. Out of various candidate organisms
for thermophilic consolidated bioprocessing (Chen et al., 2018; Gao et al., 2020),
Acetivibrio clariflavus has attained little attention as compared with the model
cellulolytic thermophile Clostridium thermocellum, which has been extensively studied
in the last decade (Verma & Goyal, 2016). A gene encoding a family GH30 enzyme
from Acetivibrio clariflavus was identified and designated as AcGH30A. AcGH30A is
a xylobiohydrolase of family 30 of glycoside hydrolases belonging to the cellulosomal
complex from Acetivibrio clariflavus. The gene encoding AcGH30A containing a
GH30 family catalytic module and a dockerin 1 was cloned, expressed, and
biochemically characterized in previous chapters.

In the current study, the structure and functional -characteristics of
xylobiohydrolase, AcGH30A were explored by in silico and small-angle x-ray
scattering (SAXS) approaches. The molecular structure of 4cGH30A using its amino
acid sequence by homology modeling was generated and validated. Molecular
dynamics (MD) simulation of AcGH30A model was conducted to evaluate the stability
and structural characteristics. Molecular docking studies with ligands were performed
to assess the catalytic mechanism and the amino acid residues involved in ligand
binding. The docked complex of AcGH30A with the ligand was analysed by MD
simulation to detect the structural changes after the ligand binding. The solution
structure characteristics of AcGH30A was investigated by small angle X-ray scattering
(SAXS) and dynamic light scattering (DLS). During the present study of the enzyme,
AcGH30A, St John et al., (2022) reported the crystal structure of the catalytic module
(named as AcXbh30A) of the full length xylobiohydrolase, AcGH30A. While there are

certain similarities in the results, our report provides more valuable information
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regarding the solution structure characteristics of the full-length xylobiohydrolase,
AcGH30A, containing the additional Dockerin 1 domain at C-terminal. The structure
analyses of AcGH30A by computational methods also provided the detailed
understanding of ligand binding and perfect matching of the modeled structure with its

solution structure by SAXS.
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4.2 Materials and Methods

4.2.1 Analysis of amino acid sequence and expression of AcGH30A

The amino acid sequence of a xylobiohydrolase belonging to family 30
glycoside hydrolase here named AcGH30A (514 aa) from bacterium Acetivibrio
clariflavus ATCC 19732 (Uniprot id: G8LU16), was obtained from NCBI database
(https://www.ncbi.nlm.nih.gov/protein/AEV68404.1). The locus tag and GenBank
accession number are Clocl 1795 and AEV68404.1. The physicochemical parameters
of AcGH30A, such as theoretical molecular weight and isoelectric point, were
calculated by the protparam server (https://web.expasy.org/protparam/) (Gasteiger et
al., 2005). The identification of the sequences responsible for the constituent domains
of AcGH30A was accomplished by entering the sequence in the conserved domain
database (http://www.ncbi.nlm.nith.gov/cdd/) provided by National Center for
Biotechnology Information and using the Interproscan (http://www.ebi.ac.uk/interpro/)
server (Jones et al., 2014). The AcGH30A amino acid sequence was checked for the
signal peptide sequences by using the PSignal
(http://www.cbs.dtu.dk/services/SignalP-3.0) server. The domains present in
AcGH30A sequence were outlined and illustrated using DOG 2.0 software (Ren et al.,
2009). To compare and obtain the similarity index with the homologous proteins, the
PSI-BLAST program was performed using the amino acid sequence of AcGH30A
against the PDB database. Multiple sequence alignment (MSA) of AcGH30A was
performed with homologous protein sequences with reported structures, obtained after
PSI-BLAST, to examine its conserved sequences, semi-conserved and catalytic amino
acid residues. The amino acid sequences of AcGH30A homologs were obtained from

the Uniprot database (http://www.uniprot.org) and incorporated into MSA analysis.
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Sequence alignment was carried out wusing the Clustal Omega tool
(http://www.ebi.ac.uk/Tools/msa/clustalo/), provided by EMBL-EBI services (Madeira
et al, 2022). The alignment results were visualized using ESPript 3.0
(http://espript.ibcp.fr/ESPript/ESPript/) (Robert & Gouet, 2014).

The homologs of AcGH30A, identified through PSI-BLAST were CaXyn30A
(Uniprot ID: Q97TI12; PDB ID: 5SCXP) from Clostridium acetobutylicum ATCC 824
and CpXyn30A (Uniprot id: FITBYS; PDB ID: 4FMV) from Clostridium
papyrosolvens C71. CaXyn30A and CpXyn30A were the top two homologous proteins,
both belonging to the genus Clostridium. The other similar homologues of AcGH30A
were two mutants, EI88A and EE of 7¢Xyn30A (PDB ID: 700E) from
Thermothelomyces thermophilus, XynA (Uniport id: Q46961; PDB ID: 1NOF) from
Dickeya chrysanthemi and Xyn30B (Uniprot id: AOA4V8HO018; PDB ID: 6IUJ) from
Talaromyces cellulolyticus CF-2612 and XynC (Uniprot id: AOA6M4JGU4; PDB ID:
3GTN). The amino acid sequences of AcGH30A homologs were obtained from the
Uniprot database (http://www.uniprot.org). Complete amino acid sequences of
AcGH30A, TtXyn30A, Xyn30B, XynA, CaXyn30A, CpXyn30A and XynC were
incorporated in MSA analysis.

4.2.2 Artificial intelligence-based homology modelling of AcGH30A

The in silico 3-dimensional model of AcGH30A was constructed by using the
amino acid sequence (with His-tag at N-terminal) in the Alphafold2 Google Colab
platform (https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/
AlphaFold2.ipyn), also known as ColabFold (Mirdita et al., 2022). AlphaFold2 is an
artificial intelligence-based deep learning algorithm developed by DeepMind

technologies (Jumper et al., 2021). ColabFold utilizes MMseqs2 (Many-against-Many
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sequence searching) homology search along with AlphaFold2 for fast structure
prediction. ColabFold is composed of three major parts. First is the MMseqs2-based
homology search server to prepare MSAs and to acquire the suitable template
sequences. The second part is a Python library linked with the MMseqs2 server to
prepare data for structural inference and visualization. The third part is the Jupyter
Notebooks for accessing and using the Python library. The topology of secondary
structural elements of the AcGH30A model was obtained by using the PDBSum server
(http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate. html) (Laskowski et
al., 2018). The CASTp 3.0 server (http://sts. bioe.uic.edu/castp/calculation.html) was
utilized to determine the potential ligand-binding sites of AcGH30A and the
accessibility of these sites to solvent molecules, including the area with a default probe
radius of 1.4A (Tian et al., 2018).

4.2.3 Evaluation and validation of the computational quality of the modeled
AcGH30A structure

The 3D structure model generated from Alphafold2 was relaxed and energy
minimized by submitting it to the Yasara energy minimization server
(http://www.yasara.org/minimizationserver.htm) (Land & Humble, 2018). The quality
of the energy-minimized 3D model generated from Alphafold2 was analysed and
verified by submitting the structure to SAVES v6.0 (https://saves.mbi.ucla.edu/)
validation server for calculating multiple structural parameters such as ERRAT and
Verify3D score (Liithy et al., 1992). The structural accuracy of the 3D structure model
of AcGH30A was evaluated by generating a Ramachandran plot using the Procheck
server (MacArthur et al., 1994). The statistical Z-score of the 3D modeled structure, a

statistical metric that evaluates the correspondence between the energy of a provided
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structure and that of experimental structures (PDB and NMR) was computed and
graphically represented through ProSA server
(https://prosa.services.came.sbg.ac.at/prosa.php) to detect the erroneous structural
elements (Wiederstein & Sippl, 2007).

4.2.4 Determination of secondary structure elements of 4cGH30A

The quantitative prediction of the secondary structural components of
AcGH30A was conducted by using various web-based services, namely Psipred
(http://bioinf.cs.ucl.ac.uk/psipred/) (McGuffin et al., 2000), SOPMA (https://npsa-
prabi.ibep.fr/NPSA/npsa_sopma.html) (Geourjon & Deléage, 1995) and 2Struc (http://
2struc.cryst.bbk.ac.uk/twostruc) (Klose et al., 2010). The relative amount of distinct
secondary structure elements in AcGH30A was examined using circular dichroism
(CD). Purified 4cGH30A at a concentration of 0.5 mg.ml! in a 50 mM sodium
phosphate buffer at pH 7.0 was utilized for the CD analysis. The concentrated protein
sample was adjusted to align with the ideal range suitable for the CD instrument
(Greenfield, 2006). The CD spectrum of AcGH30A within the far-UV region (190-240
nm) was recorded using a spectropolarimeter (JASCO J-815, Jasco Corporation). CD
data was obtained with the sample temperature set at 25 °C, with a scanning rate of 50
nm.min"' and a spectral range of 1 nm. Molar residual weight (g.mol™!), millidegrees,
and protein concentration (g.L™!) were used to calculate the molar residual ellipticity
(MRE, 10%.deg.cm?*dmol™). To depict as a function of wavelength, the molar residual
ellipticity (MRE, 10°.deg.cm®dmol!) was transformed into the molar extinction
coefficient (Ag, decilitre mol'em™). The range of Ae values spanning from 190 nm to
240 nm was submitted to K2D3 server (http://cbdm-01.zdv.uni-

mainz.de/~andrade/k2d3/) for the quantification of a-helix and B-sheets proportions
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(Louis-Jeune et al., 2012). The resulting mean residue ellipticity, was plotted as a
function of wavelength. The resulting data pertaining to secondary structure elements
from both the circular dichroism (CD) analysis and web-based servers were compared.

4.2.5 Molecular dynamics simulation of AcGH30A modelled structure

The molecular dynamics (MD) simulation of the AcGH30A structure was
carried out using GROMACS v5.1.4 software (Berendsen et al., 1995) and the
Gromos53a6 force field. The simulation was run on the Param-Ishan High-Performance
Computing facility at the Indian Institute of Technology Guwahati, India. The
GROMACS topology file was generated through the pdb2gmx command. A simulation
box was created using the single point charge (SPC) model, which contained 46,968
water molecules and 15 CI” counter ions. The CI” ions were added to neutralize the
charge present over the 3D model of AcGH30A generated by Alphafold. The energy of
the protein simulation system was minimized using gmx_mpi grompp to remove steric
clashes. The system was equilibrated by executing position-restrained (NVT) and
pressure-restrained (NPT) runs to relax the system gradually. Each equilibration step
was performed for 500 ps with a time step of 2 fs (Hess et al., 2008). The final protein-
solvent system was used for the subsequent molecular dynamics (MD) simulation,
which lasted 100 ns with a 2 fs time step. The Root Mean Square Deviation (RMSD)
and Root Mean Square Fluctuation (RMSF) of the amino acid residues were evaluated
over time to examine variations in the protein backbone during the simulation. The
radius of gyration (R;) and solvent accessible surface area (SASA) was computed to

obtain insights of the overall shape and surface characteristics of AcGH30A.
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4.2.6 Protein-ligand interaction study of AcGH30A by molecular docking and
isothermal titration calorimetry

Molecular docking simulation of 4cGH30A was performed with appropriate
ligands to determine the catalytically participating amino acid residues by evaluating
the interactions with the ligands. Autodock 4.2.1 (Morris et al., 2009), a software
package provided with MGLTools 1.5.6 (http://mgltools. scripps.edu/) was utilized for
the study. The ligands used were glucuronic acid, xylobiose, xylotriose, xylotetraose
and 22-(4-O-Methyl-a-D-Glucuronyl)-xylobiose. The ligands were downloaded in 3D
SDF format from the PubChem database (http://pubchem.ncbi.nlm.nih.gov) and
subsequently converted to PDB format using OpenBabel 2.3.2a software (O’Boyle et
al., 2011). The docking procedure followed the methodology outlined in a previous
study (Ahmed et al., 2021). The grid box dimensions around the active site were set to
34, 36, and 48 A for the x, y, and z axes, respectively. The spacing between the sites
was 0.375 A. The coordinates for the center grid box were established at 7.028 (x),
14.306 (y), and -8.472 A (z). Fifty iterations of the Lamarckian Genetic Algorithm were
performed to acquire 50 distinct conformations for each ligand. The Gibbs free energy
(AG), also referred to as binding free energy, corresponding to different ligands-
AcGH30A molecular docking, was obtained and analyzed. AG denotes the change in
Gibbs free energy related to the binding of a ligand molecule to a receptor or protein
target (Morris et al., 2009). A more negative AG value indicates a stronger binding
affinity between the ligand and the receptor, suggesting a more stable complex
formation. The ligand-protein conformation with the lowest AG (binding free energy)
was selected to generate the protein and ligand complex for subsequent investigations.

The 2D schematic diagram of the docked complexes between the protein and ligand
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was visualized using Ligplot+ software (Laskowski & Swindells, 2011) to analyze the
polar and non-polar interactions.

The binding affinity of AcGH30A with the best ligand, xylobiose, was
experimentally assessed using isothermal titration calorimetry (MicroCal ITC, Malvern
Panalytical Pvt. Ltd., UK). The concentration of protein and ligand was 1 mg.mL"!
(0.0173 mM) and 0.025 mg.mL"! (0.09 mM), respectively. The titrations were executed
at 30°C. The enzyme AcGH30A and the ligand were dissolved in sodium phosphate
buffer (50 mM, pH 7.0). During titration, AcGH30A solution in the reaction cell was
continuously stirred at 300 rev.min™'. The titration was carried out with 25 successive
injections of 1.5 pl ligand at 150 s intervals. The results were analyzed by non-linear
regression using a single-site binding model using the system-integrated software
Microcal ORIGIN, version 5.0. The association (K,) and dissociation (Ky) constants
were calculated from the fitted data.

4.2.7 MD simulation of AcGH30A-ligand complex

Molecular dynamics (MD) simulation was conducted to investigate the
interactions between AcGH30A and the ligand using GROMACS v5.14 software with
the GROMOS96 43A1 force field to compute the protein forces. The docked complex
of AcGH30A with the xylobiose was chosen for the simulation due to their least binding
energy of -4.3 kcal.mol™!. The ligand topology for xylobiose was generated using the
PRODRG server (Schiittelkopf & van Aalten, 2004). An SPC cubic simulation box was
constructed containing 31,044 solvent (water) molecules along with the protein-ligand
complex. The charge neutralization of the docked complex of 4cGH30A-xylobiose was
achieved by further adding 15 CI™ counter ions. The energy of the protein-ligand

simulation system was minimized using gmx_mpi grompp to remove steric clashes.
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The system was equilibrated by executing position-restrained (NVT) and pressure-
restrained (NPT), followed by the execution of final molecular dynamics (MD)
simulation for 100 ns, as mentioned in Section 4.2.5. Following the simulation, the
interactions between the ligand and the catalytic residues at the active site of the docked
complexes were examined using PyMOL V2.3.3 software (Yuan et al., 2017). Time-
dependent analysis of the Root Mean Square Deviation (RMSD) and Root Mean Square
Fluctuation (RMSF) of amino acid residues was performed to evaluate the structural
variations in the protein backbone during the simulation. The RMSD and RMSF values
were computed using the commands gmx_mpi rmsd and gmx_mpi rmsf, respectively.
The radius of gyration (R,) and solvent-accessible surface area (SASA) were calculated
using the gmx_mpi sasa and gmx_mpi gyrate commands, respectively. The simulation
results of the complex were compared with the results of ligand-free AcGH30A. A 2D
representation of the protein-ligand interactions was generated using Ligplot+ software
(Laskowski & Swindells, 2011).

4.2.8 Small angle X-ray scattering analysis of AcGH30A

The low-resolution scattering data for AcGH30A at a concentration of 3 mg.ml
! were obtained utilizing a small-angle X-ray scattering system (SAXSpace, Anton
Paar) to investigate the molecular shape and conformational behaviour of AcGH30A in
solution. Before the collection of SAXS data, the AcGH30A samples and the
corresponding buffer were centrifuged at 22,000g for 45 min at 4°C. The incident X-
rays were generated using a line collimation system and were directed through the
sample, contained within a thermostated 1 mm diameter quartz capillary. The source of

X-rays in the SAXSpace machine was a Primux 3000 sealed tube (Anton Paar, Austria)

with copper (Cu) as the anode, emitting the incident radiation of fixed wavelength of
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1.5 A. The scattering of x-rays at small angles (0.1° to 10°) from protein at a
temperature of 10°C was recorded from two separate exposures, each lasting 30 min.
The scattering pattern of the matched buffer (50 mM sodium phosphate, pH 7.0) was
also recorded and subtracted from the AcGH30A sample and the absolute scattering
pattern of only the protein was obtained.

SAXS Quant software was used to generate the SAXS profile from the protein
molecules in solution by subtracting the buffer contribution, yielding the scattering
intensity (I) as a function of the momentum-transfer vector (q) (where q = 4nsin6/A,
with g=scattering vector, A = wavelength, and 20 = scattering angle) (Roblin et al.,
2013). The processing of data, normalization to an absolute scale, and averaging
procedures were carried out using the ATSAS package. Initial data processing was
performed using PRIMUS software. The radius of gyration (R,) was determined using
the Guinier equation and the indirect Fourier transform method using the GNOM
package. The maximum diameter, Dy, was derived from the distance distribution
function, p(r), which was computed using GNOM. The persistence length (L) of
AcGH30A was determined through the formula [V12{(R?) - (R.?)}] (Balasubramaniam
et al., 2019). The molecular weight of AcGH30A was determined from the scattering
pattern using the Qp package. The ab initio method was utilized to produce the low-
resolution shapes of AcGH30A from the scattering curve generated by DAMMIF. The
reconstruction of dummy structural models for AcGH30A was executed through the
implementation of 20 independent iterations of DAMMIF. The verification of these 20
models was subsequently conducted using DAMAVER to establish the resultant ab
initio configuration. The reconstruction of the scattering shape of AcGH30A was

achieved through the application of GASBOR, an ab initio modeling-based, chain-like
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ensemble modeling program. The modelled structures of the AcGH30A were visualized
by using UCSF Chimera (Pettersen et al., 2004).

4.2.9 Size distribution analysis of AcGH30A by dynamic light scattering (DLS)

The DLS analysis of AcGH30A was conducted using the Litesizer 500 Particle
Analyzer (Anton Paar in Graz, Austria) to determine the hydrodynamic diameter (D)
of AcGH30A at concentrations of 1 and 3 mg.mL"!. The DLS of AcGH30A was also
performed in the presence of xylobiose (X2) procured from Tokyo Chemical Industry
Co., Ltd., Japan, to observe its effect on the D, of AcGH30A. Two separate mixtures
were prepared by dissolving AcGH30A with different final concentrations of X2,
0.0173 mM and 0.0346 mM. AcGH30A without xylobiose was used as a control. The
final concentration of 4cGH30A mixed with xylobiose was kept at 0.0173 mM (1
mg.mL1). Protein solutions (1.5 mL) were centrifuged at 13,000xg for 15 min. The
supernatant obtained was then filtered through a 0.45 um PVDF filter membrane using
a syringe filter prior to analysis. Measurements were acquired through a 40 mW diode
laser with a wavelength of 658 nm, positioned at a backscatter angle of 175°.
Experiments were performed at a constant temperature of 25°C, controlled by a Peltier-
based temperature regulator. Particle size analysis was carried out using the Kalliope
software. Dynamic light scattering (DLS) measurements were performed in triplicate

at each concentration.
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4.3 Results and Discussion

4.3.1 Sequence analysis of AcGH30A

The amino acid sequence of xylobiohydrolase, AcGH30A consists of different
modules. Sequence analysis of AcGH30A the SignalP 3.0 server revealed that it
contains a signal peptide of 28 amino acid residues at the N-terminus, suggesting that
AcGH30A is an extracellular enzyme and a part of the secretory pathway. The catalytic
module of AcGH30A, belonging to the glycoside hydrolase superfamily 30, comprises
454 amino acids, followed by dockerin 1 spanning 58 amino acids at the C-terminal of
the sequence, as mentioned in chapter 2 (Fig. 2.1). These two modules are linked by a
linker sequence of 5 amino acids. The presence of dockerin 1 module indicates the
participation of AcGH30A in the cellulosomal complex of Acetivibrio clariflavus.

The pBLAST similarity search revealed identical homologues of CaXyn30A
(PDB ID: 5CXP) from Clostridium acetobutylicum, followed by CpXyn30A (PDB ID:
4FMV) from Ruminiclostridium papyrosolvens, TtXyn30A mutant E188A (PDB ID:
700E_A), and 7tXyn30A double mutant EE (PDB ID: 700E AAA) from
Thermothelomyces thermophilus, XynA (PDB ID: 1NOF) from Dickeya chrysanthemi,
and Xyn30B (PDB ID: 61UJ) from Talaromyces cellulolyticus (Table 4.1). CaXyn30A
and CpXyn30A are two exceptional enzymes among all the reported GH30 enzymes
that have been reported to show non-specific endoxylanase activity. Their non-specific
mode of action is the result of differences in the configuration of their catalytic clefts.
In CaXyn30A, a typical glucuronoxylan-specific xylanases arginine was replaced by
Gly271 residue, whereas in CpXyn30A, it was replaced by Trp269, making it capable
of cleaving both arabinoxylan and glucuronoxylan (St John et al., 2014, 2018). The

high homology of AcGH30A with non-specific xylanases, which does not require the
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presence of glucuronic acid substitutions for their action, suggests a lack of requirement
for the availability of the glucuronic acid moiety for its catalytic activity. The presence
of the conserved arginine residue was found to be important for another GH30
glucuronoxylan-specific xylanase A (StXyn30A) isolated from Streptomyces
turgidiscabies (Maehara et al., 2018). Molecular modelling of SfXyn30A suggested
Arg296 as a conserved residue. To better understand the mechanism involved in the
recognition of glucuronic acid moieties, Arg296 mutants of StXyn30A were prepared
and analyzed. The enzymatic activity of the Arg296 mutant against glucuronoxylan was
significantly reduced compared to that of the wild-type enzyme (Machara et al., 2018).
The amino acid sequence of AcGH30A also showed high similarity with fungal
xylanases. The closest fungal homologues were 7tXyn30A (PDB ID: 700E) from
Thermothelomyces thermophila (Nikolaivits et al., 2021) and Xyn30B (PDB ID: 61UJ)
(Nakamichi et al., 2020) from Talaromyces cellulolyticus (Table 4.1). Both fungal

xylanases show bifunctional endo- and exo-xylanase activities.
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Table 4.1. Homologous protein sequences of AcGH30A obtained from pBLAST.

Protein Organism Max  Query E value % Accession  Accession
name Score Cover Identity = Length ID
(%)

CaXyn30A  Clostridium aceto- 198 83 4.00E- 32.71 390 5CXP_A
butylicum ATCC 58
824

CpXyn30A  Ruminiclostridium 194 83 3.00E- 32.88 396 4FMV_A
papyrosolvens 56
DSM 2782

TtXyn30A  Thermothelomyces 191 78 2.00E- 32.27 452 700E_A

mutant thermophilus 54

E1884 ATCC 42464

TtXyn30A  Thermothelomyces 189 78 1.00E- 32.04 482 TNCX_AAA

double thermophilus 53

mutant EE~ ATCC 42464

XynA Dickeya 168 82 7.00E- 31.55 383 INOF_A
chrysanthemi 47

Xyn30B Talaromyces 168 83 8.00E- 29.87 474 6IUJ A
cellulolyticus CF- 46
2612

The alignment of the amino acid sequence of AcGH30A with multiple GH30
xylanases identified Glul75 and Glu268 as the conserved catalytic residues. Glul75
functions as an acid/base, whereas Glu268 serves as a nucleophile (Fig. 4.1). The
relative surface accessibility of the amino acid residues was analyzed using ESPript 3.0.
The accessibility of the residues is displayed by a bar below the MSA, where blue is
accessible, cyan is intermediate and white is buried inside the core (Fig. 4.1). The MSA
analysis also revealed the presence of a conserved bacterial arginine residue, Arg349,
located on the B13 strand in AcGH30A. A study of the crystal structure of EcXyn30A
(PDB ID: 1NOF), a GH30 glucuronoxylanase from Erwinia chrysanthemi, showed that
the methyl glucuronic acid interacts with the positively charged guanidium group of
Arg293 (Urbanikovéa et al., 2011). The residue, Arg349 of AcGH30A aligned with
Arg293 of EcXyn30A in the MSA analysis. This arginine residue has been found to be

highly conserved in bacterial GH30 glucuronoxylanases.
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Fig. 4.1 Multiple sequence alignment analysis. Catalytic residues are marked with
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red triangles and the conserved bacterial arginine residue is marked with
green triangle. Accessibility of AcGH30A is rendered by a bar below: blue
is accessible, cyan is intermediate, white is buried.
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4.3.2 Homology modeling of AcGH30A

Five homology models of AcGH30A were acquired from ColabFold and were
ranked between 1-5. The rank 1 model was used in subsequent studies. The selected
model was visualized in a 3D cartoon and surface view using the USCF Chimera (Fig.
4.2A & B). The per-residue estimate of the confidence of the model was examined
using a predicted local distance difference test (pLDDT) plot (Fig. 4.2C). The pLDDT
score for the majority of amino acids was above 90, indicating the high confidence and
quality of the predicted model. The number of templates utilized for generating the
models was assessed by the sequence coverage plot (Fig. 4.2D), which revealed that
the prediction of the homology modelled structures was executed using more than 4000

templates for the majority of the amino acid sequence.
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Fig. 4.2 (A) 3D cartoon and surface view of homology modelled structure of AcGH30A
(Blue- Helices, Prusian green- Coils and Orange- B strands), (B) 3D surface view
of the homology model, (C) pLDDT plot, and (D) Sequence coverage plot.
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The topology diagram of the AcGH30A modelled structure illustrated the
number of secondary structural elements (Fig. 4.3A). As per the plot, there were 21 -
strands in total. The central B-barrel within the (B/a)8-fold contained eight parallel f3-
strands. The catalytic residues Glul75 and Glu298 of AcGH30A, identified through
MSA with other homologues, are situated in the catalytic cleft at the entrance of the -
barrel, allowing accessibility to the substrate (Fig. 4.3B). Similar crystal structures were
observed for 7t Xyn30A (PDB ID: 700E) and CaXyn30A (PDB ID: 5SCXP) within the
GH30 family (Kadowaki et al., 2021; St John et al., 2018). The formation of the
catalytic duo is facilitated by loops L6 (red) and 8 (blue), as shown in Fig. 4.3C. L6
contains the nucleophile Glul75, whereas Glu268 is located at 8. Both Glul75 and
Glu268 were found in conserved regions. In the modeled structure of AcGH30A, it was
observed that L6 and B8 played a role in bringing these two amino acids near to the
active-site, thereby promoting the creation of the catalytic duo. Fig. 4.3B displays the
superposition of the modeled structure of AcGH30A with the crystal structures of
CaXyn30A (PDB ID: 5CXP) and CpXyn30A (PDB ID: 4FMV). The RMSD values for
the superposition of AcGH30A with CaXyn30A and CpXyn30A were 1.179 and 1.149
A, respectively, indicating excellent alignment. This superposition highlights a
consistent alignment of the catalytic residues in the homologues, specifically
corresponding to Glul75 and Glu268. The configuration of the catalytic duo in the
active-site of AcGH30A and the two other homologues, CaXyn30A and CpXyn30A,
are shown in Fig. 4.3B. In the modeled structure of AcGH30A, the distances between
the catalytic duo were assessed using PyMOL v2.3.3. The minimum distance between
Glul175 and Glu268 was 4 A. Active-site analysis, conducted using the CASTp server,

elucidated the features of the ligand-binding site of AcGH30A (Fig. 4.3D). The CASTp-
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calculated solvent-accessible surface area and volume of the catalytic site and ligand-

binding pocket were 112.582 A% and 53.260 A3, respectively.

A
— o bl ." Z
. § .
B
C

Fig. 4. 3 Structural features and catalytic architecture of AcGH30A. (A) Topology
diagram of AcGH30A with N- and C- terminal and secondary structure elements
(a-helices, f-sheets and turns), (B) Superposition of AcGH30A modeled structure
(Green) with closest homologues CaXyn30A (Yellow) and CpXyn30A (Cyan) and
catalytic residues in the magnified black square, (C) Surface view of AcGH30A
shows loop 6 (L6) in red and B-strand 8 (f8) in blue forming the catalytic duo (in
red) (D) Catalytic cleft (red) predicted by CastP server.
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4.3.3 Quality assessment and validation of the modeled structure of AcGH30A

Ramachandran plot from the Procheck server was used to examine the dihedral
angles (¥ and @) of the amino acid residues constituting the backbone of the AcGH30A
modeled structure (Fig. 4.4A). The plot revealed that the favoured region has 87.6%
residues, the allowed region has 12.4% residues, and there is no amino acid residue
present in the disallowed zone. Overall model quality AcGH30A, assessed via the
ProSA server, showed an error-free model within the X-ray zone, obtaining a Z-score
of -9.5 (Fig. 4.4B). The local model quality, examined using ProSA, indicated the
accuracy of every component in the modeled structure, with no amino acid residue
exhibiting a positive value in the local energy plot (Fig. 4.4C). The quality assessment
of AcGH30A via the UCLA Saves server showed a successful VERIFY 3D test,
achieving an average 3D-1D score of > 0.2 (Fig. 4.4D). The overall quality score of the
AcGH30A modelled structure was determined to be 93.6% by the ERRAT server,
confirming the high quality of the AcGH30A modelled structure. The model's
refinement, as well as the findings of its quality assessment, were satisfactory for further

research.
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Fig. 4.4 Validation and quality assessment of AcGH30A modeled structure. (A)
Ramachandran plot generated by Procheck showing favoured, allowed and
model quality, (B) Prosa plot indicating the overall model quality factor (Z-score)
(C) ProSA plot of residue scores, and (D) VERIFY 3D showing the 3D-1D
averaged score of the amino acid residues.
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4.3.4 Secondary structure analysis of AcGH30A

PsiPred 4.0, a web-based system was used to determine the secondary structure
elements of AcGH30A from its amino acid sequence. According to the Psipred data
AcGH30A has 23.7% a-helices, 22.9% B-strands and 46.7% random coils. SOPMA and
2Struc servers were also used for determining the composition of secondary structures
present in the AcGH30A. SOPMA predicted the relative proportions of a-helices, -
sheets, and random coils to be 23.93%, 23.93% and 45.91%, respectively, and with
2Struc server it was 28.2%, 22.8% and 49.0%, respectively (Table 4.2). The results
from the web servers suggested that the majority of AcGH30A residues fold into
random coils with a similar composition of a-helices and B-strands. The in-silico 3D
model of AcGH30A generated by Alphafold2 also showed similar proportions of
secondary structures with 23.46% a-helices, 22.17% B-sheets and 54.4% of random
coils. The CD analysis results for secondary structure prediction, obtained through the
K2D3 server, indicated the presence of 21.94% a-helices, 20.98% B-sheets, and 57.08%
random coils (Fig. 4.5 and Table 4.2). These CD findings aligned with the predictions
made by web servers for analyzing secondary structure.

Table 4.2. Secondary structure analysis of AcGH30A.

SERVER/TOOL  o-Helix (%) B-Strands (%) Random Coils (%)
Psipred 23.7 22.9 53.4
2struct 28.2 22.8 49.0
SOPMA 23.93 23.93 52.14
Alphafold2 23.46 22.17 54.4
CD 20.98 21.94 57.08
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Fig. 4.5 Far UV-CD spectrum of AcGH30A analysed by K2D3 server for
determination of secondary structure elements. The CD spectrum
of purified AcGH30A (0.5 mg.ml! in 50 mM sodium phosphate
buffer at pH 7.0) in the far-UV region (190-240 nm) was obtained at
25 °C with scanning rate of 50 nm.min! and spectral range of 1 nm.

4.3.5 MD simulation of AcGH30A modelled structure

The dynamic behaviour and interactions of atoms and molecules over time,
globularity and stability of the AcGH30A modelled structure were investigated by
molecular dynamics (MD) simulation for 100 ns. By using values of the root mean
square deviation (RMSD), the structural deviation from the original structure was
calculated. The RMSD vs. time graph (Fig. 4.6A) showed significant fluctuation,
ranging from 0.01 nm to 1.31 nm up to 53 ns, after which the structure stabilized
between 1.18 nm and 1.45 nm from 54 ns to 100 ns. The average RMSD of the whole
simulation period was found to be 1.04 nm. The radius of gyration (R) fluctuated
between 2.5 nm and 2.8 nm, between 1 ns to 49 ns (Fig. 4.6B). From 50 ns onwards, R,
values varied between 2.76 nm to 2.78 nm showing minimal fluctuations. The R,

became stable after 49 ns till the end of 100 ns, demonstrating the structure's global
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compactness (Fig. 4.6B). The average R, was found to be 2.7 nm. The solvent
accessible surface area (SASA) of AcGH30A gradually declined from an initial 221.01
nm? to 218.21 nm? at 100 ns, indicating very little change, giving an average SASA
value, 221.98 nm? (Fig. 4.6C). The variation in SASA values was minimal, suggesting
that there is no hindrance to the catalytic residues due to deformities, and therefore,
they remain accessible to the substrate.

Following molecular dynamics (MD) simulation, the Root Mean Square
Fluctuations (RMSF) of Ca atoms within amino acid residues were computed to
evaluate the displacement of atoms across various regions in the simulated structure.
The N- and C-terminal of AcGH30A were identified as highly flexible regions, while
residues involved in secondary structures demonstrated reduced flexibility, in contrast
to those within the loop regions. The catalytic residues, Glul75 in loop L6 and Glu268
in 8 (highlighted by the red arrow), exhibited lower flexibility and greater stability
compared to other residues in L6 and B8 (Fig. 4.6D). The MD simulation study
demonstrated that the modeled structure of AcGH30A is both compact and stable,

making it suitable for additional structural investigations.
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Fig. 4.6 MD simulation analysis of AcGH30A modelled structure after 100 ns
simulation. (A) RMSD plot, (B) Radius of gyration (R;) plot, (C) SASA
plot and (D) RMSF plot.

4.3.6 Protein-ligand interaction study of AcGH30A by molecular docking and
isothermal titration calorimetry

The molecular docking analysis of AcGH30A with different ligands revealed
its maximum binding affinity with xylobiose (binding free energy, -4.3 kcal.mol ™)
followed by glucuronic acid (-3.06 kcal.mol™!), xylotriose (-2.36 kcal.mol™!) and 22-(4-
O-Methyl-a-D-Glucuronyl)-xylobiose (-0.98 kcal.mol™!) as shown in Table 4.3. The
highest binding affinity of 4cGH30A for xylobiose supports the presence of
xylobiohydrolase activity.

The Ligplot software was utilized to analyse the 2-dimensional interactions
between ligands and amino acid residues within the catalytic cleft. In the docked
complex, xylobiose was positioned in the catalytic cleft with two subsites, -1 and -2.

Fig. 4.7A & B displays the docked complex of 4cGH30A with xylobiose, with the
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amino acid residues involved in the subsites -1 and -2. AcGH30A formed four hydrogen
bonds with xylobiose, involving Trp123, Glul75, Asnl174, and Glu268 (Table 4.3).
Similar amino acids were found to be forming hydrogen bonds with xylobiose in the
crystal structure of catalytic module of AcGH30A (dubbed as AcXbh30A) (St John et
al., 2022). The corresponding amino acid residues in the crystal structure were Trp116,
Glul68, Asnl67 and Glu261. The catalytic nucleophile Glu268 and the acid/base
catalyst Glul75 of AcGH30A were positioned at 2.9 A and 2.6 A, respectively, from -
1 xylose (Fig. 4.7B). Moreover, Trp123 and Asn174 were located 2.8 A and 3 A away
from -1 xylose. The residues, Leul78, Tyr182, Phe32, Met219, Met272, Tyr247 and
Trp304 of AcGH30A participated in establishing hydrophobic interactions with
xylobiose (Table 4.3). The -2 subsite was primarily composed of Leul78, Tyr182 and
Met219. The conserved bacterial amino acid residue, Arg349 present in 13 sheet of
AcGH30A was distantly located from the catalytic cleft and was not involved in any
interaction during molecular docking, suggesting its non-participation in catalysis. This
indicated that AcGH30A may not recognise or require the presence of glucuronic acid
moiety as happens in glucuronoxylanse, EcXyn30A for binding and catalysis of the

xylan substrate (Urbanikova et al., 2011).

TH-3737_196106031



Chapter 4 150

Table 4.3. Amino acid residues of AcGH30A involved in ligand binding.

Ligand Binding Polar Hydrophobic
energy interaction interaction
(kcal.mol™)
Xylobiose -43 Asnl74, Glul75, Phe32, Leul78, Tyrl82,
Glu268 Met219, Tyr247,
Met272, Trp304
Glucuronic acid -3.06 Thr255, Lys258, Phe254, Pro253
Thr296, Glu297
Xylotriose -2.36 Glu223, Thr255  Asn222, I1e252, Pro253,
11e295,
Xylotetraose -1.66 Thr19, Lys258, Tyr20, Pro253, Thr255,
Ser259, Glu297,
Thr296,
22-(4-O-Methyl-a-D- - 0.98 Asnl74, Glul75, Phe32, Trp123, Leul7s,
Glucuronyl)- Tyrl82, Glu315  Glu268, Ser270,
xylobiose Trp305, Lys310,

Tyr312, Asn313

Molecular docking of AcGH30A4 was performed using AutoDock 4.2.1. The grid box
around the active site was set to dimensions of 34 x 36 x 48 4 (x, y, z) with a spacing
of 0.375 A, and centered at coordinates 7.028, 14.306, and -8.472 4 for x, y, and z,
respectively.

The cleavage of a glycosidic bond by glycoside hydrolases follows two different
types of mechanisms, viz. retaining- and inverting-type (Briix et al., 2006; Davies &
Henrissat, 1995; Okuyama et al., 2009). In the case of retaining-type enzymes, the
nucleophilic catalytic residue is in closer proximity to the anomeric carbon of the sugar
when compared with the inverting-type enzymes. The average distance between the
catalytic duo in retaining-type enzymes is 5.5 A, while in inverting-type it is 10 A
(Davies & Henrissat, 1995; Okuyama et al., 2009). The molecular docking study of the
docked complex, AcGH30A-xylobiose revealed that xylobiose is placed between the
catalytic duo, Glul75 and Glu268. The analysis further showed that the distance
between these two catalytic residues in 4cGH30A was 4 A, suggesting that it follows

the retaining-type mechanism (Fig. 4.7A & B).
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Fig. 4.7 Docking analysis of 4AcGH30A with the xylobiose showing (A) 3D
schematic presentation and (B) 2D schematic presentation of the
orientation of active-site residues with xylobiose.

Isothermal titration calorimetry of AcGH30A was carried out using xylobiose
as a ligand, since AcGH30A displayed the highest binding affinity with xylobiose
during molecular docking. A strong binding between AcGH30A and xylobiose was
observed with an association constant (K,) of 7.83x10° M™! which also gave the value

of a dissociation constant (K,) of 1.28x107® M (Fig. 4.8).
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Fig. 4.8 Isothermal titration calorimetry of AcGH30A binding to xylobiose. The
concentrations of 4AcGH30A, 1 mg.mL"! (0.0173 mM) and xylobiose,
0.025 mg.mL! (0.09 mM) was used. The titrations were performed at
30°C, involving 25 consecutive injections of 1.5 pl ligand at 150 s

intervals.

4.3.7 MD simulation of AcGH30A-ligand complex

The RMSD, R,, SASA and RMSF of the complex AcGH30A-xylobiose were

calculated and analysed. Comparative molecular dynamics analysis between the

AcGH30A-xylobiose complex and AcGH30A was performed to assess various

parameters, evaluating the stability and compactness of the docked complex after

molecular dynamics simulation. The docked complex displayed an average RMSD

value of 0.65 nm after 40 ns, with oscillation within £0.03 nm until 100 ns. Remarkably,

this was 0.39 nm lower than the RMSD observed for AcGH30A without the ligand (Fig.

4.9A). The RMSD value of the simulated docked complex decreased significantly,
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reflecting conformational changes induced by the binding of xylobiose within the active
site of AcGH30A, as compared to the unbound AcGH30A structure. The consistent
RMSD values confirmed the structural equilibrium and stability of the docked complex.
Over the 100 ns simulation, the radius of gyration (R,) for the docked complex
maintained a range of 2.31 nm to 2.61 nm, with an average R, of 2.38 nm (Fig. 4.9B).
The R of the docked complex was 0.32 nm lower than that of AcGH30A alone,
indicating that ligand binding increased the overall compactness and rigidity of the
complex. The SASA progressively decreased during the simulation, following a trend
similar to that of the unbound AcGH30A throughout the 100 ns trajectory (Fig. 4.9C).
The average SASA during the whole simulation was found to be 199.41 nm?, which
was lower from the calculated SASA of only AcGH30A by ~22.57 nm?. This suggested
that the binding of the ligand to the catalytic cleft of AcGH30A in the docked complex
led to a reduction in solvent accessibility. The RMSF plot from the MD simulation of
the complex exhibited a similar trend to that of AcGH30A, with the N- and C-terminal

residues displaying high flexibility (Fig. 4.9D).
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Fig. 4.9 Comparative molecular dynamic simulation analysis of xylobiose bound
AcGH30A and unbound AcGH30A, presenting (A) RMSD plot, (B)
Radius of gyration (R;) plot, (C) SASA plot, (D) RMSF plot.

In the MD simulation, the AcGH30A-xylobiose docked complex showed lower-
level of flexibility as compared to the AcGH30A model. The decreased flexibility at the
N- and C-termini of the complex suggests enhanced stability and compactness in the
AcGH30A-xylobiose complex compared to the unbound AcGH30A. The RMSF values
of the catalytic residues, Glul75 and Glu268 were found to be stable (Fig. 4.9D). These
residues exhibited negligible mobility, suggesting their geometric accuracy and
capability to adopt productive catalytical conformations. In the final 3D model of the
enzyme-ligand complex generated after the completion of simulation, xylobiose was
bound to the catalytic cleft present at the opening of the TIM-motif (Fig. 4.10A & B),
similar to the configuration observed after molecular docking. After 100 ns, the amino

acid residues, Glul75, Ser220 and Asn222 established hydrogen bonds with the ligand,
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whereas GIn224, Tyr225, and Asn218 developed hydrophobic contacts with xylobiose
in the catalytic cleft (Fig. 4.10C & D). The MD simulation study further showed that
Arg349 present in B13 sheet of 4cGH30A is far from the catalytic cleft and therefore
not involved in any interaction with xylobiose, corroborating its non-participation in
catalysis. In the final 3D model of the enzyme-ligand complex generated after the
completion of simulation, the ligand was found to be bound with Glul75 and in the
close proximity of Glu268. It is evident from the ligand bound model generated after
molecular dynamics simulation for 100 ns that the ligand is stable and bound to the

catalytic cleft with high binding affinity.

3D interactions view 2D interactions view

Fig. 4.10 Molecular dynamics simulation analysis of AcGH30A in complex with
xylobiose. (A) 3D cartoon view of simulated complex structure of
AcGH30A with xylobiose, (B) 3D surface view of simulated complex
structure of AcGH30A with xylobiose (Blue- Helices, Prusian green-
Coils and Light grey- p strands), (C) 2D schematic representation of
orientation of active-site residues of AcGH30A with Xylobiose after 100
ns of simulation, and (D) 2D schematic representation of interactions
between xylobiose and the protein residues.
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Distance-versus-time analysis of the AcGH30A-xylobiose complex revealed that
the catalytic residues Glul75 and Glu268 consistently maintained distances below ~3.5
A with the ligand hydroxyl groups O7 and O4 throughout the simulation, indicating
persistent hydrogen bonding and confirming their central role in catalysis (Fig. 4.11).
In contrast, Glul74 displayed more fluctuating distances, often approaching or
exceeding 3.5 A, suggesting a transient stabilizing interaction rather than direct
catalytic involvement. These dynamic observations validate the polar interactions
predicted by docking (Section 4.3.6) and complement the hydrogen-bond occupancies

and interaction mapping shown in Figure 4.10.
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Fig. 4.11 Distance-versus-time plots of polar interactions between key active-site
residues of AcGH30A and xylobiose during the 100 ns MD simulation.
Distances were measured between OE1 of Glul75, ND2 of Glu268 and
OE1 of Glu174 with the O7 and O4 atoms of xylobiose. OE1 and ND2 of
the catalytic residues are oxygen and nitrogen atoms, respectively. O7
and O4, part of the hydroxyl groups of xylobiose are the oxygen atoms.
Distances below 3.5 A for Glul75 and Glu268 confirm their stable
interactions with the ligand, whereas Glul74 shows more variable
contacts, suggesting a transient role in substrate stabilization.
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4.3.8 Small angle X-ray scattering analyses of AcGH30A

The recombinant AcGH30A consisting of a GH30A family catalytic module
(433 aa) and the dockerin 1 (68 aa) including the linker sequence of 5 amino acids
between the modules was cloned, expressed and purified (Chapter 3). The SDS-PAGE
analysis showed the estimated molecular mass of 58 kDa (Section 3.3.3). The
experimentally estimated molecular mass of 4cGH30A was similar to the theoretical
molecular mass of 57.78 kDa calculated by the ExXPASy ProtParam server along with
the theoretical isoelectric pH of 5.22.

The structural conformation of 4cGH30A in solution was assessed through
SAXS studies. The SAXS data for AcGH30A at a concentration of 3.0 mg.ml™! were
processed, analysed, and the findings are presented in Table 4.4. The monodisperse
nature of the AcGH30A was confirmed through the visual inspection and initial
processing of the AcGH30A scattering profiles (Fig. 4.12A). Analysis of the P(R)
function, derived from the Fourier transformation of AcGH30A scattering profiles,
displayed a symmetric distribution, characteristic of globular macromolecules (Fig.
4.12B), indicating the presence of AcGH30A in its monomeric state. The maximum
diameter (Dpax) and R, of AcGH30A, calculated from the P(R) plot were 10.88 nm and
3.6 nm, respectively. The Dy is 3.02 times greater than the R, indicating that
AcGH30A adopts an extended, non-globular conformation. The overall compactness
and conformational flexibility of AcGH30A in solution were further evaluated using
Kratky plot analysis (Fig. 4.12C). The Kratky plot analysis of AcGH30A revealed bell-
shaped peaks in the low g-region, corroborating a compact and folded structure,
consistent with previous reports (Ernst et al., 2020). Guinier analysis showed that the

R, of AcGH30A for globular and rod shape was 3.59 = 0.44 nm and 1.07 = 0.01 nm,
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respectively. The persistence length (L) of the AcGH30A molecule was found to be

11.87 nm. The linear behaviour of the fit line in the low g-region of the Guinier plot

indicated the absence of aggregation and the monodispersity of AcGH30A (Fig. 4.12D).

Table 4.4. SAXS data collection and derived parameters of AcGH30A at 3.0 mg.ml'.

Data-collection parameters AcGH30A
Instrument SAXSpace Anton-Paar
Wavelength (A) 1.54

Q range (nm) 0.135-5.95
Exposure time (min) 30x2
Temperature (°C) 10

Protein Concentration (mg.ml™) 3

Structural parameters

O range (nm'!) used for R, analysis 1.6-3.5

1(0) au from Guinier 72349.9 + 6667.96
Re nm from Guinier 3.59+0.44
1(0) from P(r) 66530

R, nm from P(r) 3.6

Diax (nm) 10.88

Porod volume estimate (nm?) 91.9

Persistent length (nm) 11.87
Resolution (nm) 5.0

Molecular mass determination

Theoretical molecular mass (kDa) 57.79
Molecular mass from Qp (kDa) 58.27
Modelling parameters

v 0.3123

NSD 0.866 + 0.087
Software employed

Data processing primus

P(r) function calculation GNOM

Ab initio modeling DAMMIF
Validation and averaging DAMAVER
Structure superposition SUPCOMB
3D graphical representation UCSF Chimera
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Fig. 4.12 SAXS analysis of 4cGH30A at 3.0 mg.ml . (A) Intensity profile obtained
through SAXS, (B) P(R) curve of AcGH30A as a function of R, (C)
Kratky plot of SAXS data, and (D) Guinier plot of the SAXS intensities.

The molecular mass of AcGH30A, determined from the SAXS scattering profile
using the Qp package, was found to be 58.27 kDa. This value aligns closely with both
the theoretically and experimentally determined molecular mass of 57.79 kDa, further
indicating the presence monomeric state of AcGH30A in the solution. A total of 20
reconstructed models were averaged to develop the most representative ab initio model
using DAMAVER (Ficko-Blean et al., 2009). The ab initio model generated by the
DAMAVER program revealed a structure consists of two globular structures, one
significantly larger than the other. The molecular shape of the ab initio model showed
an earbud-shaped envelope. When the ab initio model was overlayed with the 3D model
of AcGH30A, it evidently showed that the large globular structure belongs to the

catalytic module of the enzyme and the smaller one corresponds to the dockerin 1
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module (Fig. 4.13). Both the ab initio and 3D model of 4cGH30A showed high
similarity in terms of globularity and the shape. The y* value of 0.3123 indicates
excellent agreement between the experimental SAXS data and the theoretical scattering
from the model (Table 4.4). The NSD value of 0.866 + 0.087 reflects high consistency
among independent ab initio models. Together, these parameters confirm the accuracy

and reliability of the SAXS model of AcGH30A.

Flip Horizontal
(180°)

Flip Horizontal
(180°)

Fig. 4.13 SAXS envelope of AcGH30A at a protein concentration of 3 mg.mL™,
visualized from multiple orientations. The ab initio molecular envelope of
AcGH30A was fitted with its structural model using UCSF Chimera.
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4.3.9 Dynamic light scattering (DLS) analysis of AcGH30A

DLS examination of particle diameter in relation to scattering intensity (%) for
AcGH30A at protein concentrations of 1 and 3 mg.mL™ and in the presence of
xylobiose exhibited singular peaks, indicating the exceptional monodispersity of
AcGH30A (Fig. 4.14). The hydrodynamic diameter (Ds) at both 1 and 3 mg.mL"!
concentrations was 7.4 nm, with a hydrodynamic radius (Ry) of 3.7 nm, consistent with
the SAXS data. The hydrodynamic radius of the protein is close to the value of R,
which was determined to be 3.6 nm by SAXS analysis. The addition of xylobiose did
not show any change in the D, of AcGH30A, resulting in a constant R, of 3.7 nm.
However, a slight increase in the scattering intensity of AcGH30A was observed in the
presence of xylobiose as compared with AcGH30A only. Moreover, the scattering
intensity further increased as the concentration of xylobiose was increased in the

mixture.

F N
|

AcGH30A (1 mg/mL)
—— AcGH30A (3 mg/mL)
= AcGH30A+X2 (0.0173 mM)
—— AcGH30A+X2 (0.0346 mM)

Scattering intensity %
PR SR 1

o
1

T 1 T T i T T 1
0 5 10 15 20 25 30 35 40

Hydrodynamic diameter (nm)

Fig. 4.14 Particle diameter analysis of AcGH30A at different concentrations of 1.0
mg.mL! (orange) and 3.0 mg.mL! (black) and in the presence of two
different concentrations of xylobiose (X2), 0.0173 mM (blue) and 0.0346
mM (red) by DLS. The final concentration of AcGH30A mixed with X2
was 1 mg.mL".
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4.4 Conclusion

A high-quality homology model of 4cGH30A, generated from Alphafold2,
demonstrated structural accuracy, supported by Ramachandran plot analysis and
secondary structure assessments. The Ramachandran plot depicted that the favoured
and allowed regions contained 100% of the amino acids and no residue in the
disallowed region. The 3-dimensional model of AcGH30A showed an overall quality
score of 93.6% in the ERRAT server analysis. The secondary structure analysis of
AcGH30A in an aqueous environment using circular dichroism and in silico modeling
revealed an a/f/a sandwich structure with a central -barrel comprising eight 3-strands.
CD analysis revealed that AcGH30A contained 21.94% a-helices, 20.98% B-sheets and
57.08% random coils aligning closely with the prediction results from Psipred, SOPMA
and 2Struc servers. The molecular docking analysis revealed a significant binding
affinity of AcGH30A with xylobiose with a binding free energy of -4.3 kcal.mol,
showcasing polar interactions with the catalytic amino acids, validating the
xylobiohydrolase activity of 4cGH30A. The molecular docking study suggested a
retaining type mechanism supported by the positioning of xylobiose between the
catalytic residues Glul75 and Glu268. The -1 subsite was predominantly composed of
Trp123, Glul75, Asnl74, and Glu268 residues forming hydrogen bonds with
xylobiose. Isothermal titration calorimetry determined the high binding affinity of
AcGH30A with xylobiose with an association constant (K,) of 7.83x10°> M™!. Molecular
dynamics simulations revealed consistent conformational alterations in AcGH30A
following the binding of the ligand, evidenced by reduced RMSD, R,, and SASA values
of the docked complex with xylobiose compared to the free AcGH30A. The average

RMSD, R, and SASA values of AcGH30A in the docked complex declined by 0.39 nm,
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0.32 nm and 22.57 nm?, respectively. These reduced values confirmed the compactness
and stability of 4cGH30A-ligand complex. MD simulations further highlighted the
crucial role of Glul75 in hydrogen bonding with the ligand, which acts as an acid or
base. Small-angle X-ray scattering (SAXS) studies confirmed the monodispersity and
compact globular structure of AcGH30A in aqueous environment, showcasing its
molecular shape resembling an earbud. The DLS analysis of AcGH30A also showed
the monodisperse state with a hydrodynamic radius (R;) of 3.7 nm. This comprehensive
study highlights the mode of action of AcGH30A as a xylobiohydrolase, shedding light
on its unique structural and functional features. This study will enrich our understanding
of industrial xylanases, particularly in terms of their structure and functions, which will

facilitate rational enzyme engineering to improve their properties.
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Chapter 5

Enzymatic degumming of Ramie (Boehmeria nivea) bast fibres and Pineapple
(Ananas comosus) leaf fibres by xylobiohydrolase, mannanase and pectate lyase

5.1 Introduction

Natural fibres are increasingly valued for their renewable, biodegradable, and
sustainable nature, making them vital resources in a wide range of industries, especially
textiles (Koztowski & Mackiewicz-Talarczyk, 2020). Among these, ramie (Boehmeria
nivea) bast fibres and pineapple (Ananas comosus) leaf (PAL) fibres have attracted
considerable attention due to their unique properties and broad applicability. Ramie,
often referred to as the "queen of natural fibres," is renowned for its exceptional luster,
high tenacity and microbial resistivity, as well as its silk-like appearance, making it a
highly desirable material in clothing fabrics, industrial packaging, canvas and twines
(Rehman et al., 2019). Similarly, PAL fibre is a strong and stiff fibre known for its
excellent mechanical properties and potential as a sustainable alternative to synthetic
fibres (Asim et al., 2015). Despite their promising characteristics, the effective
processing of these fibres remains challenging due to their inherent structural

complexity and the presence of non-cellulosic components (Zhu et al., 2022). Both
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ramie and PAL fibres are well-suited for textile applications and enzymatic degumming
due to their high cellulose content, which provides strength and durability. However,
their processing presents unique challenges (Saxena et al., 2017). In India, while ramie
fibres are traditionally processed, pineapple leaves are often discarded as agricultural
waste after harvest, creating a disposal problem for farmers. This underutilized biomass
holds significant potential for the production of high-value fibres, provided efficient
and sustainable extraction technologies are implemented. Despite India being one of
the leading producers of pineapple, particularly the Queen variety in Assam, the lack
of advanced technologies for fibre extraction and value addition limits its utilization
(Saloni et al., 2017). Other countries such as Brazil, by contrast, have developed
markets for value-added products derived from pineapple leaves, highlighting the need
for technological advancements in India.

The raw fibres, viz. ramie and PAL fibres, are primarily composed of cellulose,
which constitutes 65—-75% in ramie and 69.5-71.5% in PAL fibres (Jose et al., 2016; Li
etal., 2016). However, they are embedded in a matrix of non-cellulosic substances such
as pectin, hemicellulose, lignin and wax, collectively referred to as "gums." These
components bind the fibres together, making mechanical separation difficult and
reducing their suitability for industrial applications. In ramie, the gum content ranges
from 20-30%, comprising 4—5% pectin, 14—16% hemicellulose and 0.8—1.5% lignin
(Lietal.,2016). PAL contains 4.4—4.7% lignin, 1.0-1.2% pectin, 19.5% hemicelluloses
and other impurities (Daud et al., 2014; Jose et al., 2016). These gummy substances
must be removed to yield pure cellulose fibres with desirable properties, such as
enhanced hydrophilicity and dyeing efficiency (Ding et al.,, 2023). However,

conventional degumming methods, which often involve chemical treatments with
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sodium hydroxide, are associated with several drawbacks, including fibre damage, high
energy consumption and the generation of hazardous effluents (Lyu et al., 2021).

The challenges associated with chemical degumming leads to the search for
environmentally sustainable alternatives (Shadhin et al., 2023). Enzymatic degumming
has emerged as a promising biotechnological approach for processing plant fibres
(Subash & Muthiah, 2021). Unlike chemical methods, enzymes are substrate-specific,
targeting pectin, hemicellulose and other non-cellulosic components without degrading
the cellulose matrix. This precision minimizes fibre damage and improves fibre quality,
yielding softer, more desirable textures for textile applications (Subash & Muthiah,
2021). Moreover, enzymatic degumming is less energy-intensive, reduces
environmental contamination and shortens processing time. Enzymatic degumming
significantly reduces wastewater generation compared to chemical methods, aligning
with green technology initiatives in the textile industry (Amankwah et al., 2024).

In this study, an eco-friendly enzymatic degumming approach was developed
and optimized for ramie and PAL fibres using three carbohydrate-active enzymes:
xylobiohydrolase, pectate lyase, and mannanase. These enzymes play a critical role in
selectively breaking down gum components, producing fibres with minimal residual
gum content. Mannanase and xylobiohydrolase degrade hemicelluloses in plant fibres.
Mannanase breaks down mannans (Wang et al., 2017a), while xylanase targets xylans
(Mendonga et al., 2023). Pectinase is crucial in enzymatic degumming as it degrades
pectic substances (Haile & Ayele, 2022). These enzymes loosen cell structures,
enhancing their reach, improving gum degradation efficiency. Xylobiohydrolase
degrades xylan, disrupting cross-links with cellulose and pectin, while pectate lyase

cleaves pectin, weakening the pectin—cellulose interface. Mannanase further breaks
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down galactomannans, reducing the cohesion of matrix components. This combined
enzymatic activity leads to structural weakening, increased porosity, and reduced fibre
bundle adhesion, making gum removal more efficient.

Recent research efforts have explored various enzymatic formulations and
microbial sources to optimize degumming efficiency of ramie and PAL fibres. The
enzymatic degumming of ramie was optimized using a thermoalkaliphilic xylanase
from Bacillus halodurans CM1 and a commercial pectinase (Suhendar et al., 2024).
Their optimal conditions (50°C, 3h) resulted in a significant increase in brightness and
reducing sugar yield indicating efficient impurity removal and polysaccharide
breakdown (Suhendar et al., 2024). Treatment of ramie fibres by an alkaline pectate
lyase, BacPelA, at 60°C and pH 10.0 for 4 h showed a significant weight loss of 20.5%
indicating its effectiveness in breaking down the pectin that holds the fibres together
(Zhou et al., 2023). A recombinant alkaline thermostable B-mannanase (ManB) from
Thermobifida fusca exhibited high stability in alkaline conditions (Wang et al., 2017).
When ManB was combined with Bacillus sp. HG-28, producing pectinase and
xylanase, degumming efficiency of ramie fibres improved from 13% with ManB alone
to 75.2%, demonstrating the synergistic potential of multiple enzymes (Wang et al.,
2017). Bio-degumming of raw pineapple leaves using multiple degumming-related
enzymes secreted by Bacillus subtilis XW-18 was reported (Tan et al., 2025). They
showed that B. subtilis XW-18 produces a rich combination of pectin-degrading,
hemicellulose-degrading and lignin-degrading enzymes. The results showed that B.
subtilis XW-18 effectively degummed raw pineapple leaves, crushed leaves and
manually extracted fibres, producing high-quality fibres with superior physical and

mechanical properties. The synergistic action of multiple enzymes is crucial for
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efficient microbial or enzymatic degumming, displaying the potential of B. subtilis
XW-18 for degumming applications (Tan et al., 2025). The use of laccase and xylanase
enzymes in low-concentration alkaline-pretreated PAL fibres have shown to effectively
increase cellulose content from 57% to 74% while reducing the lignin and
hemicellulose contents (Tian et al., 2023). Despite these advancements, no study has
specifically evaluated the combined action of xylobiohydrolase, pectate lyase, and
mannanase for degumming ramie and PAL fibres. Our study aims to address this gap
by formulating and optimizing a novel enzymatic treatment tailored to these fibres. The
goal was to enhance the fibre quality while ensuring sustainability, making this
approach a viable alternative to chemical degumming.

Enzymatic degumming not only addresses the limitations of conventional
methods, but also aligns with the principles of sustainable development (Subash &
Muthiah, 2021). By reducing environmental impacts and enhancing fibre properties,
this approach holds promise for advancing the utility of ramie and PAL fibres in the
textile industry. This research contributes to the broader goals of sustainable fibre
processing and offers a pathway for the efficient utilization of underexploited resources

like pineapple leaves.
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5.2 Materials and Methods

5.2.1 Substrates and reagents

Polygalacturonic acid (PGA), locust bean galactomannan, beechwood xylan,
D-xylose, D-mannose, and carbon tape were obtained from Sigma-Aldrich Co. LLC.,
USA. Luria-Bertani medium was sourced from Himedia Pvt. Ltd., India. Sodium
arsenate, ammonium molybdate, sodium hydroxide, sulfuric acid, hydrochloric acid,
acetone, acetonitrile, acetic acid, and Folin’s reagent were procured from Merck
Limited, India.

5.2.2 Retrieval of decorticated ramie and PAL fibres

Ramie plants were harvested after 50-60 days, corresponding to the optimal
stage for fibre quality and yield. Mechanically decorticated ramie fibres measuring 200-
300 cm in length were obtained from the ICAR Ramie Research Station, Assam, India.
The fibres showed a brown-reddish hue with minimal separation. Pineapple leaves were
collected from 16-18 months old plants at the post-fruit-harvest stage, when leaves are
typically discarded, from local plantations in Boko, Assam, India. The PAL fibres were
extracted by scratching the pineapple leaf on a flat surface, using a knife and wooden
spatula. The fibres were washed for removing the remaining gummy substances from
the fibre surface. The coarser bundles were gently combed with fine pins in the wet
condition to separate them into their fine fibre form. Then, it was kept in the hot air
oven for drying for 48 h. After the extraction, the PAL fibres with a light-greenish
colour with mostly separated fibres and a length of around 30-40 cm was produced.

Both the fibres were chopped into 1.3-1.5 cm in length for further use.
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5.2.3 Selection and production of enzymes for degumming of ramie and PAL
fibres

Two enzymes, a pectate lyase, CfPL1B (Chakraborty et al., 2015) and a
mannanase, RfGHS 7 (Goyal et al., 2019), were selected for degumming of the ramie
and PAL fibres in combination with xylobiohydrolase, AcGH30A as described in
Section 2.3.4. Separate stocks of E. coli BL21 competent cells, each harboring plasmids
encoding CtPL1B, AcGH30A, or RfGHS5 7, were independently cultivated in LB
medium containing kanamycin (50 pg-mL™"). A 500 mL culture of E. coli BL21 (DE3)
was incubated at 37 °C with shaking at 180 rpm and growth was monitored until the
absorbance at 600 nm (Aeoo) reached 0.6, indicating the mid-exponential phase.
Enzyme expression was induced by adding 1 mM isopropyl-p-D-thiogalactopyranoside
(IPTG), followed by incubation at 24 °C with shaking at 180 rpm for 12 h. After
induction, cells were harvested by centrifugation at 6000xg for 10 min at 4 °C. The
resulting pellet was resuspended in 15 mL of 50 mM Tris-HCI buffer (pH 7.5) and lysed
by sonication for 30 min (10 s pulse, 10 s rest, 35% amplitude) using a Vibra Cell
ultrasonic processor (Sonics, USA). The lysate was then clarified by centrifugation at
16000xg for 45 min at 4 °C to remove cell debris. The different resulting supernatants,
containing the crude enzymes AcGH30A, CtPL1B and RfGH5 7 separately, was
collected for further analysis. Protein concentration was determined by using the Folin-
Lowry method, with bovine serum albumin (BSA) as the standard (Lowry et al., 1951).
The biochemical characteristics of the enzymes AcGH30A, RfGHS5 7 and CfPL1B are

listed in Table 5.1.
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Table 5.1 Biochemical properties of purified AcGH30A, CtPL1B and RfGHS5 7.

Xylobiohydrolase Pectate lyase Mannanase

(AcGH30A) (CtPL1B) (RfGH5_7)
GenBank AEV68404.1 ABNS53381.1 WP_0099844671.1
Accession No.
Microorganism  Acetivibrio Clostridium Ruminococcus

clariflavus thermocellum flavefaciens
Size/Mol. wt. 514 aa, 58 kDa 353 aa, 40 kDa 307 aa, 35 kDa
Optimum pH- 7.0, temp. 80 °C pH-9.8, temp. 50 pH- 6.0, 60 °C for
parameters for 2 min (reaction °C for 1 h (reaction 5 min (reaction

time). Active within  time). Active time). Active

pH 4.0-9.0 within pH 8.0-10.0  within pH 6.0-9.0
Substrate Beechwood Xylan Polygalacturonic Locust bean

(73.2 U/mg) acid (18.50 U/mg)  galactomannan

(298.5 U/mg)
References Singh et al., 2024 Chakraborty et al.,  Goyal et al., 2019
2015

5.2.4 Enzyme assay
5.2.4.1 Pectate lyase (CtPl1B)

Pectate lyase activity of crude C/PL1B was measured using 0.1% (w/v)
polygalacturonic acid (PGA) in 50 mM Glycine—NaOH buffer (pH 9.8) with 0.6 mM
CaClz. The 1 mL reaction, containing 20 ul. enzyme, was incubated at 50 °C for
15 min and stopped by incubating on ice for 10 min, followed by centrifugation
(13000xg, 5 min). The release of unsaturated oligogalacturonates was quantified at
235 nm (g = 4,600 M'cm™) using a UV-Vis spectrophotometer (Chakraborty et al.,
2015).
5.2.4.2 Mannanase (RfGH5 7)

The enzyme activity of crude mannanase, RfGHS 7 was determined by a
100 pL reaction containing 1% (w/v) locust bean galactomannan in 50 mM Tris-HCI

buffer (pH 7.5) and 10 pL. enzyme, incubated at 60 °C for 5 min. Reducing sugars were
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quantified using Somogyi method (Somogyi 1945), with mannose as the standard
(Goyal et al., 2019).
5.2.4.3 Xylobiohydrolase (AcGH30A)

The enzyme activity of crude AcGH30A was determined by using a reaction
mixture of 100 pL. containing 10 pL of crude AcGH30A and 2.0% (w/v) final
concentration of beechwood xylan in sodium phosphate buffer (50 mM, pH 7.0) by
incubating at 80°C for 2 min. The activity of the enzyme was calculated by quantifying
the amount of reducing sugars produced from the enzyme-substrate reactions using
the method developed by Nelson (Nelson, 1944) and Somogyi (Somogyi, 1945), as
mentioned in Section 3.2.4.

5.2.5 Degumming of ramie and PAL fibre by enzymes at small scale
5.2.5.1 Optimization of degumming enzyme concentration

Ramie and PAL fibres were cut into 1.3—1.5 cm pieces for the degumming
experiment. A total of 10 mg of these chopped fibres were placed in a 2 mL
microcentrifuge tube and treated with different crude enzyme concentrations. A
reaction temperature of 50 °C and pH 7.5 was selected for the enzymatic degumming
process, as all three enzymes, xylobiohydrolase (4cGH30A), pectate lyase (CfPL1B)
and mannanase (RfGHS5 7) exhibited substantial activity and pH stability within these
conditions (Table 5.1). Although their individual optimal conditions varied, each
enzyme retained sufficient catalytic activity at 50 °C for at least 1 h and remained
stable within the pH range encompassing 7.5, thereby allowing their simultaneous
utilisation for enzymatic degumming. Stock solutions of crude AcGH30A (8.3
U-mL™; 20 mg-mL™"), C/PL1B (12 U-mL™"; 20 mg-mL™") and RfGHS5 7 (10 U-mL™;

20 mg-mL™") were diluted with 50 mM Tris-HCI buffer (pH 7.5) to achieve the range
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of concentrations from 1 to 15 mg-mL™" as mentioned in Table 5.2. The fibres were
subjected to enzymatic degumming using either individual enzymes, binary mixtures
of two enzymes, or ternary mixtures containing three enzymes. In all mixtures, the
volume and concentration of each crude enzyme were maintained in equal proportions,
ensuring an equiproportional composition within the mixtures (Table 5.2). Each crude
enzyme was tested individually at six concentrations: 1, 2.5, 5, 10, 15, and 20
mg-mL™". The corresponding enzymatic activities were: for AcGH30A, 0.4, 1.0, 2.1,
4.1, 6.2, and 8.3 U-mL™; for CfPL1B, 0.6, 1.5, 3.0, 5.9, 8.9, and 12 U-mL!; and for
RfGHS 7,0.5,1.2, 2.5, 4.9, 7.4, and 10 U-mL™", respectively. For binary mixtures,
equal volumes of two enzyme solutions at the same concentration were mixed ina 1:1
ratio, while ternary mixtures were prepared by combining equal volumes of all three
enzyme solutions in a 1:1:1 ratio. This ensured that in both binary and ternary
treatments, the concentration (mg-mL™") of each enzyme in the final mixture was equal
to its corresponding value in the individual enzyme treatments. All reactions were
carried out in a final volume of 1.5 mL. A negative control was conducted
simultaneously, in which decorticated fibres were incubated in 1.5 mL of 50 mM Tris-
HCI buffer (pH 7.5) without the addition of enzymes. A positive control using NaOH
(5 g'L™") was also performed in parallel as a reference to compare enzymatic
degumming with chemical degumming, providing a baseline for evaluation and
highlighting the efficiency of enzymatic treatment (Rajulapati et al. 2020). The
degumming reactions were performed at 50 °C with agitation at 100 rpm for 60 min in
a shaking water bath. After the treatment, the enzymes were removed and the fibres

were washed 5 - 6 times with water. The washed fibres were dried at 60 °C for 24 h.
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The degumming efficiency was determined by measuring the % weight loss of ramie

and PAL fibres after treatment, using the formula given below,
. _ (Wi—Wy
Weight loss (%) = (_Wi ) x 100
Where W; represents the initial weight of the fibre before enzymatic treatment
and Wy is the final weight of the fibre after degumming. All experiments were

conducted in triplicate, and the mean values were reported in the study.

Table 5.2 Enzyme and non-enzymatic treatment setups for fibres.

Treatment type Enzymes/Treatment used Concentrations of
enzyme mixture
(mg'mL™) or NaOH
Single enzyme CtPL1B, AcGH30A, RfGHS5 7 1,2.5,5,10, 15, 20
Dual enzyme mix (1) AcGH30A + CfPL1B, 1,2.5,5,10, 15, 20
(ii) CtPL1B + RfGHS5 7,
(ii1) AcGH30A + RfGHS 7
Triple enzyme mix CtPL1B+A4cGH30A+RfGHS 7 1,2.5,5,10, 15, 20
Negative control No enzyme (Buffer only) —
Positive control NaOH o oIyl

5.2.5.2 Optimization of enzyme degumming time

The optimization of degumming time was carried out by separately treating 10
mg of ramie and 10 mg of pineapple leaf (PAL) fibres with crude enzymes CtPL1B
(6.2 U-mL™; 15 mg-mL™"), AcGH30A (8.9 U-mL™; 15 mg-mL™"), and RfGHS 7 (7.4
U-mL™; 15 mg-mL™") dissolved in 50 mM Tris-HCI buffer (pH 7.5). The reactions
were performed at 50°C and agitated at 100 rpm for varying durations of 15, 30, 45,
60, 120 and 180 min (Table 5.3). The fibres were treated with single enzymes, binary
mixtures, or ternary combinations. In all enzyme mixtures, the volume and
concentration (15 mg-mL™) of each enzyme were kept equal, maintaining an
equiproportional mixture in terms of enzyme concentration and added volume. The

final enzyme concentration and reaction volume were 15 mg-mL™ and 1.5 mL,
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respectively (Table 5.3). Negative control was run in parallel, where decorticated
fibres were incubated in 1.5 mL of 50 mM Tris-HCI buffer (pH 7.5) without the
enzymes. A positive control using NaOH (5 g-L.™') was also run in parallel. The
effectiveness of degumming was assessed by measuring the weight loss in fibres after
each treatment.

Table 5.3 Enzyme treatment of ramie and PAL fibres at small scale and scale up setup.

Total concentration
(mg-mL™)
Single enzyme CtPL1B (8.9 U-mL™), 15
AcGH30A (6.2 U-mL™),
RfGHS 7 (7.4 U-mL™)
Dual enzyme mix (1) AcGH30A + CfPL1B, 15
(i) CtPL1B + RfGHS5 7,
(ii1) AcGH30A + RfGHS 7
Triple enzyme mix CtPL1B+AcGH30A+RfGHS 7 15
Negative control No enzymes (buffer only) -

Positive control NaOH 5gL™

Treatment type Enzymes used

5.2.6 Scale-up of degumming of ramie and PAL fibres at shake flask level

The degumming process for ramie and pineapple leaf (PAL) fibres was scaled
up from 10 mg in 1.5 mL to 100 mg in 15 mL crude enzymes at the optimized
concentration of 15 mg-mL™, with the treatment conducted in a 100 mL conical flask.
The fibre length was increased to 10 cm to accommodate the larger volume. In the
scaled-up system, 100 mg of fibres were treated with 15 mL of enzymatic solutions
prepared in 50 mM Tris-HCl buffer (pH 7.5), under optimized conditions of 50°C, 100
rpm and a treatment duration of 60 min. The single enzyme treatments included
AcGH30A (15 mg'mL™, 6.19 U-mL™), CrPL1B (15 mg-mL™, 8.9 U-mL™") and
RfGHS 7 (15 mg-mL™, 7.4 U-mL™). The equiproportional binary enzyme mixtures

was prepared by combining 7.5 mL of each enzyme solution (15 mg-mL™") ina 1:1
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volumetric ratio, maintaining equal concentration and volume contributions of the
individual enzymes in the mixture. Similarly, the ternary enzyme mixture was
prepared by mixing 5 mL of each enzyme solution (15 mg-mL™")in a 1:1:1 volumetric
ratio, ensuring equal representation of each enzyme in terms of added volume and
concentration (Table 5.4). A negative control using buffer-only (50 mM Tris-HCI, pH
7.5) was run in parallel. Another negative control using E. coli cell extract was
included to assess whether non-specific cellular components (e.g., endogenous
proteins, metabolites, or other biomolecules) contributed to degumming
independently of the expressed recombinant enzymes, an E. coli cell extract was
prepared using the same culture volume as that used for enzyme extraction from
transformed E. coli. A positive control using NaOH (5 g-L™") was also included for
comparison.

Table 5.4 Scale-up of enzyme degumming treatments of ramie and PAL fibres.

Total concentration
(mg'mL™)
Single enzyme CtPL1B (8.9 U-mL™), 15
AcGH30A (6.2 U-mL™),
RfGHS 7 (7.4 U-mL™)
Dual enzyme mix (1) AcGH30A + CfPL1B, 15
(i1) CfPL1B + RfGHS5 7,
(ii1) AcGH30A + RfGHS 7
Triple enzyme mix CfPL1B+AcGH30A+RfGHS5 15
Negative control No enzymes (buffer only) —

Treatment type Enzymes used

Negative control E. coli cell extract —
Positive control NaOH SgL?

5.2.7 Field emission scanning electron microscopy analysis of ramie and PAL
fibres

The effect of enzyme treatment on the surface topography of fibres (treated

and untreated samples) was analysed by field emission scanning electron microscopy,
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FESEM (Sigma 300 FESEM, 300 kX). PAL and ramie fibres were treated with
AcGH30A, CtPLI1B, or RfGHS5_7, individually or in combinations, at 15 mg-mL™" for
60 min. Enzyme-treated samples were dried at 60 °C for 12 h before analysis. The
untreated decorticated PAL and ramie fibres and the fibres treated with NaOH (5 g.L
1) were taken as a negative and positive control, respectively, and were also analysed
by FESEM for comparison. Samples were cut to 1.3 cm, placed on carbon tape on an
FESEM stub and images were collected at 5000x magnification with a 2 um scale bar.

5.2.8 ATR-FTIR analysis of ramie and PAL fibres

The removal of pectin and hemicellulosic impurities from ramie and PAL
fibres was analysed using Attenuated Total Reflection-Fourier Transform Infrared
(ATR-FTIR) spectroscopy (IRAffinity IS, Shimadzu, Japan). Spectra of untreated,
enzyme- and NaOH-treated fibres were compared to identify surface-exposed
functional groups. Measurements were conducted in dehumidified conditions,
scanning from 400 to 4000 cm™ with 64 scans per sample, a spectral resolution of 4
cm™, and a 94 s acquisition time. ATR data were collected using a diamond crystal at
a 45° angle, processed with IR LabSolutions software and plotted using OriginPro
2024.

5.2.9 Thermogravimetric analysis of ramie and PAL fibres

The thermal properties of untreated, enzyme- and NaOH-treated ramie and
PAL fibres were characterized using a Thermogravimetric Analyzer (TGA, Model
TGA Q 500, TA Instruments, USA) and compared with the untreated fibres.
Thermogravimetric analysis examines material behavior by tracking mass changes

across varying temperatures. A total of 12 mg of powdered samples was used for the
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analysis. Testing was performed at a heating rate of 20 °C per min under a nitrogen
gas flow, with the temperature range spanning from 25 °C to 1000 °C.

5.2.10 Mechanical properties of enzyme-treated ramie or PAL fibres

The physical properties of enzyme-treated ramie and PAL fibres samples were
analysed with a Universal Testing Machine (UTM, Zwick Roell, Z005, Germany) at
25 °C. UTM analysis was conducted to determine the mechanical properties, including
tensile strength, Young's Modulus and ultimate tensile strength of ramie and PAL
fibre. The analysis was performed using pneumatic grips with the following
parameters: pressure of 5 bar, a gauge length of 3 cm, and a control force load range
between 5 N and 100 N. Approximately, 100 mg of fibres with 10 cm in length,
grouped together in bundles, were positioned on the sample holder (pneumatic grip).
Tensile testing was carried out according to the American society for testing and
materials (ASTM) D638 standard method. Data acquisition and analysis were
performed using Text Xport-III software, version V1.2. At least three specimens were
tested for each sample and the mean values were recorded.

5.2.11 Statistical analysis of datasets

Statistical analysis was performed on experimental data sets, including
controls (buffer, E. coli cell extract, NaOH) and enzyme treatments (4cGH30A,
CfPL1B, RfGHS5 7, dual- and three-enzyme mixtures). Data were analysed using one-
way ANOVA and Tukey’s multiple comparison test in GraphPad Prism (Version

8.0.1), with p-values < 0.05 (n = 3) considered significant.
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5.3 Results and Discussion
5.3.1 Production and assay of enzymes

Crude enzyme extracts were prepared from 500 mL cultures of E. coli BL21
(DE3) cells, each expressing one of the following recombinant enzymes: 4cGH30A
(xylobiohydrolase), CfPL1B (pectate lyase) and RfGHS5 7 (mannanase). After
sonication and centrifugation, the supernatants were filtered through 0.45 um PVDF
membranes to remove cell debris. The resulting cell-free extracts were subsequently
used in enzymatic degumming assays. Protein concentrations of the crude extracts, as
determined by the Folin—Lowry method, were 21 mg-mL™" for AcGH30A, 20 mg - mL™
for CrPL1B, and 22 mg-mL™" for RfGHS 7. At 20 mg-mL™"' concentration, crude
AcGH30A exhibited an enzymatic activity of 8.3 U-mL™" using beechwood xylan as
substrate. CrPL1B showed 12 U-mL™" activity against polygalacturonic acid, while
RfGHS5_7 demonstrated 10 U-mL™ activity with locust bean galactomannan.
5.3.2 Degumming of ramie and PAL fibres by enzymes at small scale
5.3.2.1 Optimization of enzyme concentration

The enzymatic degumming process was optimised by evaluating a range of
enzyme concentrations (1-20 mg-mL™") for AcGH30A, CfPL1B, and RfGH5 7 at 50
°C, 100 rpm, and 60 min. Each enzyme was tested independently to assess its individual
degumming potential, as well as in various combinations to investigate synergistic
interactions. The efficiency of degumming was measured by the percentage of fibre
weight loss, with higher values indicating more effective removal of non-cellulosic
materials such as pectin and hemicellulose (Table 5.5).

A concentration-dependent increase in weight loss was observed up to

I15mg-mL™" for both ramie and pineapple leat (PAL) fibres, beyond which no
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significant improvement was noted, suggesting saturation of enzyme activity. Among
the single-enzyme treatments, CfPL1B was the most effective, resulting in 10.6 + 0.5%
weight loss in ramie and 18.4+0.3% in PAL fibres, indicating its high pectinolytic
activity. AcGH30A and RfGHS 7 produced slightly lower weight losses, suggesting
their selective activity towards hemicellulose and mannan, respectively (Table 5.5).
Dual-enzyme treatments displayed synergistic effects. The combination of
AcGH30A with CfPL1B yielded the highest degumming efficiency in ramie
(11.0£0.3%), while the CrPL1B and RfGHS 7 mixture was most effective for PAL
fibres, achieving 16.5+0.2% weight loss (Table 5.5 and 5.6). These results likely
reflect enhanced degradation of pectin and xylan in ramie and pectin and mannan in
PAL fibres, which possess higher levels of mannan and pectin (Li et al. 2024). The
triple-enzyme mixture of AcGH30A, CrPL1B, and RfGHS 7 showed intermediate
efficiency, producing 10.9+0.3% and 16.4+0.3% weight loss for ramie and PAL
fibres, respectively. The slightly reduced effectiveness compared to dual-enzyme
treatments may be attributed to potential enzyme competition, interference, reduced
effective enzyme concentrations, or suboptimal reaction dynamics. Chemical
degumming using NaOH (5 g-L™) resulted in 14.6 + 0.5% weight loss for ramie and
19.6 +0.6% for PAL fibres, slightly higher than enzymatic treatments but with the

potential risk of damaging fibre integrity due to its non-selective action.

TH-3737_196106031



Chapter 5 188

Table 5.5 Weight loss (%) of ramie fibres at different enzyme concentrations.

Concentration  Single enzyme Dual enzyme Triple enzyme
(mg-mL™) A B C A+B B+C A+C A+B+C

1 21+02 25+£05 20+£02 28+£04 3.0+03 27+02 32+03

2.5 43+04 49+03 41+£03 52+02 55+£05 50+05 57+04

5 68+03 75+04 66+03 78+03 82+03 7.5+03 83+0.3

10 91+04 98+03 90+04 95+04 97+04 95+04 92+0.5

15 98+03 10.6+0.5 1002 11.0+£03 104+04 11.5+03 109+0.3

20 95+0.5 104+02 10.1+£04 11.2+03 99+05 11.4+0.2 10.5+0.5

A =AcGH304, B = CtPLIB, C = RfGH5_7. Data represent mean weight loss (%) + standard
deviation for ramie fibres at different enzyme concentrations. The resulting data were
analyzed using one-way ANOVA followed by Tukey’s multiple comparison test, revealing
statistical significance (p < 0.0001).

Table 5.6 Weight loss (%) of PAL fibres at different enzyme concentrations.

Concentration Single enzyme Dual enzyme Triple enzyme
(mgmL™) — y B C A+B__B+C A+C__ A+B+C

1 42+04 48+03 40+05 53+03 55+£03 50+£03 57+£04

2.5 73+03 81+03 7.0+03 85+03 89+03 82+03 87+03

5 11.0+£0.5 125+03 10.8+04 123+03 12.8+0.2 12+0.4 12.1£0.5

10 145+04 16.0+0.5 142+0.6 15.8+04 149+04 152+0.5 15.0+0.3

15 156+0.3 184+0.3 158+0.5 17.8+0.3 16.5+02 16.2+04 164+0.3

20 15.1+0.5 180+0.2 153403 17.4+0.5 16.3+04 16.0+02 16.1+0.5

A =AcGH30A4, B = CtPLIB, C = RfGHS5_7. Data represent mean weight loss (%) + standard
deviation for PAL fibres at different enzyme concentrations. The resulting data were analyzed
using one-way ANOVA followed by Tukey’s multiple comparison test, revealing statistical
significance (p < 0.0001).

5.3.2.2 Optimization of enzyme degumming time

The optimum degumming time of ramie and PAL fibres was determined by
treating 10 mg of fibres in a 1.5 mL reaction volume with AcGH30A (15 mg.mL"!; 6.2
U.ml"), CfPL1B (15 mg.mL!; 8.9 Uml™!) or RFGH5 7 (15 mg.mL'; 7.4 U.ml!) in 50
mM Tris-HCI buffer (pH 7.5) at 50 °C and 100 rpm. The effectiveness of degumming
was assessed by measuring the weight loss (%) of fibres at different time intervals (15-
180 min) across single-enzyme treatments, dual-enzyme mixtures, and the three-
enzyme combination. The weight loss (%) of both fibres increased with treatment time,

reaching its maximum at 60 min, beyond which it remained stable or showed minimal
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improvement (Table 5.7 and 5.8). CtPL1B exhibited the highest degumming efficiency
among single-enzyme treatments, achieving 9.8 + 0.5% weight loss in ramie fibres and
18.3 + 0.4% in PAL fibres at 60 min (Table 5.7 and 5.8). The dual-enzyme mixtures
exhibited a synergistic effect, with AcGH30A + CfPL1B demonstrating the highest
degumming efficiency for ramie fibres (10.2 = 0.3% at 60 min), while CfPL1B +
RfGHS5 7 showed the best performance for PAL fibres (17.7 = 0.6% at 60 min). The
triple-enzyme combination (4cGH30A + CfPL1B + RfGHS 7) also performed well,
resulting in 10.5 £ 0.5% weight loss for ramie and 16.4 + 0.3% for PAL fibres (Table
5.7 and 5.8). Beyond 60 min, no substantial improvement in weight loss was observed.
The chemical degumming using NaOH (5 g-L ™) for 60 min, gave 15.0 + 0.5% and 19.2
+ 0.4% weight loss for ramie and PAL fibres, respectively, which were comparable to
the enzymatic treatment efficiency.

Table 5.7 Weight loss (%) of ramie fibres at different time intervals.

. ) Triple
;[;:ln;e) Single enzyme Dual enzyme enzyme NaOH
i
A B C A+B B+ C A+C A+B+C

15 42+03 38+04 40+04 55+£04 49+0350+£03 58+04 62+04

30 6.1+04 59+£03 63+04 78+03 72+04 75+05 8.0+04 105+04
45 82+03 79+04 84+02 9.1+04 88+0490+03 95+03 13.1+£0.6
60 9.7+04 9.8+0.5 9.5+0.5 102+03 10+04 10.1+0.3 10.5+0.5 15.0+0.5
120 9.6+03 94+04 97+04 10.1+£0.5 99+04 104+04 104+03 14.8+0.3
180 95+£0.5 93+£0.5 96=+0.5 10.0+0.3 98+04 99+03 103+04 147+04

A =AcGH304, B = CtPLIB, C = RfGH5 7. Data represent mean weight loss (%) £ standard
deviation for ramie fibres at different periods of incubation. The resulting data were analyzed

using one-way ANOVA followed by Tukey’s multiple comparison test, revealing statistical
significance (p < 0.0001).
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Table 5.8 Weight loss (%) of PAL fibres at different time intervals.

. } Triple
;[I:ln;le) Single enzyme Dual enzyme enzyme NaOH
i
A B C A+B B+C A+C A+B+C

15 62+03 75+04 61+03 78+06 80=+£05 72+06 85+04 120+£0.4
30 103+04 122+03 100+04 125+05 13.2+03 11.8+0.3 13.0+0.5 16.0+0.5
45 141+05 17.0+£0.5 13.8+05 152+04 173+04 146+04 152+04 18.5+0.6
60 158+05 183+04 16704 156+02 17.7+0.6 15.6+04 16.4+03 192+04
120 16.1+03 18.1+0.5 162+05 158+0.6 175+04 154+03 16.2+04 18.8+0.6
180 16.6+04 18.0+0.6 16.6+03 154+04 182+0.6 15705 15.6+03 19.9+0.3

A =AcGH304, B = CtPLIB, C = RfGH5_7. Data represent mean weight loss (%) + standard
deviation for PAL fibres at different periods of incubation. The resulting data were analyzed

using one-way ANOVA followed by Tukey’s multiple comparison test, revealing statistical
significance (p < 0.0001).

5.3.3 Scale up of degumming of ramie and PAL fibres at shake flask level

The enzymatic degumming process for ramie and pineapple leaf (PAL) fibres
was successfully scaled up from 10 mg in 1.5mL to 100 mg in 15 mL of enzyme
solution (15 mg-mL™") while maintaining the optimised conditions of 50 °C, 100 rpm,
and 60 min. This scale-up aimed to evaluate the effectiveness of single, dual, and triple
enzyme combinations using longer fibre strands (10 cm), thereby assessing the practical
applicability of the process for industrial use.

In the case of ramie, the single-enzyme treatments revealed CtPL1B (pectate
lyase) as the most effective, achieving a weight loss of 11.24+0.3%. AcGH30A and
RfGHS5_7 followed with weight losses of 10.3+0.4% and 10.1 £ 0.7%, respectively
(Table 5.9). Among the dual-enzyme treatments, AcGH30A combined with CtPL1B
led to the highest fibre weight loss (11.0 + 0.2%), indicating a synergistic effect between
hemicellulose and pectin degradation. Interestingly, the triple-enzyme mixture of
AcGH30A, CfPL1B, and RfGHS_7 resulted in slightly lower weight loss (9.8 + 0.3%),
suggesting that overlapping enzymatic activities may not yield additional benefits in

ramie degumming at this scale. A study investigating combined xylanase and pectinase
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treatment of ramie fibre reported a weight loss of 9.5% under optimized bleaching
conditions (Abidin et al., 2023), which aligns well with the current observed weight
losses for CfPL1B and combinations. Similarly, the use of a recombinant Bacillus-
derived pectate lyase (BspPel) yielded a 9.2% weight loss by enzymatic treatment alone
and up to 20.8% when combined with mild alkaline chemicals (Zheng et al., 2020). The
present results for ramie are within the reported range and shows the efficacy of pectin
and hemicellulose-degrading enzymes.

A similar trend was observed for PAL fibres. CtPL1B again demonstrated the
highest degumming efficiency among single-enzyme treatments, with 19.1 +£0.5%
weight loss, followed by 4cGH30A (16.5 +0.4%) and RfGHS5 7 (16.3+0.5%) (Table
5.9). The dual-enzyme mixture of CtPL1B and RfGHS 7 was most effective, achieving
an 18.0+ 0.4% weight loss. The triple-enzyme combination, however, resulted in a
marginally lower weight loss of 17.3 £+ 0.3%.

The degumming efficiency of the enzymatic treatments was comparable to that
of alkaline chemical degumming using sodium hydroxide, which produced a
15.0+0.6% weight loss in ramie and 21.0+0.4% in PAL fibres. Although NaOH
treatment resulted in slightly higher weight loss, this may be attributed to its non-
selective mode of action, which can also degrade structural cellulose, potentially
compromising fibre strength. Control samples treated with E. coli extracts lacking
enzyme-encoding plasmids, as well as buffer-only controls, exhibited minimal weight
loss (<1.5%), confirming that enzymatic activity is essential for effective and selective
degumming.

A comparison with the study by Liang et al. (2015), where purified pectate lyase

from Bacillus pumilus achieved 27.4% weight loss of ramie fibres after 4 h of treatment,
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highlights the efficiency of our enzymatic system, which produced 11.3% weight loss
within only 60 min (Liang et al. 2015). Although direct comparison is limited by
variations in fibre source, enzyme purity and concentration, reaction conditions, and
experimental scale, the results provide a meaningful context. These findings suggest
that optimised enzyme formulations can deliver effective degumming in shorter
reaction times, thereby lowering process time and energy demands and improving the
industrial applicability of the method.

Table 5.9 Weight loss (%) of ramie and PAL fibres in scaled-up degumming treatments.

Weight Single enzyme Dual enzyme Triple :
loss enzyme NaOH E. coli Buffer
(%) A B C A+B B+C A+C A+B+C

Ramie 10.3+0.4 11.2+0.310.3£0.4 11£0.2 10+0.3 10.7+0.49.8+0.3 15+0.61.1+£0.4 1.2+0.4
PAL 16.5£0.4 19.1+0.516.3£0.5 17+£0.4 18+0.4 16.5+0.517.3£0.321+0.61.3+0.5 1.5+0.5
A =AcGH304, B = CtPLIB, C = RfGH5 7. Data represent mean weight loss (%) + standard deviation
for ramie and PAL fibres at different type of treatments. The fibres were subjected to treatment
under optimized conditions, specifically for 60 min at 50 °C and 100 rpm. The resulting data
were analyzed using one-way ANOVA followed by Tukey’s multiple comparison test,
revealing statistical significance (p < 0.0001).

5.3.4 FESEM analysis of the ramie and PAL fibres

The FESEM micrographs of untreated ramie (Fig. 5.1A) and PAL fibres (Fig.
5.2A) revealed an uneven and rough surface, indicating the presence of pectin, non-
cellulosic components and gummy wax substance. These structural impurities
contribute to the rigidity and stiffness of the fibres, making them unsuitable for further
processing without effective degumming. Upon enzymatic treatment, substantial
morphological changes were observed. The ramie fibres treated with individual
enzymes, AcGH30A (Fig. 5.1B), CtPL1B (Fig. 5.1C) and RfGHS5 7 (Fig. 5.1D)
exhibited partially smooth surface, suggesting a degree of removal of non-cellulosic
components. A similar trend was observed in PAL fibres treated with the same enzymes

(Fig. 5.2B-D), where the effect of enzymatic degumming was evident. However, the
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degree of degumming achieved with single-enzyme treatments was less pronounced
than with enzyme mixtures. The fibres treated with enzyme combinations, i.e.,
AcGH30A + CrPLIB (Fig. 5.1E, 5.2E), CtPL1B + RfGHS5 7 (Fig. 5.1F, 5.2F),
AcGH30A + RfGHS5 7 (Fig. 5.1G, 5.2G) and AcGH30A + CfPL1B + RfGHS5 7 (Fig.
5.1H, 5.2H) exhibited enhanced removal of the non-cellulosic components from ramie
and PAL fibres. The enzyme treated fibres became smoother than untreated fibres,
indicating enhanced pectin degradation and detachment of impurities resulting from the
combined action of these enzymes. The enzyme treated fibres displayed a highly refined
and clean surface, resembling the chemical degumming outcome.

Alkali-treated ramie and PAL fibres (NaOH, 5 g.L!; Fig. 5.11, 5.21) showed the
cleanest and smoothest morphology as compared with enzymatically treated samples.
In the case of PAL fibres, NaOH-treated fibres exhibited a more dissociated fibre
structure, which is characteristic of the strong chemical action of NaOH in pectin
removal. The chemical treatment effectively broke down the fibre-bound gum, resulting
in extensive fibre separation. The enzymatic treatments produced a comparable
degumming effect while potentially being more environmentally friendly. FESEM
micrographs highlight the effectiveness of enzymatic degumming strategies,
demonstrating that optimized multi-enzyme formulations can achieve a degree of fibre
purification similar to conventional alkaline treatment, thereby offering a sustainable

alternative for fibre processing.
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Fig. 5.1 FESEM analysis of the untreated, enzyme- and NaOH-treated ramie
fibres. A uniform enzyme concentration of 15 mg-mL™ was used for all
treatments. (a) Untreated ramie fibre. Ramie fibres treated by (b)
AcGH30A, (¢) CrPL1B, (d) RfGHS 7, (e) AcGH30A+CtPL1B, (f)
CtPL1B+RfGHS 7, (g) AcGH30A+RfGHS5 7, (h)
AcGH30A+CPL1B+RfGH30A and (i) NaOH (5.0 g.L')). All FESEM
images were collected at magnification 5000X by Sigma 300 FESEM (300
kX).
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Fig. 5.2 FESEM analysis of the untreated, enzyme- and NaOH-treated PAL
fibres. A uniform enzyme concentration of 15 mg-mL™ was used for all
treatments. (a) Untreated PAL fibre. PAL fibres treated by (b)
AcGH30A, (¢) CPL1B, (d) RfGHS 7, (e) AcGH30A+CrPL1B, (f)
CPL1B+RfGHS 7, () AcGH30A+RfGHS5 7, (h)
AcGH30A+CPL1B+RfGH30A and (i) NaOH (5.0 g.L"). All FESEM
images were collected at magnification 5000X by Sigma 300 FESEM (300
kX).
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5.3.5 ATR-FTIR analysis of ramie and PAL fibres

The ATR-FTIR spectra of enzyme- and NaOH-treated ramie and PAL fibres
revealed distinct changes in functional groups, confirming the removal of non-
cellulosic components such as pectin and hemicellulose. A significant decrease in
intensity at 3300-3500 cm™ (O-H stretching) was observed, most prominently in
NaOH-treated fibres, indicating a significant loss of amorphous matrix components
(Fig 5.3 and 5.4). Similar reductions in O—H stretching near 3300 cm™ were previously
reported following microbial degumming of ramie (Shu et al. 2020). The band at 2918
cm™, corresponding to C-H stretching in alkane groups, diminished after both
enzymatic and chemical treatments, highlighting the degradation of pectin-bound waxy
materials such as cutin and suberin (Sisti et al. 2016; Rajulapati et al. 2020). Enzyme-
treated samples exhibited milder but consistent spectral shifts compared to NaOH,
suggesting selective action. AcGH30A treatment reduced absorption in the 1480—1100
cm™ region (C—H bending), indicating the removal of methylated side chains from
hemicelluloses, particularly xylan (Geminiani et al. 2022). An increase in band intensity
at 1025 cm™ (C-O stretching of alcohols) after treatment with AcGH30A, CfPL1B, or
RfGHS5 7 suggests glycosidic bond cleavage in hemicelluloses. These effects were
more pronounced in dual enzyme treatments, highlighting their synergistic action. A
decrease in the 1731 em™ band (C=0 stretching in carboxyl esters) following CtPL1B
and its combinations with other enzymes suggested enzymatic removal of methyl-
esterified pectin residues (Chaves et al. 2024). This reduction, also reported by Sisti et
al.  (2016), was most significant in triple enzyme  treatments
(AcGH30A+CPL1B+RfGHS_7) (Sisti et al. 2016). Characteristic cellulose bands at

668 cm™ (C—OH out-of-plane bending), 1108 cm™ (OH plane bending), and 1375 cm™
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(C-O0—C) remained prominent in all treated samples, indicating preservation and
increase in the relative proportion of cellulose (Qu et al. 2020). ATR-FTIR results
confirmed the effective removal of pectin and hemicellulose by enzyme and NaOH
treatments, exposing cellulose microfibrils. Enzymes AcGH30A, CrPL1B and
RfGHS5 7, as well as their dual- and three-enzyme, provided efficient and targeted

degumming, enhancing fibre quality.
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Fig. 5.3 ATR-FTIR spectra of untreated, enzyme- and NaOH-treated ramie
fibres. (A) Spectral comparison of ramie fibres treated with AcGH30A
(xylobiohydrolase, 15 mg-mL™), CfPL1B (pectate lyase, 15 mg-mL™), and
RfGHS_7 (mannanase, 15 mg-mL™) against untreated (Buffer; 50 mM
Tris HCI, pH-7.5) and NaOH-treated ramie fibre. (B) Spectral analysis of
dual-enzyme combinations (4cGH30A + CtPL1B, CfPL1B + RfGHS 7,
AcGH30A + RfGHS 7, each at 15 mg-mL™) and the triple-enzyme
combination (4cGH30A + CtPL1B + RfGHS 7, 15 mg-mL™") compared
to untreated (Buffer; 50 mM Tris HCI, pH-7.5) and NaOH-treated ramie
fibre. The observed spectral changes indicate the removal of non-

cellulosic components and structural modifications following enzymatic
degumming.
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Fig. 5.4 ATR-FTIR spectra of untreated, enzyme- and NaOH-treated pineapple
leaf (PAL) fibres. (A) Spectral comparison of PAL fibres treated with
AcGH30A (xylobiohydrolase, 15 mg-mL™), CfPL1B (pectate lyase, 15
mg-mL™), and RfGHS_7 (mannanase, 15 mg-mL™) against untreated
(Buffer; 50 mM Tris HCl, pH-7.5) and NaOH-treated PAL fibre. (B)
Spectral analysis of dual-enzyme combinations (4cGH30A + CrPL1B,
CPL1B + RfGHS_7, AcGH30A + RfGHS_7, each at 15 mg-mL™) and the
triple-enzyme combination (AcGH30A + CrPL1B + RfGHS 7, 15
mg-mL™) compared to untreated (Buffer; S0 mM Tris HCl, pH-7.5) and
NaOH-treated PAL fibre. The observed spectral changes indicate the
removal of non-cellulosic components and structural modifications
following enzymatic degumming.
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5.3.6 Thermogravimetric analysis of untreated and treated ramie and PAL fibres

Thermogravimetric analysis (TGA) was conducted to assess the thermal stability
of enzyme- and NaOH-treated ramie and pineapple leaf (PAL) fibres. The differential
thermogravimetric (DTG) curve of ramie fibres exhibited three distinct degradation
events (Fig. 5.5), while PAL fibres showed two significant transitions (Fig. 5.6). The
initial mass loss between 30 °C and 200 °C corresponded to moisture evaporation in
ramie. This initial moisture-related peak was absent in PAL fibres, indicating lower
residual water content. A shoulder peak observed between 200 °C and 300 °C in both
fibres was attributed to the degradation of non-cellulosic materials (Fig. 5.5 and 5.6).
The primary degradation, occurring between 300 °C and 380 °C, shows the degradation
of cellulose. Peak intensity in the DTG curves represents the rate of mass loss. Lower
intensity of peaks suggests reduced cellulose availability, possibly due to partial
degradation or removal during processing (Mazian et al. 2019; Chaves et al. 2024).

Untreated ramie and PAL fibres showed initial degradation temperatures of
338.8 °C and 361 °C, respectively, indicating the presence of thermally unstable pectin
and hemicellulose. NaOH-treated fibres demonstrated the highest thermal stability,
with degradation onset at 361.3 °C in ramie and 381.7 °C in PAL (Fig. 5.5 and 5.6).
Among single enzyme treatments, fibres treated with C/PL1B showed the most
significant thermal resistance, with ramie degrading at 356.3 °C and PAL at 374.7 °C,
indicating the effectiveness of C/PL1B in hydrolysing pectic substances, a major
contributor to fibre impurities (Fig. 5.5 and 5.6).

Enzymatic treatment with 4cGH30A and RfGHS5 7 also enhanced thermal
properties. Ramie fibres treated with AcGH30A and RfGHS5 7 degraded at 353.1 °C

and 350.3 °C, respectively. In PAL, both treatments resulted in degradation at 373 °C.
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Dual enzyme treatments exhibited synergistic effects. The combination of AcGH30A
and CrPL1B increased degradation temperature to 355.7 °C for ramie and 375.7 °C for
PAL. CfPL1B combined with RfGH5 7 raised degradation temperatures to 354.7 °C
and 374.7 °C for ramie and PAL, respectively. The AcGH30A and RfGHS 7
combination yielded the highest degradation temperature for PAL, reaching 377.1 °C
and 353.7 °C for ramie. The three-enzyme mixture (AcGH30A + C/PL1B + RfGHS5 7)
resulted in thermal degradation at 354.7 °C for ramie and 376.3 °C for PAL (Fig. 5.5
and 5.6).

All enzyme-treated fibres demonstrated thermal degradation above 350 °C,
meeting the thermal stability threshold for textile applications (Lin et al. 2022). These
enhancements in thermal stability were caused by the effective removal of
hemicellulose and pectin, leading to an increase in fibre crystallinity. The findings are
consistent with previous studies reporting that thermal stability improves upon
removing non-cellulosic components (Bakshi et al. 2024). Another report mentioned
that hemicellulose in ramie and related fibres decomposes between 200-300 °C, while
pectin contributes to initial weight loss at even lower temperatures (Neto et al., 2021).
In contrast, cellulose, due to its higher crystallinity, is more thermally stable and
degrades at 300-400 °C. Therefore, the removal of pectin and hemicellulose during
chemical treatment improves fibre thermal stability by delaying the onset of thermal
degradation (Neto et al., 2021). Consistent findings were presented on TGA data across
various cellulosic fibres which confirmed that amorphous components such as
hemicellulose and pectin are responsible for the early onset of thermal degradation
(Nurazzi et al., 2021). Their elimination through alkali or silane treatments raises the

degradation onset temperature and improves fibre—matrix compatibility in composites.
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Similarly, alkaline-treated pineapple crown fibres exhibited higher thermal stability
than untreated fibres, as revealed by DTG curves (Bernardes et al., 2023). The increase
in stability was attributed to the removal of amorphous fractions by NaOH, leading to

higher crystallinity and, consequently, improved thermal stability.
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Fig. 5.5 Thermogravimetric analysis of untreated, enzyme- and NaOH-treated
ramie fibres. The inset graphs show the enlarged view of the primary
peaks and their values in their respective colours. (a) DTG curves
showing the thermal degradation profiles of ramie fibres treated with
AcGH30A (xylobiohydrolase), CtfPL1B (pectate lyase), and RfGHS 7
(mannanase) compared to untreated (Buffer; 50 mM Tris HCl, pH-7.5)
and NaOH-treated ramie fibre. (b) DTG curves illustrating the thermal
decomposition peaks of dual-enzyme combinations and the triple-enzyme
combination against untreated (Buffer; 50 mM Tris HCIl, pH-7.5) and
NaOH-treated ramie fibres.
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Fig. 5.6 Thermogravimetric analysis of untreated, enzyme- and NaOH-treated
pineapple leaf (PAL) fibres. The inset graphs show the enlarged view of
the primary peaks and their values in their respective colours. (a) DTG
curves showing the thermal degradation profiles of PAL fibres treated
with AcGH30A (xylobiohydrolase), CfPL1B (pectate lyase), and RfGHS 7
(mannanase) compared to untreated (Buffer; 50 mM Tris HCI, pH-7.5)
and NaOH-treated PAL fibre. (b) DTG curves illustrating the thermal
decomposition peaks of dual-enzyme combinations and the triple-enzyme
combination against untreated (Buffer; 50 mM Tris HCl, pH-7.5) and
NaOH-treated PAL fibres.



Chapter 5 204

5.3.7 Mechanical properties of treated and untreated ramie and PAL fibres

The mechanical properties of decorticated ramie and pineapple leaf (PAL)
fibres, including enzyme-treated variants, were assessed at 25 °C using a universal
testing machine. Results for ultimate tensile strength (UTS), Young’s modulus and
elongation percentage are summarised in Tables 5.10 and 5.11. Raw ramie fibres
exhibited a UTS of 388 MPa and Young’s modulus of 10.5 GPa, reflecting the presence
of non-cellulosic materials such as pectin, hemicellulose, and waxes. Enzymatic
degumming significantly enhanced mechanical characteristics. Among single enzymes,
CfPLI1B yielded the highest UTS and Young’s modulus, 414.7 MPa and 18.1 GPa,
respectively, demonstrating efficient pectin removal and fibre reinforcement.
AcGH30A and RfGHS5 7 also improved UTS to 407.9 MPa and 399.5 MPa,
respectively, highlighting the structural role of hemicellulose and mannan. The
AcGH30A + CfPL1B combination further increased UTS to 418.3 MPa, displaying the
synergistic action of these enzymes. Untreated PAL fibres exhibited a UTS of 270 MPa
and Young’s modulus of 13.85 GPa. CfPL1B yielded the highest Young’s modulus for
PAL fibres, as was also observed for ramie, increasing from 13.85 to 19.95 GPa and
indicating that even minimal pectin removal can substantially improve stiffness. The
increase in Young’s modulus after enzymatic treatment is attributed to the removal of
non-cellulosic components, allowing greater alignment and packing of cellulose
microfibrils. Treatment with RfGHS5 7 improved UTS to 316.8 MPa, and the
combination of CfPL1B + RfGHS5_7 raised it to 323.2 MPa. NaOH-treated PAL fibres
achieved the highest UTS of 335.3 MPa, indicating the highest removal of matrix

materials but at the cost of increased brittleness.
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Elongation percentage generally decreased following treatment. For ramie,
CfPL1B led to the lowest elongation at 3.1 %, while only the AcGH30A + CfPL1B
maintained the highest elongation at 3.9 %, suggesting that selective degradation of
matrix polymers helps maintain flexibility. NaOH-treated ramie fibres showed the
lowest elongation at 2.5 %, indicating excessive stiffness. In PAL fibres, NaOH
treatment resulted in a slightly higher elongation of 3.4 %. AcGH30A-treated samples
showed moderate ductility, with elongation values of 3.2 % for ramie and 3.5 % for
PAL fibres.

Enzyme combinations showed superior performance compared to individual
enzymes in strengthening fibres. Although NaOH treatment achieved the highest tensile
strength, it also led to the lowest ductility, indicating that the complete removal of non-
cellulosic components increases the crystallinity and stiffness of the fibre. This is
consistent with findings by Birniwa et al. (2023), who reported increased tensile
strength and reduced water absorption in NaOH- and acrylic acid-treated flax fibres
(Birniwa et al. 2023). As cellulose content increases in the fibre, both Young’s modulus
and tensile strength improve due to the development of a more crystalline and aligned
fibre network (Cabradilla and Zeronian 1975). The mechanical properties of enzyme-
treated fibres were comparable to that of chemically degummed samples, supporting
enzymatic degumming as a viable, environmentally sustainable alternative. This study
contributes to the advancement of biotechnology in fibre processing, presenting a
scalable, sustainable alternative to conventional chemical treatments for natural fibres,

specifically ramie and pineapple leaf fibre (Fig. 5.7).
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Table 5.10 UTM analysis of scaled up enzyme and chemical degummed ramie fibre.

Tensile Young’s o
Treatment method strength ]S)te(i, Modulus lS)tg,. Iﬁonga tion

(MPa) (GPa)
Buffer (50 mM Tris HCI, pH-7.5) 388 204 10.5 0.6 3.8
AcGH30A 407.9 182 163 0.5 32
CtPL1B 414.7 22.1 18.1 0.6 3.1
RfGHS 7 399.5 25.6 14.7 03 26
AcGH30A + CtPL1B 418.3 234 152 0.5 39
CfPL1B + RfGHS5 7 411.2 195 174 0.7 34
AcGH30A + RfGHS 7 416.2 223 15.6 09 38
AcGH30A + CtrPL1B + RfGHS5 7 402.5 245 16.8 03 27
NaOH (5 g.I'h) 465.8 26.1 224 0.8 25

Table 5.11 UTM analysis of scaled up enzyme and chemical degummed PAL fibres.

Tensile

Young’s

()

Treatment method strength ]S)te(i, Modulus ]S)te(i, Iﬁonga tion
(MPa) " (GPa) )

Buffer (50 mM Tris HCI, pH-7.5) 270 14.8 13.85 09 27
AcGH30A 308.4 20 12.75 09 35
CtPL1B 313.2 2277 19.95 r 2.1
RfGHS5 7 316.8 16.1 14.95 1.1 W3
AcGH30A + CtPL1B R17% 2l . iy Bs
CtPL1B + RfGH5 7 323.2 222 1225 0.7 24
AcGH30A + RfGHS 7 310.6 17 8.05 1 3.4
AcGH30A + CtPL1B + RfGH5 7 312.2 18.7 15.65 1 gy
NaOH (5 g.I'") 335.3 18.9 13.15 1.3,805.4
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|Decorticated Ramie Fibres |

100 mg ramie fibres, 100 mg PAL fibres, 10
10 cm in length cm in length

[ AcGH30A

CtPL1B

é [ RfGH5_7 ]—‘ é

100 mg PAL fibres in
15 mL crude enzyme

Degumming with optimized enzyme concentration
and reaction time at 50°C, 100 rpm

|

[Cleaning and overnight drying of the fibres|

|Characterization and data analysis|

|Ramie fibres after enzymatic degummingJ |PAL fibres after enzymatic degummingl

Fig 5.7 Schematic presentation of the enzymatic degumming process of ramie
and pineapple leaf fibres. The final fibre image depicts the degummed
ramie and pineapple leaf fibres, highlighting the removal of non-
cellulosic components.
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5.4 Conclusion

This study demonstrated the effectiveness of enzymatic degumming as a
sustainable alternative for processing natural fibres, specifically ramie (Boehmeria
nivea) and pineapple (Ananas comosus) leaf (PAL) fibres. Using three carbohydrate-
active enzymes, AcGH30A (xylobiohydrolase), CfPL1B (pectate lyase) and RfGHS 7
(mannanase), either individually or in various combinations, the degumming process
achieved significant removal of non-cellulosic components, thereby improving the
quality and mechanical properties of the fibres.

Optimised small and shake flask-scale treatments efficiently removed gummy
substances while preserving cellulose structure. FESEM, ATR-FTIR, and
thermogravimetric analyses confirmed pectin and hemicellulose removal, smoother
fibre surfaces, altered functional groups, and enhanced thermal stability. The results
underscore enzymatic degumming as an eco-friendly, efficient alternative to chemical
methods, minimising fibre damage and pollution. Dual-enzyme mixtures- AcGH30A
+ CfPL1B for ramie and CtPL1B + RfGHS5 7 for PAL and the ternary mix showed
superior performance. Tensile strength values (418.3 MPa for ramie; 323.2 MPa for
PAL) were comparable to NaOH-treated fibres (5 g-L "), with reduced environmental
impact.

Enzymatic degumming offers a sustainable alternative to conventional
chemical methods by minimising fibre damage and reducing environmental impact,
while producing fibres with mechanical and thermal properties comparable to those
obtained through chemical treatment. These findings highlight its potential for eco-
friendly processing in textile and composite industries. Future scope of this study lies

in optimising enzyme ratios to match the gum composition of each fibre, developing
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cost-effective enzyme production strategies, and scaling up the process for industrial
application to enhance commercial viability. While this study demonstrates the
feasibility of enzymatic degumming at the laboratory scale, its sustainability and
industrial relevance remain preliminary, requiring larger-scale trials for full

assessment and validation.
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1 Introduction

Enzymatic degumming, deinking, and biobleaching are essential biotechnological
processes that utilize enzymes to improve the quality and sustainability of various
industrial processes. These processes are integral to plant fibre degumming, paper
recycling, and pulp production. This chapter provides a detailed overview of these
enzymatic methods and emphasizes their underlying mechanisms, advantages, and
significance in promoting environmental sustainability. Enzymatic degumming of
textile fibres has emerged as a sustainable alternative to traditional chemical meth-
ods, offering significant environmental benefits and improved fibre quality (Abidin
et al., 2023). This process utilizes specific enzymes, such as xylanase and pectinase,
to effectively remove non-cellulosic components from natural fibres, thereby
enhancing their suitability for textile applications. Recent studies have demon-
strated that enzymatic treatments can lead to superior fibre strength, whiteness, and

Y. R. Singh - A. Goyal (&)

Department of Biosciences and Bioengineering, Indian Institute of Technology, Guwahati,
Guwabhati, Assam, India

e-mail: yrsingh@iitg.ac.in; arungoyl @iitg.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 311
R. K. Kapoor, K. Rajan (eds.), Lignocellulosic Biomass and Enzymes,
https://doi.org/10.1007/978-981-96-3037-0_14



TH-3737_196106031

312 Y.R. Singh and A. Goyal

overall fineness compared with conventional degumming methods, which often rely
on harsh chemicals (Cheng et al., 2020). A study on ramie fibres highlighted the
effectiveness of a combination of xylanase from Bacillus halodurans and commer-
cial pectinase, achieving notable improvements in physical properties such as
weight loss and tenacity under optimized conditions (Abidin et al., 2023).The eco-
friendly nature of enzymatic degumming aligns with the growing demand for sus-
tainable practices in the textile industry, making it a promising area for further
research and development (Cheng et al., 2020; Subash & Muthiah, 2021).

Deinking is a critical stage in recycling paper, which removes ink and other con-
taminants from the fibres. This stage is crucial for producing high-quality recycled
paper that adequately fulfils customer expectations (Sezun et al., 2023). Traditionally,
deinking operations have utilized chemical and mechanical processes that may
harm the environment and involve high costs. Deinking has been revolutionized by
introduction of enzymatic deinking, an efficient and ecologically better alternative.
Enzymatic deinking includes using specific enzymes capable of breaking down ink
particles, such as cellulases and xylanases, to enhance their removal from paper
fibres (Saxena & Singh Chauhan, 2017). The catalytic action of enzymes not only
enhances the efficiency of the deinking process but also preserves the integrity of
the paper fibres, thereby ensuring the quality of the recycled products. Enzymatic
deinking reduces reliance on toxic chemicals, thereby reducing environmental pol-
lution (Kumar et al., 2023).

Biobleaching is an advanced enzymatic method that enhances the whiteness and
brightness of pulp and paper products. The treatment involves enzymes, such as
lignolytic enzymes and cellulases, which degrade lignin and other chromophores
within the wood pulp, reducing chlorine-based bleaching chemicals (Bajpai, 2018).
The addition of enzymes during biobleaching positively affects the environmental
sustainability of the bleaching process while simultaneously improving the quality
of the product. Usually, the biobleaching process involves the addition of enzymes
to the pulp, followed by a washing step that removes the depolymerized lignin
together with other impurities (Wei et al., 2021). The results from this process have
shown brightness equal to, or even surpassing, that obtained by conventional chemi-
cal bleaching while significantly reducing the production of toxic byproducts
(Chaurasia & Bhardwaj, 2019). Biobleaching makes paper production more envi-
ronment friendly by reducing the use of chemicals and lowering energy
consumption.

2 Need for Fibre Degumming

The need for fibre degumming arises from enhancing the quality and usability of
natural fibres in various applications, particularly in the textile industry. Degumming
is a critical process that removes non-cellulosic components, such as pectin, hemi-
cellulose, and lignin, which can negatively affect the mechanical properties and
dyeing characteristics of the fibre (Cheng et al., 2020; Subash & Muthiah, 2021).
For instance, in bast fibres, such as ramie and kenaf, inadequate degumming can
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lead to coarse, brittle fibres unsuitable for high-quality textile applications (Subash
& Muthiah, 2021). Recent studies have demonstrated that enzymatic degumming
not only improves the softness and lustre of fibres, but also preserves their tensile
strength, making them more desirable for fabric production (Abidin et al., 2023;
Bakshi et al., 2024; Kaur et al., 2020). Traditional chemical degumming methods
often involve harsh chemicals that can be harmful to the environment, underscoring
the importance of developing eco-friendly degumming techniques (Lyu et al.,
2021). Enzymatic approaches, such as those utilizing specific bacterial strains, have
shown promising results in effectively removing gum while minimizing the envi-
ronmental impact, aligning with the growing demand for sustainable practices in the
textile industry. This shift towards more sustainable degumming methods essential
for enhancing the overall performance and marketability of natural fibres, ensuring
their competitiveness against synthetic alternatives in a rapidly evolving and chang-
ing market.

3 Bast Fibres

Bast fibres, also known as phloem fibres, are derived from the phloem tissue of
certain dicotyledonous plants, including economically significant crops such as
flax, hemp, jute, and ramie (Sadrmanesh & Chen, 2019). These fibres are character-
ized by their softness, flexibility, and strength, making them highly suitable for vari-
ous applications, particularly in textiles and composite materials. The extraction of
bast fibres typically involves retting, which can be performed using microbial
action, chemical treatments, or enzymatic methods. This process facilitates the sep-
aration of fibres from the woody core (xylem) and other surrounding tissues
(Koztowski & Mackiewicz-Talarczyk, 2020). Enzymatic retting, in particular, uti-
lizes pectinolytic enzymes to degrade pectin, which binds the fibres together, result-
ing in a cleaner and more efficient extraction process. It has been shown that bast
fibres possess favorable mechanical properties, including high tensile strength and
low density, making them ideal for reinforcing composite materials (George et al.,
2016). Moreover, as a renewable and biodegradable resource, bast fibres are increas-
ingly recognized for their potential to replace synthetic fibres in various industries,
such as apparel and fashion, automotive, and aerospace industries, contributing to
more sustainable practices and reducing the detrimental environmental impact asso-
ciated with conventional materials. The growing interest in bast fibres has been
reflected in numerous studies exploring their properties, extraction methods, and
applications, highlighting their role in promoting eco-friendly alternatives in tex-
tiles and beyond.

3.1 Structure and Composition of Bast Fibres

Bast fibres, derived from the phloem of dicotyledonous plants, exhibit a complex
structure and composition that contributes to their unique properties and
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Fig. 14.1 (a) Schematic representation of the cross section of a bast stem, (b) Bast fibre bundle

applications. These fibres primarily consist of cellulose, hemicellulose, lignin, pec-
tin, and waxes, with cellulose being the most abundant component, typically com-
prising 60-80% of the dry weight of the fibre (Koztowski et al., 2020; Sadrmanesh
& Chen, 2019). The structural organization of bast fibres includes the primary wall
of a rigid network of cellulose microfibrils embedded within a matrix of hemicel-
Iulose and pectin, which provides flexibility and strength (Fig. 14.1). The fibres are
characterized by a hollow lumen that aids nutrient transport within the plant.
Simultaneously, the overall morphology includes elongated bundles of fibrils that
exhibit a high length-to-diameter ratio, enhancing their mechanical properties
(Zimniewska et al., 2011). Recent studies have highlighted the variability in the
composition and properties of bast fibres, which can be affected by factors such as
plant species, cultivation conditions, and extraction methods, underscoring the
importance of optimizing these parameters for specific industrial applications
(Santos et al., 2024).

4 Degumming Methods for Plant-Based Textile Fibres
4.1 Physical Extraction of Plant Fibres

The physical extraction of plant fibres involves mechanical processes designed to
separate fibres from the plant matrix while preserving their structural integrity. One
common method is decortication, in which plant stems or leaves are subjected to
mechanical forces that break down the non-fibrous components, allowing the fibres
to be extracted. This process typically involves using machines equipped with blunt
knives or rollers that crush and beat the plant material, effectively separating the
fibres from the surrounding tissues (Lyu et al., 2021). After decortication, the
extracted fibres often contain residual mucilage and other impurities, necessitating
a washing step to remove these contaminants. Decortication is typically followed by
fibre cleaning and opening using machines. Recent advancements in extraction
technology have improved the efficiency of this process, allowing for higher fibre
yields and better quality. For example, studies have shown that optimizing
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parameters such as moisture content and processing speed can significantly enhance
the quality of extracted fibres, making them more suitable for applications in tex-
tiles and composites (Cheng et al., 2020; Lyu et al., 2021). Additionally, physical
extraction methods are generally more environmentally friendly than chemical
methods, as they do not involve harsh chemicals, thereby reducing the ecological
footprint of fibre production. Physical extraction techniques can be easily scaled for
industrial applications, allowing for efficient production of large quantities of fibres.
The physical extraction of plant fibres, which is advantageous for its simplicity
and environmental friendliness, also presents several drawbacks. Mechanical pro-
cesses can result in a high degree of fibre breakage, particularly for more delicate
fibres, leading to shorter lengths, which may be less desirable for specific applica-
tions. Physical extraction often requires significant energy input, which contributes
to operational costs and environmental impact. The equipment used can also be
complex and expensive, which poses challenges for small-scale producers. Although
physical extraction methods are beneficial in many respects, the trade-offs between
fibre quality, processing efficiency, and environmental impact must be carefully
considered in the context of specific applications and production scales.

4.2 Chemical Degumming of Plant Fibres

Chemical degumming of plant fibres primarily involves the use of alkaline solu-
tions, such as sodium hydroxide (NaOH), to effectively remove hemicellulose, lig-
nin, and pectin from bast fibres (Lyu et al., 2021). The mechanism of chemical
degumming begins with the alkaline treatment, which disrupts the hydrogen bonds
and ester linkages that hold the cellulosic fibres and non-cellulosic components
together within the fibre structure. As the alkali penetrates the fibre, it hydrolyses
hemicellulose and pectin, leading to their solubilization and subsequent removal.
This process cleans the fibres and alters their surface morphology, enhancing their
wettability and dye uptake in subsequent textile applications. Studies have shown
that different components are removed at varying rates; for instance, lignin removal
tends to be slower and more heterogeneous than that of hemicellulose, which can be
more readily solubilized under alkaline conditions (Zhang et al., 2021). The effec-
tiveness of chemical degumming can be influenced by factors such as temperature,
concentration of the alkali solution, and treatment duration, which need to be opti-
mized to minimize fibre degradation while maximizing gum removal.

Chemical degumming presents several challenges, including the potential degra-
dation of fibre strength due to harsh treatment conditions, resulting in coarse and
brittle fibres that are less desirable for high-quality textiles. Studies have highlighted
that while chemical methods can produce clean fibres, they often lead to environ-
mental concerns due to the toxic waste generated during the process (Cheng et al.,
2020). For instance, the discharge of alkaline effluents can pose significant risks to
water sources and ecosystems, if not properly managed. Moreover, the process typi-
cally requires high temperatures and long reaction times, further contributing to
energy consumption and environmental impacts (Lyu et al., 2021). As a result, there
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is growing interest in exploring alternative methods, such as enzymatic and bio-
chemical degumming, which can achieve similar or superior results with reduced
environmental footprints, thus promoting more sustainable practices in the textile
industry (Subash & Muthiah, 2021). Recent research has indicated that integrating
microbial or enzymatic treatments with chemical processes can mitigate some of
these drawbacks, improve fibre quality, and reduce environmental harm.

4.3 Semi-Physical Degumming Methods of Plant Fibres

Semi-physical extraction methods for plant fibres involve a combination of mechan-
ical and chemical treatments to separate the fibres from the plant matrix. These
methods aim to strike a balance between the efficiency of mechanical extraction and
the effectiveness of chemical processes, while minimizing the drawbacks of each
approach (Lyu et al., 2021; Sutka et al., 2013). One semi-physical method is steam
explosion, in which plant biomass is subjected to high-pressure steam followed by
sudden decompression, causing the fibres to separate due to the rapid expansion of
water vapor within the plant structure (Jacquet et al., 2011). Studies have shown that
steam explosion can effectively extract cellulose fibres from various sources, includ-
ing ramie and hemp, with minimal chemical usage and reduced energy consumption
compared with traditional mechanical methods (Song et al., 2019; Sutka et al.,
2013). Another semi-physical approach is alkali treatment, in which plant materials
are mechanically crushed or chopped, followed by immersion in a dilute alkali solu-
tion, typically sodium or potassium hydroxide. The alkali helps to swell the plant
cells and break down the lignin—hemicellulose matrix, facilitating the separation of
fibres (Subash & Muthiah, 2021). This method has been successfully applied to
extract fibres from jute, kenaf, and hemp, producing high-quality fibres suitable for
reinforcing polymer composites. The combination of mechanical and chemical
treatments in semi-physical extraction methods allows for more efficient fibre sepa-
ration while maintaining the desirable properties of the extracted fibres, making
them a promising alternative to conventional extraction techniques.

4.4 Enzymatic Degumming of Plant Fibres

Enzymatic degumming is an eco-friendly and efficient method for eliminating non-
cellulosic substances, including pectin, hemicellulose, and lignin from plant fibres,
particularly bast fibres such as ramie, hemp, and flax (Subash & Muthiah, 2021).
This process utilizes specific enzymes, such as pectinases, xylanases, and ligni-
nases, to selectively break down the gum that binds the fibres together, facilitating
their separation without compromising the structural integrity of the fibres (Abidin
et al., 2023). Enzymatic and chemical degumming methods share the common goal
of achieving cleaner fibres by removing non-cellulosic substances. Both degum-
ming processes share some similarities, but their approaches differ significantly,
with enzymatic degumming relying on biological catalysts, and chemical
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degumming using harsh chemicals. Initially, plant fibres like hemp, ramie, and flax
are prepared with decortication, followed by cleaning and washing to remove dirt
and loose particles (Fig. 14.2). The fibres are then treated with enzymes or chemi-
cals, depending on the approach. After degumming, the fibres were washed with
water to remove the degraded components and residual chemicals or enzymes
(Fig. 14.2). Then, the fibres are dried and sent forward for different applications.
Recent advancements in enzyme technology have led to the development of cus-
tomized enzyme cocktails and optimized process parameters, further enhancing the
efficiency and applicability of enzymatic degumming in textile and composite
industries (Kaur et al., 2020).

4.4.1 Mechanism of Enzymatic Degumming of Plant Fibres

Enzymatic degradation of plant fibres, such as ramie and hemp, involves the degra-
dation of pectin and hemicellulose components using pectinolytic and hemicellulo-
lytic enzymes (Table 14.1). Pectinolytic enzymes, particularly pectate lyases, play a
key role in the removal of pectin from the fibre surface. Xylanases also contribute to
the degumming process by breaking down xylan from hemicellulose portion.
Enzymes act on the gum components, making the fibres more accessible for further
processing. A list of the different enzymes utilized in enzymatic degumming is pre-
sented in Table 14.1. Combining partial chemical treatment with enzymatic degum-
ming using microbial formulations has been shown to produce durable, soft, and
lustrous fibres, while utilizing fewer chemicals (Guo et al., 2013; Yadav et al., 2022).

4.4.2 Advantages of Enzymatic Degumming of Plant Fibres

Enzymatic degumming of plant fibres offers several advantages over traditional
chemical methods, making it an increasingly preferred choice in the textile industry.
One of the primary benefits of enzymatic degumming is its eco-friendliness. It sig-
nificantly reduces the use of harsh chemicals, which can harm the environment and
human health. For instance, studies have shown that enzymatic treatments can
effectively remove non-cellulosic components from plant fibres without employing
the high temperatures and pressures associated with chemical methods, thereby
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Fig. 14.2 The general process followed during enzymatic and chemical degumming
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Table 14.1 Different enzymes used in enzymatic degumming, biodeinking, and biobleaching

Enzyme
Pectinases

Xylanases

Proteases

Cellulases

Amylases

Lipases

Laccases

Activity
Hydrolyse pectin

Hydrolyse xylan
(hemicellulose)

Cleaves peptide
bonds in proteins

Hydrolyse
cellulose to
glucose

Break down
starch into
sugars

Hydrolyse
triglycerides into
glycerol and free
fatty acids
Oxidize phenolic
compounds

Application
Degumming

Degumming,
biodeinking,
biobleaching

Degumming

Biodeinking,

Biodeinking

Biodeinking

Biodeinking,
biobleaching

Role in process

Break down
pectin in plant
fibres, reducing
gum content in
fibres.

Break down
hemicellulose,
facilitating the
removal of lignin
in biobleaching
and improving
biodeinking
efficiency.
Remove
proteinaceous
impurities in
degumming
improving fibre
quality.

Enhance fibre
cleaning by
removing residual
ink in biodeinking
Remove
starch-based
coatings or fillers
during
biodeinking,
aiding in ink
removal from
printed paper.
Eliminate fatty
sticky substances
(pitch) in pulp for
biodeinking.
Degrade lignin by
oxidizing phenolic
structures,
reducing lignin
content during
biobleaching.

References

Abidin et al. (2023),
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Abidin et al. (2023),
Kaur et al. (2020),
Subash and Muthiah
(2021)

Guo et al. (2013)

Akbarpour et al.
(2018), Indumathi
et al. (2022)

Dixit et al. (2023),
Pasin et al. (2024)

Dixit et al. (2022),
Sundaramahalingam
et al. (2024)

Arias et al. (2003),
Balda et al. (2024),
Fillat et al. (2010,
2012)
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Table 14.1 (continued)

Enzyme Activity Application Role in process References
Manganese | Oxidize Mn** to | Biobleaching | Degrade Saleem et al. (2018),
peroxidases | Mn**, which non-phenolic Sasaki et al. (2001)
(MnP) oxidizes lignin lignin, reducing

lignin content in

biobleaching.
Lignin Oxidize lignin Biobleaching | Degrade both Iimori et al. (1998),
peroxidases | using hydrogen phenolic and Orozco Colonia et al.
(LiP) peroxide (H20-) non-phenolic (2019)

lignin compounds,
facilitating lignin
removal in
biobleaching.

minimizing energy consumption and pollution (Lyu et al., 2021). Moreover, enzy-
matic degumming enhances the mechanical properties of the fibres, resulting in
softer, more lustrous, and more robust materials that are better suited for textile
applications. It has been reported that fibres treated with enzymes exhibit improved
tensile strength and a higher aspect ratio; in other words, the fibre becomes longer
relative to its width, which is crucial for the durability and performance of textiles
(Subash & Muthiah, 2021). Moreover, the enzymatic processes allow for greater
control over the degumming process, leading to more uniform fibre quality as com-
pared with the often inconsistent results of chemical treatments. Therefore, the
adoption of enzymatic degumming aligns with the industry’s shift towards sustain-
able practices, providing a viable alternative that meets both environmental and
quality standards.

4.4.3 Limitations and Future Perspectives
of Enzymatic Degumming

Enzymatic degumming of plant fibres presents several limitations compared to tra-
ditional chemical methods, along with promising future perspectives. One signifi-
cant limitation is the high cost associated with enzyme production and application,
which hinders the widespread adoption of this method in commercial settings.
Studies have indicated that enzymatic processes can effectively remove pectin and
other non-cellulosic components. However, they often require longer processing
times and specific conditions such as optimal temperature and pH to achieve the
desired results. The efficiency of enzymatic degumming can vary depending on the
type of fibre and the complexity of the gum composition, which may necessitate the
development of customized enzyme cocktails for different plant materials. Despite
these challenges, the future of enzymatic degumming appears promising, particu-
larly as advancements in biotechnology continue to enhance enzyme efficacy and
reduce cost. Research efforts are increasingly focusing on optimizing enzyme for-
mulations and exploring the use of microbes to improve the efficiency of the degum-
ming process. The growing demand for sustainable and eco-friendly processing
methods aligns with the principles of enzymatic degumming, positioning it as a
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potential alternative to chemical methods in the textile industry. As innovations in
enzyme technology progress, there is potential for enzymatic degumming to become
more competitive, offering high-quality fibres with minimal environmental impact.

4.5 Microbial Degumming of Plant Fibres

Microbial degumming of plant fibres, particularly bast fibres such as kenaf and
ramie, has emerged as an eco-friendly alternative to traditional chemical methods.
This process involves the use of specific bacteria and fungi that secrete enzymes
capable of degrading pectin, hemicellulose, and lignin, which bind the fibres
together. Recent studies have identified microbes responsible for efficient degum-
ming, including Bacillus spp., Acinetobacter, Chryseobacterium, Dysgonomonas,
and Lactococcus (Cheng et al., 2020; Ray Chaudhuri et al., 2020; Yang et al., 2019).
These bacteria produce a range of enzymes, including pectinases, xylanases, and
ligninases, which work synergistically to break down the gum and separate the
fibres without compromising their structural integrity. The microbial degumming
process typically involves inoculating plant material with a consortium of these
beneficial microbes and allowing them to ferment under controlled conditions
(Duan et al., 2021). This method not only reduces the need for harsh chemicals but
also preserves the desirable properties of the fibres, such as tensile strength and flex-
ibility, making them suitable for various applications, including textiles and com-
posites (Cheng et al., 2020). As the demand for sustainable and eco-friendly fibre
processing continues to grow, microbial degumming offers a promising solution
that aligns with the principles of green chemistry and economy.

5 Biodeinking

Enzymatic deinking is an innovative and eco-friendly approach for recycling paper
that utilizes specific enzymes to effectively remove ink from paper fibres. This
method has recently gained attention for its ability to achieve high-quality deinked
pulp while minimizing environmental impact. Recent studies have demonstrated
that combining different enzymes can enhance deinking efficiency, achieving
brightness levels that surpass those of traditional chemical methods, thus making
enzymatic deinking a promising alternative in the pulp and paper industry (Saxena
& Singh Chauhan, 2017).

5.1 Wastepaper as a Sustainable Resource
for Paper Manufacturing
Wastepaper is an exceptional raw material in the paper industry because it offers

significant environmental benefits and resource conservation. Recycling wastepaper
reduces the demand for virgin wood pulp, preserves forests, and minimizes
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ecological disruptions. India generates approximately 12 million tons of wastepaper
annually, with a recovery rate of approximately 57% (Mondal et al., 2022). The
potential for wastepaper recycling in India is immense; increasing the recovery rate
could lead to considerable environmental benefits, including significant savings in
raw materials, energy, and water. For instance, recycling one ton of wastepaper can
save 70% raw materials, 60% coal, and 43% energy compared to producing paper
from virgin pulp (Jain & Kumar, 2019). Enhancing wastepaper recycling could not
only reduce the environmental impact, but also create job opportunities and contrib-
ute to the economy, potentially transforming waste into a valuable resource.

A crucial step in this recycling process is deinking, which removes ink and con-
taminants from the paper fibres, allowing for the production of high-quality recy-
cled pulp. Recent studies have highlighted the effectiveness of enzymatic deinking
methods that utilize specific enzymes, such as cellulases and xylanases, to facilitate
ink removal. The optimization of enzymatic processes has been shown to improve
the efficiency of ink removal from various types of printed paper, making enzymatic
deinking a promising alternative for maximizing the potential of wastepaper as a
sustainable raw material (Wang et al., 2018).

5.2 Biodeinking and its Advantages

Biodeinking is an innovative and environmentally friendly approach to the deinking
process in paper recycling that utilizes enzymes to remove inks and contaminants
from wastepaper. This method addresses several limitations associated with conven-
tional deinking techniques, which often rely on harsh chemicals that can damage
paper fibres and generate harmful effluents (V. Kumar et al., 2023). Enzymes such
as cellulases, xylanases, and lipases play a crucial role in biodeinking by breaking
down the bonds between ink particles and cellulose fibres, facilitating their removal
without compromising the integrity of the fibres (Saxena & Singh Chauhan, 2017).
Reports have shown that biodeinking can achieve comparable or even superior
results in terms of the brightness and cleanliness of recycled paper compared to
traditional methods, while significantly reducing chemical usage and environmental
impact (Kumar & Dutt, 2021). In addition, biodeinking processes can be optimized
for various types of paper waste, making them versatile and adaptable to different
recycling scenarios. Implementing biodeinking enhances the quality of recycled
paper and contributes to a more sustainable circular economy by minimizing waste
and promoting resource conservation (Kumar et al., 2023; Sezun et al., 2023). As
the demand for sustainable practices in the paper industry continues to grow, bio-
deinking stands out as a promising solution that aligns with ecological goals and
regulatory requirements, paving the way for a more sustainable future for paper
recycling.
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5.3 Mechanism of Biodeinking

Biodeinking is an innovative process that utilizes enzymes to remove ink from
wastepaper, significantly enhancing the recycling of paper products while minimiz-
ing the environmental impact. The mechanism of biodeinking primarily involves
the action of specific enzymes that target the bonds between ink particles and cel-
lulose fibres. Key enzymes used in this process include cellulases, xylanases, and
laccases (Saxena & Singh Chauhan, 2017). The key enzymes used for the biodeink-
ing process are listed in Table 14.1. Cellulases break down cellulose, which helps to
expose ink particles and facilitates their detachment from the fibre surface. Xylanases
target hemicellulose, loosen the fibre matrix, and further aid in ink release. In con-
trast, laccases are particularly effective in degrading lignin. They can oxidize phe-
nolic compounds in inks, promoting the removal of ink particles that are otherwise
tightly bound to the fibres (V. Kumar et al., 2023). Recent studies have demon-
strated that a combination of these enzymes can yield superior results. For example,
sequential treatment with xylanase, followed by laccase, enhanced deinking effi-
ciency compared to single-enzyme treatments. This synergistic action improves the
ink removal and reduces the need for harsh chemicals traditionally used in deinking
processes, thereby promoting a more sustainable recycling framework (V. Kumar
etal., 2023).

5.4 Conventional Deinking

Conventional deinking methods have been the cornerstone of paper recycling,
focusing primarily on chemical and physical techniques for removing ink from
paper waste. Chemical deinking typically involves the use of surfactants, alkalis,
and other agents to facilitate the detachment of ink particles from the cellulose
fibres. This process often requires significant amounts of water and generates a con-
siderable volume of wastewater, which can be environmentally harmful if not prop-
erly treated. It has been reported that combining chemical treatment with physical
methods, such as flotation and washing, increases the ink removal efficiency (Kumar
& Dutt, 2021). For example, the flotation process utilizes air bubbles to lift ink par-
ticles to the surface, which can be skimmed off, thereby significantly improving the
brightness and quality of the recycled pulp. However, this conventional approach is
being increasingly scrutinized because of its reliance on toxic chemicals and the
associated environmental impact. Innovations in enzymatic deinking have emerged
as complementary strategies, demonstrating that enzymatic treatments can achieve
comparable or superior pulp brightness and strength while reducing the need for
harsh chemicals (Sezun et al., 2023). Integrating enzymatic methods with tradi-
tional physical processes can optimize the deinking efficiency, leading to more sus-
tainable recycling methods that minimize chemical usage and wastewater generation,
thus addressing some of the key limitations of conventional deinking methods
(Kumar & Dutt, 2021; Sezun et al., 2023).
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5.4.1 Chemical Deinking

5.4.1.1 Alkaline Deinking

This method is highly effective in removing a wide range of inks and contaminants
by utilizing widely available chemicals, such as sodium hydroxide (Kumar & Dutt,
2021). Alkaline conditions enhance ink detachment from fibres, thereby improving
the brightness of the recycled pulp. However, alkaline deinking can weaken paper
fibres if not carefully controlled, and it requires high pH levels, which can pose
environmental risks owing to chemical waste generation (Sezun et al., 2023).

5.4.1.2 Acid Deinking

Acid deinking is also effective in removing inks and has a less detrimental impact
on paper quality than alkaline methods. The process involves the use of acids, such
as hydrochloric acid (HCI) or sulfuric acid (H2SO4), to lower the pH of the pulp
slurry. It is suitable for certain printed materials, such as glossy papers. The tech-
nique tends to be more expensive because of the cost of the strong acids used, and
poses hazards related to the handling and disposal of these chemicals, which can
also lead to environmental concerns (Kumar & Dutt, 2021).

5.4.1.3 Chelation Deinking

This method effectively removes heavy metals from inks and is potentially less
damaging to paper fibres than other chemical methods. The mechanism involves the
addition of chelating agents, such as ethylenediaminetetraacetic acid (EDTA), to the
pulp slurry. This can improve the overall quality of the recycled pulp. Chelation
deinking has limited effectiveness in removing different inks and can negatively
impact the paper quality. Additionally, the availability of chelating agents and
required equipment can be constraints (Bajpai, 2012; Sezun et al., 2023).

5.4.2 Physical Deinking

5.4.2.1 Froth Flotation

The froth flotation method is widely used because it effectively separates ink from
fibres. It works by injecting air into the slurry of paper pulp, creating bubbles that
carry ink particles to the surface for removal, thus enhancing the brightness of the
recycled paper. The effectiveness of this method can vary based on factors such as
ink type and pulp consistency, and may not be as effective for all types of inks, par-
ticularly those that are more hydrophilic (Virk et al., 2013).

5.4.2.2 Washing

This technique involves washing the pulp with water to remove contaminants and
effectively reducing the ink levels when combined with other methods. The washing
process can be labour intensive and may require multiple stages to achieve satisfac-
tory results, making it less efficient (Virk et al., 2013).
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5.5 Limitations and Future Recommendations for Biodeinking

Biodeinking, while promising as an eco-friendly alternative to traditional deinking
methods, has several limitations that must be addressed for broader industrial appli-
cations. One significant challenge is the variability in the composition of the waste-
paper, which can affect the efficiency of enzymatic action. Different types of inks,
such as those used in laser printing versus offset printing, require specific enzymatic
treatments, and the presence of additives and fillers in paper can hinder enzyme
accessibility to ink particles (Singh et al., 2019b). The effectiveness of biodeinking
can be influenced by operational conditions, such as temperature, pH, and enzyme
concentration, necessitating precise optimization for each recycling scenario.
Recent reports indicate that although biodeinking can achieve satisfactory results, it
often does not match the efficiency of conventional chemical methods in terms of
ink removal and pulp brightness, particularly for certain ink types (Mondal et al.,
2022). Future recommendations include the development of enzyme cocktails that
combine multiple enzyme types to more effectively target a broader range of ink
compositions. Moreover, integrating biodeinking with physical methods such as flo-
tation or ultrasonic treatment can enhance the overall deinking efficiency. Research
should also focus on optimizing process parameters and scaling up from laboratory
to industrial applications, ensuring that the biodeinking process is economically
viable while maintaining high-quality recycled paper products. Lastly, further
exploration of the use of genetically engineered enzymes or novel microbial sources
may yield more effective and robust solutions for biodeinking, paving the way for a
more sustainable paper recycling industry.

6 Biobleaching

Biobleaching is an eco-friendly approach for bleaching pulp in the paper industry,
utilizing enzymes instead of harsh chemicals. This method employs enzymes such
as xylanases and laccases to selectively remove lignin from pulp, enhancing its
brightness and whiteness without compromising the fibre strength (Table.14.1).
Recent studies have shown the potential of biobleaching to achieve brightness levels
comparable to or better than those of conventional chemical bleaching, while sig-
nificantly reducing the environmental impact associated with chemical usage
(Chaurasia & Bhardwaj, 2019). Enzymes such as xylanases can break down hemi-
cellulose, loosen the fibre matrix, and facilitate lignin removal, whereas laccases
can oxidize phenolic compounds in lignin. Integrating biobleaching with physical
methods, such as ultrasonic treatment, has further improved the efficiency of the
process (Wei et al., 2021).
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6.1 Biobleaching and its Advantages

Biobleaching is an innovative and environmentally friendly method employed in the
pulp and paper industry to enhance the brightness of paper products, while minimiz-
ing the use of harmful chemicals. One of the primary advantages of biobleaching is
its ability to significantly reduce the consumption of chlorine-based bleaching
agents, thereby lowering the generation of toxic byproducts and pollutants such as
adsorbable organic halides (AOX), which are harmful to aquatic ecosystems.
Studies have shown that biobleaching can achieve brightness levels comparable or
even superior to those of conventional chemical methods while preserving the integ-
rity and strength of paper fibres (Chaurasia & Bhardwaj, 2019). In combination with
mediator molecules, laccases have proven effective in oxidizing phenolic com-
pounds in lignin, further improving bleaching efficiency. Biobleaching operates
under milder conditions, typically at neutral pH and moderate temperature, contrib-
uting to energy savings and reduced operational costs (Bajpai, 2018). The imple-
mentation of biobleaching aligns with the growing demand for sustainable practices
in the paper industry, making it a viable alternative as environmental regulations
become increasingly stringent. Biobleaching is a promising solution for producing
high-quality, environmentally friendly paper products, contributing to a more sus-
tainable approach in the pulp and paper sector.

6.2 Application of Enzymes in Biobleaching

Enzymes have gained significant attention in the pulp and paper industry for their
role in biobleaching, which is an eco-friendly alternative to traditional chemical
bleaching methods. Recent studies have reported the effectiveness of various
enzymes, including xylanases, laccases, and manganese peroxidases, in enhancing
the bleaching process while reducing the environmental impact (Table 14.1).
Xylanases play a crucial role in depolymerizing hemicellulose, which improves the
accessibility of cellulose fibres and enhances the efficiency of subsequent bleaching
chemicals. This enzymatic treatment reduces the number of kappa pulps and
improves their brightness and physical strength (Kumar, 2021). The Kappa number
is an important parameter in the paper and pulp industries. The Kappa number mea-
sures the residual lignin in the pulp after chemical pulping (Susanti, 2024). Lignin
binds the cellulose fibres together, and removing lignin is crucial for producing
high-quality paper. Laccases, when used with mediator molecules, have shown
promising results in degrading lignin and improving pulp whiteness (Tiwari et al.,
2023). A combination of laccase and xylanase resulted in a 46.32% reduction in
kappa number and a 13.21% increase in brightness for mixed wood pulp, indicating
synergistic effects of these enzymes (Angural et al., 2020). Moreover, the use of
manganese peroxidases has been reported to further enhance the delignification pro-
cess, contributing to a higher pulp quality and lower chemical consumption (Singh
et al., 2019a). Integrating these enzymes into biobleaching processes improves the
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quality of recycled paper and aligns with the industrial shift towards more sustain-
able and environmentally friendly practices.

6.3 Conventional Bleaching Processes

Conventional bleaching processes in the pulp and paper industry are essential for
enhancing the brightness and quality of paper products; however, they have various
drawbacks. Here is a detailed list of primary bleaching methods and their
limitations.

6.3.1 Chlorine Bleaching

This method uses chlorine gas to oxidize and dissolve lignin in the pulp, thereby
effectively removing the colour. Chlorine bleaching generates toxic organochlorine
compounds that can lead to significant environmental pollution and health hazards.
This process also results in the formation of dioxins, which are persistent environ-
mental pollutants (Axegérd, 2019).

6.3.2 Hydrogen Peroxide Bleaching

This method uses hydrogen peroxide as a bleaching agent to effectively remove
residual lignin and improve the pulp brightness. Hydrogen peroxide is unstable and
requires careful handling and storage. The presence of metal ions can also influence
its effectiveness by catalysing its decomposition and reducing its bleaching effi-
ciency (Isaza Ferro et al., 2021).

6.3.3 Ozone Bleaching

Ozone is a powerful oxidizing agent used to bleach pulp, effectively breaking down
lignin and other colour-causing substances. Ozone bleaching requires specialized
equipment for generation and application, which can increase the capital and opera-
tional costs. Additionally, ozone is a hazardous gas that requires strict safety mea-
sures during its handling (Tripathi et al., 2020).

6.3.4 Sodium Hypochlorite Bleaching

Sodium hypochlorite, commonly known as bleach, oxidizes lignin and improves the
pulp whiteness. This method can lead to fibre degradation if not carefully controlled,
resulting in a loss of pulp strength. It also generates chlorine-containing byproducts,
which can harm the environment (Rajabi & Zabizadeh, 2018).

6.3.5 Peracetic Acid Bleaching

Peracetic acid combines acetic acid and hydrogen peroxide to bleach pulp and
remove lignin. Although effective, peracetic acid can be corrosive and requires care-
ful handling. Their use may also generate volatile organic compounds (VOCs),
which can contribute to air pollution (Sharma et al., 2020).
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6.4 Limitations and Future Perspectives of Biobleaching

Biobleaching, while offering a more sustainable alternative to traditional bleaching
methods in the pulp and paper industry, has several limitations that must be
addressed before its broader adoption. One primary challenge is the variability in
the composition of raw materials, such as the type of wood used and the nature of
inks in recycled paper, which can affect the efficiency of enzymatic action (Kumar,
2021). Different types of lignin and hemicellulose present in various wood species
may require specific enzymes, which complicates the development of universal
enzyme formulations. The effectiveness of biobleaching can be influenced by oper-
ational conditions, such as temperature, pH, and enzyme concentration, necessitat-
ing precise optimization for each application (Angural et al., 2023; Wei et al., 2021).
Furthermore, although biobleaching can significantly reduce harmful chemicals, the
cost of enzyme production and the need for specialized equipment can be barriers
to implementation, particularly for smaller mills. Future perspectives for biobleach-
ing include the development of enzyme cocktails that can combine multiple enzymes
to target a broader range of substrates more effectively. Researchers should also
optimize the process parameters and scale from laboratory to industrial applications
to ensure economic viability. Integrating biobleaching with other sustainable prac-
tices, such as using renewable energy sources and improving process efficiency, will
further support its adoption in the industry. By addressing these limitations and
exploring innovative solutions, biobleaching can contribute significantly to a more
environmentally friendly pulp and paper industry.

7 Conclusion

Enzymatic degumming, biodeinking, and biobleaching represent innovative and
eco-friendly approaches in the textile, pulp, and paper industries that promote sus-
tainable practices while enhancing product quality. Enzymatic degumming utilizes
specific enzymes such as pectinases, xylanases, and cellulases to effectively remove
non-cellulosic components from plant fibres such as ramie and hemp. This method
can significantly improve fibre properties, including weight loss, whiteness index,
and tensile strength, while reducing reliance on harsh chemicals. Combining enzy-
matic and chemical degumming is the most efficient, with successive treatments
leading to superior gum removal and fibre quality results. In contrast, biodeinking
focuses on removing ink from wastepaper using enzymes such as cellulases, xyla-
nases, and pectinases. These enzymes facilitate the detachment of ink particles from
the fibre surface, thereby improving the brightness and cleanliness of the recycled
paper. Biodeinking can replace traditional chemical deinking methods with compa-
rable effectiveness, while being more eco-friendly. Biobleaching employs enzymes
such as xylanases, laccases, and manganese peroxidases to degrade lignin and
hemicellulose, which are responsible for the brown colour and impurities in the
pulp. Biobleaching contributes to a more sustainable bleaching process while main-
taining high-quality standards by minimizing the use of chlorine-based chemicals.
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The use of enzyme cocktails, combining various enzymes, has been explored to
enhance the biobleaching process, leading to better overall pulp quality and bright-
ness. Collectively, these enzymatic processes exemplify a sustainable approach in
the textile, pulp, and paper industries, facilitating the production of high-quality
products, while addressing environmental concerns and promoting eco-friendly
practices.
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ARTICLE INFO ABSTRACT

Keywords: GH30 xylobiohydrolases, an expanding enzyme category, need deeper insights for optimal use. The primary aim

Xylan of this study was to characterize a new xylobiohydrolase, AcGH30A of GH30 family from Acetivibrio clariflavus.

Xleb%Ohydmlase The gene encoding AcGH30A was cloned using pET28a(+) vector and expressed in E. coli BL21(DE3) cells.

EZ:ZE:SOZ 4 xylan AcGH30A was purified by immobilized metal-ion affinity chromatography. SDS-PAGE analysis of AcGH30A

Acetivibrio cla}rliﬂavus showed molecular mass of ~58 kDa. AcGH30A showed optimum temperature 80 °C and optimum pH 7.0.
AcGH30A was stable (maintaining >80 % of control activity) in pH range, 4-7 and temperature range, 30 °C
-70 °C when incubated for 90 min. AcGH30A displayed melting temperature, 72 °C and half-life, 21 days at 4 °C.
The enzyme activity of AcGH30A was enhanced by 10 mM Ca?* and Mg?" ions by 25 % and 21 %, respectively,
whereas 10 mM Co**, Zn®", Fe?*, and Cu®" ions significantly reduced it. AcGH30A showed activity against
various xylan polysaccharides displaying highest Vi, 139 U.mg~! and Ky, 0.71 mg.ml~! against 4-O-methyl
glucuronoxylan under optimum conditions. TLC, HPLC and LC-MS analyses of AcGH30A hydrolyzed products
from xylan substrates revealed the release of sole product, xylobiose, confirming it as an obligate xylobiohy-
drolase. AcGH30A being a highly thermostable enzyme can be potentially utlilized in various biotechnological
applications.

requires the enzymes capable of breaking the backbone glycosidic
linkages as well as enzymes that can remove substituted groups (Juturu

1. Introduction

Xylans, the primary component of hemicellulose present in ligno-
cellulosic biomass, are the second most prevalent polysaccharides pre-
sent in plants, succeeded by cellulose (Fonseca-Maldonado et al., 2014;
He et al., 2014). They are heteropolysaccharides that principally consist
of xylose and arabinose. The backbone of xylan is a linear polymer
composed of xylopyranosyl residues linked by f-1,4-glycosidic bonds,
having an equatorial configuration. The polysaccharide structure con-
tains a variety of substituted groups, including arabinose, ferulic acid,
glucuronic acid, acetyl and p-coumaric acid, that are integrated within
the backbone (Moreira & Filho, 2016). Conformational analysis by X-ray
diffraction showed that the xylan in plant cells is present as a 2-fold and
3-fold helical structures (Moreira & Filho, 2016; Simmons et al., 2016).
The complete depolymerization of xylan is a complex process that

* Corresponding author.
E-mail address: arungoyl@iitg.ac.in (A. Goyal).

https://doi.org/10.1016/j.carbpol.2024.122295

& Wu, 2012).

Xylanases (EC 3.2.1.8) are a class of glycoside hydrolases that can
hydrolyze the linear polysaccharide p-1,4-xylan into simpler products,
such as xylooligosaccharides, xylobiose and xylose (Juturu & Wu, 2012;
Sepulchro et al., 2020). Xylanases have been harnessed for a wide range
of applications, such as enhancing the quality of bread (Guo et al.,
2018), clarifying must and juices (Juturu & Wu, 2012), degumming bast
fibres (Wang et al., 2019), pre-bleaching kraft pulps (Kaur et al., 2016;
Kumar et al., 2016), and treating hemicellulosic waste (El Enshasy et al.,
2016; Jamaldheen et al., 2019). The versatility of xylanolytic enzymes
makes them valuable tools for improving processes and products in
different industries.

Endo-f-1,4-xylanases belonging to glycoside hydrolase family 30
exhibits significant catalytic diversity. The family GH30 contains endo-

Received 1 March 2024; Received in revised form 15 May 2024; Accepted 18 May 2024

Available online 23 May 2024

0144-8617/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.

TH-3737_196106031


mailto:arungoyl@iitg.ac.in
www.sciencedirect.com/science/journal/01448617
https://www.elsevier.com/locate/carbpol
https://doi.org/10.1016/j.carbpol.2024.122295
https://doi.org/10.1016/j.carbpol.2024.122295
https://doi.org/10.1016/j.carbpol.2024.122295
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2024.122295&domain=pdf

Y.R. Singh et al.

Abbreviations

GH - glycoside hydrolase

Ac - Acetivibrio clariflavus

TLC - thin-layer chromatography

IMAC - immobilized metal ion affinity chromatography

SDS-PAGE -sodium dodecyl sulphate-polyacrylamide gel
electrophoresis

HPLC - high-performance liquid chromatography

LC-MS - liquid chromatography-mass spectrometry

ESI - electrospray ionization

ACN - acetonitrile

f-1,4-xylanases which hydrolyse xylans containing 4-O-methyl-D-glu-
curonic acid or D-glucuronic acid side chain residues and are called
glucuronoxylanase (Puchart et al., 2021). A specific glucuronoxylanase,
StXyn30A from Streptomyces turgidiscabies C56, has a conserved arginine
residue at the subsite —2, which is essential for recognizing glucuronic
acid side chains (Maehara et al., 2018). These enzymes are primarily
found in bacterial GH30_8 subfamily. The family GH30 also contains
non-D-glucuronic acid specific xylanases, such as TIXyn30A from
Talaromyces leycettanus (Suchové, Puchart, & Biely, 2021), which are
not specific to glucuronoxylan and can also hydrolyze arabinoxylan and
rhodymenan. Numerous xylanases from the GH30 family displaying
different modes of action have been studied, among which only a limited
number showing xylobiohydrolase activity have been reported. Xylo-
biohydrolases from GH30 family reported till now majorly come from
fungal sources, and they show two different modes of action. TtXyn30A
(Katsimpouras et al., 2019) and TcXyn30B (Nakamichi et al., 2019) from
Thermothelomyces thermophila and Talaromyces cellulolyticus, respec-
tively, displayed both exo- and endo-acting catalytic behaviour. Both
enzymes released 4-O-methyl-D-glucuronic acid embedded xylooligo-
saccharides and xylobiose from glucuronoxylan substrates. AaXyn30A
from the fungus Acremonium alcalophilum was reported as an almost
strict xylobiohydrolase (Suchova et al., 2020). It showed maximum ac-
tivity on rhodymenan, releasing isomeric xylotrioses. AaXyn30A cleaves
xylobiose from the non-reducing end of the xylan. SIXyn30A from the
yeast Sugiyamaella lignohabitans is a GH30 xylanase that releases acidic
xylooligosaccharides from glucuronoxylan and shows auxiliary xylo-
biohydrolase activity (Suchova et al., 2022). The initial enzymes iden-
tified for the exclusive release of xylobiose from birchwood and oat spelt
xylan were xylanase V from Aeromonas caviae ME-1 (Kubata et al., 1994)
and xylobiohydrolase from Aspergilus sydowii MG49 (Ghosh & Nanda,
1994). A detailed investigation into their mode of action has not been
conducted yet and their GH families remains unknown. Subsequently,
xylobiohydrolases from both GH11 and GH30 families were examined
and characterized. Other two xylobiohydrolases, compost 21_GH11
(Evangelista et al., 2019) and MetXyn11 (Mello et al., 2017) from GH11
family (that contains mostly endo-acting xylanases) were reported
liberating only xylobiose as the only reaction product from xylan.
Acetivibrio clariflavus is a bacterium characterized by its thermophilic
nature, anaerobic metabolism, gram-positive cell structure and ability to
form spores (Artzi et al., 2014). This bacterium was initially isolated
from anaerobic sludge obtained from a thermophilic methanogenic
bioreactor (Shiratori et al., 2006, 2009). The analysis of the Acetivibrio
clariflavus genome revealed that the bacterium utilizes an elaborate
system of cellulosomal complexes containing multiple enzymes to break
down lignocellulosic biomass into simpler products (Dassa et al., 2012).
Acetivibrio clariflavus is the only thermophilic bacterium that has been
reported to produce a complex cellulosomal system after the discovery
of a cellulosomal system in Clostridium thermocellum (Artzi et al., 2014;
Lamed & Bayer, 1988). It produces both cell-free and cell-bound cellu-
losome complexes. Bioinformatics study revealed the presence of 79
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dockerin containing proteins in Acetivibrio clariflavus, indicating the
abundant presence of cellulosome structures (Artzi et al., 2014). Several
glycoside hydrolases from the Acetivibrio clariflavus have been charac-
terized, but many more remain unexplored. The gene (GenBank acces-
sion number AEV68404.1) encoding a putative xylanolytic enzyme,
AcGH30A from the cellulosomal complex of Acetivibrio clariflavus, be-
longs to the GH30 family.

In this study, the gene encoding the xylobiohydrolase (AcGH30A)
was cloned, expressed, purified and characterized. During the study of
the enzyme, AcGH30A, Suchova, Puchart, and Biely (2021) and Crooks
etal. (2021) also reported their work on the same enzyme. Despite some
overlaps in the findings, our report presents more detailed and valuable
data on the characteristics of AcGH30A. It is hypothesized that the in-
depth biochemical characterization of AcGH30A will enhance the un-
derstanding regarding its capabilities as a thermophilic xylobiohy-
drolase of bacterial origin. The new results from the current study, shed
light on the greater potential of the enzyme with regard to its com-
mercial usage, such as its thermophilic enzyme properties, stability and
capability to produce xylobiose from wide variety of xylan polymers.
The biochemical characteristics of AcGH30A discovered in this study
may be beneficial for the enzymatic digestion of xylan based biomasses
to produce xylobiose, renowned for its superior prebiotic properties
(Manisseri & Gudipati, 2012).

2. Materials and methods
2.1. Bacterial strains, vectors and chemicals

The genomic DNA of Acetivibrio clariflavus was procured from the
collection of microorganisms and cell culture, DSMZ (Deutsche Samm-
lung von Mikroorganismen und Zellkulturen), Braunchweig, Germany.
Escherichia coli strains, TOP10 cells and BL21 (DE3) cells were used for
cloning and expression of the recombinant enzyme, respectively. The
PCR-amplified products were cloned and expressed using the pET28a(+)
expression vector. pET28a(+) plasmid, E. coli. TOP10 and BL21 (DE3)
cells were acquired from Novagen (Madison, WI, USA). Taq DNA Poly-
merase was purchased from New England Biolabs (Ipswich, MA, USA).
Restriction enzymes Nhel and Xhol, and T4 DNA ligase were purchased
from Promega Corp. (Fitchburg, WI, USA). Multiple xylan poly-
saccharides, each composed of a primary chain formed by a linear
sequence of xylose units linked through p-1,4-glycosidic bonds, were
obtained from different sources. Natural xylan polysaccharides viz.
Beechwood xylan, larchwood xylan, rye arabinoxylan and wheat ara-
binoxylan (low viscosity), birchwood acetylated xylan and standards viz.
D-xylose, xylobiose, xylotriose, xylotetraose and xylopentaose were
procured from Megazyme Ltd. (Wicklow, Ireland). Xylan, M.W.
20,000-30,000 and xylan corn cob were purchased from Carbosynth
Ltd. (Compton, UK). The polysaccharides, 4-O-Methyl glucuronoxylan,
oat spelt xylan and carboxy methyl cellulose sodium salt were purchased
from Sigma-Aldrich Co. LLC. (St. Louis, MO, USA). Various in-house
xylan substrates namely, banana stem xylan, water hyacinth xylan,
sugarcane tops xylan (Khaire et al., 2021), alkali pretreated sugarcane
tops xylan (Khaire et al., 2022), neem saw dust xylan (Sharma, Khaire,
etal., 2020) and acacia sawdust xylan (Sharma, Morla, et al., 2020) were
also used for the study. The silica-coated plates for thin-layer chroma-
tography (TLC Silica gel 60 Fgs4, 20 cm x 20 cm) were acquired from
Merck Ltd. (Darmstadt, Germany).

2.2. Molecular architecture of AcGH30A

The sequence data of gene encoding AcGH30A with GenBank
accession AEV68404.1 was retrieved from the NCBI (http://www.ncbi.
nlm.nih) database. The conserved domains present in the gene was
found by using the NCBI conserved domain database (CDD) (htt
p://www.ncbi.nlm.nih.gov/cdd/). The signal peptide sequence con-
tained by the gene was determined by the SignalP 5.0 server (https://se
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Table 1
PCR reaction composition for amplification of gene encoding AcGH30A.

Contents Volume (pL) Final concentration
DNA template (106 ng/pL) 0.5 0.9 ng/pL

Forward primer (15 pM) 1.5 0.37 pM

Reverse primer (15 pM) 1.5 0.37 pM

100 mM dNTP mix 0.2 0.33 mM

Taq DNA Polymerase (5 U/pL) 0.5 0.04 U/uL

10x reaction buffer 6 1x

Sigma water, pH 8.0 49.8 -

Total 60 -

rvices.healthtech.dtu.dk/services/SignalP-5.0/). The sequence configu-
ration of the AcGH30A gene was examined and drawn using DOG 2.0
software to visualize the length of different domains present in the gene.

2.3. Amplification of gene encoding AcGH30A and cloning

The amplification of gene (GenBank accession AEV68404.1) encod-
ing AcGH30A, spanning a length of 1518 base pairs, was performed via
polymerase chain reaction (PCR) using Taq DNA polymerase and spe-
cific oligonucleotide primers. The genomic DNA of Acetivibrio clariflavus
was used as the template for the amplification. For directional cloning,
Nhel/Xhol restriction sites were utilized to incorporate the PCR product
into the expression vector pET28a(+). The oligonucleotide primers
utilized in this process were:

Forward primer 5-GGTGGTGCTAGCGCATCAACTGTTACCGTT-
GATTGGGAC-3.

Reverse primer
GAATTTTTGAATC-3'.

The total volume of the PCR mix containing the template, polymer-
ase enzyme, primers, dNTPs and buffer was 60 pL (Table 1).

After the initial denaturation of the template DNA at 95 °C for 5 min,
the PCR was conducted for 30 cycles under the following parameters, (i)
Denaturation at 95 °C for 30 s, (ii) Annealing at 72 °C for 60 s, (iii)
Extension at 72 °C for 60 s. The last extension step was executed for 10
min at 72 °C by using a thermal cycler (Bio-Rad T100, Hercules, CA,
USA). The PCR products were analyzed by 0.8 % (w/v) agarose gel
electrophoresis, to check their size and purity. After confirming the PCR-
amplicon of interest on the gel, it was separated from the agarose gel
with the help of a gel extraction kit (Sigma-Aldrich Co. LLC., St. Louis,
MO, USA). The PCR product and the pET28a(+) vector was digested by
restriction enzymes Nhel and Xhol, and then ligated by T4 DNA ligase
(Promega Corp., Fitchburg, WI, USA). The recombinant plasmid con-
taining the gene encoding AcGH30A was used for transformation of
competent E. coli TOP10 cells by heat-shock treatment (Froger & Hall,
2007). The transformed cells were grown on Luria-Bertani medium plate
containing kanamycin (50 pg.mL™!) at 37 °C for 12 h. The positive
clones were confirmed by isolating the plasmid, followed by restriction
digestion and the sequence was confirmed by outsourcing the DNA
sequencing.

5'-ACCACCCTCGAGTTATTGTTCTACCGG-

2.4. Expression and purification of AcGH30A

The plasmid containing the gene of AcGH30A protein was isolated
from E. coli TOP10 cells and transformed into the competent E. coli BL-
21 (DE3) cells by heat-shock treatment method. The transformed E. coli
BL21 cells were cultured in Luria-Bertani (LB) broth incubated at 37 °C
and 180 rpm using an orbital shaker incubator, till the cells reached the
mid-exponential growth phase, detected by absorbance at 550 nm. The
over-expression of the protein was induced by adding 1 mM IPTG final
concentration to the LB broth and cells were further growth at 24 °C
with 180 rpm for 12 h. The grown cells were centrifuged at 8000 g for 15
min at 4 °C to separate the cells. The cells were resuspended in sodium
phosphate buffer (50 mM, pH 7.5) containing 300 mM NaCl and 50 mM
imidazole and subjected to ultrasonication to lyse the E. coli BL-21 cells
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to recover the protein. Ultrasonication was set at 33 % amplitude with 2
s of pulses ON and 8 s OFF. The sonicated cell lysate was centrifuged at
16000 g for 50 min at 4 °C to obtain the cell extract. The cell extract was
filtered through a 0.45 pm PVDF membrane using a syringe filter.
AcGH30A in filtrate was purified by using a 5 mL Ni2" ion-chelating
column (His GraviTrap, GE Healthcare, Chicago, IL, USA). The same
buffer used for resuspension of cells was used as wash buffer. The bound
protein was eluted by elution buffer, 50 mM sodium-phosphate buffer
(pH 7.5) containing 300 mM NaCl and 300 mM imidazole. The salt and
imidazole from the eluted protein were eliminated by dialysis, using
sodium phosphate buffer (50 mM, pH 7.0). The protein, AcGH30A was
further purified by size exclusion chromatography (SEC) at 25 °C, using
HiLoad Superdex 75 pg column (GE Healthcare, GE Healthcare, Chi-
cago, IL, USA) installed with fast protein liquid chromatography (FPLC)
system (AKTA Prime, GE Healthcare, Chicago, IL, USA). The sodium
phosphate buffer (50 mM, pH 7.0) was utilized as the mobile phase. The
molecular mass and purity of the purified AcGH30A enzyme were
evaluated by using a 12 % (w/v) SDS-PAGE (Laemmli, 1970). The
enzyme activity of AcGH30A after each purification step was assessed by
following the procedure described in Section 2.5. The concentration of
the purified AcGH30A was determined by Lowry method (Lowry,
Rosebrough, Farr, & Randall, 1951) using BSA as standard and also by
using NanoDrop spectrophotometer (2000c, Thermo Fisher Scientific,
Waltham, MA, USA). The molar extinction coefficient (¢) of AcGH30A,
122,730 M~! em™! was used which was determined by submitting the
amino acid sequence to the ExPASy server (http://web.expasy.org/p
rotparam/).

2.5. Assay of enzyme activity

The assays for biochemical characterization of AcGH30A were per-
formed using a working solution of AcGH30A (50 pg.mL ') prepared by
diluting the AcGH30A stock (500 pg.mL’l) obtained after SEC. The as-
says were conducted with a reaction mixture of 100 pL containing 10 pL
of AcGH30A (50 pg.mL’l) and 2.0 % (w/v) final concentration of
beechwood xylan in sodium phosphate buffer (50 mM, pH 7.0) by
incubating at 80 °C for 2 min. A negative control, containing only 2.0 %,
(w/v) beechwood xylan in 100 pL of sodium phosphate buffer (50 mM,
pH 7.0) without the enzyme, was run in parallel for each reaction. The
activity of AcGH30A against various xylan substrates were examined.
The enzyme activity of crude AcGH30A enzyme and after IMAC and SEC
purification steps was determined by using 2.0 % (w/v) beechwood
xylan following the same conditions as mentioned above. The activity of
the enzyme was calculated by quantifying the amount of reducing sugars
produced from the enzyme-substrate reactions using the method
developed by Nelson (Nelson, 1944) and Somogyi (Somogyi, 1945) with
plotting a standard curve for D-xylose. 25 parts of the copper reagent A
(NS-A) were added with 1 part of copper reagent B (NS-B) to make
Nelson-Somogyi-D (NS-D) solution (Nelson, 1944). After the completion
of the enzyme-substrate reaction, 100 pL of the enzyme-substrate
mixture was mixed with 100 pL of NS-D reagent, followed by incuba-
tion in a boiling water bath for 20 min for deactivating the enzyme and
the reaction between the NS-D and reducing sugars. The mixture was
cooled and added with 100 pL of arsenomolybdate colour reagent (NS-C)
reagent. The volume of the mixture was adjusted to 1 mL by further
adding 700 pL sodium phosphate (50 mM, pH 7.0) buffer. The absor-
bance of the final mixture was recorded at 500 nm using a spectro-
photometer (Multiskan SkyHigh, Thermo Fisher Scientific, Waltham,
MA, USA). One unit (U) of enzyme (1 pmol.min’l) was defined as the
enzyme quantity needed to generate 1 pmole of xylose per minute. The
enzyme activity (U.mL ! or pmol.min~1.mL 1) is defined as the amount
of enzyme per mL needed to generate 1 pmole of xylose per min.
Whereas, the specific enzyme activity (U.mg ™! or pmol.min~1.mg~?) is
defined as the enzyme quantity per milligram required to produce 1
pmole of xylose, per minute under the optimum conditions of reaction.
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2.6. Determination of optimum pH and pH stability

The optimum pH of AcGH30A was investigated by conducting
enzyme-substrate reaction with beechwood xylan at different pH con-
ditions at constant temperature, 80 °C. Different buffer systems for
various pH range used were sodium acetate buffer (pH 3.5-5.5), sodium
phosphate buffer (pH 6.0-8.0) and glycine-NaOH buffer (pH 8.5-10.5)
at 50 mM concentration. To examine the stability of AcGH30A at
different pH environment, 10 pL (5 mg.mL ™) of stock solution of the
recombinant enzyme, AcGH30A was added to 990 pL of different buffers
with in a pH range of 4.0 to 8.0 and the enzyme solutions of 1 mL (50 pg.
mL 1) were incubated for 90 min at 25 °C. From this, an aliquot of 10 pL
enzyme was taken for 100 pL reaction mixture and assayed under op-
timum conditions of 80 °C for 2 min as described in Section 2.5.

2.7. Determination of optimum temperature and thermal stability

The optimum temperature required for the activity of AcGH30A was
evaluated by conducting the identical enzyme-substrate reactions at
different temperatures, spanning from 20 to 95 °C. The reaction mixture,
100 pL containing 10 pL of AcGH30A (50 pg.mL ™) and 2.0 % (w/v)
beechwood xylan in sodium phosphate buffer (50 mM, pH 7.0) were
incubated at varying temperatures for 2 min. The reactions were
terminated after 2 min of incubation and the reducing sugar analysis was
performed by using the methods of Nelson (Nelson, 1944) and Somogyi
(Somogyi, 1945). The thermostability of AcGH30A was investigated by
incubating the stock solution of the enzyme at different temperatures for
90 min, prior to the enzyme-substrate reactions conducted at optimum
temperature and pH. 10 pL of AcGH30A (50 pg.mL™}) from the incu-
bated stocks was added with 90 pL of 2.0 % (w/v) beechwood xylan at
80 °C for 2 min in a sodium phosphate buffer system (50 mM, pH 7.0).
The thermal properties of AcGH30A were also assessed by Circular Di-
chroism (CD) spectroscopy, using the purified enzyme at 1 mg.mL™!
concentration, dissolved in sodium phosphate buffer (50 mM, pH 7.0).
Variations in the spectrum as a function of temperature was measured
using a spectropolarimeter (JASCO J-815, Jasco Corp., Heckmondwike,
UK). The enzyme sample and the corresponding buffer without enzyme
were analyzed at the rate of 50 nm.min~! and bandwidth of 1 nm. Far-
UV (190-240 nm) CD spectrum was recorded at the intervals of 5 °C,
with increase in the temperature from 25 °C to 110 °C. CD ellipticity was
plotted against wavelength and temperature to analyze the thermal
properties of AcGH30A. The melting temperature (Tp,) of AcGH30A was
calculated by plotting the change in CD spectra captured at 222 nm
(FAR-UV) and examining the pattern of thermal denaturation. The
transition curve at 222 nm was normalized using the formula: %dena-
turation = (025 - Oremp) / (025 — 0110). The Ty, value was calculated
through non-linear fitting using the Boltzmann method (Ruiz et al.,
2022). The half-life (t;/,2) of AcGH30A at different temperatures was
determined by incubating the enzyme at 4 °C, 30 °C, 60 °C and 70 °C and
an aliquot of enzyme was taken at different time intervals viz., 0 to 24 h.
All the assays were performed at optimum temperature of 80 °C and
optimum pH of 7.0 using beechwood xylan as substrate. The half-life
was calculated by plotting relative residual activity against the incuba-
tion period. The half-life of AcGH30A was calculated based on the
assumption that enzyme degradation followed first-order kinetics,
where the half-life (t; 2) = In2/k, with ‘k’ representing the rate constant
(Han & Lim, 2004; Sarossy et al., 2013).

2.8. Substrate specificity analysis of AcGH30A

The enzyme activity of AcGH30A against various commercial, nat-
ural and pretreated substrates was investigated under optimized assay
conditions. Each assay mixture of 100 pL containing 10 pL of AcGH30A
(50 pg.mL_l) and 2.0 %, (w/v) of respective substrates in sodium
phosphate buffer (50 mM, pH 7.0) was incubated at 80 °C for 2 min. The
reducing sugar analysis and the enzyme activity calculation was

TH-3737_196106031

Carbohydrate Polymers 340 (2024) 122295

performed as mentioned in Section 2.5.
2.9. Determination of kinetic parameters

The kinetic properties of AcGH30A were examined by conducting
enzyme assays, with varying concentrations (from 0.005 %, w/v to upto
3 %, w/V) of substrates, at optimum temperature and pH conditions. The
substrates employed for the enzyme kinetics investigation included 4-O-
methyl glucuronoxylan (Sigma-Aldrich Co. LLC., St. Louis, MO, USA),
xylan M.W. 20,000-30,000 (Carbosynth Ltd., Compton, UK), beech-
wood xylan (Megazyme Ltd., Wicklow, Ireland) and larchwood xylan
(Megazyme Ltd., Wicklow, Ireland). In each assay, 90 pL of the respec-
tive substrate was mixed and added with 10 pL of AcGH30A (50 pg.
mL™1). Identical reaction mixtures without the enzymes were used as
negative controls. The estimation of reducing sugars and the subsequent
calculation of enzyme activity after the enzyme reaction were conducted
as outlined in Section 2.5. The values for Ky;, Vinax, and the turnover
number (k) were determined using the Michaelis-Menten equation,
assuming steady-state conditions. All enzyme reactions were executed in
triplicate. The calculated data are presented as mean values with their
corresponding standard deviations (mean + SD). The GraphPad Prism
software was used to calculate the kinetic parameters (Swift, 1997).

2.10. Influence of metal ions and chemical agents on enzyme activity

The capability of the different metal ions to change the catalytic
activity of AcGH30A was investigated. For this study, enzyme-substrate
reactions were supplemented separately with different metal salts,
including CaCly, MgCly, CuCly, CoCly, FeCls, MgSO4, MnSO4, ZnSO4,
NiSO4, CuSO4, NaCl and KCI. The effect of the chelating agents like
EDTA and EGTA on the activity of AcGH30A were also examined. The
enzyme was pretreated with each additive at two different concentra-
tions, i.e., 1 mM and 10 mM, by diluting it with the respective additive
solution. Twenty microliter of enzyme, AcGH30A (500 pg.mL™!) with
respective additive in 200 pL total volume was incubated at 25 °C for 20
min. Afterwards, the pretreated enzyme samples were subjected to
standard enzyme assay against 2 % (w/v) beechwood xylan, as previ-
ously described in Section 2.5. The activity was expressed as a per-
centage of the activity level in the absence of each additive (control
sample).

2.11. Study of hydrolytic mechanism by AcGH30A by TLC

The hydrolysis products generated by AcGH30A from various xylan
substrates were examined using thin-layer chromatography (TLC). To
prepare the samples for TLC analysis, 20 pL of AcGH30A solution (50 pg.
mL’l) was incubated with 180 pL of xylan substrates (1.0 %, w/v). The
xylan substrates used were beechwood xylan, larchwood xylan, 4-O-
methyl glucuronoxylan, rye arabinoxylan, wheat arabinoxylan and oat
spelt xylan. These substrates were dissolved with sodium phosphate
buffer (50 mM, pH 7.0) and incubated at 70 °C for 60 min. The time-
dependent TLC analysis of AcGH30A hydrolysed beechwood xylan
was performed to investigate the pattern of product formation over time.
For this analysis, 10 pL of AcGH30A solution (50 pg.mL ™) and 90 L of
1.0 % (w/v) beechwood xylan in sodium phosphate buffer (50 mM, pH
7.0), was incubated at 40 °C for different time durations viz. 1, 2, 5, 10,
15, 30, and 60 min and 2, 4, 6, 12, and 24 h. A negative control con-
sisting of an equal volume of the reaction mixture without the enzyme
was included in the study. To inactivate the enzyme, present in reaction
mixtures, an equal volume of absolute ethanol was added. The reaction
mixture was centrifuged at 14,000 g for 10 min at 25 °C to separate the
undigested substrate. The resulting clear supernatant (~200 pL), con-
taining enzyme reaction product, was carefully moved to a fresh 1.5 mL
microcentrifuge tube. The hydrolysed products present in the superna-
tant were concentrated to 10-20 pL in a hot air oven at 70 °C for 12 h. D-
xylose, xylobiose, xylotriose, xylotetraose and xylopentaose (each 1.0
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Fig. 1. Molecular organization of the AcGH30A. The amino acid sequence on
AcGH30A was consists of 3 major domain sequences, (i) Signal peptide (1-28
aa) at the N-terminal, (ii) GH30 catalytic module (29-461 aa) and (iii) Linker
sequence (432-465 aa) followed by (iv) Dockerin 1 at C-terminal (466-534 aa).

mg.mL 1) were utilized as the standards. The concentrated hydrolyzed
samples (0.6 pL each) and 1.0 pL (1 mg.mL_l) of each standard were
loaded over the TLC plate (Silica gel-coated aluminium plate, Merck,
Darmstadt, Germany). TLC plate was inserted into a developing cham-
ber containing a solvent system composed of chloroform, glacial acetic
acid and water mixed with a ratio of 6:7:1 (Valls et al., 2010). After
drying the TLC plate in a hot air oven, the spots developed on the plate
were visualized by using a staining solution consisting of 0.5 % (w/v)
a-naphthol and sulfuric acid/methanol in a 5:95 ratio (v/v).

2.12. HPLC analysis of AcGH30A hydrolyzed products

The hydrolytic mechanism of AcGH30A against beechwood xylan
was investigated by analyzing the hydrolyzed products using high-
performance liquid chromatography (HPLC). The enzyme, AcGH30A,
120 pL (100 pg.mLfl) with 1.0 % (w/v) beechwood xylan dissolved in
sodium phosphate buffer (50 mM, pH 7.0) in total volume of 1.2 mL
reaction mixture was incubated at 70 °C for 60 min. The reaction was
stopped by inactivating the enzyme by adding an equal volume of ab-
solute ethanol and further procedure was followed as outlined in Section
2.11 for preparing the hydrolyzed product sample. The supernatant was
dried in a hot air oven at 75 °C for 24 h and then dissolved in 500 pL
distilled water. The sample was filtered through a 0.45 pm membrane
using a syringe filter to remove impurities. Xylobiose (1 mg.mL_l) was
utilized as the standard. The column for oligosaccharide separation
(Rezex RSO-Oligosaccharide column, 200 x 10 mm, Phenomenex, Inc.,
Torrance, CA, USA) with a guard column (Rezex RSO-Oligosaccharide
guard, 60 x 10 mm, Phenomenex, Inc., Torrance, CA, USA) attached
with HPLC (Shimadzu Corporation, Kyoto, Japan) was used. Milli-Q
water was utilized as the mobile phase with a flow rate of 0.3 mL.
min~. The samples were run in the isocratic mode with injection vol-
ume of 20 pL. The column temperature was set at 80 °C. The eluted
samples were analyzed by using a refractive index detector.

2.13. Liquid chromatography-mass spectrometry of AcGH30A
hydrolyzed product

The enzyme, AcGH30A reaction product released from beechwood
xylan was prepared according to the protocol described in Section 2.12.
500 pL of the reaction mixture was used to prepare the analyte samples,
consisting of 50 pL of AcGH30A (100 pg.mL’l) and 1.0 % (w/v)
beechwood xylan dissolved in sodium phosphate buffer (50 mM, pH
7.0). The mixture was incubated at 70 °C for 60 min. The reaction was
terminated by inactivating the enzyme by adding an equal volume of
absolute ethanol to the reaction mixture. Subsequently, the product was
dried at 75 °C for 12 h. The dried sample was reconstituted in 500 pL of
acetonitrile/Milli-Q water (1:1) and analyzed. This sample containing
AcGH30A hydrolysed products were analyzed by Liquid
chromatography-mass spectrometry (LC-MS) instrument (Agilent 6410
Triple Quad MS-MS, Agilent Technologies, Inc., Santa Clara, CA, USA). A
carbohydrate column (4.6 x 150 mm, ZORBAX, Agilent Technologies,
Inc., Santa Clara, CA, USA) encased with 5 pm size particles for chro-
matography was used. The mobile phase comprised acetonitrile/Milli-Q
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water (70:30). The flow rate of the mobile phase through the column
was 600 pL.min_l. Electrospray ionization was operated in positive ion
mode. The scan range was set at 25-1200 m/z.

3. Results and discussion
3.1. Molecular organization of AcGH30A

The full-length gene (GenBank accession AEV68404.1) encoding the
enzyme, AcGH30A is a 534 amino acid protein whose molecular
framework revealed the presence of a signal peptide of 28 amino acids
(1-28 aa) at N-terminal followed by a GH30 family catalytic domain of
433 amino acid residues (29-461 aa) and a dockerin type I of 68 amino
acids (466-534 aa) at the C-terminal, connected by a linker sequence of
5 amino acids (432-465 aa) to GH30 catalytic domain (Fig. 1).

The presence of dockerin I domain indicates the potential partici-
pation of AcGH30A in cellulosome assembly and protein-protein in-
teractions. The DNA sequence encoding GH30 family catalytic domain
(433 aa) and the dockerin 1 (68 aa) including the linker sequence of 5
amino acid between the two domains was cloned with the expression
vector, pET-28a(+). The N-terminal of the cloned protein, AcGH30A
included an additional sequence of 8 amino acids (MGHHHHHH)
derived from the pET-28a(+) vector, containing the His6-tag. The signal
peptide sequence was excluded from the cloning sequence. Conse-
quently, the resulting protein encoded by the cloned DNA sequence
comprised a total of 514 amino acid residues.

3.2. Cloning, over-expression and purification of recombinant AcGH30A

AcGH30A expressed as a soluble protein. The recombinant enzyme
was purified by immobilized metal-ion affinity chromatography (IMAC)
using 1 mL Ni®* ion-chelating affinity columns, followed by the size
exclusion chromatography using HilLoad Superdex 75 pg column. The
purified enzyme obtained after IMAC showed an extra band on SDS-
PAGE analysis (Fig. 2, lane 7). However, the purified AcGH30A after
size exclusion chromatography (SEC), exhibited a single homogeneous
protein band on SDS-PAGE analysis (Fig. 2, lane 8), indicating a mo-
lecular mass of approximately, 58 kDa. This molecular mass closely
matched the calculated value of 57.78 kDa, determined by protparam
program using the amino acid sequence of protein. The purification of
crude AcGH30A enzyme in cell extract with specific activity, 6.2 U.mg !
by IMAC gave 87.5 U.mg ' resulting in 14-fold purification (Table 2).
Which on further purification by SEC gave 109.6 U.rng_1 giving over 16-
fold purification as compared with crude enzyme (Table 2). The amount
of purified AcGH30A protein after SEC obtained from 0.5 L culture
grown in Luria-Bertani medium was 7 mg. The total yield of enzyme
activity of AcGH30A after SEC purification was 72 %.

3.3. Determination of optimum pH and pH stability

The enzyme, AcGH30A exhibited above 85 % of activity over a wide
range of pH, between 5 and 8 with a maximum enzymatic activity at pH
7.0 (Fig. 3A). The pH stability analysis of AcGH30A after 90 min incu-
bation at 25 °C showed that, the activity remained above 80 % between
pH 4.0 and 7.0 (Fig. 3B). At pH 8, the enzyme maintained 67 % of ac-
tivity, suggesting the excellent flexibility with pH, which can be bene-
ficial for various commercial applications. AaXyn30A, a fungal
xylobiohydrolase purified from Acremonium alcalophilum showed similar
optimum pH in the alkaline range, 7.5-10 (Suchova et al., 2020). Other
fungal xylanases, TtXyn30A (Nakamichi et al.,, 2020), SIXyn30A
(Suchova et al., 2022) and TcXyn30B (Katsimpouras et al., 2019) with
auxiliary xylobiohydrolase activity showed optimum pH in acidic range
with pH 4.0, 3.5 and 5.0, respectively.
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~—— ~58 kDa

Fig. 2. SDS-PAGE (12 %, w/v gel) showing expression and purification of AcGH30A after metal ion affinity chromatography and size exclusion chromatography.
Lane 1: Protein molecular-mass marker, Lane 2: Un-induced E. coli BL-21 DE3 cells pellet, Lane 3: Induced cells pellet of E. coli BL-21 DE3, Lane 4: Induced cells pellet
of E. coli BL-21 DE3 cells after sonication, Lane 5: Cell extract (Supernatant obtained after centrifugation of the sonicated induced cells pellet of E. coli BL-21 DE3),
Lane 6: Last wash from column, Lane 7: Purified protein AcGH30A after metal ion affinity chromatography and Lane 8: Purified protein AcGH30A (~58 kDa) after

size exclusion chromatography.

Table 2
Purification of AcGH30A enzyme.

Fractionation step Volume (mL) AcGH30A Protein concentration SA** Fold purification
.mL ! Umg !
EA* Total Units Overall % yield (mg.mL.™) (Umeg
Uml™
Cell lysate 10 106 1060 17 6.24 1
IMAC 10 96.3 962.5 90.8 1.1 87.5 14
SEC 14 54.8 723.5 72.4 0.5 109.6 16.7

Enzyme activity was determined against 2.0 %, (w/v) beechwood xylan in sodium phosphate buffer (50 mM, pH 7.0), at 80 °C for 2 min.

* Enzyme activity.
™ Specific enzyme activity.

3.4. Determination of optimum temperature and thermal stability of
AcGH30A

Assays of AcGH30A at different temperatures revealed its maximum
activity at 80 °C. AcGH30A retained over 94 % of its residual activity up
to 85 °C, thereafter it drastically decreased and showed ~30 % activity
at 100 °C (Fig. 3C). This makes it an exceptionally superior bacterial
thermophilic xylobiohydrolase characterized so far within GH30 family.
To the best of our knowledge, this is the first bacterial xylobiohydrolase
from GH30 family showing optimum temperature as high as 80 °C. The
investigation of thermostability of AcGH30A showed that it retained 77
% of its residual activity at 70 °C for 90 min (Fig. 3D). Crooks et al.
(2021) reported the thermal properties of the catalytic module,
AcXbh30A-CD of the full-length AcXbh30A xylobiohydrolase (named
AcGH30A in present study) displaying a similar pattern with optimum
temperature of 73 °C at pH 6.0. The optimum temperature and ther-
mostability of AcGH30A were much higher when compared with other
GH30 family enzymes with xylobiohydrolase activity. A xylobiohy-
drolase, AaXyn30A from Acremonium alcalophilum exhibited optimum
temperature within a range of 40 to 50 °C, giving maximum activity
(Suchova et al., 2020). AaXyn30A displayed limited stability at 50 °C,
retaining only 6 % of its activity after 1 h incubation, whereas it
maintained 68 % of its activity at 40 °C. TtXyn30A, a xylanase with
auxiliary xylobiohydrolase activity isolated from Thermothelomyces
thermophila showed highest enzyme activity at 50 °C, but it experienced
a rapid decline in activity at temperature above 55 °C (Katsimpouras
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et al., 2019). Similarly, TcXyn30B (Nakamichi et al., 2019) from
Talaromyces cellulolyticus and SIXyn30A (Suchové et al., 2022) from
Sugiyamaella lignohabitans, showed a decline in their activity after 50 °C.
The distinctive thermostability of AcGH30A can be advantageous and
favourable as compared with the other commercial xylobiohydrolases
for a variety of biotechnological applications. Combining AcGH30A with
thermophilic xylanases can provide several benefits such as AcGH30A
can be used in processes to reduce the risk of contamination, as it can
operate at high temperatures without denaturation as also reported
earlier for thermophilic enzymes (Collins et al., 2005). Furthermore,
combining AcGH30A with other enzymes, such as p-glucanase, can
enhance the efficiency of enzymatic hydrolysis of complex plant cell
wall polysaccharides for manufacturing biofuels and value-added bio-
products (Ajeje et al., 2021).

Thermal stability analysis of AcGH30A, by measuring the changes
observed in the CD spectrum with increasing temperature revealed that
the secondary structure elements remained intact up to 70 °C (Fig. 4A).
However, secondary structure was partially unfolded at 75 °C and
completely denatured at 85 °C. The melting temperature, T, of
AcGH30A where the folded and unfolded state of protein is in 50:50
ratio, calculated by the CD data obtained at 222 nm was found to be
~72 °C (Fig. 4B).

The half-life, t;,» of AcGH30A were 1.75 h and 21 days at temper-
atures 70 °C and 4 °C, respectively. The t; o of enzyme at 30 °C and 60 °C
were 6.5 and 2 days, respectively (Fig. 5).
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Fig. 3. Effect of pH and temperature on enzyme activity of AcGH30A. (A) The optimum pH profile in different buffer systems, (B) The pH stability profile at different
pH, (C) The optimum temperature profile and (D) Thermo-stability profile of AcGH30A.
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Fig. 5. Time course of inactivation of AcGH30A at different temperatures 4, 30,
60 and 70 °C. Plot of residual enzyme activity vs time.
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3.5. Substrate specificity analysis of AcGH30A

The enzyme activity of AcGH30A against various natural substrates
was investigated under optimum assay conditions. AcGH30A displayed
efficient hydrolysis of the xylan main-chain-based polysaccharides and
showed a preference for glucuronoxylans as compared with arabinox-
ylans (Table 3). AcGH30A demonstrated maximum specific activity of
136.2 U.mg ™! against 4-O-Methyl glucuronoxylan followed by xylan M.
W. 20,000-30,000 (130.4 U.mg’l), beechwood xylan (126.2 U.mgfl),
Larchwood xylan (122.1 U.mg™!) and other xylan substrates. It also
showed a moderate activity of 52.3 U.mg~! towards oat spelt xylan.
AcGH30A showed limited specific activity against low viscosity (9.3 U.
mg’l) and insoluble (9.1 U.mg’l) wheat arabinoxylan, followed by rye
arabinoxylan (3.2 U.mg_l) (Table 3). AcGH30A gave much higher
xylobiohydrolase activity against beechwood xylan containing 13 %
glucuronic acid side chains as compared with the arabinoxylans where
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Table 3
Substrate specificity of AcGH30A.

Substrate (2 %, w/v)

Specific activity (U.mg ")

4-O-Methyl glucuronoxylan (Sigma) 136.2 + 0.6
Xylan, M.W. 20,000-30,000 (Carbosynth) 130.4 £ 1.1
Beechwood xylan (Megazyme) 126.2 + 2.5
Larchwood xylan (Megazyme) 122.1 +3.2
Acacia sawdust xylan® 88.2+ 1.4
Neem saw dust xylan® 77.3 £0.7
Sugarcane tops xylan® 63.3 £ 1.0
Banana stem xylan® 51.5+2.2
Oat spelt xylan (Sigma) 52.3+0.5
Alkali pretreated Sugarcane tops xylan® 26.0 + 1.0
Wheat arabinoxylan, Low viscosity (Megazyme) 9.3+0.3
Wheat arabinoxylan, insoluble (Megazyme) 9.1 +0.9
Water hyacinth xylan® 4.8 +0.9
Rye arabinoxylan (Megazyme) 3.2+04

Birchwood Acetylated (Megazyme) —
Xylan Corn Cob (Carbosynth) -
Carboxy methyl cellulose (Sigma) —

— No activity detected.
? In-house xylan substrates.

percentage of arabinose side chain is much higher (37-39 %) (Liab et al.,
2000; Weng et al., 2023). AcGH30A was not able to fully convert them to
xylobiose due to the presence of side chain moieties. This suggest that
the activity of AcGH30A may potentially be improved by pre-treating
xylan substrates with enzymes like B-glucuronidase and arabinofur-
anosidase, which can cleave the side chain components, glucuronic acid
and arabinose residues, respectively. Consequently, this process would
enhance the accessibility of the xylan backbone for AcGH30A action.
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In case of the in-house xylan substrates, AcGH30A showed higher
activity of 77.3 U.mg_1 with neem saw dust xylan (Sharma, Khaire,
et al., 2020) and 88.2 U.mg’1 with acacia sawdust xylan (Sharma,
Morla, et al., 2020) and lower activity, 63.3 U.mg ™! with xylan isolated
from sugarcane tops and 26 U.mg ™! with alkali pretreated sugarcane top
(Khaire et al., 2021). Neem saw dust xylan and acacia sawdust xylan
were reported to contain ~10.5 % (w/w) and 15 % (w/w) of glucuronic
acid units, respectively. Neem saw dust xylan having lower glucuronic
acid than acacia xylan showed lower activity which could be due the
differences in their solubility and the exact branching structure. Sugar-
cane tops xylan showed the presence of 16 % (w/w) p-glucuronic acid
and 10 % (w/w) of rL-arabinose residues (Khaire et al., 2021). Alkali
pretreated sugarcane tops xylan contained 15 % (w/w) D-glucuronic
acid and 11 % (w/w) L-arabinose residues (Khaire et al., 2022). 4-O-
Methyl glucuronoxylan has a primary chain made up of p-(1 — 4)-

Table 4
Kinetic properties of AcGH30A.
Substrate Vinax Kum kear keat/Knm
(U. (mg. shH (ml‘mg’1
mg 1) ml~ 1) s
4-0-Methyl glucuronoxylan 139 + 0.71 + 134.2 + 189.1 +
(Sigma, USA) 6 0.04 3 3.8
Xylan, M. W. 20,000-30,000 132 + 0.49 + 126.9 + 259.1 £
(Carbosynth, UK) 3 0.03 2.2 4.1
Beechwood xylan (Megazyme, 129 + 0.45 + 124 £ 3 275.5 £
Ireland) 5 0.05 3.7
Larchwood xylan (Megazyme, 128 + 0.41 + 123.3 + 301.1 +
Ireland) 6 0.04 4.2 2.2
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Fig. 6. Michaelis-Menten kinetics of AcGH30A against (A) 4-O-Methyl glucuronoxylan (Sigma-Aldrich, USA) (B) Xylan, M.W. 20,000-30,000 (Carbosynth Ltd., UK)
(C) Beechwood xylan (Megazyme Ltd., Ireland) (D) Larchwood xylan (Megazyme Ltd., Ireland). The enzyme assays were conducted at pH of 7.0 and 80 °C. The
reaction mixtures contained of 10 pL of AcGH30A (50 pg.mL ™) and different concentrations of substrates dissolved in 90 L of sodium-phosphate buffer (pH 7.0).
The enzyme assays were conducted in triplicate. The inset graphs are Lineweaver-Burk plots of AcGH30A with respective substrate.
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Table 5
Effect of metal-ions and chelating agents on the activity of AcGH30A.

Metal-ion/reagent additive Relative enzyme activity of AcGH30A (%)

1 mM 10 mM
Control 100 100
Ca®* 108.9 + 1.5 125.1 + 1.3
Mg** 116.7 + 1.4 123.0 £ 1.7
Mn?* 99.7 + 1.4 103.0 + 1.5
K* 99.7 + 2.3 92.34+1.9
Ni%* 104.8 + 2.8 99.5 + 2.4
Na® 97.6 + 3.2 96.0 + 2.9
Co** 84.7 + 1.6 79.0 + 1.2
Fe?* 91.5 + 2.7 80.2 + 2.2
Cu** 69.7 + 1.6 66.9 + 1.6
Zn* 731+ 1.1 58.9 + 1.3
EDTA 100.9 + 2.5 99.2 + 2.1
EGTA 99.5 + 3.4 98.1 +3.3
Xylose ———
Xylobiose¢ ——

- -

Xylotriose ——

Xylotetraose ——
Xylopentaose —

Fig. 7. Thin-layer chromatography (TLC) analysis of AcGH30A action against
various xylan substrates. The reaction mixture (100 pL) contained 10 pL
AcGH30A (50 pg,mL’l) and 1 % (w/v) substrate dissolved in 50 mM sodium
phosphate buffer (pH 7.0), incubated at 80 °C for 2 min. Lane 1. Beechwood
xylan, Lane 2. Larchwood xylan, Lane 3. 4-O-Methyl glucuronoxylan, Lane 4.
Rye arabinoxylan, Lane 5. Wheat arabinoxylan and Lane 6. Oat spelt xylan with
standards (Lane S) xylose, xylobiose, xylotriose, xylotetraose and xylopentaose.

linked p-xylopyranosyl units that contains varying number of 4-O-
methyl a-D-glucuronic acid at 2 position as side-chain substitutions,
which are linked by a-(1 — 2) glycosidic bond to the main chain (Barbat
et al., 2008). The chemical composition and structure of natural xylan
substrates such as beechwood, birchwood and larchwood xylan can vary
slightly depending on the source and extraction method (Teleman et al.,
2002). The general structure of these xylans is a linear polymer of xylose
residues linked by (1 — 4) glycosidic bonds, with several xylose units
substituted with groups like acetyl, glucuronic acid and 4-O-methyl
glucuronic acid. Beechwood xylan is reported to have a monosaccharide
composition of Xylose: Glucuronic Acid: Other sugars = 80.8: 11.4: 7.8
(Nieto-Dominguez et al., 2019). Overall, the structure of xylan sub-
strates is characterized by a backbone of -(1,4)-linked xylose residues,
which are substituted with various side chains, making them important
components of hemicellulosic plant cell wall polysaccharides. Arabi-
noxylans are also composed of a backbone chain made up of $-(1 — 4)-
linked xylose residues with L-arabinofuranosyl residues as side chain
substitutions linked with the main chain at positions 2 or 3 (He et al.,
2021).

Xylanases of GH30 family are usually glucuronoxylanases, which
require the presence of glucuronic acid substitutions for substrate
recognition and their activity, but the capability of AcGH30A to cleave
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arabinoxylans, a polysaccharide devoid of glucuronic acid, to produce
xylobiose suggest that it does not require the presence of glucuronic acid
moieties for its action. Similar broad substrate specificity of enzyme
activity was also observed with other xylobiohydrolase from the GH30
family such as AaXyn30A, which generated xylobiose as the main
product from beechwood glucuronoxylan, rhodymenan and wheat ara-
binoxylan (Suchova et al., 2020). Other GH30 family xylanases with
auxiliary xylobiohydrolase activity from fungal origin, TtXyn30A (Kat-
simpouras et al., 2019) and SIXyn30A (Suchova et al., 2022) also
showed activity, preferably against glucuronoxylan followed by arabi-
noxylan. This result suggests that the activity of AcGH30A resembles
more to the fungal GH30 xylanases which show broad substrate speci-
ficity, rather than with bacterial GH30 xylanases which show activity
only against glucuronoxylans. AcGH30A also showed enzyme activity
on various in-house xylan substrates, listed in Table 3.

AcGH30A showed no activity against the cellulosic substrates, a
beneficial property needed for the extraction of cellulose fibres in the
textile and paper processing industries by selectively degrading the
xylan components of the plant biomass. These findings suggested that
xylobiohydrolase, AcGH30A can also contribute to the degumming of
plant fibres used in textile in combination with other enzymes such as
endoxylanases and pectinolytic enzymes (Bhalla et al., 2015; Chiliveri
et al., 2016).

3.6. 3.6 Kinetic parameters of AcGH30A

The kinetic parameters of AcGH30A were determined by using 4-O-
methyl glucuronoxylan (Fig. 6A), xylan M.W. 20,000-30,000 (Fig. 6B)
beechwood xylan (Fig. 6C) and larchwood xylan (Fig. 6D) as substrate at
80 °C in 50 mM sodium phosphate buffer, pH 7.0. All the kinetic pa-
rameters obtained for the 4 substrates are mentioned in Table 4. Out of 4
substrates, 4-O-methyl glucuronoxylan gave maximum Vg, 139 (U.
mg 1) followed by xylan M.W. 20,000-30,000 (132 U.mg!), beech-
wood xylan (129 U.mg’l), larchwood xylan (128 U.mgfl) shown in
Fig. 6 and Table 4. The reaction of AcGH30A with 4-O-Methyl glucur-
onoxylan gave the turn over number (ko) 134.2 s! and catalytic effi-
ciency (keq/Kp) 189.1 rnL.mg’l.s’1 (Table 4). However, Suchova,
Puchart, and Biely (2021) reported a significantly lower k.o value of
17.7 s~ for HcXyn30A (named in present study as AcGH30A) for
beechwood 4-O-methylglucuronoxylan (GX) at 37 °C in 50 mM sodium
phosphate buffer pH 6.0. The k.o value of AcGH30A against GX found
was much higher in our studies, which could be due to the analysis of
kinetic parameters at optimum temperature, 80 °C and optimum pH 7.0.
A fungal xylobiohydrolase, AaXyn30A showed the Vg, 9.03 U.mg ™!
and kg of 7.85 s71 for 4-O-methylglucuronoxylan (Suchova et al.,
2020), which were also much lower than the reported values in the
present study.

Most of xylobiohydrolases such as SIXyn30A (Suchova et al., 2022),
TtXyn30A (Katsimpouras et al., 2019) and TcXyn30B (Nakamichi et al.,
2019) reported till date are strongly bifunctional in nature having core
endoxylanase activity. A GH30 glucuronoxylanase, SIXyn30A from
S. lignohabitans with auxiliary xylobiohydrolase activity, showed Vjqx,
24.2 U.rngf1 ke of 20.2 s and keq/Kyy of 1.2 rnL.mg’l.s’1 with glu-
curonoxylan (GX). Another bifunctional, glucuronoxylanase, TtXyn30A
from T. thermophila displayed Vpqy, 24.3 U.mg’l, kewof 7.21 s ' and a
catalytic efficiency keq/Ky of 4.24 mL.mg '.s™! against beechwood
glucuronoxylan, whereas, TcXyn30B from Talaromyces cellulolyticus
gave Viax, 7.1 U.mg’l, Keqr 0f 20.9 s and kq/Kpy of 1.1 mL.mg’l.s’l.
Evidently, AcGH30A showed the higher V4, turnover number and
catalytic efficiency against the natural xylan substrates as compared
with the other xylobiohydrolases reported till date. A higher Vi, of
AcGH30A will allow a faster conversion of substrate into product, which
is crucial in various biotechnological processes. Enhanced turnover
number and catalytic efficiency suggest that a smaller amount of enzyme
is required to achieve the same level of substrate conversion compared
to other reported enzymes.
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Fig. 8. Thin-layer chromatography (TLC) analysis of time-dependent hydrolysis of beechwood xylan (1 %, w/v) by AcGH30A incubated at 40 °C, pH 7.0 for 1 min to
24 h. (A) TLC chromatogram. Standards (S) used were xylose, xylobiose, xylotriose, xylotetraose and xylopentaose. (B) Quantitative graph of reducing sugar pro-

duced with time by AcGH30A at different time periods.

3.7. Effects of metal ions and chemical agents on AcGH30A activity

The enzyme activity of AcGH30A was investigated in the presence of
different metal ions and chemical agents at concentrations of 1 and 10
mM and outcomes were presented in Table 5. Ca?t and Mngr ions
enhanced the enzyme activity of AcGH30A at both the concentrations of
1 and 10 mM. The enzyme activity of AcGH30A at 10 mM concentration
of Ca>" and Mg?" increased by 25 % and 23 %, respectively, whereas,
Co%*, Zn?*, Fe?*" and Cu®" ions, drastically reduced the enzyme activity.
The decrease in enzymatic activity in the presence of heavy metal ions
might be due to their interference with the amino acid residues at the
active site. The chelating agents, EDTA, which can chelate a broad range
of metal ions and EGTA, which has high affinity for calcium ions,
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effectively reduce the activity of xylanases that contain metal ions at
their catalytic sites (Prakash et al., 2012). However, in the case of
AcGH30A, they showed no significant effect on the activity of the
enzyme. It indicated that AcGH30A does not necessarily require metal
ions for its enzymatic activity.

3.8. Analysis of hydrolytic mechanism of AcGH30A by TLC

The TLC chromatogram of enzyme hydrolyzed products released
from different xylan substrates viz., beechwood xylan, larchwood xylan,
4-O-methyl glucuronoxylan, rye arabinoxylan, wheat arabinoxylan and
oat spelt xylan, by AcGH30A displayed the presence of same and only
one product, xylobiose (Fig. 7). The low intensity spots of xylobiose
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Fig. 9. HPLC analysis of AcGH30A hydrolyzed products from beechwood
xylan. Chromatogram showing the enzyme hydrolyzed product (in Black),
control containing beechwood xylan without enzyme (in Blue) and standard
xylobiose (in Red). The enzyme-substrate reaction was carried out using 100 pg.
mL ! of enzyme, AcGH30A with 1 % (w/v) beechwood xylan in 50 mM sodium
phosphate buffer, pH 7.0 at 70 °C for 60 min.

produced from arabinoxylans and oat spelt xylan showed the low ac-
tivity of AcGH30A against these substrates.

The TLC chromatogram of time-dependent hydrolysis of beechwood
xylan by AcGH30A at 40 °C also showed the release of the sole product,
xylobiose (Fig. 8A). The time-dependent TLC analysis did not show the
presence of any other hydrolyzed products as the incubation time pro-
gressed except the quantitative increase of the xylobiose amount
(Fig. 8B). AcGH30A produced 26 pg.ml~! of reducing sugar from
beechwood xylan at 1 min reaching up to 319 pg.ml ™! at 24 h incubation
(Fig. 8B).

Carbohydrate Polymers 340 (2024) 122295

3.9. Explication of the hydrolytic mechanism of AcGH30A by HPLC
analysis

The hydrolyzed products of beechwood xylan by AcGH30A analyzed
by HPLC showed a distinct peak at retention time, 35.8 min corre-
sponding to xylobiose (Fig. 9). The HPLC profile of enzyme-hydrolyzed
product was compared with those of control containing only substrate
and the standard xylobiose (Fig. 9). The common peaks with retention
times ~16.5 and ~ 13 min was observed in both the enzyme hydrolysate
and the control corresponding to undigested polysaccharide which were
not detectable by TLC (Fig. 9). The HPLC results revealed the release of
the only product, xylobiose from beechwood xylan by AcGH30A. These
results confirmed that AcGH30A is an obligate xylobiohydrolase
enzyme.

3.10. Analysis of hydrolysed products of AcGH30A by LC-MS

The analysis of AcGH30A hydrolyzed products of beechwood xylan
by LCMS showed a single charge species at m/z 325.2 9 [M + ACN + H] ™
depicting the xylobiose (Fig. 10A), which corresponded to mass spec-
trum of standard xylobiose showing a single peak at m/z 305.0 [M +
Na] ™ (Fig. 10B). The LC-MS analysis confirmed that xylobiose is the only
product released by AcGH30A from beechwood xylan. However, fungal
xylobiohydrolases such as AaXyn30A (Suchova et al., 2020), TtXyn30A
(Nakamichi et al., 2020) and TcXyn30B (Nakamichi et al., 2019) from
hydrolysis of beechwood 4-O-methyl glucuronoxylan released other
xylo-oligosaccharides along with the xylobiose.

4. Conclusion

A bacterial gene encoding xylobiohydrolase, AcGH30A, derived from
Acetivibrio clariflavus, was cloned, expressed as a soluble protein and
purified. The enzyme displayed maximum activity against 4-O-methyl
glucuronoxylan followed by xylan, beechwood xylan, larchwood xylan
and other xylan substrates. AcGH30A demonstrated thermophilic nature
with an optimum temperature of 80 °C, setting it apart as the first
bacterial xylobiohydrolase from GH30 family with such an elevated
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Fig. 10. (A) Positive ESI ion MS analysis of AcGH30A hydrolyzed product from beechwood xylan and (B) Positive ESI ion MS analysis of xylobiose (Standard). The
reaction was carried out using 100 pg.mL ™! of enzyme, AcGH30A with 1 % (w/v) beechwood xylan in 50 mM sodium phosphate buffer, pH 7.0 at 70 °C for 60 min.
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optimum temperature. AcGH30A displayed remarkable stability in a
wide range of temperature and pH. These findings position AcGH30A as
a promising candidate for applications demanding high temperatures
and flexibility with pH. Thermal stability analysis by circular dichroism
(CD) spectroscopy, indicated that AcGH30A retained its secondary
structure elements up to 70 °C, with complete loss of structure at 85 °C.
AcGH30A with broad stability profiles can be applied in various in-
dustries, including biofuel production, food processing, textile
manufacturing, and bioremediation, offering versatility and value across
different sectors. The Ca?* and Mg?" ions significantly enhanced the
activity of AcGH30A (>20 %) which can be beneficial for improving its
activity and efficiency in various biotechnological applications. The
analysis of AcGH30A hydrolyzed products of beechwood xylan by TLC,
HPLC and LC-MS revealed the release of only one product, xylobiose,
confirming its obligate xylobiohydrolase activity. AcGH30A is a novel
bacterial enzyme displaying obligate xylobiohydrolase activity by
orchestrating exclusive and sequential release of xylobiose from xylan
polysaccharides. Therefore, AcGH30A can be used for commercial pro-
duction of xylobiose and other value-added products from xylan poly-
saccharides or lignocellulosic biomasses.
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ABSTRACT ARTICLE HISTORY
Xylobiohydrolase plays a crucial role in the hydrolysis of xylan, a complex polysaccharide present in Received 23 December 2023
the cell walls of plants. This study focuses on the solution structure and substrate binding analysis of ~ Accepted 23 April 2024

a novel xylobiohydrolase, AcGH30A, from Acetivibrio clariflavus. Secondary structure analysis of
AcGH30A in an aqueous environment using Circular Dichroism and in silico modeling revealed an
ao/B/o. sandwich structure with a central B-barrel comprising eight p-strands. Superposition of the hom-
ology-modelled structure of AcGH30A with its closest homolog showed that the active-site contains
Glu175 and Glu268 as the catalytic residues. Molecular docking confirmed xylobiose as the preferred
ligand, showcasing polar interactions with the catalytic amino acids, indicating its xylobiohydrolase
activity. AcGH30A displayed a high binding affinity with xylobiose with an association constant (K,) of
783 x 10° M, as determined by isothermal titration calorimetry. Molecular dynamics (MD) simula-
tions of AcGH30A and AcGH30A-xylobiose complex in solution showed reduced RMSD, R, and SASA
values, confirming the stability and compactness of the complex. MD simulations further highlighted
the crucial role of Glu175 in hydrogen bonding with the ligand, which acts as an acid or base. Small-
angle X-ray scattering (SAXS) analysis of AcGH30A showed its molecular shape as an earbud with a
globular structure existing in a monodispersed state, which was corroborated by dynamic light scatter-
ing (DLS). The hydrodynamic radius (R,) of AcGH30A, determined by DLS, was 3.7 nm. This study sig-
nificantly contributed valuable insights into the structure and functional aspects of AcGH30A.

KEYWORDS
Xylobiohydrolase; Xylobiose;
Acetivibrio clariflavus; MD
simulation; SAXS
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Abbreviations: GH: Glycoside hydrolases; Ac: Acetivibrio clariflavus; CD: Circular Dichroism; SAXS: Small
angle X-ray scattering; DLS: Dynamic light scattering; MD: Molecular dynamics; MSA: Multiple sequence
alignment.

1. Introduction . :
hemicellulose present in plants (Fonseca-Maldonado et al.,

Xylans are the second most abundant polymer present in 2014; He et al, 2014). Structurally, they are heteropolysac-
the plant kingdom. They are the primary component of the charides in which the backbone is composed of xylose

CONTACT Arun Goyal arungoyl@iitg.ac.in @ Carbohydrate Enzyme Biotechnology Laboratory, Department of Biosciences and Bioengineering, Indian

T HhsB¥@ Bf GG OEQBAahati, Guwahati, Assam, India.

© 2024 Informa UK Limited, trading as Taylor & Francis Group


http://crossmark.crossref.org/dialog/?doi=10.1080/07391102.2024.2431192&domain=pdf&date_stamp=2024-11-25
http://orcid.org/0009-0000-5445-6845
http://orcid.org/0000-0003-0280-7476
http://orcid.org/0000-0003-3403-9547
http://www.tandfonline.com
https://doi.org/10.1080/07391102.2024.2431192

2 Y. R. SINGH ET AL.

monomers linked by [B-1,4-glycosidic linkages (Curry et al.,
2023). The main chain is decorated with a diverse group of
side-chain moieties, viz., glucuronic acid, arabinose, p-couma-
ric acid and ferulic acid (Thakur et al, 2019). Xylans are
structurally very diverse and their structures differ based on
the species, the specific part and the age of the plant. Xylans
hold great potential to be used for various industrial pur-
poses as a renewable source of energy and chemicals. To
harness the energy and chemicals from xylan, they are
required to be broken down into simpler forms, viz. oligosac-
charides and monosaccharides. The degradation process of
xylans is complex and its degradation can be achieved by
physical processes like pyrolysis or enzymatic hydrolysis
using xylanases. The enzymatic breakdown of xylan requires
a combined and systematic action of several xylanolytic and
auxiliary enzymes. These auxiliary enzymes are acetyl xylan
esterase, a-arabinofuranosidase, feruloyl esterase, xylan meth-
ylesterase and B-glucuronidase (Moreira & Filho, 2016). The
enzymatic degradation process is preferable owing to its
environment-friendly nature (Juturu & Wu, 2012).

Glycoside hydrolases (GH) constitute a large category of
enzymes responsible for catalyzing the hydrolytic cleavage of
glycosidic linkages present in complex carbohydrates
(Henrissat & Davies, 1997; Vuong & Wilson, 2010). Xylanases
are a class of enzymes comprising B-(1—4)-endo xylanase,
B-(1—4)-xylobiohydrolase and B-(1—4)-xylosidase which are
involved in complete breakdown of xylan into xylose mono-
mers (Collins et al., 2005). Xylanases specifically target xylan,
recognizing the f-1,4-glycosidic bonds between the xylose
units in the xylan polymer. B-(1—4)-Endo xylanase hydrolyses
xylan into xylooligosaccharides (XOS), which are short chains
of xylose units linked by B-1,4-glycosidic bonds (El Enshasy
et al,, 2016). B-(1—4)-Xylobiohydrolase acts on xylan polysac-
charides or XOS and releases xylobiose units (Kadowaki
et al., 2021; Katsimpouras et al., 2019). B-(1—4)-Xylosidase
utilizes xylan, XOS or xylobiose as substrates cleaving the
xylose units from the non-reducing end (Rohman et al.,
2019). B-Xylanase and B-xylosidase from various glycoside
hydrolase families have been reported, while xylobiohydro-
lase has been reported from only the GH30 family (Puchart
et al,, 2021; Suchova et al., 2021). The catalytic mechanism of
xylobiohydrolase involves the nucleophilic attack of a cata-
lytic residue (usually a glutamate or aspartate) on the glyco-
sidic bond, leading to its cleavage (Puchart et al., 2021;
Suchova et al., 2021). The GH30 family contains xylanases pri-
marily targeting glucuronoxylan. The family GH30 exclusively
included xylobiohydrolases, which are exo-acting enzymes,
releasing xylobiose units from the non-reducing ends of
xylan chains or XOS (Puchart et al., 2021).

The documented enzymes exhibiting xylobiohydrolase
activity till date have been only from fungal origin. Two glu-
curonoxylanases from GH30 family, TcXyn30B (Nakamichi
et al., 2020) and TtXyn30A (Nikolaivits et al, 2021) from
Talaromyces cellulolyticus and Thermothelomyces thermophila,
respectively have been found to release xylobiose from the
non-reducing end of xylan substrates, along with their
endoxylanase activity. However, both displayed different lev-

THI8PBFNdOGI06Ractivities. In the case of TcXyn30B, the

xylobiohydrolase activity was more significant than its endo-
glucuronoxylanase activity, whereas TtXyn30A exhibits both
modes of action at approximately equal levels. Recently,
another similar glucuronoxylanase, SIXyn30A, from yeast
Sugiyamaella lignohabitans displaying xylobiohydrolase activ-
ity was reported (Suchova et al, 2022). The most stringent
xylobiohydrolase, AaXyn30A, was reported from a cellulolytic
fungus Acremonium alcalophilum (Suchovad et al, 2020).
Numerous glycoside hydrolases from clan A of the GH30
family following the retaining-type of reaction mechanism
share a common structural feature. They contain TIM barrel
as a standard structural feature with a pair of aspartic or glu-
tamic acid residues in the catalytic cleft primarily formed by
B-a loops, participating in the catalysis (Henrissat et al., 1995;
Puchart et al., 2021).

Acetivibrio clariflavus is a thermophilic, anaerobic, gram-
positive, spore-forming bacterium. The whole genome of C.
clariffavum has been sequenced and several enzymes pro-
duced by it have been characterized. Exploring new and
novel enzymes from this microorganism may help current
methodologies by improving the efficacy of lignocellulosic
materials breakdown. Out of various candidate organisms for
thermophilic consolidated bioprocessing (Chen et al., 2018;
Gao et al, 2020), Acetivibrio clariflavus has attained little
attention as compared with the model cellulolytic thermo-
phile Clostridium thermocellum, which has been extensively
studied in the last decade (St John et al, 2014). A gene
encoding a family GH30 enzyme from Acetivibrio clariflavus
was identified and designated as AcGH30A. AcGH30A is a
xylobiohydrolase of family 30 of glycoside hydrolases belong-
ing to the cellulosomal complex from Acetivibrio clariflavus.
The gene encoding AcGH30A containing a GH30 family cata-
lytic module and a dockerin 1 was cloned, expressed, puri-
fied and biochemically characterized earlier (Singh et al.,
2024).

In the current study, the structure and functional charac-
teristics of xylobiohydrolase, AcGH30A, were explored by in
silico and small-angle x-ray scattering (SAXS) approaches. The
molecular structure of AcGH30A using its amino acid
sequence by homology modeling was generated and vali-
dated. Molecular dynamics (MD) simulation of the AcGH30A
model was conducted to evaluate the stability and structural
characteristics. Molecular docking studies with ligands were
performed to assess the catalytic mechanism and the amino
acid residues involved in ligand binding. The docked com-
plex of AcGH30A with the ligand was analyzed by MD simu-
lation to detect the structural changes after the ligand
binding. The solution structure characteristics of AcGH30A
were investigated by small angle X-ray scattering (SAXS) and
dynamic light scattering (DLS). During the present study of
the enzyme AcGH30A, John et al. (St John et al., 2022)
reported the crystal structure of the catalytic module (named
as AcXbh30A) of the full-length xylobiohydrolase, AcGH30A.
While there are certain similarities in the results, our report
provides more valuable information regarding the solution
structure characteristics of the full-length xylobiohydrolase,
AcGH30A, containing additional Dockerin 1 domain at
C-terminal. The structure analyses of AcGH30A by



computational methods also provided a detailed understand-
ing of ligand binding and perfect matching of modeled
structure with its solution structure by SAXS.

2. Methodology
2.1. Analysis of the amino acid sequence of AcGH30A

The amino acid sequence of a xylobiohydrolase belonging to
family 30 glycoside hydrolase here named AcGH30A (514 aa)
from bacterium Acetivibrio clariflavus ATCC 19732 (Uniprot id:
G8LU16), was obtained from NCBI database (https://www.
ncbi.nim.nih.gov/protein/AEV68404.1). The locus tag and
GenBank accession number are Clocl_1795 and AEV68404.1.
The physicochemical parameters of AcGH30A, such as theor-
etical molecular weight and isoelectric point, were calculated
by the protparam server (https://web.expasy.org/protparam/)
(Gasteiger et al.,, 2005). The identification of the sequences
responsible for the constituent domains of AcGH30A was
accomplished by entering the sequence in the conserved
domain database (http://www.ncbi.nlm.nih.gov/cdd/) pro-
vided by National Center for Biotechnology Information and
also using the Interproscan (http://www.ebi.ac.uk/interpro/)
server (Jones et al, 2014). The AcGH30A amino acid
sequence was checked for the signal peptide sequences by
using the PSignal (http://www.cbs.dtu.dk/services/SignalP-3.0)
server. The domains present in AcGH30A sequence were out-
lined and illustrated using DOG 2.0 software (Ren et al,
2009). To compare and obtain the similarity index with the
homologous proteins, the PSI-BLAST program was performed
using the amino acid sequence of AcGH30A against the PDB
database. Multiple sequence alignment (MSA) of AcGH30A
was performed with homologous protein sequences with
reported structures, obtained after PSI-BLAST, to examine its
conserved sequences, semi-conserved and catalytic amino
acid residues. The amino acid sequences of AcGH30A homo-
logs were obtained from the Uniprot database (http://www.
uniprot.org) and incorporated into MSA analysis. The align-
ment was performed using the Clustal Omega tool (http://
www.ebi.ac.uk/Tools/msa/clustalo/) (Madeira et al., 2022)
offered by EMBL-EBI services. The results of the alignment of
the sequences were visualized by ESPript 3.0 (http://espript.
ibcp.fr/ESPript/ESPript/) (Robert & Gouet, 2014).

2.2. Artificial intelligence-based homology modelling of
AcGH30A

The in silico 3-dimensional model of AcGH30A was con-
structed by using the amino acid sequence (with His-tag at
N-terminal) in Alphafold2 Google Colab platform (https://
colab.research.google.com/github/sokrypton/ColabFold/blob/
main/AlphaFold2.ipyn), also known as ColabFold (Mirdita
et al, 2022). AlphaFold2 is an artificial intelligence-based
deep learning algorithm developed by DeepMind technolo-
gies (Jumper et al,, 2021). ColabFold utilizes MMseqgs2 (Many-
against-Many sequence searching) homology search along
with AlphaFold2 for fast structure prediction. ColabFold is

THo@ﬁ@?e_cl%I@@@f{_ﬁLajor parts. First is the MMseqs2-based

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS . 3

homology search server to prepare MSAs and acquire the
suitable template sequences. The second part is a Python
library linked with the MMseqs2 server to prepare data for
structural inference and visualization. The third part is the
Jupyter Notebooks for accessing and using the Python
library. The topology of secondary structural elements of the
AcGH30A model was obtained by using the PDBSum server
(http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/
Generate.html) (Laskowski et al., 2018). The CASTp 3.0 server
(http://sts.bioe.uic.edu/castp/calculation.html) was utilized to
determine the potential ligand-binding sites of AcGH30A and
the accessibility of these sites to solvent molecules, including
the area with a default probe radius of 1.4A (Tian et al,
2018).

2.3. Computational quality evaluation and validation of
the modelled structure of AcGH30A

The 3D structure model generated from Alphafold2 was
relaxed and energy minimized by submitting it to Yasara
energy minimization server (http://www.yasara.org/minimiza-
tionserver.htm). Energy minimization by Yasara server opti-
mizes the atomic positions and relieves steric clashes within
the model (Land & Humble, 2018). The quality of the energy-
minimized 3D model generated from Alphafold2 was ana-
lyzed and verified by submitting the structure to SAVES v6.0
(https://saves.mbi.ucla.edu/) validation server for calculating
multiple structural parameters such as ERRAT and Verify3D
score (Luthy et al, 1992). The structural accuracy of the 3D
structure model of AcGH30A was evaluated by generating a
Ramachandran plot using the Procheck server (MacArthur
et al., 1994). The statistical Z-score of the 3D modeled struc-
ture, a statistical metric that evaluates the correspondence
between the energy of a provided structure and that of
experimental structures (PDB and NMR), was computed and
graphically represented through ProSA server (https://prosa.
services.came.sbg.ac.at/prosa.php) to detect the erroneous
structural elements (Wiederstein & Sippl, 2007).

2.4. Determination of secondary structure elements of
AcGH30A

The quantitative prediction of the secondary structural com-
ponents of AcGH30A was conducted by using various web-
based services, namely Psipred (http://bioinf.cs.ucl.ac.uk/
psipred/) (McGuffin et al, 2000), SOPMA (https://npsa-prabi.
ibcp.fr/NPSA/npsa_sopma.html) (Geourjon & Deléage, 1995)
and 2Struc  (http://2struc.cryst.bbk.ac.uk/twostruc) (Klose
et al, 2010). The relative amount of distinct secondary struc-
ture elements in AcGH30A was examined by using circular
dichroism (CD). Purified AcGH30A at a concentration of
0.5mg/ml in a 50mM sodium phosphate buffer at pH 7.0
was utilized for CD analysis. The CD spectrum of AcGH30A
within the far-UV region (190-240 nm) was recorded using a
spectropolarimeter (JASCO J-815, Jasco Corporation). CD data
were obtained with the sample temperature set at 25°C,
with a scanning rate of 50nm/min and a spectral range of
1nm. Molar residual weight (g/mol), millidegrees, and
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protein concentration (g/L) were used to calculate the molar
residual ellipticity (MRE,10%.deg.cm?dmol™"). To depict as a
function of wavelength, the molar residual ellipticity
(MRE,10%.deg.cm®dmol™") was transformed into the molar
extinction coefficient (A, decilitre mol~'cm™"). The range of
Ag values spanning from 190nm to 240 nm was submitted
to K2D3 server (http://cbdm-01.zdv.uni-mainz.de/~andrade/
k2d3/) for the quantification of a-helix and B-sheets propor-
tions (Louis-Jeune et al., 2012). The resulting mean residue
ellipticity was plotted as a function of wavelength. The
resulting data on secondary structure elements from both
the circular dichroism (CD) analysis and web-based servers
were compared.

2.5. Molecular dynamics simulation of AcGH30A
modelled structure

MD simulation of the modelled structure of AcGH30A was
executed by using GROMACS v5.1.4 software (Berendsen
et al,, 1995) with Gromos53a6 force field. The simulation was
performed on the High-Performance Computing facility
(Param-Ishan) situated at the Indian Institute of Technology
Guwabhati, India. The pdb2gmx command line was used to
generate a GROMACS topology file. A single point charge
(SPC) simulation box with 46,968 solvent molecules and
15CI™ counter ions was prepared for the simulation. The CI™
ions were added to neutralize the charge present over the
3D model of AcGH30A generated by Alphafold. The energy
of the protein simulation system was minimized using gmx_
mpi grompp to remove steric clashes. The system was equili-
brated by executing position-restrained (NVT) and pressure-
restrained (NPT) runs to relax the system gradually. Each
equilibration step was conducted for 500 ps with iteration
time of 2 fs (Hess et al.,, 2008). The final protein-solvent sys-
tem was employed for the final molecular dynamics (MD)
simulation, spanning 100 ns with an iteration period of 2 fs.
The Root Mean Square Deviation (RMSD) and Root Mean
Square Fluctuation (RMSF) of amino acid residues were ana-
lyzed as functions of time to assess variations in the protein
backbone during the simulation. The radius of gyration (R,)
and solvent accessible surface area (SASA) was computed to
obtain insights of the overall shape and surface characteris-
tics of AcGH30A.

2.6. Protein-ligand interaction study of AcGH30A by
molecular docking and isothermal titration
calorimetry

Molecular docking simulation of AcGH30A was performed
with appropriate ligands to determine the catalytically partic-
ipating amino acid residues by evaluating the interactions
with the ligands. Autodock 4.2.1 (Morris et al., 2009), a soft-
ware package provided with MGLTools 1.5.6 (http://mgltools.
scripps.edu/) was utilized for the study. The ligands used
were glucuronic acid, xylobiose, xylotriose, xylotetraose and
2°-(4-O-Methyl-a-D-Glucuronyl)-xylobiose. The ligands were
obtained in 3D SDF format from the PubChem database

THRBFPubIENO6C8.DIm.nih.gov) and converted into PDB

format by using OpenBabel 2.3.2a software (O'Boyle et al.,
2011). The docking procedure performed was as previously
reported (Ahmed et al, 2022). The dimensions of the grid
box surrounding the active-site were set to 34, 36 and 48 A
for the x, y, and z axes, respectively. The spacing between
the sites was 0.375 A. The coordinates for the center grid box
were established at 7.028 (x), 14.306 (y), and -8.472A (2.
Fifty iterations of the Lamarckian Genetic Algorithm were
performed to acquire 50 distinct conformations for each lig-
and. The Gibbs free energy (AG), also referred to as binding
free energy, corresponding to different ligands-AcGH30A
molecular docking, was obtained and analyzed. AG repre-
sents the change in Gibbs free energy associated with the
binding of a ligand molecule to a receptor or protein target
(Morris et al,, 2009). A more negative AG value indicates a
stronger binding affinity between the ligand and the recep-
tor, suggesting a more stable complex formation. The ligand-
protein conformation with the lowest AG (binding free
energy) was selected to generate the protein and ligand
complex for subsequent investigations. The 2D schematic
diagram of the docked complexes between the protein and
ligand was visualized using Ligplot + software (Laskowski &
Swindells, 2011) to analyze the polar and non-polar
interactions.

The binding affinity of AcGH30A with the best ligand,
xylobiose, was experimentally assessed using isothermal titra-
tion calorimetry (MicroCal ITC, Malvern Panalytical Pvt. Ltd.,
UK). The concentration of protein and ligand was 1 mg/mL
(0.0173mM) and 0.025mg/mL (0.09 mM), respectively. The
titrations were executed at 30°C. The enzyme AcGH30A and
the ligand were dissolved in sodium phosphate buffer
(50mM, pH 7.0). During titration, AcGH30A solution in the
reaction cell was continuously stirred at 300 rev/min. The
titration was carried out with 25 successive injections of
1.5 pl ligand at 150s intervals. The results were analyzed by
non-linear regression using a single-site binding model using
the system-integrated software Microcal ORIGIN, version 5.0.
The association (K,) and dissociation (K;) constants were cal-
culated from the fitted data.

2.7. MD Simulation of AcGH30A-ligand complex

MD simulation was performed to study the interactions
between AcGH30A and the ligand using GROMACS v5.14
software with GROMOS96 43A1 force field to calculate the
protein forces. The docked complex of AcGH30A with the
xylobiose was chosen for the simulation due to their least
binding energy of —4.3 kcal/mol. The ligand topology for the
xylobiose was prepared by using PRODRG server
(Schuttelkopf & van Aalten, 2004). An SPC cubic simulation
box was created with 31,044 solvent (water) molecules and
the protein-ligand complex. The charge neutralization of the
docked complex of AcGH30A-xylobiose was achieved by fur-
ther adding 15CI™ counter ions. The energy of the protein-
ligand simulation system was minimized using gmx_mpi
grompp to remove steric clashes. The system was equili-
brated by executing position-restrained (NVT) and pressure-
restrained (NPT), followed by the execution of final molecular
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dynamics (MD) simulation for 100 ns, as mentioned in section
2.5. After the simulation, the interactions between the ligand
and the catalytic residues at the active-site in the docked
complexes were visualized using PyMOL V2.3.3 software
(Yuan et al,, 2017). Root Mean Square Deviation (RMSD) and
Root Mean Square Fluctuation (RMSF) of amino acid residues
were analyzed as a time-dependent function to assess varia-
tions in the protein backbone during the simulation. The
RMSD and RMSF values were computed using the com-
mands gmx_mpi rmsd and gmx_mpi rmsf, respectively. The
radius of gyration (R;) and solvent accessible surface area
(SASA) were computed by using gmx_mpi sasa and gmx_
mpi gyrate commands, respectively. The simulation out-
comes of the complex were compared with the results
derived from simulation studies of ligand-free AcGH30A. The
2D depiction illustrating the interaction between the protein
and ligand was generated using Ligplot + software
(Laskowski & Swindells, 2011).

2.8. Small angle X-ray scattering analysis of AcGH30A

The DNA sequence encoding AcGH30A consisting of a GH30
family catalytic module (433 aa) and a dockerin 1 (68 aa),
including the linker sequence of 5 amino acids between the
modules, was cloned, expressed and purified (Singh et al.,
2024). The low-resolution scattering data for AcGH30A at a
concentration of 3mg/ml were obtained utilizing a small-
angle X-ray scattering system (SAXSpace, Anton Paar) to
investigate the molecular shape and conformational behav-
iour of AcGH30A in solution. Before the collection of SAXS
data, the AcGH30A samples and the corresponding buffer
were centrifuged at 22,000 x g for 45min at 4°C. The inci-
dent X-rays were generated using a line collimation system
and were directed through the sample, contained within a
thermostated 1 mm diameter quartz capillary. The source of
X-rays in the SAXSpace machine was a Primux 3000 sealed
tube (Anton Paar, Austria) with copper (Cu) as the anode,
emitting the incident radiation of fixed wavelength of 1.5A.
The scattering of x-rays at small angles (0.1° to 10°) from
protein at a temperature of 10°C was recorded from two
separate exposures, each lasting 30 min. The scattering pat-
tern of the matched buffer (50 MM sodium phosphate, pH
7.0) was also recorded and subtracted from the AcGH30A
sample and the absolute scattering pattern of only the pro-
tein was obtained.

To generate the SAXS profile originating from the protein
molecules in the solution, SAXS Quant software was
employed to subtract the buffer contribution, resulting in
the scattering intensity (I) as a function of the momentum-
transfer vector (q) (where gq=4nsin6/A, with q=scattering
vector, A=wavelength, and 20 =scattering angle) (Roblin
et al, 2013). The processing of data, normalization to an
absolute scale, and averaging procedures were carried out
using the ATSAS package. The initial data processing was
conducted using PRIMUS software. The radius of gyration
(Rg) was determined by the Guinier equation and the indirect
Fourier transform method with the GNOM package. The dis-
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GNOM, and the maximum diameter, D, Was derived. The
persistence length (L) of AcGH30A was determined through
the formula [12{(R,>) - (RA}] (Balasubramaniam et al,
2020). The molecular weight of AcGH30A was determined
from the scattering pattern using the Qp package. The ab
initio method was utilized to produce the low-resolution
shapes of AcGH30A from the scattering curve generated by
DAMMIF. The reconstruction of dummy structural models for
AcGH30A was executed through the implementation of 20
independent iterations of DAMMIF. The verification of these
20 models was subsequently conducted using DAMAVER to
establish the resultant ab initio configuration. The reconstruc-
tion of the scattering shape of AcGH30A was achieved
through the application of GASBOR, an ab initio modeling-
based, chain-like ensemble modeling program. The modelled
structures of the AcGH30A were visualized by using UCSF
Chimera (Pettersen et al., 2004).

2.9. Size distribution analysis of AcGH30A by dynamic
light scattering (DLS)

The DLS analysis of AcGH30A was conducted using the
Litesizer 500 Particle Analyzer (Anton Paar in Graz, Austria) to
determine the hydrodynamic diameter (D,) of AcGH30A at
concentrations of 1 and 3mg/mL. The DLS of AcGH30A was
also performed in the presence of xylobiose (X2) procured
from Tokyo Chemical Industry Co., Ltd., Japan, to observe its
effect on the D, of AcGH30A. Two separate mixtures were
prepared by dissolving AcGH30A with different final concen-
trations of X2, 0.0173 and 0.0346 mM. AcGH30A without xylo-
biose was used as a control. The final concentration of
AcGH30A mixed with xylobiose was kept at 0.0173mM
(1 mg/mL). Protein solutions (1.5mL) were centrifuged at
13,000g for 15min. The resulting supernatant was filtered
through a 0.45 pm PVDF filter membrane using a syringe fil-
ter before analysis. Measurements were acquired through a
40 mW diode laser with a wavelength of 658 nm, positioned
at a backscatter angle of 175°. The experiments were con-
ducted under a constant temperature of 25°C, regulated by
a Peltier-based temperature controller. Particle size analysis
was conducted using the Kalliope software.

3. Results and discussion
3.1. Sequence analysis of AcGH30A

The amino acid sequence of xylobiohydrolase, AcGH30A, con-
sists of different modules. Sequence analysis of full-length
AcGH30A by the SignalP 3.0 server revealed that it contains
a signal peptide of 28 amino acid residues at the N-terminus,
suggesting that AcGH30A is an extracellular enzyme and a
part of the secretory pathway. The catalytic module of
AcGH30A, belonging to the glycoside hydrolase family 30,
comprises 454 amino acids, followed by dockerin 1, spanning
58 amino acids at the C-terminal of the sequence. The two
modules are linked by a linker sequence of 5 amino acids
(Figure 1). The presence of dockerin 1 module indicates the
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participation of AcGH30A in the cellulosomal complex of
Acetivibrio clariflavus.

The BLASTP similarity search revealed identical homo-
logues of CaXyn30A (PDB ID: 5CXP) from Clostridium acetobu-
tylicum, followed by CpXyn30A (PDB ID: 4FMV) from
Ruminiclostridium papyrosolvens, TtXyn30A mutant E188A
(PDB ID: 700E_A), and TtXyn30A double mutant EE (PDB ID:
700E_AAA) from Thermothelomyces thermophilus, XynA (PDB
ID: 1NOF) from Dickeya chrysanthemi, and Xyn30B (PDB ID:
6lUJ) from Talaromyces cellulolyticus (Table 1). CaXyn30A and
CpXyn30A are two exceptional enzymes among all the
reported GH30 enzymes that have been reported to show
non-specific endoxylanase activity. Their non-specific mode
of action is the result of differences in the configuration of
their catalytic clefts. In CaXyn30A, arginine is replaced by a
glycine residue, whereas in CpXyn30A, it is replaced by tryp-
tophan, making it capable of disintegrating both arabinoxy-
lan and glucuronoxylan (St John et al., 2014, 2018). The high
homology of AcGH30A with non-specific xylanases, which
does not require the presence of glucuronic acid substitu-
tions for their action, suggests a lack of requirement for the
availability of the glucuronic acid moiety for its catalytic
activity. The presence of the conserved arginine residue was
found to be important for another GH30 glucuronoxylan-spe-
cific xylanase A (StXyn30A) isolated from Streptomyces turgid-
iscabies (Maehara et al, 2018). Molecular modelling of
StXyn30A suggested Arg296 as a conserved residue. To bet-
ter understand the mechanism involved in the recognition of
glucuronic acid moieties, Arg296 mutants of StXyn30A were
prepared and analyzed. The enzymatic activity of the Arg296
mutant against glucuronoxylan was significantly reduced
compared to that of the wild-type enzyme (Maehara et al.,
2018). The amino acid sequence of AcGH30A also showed
high similarity with fungal xylanases. The closest fungal
homologues were TtXyn30A (PDB ID: 7O00E) from
Thermothelomyces thermophila (Nikolaivits et al., 2021) and
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Figure 1. Molecular architecture of full-length AcGH30A amino acid sequence
showing the GH family 30 catalytic module (red), flanked by signal peptide
(cyan) at the N-terminal and Dockerin 1 module (green) at the C-terminal.
Cloned and expressed AcGH30A construct contained catalytic and dockerin 1
module.

Table 1. Homologous sequences obtained from BLASTP.

Xyn30B (PDB ID: 6IUJ) (Nakamichi et al, 2020) from
Talaromyces cellulolyticus (Table 1). Both fungal xylanases
show bifunctional endo- and exo-xylanase activities.

The alignment of amino acid sequence of AcGH30A with
multiple GH30 xylanases identified Glu175 and Glu268 as the
conserved catalytic residues. Glu175 functions as an acid/
base, whereas Glu268 serves as a nucleophile (Figure 2). The
relative surface accessibility of the amino acid residues was
analyzed using ESPript 3.0. The accessibility of the residues is
displayed by a bar below the MSA, where blue is accessible,
cyan is intermediate and white is buried inside the core
(Figure 2). The MSA analysis also revealed the presence of a
conserved bacterial arginine residue, Arg349, located on the
B13 strand in AcGH30A. A study of the crystal structure of
EcXyn30A (PDB ID: TNOF), a GH30 glucuronoxylanase from
Erwinia chrysanthemi, showed that the methyl glucuronic
acid interacts with the positively charged guanidium group
of Arg293 (Urbanikova et al., 2011). The residue, Arg349 of
AcGH30A, aligned with Arg293 of EcXyn30A in MSA analysis.
This arginine residue is highly conserved in bacterial GH30
glucuronoxylanases.

3.2. Homology modeling of AcGH30A

Five homology models of AcGH30A were acquired from
ColabFold and were ranked between 1-5. The rank 1 model
was used in subsequent studies. The selected model was
visualized in a 3D cartoon and surface view using the USCF
Chimera (Figure 3 (a, b)). The per-residue estimate of the
confidence of the model was examined using a predicted
local distance difference test (pLDDT) plot (Figure 3c). The
pLDDT score for the majority of amino acids was above 90,
indicating the high confidence and quality of the predicted
model. The number of templates utilized for generating the
models was assessed by the sequence coverage plot (Figure
3d), which revealed that the prediction of the homology-
modelled structures was executed using more than 4000
templates for the majority of the amino acid sequence.

The topology diagram of AcGH30A modelled structure
illustrated the number of secondary structural elements
(Figure 4a). As per the plot, there were 21 B-strands in total.
The central B-barrel within the (B/a)8-fold contained eight
parallel B-strands. The catalytic residues Glu175 and Glu298
of AcGH30A, identified through MSA with other homologues,
are situated in the catalytic cleft at the entrance of the B-bar-
rel, allowing accessibility to the substrate (Figure 4b). Similar
crystal structures were observed for TtXyn30A (PDB ID: 700E)
and CaXyn30A (PDB ID: 5CXP) within the GH30 family

Protein name Organism Max score Query cover (%) E value % identity Accession length Accession ID
CaXyn30A Clostridium acetobutylicum ATCC 824 198 83 4.00E-58 32.71 390 5CXP_A
CpXyn30A Ruminiclostridium papyrosolvens DSM 2782 194 83 3.00E-56 32.88 396 4FMV_A
TtXyn30A mutant E188A Thermothelomyces thermophilus ATCC 42464 191 78 2.00E-54 3227 452 700E_A
TtXyn30A double mutant EE  Thermothelomyces thermophilus ATCC 42464 189 78 1.00E-53 32.04 482 7NCX_AAA
XynA Dickeya chrysanthemi 168 82 7.00E-47 31.55 383 1NOF_A
Talaromyces cellulolyticus CF-2612 168 83 8.00E-46 29.87 474 6IUJ_A
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Figure 2. Multiple sequence alignment analysis. Catalytic residues are marked with red triangles and the conserved bacterial arginine residue is marked with green
triangles. Accessibility of AcGH30A is rendered by a bar below: blue is accessible, cyan is intermediate and white is buried.
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Figure 3. (a) 3-D cartoon and surface view of homology modelled structure of AcGH30A (Blue- Helices, Pine green- Coils and Orange- f3 strands), (b) 3D surface

view of the homology model, (c) pLDDT plot, and (d) Sequence coverage plot.

(Kadowaki et al., 2021; St John et al., 2018). The formation of
the catalytic duo is facilitated by loops L6 (red) and B8
(blue), as shown in Figure 4c. L6 contains the nucleophile
Glu175, whereas Glu268 is located at 8. Both Glu175 and
Glu268 were found in conserved regions. In the modeled
structure of AcGH30A, it was observed that L6 and 8 played
a role in bringing these two amino acids near the active-site,
thereby promoting the creation of the catalytic duo. Figure
4b displays the superposition of the modeled structure of
AcGH30A with the crystal structures of CaXyn30A (PDB ID:
5CXP) and CpXyn30A (PDB ID: 4FMV). The lengths of
AcGH30A, CaXyn30A and CpXyn30A used for superposition
were 514, 390 and 396 amino acid residues, respectively. The
superposition of AcGH30A with CaXyn30A yielded an RMSD
score of 1.179 A over 387 residues, while the superposition
of AcGH30A with CpXyn30A resulted in an RMSD value of
1.149 A over 386 residues, indicating excellent alignment.
This superposition highlights a consistent alignment of the
catalytic residues in the homologues, specifically correspond-
ing to Glu175 and Glu268. The configuration of the catalytic
duo in the active-site of AcGH30A and the two other homo-
logues, CaXyn30A and CpXyn30A, are shown in Figure 4b. In
the modeled structure of AcGH30A, the distances between

Tth?@Tﬂﬂ_tgﬁﬁg@O@g_re assessed using PyMOL v2.3.3. The

minimum distance between Glu175 and Glu268 was 4A.
Active-site analysis, conducted using the CASTp server, eluci-
dated the features of the ligand-binding site of AcGH30A
(Figure 4d). The CASTp-calculated solvent-accessible surface
area and volume of the catalytic site and ligand-binding
pocket were 112.582 A and 53.260 A3, respectively.

3.3. Quality assessment and validation of the modeled
structure of AcGH30A

Ramachandran plot from the Procheck server was used to
examine the dihedral angles (¥ and ®) of the amino acid
residues constituting the backbone of the AcGH30A modeled
structure (Figure 5a). The plot revealed that the favoured
region has 87.6% residues, the allowed region has 12.4% res-
idues, and there is no amino acid residue present in the dis-
allowed zone. Overall model quality AcGH30A, assessed via
the ProSA server, showed an error-free model within the X-
ray zone, obtaining a Z-score of —9.5 (Figure 5b). The local
model quality, examined using ProSA, indicated the accuracy
of every component in the modeled structure, with no
amino acid residue exhibiting a positive value in the local
energy plot (Figure 5c). The quality assessment of AcGH30A
via the UCLA Saves server showed a successful VERIFY 3D
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(a)

(b)

(c)

Figure 4. (a) Topology diagram of AcGH30A with N- and C- terminal and secondary structure elements (a-helices, B-sheets and turns), (b) Superposition of
AcGH30A modeled structure (Green) with closest homologues CaXyn30A (Yellow) and CpXyn30A (Cyan) and catalytic residues in a black square, (c) Surface view of
AcGH30A shows loop 6 (L6) in red and B-strand 8 ($8) in blue forming the catalytic duo (in red) (d) Catalytic cleft (red) predicted by CastP server.

test, achieving an average 3D-1D score of >0.2 (Figure 5d). the high quality of the AcGH30A modelled structure. The
The overall quality score of the AcGH30A modelled structure model’s refinement, as well as the findings of its quality
TH&7&Terh96dd)80BY 93.6% by the ERRAT server, confirming  assessment, were satisfactory for further research.
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Figure 5. (a) Validation and quality assessment of AcGH30A modeled structure. (b) Ramachandran plot generated by Procheck showing favoured, allowed and
model quality, (c) ProSA plot of residue scores, and (d) VERIFY 3D showing the 3D-1D averaged score of the amino acid residues.

3.4. Secondary structure analysis of AcGH30A acid sequenFe. According to the Psipred data, AcGH30A has
23.7% ao-helices, 22.9% p-strands and 46.7% random coils.

PsiPred 4.0, a web-based system, was used to determine the SOPMA and 2Struc servers were also used for determining
THegysa gBugeE3 tlements of AcGH30A from its amino the composition of secondary structures present in the



AcGH30A. SOPMA predicted the relative proportions of
o-helices, B-sheets, and random coils to be 23.93%, 23.93%
and 45.91%, respectively, and with 2Struc server, it was
28.2%, 22.8% and 49.0%, respectively (Table 2). The results
from the web servers suggested that the majority of
AcGH30A residues fold into random coils with a similar com-
position of a-helices and B-strands. The in-silico 3D model of
AcGH30A generated by Alphafold2 also showed similar pro-
portions of secondary structures with 23.46% o-helices,
22.17% P-sheets and 54.4% random coils. The CD analysis
results for secondary structure prediction, obtained through
the K2D3 server, indicated the presence of 21.94% ao-helices,
20.98% B-sheets, and 57.08% random coils (Figure 6 and

Table 2. Secondary structure analysis of AcGH30A.

SERVER/TOOL a-Helix (%) B-Strands (%) Random Coils (%)
Psipred 23.7 229 53.4
2struct 28.2 22.8 49.0
SOPMA 23.93 23.93 52.14
Alphafold2 23.46 22.17 54.4
(@) 20.98 21.94 57.08
5
T 0-
E
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=
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Figure 6. Far UV-CD spectrum of AcGH30A analyzed by K2D3 server.
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Table 2). These CD findings aligned with the predictions
made by web servers for analyzing secondary structure.

3.5. MD Simulation of AcGH30A modelled structure

The dynamic behaviour and interactions of atoms and mole-
cules over time, globularity and stability of the AcGH30A
modelled structure were investigated by molecular dynamics
(MD) simulation for 100 ns. By using values of the root mean
square deviation (RMSD), the structural deviation from the
original structure was calculated. The RMSD vs time graph
(Figure 7a) revealed high fluctuation between 0.01 and
1.31nm up to 53 ns, then the structure stabilized after 54 ns
up to 100ns, with RMSD between 1.18 and 1.45nm. The
average RMSD of the whole simulation period was found to
be 1.04nm. The radius of gyration (R,) fluctuated between
2.5 and 2.8nm, between 1ns and 49ns (Figure 7b). From
50ns onwards, Ry values varied between 2.76 nm to 2.78 nm,
showing minimal fluctuations. The R, became stable after
49ns till the end of 100ns, demonstrating the structure’s
global compactness (Figure 7b). The average R, was found
to be 2.7 nm. The solvent accessible surface area (SASA) of
AcGH30A gradually declined from an initial 221.01 nm? to
218.21nm? at 100 ns, indicating very little change, giving an
average SASA value of 221.98nm? (Figure 7c). The variation
in SASA values was minimal, suggesting that there is no hin-
drance to the catalytic residues due to deformities, and
therefore, they remain accessible to the substrate.

Following molecular dynamics (MD) simulation, the Root
Mean Square Fluctuations (RMSF) of Coa atoms within amino
acid residues were computed to evaluate the displacement
of atoms across various regions in the simulated structure.
The N- and C-terminals of AcGH30A were identified as highly
flexible residues, while residues participating in secondary
structures exhibited lower flexibility in contrast to residues
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Figure 7. MD simulation analysis of AcGH30A modelled structure after 100 ns simulation. (a) RMSD plot, (b) Radius of gyration (R,) plot, (c) SASA plot, (d) RMSF
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Table 3. Amino acid residues of AcGH30A involved in ligand binding.

Ligand Binding energy (kcal/mol) Polar interaction Hydrophobic interaction

Xylobiose —43 Asn174, Glu175, Glu268 Phe32, Leu178, Tyr182, Met219,
Tyr247, Met272, Trp304

Glucuronic acid -3.06 Thr255, Lys258, Thr296, Glu297 Phe254, Pro253

Xylotriose -2.36 Glu223, Thr255 Asn222, 1le252, Pro253, 1le295,

Xylotetraose —1.66 Thr19, Lys258, Tyr20, Pro253, Thr255, Ser259,
Glu297, Thr296,

22-(4-O-Methyl-a-D-GIucuronyl)- —0.98 Asn174, Glu175, Tyr182, Glu315 Phe32, Trp123, Leu178, Glu268,

xylobiose

Ser270, Trp305, Lys310, Tyr312,
Asn313
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Figure 8. Docking analysis of AcGH30A with the xylobiose showing (a) 3D schematic presentation and (b) 2D schematic presentation of the orientation of active-

site residues with xylobiose.

located within the loop region. The catalytic residues Glu175
in L6 and Glu268 in B8 (indicated by the red arrow), exhib-
ited lower flexibility and greater stability compared to the
remaining residues in L6 and 38 (Figure 7d). The MD simula-
tion study demonstrated that the modeled structure of
AcGH30A is both compact and stable, making it suitable for
additional structural investigations.

3.6. Protein-ligand interaction study of AcGH30A by
molecular docking and isothermal titration
calorimetry

The molecular docking analysis of AcGH30A with different
ligands revealed its maximum binding affinity with xylo-
biose (binding free energy, —4.3 kcal/mol) followed by glu-
curonic acid (-3.06 kcal/mol), xylotriose (—2.36 kcal/mol) and
2°-(4-O-Methyl-a-D-Glucuronyl)-xylobiose  (-0.98 kcal/mol) as
shown in Table 3. The highest binding affinity of AcGH30A
for xylobiose indicates the presence of xylobiohydrolase
activity. The Ligplot software was utilized to analyze the 2-
dimensional interactions between ligands and amino acid
residues within the catalytic cleft. In the docked complex,
xylobiose was positioned in the catalytic cleft with two
subsites, —1 and —2. Figure 8a,b displays the docked com-
plex of AcGH30A with xylobiose, with the amino acid resi-
dues involved in the subsites —1 and —2. AcGH30A formed

T}-ﬂo@r?%ﬁ]_%b@@@@gis with xylobiose, involving Trp123,

Glu175, Asn174, and Glu268 (Table 3). Similar amino acids
were found to be forming hydrogen bonds with xylobiose
in the crystal structure of the catalytic module of AcGH30A
(dubbed as AcXbh30A) (St John et al, 2022). The corre-
sponding amino acid residues in the crystal structure were
Trp116, Glu168, Asn167 and Glu261. The catalytic nucleo-
phile Glu268 and the acid/base catalyst Glu175 of
AcGH30A were positioned at 2.9 and 2.6A, respectively,
from —1 xylose (Figure 8b). Moreover, Trp123 and Asn174
were located 2.8A and 3A away from —1 xylose. The resi-
dues, Leu178, Tyr182, Phe32, Met219, Met272, Tyr247 and
Trp304 of AcGH30A participated in establishing hydropho-
bic interactions with xylobiose (Table 3). The —2 subsite
was primarily composed of Leu178, Tyr182 and Met219.
The conserved bacterial amino acid residue, Arg349 pre-
sent in the P13 sheet of AcGH30A was distantly located
from the catalytic cleft and was not involved in any inter-
action during molecular docking, suggesting its non-partici-
pation in catalysis. This indicated that AcGH30A may not
recognize or require the presence of glucuronic acid moi-
ety as happens in glucuronoxylanse, EcXyn30A for binding
and catalysis of the xylan substrate (Urbanikova et al.,
2011).

The cleavage of glycosidic bonds by glycoside hydrolases
follows two different types of mechanisms, viz. retaining-
and inverting-type (Brix et al., 2006; Davies & Henrissat,
1995; Okuyama et al, 2009). In the case of retaining-type
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enzymes, the nucleophilic catalytic residue is in closer prox-
imity to the anomeric carbon of the sugar when compared
with the inverting-type enzymes. The average distance
between the catalytic duo in the retaining-type enzyme is
55A, while in the inverting-type it is 10A (Davies &
Henrissat, 1995; Okuyama et al., 2009). The molecular dock-
ing study of the docked complex, AcGH30A-xylobiose,
revealed that xylobiose is placed between the catalytic
duo, Glu175 and Glu268. The analysis further showed that
the distance between these two catalytic residues in
AcGH30A was 4A, suggesting that it follows the retaining-
type mechanism (Figure 8(a, b)).

Isothermal titration calorimetry of AcGH30A was carried
out using xylobiose as a ligand since AcGH30A displayed the
highest binding affinity with xylobiose during molecular
docking. A strong binding between AcGH30A and xylobiose
was observed with an association constant (K,) of 7.83 x 10°
M=, which gave the value of dissociation constant (K,) of
1.28 x 107° M (Figure 9).

3.7. MD Simulation of AcGH30A-ligand complex

The RMSD, R;, SASA and RMSF of the complex AcGH30A-
xylobiose were calculated and analyzed. The comparisons
between the molecular dynamic outcomes of the AcGH30A-
xylobiose complex and AcGH30A were carried out to assess
different parameters, investigating the stability and compact-
ness of the docked complex after undergoing MD simulation.
The docked complex displayed an average RMSD value of
0.65nm after 40ns, with oscillation within +£0.03 nm until
100 ns. Remarkably, this was 0.39nm lower than the RMSD
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Figure 10. Comparative molecular dynamic simulation analysis of ligand (xylobiose) bound AcGH30A and free AcGH30A showing (a) RMSD plot, (b) Radius of gyr-

ation (Ry) plot, (c) SASA plot, (d) RMSF plot.
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Figure 11. (a) 3D cartoon view of simulated complex structure of AcGH30A with xylobiose, (b) 3D surface view of simulated complex structure of AcGH30A with
xylobiose (Blue- Helices, Pine green- Coils and Light grey- B strands), (c) 2D schematic representation of orientation of active-site residues of AcGH30A with
Xylobiose after 100 ns of simulation, and (d) 2D schematic representation of interactions between xylobiose and the protein residues.

observed for AcGH30A without the ligand (Figure 10a).
The RMSD value in the simulated docked complex reduced
dramatically. This resulted from conformational changes
induced by the binding of the ligand xylobiose in the active-
site of AcGH30A, in contrast to the structure of AcGH30A
alone. The consistent RMSD values confirmed the structural
equilibrium and stability of the docked complex. Over the
100 ns simulation, the radius of gyration (R,) for the docked
complex maintained a range of 2.31nm to 2.61 nm, with an
average R, of 2.38nm (Figure 10b). The R, of the docked
complex was 0.32nm less than that of AcGH30A alone, sug-
gesting that ligand binding enhanced the overall compact-
ness and rigidity of the complex. The SASA exhibited a
gradual decrease throughout the simulation, following a
similar pattern to that of AcGH30A over the entire trajectory
up to 100ns (Figure 10c). The average SASA during the
whole simulation was found to be 199.41 nm? which was
lower than the calculated SASA of only AcGH30A by

ngzzgm_mggma@ggested that the binding of the ligand to

the catalytic cleft of AcGH30A in the docked complex led to
a reduction in solvent accessibility. The RMSF plot from the
MD simulation of the complex exhibited a similar trend to
that of AcGH30A, with the N- and C-terminal residues dis-
playing high flexibility (Figure 10d).

In MD simulation, the AcGH30A-xylobiose docked com-
plex showed lower-level of flexibility as compared to the
AcGH30A model. The reduction in flexibility at the N- and
C-terminals of the complex indicated an increase in the
stability and compactness in the AcGH30A-xylobiose com-
plex as compared with AcGH30A. The RMSF values of the
catalytic residues, Glu175 and Glu268, were found to be
stable (Figure 10d). These residues exhibited negligible
mobility, suggesting their geometric accuracy and capabil-
ity to adopt productive catalytical conformations. In the
final 3D model of the enzyme-ligand complex generated
after the completion of the simulation, xylobiose was
bound to the catalytic cleft present at the opening of the
TIM-motif (Figure 11a, b). After 100ns, the amino acid



residues, Glu175, Ser220 and Asn222 established hydrogen
bonds with the ligand, whereas GIn224, Tyr225, and
Asn218 developed hydrophobic contacts with xylobiose in
the catalytic cleft (Figure 11c,d). The MD simulation study
further showed that Arg349 present in P13 sheet of
AcGH30A is far from the catalytic cleft and therefore not
involved in any interaction with xylobiose, corroborating
its non-participation in catalysis. In the final 3D model of

Table 4. SAXS data collection and derived parameters of AcGH30A at
3.0mg/ml.

Data-collection parameters AcGH30A
Instrument SAXSpace Anton-Paar
Wavelength (A) 1.54
Q range (nm™) 0.135-5.95
Exposure time (min) 30 x 2
Temperature (°C) 10
Protein Concentration (mg/ml) 3
Structural parameters
Q range (nm~") used for Ry analysis 1.6-3.5
1(0) au from Guinier 72349.9 + 6667.96
Ry nm from Guinier 3.59+£044
1(0) from P(r) 66530
Ry nm from P(r) 3.6
Diax (M) 10.88
Porod volume estimate (nm?) 91.9
Persistent length (nm) 11.87
Resolution (nm) 5.0
Molecular mass determination
Theoretical molecular mass (kDa) 57.79
Molecular mass from Qp (kDa) 58.27
Modelling parameters
x 03123
NSD 0.866 + 0.087
Software employed
Data processing primus
P(r) function calculation GNOM
Ab initio modeling DAMMIF
Validation and averaging DAMAVER
Structure superposition SUPCOMB

3D graphical representation UCSF Chimera
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the enzyme-ligand complex generated after the comple-
tion of the simulation, the ligand was found to be bound
with Glu175 and in close proximity to Glu268. It is evident
from the ligand-bound model generated after molecular
dynamics simulation for 100ns that the ligand was
stable and bound to the catalytic cleft with high binding
affinity.

3.8. Small angle X-ray scattering analyses of AcGH30A

The recombinant AcGH30A consists of a GH30A family
catalytic module (433 aa) and the dockerin 1 (68 aa),
including the linker sequence of 5 amino acids between
the modules, was cloned, expressed and purified (Singh et
al., 2024). The SDS-PAGE analysis showed an estimated
molecular mass of 58kDa (Singh et al., 2024). The experi-
mentally estimated molecular mass of AcGH30A was simi-
lar to the theoretical molecular mass of 57.78kDa
calculated by ExPASy ProtParam server along with the the-
oretical isoelectric pH of 5.22.

The structural conformation of AcGH30A in solution was
assessed through SAXS studies. The SAXS data for AcGH30A
at a concentration of 3 mg/ml were processed, analyzed and
the findings are presented in Table 4. The monodisperse
nature of the AcGH30A was confirmed through the visual
inspection and initial processing of the AcGH30A scattering
profiles (Figure 12a). The examination of the P(R) function
obtained through Fourier transformation of the AcGH30A
scattering profiles revealed a symmetric profile characteristic
of globular macromolecules (Figure 12b), indicating the pres-
ence of AcGH30A in its monomeric state. The maximum
diameter (Dmayx) and R, of AcGH30A, calculated from the P(R)
plot, were 10.88 and 3.6 nm, respectively. The Dy, is 3.02
times greater than the Ry, which confirms that the AcGH30A
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Figure 12. SAXS analysis of AcGH30A. (a) Intensity profile obtained through SAXS, (b) P(R) curve of AcGH30A as a function of R, (c) Kratky plot of SAXS data, and
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Figure 13. SAXS envelope of AcGH30A at 3 mg/ml protein concentration from different angles. Molecular map of ab initio AcGH30A fitted with the structural model

of AcGH30A using UCSF Chimera.

is extended and not completely globular. The assessment of
the global compactness and flexibility of AcGH30A in solu-
tion was conducted through Kratky plot analysis (Figure
12(c)). The Kratky plot analysis of AcGH30A revealed bell-
shaped peaks in the low g-region, corroborating a compact
and folded structure consistent with previous reports (Ernst
et al., 2020). Guinier analysis showed that the Ry of AcGH30A
for globular and rod shape was 3.59+0.44nm and
1.07 £0.01 nm, respectively. The persistence length (L) of the
AcGH30A molecule was found to be 11.87 nm. The linear
behaviour of the fit line in the low g-region of the Guinier
plot indicated the absence of aggregation and the monodis-
persity of AcGH30A (Figure 12d).

The molecular mass of AcGH30A, determined from the
SAXS scattering profile using the Qp package, was found
to be 58.27kDa. This value aligns closely with both the
theoretically and experimentally determined molecular
mass of 57.79kDa, further indicating the presence of a
monomeric state of AcGH30A in the solution. A total of 20
reconstructed models were averaged to develop the most
representative ab initio model using DAMAVER (Ficko-Blean
et al, 2009). The ab initio model generated by the
DAMAVER program revealed a structure consisting of two
globular structures, one significantly larger than the other.
The molecular shape of the ab initio model showed an
earbud-shaped envelope. When the ab initio model was
overlayed with the 3D model of AcGH30A, it evidently
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Figure 14. Particle diameter analysis of AcGH30A at different concentrations of
1.0 mg/mL (orange) and 3.0 mg/mL (black) and in the presence of two different
concentrations of xylobiose (X2), 0.0173mM (blue) and 0.0346 mM (red) by
DLS. The final concentration of AcGH30A mixed with X2 was 1 mg/mL.

catalytic module of the enzyme and the smaller one corre-
sponds to the dockerin 1 module (Figure 13). Both the ab
initio and 3D models of AcGH30A showed high similarity
in terms of globularity and shape.

3.9. Dynamic light scattering (DLS) analysis of AcGH30A

DLS examination of particle diameter in relation to scattering
intensity (%) for AcGH30A at protein concentrations of 1 and



3mg/mL and in the presence of xylobiose exhibited singular
peaks, signifying the exceptional monodispersity of the pro-
tein (Figure 14). The hydrodynamic diameter (D;) at both 1
and 3mg/mL concentrations was 7.4nm, with a hydro-
dynamic radius (Ry) of 3.7 nm, consistent with the SAXS data.
The hydrodynamic radius of the protein is close to the value
of Ry, which was determined to be 3.6nm by SAXS analysis.
The addition of xylobiose did not show any change in the Dy,
of AcGH30A, resulting in a constant R, of 3.7 nm. However, a
slight increase in the scattering intensity of AcGH30A was
observed in the presence of xylobiose as compared with
AcGH30A only. Moreover, the scattering intensity further
increased as the concentration of xylobiose was increased in
the mixture.

4. Conclusion

A high-quality homology model of AcGH30A, generated from
Alphafold2, demonstrated structural accuracy, supported by
Ramachandran plot analysis and secondary structure assess-
ments. Ramachandran plot depicted that the favoured and
allowed regions contained 100% amino acids and no residue
in the disallowed region. The 3-dimensional model of
AcGH30A showed an overall quality score of 93.6% in the
ERRAT server analysis. The secondary structure element ana-
lysis of AcGH30A by CD revealed 21.94% o-helices, 20.98%
B-sheets and 57.08% random coils aligning closely with the
results of prediction from Psipred, SOPMA and 2Struc servers.
The molecular docking analysis revealed a significant binding
affinity of AcGH30A with xylobiose with a binding free
energy of —4.3kcal/mol, validating the xylobiohydrolase
activity of AcGH30A. The molecular docking study suggested
a retaining type mechanism supported by the positioning of
xylobiose between the catalytic residues Glu175 and Glu268.
The —1 subsite was predominantly composed of Trp123,
Glu175, Asn174, and Glu268 residues forming hydrogen
bonds with xylobiose. Isothermal titration calorimetry deter-
mined the high binding affinity of AcGH30A with xylobiose
with an association constant (K,) of 7.83x10° M.
Molecular dynamics simulations revealed consistent conform-
ational alterations in AcGH30A following the binding of the
ligand, evidenced by reduced RMSD, R, and SASA values of
the docked complex with xylobiose as compared with the
free AcGH30A. The average RMSD, R, and SASA values of
AcGH30A in the docked complex declined by 0.39, 0.32 and
22.57 nm?, respectively. Small-angle X-ray scattering (SAXS)
studies confirmed the monodispersity and compact globular
structure of AcGH30A in aqueous environment. The DLS ana-
lysis of AcGH30A also showed the monodisperse state with a
hydrodynamic radius (R,) of 3.7nm. This comprehensive
study highlights the mode of action of AcGH30A as a xylo-
biohydrolase, shedding light on its unique structural and
functional features. This study will enrich our understanding
of industrial xylanases, particularly in terms of their structure
and functions which will facilitate the rational enzyme engin-
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