.
N

//

%
N i

TURUN
YLIOPISTO
UNIVERSITY
OF TURKU

W
2

STRUCTURAL STUDIES

OF ENZYMES FROM
THERMOPHILIC ORGANISMS
AND IDENTIFICATION OF
THEIR THERMOSTABILITY
FACTORS

Mohsin Imran

TURUN YLIOPISTON JULKAISUJA - ANNALES UNIVERSITATIS TURKUENSIS

SARJA — SER. Al OSA - TOM. 738 | ASTRONOMICA - CHEMICA - PHYSICA - MATHEMATICA | TURKU 2025






\V1//
12
= ~J
i

TURUN
YLIOPISTO
UNIVERSITY
OF TURKU

STRUCTURAL STUDIES
OF ENZYMES FROM
THERMOPHILIC ORGANISMS
AND IDENTIFICATION OF
THEIR THERMOSTABILITY
FACTORS

Mohsin Imran

TURUN YLIOPISTON JULKAISUJA — ANNALES UNIVERSITATIS TURKUENSIS

SARJA - SER. Al OSA - TOM. 738 | ASTRONOMICA - CHEMICA - PHYSICA — MATHEMATICA | TURKU 2025




University of Turku

Faculty of Technology

Department of Life Technologies
Biochemistry

Doctoral Programme in Technology

Supervised by

Docent Anastassios Papageorgiou
Turku Bioscience Centre
University of Turku and

Abo Akademi University

Turku, Finland

Reviewed by

Prof. Panos Soultanas Docent Tommi Kajander
School of Chemistry Institute of Biotechnology
University of Nottingham University of Helsinki

UK Finland

Opponent

Prof. Matthew Groves

Faculty of Science and Engineering
University of Groningen
Netherlands

The originality of this publication has been checked in accordance with the University
of Turku quality assurance system using the Turnitin OriginalityCheck service.

ISBN 978-952-02-0183-8 (Print)
ISBN 978-952-02-0184-5 (PDF)
ISSN 0082-7002 (Print)

ISSN 2343-3175 (Online)
Painosalama, Turku, Finland 2025






UNIVERSITY OF TURKU

Faculty of Technology

Department of Life Technologies

Biochemistry

MOHSIN IMRAN: Structural studies of enzymes from thermophilic organisms
and identification of their thermostability factors

Doctoral Dissertation, 146 pp.

Doctoral Programme in Technology

June 2025

ABSTRACT

Thermophilic enzymes are characterized by their ability to resist temperature while
maintaining their catalytic efficiency. They are mostly found in organisms, such as
bacteria or fungi, that reside in natural habitats of high temperatures, usually between
50-80 °C. Thermophilic enzymes are of utmost importance for industrial and
research applications and understanding their properties is key for their further
improvement by genetic engineering approaches.

This study investigated four thermophilic enzymes, three from fungal sources
and one from a bacterial source. X-ray crystallography technique was employed to
extract the three-dimensional (3D) structural details of the enzymes. A brief
description of the investigated thermophilic enzymes is given below.

The crystal structure of a [-glucosidase from a thermophilic fungus
(Chaetomium thermophilum), referred here as CfBGL, was determined to a
resolution of 2.99 A. CrBGL structure revealed the nucleophilic (Asp287) and
acid/base (Glu517) catalytic residues. The structure of CfBGL showed a three-
domain architecture as in other B-glucosidases but with variations in loops and linker
regions. Glycosylation and charged residues were suggested as the potential
thermostability contributing factors in CtBGL.

The crystal structure of an Auxiliary Activity 9 Lytic Polysaccharide Mono
Oxygenase produced by the thermophilic fungus Thermoascus aurantiacus, referred
to here as native TaAA9A (nTaAA9A), was determined to a resolution of 1.36 A.
n7aAA9A was found to be active in producing C1- and C4-oxidized products from
cellulose and xylan. The n7TaAA9A structure was compared with the recombinant
form of the enzyme expressed in Aspergillus oryzae (rTaAA9A). The compared
structures exhibited a root mean square deviation (RMSD) of 0.43 A after structural
superposition, suggesting subtle changes. Differences were observed in surface
loops and glycosylation sites. n7TaAA9A revealed higher degree of glycosylation
than r7aAA9A. In nTaAA9A, Asnl138 residue was found glycosylated with at least
two NAG molecules. Glycosylation and electrostatic interactions were suggested as
possible thermostability contributing factors.

The crystal structure of a Cu,Zn superoxide dismutase from a thermophilic
fungus Chaetomium thermophilum (CtSOD) was determined to a resolution of 1.56
A. CtSOD was crystallized with eight molecules (A-H) in the crystallographic
asymmetric unit, resulting in eight distinct interfaces. Zn?>" was present in all



subunits, but Cu?" in 4 subunits only (C, D, E, and F). The active-site pocket region,
along with the copper- and zinc-binding sites, were found highly conserved. A higher
degree of oligomerization and an elevated contribution of polar residues in CtfSOD
were suggested as thermostability contributing factors.

The crystal structure of a carbonic anhydrase from a thermophilic bacterium
Caloramator australicus (y-CaCA) was determined to 1.11 A resolution. This is the
highest resolution thus far for a y-family carbonic anhydrase. The enzyme was
crystallized with 3 molecules in the asymmetric unit. The active site of each
molecule was found at the interface of two neighbouring molecules. The y-CaCA
structure was found highly conserved, but differences were noticed in loop regions
compared to other CAs. Charged residues and hydrophobic clusters were suggested
as possible thermostability contributing factors in y-CaCA.

Thermozymes hold a promising future for bio-economy and green chemistry.
The results presented here could offer new ideas to develop sustainable and
environment-friendly solutions for a better future.
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TIVISTELMA

Termofiilisille entsyymeille on tunnusomaista niiden kyky kestéé korkeita 1ampo-
tiloja sailyttden samalla katalyyttisen tehokkuutensa. Niitd esiintyy enimmaékseen
luonnonvaraisissa organismeissa, kuten bakteereissa tai sienissd, jotka eldvit
luonnollisissa elinympéristdissd, joissa ldmpotila on korkea, yleensd 50-80 °C.
Termofiiliset entsyymit ovat ddrimmadisen tarkeitd teollisuuden ja tutkimuksen
sovelluksille, ja niiden ominaisuuksien ymmartdminen on avainasemassa niiden
edelleen parantamiseksi geenitekniikan ldhestymistapojen avulla.

Tassé tutkimuksessa tutkittiin nelja termofiilistd entsyymii, kolme sienildhteista
ja yksi bakteerildhteestd. Rontgenkristallografiatekniikkaa kiytettiin entsyymien
kolmiulotteisten (3D) rakenteellisten yksityiskohtien erottamiseen. Téssd esitetdén
lyhyt kuvaus tutkituista termofiilisistd entsyymeista.

Termofiilisen sienen (Chaetomium thermophilum), jota kutsutaan téssi nimelld
CtBGL, B-glukosidaasin kiderakenne mairitettiin 2,99 A:n resoluutiolla. CfBGL-
rakenne paljasti nukleofiiliset (Asp287) ja happo/emés (Glu517) katalyyttiset amino-
hapot. CrBGL:n rakenne muodostui kolmesta domeenista, kuten muissa -
glukosidaaseissa, mutta rakennevaihtelua esiintyi silmukoissa ja linkkerialueilla.
Glykosylaatio ja varaukselliset aminohapporyhmét voivat olla ldmp0stabiilisuutta
edistavii tekijoitd CrBGL:ssa.

Termofiilisestd sienestd (Thermoascus aurantiacus) perdisin olevan natiivin
AA9 LPMO:n kiderakenne, jota kutsutaan tdssé natiiviksi TaAA9A:ksi (n7TaAA9A),
méiritettiin 1,36 A:n resoluutiolla. n7aAA9A:n havaittiin olevan aktiivinen C1- ja
C4-hapettuneiden tuotteiden tuottamisessa selluloosasta ja ksylaanista. n7Ta AA9A-
rakennetta verrattiin Aspergillus oryzaessa (r7aAA9A) ilmennetyn entsyymin
rekombinantti-muotoon. Ndiden kahden rakenteen laskettu nelidkeskiarvon poik-
keama (RMSD) oli 0,43 A rakenteellisen superposition jilkeen, mikd viittaa
hienovaraisiin muutoksiin. Proteiinin uloimmissa silmukoissa ja glykosylaatio-
kohdissa havaittiin eroja. n7TaAA9A:n rakenne paljasti korkeamman glykosylaatio-
asteen kuin r7aAA9A:n rakenne. n7TaAA9A:ssa Asnl38-tdhde havaittiin glyko-
syloituneena véhintddn kahdella NAG-molekyylilld. Glykosylaatio ja sdhkostaattisia
vuorovaikutuksia voivat olla lampoéstabiilisuutta edistévia tekijoitd nTaAA9A:ssa.

Termofiilisen sienen Chaetomium thermophilum (CtSOD) Cu,Zn-superoksidi-
dismutaasin kiderakenne méiritettiin 1,56 A:n resoluutiolla. CtSOD kiteytyi
kahdeksalla molekyylilld (A-H) kristallografisessa asymmetrisesséd yksikossé, mikd



johti kahdeksaan erilliseen rajapintaan. Sinkkid oli kaikissa alayksikdissd, mutta
kuparia vain 4 alayksikdssé (C, D, E ja F). Entsyymin aktiivinen kohta seké kuparia
ja sinkkid sitovat kohdat havaittiin erittdin konservoituneiksi. Korkeampi oligomeri-
soitumisaste ja suurempi polaariset aminohappojaianndsten osuus CfSOD:ssa voivat
olla ldmpdostabiilisuutta edistivia tekijoita. .

Termofiilisestd Caloramator australicus -bakteerista (y-CaCA) perdisin olevan
hiilihappoanhydraasin kiderakenne mdiéritettiin 1,11 A:n resoluutioon. Tdémi on
tdhdn mennessd korkein resoluutio y-perheen hiilihappoanhydraasille. Entsyymi
kiteytettiin 3 molekyylin asymmetrisessd yksikossa. Jokaisen molekyylin aktiivinen
kohta ldydettiin kahden vierekkédisen molekyylin rajapinnasta. y-CaCA-rakenne
havaittiin erittdin konservoituneeksi, mutta silmukka-alueilla havaittiin eroja.
Varauksellisia aminohappotihteitéd ja hydrofobisia klustereita ehdotettiin mahdolli-
siksi lampostabiilisuutta edistdviksi tekijoiksi y-CaCA:ssa.

Termosyymeilld on lupaava tulevaisuus biotaloudelle ja vihreélle kemialle.
Tassé esitetyt tulokset voivat tarjota uusia ideoita kestévien ja ympéristoystivillisten
ratkaisujen kehittdmiseen parempaa tulevaisuutta varten.
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1 Introduction

Currently, Earth’s population is more than 7.8 billion and is projected to grow to 9.7
billion by 2050 and 11.1 billion by 2100 [1]. The growing population has led to rapid
industrial growth to fulfil increasing demands. However, the resources required to
meet human needs and living standards are steadily diminishing. In addition, the
distribution of resources is not uniform, and the stockpiles of waste and pollutants
produced by humans are amassing. This situation not only threatens the
sustainability of our planet but also the survival of every form of life on it.

In 2015, the United Nations (UN) chalked out 17 Aims to achieve sustainability
and prosperity for human beings by 2030. These Aims are termed Sustainable
Development Goals (SDGs) and include good health and well-being, clean water and
sanitation, affordable and clean energy, sustainable cities and communities,
responsible consumption and production, climate action, etc.[2]. These goals are
implemented through international watchdogs such as the World Health
Organization (WHO) and the UN that are leading us to achieve a sustainable future
for our planet. However, sustainability is a relative term that can only be achieved if
every sphere of life contributes to it.

For a sustainable future, techniques and processes that result in maximum yields
with low carbon emissions must be developed. We need to i) eliminate food
shortages without polluting the environment, ii) improve health and well-being by
harvesting disease-free crops and inventing non-invasive diagnostic and treatment
methods, and iii) harness clean energy, invest in green chemistry, develop
sustainable cities, and rediscover industrialization with no carbon footprint. For all
of these to happen, we need to invest in research and development to obtain green
solutions.

Enzymes (i.e., proteins that act as catalysts) are one of the tools for realizing and
addressing SDGs. Enzymes have broad range of applications in healthcare,
agriculture, and other industries. However, the production and use of enzymes can
have significant environmental impacts, highlighting the need for sustainable and
environmentally friendly processes. One of the key challenges in enzyme production
and use is their stability and activity under various conditions. There is a significant
need for enzymes that can function at high temperatures in a variety of industrial
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processes, to replace expensive equipment and energy-intensive operations. Such
enzymes are referred to as thermophilic enzymes and their ability to tolerate high
temperatures is described as thermostability.

In this thesis, we investigated the structural features of thermophilic enzymes
and the key factors that contribute to their thermostability. Using X-ray
crystallography, the most widely used technique to determine the three-dimensional
(3D) structure of proteins, we elucidated the structural details of four enzymes to
gain a deeper understanding of their function and properties. These enzymes include
a P-glucosidase from Chaetomium thermophilum (CtBGL), a native Iytic
polysaccharide monooxygenase from Thermoascus aurantiacus (nTaAA9A), a
superoxide dismutase from Chaetomium thermophilum (CtSOD), and a gamma-
carbonic anhydrase from Caloramator australicus (y-CaCA).

Understanding the thermostability of thermophilic enzymes can help to explain
their unique characteristics and pave the way for developing new enzymes with
enhanced capabilities. The production and use of enzymes with improved properties
can positively affect the environment and reduce the need for energy-intensive
processes. Moreover, novel thermophilic enzymes with improved properties have
broad applications in various fields including biocatalysis, biofuel production, and
pharmaceuticals. The findings of this thesis can therefore contribute to the
development of sustainable and environmentally friendly processes that can support
the achievement of the SDGs and ensure a better future for all.

1.1 Enzymes

The term ‘enzyme’ was first coined in the late 19" century by the German
physiologist Wilhelm Kiihne while he was experimenting with fermentation. The
word ‘enzyme’ has got Greek roots: ‘en’ means ‘in’ and ‘zyme’ means ‘yeast’.
Therefore, scientists believed that an ‘enzyme’ was a ‘substance’ found in yeast and
responsible for fermentation to occur. However, in modern times, the term has
broadened and is defined as ‘the chemical substance (protein) produced by the living
organisms to catalyze biological chemical reactions by lowering the activation
energy through stabilizing the transition state’. In 1980s, some ribonucleic acids
(RNAs) involved in gene expression, were found to possess catalytic activity as well.
These RNAs were also labelled as enzymes and are known as ribozymes [3,4].
However, enzymes discussed in this thesis are of protein nature and composition.

1.1.1 Enzymatic mechanism

In a simple catalytic reaction, enzymes act on a substance called ‘substrate’ and yield
reaction products (Figure 1). Enzymes are very specific in nature, that is, each
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enzyme acts on a specific substrate. They are also characterized by high efficiency
and can increase the normal reaction rates by 100 million to even 10 billion times

[5].

Substrate " <,> i
J — Product Y

o

& J Enzyme + Substrate B4
Enzyme Enzyme

Created in BioRender.com biv

Figure 1. Schematic diagram of a simple enzymatic reaction.

In 1894, Emil Fischer, a Nobel laureate, proposed that enzymes and substrates
have exact complementary geometric shapes, such that they can only fit into one
another. This is also known as a ‘lock and key’ model [5]. This simple model has
served for many years to explain enzyme function. However, it is now known that
enzymes are not static entities, but they can easily adopt various conformational
stages to facilitate the substrate binding and achieve catalysis by lowering energy
required for the conversion of the substrate to a product [6,7]. Stein et al. observed
that enzyme- substrate binding events with RMSD smaller than 1.5 A follow Fisher’s
model (65%) while others with RMSD higher than 1.5 A follow either a
conformational model (13%) or an induced-fit model (0.8%) [8].

The site of the enzyme that interacts with substrate is known as the ‘active site’
and its residues as ‘active site residues’. Substances that directly or indirectly prevent
the binding of the substrate to the active site of the enzyme are known as ‘inhibitors’.
Inhibitors could be competitive or non-competitive depending on their binding to the
enzyme. Contrary to the inhibitors, there are substances that may activate the enzyme
and are known as ‘activators’. Inhibitors and activators may influence, regulate, and
control enzymatic activity. Moreover, an enzyme may have a non-protein part
attached to it, called ‘co-factor’, which could be organic or inorganic in nature and
assists in the enzymatic reaction. An enzyme with or without its cofactor is referred
to as holoenzyme or apoenzyme, respectively [9].
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1.1.2 Classification of enzymes

In 1955, the International Congress of Biochemistry in Brussels established a
commission for enzyme nomenclature called the Enzyme Commission (EC). This
commission published its first version in 1961, and classified enzymes based on their
catalytic reactions. According to EC, enzymes were placed into seven different
classes and each class was assigned with a specific EC number i.e., [EC 1]-
Oxidoreductase, [EC 2]- Transferase, [EC 3]- Hydrolase, [EC 4]- Lyase, [EC 5]-
Isomerase, [EC 6]- Ligase, and [EC 7]- Translocase. These classes were further
divided to elaborate each type of enzyme within the class, for example, amylases
belong to the class [EC 3] and are further divided into subclasses of a-amylases, -
amylases, and y-amylases as [EC 3.2.1.1], [EC 3.2.1.2], and [EC 3.2.1.3],
respectively [5,10,11]. The first digit of an EC number refers to the type of reaction
or enzyme class, the second and third digit to the molecular group, bond, or product
involved, and the fourth digit to the specific member of the class related to its
metabolites and/or cofactors involved [12].

1.1.3 Factors affecting enzyme activity

Enzymes that belong to proteins are made up of amino acids that are linked to each
other via peptide bonds. These bonds are covalent in nature and are formed by the
loss of a water molecule between the carboxyl group of one amino acid and the
amino group of the next one in the polypeptide chain.

H:N-CHR—COOH + HNH-CHR—COOH — H:N-CHR—CO---HN-CHR—COOH + H:0

Peptide bonds exhibit planarity due to partial double-bond character (40 %)
caused by the resonance of the carbonyl and amide group of the contributing amino
acids [13]. The resonance stabilization, trans configuration, and planar structure of
the peptide bond contributes towards the protein’s stability. Apart from the peptide
bond, hydrophobic interactions are important for protein folding and stability.
Hydrophobic interactions may contribute up to 60 £+ 4 % towards protein stability by
allowing the protein to decrease in surface area and avoiding unnecessary water
interactions [14]. In addition to peptide bonds and hydrophobic interactions, and as
in all protein structures, ionic bonds, hydrogen bonds, van der Waals forces, and
disulfide bonds are also present in enzymes. All these interactions ensure the natural
shape, structure, and function of the enzyme. However, some of these bonds are
vulnerable and may break under a certain range of conditions. The breakage of bonds
results in enzyme’s denaturation and loss of natural shape, structure, and function.

Each enzyme has an optimum operating condition where it exhibits its peak
catalytic activity. Several factors including temperature and pH are at play in
configuring conformational changes in an enzyme. Under acidic/alkaline conditions,
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because of pH variation, the enzymatic activity can vary significantly. Similarly,
temperature affects catalytic activity of the enzyme. For instance, high temperature
may render the enzyme denatured. The thermal stability of an enzyme can be
assessed by subjecting the enzyme to a range of temperatures for a fixed period of
time and then assessing its activity at optimum conditions. The temperature at which
thermal denaturation begins varies from one enzyme to another. Generally, enzymes
do not experience a thermal denaturation below 30 °C. However, thermal
denaturation may become significant above 40 °C [3]. Enzyme thermostability also
depends on the enzyme’s source such as enzymes produced from halophiles or
thermophiles are naturally tolerant to high salt concentration or high temperature,
respectively. In general, enzymes produced by microorganisms are more
thermostable than those found in mammals (Table 1) [15,16].

Table 1. Comparison of microbial and mammalian sourced enzymes.
Feature Microbial Mammalian
Origin MIBTEETEENIENTS SUEN &3 Wig £t Animal tissues, organs, or cells
9 bacteria. o Gl ’
Mostly genetically modified
Production organisms are used for industrial | Their production is expensive, tedious and
scale production, and offer high | sometimes comes with ethical challenges.
yield, and cost-effectiveness.
purty and | They ofr ign degree of| 6% 22 20 S e fegee of
Specificity |engineered purity and specificity. from the animal tissues is also higher
Their performance in  various They. gften pe.rform. better in physwlogllcal
) ; e .~ | conditions with high rates of activity.
physiological conditions is o
: However, they are often sensitive to the
Performance |challenging. However, they are . o
Co environmental conditions and found less
robust and stable in wide range of stable compared to their microbial
pH and temperature conditions. P
counterparts.
They have numerous industrial L .
S . . These enzymes have applications in
S applications such as in textile, food LA A
Applications . . pharmaceutical industry as biomarkers and
and beverage industry, and biofuel therapeutic agents
production. P gents.
1.14 Microbial enzymes
1.1.4.1 Fungi

Fungi are widespread in nature and have recently emerged as a valuable source of
different types of enzymes. Most fungal enzymes are produced extracellularly;
hence, they can be economically produced in large quantities. Moreover, fungal
enzymes require simple purification methods, which make them suitable for
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commercial purposes. Fungal enzymes have applications in medicine, agriculture,
and bioremediation. They are also used in baking, brewing, cheesemaking,
detergents, textiles, and paper production. Currently, more than 50% of all
commercially produced enzymes are of fungi origin [17].

1.1.4.2 Bacteria

Bacterial enzymes have certain distinct features that make them more suitable and
viable than the plant- or animal-derived enzymes. Their key characteristics are as
follows [3].

» They are easy to extract and purify.

* They can be produced in batches and their quality is assessed using
various biochemical assays.

* They can provide uniform batch yields since they are produced in
controlled environments.

* They are generally more stable in processes that require high
temperatures.

* They can be genetically engineered with desired traits.

1.14.3 Bacterial vs Fungal thermozymes

Thermophilic bacteria thrive in extreme environmental conditions such as hot
springs and/or geothermal vents while adapting and maintaining functionality,
Therefore, enzymes produced from such bacteria are thermophilic or
hyperthermophilic in nature. On the other hand, fungi inhabit moderate
environmental conditions, resulting in comparatively less thermostable enzymes
[18]. Currently, most thermozymes are obtained from bacteria and fungi. Both
sources offer valuable and potential thermophilic enzymes that have
multidimensional uses and a wide range of applications. However, there are some
significant differences between them. Examples are given below [19,20].

» Bacterial thermozymes have an optimum temperature of above 70 °C
whereas fungal thermozymes have an optimum temperature of around 50—
70 °C.

»  Since bacteria belong to prokaryotes, thermozymes from bacteria are used
in processes where their use in eukarya is minimal to none. On the other
hand, fungi are the only eukarya that are found to survive above 61 °C.
Thermozymes from fungi are therefore ranked as significantly valuable,
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because they offer high compatibility with native eukaryotic enzymatic
systems.

* Bacterial thermozymes such as amylases, lipases, and proteases are used
in high-temperature industrial processes. Fungal thermozymes, such as
cellulases, xylanases, and amylases are used in industrial processes where
the temperature is moderate to high.

1.1.5 Industrial Enzymology

The study of industrial and commercial enzymes and their applications is referred to
as industrial enzymology. Industrial enzymes have evolved steadily over the last
century. For instance, in 1890, a commercial production unit for takadiastase (a
mixture of amylolytic and proteolytic enzymes) was established in the United States
of America (USA) by the Japanese scientist Jokichi Takamine. Takadiastase was
obtained by cultivating Aspergillus oryzae, a filamentous fungus, on rice or wheat
barns. Takadiastase became a commercial hit in the USA for dyspepsia treatment.
Similarly, in 1913, in France, August Boidin and Jean Effront found that a bacterial
heat-stable enzyme (a-amylase) was produced by Bacillus subtilis. This enzyme
found applications in the textile industry, especially in the removal of starch during
cotton production [3,21].

In 1930 and subsequent years, scientists began using fungal pectinases and other
hydrolases in the preparation of fruit products. In the 1960s, acid hydrolysis for
hydrolysing starch was replaced by glucoamylase. In the 1970s, proteases were used
in detergents and glucose isomerase was used as a catalyst in high-fructose syrups
for reversible isomerization of D-glucose to D-fructose. In the 1990s, lipases were
incorporated into washing powders and several immobilized enzyme processes were
developed for industrial use.

Global enzymes market witnessed an uphill growth from £110 M in 1960 to
£2000 M in 2010. By the end of 2010, two companies, Novozyme (Danish) and
DuPont (US) with a 47% and a 21% market share, respectively, supplied more than
two-thirds of the global enzyme market. There are currently about 4050 industrial
enzymes that are produced at industrial scale, i.e., in tonnes/annum. Among these
industrial enzymes, hydrolases (proteases), amylases, cellulases, and lipases account
for the largest share in the global enzyme market [3].

Currently, in the fields of commerce and technology, enzymes are categorized
into four types, as listed in Table 2 [3].
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Table 2. Application-based classification of enzymes and representative examples.

Category Enzyme Reaction Source Application

Industrial Acid/Alkaline Protein Aspaglive Bl el e

Catalysts proteases digestion niger / Bacillus | Detergents and
species washing powder

Removal of L-

Therapeutic L-Asparaginase asparagine | E. coli Chemotherapy

agents from tumors
Detection and
. Glucose Aspergillus quantification of
':;TIZ:"; 2l OG)I(lIJ dCaOSS:/ eroxidase oxidation / De- | niger / glucose in blood /
9 P oxidation Horseradish hormones and
antibodies
Manipulative DNA Thermus DNA amplification in
ools for genetic | DNA polymerases . ;
. ; synthesis aquaticus PCR
engineering

1.1.6 Extremozymes and thermozymes

The word ‘extremophile’ is a combination of two different words: ‘extremus’, a Latin
word meaning ‘utmost/outermost’, and ‘philos’, a Greek word meaning ‘friend’. In
the scientific literature, the term ‘extremophiles’ refers to biological organisms found
in the extremities of nature. The extremities can be of any form, such as temperature,
pH, pressure, salinity, and radiation (Table 3). Most of these extremophiles are found
in just one extremity, but some, such as Bacillus licheniformis, can tolerate more
than one extreme habitat and are known as ‘polyextremophiles’. Extremophiles
could be viruses, bacteria, fungi, archaea, prokaryotes and/or eukaryotes [22—24].

Extremophiles that thrive at high temperatures are known as thermophiles (45—
80 °C) and hyperthermophiles (above 80 °C). In lower temperatures, they are
categorized as mesophiles (15-45 °C) and psychrophiles (-5-20 °C). Enzymes
obtained from such extremophiles are known as thermozymes, hyperthermozymes,
mesozymes, and psychrozymes, respectively. The degree of enzymatic stability
against temperature (thermotolerance) increases gradually from psychrozymes to the
hyperthermozymes [25].

Table 3. Categories of extremophiles and representative microorganisms.

Extremity Termed as Examples
Temperature Psychrophiles / Thermophiles Clypleoenis EuiEni /
Thermatoga maritima

. . _ Pithomyces chartarum /
pH Acidophiles/Alkaliphiles Alcaligenes faecalis
Pressure Piezophiles Colwellia marinimaniae
Salinity Halophiles Aspergillus sydowii
Radiation Radiophiles Deinococcus radiodurans
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1.1.7 Enzyme Thermostability

Enzyme thermostability refers here to the property of enzymes to operate at high
temperatures while maintaining their catalytic activity. There is not a fully defined
mechanism yet available to explain enzyme and in general protein thermostability.
Although Arrhenius equation provides protein folding/unfolding kinetics, there are
several other factors involved in thermostability. This is because a protein carries
numerous features such as, a unique sequence, ion pairs, hydrogen bonds, hydrophobic
interactions, disulphide bridges, packing, folding and unfolding entropy, and intra-chain
interactions [26-29]. Every protein has a distinctive set of features that affect its
thermostability. For example, a higher percentage of charged amino acid residues (Asp,
Glu, Arg, and Lys) has been observed in various thermophilic enzymes. These charged
residues lead to increased ion interactions, eventually influencing the resistance of the
enzyme to high temperatures [30,31]. Increased number of charged residues, particularly
at the surface of the proteins, is crucial for improving protein thermostability [32,33].
Similarly, a stronger hydrophobic interior has been proposed as major thermostability
contributing factors in other enzymes [34].

Enzyme flexibility also plays a role in thermostability. A comparative analysis
between mesophiles and thermophiles suggested that thermophiles had a higher
proportion of amino acid residues such as Asp, Glu, Arg, Lys, and Tyr as compared to
the Ala, Asn, Gln, Thr, Ser, and Val residues [33,35]. The percentage of these amino
acid residues may affect enzyme flexibility, which in turn imparts enzyme
thermostability [36]. Likewise, Pro and Gly residue percentages in an enzyme
manoeuvre thermostability as they reduce or induce backbone entropy, respectively [28].

Thermostability in an enzyme can be achieved either by natural selection or by the
available scientific means, that is, protein engineering. Although researchers have been
devising and reporting different protein engineering strategies in the last decade, site-
directed mutagenesis and directed evolution have been the most used approaches in
practice. Table 4 illustrates the key differences between the two approaches [37,38].

Table 4. Key features of directed evolution and site-directed mutagenesis.

Directed Evolution (DE) Site-directed Mutagenesis (SDM)

DE is an iterative process of generating SDM creates mutants by incorporating, substituting
variant libraries and screening. and/or deleting a specific codon of a gene of interest.
Mutants of desired traits obtained in each |PCR is employed to amplify the desired fragment
cycle serve as template for the next cycle. | containing the mutation.

No prior knowledge of protein structure is | Prior knowledge of protein structure is required.
required.
DE experiments provide the full Disadvantages are low success rate, time-
evolutionary trajectory of a given trait. consuming, and high cost.

In DE experiments, the development of a | Low protein yield, expression variability, and
suitable screening is the major challenge. |incorrect folding are also observed in SDM.
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Currently, artificial intelligence (AI) and computational methods are also in
practice to improve thermostability profiles of enzymes. Al can be used to guide
directed evolution, automate the design process, develop efficient models, and
predict enzyme structures. Machine learning (ML) and artificial neural networks
(ANNSs) are the key drivers in developing Al-based programs. For instance, FuncLib,
an automated program for designing multipoint mutations at the active site of protein
and implemented as a web server was developed using computational methods.
FuncLib algorithm utilizes phylogenetic analysis, and Rosetta design calculations
for yielding the best possible outcomes. Similarly, MutCompute is another machine
learning-based program for protein mutagenesis prediction and 3D visualisation
[39,40].

1.1.7.1 Determining thermostability

There are certain methods both in vitro and in silico available to measure and/or
predict thermostability. /n vitro methods include calorimetric and spectrometric
techniques. Differential scanning calorimetry (DSC) is an example of a calorimetric
technique in which the enthalpy of unfolding of a protein is directly determined along
with the melting temperature (Tm) and rate constant of thermal denaturation (k)
[41,42]. Differential scanning fluorimetry (DSF), also known as thermofluor, is
another thermal shift assay technique like DSC. However, in DSF, specialized
fluorogenic dyes, such as SYPRO™ Orange, are used and changes in fluorescence
are measured at thermal unfolding of the protein. DSF is a high-throughput technique
and requires very small amount of sample [43]. Circular dichroism (CD)
spectroscopy is a technique used to study the unfolding of a protein structure using
ultraviolet light (UV). The radiation used in CD can be far-UV or near-UV to
measure the unfolding of the secondary or tertiary structure of a protein, respectively.
[44]. Both techniques (DSF and CD) are in general practice, however, limitations
such as the high protein purity required in DSF and detection limits in CD may affect
enzyme activity/stability data profile.

In silico methods include computational and machine learning methods for
predicting the thermostability of a protein. Researchers have developed several
prediction models based on the structure, sequence, and molecular dynamics
simulations of proteins in solution. Computational programs available can perform
extensive protein structural homolog searches, analyze protein folding patterns,
evaluate amino acid compositions, quantify electrostatic interactions, and predict
mutation hotspots and melting temperatures. ProThermDB
(https://web.iitm.ac.in/bioinfo2/prothermdb/index.html) is one such thermodynamic
database for proteins and mutants. /n silico approaches for predicting thermostability
are more robust, less time-consuming, and cost-effective. However, achieving high
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prediction accuracy and efficiency remains a challenge for developers. Most
available programs could only claim moderate accuracy owing to the complex and
multifactorial nature of thermostability [45,46].

1.1.8 Thermozymes of Interest

In this thesis, we have investigated four thermophilic enzymes that belonged to the
EC 3, EC 1, and EC 4 class of the EC system. This section discusses the given EC
class characteristics and applications in detail.

1.1.8.1 Hydrolases

Hydrolases are enzymes that catalyze a hydrolysis reaction and belong to the class
EC 3. These enzymes have been further divided into 13 subclasses, that is, EC 3.1 —
EC 3.13, based on the chemical bonds they hydrolyse. For example, enzymes of
subclass EC 3.1, EC 3.2, EC 3.3, and EC 3.4 cleave an ester, glycosidic, ether, or
peptide bond and are therefore known as esterases, glycosidases, ether hydrolases,
and proteases/peptidases, respectively. A hydrolysis reaction of the peptide bond is
given below.

H:N-C(R1)-CO-NH-C(R2)-COOH + H20 — H:N-C(R1)-COOH + H:N-C(R2)-COOH

Hydrolases break biopolymers into smaller molecules and are involved in
processes, such as digestion, transport, excretion, and regulation. Hydrolases hold
approximately two-thirds of the share and are the largest contributor to the global
market for industrial enzymes. Notably, glucosidases, proteases, and lipases account
for more than 70% of all enzyme sales [47,48].

1.1.8.1.1 Glucosidases

Glucosidases belong to the family of glycoside hydrolase 3 (GH3) in subclass EC
3.2.1.21. These enzymes are involved in the hydrolysis of cellulose, which is the
most abundant and renewable non-fossil carbon source on Earth. Cellulose is
composed of repeated cellobiose units linked by B-1,4-glycosidic bonds. This
bonding in cellulose confirms the crystallinity of the structure with very few
amorphous regions. Thus, a set of synergistic cellulases is required for complete
digestion of cellulose into glucose units. This set consists of endoglucanases,
exoglucanases, and B-glucosidases. Endoglucanases act on amorphous regions of the
cellulose polymer and expose the reducing/non-reducing ends of cello-
oligosaccharides for the exoglucanases to act and yield cellobiose. B-glucosidases
further catalyse cellobiose to glucose monomers [49,50].
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Glucosidases are categorized as a- and B-glucosidases, depending on the
orientation of the glycosidic bond they cleave. They are abundant in nature; o-
glucosidases are predominant in mammals while B-glucosidases are ubiquitous and
can be found in animals, plants, bacteria, and fungi [51]. Filamentous fungi have also
been recorded as the major producers of B-glucosidases. B-Glucosidases can be
successfully expressed in yeast (S. cerevisiae and P. pastoris), bacteria (in E. coli
with pET expression vectors ) and fungi (e.g., Aspergillus sp. and Trichoderma sp.)
[52].

B-Glucosidases are emerging as significant catalysts in the conversion of
lignocellulosic plant biomass to biofuels (ethanol, butanol and hydrocarbons). Li et
al. [53] reported cloning and characterization of a B-glucosidase from rumen
microbes of cattle feeding with Miscanthus sinensis (Chinese silver grass) plant. This
plant has been reported as an ideal for biofuel production. B-glucosidases have an
established role in wine, tea, and other beverage industries. They are employed for
catalyzing a reaction that releases aromatic compounds from glycosidic precursors
in fruit juices and fermenting products [54]. A P-glucosidase isolated from
Thermomicrobium roseum and expressed in E. coli has been reported to be stable at
pH range of 5.5 — 10.0 and temperature above 70 °C. It has been found active in
high-temperature cellulose hydrolysis to reduce sugars from seawater [52]. Owing
to their high pH sensitivity for determining biochemical changes, B-glucosidases are
also used as soil biochemical indicators [55].

1.1.8.2 Oxidoreductases

Oxidoreductases are enzymes that catalyze oxidation/reduction reactions and belong
to the class EC 1 in the EC system. They are further divided into subclasses based
on the substrate upon which they act. For example, oxidoreductases of EC 1.1.1, EC
1.3.1, and EC 1.5.1 subclass enzymes act on the CH-OH, CH-CH, and CH-NH
groups of donors, respectively. Oxidases, dehydrogenases, reductases, dismutases,
and oxygenases are different types of oxidoreductases [11,48,56]. A simple redox
reaction is given below.

AH+B —» A+ BH (reduced), A+O —p AO (oxidized)

1.1.8.2.1 Superoxide Dismutases (SODs)

SODs are antioxidant metalloenzymes and belong to the subclass EC 1.15.1.1 of
oxidoreductases. Copper, zinc, manganese, iron, and nickel are commonly found
metals in SODs. Generally, SODs are named based on the metal they contain, for
example, SODs containing iron or nickel are referred to as FeSODs or NiSODs,
respectively. The metal at the active site acts as a mediator to transport electrons
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from one oxygen molecule to another, and the oxidation-reduction catalysis reaction
is carried out. During cellular metabolism, oxygen undergoes a series of reductions
to produce superoxide (O:’), hydroxyl radicals (HO¢), and hydrogen peroxide
(H20,). These unstable molecules are also known as highly reactive oxygen-
containing species (ROS). ROS cause oxidative stress and are involved in damaging
intracellular targets such as proteins, lipids, and DNA. Therefore, living organisms
have developed antioxidant enzymes as a defence strategy, including SODs to
detoxify the ROS [48,57].

SODs are found in both prokaryotes and eukaryotes. SODs in eukaryotes are
divided into three classes based on their cellular localization and metal cofactor.
SOD1 and SOD2 enzymes contain Cu*?/Zn*? and Mn*? as metal cofactors and are
found in the cytoplasm and mitochondrial matrix, respectively. However, SOD3
enzymes are found in the extracellular fluid with Cu*?/Zn*? as metal cofactors. SOD1
are 32 kDa homodimer enzymes, and its catalytic activity is mainly attributed to the
presence of copper, whereas the presence of zinc is attributed to protein folding and
stability of the enzyme’s molecular structure. SOD2 are 96 kDa homotetramer
enzymes with manganese as the metal cofactor required for their catalytic activity.
SOD3 are 135 kDa homotetramer enzymes. They are found in extracellular fluids
such as blood, lymph, and synovial fluid. In most species, they are found as dimers
linked with disulfide bridges [58].

1.1.8.2.2 Lytic Polysaccharide Monooxygenases (LPMOs)

LPMOs are auxiliary activity (AA) enzymes that aid other Carbohydrate-Active
Enzymes (CAZy) in achieving maximum yield of cellulose hydrolysis. They belong
to the oxidoreductase class (EC 1) in the EC system. According to the CAZy
database, AA enzymes are classified into 17 families (AA1-AA17), 9 families of
lignolytic enzymes, 7 families (AA9-AA11l, and AA13-AA16) of LPMOs, and an
indistinct AA8 family. [59]. Members in each of these families share sequence
similarity, biochemical characterization, and/or three-dimensional structure [60].

LPMOs are found abundant both in bacteria and saprophytic fungi. However, the
majority of fungal LPMOs fall into 5 LPMO families: AA9, AA11, AA13, AA14,
AA16 [61,62]. LPMOs are metalloenzymes as they require a metal ion at the active
site to perform catalytic activity. For example, members of the AA9 family are
copper-dependent LPMOs (formerly GH61) and catalyse xylan and cellulose
polysaccharides through hydroxylating or dehydrogenating activity at -C1 or -C4 of
the glycosidic bonds [59,63].

LPMOs have numerous industrial and biotechnological applications.
Lignocellulosic biomass is abundantly available in nature and can offer an alternative
in the form of biofuels. However, owing to the recalcitrant nature of this complex
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polysaccharide, a cocktail of enzymes is required for complete bioconversion.
LPMOs act on crystalline polysaccharide chains and disrupt their structure, making
them more accessible to hydrolytic enzymes for catalytic reactions. LPMOs from
AA9 and AA10 families are therefore considered as boosters of lignocellulosic
biomass conversion due to their catalytic efficiency on crystalline polysaccharides
[64].

AA9 LPMOs can have synergistic interactions with other enzymes such as
cellulases. Synergistic interactions are observed because cellulose oxidation by AA9
LPMOs exposes more ends of the cellulose polysaccharide for cellulase enzymes to
act upon. For example, an LPMO isolated from Gloeophyllum trabeum (GtGH61)
confirmed the synergistic effects with endoglucanase (GtCel5B) and xylanase
(GtXyl10G) on lignocellulosic biomass conversion [65,66].

Another example of synergistic interactions can be seen in case of Trichoderma
reesei, an industrial cellulase producer, was found to express low levels of three AA9
LPMOs in its secretome. It was suggested that the introduction of exogenous AA9
LPMOs would significantly increase the catalytic efficiency of the enzyme solution
from T. reesei [66]. This was confirmed by Harris et al. [67], as they halved the
cellulase required for saccharification by expressing TaAA9A in T. reesei.
Moreover, the addition of AA9 LPMOs can also increase the glucose yield in
lignocellulosic biomass conversion [67].

1.1.8.3 Lyases

Lyases, also known as transeliminases, are enzymes involved in the cleavage of
C-C, C-0, and C-N bonds. These enzymes may also cleave other bonds, such as
those between C-S and N-O. Lyases do not utilize hydrolysis or oxidation processes
for their reaction catalysis and belong to class 4 in the EC system. A simple reaction
catalyzed by lyases is given below.

RCOCOOH —» RCOH + CO:

They are further divided into subclasses ranging from 4.1 to 4.99, based on the
type of bond they cleave. For example, enzymes of subclass 4.1 catalyze the
breakage of C-C bonds and are further categorized as decarboxylases (EC 4.1.1),
aldehyde-lyases (4.1.2), and other C-C lyases (EC 4.1.99). Similarly, enzymes of
subclass 4.2 catalyze reactions involving cleavage of the C-O bond. Its sub-
subclasses are formed based on eliminated groups of the reactions they catalyze, for
example water (hydrolyases, EC 4.2.1), alcohol from polysaccharides (EC 4.2.2),
phosphate (EC 4.2.3.), or other group (EC 4.2.99). Lyases are also categorized based
on the substrate on which they act. For example, polygalacturonate lyase and
polymethylgalacturonate lyase act on pectate and pectin, respectively [68,69].
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1.1.8.3.1 Carbonic anhydrases (CAs)

Carbonic anhydrases are lyase enzymes that catalyze the reversible hydration and
dehydration of carbon dioxide and bicarbonate, respectively. These enzymes are
classified as EC 4.2.1.1 and are considered as the most efficient enzymes with a
catalytic turnover rate of 600 000 substrate molecules (CO, and H,O) into the
products (HCO3™ and H") in every second per molecule of the enzyme. The reaction
catalyzed by CA is given below.

CO: + H20 # H2CO3

CAs are metalloenzymes with zinc as the metal cofactor required for the catalytic
activity. Besides zinc, in most cases, the active site has three histidines as catalytic
residues. Some CAs may also contain cysteine and/or glutamine as catalytic residues.
From an evolutionary perspective, CAs can be categorized into three families: a-
CAs, B-CAs, and y-CAs. a-CAs are generally found in vertebrates, eubacteria, algae,
and in the cytoplasm of green plants. B-CAs are predominantly found in eubacteria,
algae, and chloroplast of mono- and di-cotyledons. y-CAs are found in methanogenic
bacteria in hot springs. CAs have also been discovered in marine diatoms (6- and C-
CAs) and Plasmodium species (n-CAs) [3,70-72].

The growing population and the rampant use of fossil fuels are considered key
reasons for the elevated CO, concentration in the atmosphere. This not only causes
the global temperature to rise but also depletes the ozone layer. CAs are gaining
significant importance because of their ability to capture and store atmospheric
carbon. Although the carbon capture and storage (CCS) process is challenging owing
to the high temperatures and the presence of metals and ionic concentrations, several
thermostable CAs have been proposed and tested, some examples of which are given
in Table 5 [72,73].

Table 5. CAsin CCS.

Obtimum Retained CO2
CAs Source Acronym P hydration
temperature g
activity
Sulfurihydrogenibium o o
a-CAs yellowstonense SspCA 95°C 100 °C for 3 h
Ifurih ibil
Sulfurihydrogenibium SazCA 80 °C 100 °C for 3 h
Azorense
Methanobacterium o 75 °C for 15
B-CAs thermoautotrophicum Cab 65 °C mins
Methanosarcina . 55 °C for 15
y-CAs thermophila MtCam Not Determined mins
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CCS systems, if implemented, could reduce 14 % of CO, emissions by 2050
[73]. Several solutions have been suggested to achieve efficient CCS systems, such
as biomineralization and biocatalytic gas-liquid membrane contractors for industrial
applications. During biomineralization, CO, reacts with minerals such as Ca* or
Mg*? and is stored in the form of mineral carbonates [73,74]. A psychrophilic and
halotolerant o-CA isolated from Photobacterium profundum SS9 (PprCA) was
found to be a potential accelerator of CO, biomineralization in the presence of Ca*?
ions under alkaline conditions. PprCA also exhibits efficient CO, hydration in both
acidic and alkaline pHs [75]. On the other hand, Fu et al. recently designed
MemZyme technology in which mixture of commercially available CAs (a CA from
Desulfovibrio vulgaris from Codexis, Inc, and bovine CAs from Sigma-Aldrich)
were embedded in an ultrathin nanoporous silica membrane for efficient CO»
sequestration [76].
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Aims

In this thesis, we aimed to provide structural insights into enzymes found in
thermophilic organisms, identify their thermostability contributing factors, and
evaluate their thermostability by comparative analysis with other enzymes of the
same class. The studied enzymes were chosen based on the availability of their
native/mutant form, biochemical characterization data, and their potential
significance to biotechnology towards green chemistry and sustainable development.

The specific aims are given below:

30

To determine and analyze the three-dimensional structure of a [-
glucosidase from the thermophilic fungus Chaetomium thermophilum
(CBGL).

To determine and analyze the three-dimensional structure of an AA9
LPMO from the thermophilic fungus, Thermoascus aurantiacus
(nTaAA9A).

To determine and analyze the three-dimensional structure of a superoxide
dismutase from the thermophilic fungus Chaetomium thermophilum
(CtrSOD).

To determine and analyze the three-dimensional structure of a carbonic
anhydrase from the thermophilic bacterium Caloramator australicus (y-
CaCA).



3 Materials and Methods

3.1 Expression and purification

3.1.1 CtBGL expression and purification

Chaetomium thermophilum is a spore-forming fungus, generally found in the upper
layer of the soil growing at rotten organic compounds, bovine dung, and compost. A
B-glucosidase from Chaetomium thermophilum (CtBGL) was expressed in Pichia
pastoris GS115 cells and purified by ion-exchange chromatography. The purity of
the protein was assessed by SDS-PAGE [77]. CtBGL activity was determined with
salicin using the Miller’s method. The purified recombinant CfBGL was a 119 kDa
glycoprotein with optimum catalytic activity at pH 5.0 and 60 °C [78].

3.1.2 nTaAA9A expression and purification

Thermoascus aurantiacus is also a spore-forming fungus, generally found in hot
springs and decaying organic debris. 7. aurantiacus strain was isolated from fresh
horse dung. n7TaAA9A was purified from 7. aurantiacus (native TaAA9A) by ion-
exchange chromatography on a DEAE-Sepharose column (GE Healthcare, Chicago,
IL, USA), followed by gel filtration on an Enrich SEC650 column (Bio-Rad,
Hercules, CA, USA). The concentration and purity of n7aAA9A were measured
using Lowry’s method and SDS-PAGE, respectively. The band of interest of purified
nTaAA9A was cut out after visualization on SDS-PAGE [77,79-81]. The amino acid
sequence of the excised nTaAA9A protein band was determined by LC-MS/MS
using nano-L.C combined with a mass spectrometer [82].

3.1.3 CtSOD expression and purification

Superoxide dismutase from Chaetomium thermophilum (CtSOD) czI gene was
expressed in P. pastoris GS115 cells and purified with a single ion-exchange
chromatography step. The purity of the recombinant CtSOD was assessed using
SDS-PAGE [77]. CtSOD activity was measured using the method of Stewart and
Bewley [83].
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3.14 y-CaCA expression and purification

Caloramator australicus is an anaerobic, gram-positive, sporogenic, rod-shaped,
thermophilic bacterium. It has an optimum growth pH and temperature of 7 and
60 °C, respectively. It has been reported to be widely distributed on the globe,
especially in heated subsurface aquifers in Australia and India, and in methanogenic
sludges. A putative sequence with 95% sequence identity to the y-type carbonic
anhydrase from Caloramator australicus (y-CaCA) was obtained by 16S microbial
community profiling at three sites from the geothermal spring of Polichnitos
(Lesvos, Greece). The sequence was amplified by PCR, cloned, and expressed in E.
coli as a 6-His tagged protein. The PCR-amplified sequence was cloned into the T7
expression vector to generate a 6xHis-tag plasmid. This plasmid was used to
transform the E. coli expression host. The protein was purified using immobilized
metal ion affinity chromatography on a Ni-NTA-Sepharose affinity column, and the
purity was determined using SDS-PAGE [77]. The 6xHis-tag was left on while
purification and crystallization.

3.2 Crystallization

The studied enzymes have not been crystallized before, therefore at least four
commercial crystallization screens of 96 conditions each were initially setup to
establish promising crystallization conditions for each enzyme. These conditions
were further refined, and crystals were improved in size and quality suitable for X-
ray data collection.

3.2.1 CtBGL crystallization

The purified CrBGL protein solution was concentrated to ~10 mg/mL using Amicon
Ultra Centrifugal Filters (10,000 MW cut-off) (Millipore, MA, USA) in 10 mM
HEPES—NaOH, pH 7.0 buffer. Hanging-drop vapor diffusion method was employed
to obtain CtBGL crystals at 16 °C using a well solution of 35—45% v/v MPD (Sigma-
Aldrich, St. Louis, MO, USA). The drops were prepared by mixing 2 pL of the
protein solution with an equal volume of the well solution. CrBGL crystals grew as
octahedra (Figure 2) to a maximum size of approximately 0.06 x 0.06 x 0.08 mm?
within a period of 1 month.
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60 um

Figure 2. Crystals of C{BGL. The size of
the largest crystal is depicted.

3.2.2 nTaAA9A crystallization

nTaAA9A protein concentration of up to 10 mg/mL in buffer was achieved with 10
mM NaOAc, 0.002% NaN; w/v, and pH 4.8. The vapor-diffusion hanging drop
method was used to create crystals at 16 °C using a well solution of 0.2 M ammonium
sulfate, 0.1 M HEPES-NaOH pH 7.5, and 25% w/v PEG 3350. The drops were
prepared by mixing 2 uL of the well solution with 2 uL. of the protein solution and
equilibrated against 0.8 mL of reservoir solution. n7TaAA9A crystals started to
appear within a week in the form of clusters. Although single crystals were difficult
to be isolated from the cluster, X-ray data collection was performed (Figure 3).

(a) (b) (c)

20 |.|m> - o E . ‘

Figure 3. (a) nTaAA9A crystals, (b) crystal mounting, and (c) X-ray diffraction image.

3.2.3 CtSOD crystallization

Purified CtSOD was concentrated to 10.5 mg ml™' by ultra-filtration using AmiconR
Ultra Centrifugal Filters (10 000 MW cut-off) (Millipore) in 20 mM Tris-HCI buffer
(pH 8.2). CtSOD crystals were grown using the hanging-drop vapor-diffusion
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method at 16 °C using NaK phosphate 1.2-1.4 M, pH 8.2, as the precipitant. The
drops were prepared by mixing 2 uL. of the well solution with 2 puL of the protein
solution and equilibrated against 0.8 mL of reservoir solution. Single fine-quality
crystals were obtained and mounted for X-ray data collection.

3.2.4 y-CaCA crystallization

v-CaCA protein was concentrated to 14
mg/ml in buffer HEPES 10 mM (pH 7.0),
NaCl 150 mM, and NaN3 0.002 w/v, before
crystallization. Crystals were obtained in the
presence of 20% PEG 4K and 0.2 M sodium
formate using the hanging-drop vapor
diffusion method at 16 °C. The drops were
prepared by mixing 2 pL of the well solution
with 2 pL of the protein solution and
equilibrated against 0.8 mL of reservoir
solution. The obtained crystals were rod- 100 pm
like in shape (Figure 4).

Figure 4. Typical crystals of y-CaCA.
3.3 Data collection and processing

3.3.1 CtBGL data collection and processing

CtBGL X-ray diffraction data were collected at EMBL-Hamburg (c/o DESY) on the
X13 (L =0.8123 A) beamline using a MARCCD detector. No extra cryoprotectant
was required because the crystallization's MPD content provided the required
cryoprotection. A full dataset of one hundred and fifty images was collected from
single crystal at cryogenic (100 K) temperature with a rotation range of 0.45° and
exposure time of 2 s per image. XDS [84] was used for data processing and scaling.
CtBGL crystals were found to belong to the tetragonal space group P4:2,2 with unit
cell dimensions of a=b=121.9 A, and ¢=264.9 A. Assuming one molecule in the
crystallographic asymmetric unit, the Matthews coefficient Vi [85], is 5.4 A/Da,
corresponding to a solvent content of ~77% .

3.3.2 nTaAA9A data collection and processing

nTaAA9A diffraction data up to 1.86 A resolution were collected at ESRF
(Grenoble, France) facility at cryogenic temperature (100 K) with 10% v/v glycerol
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present as a cryoprotectant. Later, the resolution of the diffraction data was extended
up to 1.36 A resolution at EMBL-Hamburg (beamline P13 at the PETRA III ring) at
wavelength (L) of 0.9762 A. A full dataset of 3600 images was collected from a
single crystal at cryogenic (100 K) temperature using a rotation range of 0.1° and
exposure time of 0.04 s per image. The XDS package [84] was used for data
processing, and AIMLESS from the CCP4 suite [86,87] was used to scale the
processed data. n7TaAA9A crystals were found to belong to the space group P2,2,2;
with unit cell dimensions of a=37.7 A, b=64.2 A, and c=88.5 A. Assuming one
molecule in the asymmetric unit, the Matthews coefficient Vi [85] was 2.13 A’/Da,
corresponding to ~42% of solvent content.

3.3.3 CtSOD data collection and processing

CtSOD X-ray diffraction data were obtained on station X11 (A =0.8047 A) of the
EMBL-Hamburg (c/o DESY). A single crystal flash-cooled at cryogenic temperature
(100 K) using 20% (w/v) glycerol as a cryoprotectant was used for data collection.
A flat-panel detector MARSS55 with a crystal-to-detector distance of 350 mm was
used to gather 200 images with a rotation range of 0.5° per image and exposure time
of 4 s per image. The data were processed and scaled using the XDS [84] package.
The crystal was found to belong to the P6; space group with unit-cell measurements
of a=b=89.11 A, and ¢c=310.37 A. Assuming eight molecules in the asymmetric unit,
the Matthews coefficient, Vi [85] is 2.31 A*/Dalton corresponding to a solvent
content of ~47%.

3.34 y-CaCA data collection and processing

y-CaCA diffraction data were collected up to 1.11 A resolution on the P13 beamline
at PETRA III synchrotron in DESY, Hamburg. A single y-CaCA crystal at cryogenic
temperature (100 K) was used to collect 7200 diffraction images with a rotation
range of 0.05° and exposure time of 0.01 s per image. The crystal was found to
belong to the P212,2; space group with unit cell dimensions of a=57.02 A, b=82.84
A, and ¢=98.50 A. Assuming three molecules in the asymmetric unit, the Matthews
coefficient, Vi [85], was 1.99 A%/Dalton , corresponding to ~39% solvent content.

3.4 Structure determination and refinement
3.4.1 CtBGL structure determination and refinement

Phaser [88], as implemented in PHENIX 1.15.2 3472 [89], was used to obtain the
initial phases through molecular replacement. The crystal structure of Aspergillus
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aculeatus B-glucosidase in complex with castanospermine (PDB ID 4IIF: sequence
identity 61.5%) was used as a search model. Side chains were pruned with Sculptor
[90] based on sequence alignment considerations. The search was initially performed
under the assumption of two molecules in the asymmetric unit, but no solution was
obtained. Consequently, the search was restricted to one molecule (high solvent
content), and a single solution in space group P4:2;2 was found based on the
statistics for one molecule (TFZ = 30.9). For refinement, maximum likelihood as the
target function was implemented in PHENIX 1.15.2 3472 [89], using simulated
annealing (1000 K). The refinement was alternated with model visualization and
rebuilding using Coot 0.8.9 [91]. Since the data was of low resolution, structural
overfitting to data was avoided by using tight restraints. The Rg.. (comprising 5% of
the reflections excluded from the refinement) value was monitored during the
refinement [92]. Rebuilding at places with poor electron density and ambiguous
atomic positions was performed using high-resolution structures. Data collection and
refinement statistics are summarized in Table 6.

34.2 nTaAA9A structure determination and refinement

For structural determination of n7aAA9A, the 3D structure of the recombinant 7.
aurantiacus AA9A (rTaAA9A) was used as a search model (PDB ID: 2YET). Phaser
[88] was used to obtain the initial phases with molecular replacement. A single
solution with a TFZ score of 33.8 for one molecule in the asymmetric unit was
obtained. PHENIX (v. 1.19.2) [89] was used for refinement with simulated annealing
and maximum likelihood as the target function. Ry (calculated using 5% of the data
excluded from the refinement) value was monitored during the refinement. Water
molecules were also added to the structure using automated procedures as
implemented in PHENIX [89]. Coot 0.9 [91] was used for visualization, rebuilding
and displaying electron density maps. A glycosylation site was identified at Asn138
based on the electron density difference map. Data collection and refinement
statistics are summarized in Table 6.

3.4.3 CtSOD structure determination and refinement

CtSOD initial phases were obtained through molecular replacement using Phaser
[88] as implemented in PHENIX [89]. Based on a sequence identity of ~70%, the
crystal structure of Saccharomyces cerevisiae Cu,Zn-SOD (PDB ID: 1F1G) was
used as a template for molecular replacement. Sculptor [90] was used to construct
the search model and prune the side chains according to the sequence alignment.
Assuming 8 molecules in the asymmetric unit, a solution with a Z-score of 62.4 with
all 8 molecules located was obtained. The initial model was subjected to automated
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model building using ARP/WARP 7.1 [93]. The model was inspected and
subsequently refined with REFMAC [94] in the CCP4 suite [87]. Further refinement
was performed using PHENIX 1.17.1-3660 [89] with simulated annealing and
maximum likelihood as the target function. Water molecules were also added to the
structure using automated procedures as implemented in PHENIX [89]. Ryree (5% of
the reflections) calculations were carried out to monitor the progress of the
refinement. Coot 0.9 [91] was used for visualization, rebuilding, and displaying the
electron density maps. Data collection and refinement statistics are summarized in
Table 6.

3.4.4 y-CaCA structure determination and refinement

Initial phases were obtained through molecular replacement using Phaser [88] as
implemented in PHENIX 1.20.1 [89]. The carbonic anhydrase from Clostridioides
difficile (PDB ID: 4MFG; sequence identity 57.7 %) was used as a template. Sculptor
[90] was used to prune the side chains of the template to develop a suitable search
model for MR. A unique initial solution was obtained with a TFZ score of 18.4. This
solution was subjected to further refinement iterations using simulated annealing in
PHENIX [89] and maximum likelihood as the energy target. Coot 0.9 [91] was used
for visualization and rebuilding of the structure. Rg.. was based on 5% of the total
reflections. During the refinement iterations, key values such as Rge., Ramachandran
plot, and difference map peaks were monitored. When the Ry stopped decreasing
in refinement iterations, anisotropic refinement was employed for non-hydrogen
protein atoms leading to further decrease of the Ry to 0.188. Data collection and
final refinement statistics are shown in Table 6.

3.5 Structure validation and analysis

All refined structures (CtBGL, nTaAA9A, CtSOD, and y-CaCA) were validated
with tools implemented in PHENIX [89], Coot 0.9 [91], and MolProbity [95].
Privateer [96] was used for testing the stereochemistry and conformation of the
sugars in glycosylation sites. UCSF Chimera 1.13.1 [97] was utilized for structure-
based sequence alignment and for making high-resolution figures. PDBeFold [98]
was employed to identify structural and sequence similarities between the query and
the deposited PDB structures. ESPript 3 [99] was used for rendering sequence
similarities and secondary structure details from aligned sequences. ESBRI
(http://bioinformatica.isa.cnr.it/ESBRI/) was used for calculating the salt bridges.
PDBePISA [100] was used for calculating solvent-accessible surface (SAS) area,
interface area, and H-bonds. ExPASy server (http://web.expasy.org/protparam/)
[101] was used for calculating the values of the charged residues. 2P2I Inspector
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[102] was used for identifying protein-protein interactions at the interfaces. FASTA
sequences and PDB structures were accessed from RCSB PDB [103] for comparison
and analysis.

Table 6. X-ray data collection and refinement statistics for thermozymes used in this thesis.

Datapc°"e°“.°“ and CBGL nTaAA9A CtsoD y-CaCA
rocessing
Beamline EMBL-DESY EMBL-DESY EMBL-DESY EMBL-DESY
X13 P13 X11 P13
Wavelength (A) 0.8123 0.9762 0.8047 0.8266
Resolionrange (&) | (5500 | (1a1136) | (Lear56) | (115.1.1)
Space group P441242 P212424 P64 P242424
Unit cell dimensions
a, b, c(A) 121.9,121.9, [37.7,64.2,88.5 89.1, 89.1, 57.0, 82.8, 98.5
264.9 310.37
a, B,y (°) 90, 90, 90 90, 90, 90 90, 90, 120 90, 90, 90
No. of molecules in a.u 1 1 8 3
No. of measurements 222508 559476 975382 2397040
(22974) (22595) (83309) (228028)
Unique reflections 41051 43359 194568 184092
(4513) (2631) (29651) (17915)
Completeness (%) 99.3 (98.6) 92.7 (58.5) 98.0 (92.2) 99.9 (99.7)
Mean I/sigma (I) 7.8 (1.4) 9.1 (0.8) 15.0 (1.15) 12.2 (0.8)
Wilson B-factor (A?) 46.2 22.1 26.6 14.5
Rmeas 0.287 (1.46) 0.218 (2.99) 0.008 (0.15) 0.086 (4.01)
CCip 0.978 (0.492) | 0.998 (0.251) | 0.999 (0.416) | 0.999 (0.416)
Refinement
No. of reflections used 38861 43220 194552 183904
Ruwork/ Riree 0.201/0.249 0.151/0.185 0.172/0.204 0.166/0.188
e e
Ligands 8 4 38 17
RMSD in bonds (A) 0.007 0.005 0.009 0.005
RMSD in angles (°) 0.94 0.87 1.05 0.89
Ramachandran favoured (%) 92.8 99.1 96.9 97.4
Outliers (%) 1.0 0.0 0.0 0.0
Clash score 10.4 25 5.3 5.5
Average B-factor (A?) 50.4 17.6 23.8 21.3
PDB IDs 6SZ6 7Q1K 6ZS1 9QEV
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4 Results and Discussion

4.1 Crystal structure of CtBGL

CBGL is a member of the GH3 family. As in other members of the GH3 family,
CtBGL also exhibits three distinct and conserved domains in its structure (Figure 5):
a catalytic triose phosphate isomerase (TIM) barrel-like domain, an o/ sandwich
domain and a fibronectin type III (Fnlll) domain. In most cases, the TIM barrel
domain along with the o/p sandwich domain houses the active site. The function of
the Fnlll domain has not yet been established, but it has been suggested that it
stabilizes the incomplete TIM-barrel domain [104].

Domain 3 ——b ’ ( ;&\(.\/‘/,J‘- Domain 2
A \&Loop Il

g ‘/ ' £ - o g . ; \ \\

Linker 2 === (2.4 /O
| h 3 = N ( y 3

, S QQ‘ ’/‘ I Linker 1

Loop IV

Loop |

\ N ) ) ]
Domain 14‘;%\ § % \/r\fN Loop II

LoopV_§ ‘(‘ ‘ ::

Figure 5. CtBGL overall structure in ribbon representation. The domains, linkers, and loops are
shown in different colors and labelled: Domain 1 (pink), Domain 2 (yellow), Domain 3
(green), Linker 1 (cyan), Linker 2 (red), Loop |-V (dark red, olive drab, purple, orange,
and coral, respectively). The figure was created using UCSF Chimera [97].
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Domain 1: In CtBGL 3D structure, TIM domain (Domain 1) ranges from
residues Trp51 to Val351. Domain 1 is the longest domain in CtBGL structure, with
approximately 300 residues, and it hosts the nucleophilic catalytic residue (Asp287).

Linker 1: Domain 1 is followed by the first linker region, which ranges from
residues Arg352 to Glu394. This linker region connects Domain 1 with Domain 2.

Domain 2: Domain 2 is an o/p sandwich domain that consists of residues
Asp395 to Tyr595. This domain is conserved among all the GH3 family enzymes.
CtBGL Domain 2 hosts loop III and loop 1V, that comprises of residues Pro434—
Val467 and Asn514-Asn536, respectively. Cysteine residues (Cys442 and Cys447)
are conserved in loop Il and play a role in loop III folding and stabilization by
forming disulfide bridge. Loop IV hosts the catalytic acid/base residue (Glu517) and
along with loop III forms a part of the active site. Residues such as Asp444, Ser458,
and Glu517 of loop IV are conserved and point towards the active site.

Linker 2: Domain 2 is followed by a second linker region ranging from residues
Gly596 to Thr663. This linker region connects Domain 2 to Domain 3 and plays a
role in stabilizing loops I and IV.

Domain 3: Domain 3 (Fnlll domain) is the third and last domain of the CrBGL
structure. It ranges from Phe664 to Asn867 residues that form a beta sandwich with
nine B-strands. Domain 3 also includes an insertion region ranging from residues
674-770. This extended insertion region, also known as loop V, encompasses
Domain I. Several conserved aromatic residues, namely, Tyr716, Tyr718, Tyr733,
and Phe740, are found in loop V. An asparagine residue (Asn720) is found to be N-
glycosylated and conserved in loop V.

411 Active site

The active site of CfBGL is located at the interface between Domains 1 and 2. The
structure of the active site resembles that of a shallow pocket buried mainly in
Domain 1 but also surrounded by Domain 2 and the linker residues. There are two
conserved catalytic residues present in members of the GH3 family at the active site:
a nucleophilic catalytic residue (Asp287) and an acid/base catalytic residue
(Glu517). Both catalytic residues are opposite in position but point towards each
other in the shallow cavity of the active site. Asp287 is located at the N-terminus of
the TIM-barrel domain, while Glu517 is located in loop IV of Domain 2 (Figure 6).
A B-D-glucose (BGC) molecule was found bound at the active site. The presence of
the BGC molecule was validated using Fo—Fc difference electron density maps. No
BGC was used during the crystallization or soaking process; however, its presence
in the structure suggests that it may have originated from the growth medium. An
additional electron density was observed at the active site next to the BGC, which
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may suggest a bound buffer molecule, MPD from the crystallization mother liquor,
or a partially bound glucose molecule.

\o/

Figure 6. Active site of CtBGL. The catalytlc residues Glu517 (acid/base) and Asp287
(nucleophilic) are shown in orange and pink colors, respectlvely, by heteroatom feature.
BGC is shown at the center of the active site in ‘ball & stick’ depiction. Hydrogen bonds
formed by the catalytic residues are depicted with distances. The figure was created
using UCSF Chimera [97].

4.1.2 Glycosylation

Asparagine (Asn) residues in CfBGL are found involved in glycosylation and are
conserved at the glycosylation sites. In total, 10 glycosylation sites were observed in
the CrBGL structure. All these sites were present on one face of the molecule, that
is, the face bearing the active site. The key sugars involved in glycosylation were N-
acetyl-p-D-glucosamine (NAG), B-D-mannose (BMA), and a-D-mannose (MAN).
In CrBGL, 27 glycans were found, ranging in length from a single sugar to multiple
sugars bonded in chains. The longest glycan chain was observed in Domain 1 of the
CtBGL structure at the corresponding Asn329 residue, with eight sugar molecules.
The largest N-glycan moiety displayed pi-sigma interactions and H-bonds with
Domain 1 and Domain 3 residues.

Glycans participate in hydrogen-bonding interactions at the dimer interface and
may help stabilize crystal packing [105]. Protein-glycan interactions are important
for the binding affinity between cellulose and aromatic compounds [106—108]. Two
glycosylated Asn residues, which provide protein-glycan interactions between the
two chains, were found conserved at the interface of the compared p-glucosidases.
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In the CtBGL dimer structure, only one of these two Asn residues is present, Asn531,
which is glycosylated with two monosaccharide molecules. The missing Asn residue
may indicate a higher instability of the CfBGL crystals and reduced intermolecular
interactions in the crystal lattice. Indeed, the CfBGL crystals were found to be very
fragile and easily dissolved, posing a serious challenge during mounting.

4.1.3 CtBGL thermostability

CtBGL was thermally stable at 50 °C and retained half of its activity after incubation
at 65 °C for 55 min. This enzyme also retained 29.7% of its activity after incubation
at 70 °C for 10 min. For most other thermophilic fungal B-glucosidases, CtBGL
exhibits comparable thermostability, as previously reported [78]. In contrast, -
glucosidase from A. fumigatus (AfBG) was found to be highly thermostable and able
to retain most of its activity for at least 19 h at 65 °C [78,109].

4.1.4 Structural comparison

The CtBGL structure was compared with the structures of glucosidases from
Neurospora crassa (NcCel3A, PDB ID: 5NBS), Aspergillus aculeatus (AaBgll,
PDB ID: 41IF), Rasamsonia emersonii (ReCel3A, PDB ID: 5JU6) and Hypocrea
jecorina (HjCel3A, PDB ID: 3ZYZ) for determining structural differences and
unique features. Matchmaker from UCSF Chimera [97] was employed for this
purpose. Structural comparison revealed key differences in structural domains, loop
and the linker region, active site, and the glycosylation sites.

Domain 1 was found to be highly conserved among the compared structures,
with slight differences. The collapsed TIM-barrel model of Domain I is vital for the
proper accession of the active site. It was found that near the active site, the second
B-strand (Gly87 to Thr89) of the barrel was much shorter and antiparallel, which
creates an active site much wider and accessible when compared with other GH3
enzyme structures with complete TIM-barrel fold.

In sequence alignment with CfBGL, AaBgl1[110] showed missing residue at
positions 669—675 in Domain 3 of the structure. This is why some structural changes
are observed in the respective positions of both structures, especially in CtBGL.

Linker region 1 is 42 residues long in CtBGL when compared with HjCel3A
[111], where the linker region is only 18 residues long. The NcCel3A [112] linker
region is also 42 residues long (341-383) and contains a distinct 25 residue long
insertion (351-376) region. This insertion region has also been termed as the
hydrophobic linker region and/or loop II, which is rich in aromatic residues and plays
a role in the action of the enzyme in organic solvents. Loop II region also contains
residues such as Phe366, Trp367 and Trp377 that line up along one side of the
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substrate binding site and help in stabilizing by interactions with N-glycans from
neighbouring glycosylated Asn residues e.g., Asn57 in NcCel3A [113].

Domain 3 hosts loop V and differences were observed in this loop among the
compared structures. Loop V was found present in CtBGL, NcCel3A, ReCel3A
[104], and AaBgl but missing in HjCel3A. Tyrosine and phenylalanine residues such
as Tyr716, Tyr718, Tyr733, and Phe740 were found highly conserved in loop V
among the compared structures. However, Tyr716 and Tyr733 were missing in
HjCel3A because of the missing loop V. In ReCel3A and 4aBgl1, Tyr718 is replaced
with a Trp residue. Moreover, Phe740 is substituted by Tyr and His residues in
ReCel3A and AaBgl1, respectively. Missing modelled residues were also observed
from 669-675 in Domain 3 of the 4aBgl1 structure owing to high flexibility. This
part of the structure, however, is visible in CfBGL.The catalytic residues in CfBGL
are Asp287 (nucleophilic) and an Glu517 (acid/base). The corresponding catalytic
residues in NcCel3A, ReCel3A, AaBgll and HjCel3A were positioned as
Asp276/Glu505, Asp277/Glu505, Asp280/Glu509, Asp236/Glud41, respectively.
CtBGL’s number of glycosylation sites were compared with other proteins to
evaluate the degree of glycosylation. ReCel3A and HjCel3A exhibited the highest
and lowest number of glycosylation sites i.e., 16 and 2, respectively [104]. The
number of glycosylation sites observed in NcCel3A and 4aBgll was 7 and 8,
respectively. CrBGL displayed a high number of GlcNAc-type N-glycans, whereas
ReCel3A and AaBgl1 showed high mannose-type N-glycans.

4.1.5 Thermostability contributing factors

The SAS values for the compared B-glucosidases, including CrBGL, were similar,
i.e. ~28100 A% However, the structure of HjCel3A from the mesophilic fungus
Hypocrea jecorina had the lowest SAS (22812 A?), owing to the smaller number of
residues and lack of loop V.

Charged residues in protein structures may contribute to thermostability [114].
A structurally stable configuration could possibly be achieved when both negatively
charged (Asp and Glu) and positively charged (Arg and Lys) residues are
proportionately optimal in a protein structure. The number of charged residues
showed significant differences when compared with other glucosidase structures. In
particular, HjCel3 A showed a reduced number of positively and negatively charged
residues, despite its high thermostability with an optimum temperature of 90 °C and
an unfolding temperature of about 88 °C depending on enzyme concentration [115].
These numbers were increased for B-glucosidase from other thermophilic and
mesophilic f-glucosidases. In addition, A/BG [105], despite its high thermostability,
is also characterized by a similar charged residue content, suggesting that the
strength of individual ion-pair interactions may play a major role.
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Glycosylation may also contribute to enzyme thermostability by promoting
interactions with amino acid residues. Glycosylation has been shown to improve
solubility, reduce agglomeration, and increase thermal stability of proteins
[116,117].The precise mechanisms by which glycosylation affects the overall
structure and function of proteins are poorly understood. Comparative analysis of
protein structures revealed that N-glycosylation does not result in local or global
structural changes. At certain temperatures, N-glycosylated proteins are typically
less stable and aggregate more easily than glycosylated proteins. Therefore,
glycosylation has been proposed to enhance the solubility, stability, and functionality
of enzymes [114,118]. The same melting temperature (74.0 + 0.2 °C) was found by
thermal stability measurements of HjCel3A samples with varying levels of N-
glycosylation, indicating that the effect of glycosylation is case-specific and that
other factors may be at play [119]. Interestingly, 7nBgI3B [120] lacks glycosylation
but shows significant thermostability. This is probably due to the large number of
charged residues. It cannot be denied that the moderate glycosylation of CfBGL
contributes to the limited stability of the enzyme compared to other more
thermostable B-glucosidases characterized by extensive glycosylation. However,
further studies are needed to better understand the role of glycosylation in B-
glucosidases and protein stability.

4.2 Crystal structure of nTaAA9A

The native TaAA9A (nTaAA9A) structure was refined to 1.36 A resolution with
Ryork and Ry 0f 0.151 and 0.185, respectively. nTaAA9A structure was determined
as a single polypeptide chain of 227 amino acid residues. The structure was found to
have 1761 protein atoms, 307 water molecules, 1 oligosaccharide (2-acetamido-2-
deoxy-beta-D-glucopyranose-(1-4)-2-acetamido-2-deoxy-beta-D-glucopyranose), 1
Cu?"ion, 1 Na* ion, 2 NAG (N-acetyl-glucosamine), and 2 glycerol molecules.

The first and last amino acid residues in the nTa AA9A protein sequence are His
and Gly, respectively. However, we see aberrations in these amino acid residues.
The first amino acid (His1) is methylated as 4-methyl-histidine (Hic as a 3-letter
abbreviation in PDB) while the last amino acid residue (Gly) was not visible in the
electron density map and thus could not be modelled due to its flexibility. The
methylation of His1 could also be observed in other LPMOs, though its role is still
unclear; it has been assumed to offer protection to the structure against oxidative
damage. LPMOs with or without this post-translational modification of Hisl
methylation are catalytically active. Generally, LPMOs produced in P. pastoris lack
His1 methylation [121,122].

In nTaAA9A structure, the Cu*" ion was found present at the N-terminus with a
temperature factor of 13.2 A% and occupancy of 1.0, suggesting a well-defined tightly
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bound ion. The Cu?"ion has Hicl and His86 as coordinating residues. The Cu**ion
is also observed in other LPMOs and is involved in the catalytic reaction. The Na*
ion is found present at the C-terminus of the n7TaAA9A structure surrounded by
water molecules. Two molecules of NAG were identified based on an electron
density map in the n7TaAA9A structure (Figure 7). Both NAG molecules were found
adjacent to each other and in close proximity to Asnl38 residue, suggesting a
glycosylation site on Asnl38. Moreover, a glycerol molecule (GOL) was also
observed close to the Cu?"ion and Hicl at the N-terminus.

Figure 7. nTaAA9A overall structure in ribbon representation. The secondary structure and
ligands are depicted in different colors: alpha helix (blue), beta strands (yellow), coil
(pink), Cu?* (goldenrod), Na* (grey), and GOL (green). Two NAG molecules from the
glycosylation site are shown in ‘ball & stick’. The figure was created using UCSF
Chimera [97].

421 Active site

The active site of n7TaAA9A can be observed as a shallow cavity located close to the
N-terminus of the structure. The active site was found comprised of Cu?"ion and
residues as Hicl, His86, Tyr175, and GIn173 (Figure 8). A GOL molecule was also
found pointing towards the active site. His164 and Serl65 were also observed
projecting towards the active site.

45



Mohsin Imran

Y.

! <@
. ) :
g . p |

Figure 8. Active site of nTaAA9A structure in ribbon representation. The secondary structure and
ligands are depicted in different colors: alpha helix (blue), beta strands (yellow), coil
(pink), Cu?* (goldenrod), and GOL (green). Distances between copper and coordinating
residues are shown. Hydrogen bonds between bound glycerol and protein residues are
depicted. The figure was created using UCSF Chimera [97].

4.2.2 Structural comparison

A structural comparison between the native (n7a¢AA9A) and recombinant
(rTaAA9A) [123] enzymes was performed using UCSF Chimera [97]. Structural
superpositioning resulted in an RMSD value of 0.43 A, indicating subtle differences
between the compared structures. However, noticeable deviations (0.8 — 2.4 A) were
observed in the following regions: 9—13, 25-30, 184-187, 202-203, and 213-217.

Asnl138 residue was found glycosylated in both structures. In n7TaAA9A, two
NAG molecules were successfully modelled, however a third NAG molecule was
also found present, but the electron density was not enough to model it. On the other
hand, only one NAG molecule was found present in the r7aAA9A structure. The
NAG molecules can position towards the shallow cavity of the loop and may interact
with GIn5, GIn78, and Asnl3 residues (Figure 9). In the case of rTaAA9A, the
interaction seems limited to the GIn78 since there was only one NAG molecule.
Moreover, the orientation of the Asnl38 side chain may also result in different
positioning of the glycan moieties, for example, in r7aAA9A, the NAG molecule
points outwards and thus exposed to the solvent. The minor differences found in the
surface residues may result in different solvent-accessible surface areas in both
structures i.e., n”TaAA9A (9285 A?) and rTaAA9A (9416 A?).
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Figure 9. Comparison of the Asn138 glycosylation site between nTaAA9A (pink) and rTaAA9A
(yellow). Both structures are depicted in ribbon representation. Distances between NAG
molecules and protein residues are depicted. The figure was created using the UCSF
Chimera [97].

4.2.3 Thermostability contributing factors

The thermostability of nTaAA9A was determined using high-performance liquid
chromatography with a refractive index detector (HPLC-RID). The successfully
measured C1 and C4 oxidation activities for n7TaAA9A were 0.646 and 0.574 U/mg.
However, for rTaAA9A, these values were 0.155 and 0.153 U/mg [123]. nTaAA9A
was hydrolyzed with trifluoroacetic acid (TFA) and the reaction product (i.e.,
gluconic acid) was detected. The experiment established that n7TaAA9A exhibits
high thermostability as after incubation for 30 min at 60, 70 and 80 °C, the enzyme
retained 84.3%, 63.7%, and 35.3% of its activity, respectively. There have already
been identified certain factors that may influence the thermostability of AA9A
enzymes. For example, the structure of 7aAA9A (PDB ID: 3ZUD) led to the
identification of a cluster of amino acid residues (Val90, Ser131, Leul34, and
Trp141) that may improve thermostability if steered optimally [124]. Using this
information, a thermostable variant of AfuAA9A was created (4fuAA9A var) and
its structure was determined at 1.87 A resolution. AfuAA9A var was found to have
a Tm 7 °C higher than the native enzyme [125]. This improvement in the melting
temperature was attributed to the elimination of unfavourable electrostatic
interactions in the enzyme. Thermostability improvement in AfuAA9A also provides
hints and leading clues for improving the thermostability of rTaAA9A.

There are few reports of LPMO thermostability using activity assays because of
the challenges in determining their quantitative activity. To date, thermostability of
only three LPMOs from non-thermophilic fungi, including AfuAA9A from
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Aspergillus  fumigatus, LsAA9A from Lentinus similis, and TcAA9A from
Talaromyces cellulolyticus, has been measured using differential scanning
fluorimetry (DSF), differential scanning calorimetry (DSC), and activity assays.
AfuAA9A exhibited a Tm of 68—69 °C, whereas LsAA9A demonstrated a thermal
inflection 7; of 71.8 °C. However, TcAA9A lost its activity after incubation at 50 °C
for 8 h [125-127].

Table 7 shows a comparison of the factors contributing to the thermostability of
LPMOs. Computational programs were employed for this purpose, and theoretical
measurements were recorded. For McAA9F [128], the temperature-dependent
stability was calculated using the SCooP algorithm, a Gibbs-Helmholtz equation-
based program [129]. This program calculates all thermodynamic quantities
associated with the two-fold transition of proteins, such as melting temperature (Tm),
standard folding enthalpy (Hm) measured at Tm, and standard folding heat capacity
(Cp). The findings in the table suggest that n7TaAA9A has significant thermostability
compared to McAA9F, as the former has a higher number of charged residues, Val
residue percentage, surface area, salt bridges, and melting temperature.

Table 7. Comparative statistics of thermostability parameters in AA9 LPMOs.

Parameter nTaAA9A | McAA9F | AoAA13 | TaGH61 | CvAA9_A | AfuAA9A
(7Q1K) (7NTL) (40PB) (2YET) (6YDE) (6H1Z)
Asp + Glu (-) 19 16 34 19 34 18
Arg+Lys (+) 7 7 14 7 24 10
Pro:Gly 0.84 1.04 0.65 0.84 0.91 0.57
Val (%) 5.3 4.1 43 5.3 8.7 4.4
Amino acid residues 228 222 233 228 252 229
SAS (A?) 9285.0 9034.0 9265.0 9416.0 9649.0 9363.0
Interface area, A2 4245 651.7 336.0 525.8 512.0 514.0
Intra-chain salt bridges 3 2 4 11 13 3
Instability Index 24.93 34.57 44.87 24.08 30.14 20.20
m"('?g)temperat“re 56.1 49.4 58.8 59.9 57.5 57.8

For amino acid, salt bridges, and surface area calculations, ExPASy ProtParam
(https://web.expasy.org/protparam/), ESBRI (http://bicinformatica.isa.cnr.itt ESBRI/introduction.html) and
PDBePISA (https://www.ebi.ac.uk/pdbe/pisa/) were used, respectively. Tm was calculated using
SCooP_v1.0 (http://babylone.ulb.ac.be/SCooPY/).

4.3 Crystal structure of CtSOD

The structure of C£SOD was refined to 1.56 A resolution with Ryork and Riee 0f 0.172
and 0.204, respectively. The observed RMSDs in bond lengths and bond angles were
0.009 A and 1.05 A, respectively. The Ramachandran plot (phi, psi) revealed that
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Results and Discussion

approximately 97% of all residues were in favoured regions, 2% were in allowed
regions, and none were in disallowed regions. Twenty-two residues with different
conformations were identified. Based on maximum likelihood calculations as
implemented in PHENIX [89], the coordinate error was 0.25 A.

The overall structure of CtSOD comprises eight molecules that are
symmetrically aligned opposite each other in the asymmetric unit (Figure 10). Each
molecule has a sequence length of 157 amino acid residues. The average B-factors
for the eight subunits range between 19.15-22.36 A2 The average B-factor of the
water molecules is 33.8 A% A very low RMSD (0.039-0.291 A) in Ca positions
between the eight molecules suggests that each molecule is structurally identical to
the other molecules in the asymmetric unit. C£fSOD structure, besides amino acid
residues, also comprises ions such as 8 Zn?* ions, 5 PO4* anions, 15 Na* cations, and
4 Cu?" ions. CtSOD structure also includes 4 GOL molecules and 2455 water
molecules. No post-translational glycosylation was detected in the CtSOD structure.

Figure 10. Overall structure of CtSOD. The eight molecules are labelled from A to H and colored
as cyan, blue, coral, gray, green, magenta, yellow, and black, respectively. The overall
structure is depicted as a ribbon. The figure was created using the UCSF Chimera [97].

A detailed description of one of the eight molecules is shown in Figure 11.
CtSOD consists of two short alpha helices (al: 57-61 and a2: 35-138) and eight -
strands in the structure. The B-strands can be seen as two groups of 4-stranded [-
sheets positioned antiparallel and facing each other. These B-strands are labelled as
la, 2b, 3¢, 6d, Se, 4f, 7g and 8h. The first B-strand (1a) is close to the N-terminus
while the last B-strand (8h) is close to the C-terminus of the structure.
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A conserved disulfide bond that results in a left handed spiral (LHS) as defined by
Thornton [130] was found present between the Cys58 of al helix and Cys147 of 8h -
strand. According to the PDBePISA [100], the solvent accessibility of the Cys residues
ranges from 7.6 to 12.7 A% amongst the eight subunits of the CtSOD structure [131].

(A) JI GoL

Figure 11. (A) Structure of C{SOD depicted in ribbon presentation. The secondary structure and ligands
are shown in different colors: alpha helix (blue), beta strands (yellow), coil (pink), Cu?*
(goldenrod), Zn?* (stale grey), GOL (green), PO4> (orange), and Na* (grey). (B) Disulfide
bond between Cys58 and Cys147. The figures were created using UCSF Chimera [97].

4.3.1 Active site

The active site of the CtfSOD molecule can be seen as a buried pocket close to the
lateral bottom of the structure. Two metal ions at the active site are involved in the
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catalytic reaction: Cu*"ion and Zn** ion. However, no copper was found in four
molecules (A, B, G, and H), whereas it was present in the rest of the molecules (C,
D, E, and F) of the CtSOD structure. Unlike copper, zinc ions were present in all
molecules of the CtSOD structure.

The zinc-binding site lies on the outer and upper sides of the active-site pocket.

The Zn**was found to have an occupancy of 1.00, and a well-defined electron density
of 8o contour level in the Fo-Fc electron density map in all subunits of the CtfSOD
structure. An anomalous signal (at 7o contour level) was detected during diffraction
data collection near the absorption edge of Zn>* ion, thus confirming its identity. The
Zn**was found to be surrounded and coordinated by three histidines (His64, His72,
and His81) and one aspartic acid (Asp84) residue (Figure 12).

The copper-binding site lies downward from the zinc-binding site and positioned
buried deep at the active site. Copper ions were found in subunits C, D, E, and F with
occupancies of 0.44, 0.39, 0.32, and 0.33, respectively. In the other four subunits (A,
B, G, and H), where Cu*" ions were absent, the site was occupied by water molecules.
The Cu** ions were surrounded and coordinated by four histidines: His64, His47,
His49, and His121 (Figure 12). Interestingly, His64 was commonly present in both
the zinc-binding site and the copper-binding site because of the unique central

position and orientation between the two binding sites. Therefore, it ligates with both
the zinc and copper ions with a distance of 2.0 A and 2.6 A, respectively. On the
lower side of the active site, an electrostatic loop was identified (residues 121-144)
that connects two B-strands (7g and 8h). This electrostatic loop also holds the a2
helix (135-138) and has been implicated in Cu* uptake [132].

(

| His47

5

/21A
\ 23A —_—
26A \

cu2+

His64

His121

Figure 12. Active site of CtSOD. Copper- and zinc-binding sites are depicted along with their
contributing residues. The figure was created using UCSF Chimera [97].
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This loop consists of several charged residues, including Aspl125, Aspl26,
Glul33, Glul34, Lys137, and Argl44. The loop was found to be in the same
conformation in all subunits of the CtSOD structure, suggesting that its position does
not affect copper binding.

4.3.2 Structural comparison

The structure of CtfSOD was compared with that of other SODs for comparative
analysis. For this purpose, structure-based sequence alignment was performed using
a secondary structure matching (SSM) tool [133]. The result identified a Cu,Zn-SOD
from yeast (1SDY) with 69% sequence identity and 0.58 A RMSD in Ca atoms as
the closest structure to the CtSOD. It was followed by Cu,Zn-SODs from Xenopus
laevis (PDB ID: 1XSO) with 58% sequence identity and 0.65 A RMSD in Co atoms,
Mus musculus (PDB ID: 3GTT) with 57.5% sequence identity and 0.80 A RMSD in
Co atoms, Sedum alfiredii (PDB ID: 4RVP) with 55.4% sequence identity and 0.80
A RMSD in Co atoms, and from H. sapiens (PDB ID: 2ZKY) with 53.5% sequence
identity and 0.69 A RMSD in Ca atoms.

* ’/0
ﬂ
cu* -y

-, A/ v"

Figure 13. Structural comparison of CtSOD with other Cu,Zn-SODs using SSM for structural
superposition. Cu,Zn-SODs are colored as follows: CtSOD (green), 1SDY (yellow),
1XSO (cyan), 2ZKY (blue), 3GTT (orange), and 4RVP (magenta). The figure was
created using UCSF Chimera [97].

The structural comparison revealed that the Cu,Zn-SOD structures are widely
conserved. Their active site pocket region, along with the copper- and zinc-binding
sites, are conserved (Figure 13). The active site residues, including histidine residues
(His47, His49, His64, His72, His81, and His121), an aspartic acid residue (Asp84),
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and Cys residues forming the disulfide bond, were also found to be conserved.
However, some differences were observed in their electrostatic loop. In the consensus
sequence alignment, Asp and Leu residues were observed at positions 131 and 134
except in 1SDY and 4RVP, where Gly and Glu residues were observed at the given
positions, respectively. Similarly, variations were observed at residues 122, 123, 124,
132, 133, 137, and 143 in the electrostatic loop, as shown in the following Figure 14.
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Figure 14. Structure-based sequence alignment of CtSOD (PDB ID: 6ZS1). Highly conserved
residues are shown in red background columns with white letters. Alpha helices are
shown in blue colour while beta strands are shown in orange colour above the sequence
alignment. Cys residues forming a disulphide bond are marked with ‘magenta’ colored
stars underneath the consensus column. Active site residues including six His and one
Asp residues are highlighted with ‘red triangles’ at the bottom of the respective columns.
The electrostatic loop is marked with green-colored stars below the alignment. The
figure was created with ESPript 3.0 [134].

4.3.3 Thermostability contributing factors

CtSOD was found to be thermostable at 50 °C and 60 °C, retaining 93.6% of its
activity after 60 minutes incubation at 60 °C. The possibility of CtSOD to form
oligomers, may contribute to its thermostability. Oligomerization has been suggested
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to contribute to thermostability, for example, in L-isoaspartyl-O-methyltransferase
from Sulfolobus tokodaii and Pyrococcus furiosus ornithine carbamoyltransferase
[135,136]. A hyperthermostable Fe-SOD(tcSOD) was reported to form high order
oligomers [ 137]. Interestingly, to further increase the thermostability of other Cu,Zn-
SODs, an N-terminal domain found in a thermophilic SOD from Geobacillus
thermodenitrificans NG80-2 has been used as a fusion partner [138].

Importantly, the Thr:Ser ratio was observed to be significantly high in CtfSOD
with a similar trend reported previously in family 11 xylanases from C.
thermophilum [139]. Table 8 shows representative thermostability parameters
among different Cu,Zn-SODs [140-146].

Table 8. Comparison of different parameters in Cu,Zn-SODs to evaluate their thermostability.
PDBePISA [100], ESBRI [147] and Expasy-Protparam [101] tools were used in fetching
the data and formatting this table.

Parameters 6ZS1 1SDY 1XSO 2ZKY 3F7L 3GTT 4RVP
Organism C. S. Xenopus H.sapiens Alvinella Mus Sedum
9 thermophilum | cerevisiae | laevis -Sap pompejana | musculus | Alfredia
Asp + Glu (-) 19 19 19 21 22 18 18
Arg + Lys (+) 13 14 12 15 14 13 10
Val% 8.9 11.1 10 8.8 10.1 9.2 10.1
A.A residues 157 153 150 159 152 153 158
Intra chain salt
bridges (chain A) 4 1 2 7 3 5 0
SAS (A?) 7554 7603 7254 7607 7420 7680 7290
Interface area (A?) 728.7 633.8 666.8 699.3 703.7 7211 680.3
No. of H-bonds at 4 7 7 4 8 6 8
interface
Pro:Gly ratio 0.35 0.36 0.15 0.23 0.18 0.19 0.37
Thr:Ser ratio 2.13 0.90 0.78 0.73 3.0 0.9 3.75

4.4 Crystal structure of y-CaCA

The structure of y-CaCA was refined to 1.11 A resolution, the highest recorded
resolution to date for any y-type carbonic anhydrase. y-CaCA was crystallized with
three molecules (A, B, C) in the asymmetric unit (Figure 15). The molecules exhibit
minor differences in RMSD values (RMSD for A-B, B-C and C-A pairs were 0.134
A, 0.128 A, and 0.128 A, respectively) owing to the flexibility at the C-terminus
having 6xHis-tags. Each molecule has two distinctive parts. The first part starting
from the N-terminus (1-143 residues long), has a triangular cylindrical shape with
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B-strands. The second part has a long o-helix (144—173 residues long) at the C-
terminus (Figure 15). Each molecule lies parallel to the next neighboring molecule
and joins it via active site coordination containing zinc as the metal ion. Overall, the
trimer structure of y-CaCA has 3 Zn** ions (one per molecule), 12 Na* cations and 2
formate (FMT) ions. Both FMTs lie at the interface of chain A and chain C. FMTI
was found s in proximity with the zinc ion while FMT2 was observed located
beneath but away from the FMT]1, near to the start of the a-helix.

., His82
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His64 His87

Figure 15. (A) Overall structure of y-CaCA. (B) Chain B of y-CaCA. The three catalytic His residues
are shown.

4.4 .1 Active site

The location of the active site was positioned in the middle of the first part (as
discussed in the previous paragraph) of each molecule lying outside towards the
neighboring molecule. The catalytic active site of y-CaCA was formed with a Zn?" ion,
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three highly conserved catalytic residues i.e., His64, His82, His87, and proposedly a
fourth residue (Tyr159). Two histidines (His64 and His82) come from one molecule
while the third histidine (His87) and Tyr159 come from the neighboring molecule
around the central Zn?" ion. Hence, three active sites are present, each at the interface
of neighboring chains. The interaction distances at the active site amongst the
participating residues are measured and depicted in Figure 16.

Tyr159

Figure 16. Zn?* interactions at the active site of y-CaCA. His64 and His87 from chain B are colored
in yellow while His82 and Tyr159 from chain C, are colored in blue. The figure was
created using UCSF Chimera [97].

4.4.2 Structural comparison

v-CaCA structure was compared with other y-type CA structures to evaluate
structural differences. For this purpose, PDBeFold [98] and PDBePISA [100] were
employed for searching structures with sequence similarities to the y-CaCA. The y-
type CA structures selected for comparison were, CA from Thermus thermophilus
HBS8 (TtCA, PDB ID: 6IVE), CA from E. coli (YrdA; PDB ID: 3TIO) and CA from
Methanosarcina thermophila (Cam; PDB ID: 1THJ), CA from Burkholderia
pseudomallei (BpsCA; PDB ID: 7ZW9), CA from Brucella abortus (RicA; PDB ID:
4N27), and CA from Geobacillus Kaustophilus (Cag; PDB ID: 3VNP). The
sequence similarities of y-CaCA with other CAs were observed as with Cag
(51.79%), YrdA (43.45%), RicA (41.67%), BpsCA (39.29%), TtCA (37.5%), and
with Cam (22.62%). Key findings noticed upon comparison are: i). All the compared
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CA structures have zinc (Zn?") as the catalytic metal present at the active site. ii).
The active site has three highly conserved His catalytic residues. iii). The root mean
square deviation (RMSD) among the compared CA structures was between 0.71—
1.45 A, suggesting differences in the structures as illustrated in Figure 17. iv) The
highest RMSD (1.45 A) observed with Cam can be attributed to its significant
structural differences with y-CaCA at the N-terminus, B1-f2 loop, and $8-B9 loop.
A structure-based sequence alignment is shown in Figure 18.

Figure 17. Structural comparison among the y-type CAs. y-CaCA is colored blue and compared
with TtCA (magenta), YrdA (brown), BpsCA (green), RicA (orchid), Cag (gold), and Cam
(cyan). The figure was created using UCSF Chimera [97].

4.4.3 Thermostability contributing factors

Carbonic anhydrases extracted from thermophilic organisms exhibit high
thermostability for example Methanobacterium thermoautotrophicum was found
stable up to 75 °C [148]. The thermal stability of the y-CaCA was assessed to
evaluate the effect of different pH values on structural stability by employing
differential scanning fluorimetry (DSF) to monitor melting temperature (Tm). y-
CaCA exhibited Tm values higher than 60°C in the pH range between 5.5 and 9,
suggesting it a thermostable enzyme. Several reasons for its thermostability were
proposed and evaluated, However, no concrete pattern or formula was discovered.
v-CaCA structural details lead to some clues that could be considered to explain its
thermostability.
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Figure 18. Structure-based sequence alignment of the compared CA structures. Conserved
residues are highlighted in red columns. Conserved catalytic residues (His) at the active
site are marked by red triangles underneath.
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Results and Discussion

Hydrophobic clusters (HCs) were identified using ProteinTools [149]. In
general, Ile, Leu, and Val residues contribute to form hydrophobic clusters.
Hydrophobic clusters conform to protein as water resistant and result in higher
protein stability. In total, 11 hydrophobic clusters were observed in y-CaCA among
which 3 were the largest clusters (cluster no. 0, 5, and 9) in chains A, B, and C
respectively (Figure 19). These large clusters are located inside the trigonal beta-
strands pyramid of each chain and occupy an area of 5330.0 A for cluster no. 0,
5216.1 A for cluster no. 5 and 5236.4 A for cluster no. 9.

Figure 19. The largest hydrophobic cluster in each chain of y-CaCA are colored in dark blue. The
figure was obtained from ProteinTools [149].

The differences among the charged residues, hydrophobic residues, salt bridges,
hydrogen bonds, isoelectric point, and predicted melting temperature have been
recorded in Table 9. The numeric values of these factors, when compared, suggest
v-CaCA as a potentially thermostable y-CA.
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Table 9. Comparison of the thermostability contributing factors among y-CAs.

y-CaCA | TtCA YrdA RicA | BpsCA Cag Cam

(9QEV) | (6IVE) | (3TIO) | (4N27) | (7ZW9) | (3VNP) | (1THJ)
Mol. wt (kDa) 19.2 17.5 20.0 20.8 224 20.0 23.0
Number of residues 173 171 183 195 210 183 214
Asp + Glu (-) 20 15 23 18 22 21 34
Arg + Lys (+) 16 15 16 16 17 21 10
Pro: Gly 0.29 0.64 0.45 0.35 0.33 0.65 0.94
Val + Leu + lle 25.8 26.2 27.9 21.6 21.9 26.2 234
Surface area (SAS) A2 | 8627 7996 8149 8522 8111 8065 10527
Interface area A2 863 1214 859 953 949 1035 1348
Intra-chain salt bridges 16 42 55 28 3 17 3
H-bonding interactions 15 16 10 14 15 11 22
Predicted Solubility 0.59 0.58 0.69 0.46 0.45 0.58 0.91
Isoelectric point (pl) 6.3 8.1 5.3 71 6.5 7.9 4.1

Numbers in this table were fetched from Expasy-ProtParam [101], PDBePISA [100], ESBRI [147],
and Protein-Sol [150].
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5 Conclusions and Future
Perspectives

In conclusion, four thermozymes were investigated in this research work to
determine their 3D structure and probable thermostability contributing factors. A
summary of findings is given below:

5.1 CtBGL

CtBGL structure was determined at a resolution of 2.99 A (PDB ID: 6SZ6). The
structure exhibited a conserved three-domain structure (TIM, o/p sandwich, and
Fnlll domain) with variations in loop and linker regions. CtBGL’s catalytic residues
were identified Asp287 (nucleophilic) in the TIM domain and Glu517 (acid/base) in
the o/p sandwich domain. CfBGL structure revealed a new glycosylation site at
position Asn504. In comparison with other B-glucosidases, CfBGL was found
moderately glycosylated. The glycosylation pattern and configuration of charged
residues were attributed as the most probable contributing factors to the CtGBL’s
thermostability.

5.2 nTaAA9A

nTaAA9A structure was determined at a resolution of 1.36 A (PDB ID: 7Q1K). It
revealed a characteristic LPMOs B-sandwich fold with antiparallel B-sheets, twisted
around and connected through loops. n7TaAA9A was found active in cleaving
cellulose and xylan substrates to Cl- and C4-oxidized products. Like in other
LPMOs, His1 was found methylated and a catalytic Cu®" ion was identified close to
the N-terminal in n7aAA9A. When compared for glycosylation, n7TaAA9A was
found glycosylated with at least two NAG molecules at Asn138, pointing towards a
shallow groove whereas only one NAG molecule was observed in r7aAA9A,
pointing outwards and solvent exposed. A higher thermostability of n7TaAA9A was
also confirmed by TLC, MALDI-TOF MS, and HPLC-RID. Variations in the surface
loops and glycosylation patterns were observed as the possible thermostability
contributing factors.
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5.3 CtsOD

CtSOD structure was determined at a resolution of 1.56 A (PDB ID: 6ZS1). The
structure was crystallized with eight molecules (A—H) in the asymmetric unit. Each
molecule has a pair of 4-stranded antiparallel B-sheets, and 2 short a-helices
connected through the linker regions. CtSOD active site revealed Cu** and Zn**
bindings sites. Zn>" was observed in all eight molecules while Cu?*" was present only
in C, D, E, and F molecule. Hydrophobic and charged residues were suggested to
play a role in the oligomerization of CtSOD. CtSOD structure exhibits a disulfide
bond between Cys58 and Cys147. The presence of this disulfide bond and
electrostatic interactions in CtSOD were assumed as potential contributing factor to
its thermostability.

54  y-CaCA

y-CaCA structure was determined at aresolution of 1.11 A. y-CaCA was crystallized
as a trimer in the asymmetric unit. Each molecule has a triangular cylindrical region
with downwards running B-strands starting from the N-terminus and connected
through the linker region to the long a-helix ending at the C-terminus. y-CaCA active
site has Zn*" as the catalytic metal ion coordinating with three highly conserved His
residues (His64, His82, and His87). The active site was formed between the
neighbouring molecules as two histidines (His64 and His82) contribute from the
same molecule while His87 from the neighbouring molecule. Structural comparison
of y-CaCA with other y-CAs showd subtle differences in the loops and the linker
regions. Thermal shift assay revealed Tm values higher than 60 °C in the pH range
between 5.5 and 9 for y-CaCA. Hydrophobic clusters, charged residues, and salt
bridges were proposed as possible contributing factors to its thermostability. Based
on the y-CaCA structure,an engineered form of y-CaCA (y-CaCAmut) with high
thermostability (>100 °C) has been created that is currently under investigation with
a preliminary structure available. Both structures will be compared in detail for a
better understanding of structure-function-stability interplay in y-CaCA.

Designing novel and efficient thermozymes require in-depth understanding
of their 3D structure. The results obtained in this thesis will be used to
further understand protein thermostability for better enzyme manipulation to
meet green chemistry and sustainable future requirements.
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