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Abstract

Biocatalysts have proven their efficiency and superiority in industry for the last few decades.
Enzymes are made by nature to carry out specific functions required by the host organisms,
therefore the practical applications of enzymes can be limited to their natural functions and
this has encouraged efforts in the development of these natural catalysts to work in different

conditions and with a significantly broader range of substrates.

Enzymes from extremophile organisms have significantly higher tolerance than mesophilic
counterparts to temperature and/or pH, making them attractive for industrial applications. In
industrial biotechnology, hydrolases, which are one of the six classes of enzymes, are the most

commonly used biocatalysis.

Engineering extremo-adapted glycoside hydrolases to broaden their substrate scope towards
B-thioglycosidase activity could significantly increase their potential applications. The
breakdown of sulphur glycosidic bonds by B-thioglycosidases can produce isothiocyanate, a
chemoprotective agent linked to the prevention of cancers, however only a handful of
enzymes have been identified that are known to catalyse this reaction. Structural studies of
the myrosinase enzyme, which is the only example among natural catalysts capable of
hydrolysing the thioglycosidic bond, has identified residues that may play important roles in

sulphate group recognition.

Protein engineering techniques can be used to introduce new amino acid residues into
enzymes to improve their properties. By using rational design, two extremo-adapted [3-
glycosidases from the species Thermus nonproteolyticus (TnoGH1) and Halothermothrix orenii

(HorGH1) were engineered in this study towards thioglycosidic substrates. Twelve variants,



six for TnoGH1and six for HorGH1, were assayed for activity. Remarkable enhancement of the
specificity (kcat/Km) of TnoGH1 and HorGH1 towards B-thioglycoside was observed in the
single mutants ThoGH1-V287R (2500 Ms?) and HorGH1-M229R, (13480 Ms!) which
showed a 3-fold increase with no loss in turnover rate when compared to the WT enzymes.
Thus, the role of arginine is key to induce B-thioglycosidase activity. Thorough kinetic
investigation of the different mutants has shed light on the mechanism of B-glycosidases

when acting on the native substrate.
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Chapter 1: Introduction



1.1 Enzymes as biocatalysts

In the last century, the rapid growth of applications, production methods, and manufacturing
were the main concerns of scientists and researchers in the chemical industry, with little
consideration for environmental safety. This cemented a strong link between chemical
industry and environmental problems which caused concern in communities for general
health and quality of life. An increase in risk of breast cancer was linked to organochlorine
chemical exposure. Similarly, hormonal equilibria in the body can be altered by a chemical
endocrine disruptor.!

This lead to important improvements in the chemical industry and, more in general, synthetic
process developments in the 215 century, with a pivotal point linked to when Paul Anastas
and John Warner introduced the Twelve Principles of Green Chemistry?? (Figure 1.1).* The
9t principle focuses on using catalytic amounts of reagents to enhance a chemical reaction
rather than stoichiometric ones and/or catalysts to increase the reaction efficiency and

decrease the formation of chemical waste, feedstock, and required energy.?®

The 12 Principles o

— j—
® GREEN CHEMISTRY *

1. WASTE PREVENTION 7. USE OF RENEWABLE FEEDSTOCKS

2. ATOM ECONOMY 8. REDUCE DERIVATIVES

® Qo

3. LESS HAZARDOUS CHEMICAL SYNTHESIS 9. CATALYSIS

o
© 80

4. DESIGNING SAFER CHEMICALS 10. DESIGN FOR DEGRADATION

©

5. SAFER SOLVENTS & AUXILIARIES 11. REAL-TIME POLLUTION PREVENTION

e
(&)

6. DESIGN FOR ENERGY EFFICIENCY 12. SAFER CHEMISTRY FOR ACCIDENT PREVENTION

e

e

Figure 1.1. The Twelve Principles of Green Chemistry. Figure taken from Compound Interest.*



Catalysts, such as acids or bases, organo-catalysts and metals, are used in laboratories to
speed up chemical reactions. Certainly, this is not the case for the biochemical reactions inside
our bodies that are strongly regulated and, in many cases, would be rapidly inactivated at
certain temperatures and pHs. On the other hand, most biochemical reactions inside living
cells use enzymes as (bio)catalysts to enhance their reaction rate. An example of this, among
many, is pyruvate kinase which catalyzes the last step in the metabolic pathway which breaks
down glucose (glycolysis) herein a phosphate group from phosphoenolpyruvate is transferred
to adenosine diphosphate (ADP) yielding pyruvate and energy (ATP).®

In 1959, enzymes were defined by John M. Reiner as “compounds, which cause chemical
reactions to proceed at higher rates than would be the case in the absence of enzymes”.” The
significance of these biological compounds was reflected in the 1947 Noble Prize, which was
awarded to James B. Sumner for his achievement in the isolation and crystallization of urease,
a species that catalyzes the hydrolysis of urea into carbon dioxide and ammonia as shown in
Scheme 1.1.8 Together with Sumner, the Nobel Prize was shared with John H. Northrop and

Wendell M. Stanley for the isolation of the digestive enzyme pepsin.?

)O\ Urease O‘L
H20 —_— NH3 + -
H,N” NH, HO™ “NH,
NH3 + CO3

Scheme 1.1. The hydrolysis of urea catalyzed by ureases.?

The fundamental role of enzymes is clearly seen in their central role as catalysts in almost all
metabolic processes in our daily biochemical activities that sustain life which could not be

achieved at the speed they are carried out under spontaneous conditions. These activities



include cell reproduction, the metabolism of food to produce energy, building or replacing
tissues, and disposing of waste. For instance: the amount of time required to break down a
protein in the body is <4 h. In contrast, 24 h in the laboratory is required to complete the
same reaction. Of course, while the natural process takes place under normal temperatures
and pH values, special conditions are needed to achieve the same result in the laboratory,

such as boiling the protein in a 20% HCl solution.®

Moreover, biocatalysts are usually natural or modified enzymes that work in mild reaction
conditions such as atmospheric pressure and ambient temperature. Enzymes are considered
to be non-toxic, chemo-, regio- and stereoselective catalyst, and the common solvent in
biotransformations is an aqueous medium rather than organic solvents.

Importantly, unlike classical chemical production strategies, biocatalysis play a central role in
the improvement of the continuous growth of the chemical industry mitigating the
environmental impact.10-12

Therefore, biocatalysis is a great example of green chemistry, defined as the “design of
chemical products and processes to reduce or eliminate the use and generation of hazardous
substances”.?

Recently, enzymes such as epoxide hydrolases, reductases, ammonia lyases, transaminases,
and dehalogenases have been also used in synthetic chemistry because of their advantages
over chemical approaches such as high selectivity, specificity, and ability to work under mild
conditions. 13713

Enzymes from extremophilic organisms, which are able to survive in a diversity of extreme

environmental conditions such as temperature, pH, salt, pressure, metal, and radiation are

attractive for industrial applications because of their unparalleled properties.® A lipase from



Bacillus thermocatenulatus is a thermostable enzyme (highest activity at 60-70°C at pH 8.0-
9.0) which showed a great stability in a variety of detergents and organic solvents. More
examples can be seen in Table 1.1. In contrast, mesophilic enzymes are usually less stable in
harsh reaction conditions typical of many industrial processes and not attractive for practical

applications.?’

Table 1.1. Industrial applications of enzymes isolated from extremophiles.’

Extremophile Habitat Enzymes Representative applications
Thermophile High temperature Proteases Baking, brewing, detergents
Psychrophile Low temperature Proteases Cheese maturation, dairy production
Alkalophile High pH Cellulases Polymer degradation in detergents
Acidophile Low pH Sulfur oxidation Desulfurization of coal

Halophile High salt concentration Halophilic amylase!® fish sauce and soy sauce preparations'®
Piezophile High pressure Whole microorganism Formation of gels and starch granules
Metalophile High metal concentration Whole microorganism Biomineralization

Radiophile High radiation levels Whole microorganism Bioremediation

Thermophilic glycoside hydrolases, which will be the focus of the next section, are reported
to be one of the most well studied enzymes from extremophile organisms. These studies
provide plenty of information about their functions and characteristics which makes them
great candidates to work when high temperature conditions are required. One of the
advantages of using these enzymes at high temperatures in biotechnological applications is
the concomitant achievement of a decreased risk of (bacterial) contamination in the food and
dairy industry.?®

In paper manufacturing, xylanases, part of the glycoside hydrolases superfamily, from

Thermotoga species were reported to be a perfect alternative to chlorine in the pre-



treatment of the wood pulp bleaching step which is used to increase the brightness of the

paper by conversion xylan on the surface into xylose.?°

1.2 Glycoside hydrolases

Carbohydrates such as starch, cellulose, and glycogen are abundant organic compounds in
nature. They are fundamental sources of metabolic energy for plant, animal, fungi, and
bacteria. More than being energy storages, carbohydrates are prime molecules in living
organisms in the structure of nucleic acids, cells walls and metabolic intermediates.
Moreover, in biological processes such as food storage and utilisation, carbohydrates were
found to play a fundamental role, possibly more important than their peptides or nucleic acids
analogous. In nature, carbohydrates exist as mono-, di-, oligo- and polysaccharides which are
linked together by a bond, namely the glycosidic bond, that occurs in three types: O-, S-, and

N- glycosidic linkages (Figure 1.2).

a b c

5 = NH,

N
OH ¢ SN
OH HOS SN2

0 oHO S o~ 0
HO OH
OH
L e OHOH

Figure 1.2. Structures of the three types of glycosidic bonds in a cellulose, b sinigrin, and ¢ adenosine.

Glycoside hydrolases (GHs; EC 3.2.1.) are a heterogeneous group of enzymes characterised
by the ability to catalyse the hydrolysis of glycoside linkages in a variety of carbohydrates
(oligosaccharides, polysaccharides) or glycosides, between carbohydrate (glycone) and a

non-carbohydrate moiety (aglycone).?%?> These enzymes are found in almost all living



organisms from unicellular species (bacteria) to the most advanced ones (mammals) and
show an exceptional variety of enzymatic activities due to the great diversity of their natural

substrates.?372°> The hydrolysis of O-glycosidic bond by GH is shown in Scheme 1.2.

OH OH
ﬂ glycoside hydrolase ﬂ
HO HO HOR
HO or *+ HO HO o *+ MO
OH OH

Scheme 1.2. General equation of glycoside hydrolyases.

Two different mechanisms, inverting and retaining of the anomeric configuration, are known.
The inverting mechanism (Scheme 1.3) is a one-step mechanism that depends on acid/base
amino acid residues. The first residue plays an important role in the glycosylation step which
is the activation of the glycosidic oxygen. On the other hand, the “base” residue activates the

water molecule resulting the departure of aglycon and the formation of sugar.?®

el - acid o
L : ; @] O
CQ 0 /O (0] N
H

base — —

Transtion state

Scheme 1.3. The inverting mechanism of glycoside hydrolase. Scheme is adapted from Park.26



The retaining mechanism (Scheme 1.4) consists of two steps. It starts with the protonation
of the glycosidic oxygen by an amino acid residue which acts as a proton donor/acceptor
(generally a glutamate). This is followed by a nucleophilic attach of a second glutamate. This
protonation leads to the formation of glycosyl enzyme intermediate and separation of
aglycon at the same time. In the next step, the proton donor/acceptor works as a base to
activate the attack of a water molecule and produce sugar and aglycon. The proton/donor
catalytic glutamate is located in in motif - T(F/L/M)NE(P/L/l). On the other hand, the
nucleophilic one is in motif - (I/V)TENG. In fact, these key residues are only 5.5 A apart which

is an appropriate distance for the catalytic function of B-glucosidases.?®

acid/base

CSTO HOTO \\&TOH
&/ » o E,H
O, f/o ' &(]

S S (0]

nucelophile l

Transtion state %'YOOSW enzyme intermidate

|
I
H

070 070
H H
o+ ‘:6
5 Lo
%OH p %\\« O
0._0
0._0O —t—

Transtion state

Scheme 1.4. The retaining mechanism of glycoside hydrolase. Scheme is adapted from Park.2®



Within GHs families, the catalytic mechanism is either inverting or retaining. However,
Masayuki and his group at Hokkaido University in Japan, noticed an exception in the GHs of
family 97 which have both inverting or retaining enzymes and three catalytic residues:
Glu439, GIlu508, and Glu532. In the inverting members, the catalytic acid is Glu532 and the
catalytic base is either Glu439 or Glu508 and in the retaining members the catalytic acid is
Glu532 and the catalytic nucleophile Asp415.%”

Since the discovery of GHs in 1989, three methods for their classification appeared in
literatures, and they are based either on substrate specificity, amino acid sequence
similarities, or three-dimensional structure similarities.?8

Substrate specificity classification is the simplest one where the enzymes are divided into
groups based on their substrates. In this way the substrate specificity of an enzyme can be
clearly identified from its enzyme classification number (EC). The EC of O-glycoside
hydrolyases is (EC 3.2.1.X), where X is a number representing a specific substrate. For
instance, the B-D-glucoside substrates are number 21 and B-D-galactosides are number 23.
Therefore, (EC 3.2.1.21) stands for a B-glucosidase and (EC 3.2.1.23) is the enzyme

classification number of a B-galactosidase (Figure 1.3).%!

Figure 1.3. Glycoside hydrolases substrates. a is B-D-glucoside and b is B-D-galactoside.

The rapid increase in the number of new GHs gene and protein sequences, as well as three-

dimensional structures of GHs, leads to the next classification method which is based on the


https://www.cazypedia.org/index.php/Inverting
https://www.cazypedia.org/index.php/Retaining
https://www.cazypedia.org/index.php/GH97
https://www.cazypedia.org/index.php/Inverting
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amino acid sequence similarities. It also includes molecular mechanism and the protein
folding. Depending on the homology of their amino acid sequences and the similarity of their
structures, GHs are classified into 168 families of enzymes as reported in the last update in
the Carbohydrate-Active Enzymes database (CAZy).?8-3°

For examples, GH1 and GH13 have retaining mechanism and both are (B/a)s barrel structure
enzymes, but they differ in their catalytic residues which are two Glu in GH1 and Glu and Asp
in GH13.2°

More than one family of GHs can be classified in a one larger group called a clan if they have
the same tertiary structure, molecular mechanism, and catalytic residues.?' For example, GH-
C clan has two families; GH11 and GH12 which are both B-jelly roll folded, retaining enzymes,
and have Glu as the catalytic residues.?® However, the amino acid sequence alignment of
GH11 and GH12 shows only 19% similarity between these two GHs families. The continuously

updated database (CAZy) reported 14 clans of GH as shown in Table 1.2.

Table 1.2. Glycoside hydrolase clans.?®

Clan Families Mechanism Structure

GH-A 1,2,5, 10, 17, 26, 30, 35, 39, 42, 50, 51, 53, 59, 72, 79, 86, 113, 128, 147, 148, 157, 158, 167 | Retaining (B/a)s-barrel
GH-B 7,16 Retaining B-jelly roll

GH-C 11,12 Retaining B-jelly roll

GH-D 27,31, 36 Retaining (B/a)g-barrel
GH-E 33, 34, 83,93 Retaining 6-fold B-propeller
GH-F 43,62,117 Inverting 5-fold B-propeller
GH-G 37, 63,100, 125 Inverting (a/a)

GH-H 13,70, 77 Retaining (B/a)g-barrel

GH-I 24, 46, 80 Inverting o+P

GH-J 32,68 Retaining 5-fold B-propeller
GH-K 18, 20, 85 Retaining (B/a)s-barrel
GH-L 15, 65, 125 Inverting (a/a)e

GH-M 8,48 Inverting (a/a)

GH-N 28,49 Inverting B-helix

GH-0 52,116 Retaining (a/a)s

GH-P 127, 146 Retaining (a/a)e

GH-Q 94, 149, 161 Inverting (a/a)

GH-R 29, 107 Retaining (B/a)g-barrel

GHs are able to catalyse the hydrolysis of both a-glycosides and B-glycosides. GH acting on a-

glucosidic linkage are called a-glucosidases and glucoamylases which are found in GH families

10
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4,13, 15,31, 63,97, and 122. GH13 has a great variety of enzymatic activities and considered
to be one of the largest GH families which, to date, has 102422 members.32-34

The majority of GH families are, however, B-glucosidases. They are huge group of enzymes
widely spread in the living world and play fundamental role in the biological processes.3>
Depending on the reaction condition, B-glucosidases are reported to be able to either
hydrolyse B-glucosidic bonds in carbohydrates or to synthesis the same bond in a process
called transglycosylation.?336-3° Recently, B-glucosidases have been attractive in industrial
chemical production and employed in a range of biotechnological applications.*® One of the
most common B-glycosides families is Glycoside Hydrolase Family 1 (GH1) which will be the

main focus of this study.

Glycoside Hydrolase Family 1 (GH1) are (B/a)s barrel folded enzymes, which consist of eight
twisted, parallel B-strands, located in the internal part of the protein, surrounded by eight a-
helixes in the external part. The C-terminal end (in the B strand 8) of all known (3/a)s barrel
proteins hosts the catalytic residues within the B — o loop.**? Different types of active site
can be found in the GH1 family such as pocket, cleft, and tunnel as shown in Figure 1.4. Figure
1.4 shows examples of the (B/a)s barrel structures of three different GH1, fungous (BGL1A),
bacterium (TmBGL), and plant (ZmBGL) and it also shows that BGL1A and TmBGL have the
same tunnel-shaped active site, while the active site of ZmBGL is a flat pocket (Figure 1.4B).
The (B/a)sbarrel structures of these three GH1 (Figure 1.4C) consist of extended loops on the
C terminal side of the protein, which form the substrate binding pocket.*® The quaternary
structure of all GH1s is monomeric ;however, hyperthermophilic archaea GH1s are tetrameric

proteins**, and the myrosinases are dimers.*

11



Figure 1.4. (A) Molecular surfaces of three glycoside hydrolases family 1 proteins (GH1s); BGL1A (GH1 from
white-rot fungus Phanerochaete chrysosprium; left), TmBGL (GH1 from Thermotoga maritima

bacterium; centre), ZmBGL E191D mutant (GH1 from zea mays plant; right). (B) Close-up views of active sites
of the enzymes. (C) Ribbon representation of (A). Ligands are shown as stick models. Loop A (yellow) between
B1and al; loop B (blue) between 34 and a4; loop C (green) between 6 and a6; and loop D (red) between 7
and a7. Loops A, B, and C are similar in the three GH1BGL structures. The aglycon binding site formed by loops
B and C. Adapted from Nijikkena.*?

The GH family 1 B-glucosidases are members of the 4/7 super family which includes other
GHs such as GH2 pB-galactosidase, GH5 cellulases, GH10 xylanase, and GH17 barley
glucanases. It is a large family of eight-folded B/a barrel GHs that have the acid/base and the
nucleophile residues at the end of B-strand 4 and 7, respectively.*® However, many other
GH1s activities are reported in the CAZY data base and some of them are B-galactosidase; f3 -
mannosidase ; B-glucuronidase; B-xylosidase; B-D-fucosidase; phlorizin hydrolase; exo-B-1,4-
glucanase; 6-phospho-B-galactosidase; 6-phospho-B-glucosidase; and thioglucosidase.

The hydrolytic ability of GH1 is dependent on two critical glutamic acid residues:

E164 (Thermus nonproteolyticus glycoside hydrolase, TnoGH1 numbering), located in the

T®1LNEP> motif (B-strands 4), is the acid catalyst.

E338 located in the I33TENG34° motif (B-strands 7) is the nucleophile.*’
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E164 plays an important role in the formation of the intermediate (enzyme-saccharide) of

classical glycosidases as an activator of the glycosidic oxygen.

1.2.1 Thermus nonproteolyticus glycoside hydrolases (TnoGH1)

An example of GH1 is the thermophilic GH1 from the extremophilic bacterium Thermus
nonproteolyticus (TnoGH1) which has been previously described in the literatures. Thermus
nonproteolyticus is a thermophilic bacterium which was isolated from a hot spring in the
Guangdong Province in Southern China. ThoGH1 is a monomeric enzyme and adopts the
expected (B/a)s barrel fold as other GH1 enzymes as shown in Figure 1.5, with a molecular
weight around 50 kDa. It is a B-glucosidase determined to be active with B-D-glucoside, B-D-
fucoside, B-D-galactoside and B-D-mannoside substrates.?’” This enzyme is part of this

research project and was selected for its thermostability.

Figure 1.5. Protein database structure of the Thermus nonproteolyticus glycoside hydrolase (pdb:1NP2). Figure
is adapted from the protein data bank (PDB).

One of the first efforts on gene identification, cloning, and expression of TnoGH1 was in 2001
by He Xiangyuan and co-workers. Their analysis of the amino acid sequence of ThoGH1, 437
amino acids (48,9 kDa), showed strong sequence similarities with other known GH1 amino

acid sequences. In their study, they were also able to determine the optimal activity
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conditions of TnoGH1 which is pH 5.6 and a temperature of 90 °C; the enzyme showed an

impressive half-life of 2.5 h at 90 °C.#’

Studies of the ThoGH1 structure have demonstrated that certain factors play an important
role in the stability of this protein. The stability of the a-helix of TnoGH1, appears to be key
and depends on the relative proportion of certain amino acid residues: amino acids with an
a-helix-forming propensity, such as alanine (Ala) should be abundant while amino acids with
helix structure destabilizing properties (B-branched), such as isoleucine (lle), valine (Val), and
threonine (Thr) should not. A previous study, which compared the stability of TnoGH1 and
other mesophilic-equivalent GH enzymes, showed that, among all of the amino acid
sequences of the mesophilic enzymes, the amino acid sequence of TnoGH1 had the highest
concentration of Ala (17.9%) and the lowest concentration of B-branched residues (9.5%)
which increases the stability of the a-helix structure, and consequently the stability of TnoGH1

structure.?’

Another study, concerning the thermostability of ThoGH1, mentioned the presence of
abundant critical amino acid residues, which enhance the stability of the enzyme structure,
such as the high quantities of alanine (12.8%) and leucine (10.9%) found in TnoGH1. These
residues play an important role in enhancing the core hydrophobic interactions of proteins.
Another peculiar finding in TnoGH1 is the high abundance is arginine (9.6%.), which prevents
hydrocarbon chain from unfavourable contact with water molecules that may increase
enzymes stability. Moreover, high amounts of proline support the protein structure by
providing a fixed tertiary structure, and this is also observed in TnoGH1 (8%). Another factor
that enhances the stability of the protein structure is in the presence of electrostatic

interactions (ion pairs). This type of interaction plays an important role in the stability of the
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enzyme structure, particularly on the surface area, because it can cross-link the non-
contiguous regions on the surface of the folded protein. Another study showed that ThoGH1
has the highest number of ion pairs per residue (0.1), compared to other GHs (0.08-0.05) that

were included in the study.*®

In 2003, the first three-dimensional structure of TnoGH1 was resolved by Xinquan Wang and
his co-worker at a resolution of 2.4 A. Their study showed that TnoGH1 has (B/a)s barrel fold
structure, which was highly conserved with the other eight GH1s analysed in their work, and
presents the two signature glutamic acid residues in the active site, Glu164 in motif-TLNEP
and Glu338 in motif-ITENG, which are critical for the mechanism of GH1.%’ Also, to further
understand the possible basis of TnoGH1 thermostability, they compared ThoGH1 structure

with other known TIM structures of mesophilic and hyperthermophilic glycosidases.

TnoGH1 was also evaluated in a previous work in the Paradisi lab for its activity and stability
in a variety of organic co-solvents and at different pH values. Firstly, TnoGH1 was assayed for
its enzymatic ability to catalyse the hydrolysis of B-glycoside linkages in four different
carbohydrate moieties; p-nitrophenyl-B-D-glucoside (pNP-Glc), p-nitrophenyl-B-D galactoside
(pNP-Gal),  p-nitrophenyl-B-D-fucopyranoside  (pNP-Fuc), and  p-nitrophenyl-B-D-
xylopyranoside (pNP-Xyl). The highest specific activity of the enzyme was towards pNP-Glc
(1.7 U/mg) and pNP-Gal (1.67 U/mg). The kinetics profile elucidates that TnoGH1 showed low
specificity (expressed in term of K.at/Km values) towards the aforementioned B-glycoside
substrates at 25 °C when compared to another thermophile enzyme, Thermobaculum
terrenum GH1 (TteGH1), also included in this study. However, the highest Kcit/Km value
observed was with pNP-Glc; 0.033 mM™ s (Kt = 0.07 s71) while the lowest value was with

pNP-Xyl; 0.004 mM™s? (Kcat= 0.0051 s72).
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TnoGH1 showed great resistance and 10-20% enhanced activity in the presence of DMSO and
THF solvents. It was also stable over different pH values with a typical bell-shape profile at pH

values ranging from 3 to 12 (unpublished results from Paradisi lab, University of Nottingham).

1.2.2 Halothermothrix orenii glycoside hydrolases (HorGH1)

The second relevant enzyme in this project is the halotolerant GH1 isolated from
Halothermothrix orenii (HorGH1). Halothermothrix orenii is a salt adapted rod shaped
bacterium, which was isolated from a hypersaline lake in Tunisia. Like TnoGH1, HorGH1 is a

monomeric B-glucosidase with an (B/a)8-barrel fold (Figure 1.6).

Figure 1.6. Protein database structure of the Halothermothrix orenii glycoside hydrolase (pdb:3TA9). Figure is
adapted from the protein data bank (PDB).

In 2009, the first genome sequence of an organism belonging to Haloanaerobiales was
reported by Mavromatis and co-workers who sequenced the genome and predicted 2451
genes.*

After that, in 2011 Kori and co-workers successfully cloned, expressed, purified, and
crystallized HorGH1. In their efforts; they were able to express HorGH1 in E. coli DE3 cells
competent cells, purify the enzyme by metal ion-affinity chromatography and resolve its

structure at a resolution of 3.5 A.5°
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In 2015, the optimum activity and thermostability conditions for HorGH1 were determined
by Hassan et al.>! They observed that the optimum pH is 6.0 at a temperature range of 65-70
°C. The structural characterization and ligand binding evaluation of the enzyme led to the use
of HorGH1 in lactose conversion and galacto-oligosaccharide synthesis (GOS).>!

Similarly, to TnoGH1, HorGH1 was available in our laboratory as a recombinant protein and it
was previously tested for its substrate scope with pNP-Glc, pNP-Gal, pNP-Fuc, and pNP-Xyl.
The best performance of HorGH1 activity was observed with pNP-Glc (1.86 U/mg) similar to
the value observed with TnoGH1 (1.7 U/mg). However, the kinetics profile of the enzymes
showed that HorGH1 is more efficient towards pNP-Glc (Kcat/Km = 0.109 mM™ st and Keat =

0.106 s) than ThoGH1 (Kcat/Km= 0.033 mM? s and K.t =0.07 s72).

1.2.3 Myrosinase

Myrosinases (MYRs; EC 3.2.3.147) are unique members of the GH1 family able to hydrolyse
glucosinolates (GSLs; also called thioglycosides) which are the most stable glycosidic
molecules in nature (Scheme 1.5). Interestingly, they are the only enzymes capable of
hydrolyzing GSLs as this activity is not found in any other GHs. MYRs are also known as
thioglucoside glucohydrolases, S-glucosides, sinigrinases.*> They are (B/a)s barrel folded
proteins, as are the other members of the GH1, but unlike B-glycosidases which are
ubiquitous, myrosinases have been identified only in a handful of species such as Sinapis
alba®, Brevicoryne brassicae>*>3, Verticillium longisporum®*, Arabidopsis

thaliana, and Brassica napus.>

OH OH
myrosinase
HO sp + HO HO on * S
OH OH

Scheme 1.5. General equation of myrosinase.
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GSLs are plant secondary metabolites, classically as 1-thio-B-D-glucosides.”® In these
structures, the glycoside is bridged to the aglycon moiety by a sulphur bond (Figure 1.7). One
of the main natural sources of GSLs are plants belonging to the Brassicaceae species
(Cruciferae). Examples of Cruciferae are kale, cabbage, brussels sprouts, and broccoli.?”>8
Different parts of the plant can have different amounts of GSLs, and consequently produce
different hydrolytic activity of the plant MYR. The highest amounts are found in seeds and
seedlings.> As shown in Figure 1.7, GSLs are rich in nitrogen and sulphur, and are classified
into three main groups (aliphatic, aromatic, and indole). This classification depends on factors
such as their aglycon, their amino acid predecessors, and their core structures.®? Furthermore,
genetic makeup of the host plant, geographic area, weather, growth stage, and time in the
harvest cycle all play an important role in determining the type of GSLs group. A study from
Spain, on Spinach and Turkish cabbage cultivars, showed the effects of geographic area on
the type of GSL in the cultivars. While the Spinach cultivar was found to have high
concentration of the aliphatic type, the Turkish one had higher indolic GSL.>” The breakdown
of S- glycosidic bonds in GSLs can release molecules with activity against pests and herbivores
(part of the plant defence mechanism) and isothiocyanates (ITCs; chemoprotective agent
linked to the prevention of cancers.®%®? Interestingly, in plants, GSL and MYR are
compartmentalised and kept separated, however when the tissues of the plant is damaged
by chewing or chopping, the catalytic capacity of MYR is activated to interact with GSL, so that

the hydrolytic reaction of GSL starts and the ITCs are released.%
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Figure 1.7. Chemical structures of plant glucosinolates (GSLs). Figure taken from Cruciferous Vegetables.53

1.2.3.1 Sinapis alba Myrosinase (SaMYR)
Sinapis alba myrosinase (SaMYR) is a plant species MYR from Sinapis alba plant (also known

as white mustard). The quaternary structure of SaMYR is a dimer as shown in Figure 1.8.

Figure 1.8. The overall structure of Sinapis alba myrosinase (SaMYR) showing the dimer held together by a zinc
(green) atom, fluor glucose (yellow). Published by Bones in 2006.%*
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SaMVYR is classified as a unique member of GH1 with an active site that differs from that of
classical GH1, as it lacks the catalytic glutamic acid residue in the T*3*INQL*88 motif (equivalent
to T!®ILNEP!®> in ThoGH1)®!, while it maintains the second one (E409 in motif T*ENG*1?)

(Figure 1.9).%
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Figure 1.9. Modelling structures of the active sites of myrosinase enzymes. a S. alba myrosinases (pdb:1E4M);
Q187 and E409 are the active site residues. b B. brassicae myrosinases (pdb:1WCG); E167 and E374 are the active
site residues.

As previously explained, the catalytic residue (Glu) plays an important role in the glycosylation
step of classical glycosidases as activator of the glycosidic oxygen in this step (Schemes 1.4).
E409 is capable of perfectly positioning the water molecule in the hydrolysis of the glycosyl
enzyme intermediate, and subsequently releasing the products. In addition, Q187 plays
another important role in the hydrolysis of B-thioglucosidases as it has the ability to form an
important hydrogen bond between its amide nitrogen and the sulphate group of the
substrate.*>° A study of the crystal structure of SaMYR by Wim determined another reason
for the ability of plant MYR to hydrolyse glucosinolates in the absence of the second catalytic
acid residue. This is based on the presence of an excellent aglycon leaving group which is not
present in the classical B-glucosidase. Wim and colleagues also mentioned another important

amino acid residue in the active site of SOMYR, which is Ser190 (Figure 1.10). It is a definer of
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the position of E409 and possibly capable of hydrogen bonding to the sulphate group of the

GSLs (featured prosperity of SaMYR).#>66

Figure 1.10. Side view of the active site of Sinapis alba myrosinase (SaMYR) containing the sinigrin substrate..
The hydrogen-bond network (green) around GIn187 is shown. Water molecules are shown as red spheres. An
arrow is drawn below the water molecule that is situated in a position suitable for the nucleophilic attack.
Published by Burmeister in 1997.4

Another significant factor found in the mechanism of plant MYR is the ascorbic acid that exists
in the vacuoles of plant cells. The importance of ascorbic acid was first described by
Nagashima and Uchiyama, who noticed that ascorbate substituted for the function of the
(missing) catalytic acid in the mechanism of GH1, and as an activator of the glycosidic oxygen
in the glycosylation step (Scheme 1.6)°%%7, In Scheme 1.6, the critical function of ascorbic acid
as an activator for the catalysis of thioglycosidic substrates hydrolyses by SaMYR is shown.
This makes SaMYR the first example of an enzyme that depends on an external cofactor in

the glycosylation step, which differs from the normal function of ascorbic acid as a reducing

agent of the reaction.®
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Scheme 1.6. The retaining mechanism of Sinapis alba myrosinase (SaMYR).%4

The amino acid residues around the glucose ring of SaMYR are Tyr330, Phe473, Trp457,
Glu464, Phe465, GIn39, His141, and Asn186 are also important (Figure 1.11). Glu464, GIn39,
His 41, and Asn186 provide six hydrogen bonds with the glucose. On the other hand, the
hydrophobic environment around the glucose ring is formed by Tyr330, Phe473, Trp457, and

Phe465.57
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Figure 1.11. Amino acid residues around the glucose ring of SaMYR.*

As with the discovery of SaMYR, several studies were carried out to compare classical GH1 B -
glycosidases and SaMYR. One of the first study was by Wim which focused on determining the
most similar plant MYR to cyanogenic B-glucosidase, a GH1 from Trifolium repens (CBG), in
terms of amino acid sequences, protein structure, and active site residues. This study included

three different plant MYRs which were from Sinapis alba (SaMYR), Brassica napus
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(MYRO_BRANA), and Arabidopsis thaliana (MYRO_ARATH). Among these plant MYRs, the
SaMYR was the most similar one to the CBG (46 %), but as expected CBG and SaMYR differ in
their catalytic residue (Glu183 in CBG and GIn187 in SaMYR).*

Wim presented a second study based on a bacterial GH1 B-glucosidase from Cellulomonas
fimi (Cex). In this study, a 3D structural comparison between the Cex and the glycosyl-MYR
intermediate was explored. Based on this comparison, it was found that although Cex and
SaMYR were identical in the nucleophile residues (Glu) in their active sites, they differed in
the shape of their active sites (cleft in Cex and pocket in SaMYR), the size of their (B/a)s barrel
structure (Cex was smaller than SaMYR), and as expected, they also differed in their catalytic

residue (Glu127 in Cex and GIn187 in SaMYR).*

1.2.3.2 Cabbage aphid Brevicoryne brassicae myrosinase (BbMYR)

Cabbage aphid Brevicoryne brassicae myrosinase (BbMYR) is an insect species MYR from the
cruciferous specialist aphid Brevicoryne brassicae. This MYR is able to hydrolyze commonly
known plant GSLs such as sinigrin and glucotropaeolin (Figure 1.7). BbMYR is a dimeric (B/a)s
barrel structure GH1 as SaMYR (Figure 1.12)%. It acts through retaining mechanism as other

GH1 members (Scheme 1.7).

Figure 1.12. The structure of aphid myrosinase showing the dimer. The two catalytic glutamic acid residues are
shown in red. Published by Bones in 2006.54
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Scheme 1.7. The retaining mechanism of Cabbage aphid Brevicoryne brassicae myrosinase (BbMYR).%4

Unlike SaMYR, BbMYR relies on the typical catalytic acid/base residue(E167) utilized by B-
glucosidase in the activation of the glycosidic sulphur, in GSLs, in the glycosylation step.
BbMVYR is also lacks on ascorbic acid and Ser190 (SaMYR numbering) which play important
roles in the mechanism of SaMYR. In BbMYR, Ser190 is replaced by Ala170 which is unable to
hydrogen bond to the sulphate group as Ser190 in SaMYR.®” Therefore, BbOMYR closely aligns
with the classic B-glycosidases rather than SaMYR in term of structure, amino acid residues
present in the active site (E167 and E374; Figure 1.9b), and phylogenetic relatedness (Figure
1.13).%7 The glucose binding site of BbMYR is also very similar to B-glucosidases which is
another feature distinguished the BbMYR from the SaMYR. As discussed above, Figure 1.11
shows the glucose binding site of SaMYR and the important amino acid residues around the
glucose ring. In BbMYR, there is a replacement of phenylalanine (Phe465) by tryptophan
(Trp424), which leads to the formation of an additional hydrogen bond between the nitrogen
atom of the indole ring (in Trp) and the hydroxyl group of the glucose which is a general

feature of B-glucosidases.®®
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Figure 1.13. Cladogram of some members of glycosyl hydrolase family 1 (GH1). B-glucosidases are: Basu (from
Bacillus subtilis), Bgla (from Bacillus polymyxa), Lacl (from Lactococcus lactis), Mays (from Zea mays), Clot (from
Clostridium thermocellum), Spod (from Spo-doptera frugiperda), Gpig (from Cavia porcellus), Cbgl (from
Trifolium repens), Ncbg (Trifolium repens), Hume (from human) and Rabt (from rabbit). Myrosinases are: Myro
(from Arabidopsis thaliana), Myrl and Myr3 (from Sinapis alba), and Aphid (from Brevicoryne
brassicae).Adapted from Jones et al.®’

Even though the active site of BbMYR lacks the GIn residue present in SaMYR, which is
essential in the mechanism of SaMYR for hydrolysing GSL substrates, it is nonetheless capable
of hydrolysing GSLs. In a previous study, Jones and colleagues mentioned that K173 and R312
in the active site of BbOMYR play a critical role in the hydrolysis of GSL, as they are directly
involved in its recognition (Figure 1.9).%” In SaMYR, K173 and R312 are replaced by R194 and
Q333. Equally important, another study of the active site of BbMYR by Harald Huseby and his
group highlighted a possible catalytic role of Y180 due to its proximity to the thioglycosidic
linkage in the substrate.®® Interestingly, the presence of K173, R312, and Y180 is a feature of

BbMYR and cannot be seen in either B-glucosidases and other myrosinases.
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1.3 Protein engineering

In chemical reactions, enzymes often prove superior to non-enzymatic catalysts as explained
in Section 1.1.

The development of biocatalysis has found plenty of applications which have been extended
outside the academic laboratories.

6872 for biofuel generation such as in

Enzyme technology has also been applied in medicine,
the production of an environmental friendly biodiesel’”?, cleaning products such as
detergents,’* food manufacturing such as pectinases which have been essential for fruit juice
processing industry 7> and cosmetics such as the use of a mixture of superoxide dismutase
(SOD) and peroxidase in sunscreen creams and proteases in skin creams.'® However, in
industrial biotechnology these natural catalysts face several challenges such as an often
limited substrate scope,(co-) solvent tolerance, short half-life, and sensitivity towards
environmental changes, such as deviations from their optimal pH and/or temperatures, which
pose a significant hurdle in maintaining the integrity of a sample for prolonged periods of
time.’® These issues limit the use of an enzyme and its practical applications. However, a
significant evolution in biocatalysis was achieved with introducing the recombinant
deoxyribonucleic acid (DNA) technology and the development of polymerase chain reaction
(PCR; Figure 1.14) which allowed the replication of DNA and subsequently the modification
of enzymes in protein engineering. Protein engineering is achieved through genetic
modification (GM) of a gene coding for an enzyme of interest to enhance a variety of

properties’”’®, including catalytic activity’®, substrate specificity®?, thermostability®!, and

solvent tolerance.828
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Figure 1.14. The principle of polymerase chain reaction (PCR). Figure is adapted from The Biology Notes.?*

Therefore, numerous protein engineering studies have been carried out on enzyme
modification and one of the first studies was in 1985 by David A. Estel and his group who were
able to chemically modify a serine protease from Bacillus species which was the first example
of engineering an industrial enzyme. It had been reported that a Met, Cys, and Tyr around the
enzyme active site decreased the stability of the enzyme as a result of oxidation which
subsequently inactivated the enzyme. An oxidation of M222 residue to methionine sulfoxide
in the active site of serine protease was achieved in the presence of H,0;. In contrast, the
mutant M222A showed great stability even in the presence of 1 M H,0,.%°

Another example of using enzyme engineering to enhance the stability of enzymes can be
seen in a mesophilic hydrolytic enzyme, an acetylcholinesterase, from Drosophila.
Acetylcholinesterases are enzymes used as biosensors for their ability to detect
organophosphate and carbamate pesticides in the environment. Drosophila
acetylcholinesterase is considered to be one of the most sensitive yet less stable

acetylcholinesterase. A common strategy to improve the sensitivity and stability of proteins
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is to increase the peripheral polarity to maximise solvation. This can be achieved by mutating
hydrophobic residues that are expose to the solvent on the surface of the enzyme into polar
residues such as arginine. In this example, 14 hydrophobic residues at the surface of
Drosophila acetylcholinesterase were mutated to arginine which resulted an increase in the
Drosophila acetylcholinesterase stability.8®

The most common two types of protein engineering are directed evolution and rational

design are shown in Figure 1.15.%7

RATIONAL DESIGN DIRECTED EVOLUTION

1. Computer aided design 1. not applied

2. Random mutagenesis

Library of mutated genes
{>10,000 clones )

3. Transformation

Individual mutated gene
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4. Protein expression 4. Protein expression

5. Protein purification 5. not applied
6. not applied IMPROVED 6. Screening and selection
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ENZYME - selectivity
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- activity

Constructed mutant enzyme 7. Biochemical testing " selected mutant ezymes ‘

Figure 1.15. The two major types of protein engineering. Published by Bendl in 2016. 87

Rational design, which is often implemented via site directed mutagenesis (SDM), is a protein
engineering technique that involves an addition, deletion, or a change of one or more amino
acid residues in a protein.®8 Computational studies regarding the protein of interest and
prior knowledge of the enzyme mechanisms are essential in this technique to understand the

protein structure then subsequently predict which amino acids need to be introduced,
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deleted, or altered in the protein. In 1978, Michael Smith (Nobel Prize in Chemistry in 1993)
investigated this method.%°

SDM is particularly useful in determining the role of catalytic residues and to understand the
correlation of a protein structure to its function.-%¢

Directed evolution is another protein engineering technique based on creating a library of
clones with multiple random mutations followed by an appropriate screening and selection
of the mutants. Variants that have improved properties can be identified and possibly
subjected to further cycles of optimization until the desired properties such as enhanced
enzyme stability, affinity, specificity are achieved.?’1%

Unlike the rational design approach, directed evolution mutagenesis does not require prior
knowledge of the protein structure. Therefore, directed evolution is a beneficial technique
that can be particularly useful when structural information is not available.1%?

Error-prone PCR (epPCR) is a commonly used method for the introducing of genetic diversity.
Random mutations can be obtained by for example decreasing the DNA polymerases’ fidelity

and/or using agents such as Mg* and Mn*2,103

1.3.1 Protein engineering applied to glycoside hydrolases:
Recently, directed evolution has been a powerful tool in enzyme engineering field to improve

the enzymes properties such as thermal stability'®, organic solvents resistancel®,

106 and activity even for a thermophilic enzymes.'%’. Frances H. Arnold was awarded

specificity
the 2018 Nobel Prize in Chemistry for her great achievement in the directed evolution of
enzymes.'% Protein engineering was applied for the improvement of HorGH1 by investigating

a series of mutants. Therefore, N222F, N294T, F417S, F417Y, and Y296F variants were

produced to be assayed for lactose conversion and GOS. No improvement was achieved with
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respect to the hydrolytic activity of these mutants, but F417S showed a significant
improvement in the GOS production in comparison with the WT enzyme.!%

Oh et al.!?? used protein engineering (SDM) to determine the importance of the catalytic
residues in the activity of a GH1 from Thermus caldophilus. In this study, Glu164 and Glu338
were substituted by Gly and GlIn, respectively. Extreme reduction in the enzymatic activity of
B-glucosidase and B-galactosidase was noticed with the first mutation (E164G) and no activity
remained in the second mutant (E338Q) which proves that Glu164 and Glu338 are the two
key catalytic residues responsible for the hydrolysis of glycosidic bond in Thermus caldophilus
GK24 B-glycosidase.1°

At Lund University in Sweden, Pontus and his group were also able to improve the catalytic
performance of a thermostable GH1 from Thermotoga neapolitana (TnBgl1A) by employing a
rational design technique. TnBgl1A is one of the thermophilic GH1s that catalyse the synthesis
of alkyl glycosides which are surfactants that have attractive properties such as
biodegradability, high surface activity and high chemical stability.!!

The activity, thermostability, and specificity of a metagenome-derived B-glucosidase (Bgl1D)
were also enhanced by protein engineering (directed evolution). The first cycle of epPCR
produced 50,000 colonies which were visually screening by using an agar plate-based
technique that revealed a black hydrolyzing zones in 5,000 colonies. The crude enzyme
activities of these interesting 5,000 colonies were assayed with the substrate p-nitrophenyl-
B-d-glucopyranoside (pNPG). This activity assay showed that Bgl1D58 (Q25L/K117N/M148K),
Bgl1D94 (S28P/157K/E154G), and Bgl1D47 (F68L/I70M) mutants have the highest activities
towered pNPG, so they were used as templates for the second round epPCR. From the second
epPCR library which have 50,000 positive colonies, Bgl1D2

(Q25L/S28T/L115Q/K117N/M148K), Bgl1D6 (S28P/157K/Y82S/W122G/E154G), and Bgl1D20
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(Y37H/D44E/F68L/I70M/R91G) mutants showed the highest activities 2.3 to 3.6 times more
than the activity of the WT Bgl1D.

The six variants of the first and second epPCRs, Bgl1D58, Bgl1D94, Bgl1D47, Bgl1D2, Bgl1D6,
and Bgl1D20 were expressed in BL21 (DE3) pLysS and purified by His-tag chromatography.
The thermostability of Bgl1D2 increased almost seven times with an improvement of the half-
life (t1/2) from 45min (WT Bgl1D) to 298min (Bgl1D2), after incubating at 60 °C. The kinetics
profile also showed great enhancements in the specificity and turnover rate of Bgl1D20 (295.7
keat/Kms *TmM™,139.1 s 1) compared to the WT Bgl1D (24.8 kcat/Km s*mM™2,13.4 s 1).112 SDM
was also used to increase the efficiency of TnBgl1A for the synthesis of alkyl glycosides by a
mutation of a major influence residue on substrate binding (Asn220) in TnBgl1A into a
hydrophobic aromatic amino acid (Phe) which was found to be conserved in natural
glycosyltransferases and determined to be an important residue at the aglycone (1) subsite
of TnBgl1A. Thus, the N220F mutation improved the TnBgl1A specificity for transglycosylation
(7-fold) and increased the potential yield of alkyl glycoside (17%-58%).1*3 Ks5A7 (GenBank
HV348683) is another B-glucosidase that has been engineered by directed evolution to
improve its thermostability. It is a hyperactive glucose-tolerant B-glucosidase with limited
industrial applications because of its low thermostability. The directed evolution of Ks5A7
included four rounds of epPCR random mutagenesis (Figure 1.16) and 26,000-50,000 colonies
were produced on each epPCR library which were then screened by using a petri dish double-
layer high-throughput screening strategy.

The 4R1 mutant (T1671/V181F/K186T/A187E/A298G) was stable at 50 °C with a great ti/2
value (8640 min) compared to the ti, of the WT Ks5A7 (1 min). Therefore, a 8640-fold

increase in thermostability of Ks5A7 was obtained with the directed evolution technique
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which also improved the specific activity of Ks5A7 (374.26 U/mg for 4R1 and 243.18 U/mg for

the WT Ks5A7) with no loss in glucose tolerance (IC50 of 1.5 M).1%4

First round Second round Third round Fourth round
40 min at 60 °C 40 min at 70 °C 40 min at 75 °C 40 min at 85 °C
. T1671
1'1671 VISIF
3R1* :::_',EF, 4R1 K186T
1R1 T1671 T1671 7‘42980‘ A187E
2R1*  VI8IF ) A298G
A298G K29E
Ks5A7* B 3R2 | TI6TI
AT A126G V181F
T1671 2R2 T1671 A298G
1R3 E450K A298G

Figure 1.16. Amino acid changes in mutants of Ks5A7. Mutants selected as starting points for the next round of

evolution are marked with asterisks. Newly introduced mutations in each generation are underlined. Figure
reproduced from Cao et al.11*

Beside the previously mentioned in vitro techniques, there are in silico tools which can be
used to predict the engineered proteins as well as to evaluate them in their possible new
positions which can then be experimentally evaluated.'®® Some of these tools are EASE-
MM?8, |-Mutant!'’ and mCSM.'*® In 2018, Milos and his group in Technical University of
Ostrava were able to develop these classic tools which were limited to single-point mutations
into an advanced web server called FireProt that is able to design multiple point mutants for
thermostable proteins.t®

In this study, protein engineering aided the introduction of amino acid mutations by mapping
the BbMYR active site onto the extremophilic TnoGH1 enzyme first, and then onto HorGH1 to

further confirm the key role played by selected residues in the recognition and hydrolysis of

GSLs.
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1.4 Aims and objectives

This study will focus on B-glucosidases from thermophilic and halophilic sources, which are
particularly attractive because of their biotechnological advantages over many mesophilic
biocatalysts. Specifically, the engineering of B-thioglucosidase activity into two glycosyl
hydrolases isolated from the thermophilic bacterium Thermus nonproteolyticus (TnoGH1) and
the halo-thermotolerant Halothermothrix orenii (HorGH1) will be investigated. It is expected
that a variant can be created which is capable of enhanced hydrolytic activity towards
thioglycosides i.e., the hydrolysis of the sulphur bond contained in glucosinolate (GSLs). In
nature, the only B-thioglucosidase capable of hydrolyzing sulphur-containing secondary
metabolites (GSLs) is an enzyme called myrosinase.
Myrosinases are not particularly extremophilic and hence it is of interest to generate new
biocatalysts from halo-thermophiles that are able to catalyse the hydrolysis of thioglycosides,
which can be thermostable with considerable activity in organic solvents and have other
unique features in biotechnological processes especially at high temperature which make
them attractive in industrial biocatalysts.
Therefore, this research will focus on:

o GH1 from halophile-thermophiles range

o Engineering novel extremophilic GH1s towards thioglycoside substrates

o Exploring the activities of the WT enzymes and the mutants toward standard

substrates (O-glucosides) and thioglucosides

o Investigation of the kinetics parameters of the WT enzyme and the mutants
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2.1 Reagents

Substrates 4-nitrophenyl [-D-thioglucopyranoside (pNT-Glc) and 4-nitrophenyl-B-D-
glucopyranoside (pNP-Glc) were purchased from Carbosynth. Escherichia coli bacterial strains
and the QuikChange Il Site-Directed Mutagenesis Kit were from Agilent Technologies. The
plasmid miniprep kit was from Macherey-Nagel. Growth media and assay components were

procured from Fisher Scientific. All other chemicals were purchased from Sigma.

2.2 General instruments

- DNA amplification, site directed mutagenesis, and temperature stability assays were
carried out using a PCR thermal Cycler SensoQuest® Labcycler 48 and the Applied
Biosystems Verti® Thermal Cycler.

— DNA electrophoresis and Protein SDS-PAGE were performed in a power supply EPS 301

from Amersham Biosciences.

— Plasmid purification was carried out in the NucleoSpin Plasmid purification kit from
Macherey-Nagel®, PCR product purification was performed with the QIAquick PCR
purification kit from Qiagen® and agarose gel DNA extraction was performed using the

QlAquick Gel Extraction kit from Qiagen®.

— Solid medium plates and liquid cultures were incubated in a Thermo Scientific MaxQ6000
static incubator with temperature control from 4 to 60 °C or the New Brunswick Scientific

Model C24 for temperatures from 30 to 37 °C.

— General centrifuge cycles were performed using Thermo® Microcentrifuge Accuspin

Micro 17R, with controlled temperature for volumes up to 2 mL.

43



Cell debris were removed from cell lysate suspensions using a centrifuge Thermo®

Haraeus Multifuge with Thermo Fiberlite F15 for volumes larger than 2 mL, at 4 °C.

Cells were lysed by sonication using a Fisher brand Ultrasonic Liquid processor FB120 with

timer and pulser from Fisher brand.

Protein purifications were carried out in a chromatography system AKTAPrime ® Start
from GE Healthcare using HisTrap FF 1mL, HisTrap FF 5mL (GE Healthchare) or Ni-NTA

Superflow Cartridges (Qiagen).

DNA, Protein quantification, absorbance reading and scanning, and conventional
enzymatic tests and general well-reading were performed on an EPOCH2 microplate and

cuvette reader from BioTek®.

General pipetting was performed with Micropipettes P5000, P1000, P200, P20, P10 and

P2.5 from StarLab® and Eppendorf® Multipipette E2.

pH-meter Orion Star A111, calibrated regularly with standard solutions (pH 4, pH 7 and

pH 10 from Sigma-Aldrich).

Chemicals were weighted using balances model PS5602, model CSC2000 or an analytical

series PAS214C, all from Thermo Scientific®.

Culture media and glassware were generally sterilised using a Thermostatic autoclave ST-

19T from Dixons Surgical Instruments Ltd®

Further common instruments used during the experiments: Lab- Line® Multi-Block Heater,
Benchtop Shaker Carl Stuart Limited IKA®, Vortex mixer Wizard from FisherBrand® and

microwave cooker from Daewoo®.

44



2.3 Cell culture and manipulation

2.3.1 Bacterial strains

The following Escherichia coli strains were used:

- E. coli XL10-Gold as propagation strain

Genotype: endAl gInV44 recAl thi-1 gyrA96 relAl lac Hte A(mcrA)183 A(mcrCBhsdSMR-
mrr)173 tetR F'[proAB laclgZAM15 Tn10(TetR Amy CmR)]

— E. coli BL21(DE3) as protein expression strain

Genotype: E. coli str. B F ompT gal dcm lon hsdSg(rs"ms’) A (DE3 [lacl lacUV5-T7p07 ind1

sam7 nin5]) [malB+] k-12(AS).

2.3.2 Culture media, buffers, and antibiotics preparation

- LB medium: N-Z amine (10 g), yeast extract (5 g), NaCl (10 g) and dH,0 (1 L).

— LB agar plate: N-Z amine (10 g), yeast extract (5 g), NaCl (10 g), agar (15 g) and dH.O (1 L).

TB medium: N-Z amine (12 g), yeast extract (24 g), glycerol (5 g), KzHPO4 (2.2 g) and KH2PO4

(9.4 g) and dH20 (1 L).

NZY+ medium: N-Z amine casein enzymatic hydrolysate (0.5 g), yeast extract (0.25 g), and
NaCl (0.25 g) were dissolved in 50 mL dH,0 and the pH adjusted to 7.5. After autoclaving,
MgCly (1 M, 0.625 mL), MgS04 (1 M, 0.625 mL), and glucose (2 M, 0.5 mL) were filter-
sterilized and added to the 50 mL NZY* broth buffer prior to use.

Universal Buffer: 25 mM citric acid (0.96 g), 25 mM KH;PO4 (0.68 g), 25 mM Tris (0.61 g),

12.5 mM sodium tetraborate decahydrate (1.91 g), and 25 mM KCl (0.37 g) were dissolved

in 200 ml of dH;0, then the buffer was filtered and degassed.
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- Ampicillin stock solution: (100 mg/mL) 1 g of sodium ampicillin was dissolved in sufficient

dH;0 to make a final volume of 10 mL. An 0.22 um sterile filter was first prewashed by
drawing through 50-100 mL of dH,O to be used to sterilize the solution. Then the
ampicillin solution was passed through the washed filter. The ampicillin was stored in
aliquots at -20 °C for 1 year (or at 4 °C for 3 months).

— IPTG solution (1 M) 2.38 g of isopropyl B-D-1-thiogalactopyranoside was dissolved in
sufficient dH,0 to make a final volume of 10 mL. An 0.22 um sterile filter was first
prewashed by drawing through 50-100 mL of dH,0O to be used to sterilize the solution.
Then the IPTG solution was passed through the washed filter. The IPTG stored in aliquots

at -20 °C for 1 year (or at 4 °C for 3 months).

2.3.3 Preparation of chemically competent cells

A single colony of E. coli (either XL10-Gold® or BL21 (DE3)) was inoculated into LB medium (50
mL) and grown at 37 °C, 150 rpm to an ODggo of ca. 0.4. The cultures were then placed on ice
for 20 min and subsequently harvested by centrifugation (3000 g, 15 min, 4 °C). Pellets were
resuspended in 10 mL of an ice-cold solution of magnesium chloride (100 mM), combined,
and harvested by centrifugation (3000 g, 15 min, 4 °C). The pellet was resuspended in 20 mL
of an ice-cold solution of calcium chloride (100 mM) and incubated on ice for ca. 30 min. After
harvesting by centrifugation (3000 g, 15 min, 4 °C), pellets were resuspended in 10 mL of an
ice cold solution of calcium chloride (85 mM) and glycerol (15 % v/v). Cells were harvested
(3,000 g, 10 min, 4 °C), resuspended in 0.5 mL of the previous solution, aliquoted (80 pL) to

1.5 mL microfuge tubes, and frozen at -80 °C.
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2.3.4 Chemically competent cell transformation

The plasmid DNA (pET45b Amp resistant) harbouring the GH1 gene was used to transform
chemically competent E. coli cells under sterile conditions.

The plasmid (1 pL) was placed in a micro-centrifuge tube containing BL21 cells (40 pL). The
competent cells were left on ice for 30 min, then heat-shocked at 42 °C for 1 min and 30 s. It
was then cooled on ice for a subsequent 5 min. Autoclaved LB media was then added (250
uL) to the sample and left shaking (180 rpm) at 37 °C for 1 h. Aliquots of 50 and 200 pL of the
culture were plated to LB agar dishes containing ampicillin (150 pL in each 150 ml LB). They
were grown O/N at 37 °C; the LB agar plates were then stored at 4 °C..

A single colony was isolated from each plate and inoculated in individual falcon tubes
containing liquid LB medium (6 mL) and ampicillin (6 pL). The tubes were incubated at 37 °C

shaking incubator for 16 h.

2.4 General procedures:
2.4.1 Site-directed mutagenesis (SDM)
2.4.1.1 Mutagenic primers design

— TnoGH1 mutations:

Protein sequence:
The below FASTA file represents the sequence of the ThoGH1 enzyme following N-terminal
His tagging. The active site motifs are in bold.

in pET45b Amp resistant
>1NP2_1|Chains A,B|beta-glycosidase | Thermus nonproteolyticus / Mw: 49 kDa

MTENAEKFLWGVATSAYQIEGATQEDGRGPSIWDTFARRPGAIRDGSTGEPACDHYHRYEEDIALMQSLGVGVYREFSVAWPRI
LPEGRGRINPKGLAFYDRLVDRLLAAGITPFLTLYHWDLPQALEDRGGWRSRETAFAFAEYAEAVARALADRVPFFATLNEPW
CSAFLGHWTGEHAPGLRNLEAALRAAHHLLLGHGLAVEALRAAGARRVGIVLNFAPAYGEDPEAVDVADRYHNRYFLDPILGR
GYPESPFQDPPPAPILSRDLEAIARPLDFLGVNYYAPVRVAPGTGPLPVRYLPPEGPVTAMGWEVYPEGLYHLLKRLGREVPW
PLYITENGAAYPDLWTGEAVVEDPERVAYLEAHVEAALRAREEGVDLRGYFVWSLMDNFEWAFGYTRRFGLYYVDEFPSQRRIP
KRSALWYRERIARAQTGGSAH
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Mutations were introduced into TnoGH1!' using the QuikChange SDM kit (Agilent
Technologies) according to the manufacturers instructions.

The mutagenic primers were designed using QuikChange Primer Design Program available
online at www.agilent.com/genomics/qcpd. Table 2.1 shows the three TnoGH1 mutagenic
primers which were used individually to generate single and double mutants (generating 3

additional variants with all possible permutations).

Table 2.1. List of primers used in this study for Thermus nonproteolyticus glycoside hydrolase SDM.

Enzyme Primer (5’-3’)

TnoGH1-Luel71lys | GTGCTCTGCGTTTAAAGGTCATTGGACG

TnoGH1-Val287Arg | TACTACGCTCCGCGCAGAGTAGCACCTG

TnoGH1-His178Tyr | TCATTGGACGGGTGAATATGCACCGGGTCTGCG

— HorGH1 mutations:

Protein sequence:

The below FASTA file represents the sequence of the HorGH1 enzyme following N-terminal
His tagging. The active site motifs are in bold.

in pET45b Amp resistant

>3TA9_1|Chains A,B|Glycoside hydrolase family 1| Halothermothrix orenii / Mw: 52 kDa

MHHHHHHMAKIIFPEDFIWGAATSSYQIEGAFNEDGKGESIWDREFSHTPGKIENGDTGDIACDHYHLYREDIELMKEIGI
RSYREFSTSWPRILPEGKGRVNQKGLDEFYKRLVDNLLKANIRPMITLYHWDLPQALODKGGWTNRDTAKYFAEYARLMFEE
FNGLVDLWVTHNEPWVVAFEGHAFGNHAPGTKDFKTALQVAHHLLLSHGMAVDIFREEDLPGEIGITLNLTPAYPAGDSE
KDVKAASLLDDY INAWFLSPVFKGSYPEELHHIYEQNLGAFTTQPGDMDIISRDIDFLGINYYSRMVVRHKPGDNLENAE
VVKMEDRPSTEMGWE IYPQGLYDILVRVNKEYTDKPLYITENGAAFDDKLTEEGKIHDEKRINYLGDHFKQAYKALKDGV
PLRGYYVWSLMDNFEWAYGYSKREGLIYVDYENGNRRFLKDSALWYREVIEKGQVEAN
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HorGH1 was mutated using the QuikChange SDM kit (Agilent Technologies) according to
the manufacturers instructions.. As with TnoGH1, the HorGH1mutagenic primers were
designed using QuikChange Primer Design Program available online at
www.agilent.com/genomics/qcpd. The three different mutagenic primers of HorGH1
which were used individually to generate single and double mutants (generating 3

additional variants with all possible permutations) are shown in Table 2.2.

Table 2.2. List of primers used in this study for Halothermothrix orenii glycoside hydrolase SDM.

Enzyme Primer (5°-3’)

HorGH1-Glul173Lys | GAACCGTGGGTTGTGGCTTTTAAAGGTCATG

HorGH1-Met299Arg | AATTATTACAGTAGAAGGGTCGTACGCCATAAG

HorGH1-His180Tyr | GCATTCGGCAATTATGCCCCTGGTACA

2.4.1.2 Thermocycling reaction

The mutant strand synthesis reactions for the thermal cycling were prepared using 2.5 uL of
10x QuikChange Lightning Multi reaction buffer, X uL to final volume of 25 uL of dH,0, 0.3 pL
of QuikSolution, 100 ng of ds-DNA template, 100 ng of each primer (for 1-3 primers), 1 pL of
dNTP mix, and 1 pL of QuikChange Lightning Multi enzyme blend. These components were
added in order, then mixed gently by pipetting or tapping the reaction tube.

The thermocycling conditions of the reaction were 30 cycles of denaturation, annealing, and
elongation phases as following (20 s in 95 °C, 30 s in 55 °C, 30 s in 65 °C). Then the reactions

were cooled to £37 °C by placing the reaction thin-walled tube on ice for 2 min.
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2.4.1.3 Dpn | digestion of the original plasmid

In order to digest the original unmutated plasmid, the amplification product was digested by
adding 1 pL of Dpn | restriction enzyme directly into the amplification reaction and the
solution was gently mix by pipetting the reaction mixture up and down several times. After
that the reaction mixture was centrifuge for 1 min in a microcentrifuge and then incubated

for 5 - 60 min at 37 °C.

2.4.1.4 Transformation of XL-10-Gold ultracompetent cells

After generating the mutated plasmid via PCR, the plasmid was introduced into the XL-10-
Gold Ultracompetent cells as follows:

The XL10-Gold ultracompetent cells were gently thawed on ice. 45 uL of the ultracompetent
cells was add into a new autoclaved 1.5 mL Eppendorf tube and 2 ulL of XL10-Gold B-
mercaptoethanol (B-ME) mix was added to the 45 uL ultracompetent cells. The contents of
the tube were gently swirled and then incubated on ice and swirled gently every 2 min for 10
min. 1.5 uL of the Dpn I-treated DNA from each mutagenesis reaction (see 2.5.2.3) was
transferred to the ultracompetent cells and the transformation reaction was gently swirled to
mix, then incubated on ice for 30 min.

50 mL of NZY* broth buffer was prepared as described above in the media preparation section
(see 2.3.4). The NZY* broth was preheated at 42 °C to be used in a further step.

The transformation reactions tubes were heat-shocked at 42 °C for 30 s then they were
incubated on ice for 2 min.

0.5 mL of the preheated (42°C) NZY* broth was added to each transformation reactions tube.
The tubes were incubated at 37 °C shaking incubator (225-250 rpm) for 1 h. 50 pL of the

transformation reaction was plated on agar plates containing the appropriate antibiotic for
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selection of the plasmid vector (supplemented with amp, 150 pL in each 150 ml LB). The

transformation plates were incubated at 37 °C for >16 h.

2.4.2 Plasmid DNA isolation

The plasmid was isolated using the NucleoSpin Plasmid purification kit according to the
manufacturers instructions; isolation of high-copy plasmid DNA from E. coli.

In order to isolate the plasmid, mini prep was prepared as followed; a single colony from the
SDM plate was incubated in 5 mL LB medium (supplemented with amp, 5 uL). After growing
the cells O/N at 37 °C, 200 rpm, the cells were gently pelleted (11,000 x g, RT, 1 min) and the
supernatant was discarded. Then the pellet was lysed by adding 250 uL Buffer Al
(resuspending buffer), 250 uL Buffer A2 (lysis buffer), and 300 uL Buffer A3 (neutralization

buffer). The lysate was clarified by centrifugation for 10 min at 11,000 x g at RT and the DNA

was bound by placing a NucIeoSpin® Plasmid / Plasmid (NoLid) Column onto a 2 mL collection
tube. 750 pL of the colourless supernatant was transferred onto the column. After
centrifugation for 1 min at 11,000 x g, the flow through was discarded and the column placed
back into the collection tube. Then the silica membrane was washed by 600 uL Buffer A4
(supplemented with ethanol). The collection tube was then centrifuged for 1 min at 11,000 x
g at RT. To release the plasmid DNA, the spin column was placed into a new 1.5 mL Eppendorf
tube and 30 pL of low salt buffer (elution buffer) was added to the centre of the membrane
and incubated for 2 min at RT. Then it was centrifuged for 1 min at 11,000 x g at RT. The
plasmid DNA concentration was finally quantified by using an EPOCH2 microplate and cuvette

reader (BioTeck).
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2.4.3 Plasmid DNA propagation

1 uL of plasmid DNA was gently mixed with 40 uL of XL10-Gold competent cells under sterile
conditions. The mixture was placed on ice for 30 min, then heat shocked at 42 °C for 90 s and
placed back on ice for 5 min. Subsequently, 250 uL of autoclaved LB media was added and
then the culture incubated at 37 °C for 1 h. After that, 50 puL and 200 pL of the culture was
plated on agar plates (supplemented with amp, 150 pL in each 150 ml LB) and the plates were

incubated at 37 °C O/N then stored at 4 °C.

2.4.4 B-Glycoside hydrolases expression

2.4.4.1 Small scale expression

E. coli BL21 (DE3) was transformed with a plasmid harbouring one of the B-glycosylase genes
and a single colony was inoculated into 10 mL of LB medium (supplemented with amp, 10 pL).
After growing the cells at 37 °C, 200 rpm for ca. 7 h, the cells were gently pelleted (1,400 g, 4
°C, 10 min) and resuspended in 10 mL of fresh LB (supplemented with amp, 10 pL). IPTG
(1mM) was added and cells grown at 37 °C, 200 rpm for 16 h. Cells were harvested (3500 g, 4
°C, 20 min) and resuspended in 0.5 mL buffer (HEPES 50 mM, sodium chloride 150 mM, pH
7.5). The cells were lysed (on ice) by sonication (10 s on, 10 s off, 8 cycles, Amplitude: 40%)

and the debris pelleted (17,000 g, 4 °C, 15 min). The cell-free extracts were then stored at RT.

2.4.4.2 Medium scale expression

E. coli BL21 (DE3) was transformed with a plasmid harbouring one of the B-glycosylase genes
and a single colony was inoculated into 5 mL of LB medium (supplemented with amp, 5 pL)

and incubated at 37 °C, 200 rpm O/N. Then, 1 mL of the starter culture was inoculated into
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50 mL of LB and TB medium (supplemented with amp, 50 pL) and grown at 37 °C, 200 rpm
until an ODeoo of (0.6-0.8) was reached at which point IPTG (1 mM) was added and cells grown
at 37 °C, 200 rpm for ca. 16 h. Cells were harvested (3,500 g, 4 °C, 20 min) and the pellets

stored at -20 °C until purification.

2.4.4.3 Large scale expression

E. coli BL21 (DE3) was transformed with a plasmid harbouring one of the B-glycosylase genes
and a single colony was inoculated into 6 mL of LB medium (supplemented with amp, 6 pL)
and incubated at 37 °C, 200 rpm O/N. Then, 3 mL of the starter culture were inoculated into
300 mL of LB medium (supplemented with amp, 300 puL) and grown at 37 °C, 200 rpm until an
ODeoo of (0.6-0.8) was reached at which point IPTG (1 mM) was added and cells grown at 37
°C, 200 rpm for ca. 16 h. Cells were harvested (3,500 g, 4 °C, 20 min) and the pellet was stored

at -20 °C until purification.

2.4.5 B-Glycoside hydrolase purification

The pellet from the 300 mL culture was resuspended in loading buffer (50 mM HEPES pH 7.5,
150 mM NaCl, 10 mM imidazole; 3 mL of loading buffer/1 g of pellet) and lysed by sonication
for 6 minonice (5 s on, 5 s off, 60 cycles, Amplitude: 40%). The soluble fraction was decanted
following centrifugation at 22,800 x g, 4 °C for 1 h, and filtered with a 0.45 um filter. Filtered
supernatant was loaded onto a 1 mL HisTrap FF crude® column, using an AKTA™ Start. The
column was washed with eight column volumes of loading buffer, followed by fifteen column
volumes of loading buffer with 10 % elution buffer (50 mM HEPES pH 7.5, 150 mM NacCl, 300

mM imidazole). The protein was then eluted with eight column volumes of 100% elution
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buffer. Pure fractions were pooled and dialysed for 20 h at room temperature with dialysis

buffer (50 mM HEPES pH 7.5, 150 mM NaCl), with one buffer exchange after 2 h.

2.4.6 B-Glycoside hydrolase quantification

The concentration of the purified enzymes was determined by absorbance at 280 nm. The
extinction coefficient £ was estimated using the EXPasy ProtParam tool? as shown in Table

2.3.

Table 2.3. List of the extinction coefficient at 280 nm of the Thermus nonproteolyticus glycoside hydrolase and
of the Halothermothrix orenii glycoside hydrolase WTs and mutant proteins. The values estimated by using the
EXPasy ProtParam tool.

Enzyme Extinction coefficient / M1 cm™

WT TnoGH1 107260
TnoGH1-L171K 107260
TnoGH1-V287R 107260
TnoGH1-H178Y 110240
TnoGH1-L171K/ V287R 107260
TnoGH1-L171K/ H178Y 110240
TnoGH1-V287R/H178Y 110240
WT HorGH1 106230
HorGH1-E173K 106230
HorGH1-M299R 106230
HorGH1-H180Y 107720
HorGH1-E173K/ M299R 106230
HorGH1-E173K/ H180Y 107720
HorGH1-M299R/H180Y 107720

2.4.7 B-Glycoside hydrolase characterization

2.4.7.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins were analysed by 12% SDS-PAGE and staining the resulting gel with InstantBlue.
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An SDS-PAGE gel (12% acrylamide) was prepared from the following: running gel [dH,0 (2.475
mL), Tris buffer 1.5 M pH 8.8 (1.95 mL), acrylamide 33% (3 mL), SDS 10% solution pH 7.4 (75
uL), ammonium persulphate 10% solution (75 pL), and Tetramethylethylenediamine (7.5 pL)]
was prepared and allowed to set in an SDS-PAGE mould. The stacking gel [dH,0 (1.5 mL), Tris
buffer 1 M pH 6.8 (250 L), acrylamide 33% (330 pL), SDS 10% solution pH 7.4 (20 uL),
ammonium persulphate 10% solution (20 pL) and TEMED (3 pL)] was prepared and allowed
to set. Loading dye (7 uL) was added to each protein sample and then heated at approximately
100 °C for 5 min; finally it was pipetted into individual wells in the gel. Running buffer [glycine
(14.5 g), Tris (3.1 g), SDS 10% solution (10 mL) in 1 L dH;0] was used as gel buffer to run the
assay. The gel was ran at 300 V, 30 mA, for 1 h and 10 min. The gel was then removed from
the mould and either stained with Coomassie blue staining solution (2% Coomassie brilliant
blue R-250 in aqueous solution 50% methanol and 10% acetic acid) for 15-30 minutes
following distaining with the distaining solution (aqueous solution 7.5% methanol and 10%
acetic acid) overnight or with Instant Blue (Expedeon®) solution overnight. The gel was then

placed between two plastic sheets for clarity of visual analysis.

2.4.7.2 DNA electrophoresis

DNA assay gel electrophoresis was performed using an agarose concentration of 0.8% (w/v).
The solution was made by dissolving agarose powder (0.32 g) in 40 mL of TAE buffer by
heating it in a standard microwave oven until the solution was completely clear. When the
temperature was low enough without leaving it solidify, 4 uL of SYBR safe DNA staining were

added. The solution was then loaded into the mould and left to solidify. Samples were
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prepared appropriately mixing them with the Gel Loading Dye Purple (6x) from New England

Biolabs. The electrophoresis was conducted routinely at 75V and 150 mA for 45

minutes.

2.4.7.3 Calibration Curves of 4-Nitrophenol & 4-Nitrothiophenol

As a first step before starting enzyme characterization, the calibration curves of two glycosidic
compounds; 4-Nitrophenol (pNP) and 4-Nitrothiophenol (pNT) were prepared to determine
the absorbance of PNP and PNT products at 420 nm.

In order to investigate that, a range of different concentrations of the products (PNP and PNT)
were tested (0 - 1 mM) in individual wells in duplicate. The samples were assayed at 25 °C in

buffer pH 7.5 (100 mM HEPES, 500 mM Nacl).

2.4.7.4 Activity assay

The activity of the purified enzyme was tested against two substrates pNP-Glc and pNT-Glc.
10 uL of appropriately diluted samples of the enzyme were added to a 96-well plate included
290 pl of the reaction solution (500 mM sodium chloride in 100 mM in HEPES buffer, pH 7.5)
containing either pNP-Glc or pNT-Glc at a final concentration of 10 mM. Assays were
performed at 50 °C for TnoGH1 and at 25 °C for HorGH1.

The formation of pNP and pNT was followed at 420 nm over 15 min. The specific activity

(U/mg) was expressed as pumol of product formed per minute per milligram of protein.
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2.4.7.5 Kinetics assays

Enzyme activity was measured spectrophotometrically in triplicate by monitoring the change
in absorbance at 420 nm of the p-nitrophenol (pNP) or p-nitrothiophenol (pNT).

Assays were conducted in 200 pL at 50 °C for TnoGH1 and at 25 °C for HorGH1. A typical
reaction mixture contained 100 mM HEPES buffer pH 7.5, 500 mM sodium chloride.

pNT-Glc was dissolved in 30% DMSO, the concentration of DMSO was controlled at 9 % across
pNT-Glc assays.

All assay components were filtered with a 0.45 um filter prior to use. Assays were initiated
with the addition of enzyme. The kinetics assays presented in primary non-linear regression

plots.

2.4.7.6 pH effect on activity profile

The activities of the enzyme were measured at pH values ranging from 3 to 12 and they were

presented as relative activities to standard buffer (100 mM HEPES, 500 Mm NaCl, pH 7.5).

2.4.7.7 pH stability profile

The pH stability profile was evaluated by incubating the enzyme for 24 h at pH values ranging
from 3 to 12. The activities then were presented as relative activities to standard buffer (100

mM HEPES, 500 Mm NacCl, pH 7.5).
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2.4.7.8 Temperature stability profile

Temperature stability profiles were investigated by incubating the enzyme at different
temperatures and testing the activity after 0.5h,2 h,4 h, 24 h, 48 h, 72 h, 120 h, and 240 h.

the activities were presented as relative activities to the starting activity (Time 0) at 25 °C.

2.4.8 Data analysis

2.4.8.1 UCSF Chimera software

In silico modelling of crystal structures of B-Glycoside hydrolases and the sequences of
glycoside hydrolases were performed using the UCSF Chimera software, production version

1.12.3

2.4.8.2 The Universal Protein Resource (UniProt)

Myrosinases amino acid sequences were obtained from UniProt. https://www.uniprot.org.*

2.4.8.3 The European Molecular Biology Open Software Suite (EMBOSS)

Similarities and identities, including homology modelling, between the glycoside hydrolases
sequences were calculated using EMBOSS software.

https://www.ebi.ac.uk/Tools/psa/emboss_needle/.®
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2.4.8.4 Igor Pro software

Kinetic parameters were evaluated by nonlinear regression analysis in Igor Pro (Version

7.0.8.1; Wavemetrics Inc., Lake Oswego Oregon).’

2.4.8.5 GraphPad Prism

Bar graphs were produced in GraphPad Prism.2 The primary plots were analysed using

equation 1.

% kcat [S]

= (Equation 1)
[Elr K, +[S]

Where: v; is the initial velocity of the reaction.

kcat is the turnover number.

Kwmis the Michaelis- Menten constant.

[S] is the substrate concentration.

[E]t is the total concentration of the enzyme.

2.4.8.6 Pfam protein family database

For consensus analysis of amino acids, 3-glycosidase sequences were taken from the Pfam

protein family database (https://pfam.xfam.org- sequence search), ~4000 sequences of

representative proteome were used for amino acid analysis.’
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2.4.8.7 The Molecular Evolutionary Genetics Analysis software (MEGA X)

The representative proteome at 15 % comembership threshold, as defined by Pfam (see
3.4.8.7) which is an even sampling of the sequences of the glycosyl hydrolase family
PF002321°, was aligned with the WT sequences of the B-glycosidase used in this study with

the ClustalW tool! (https://www.ebi.ac.uk/Tools/msa/clustalo/) with the MEGA X software

(version 10.1.0).12

2.4.8.8 WeblLogo

Sequence logo analysis was performed with Weblogo.

http://weblogo.threeplusone.com/create.cgi.3
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Chapter 3: Computational study of Glycoside hydrolases family 1
(GH1)
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3.1 Overview of Myrosinase types

As already mentioned in the introduction, myrosinases (MYRs; EC 3.2.3.147) are unique
members of the GH1 family able to hydrolyse thioglycosides.

Unlike B-glycosidases which are ubiquitous, MYRs have been identified only in a handful of
species such as Sinapis alba', Arabidopsis thaliana and Brassica napus?, Brevicoryne
brassicae®, and Verticillium dahliae.* Sinapis alba, Arabidopsis thaliana and Brassica napus
species belong to the Plantae kingdom and Brassicaceae family. Brevicoryne brassicae species
is from Animalia kingdom and Aphididae family. Verticillium dahliae is a fungus which is placed
Incertae sedis within the order Hypocreales (i.e., its exact taxonomic position is undefined).

These species are shown in Figure 3.1.

Figure 3.1. Species producing myrosinases: A. thaliana (top left), B. napus (top right), B. brassicae (bottom left),
V. dahliae (centre), B. napus (bottom right).

As discussed in the introduction, studies of SaMYR and BbMYR have shown some interesting

similarities and differences between them. Even though the plant and aphid MYRs have the
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expected (B/a)s barrel folded structure, like the structure of B-glucosidases, they differ in the
active site residues, the cofactors, and the enzymatic activity. Moreover, the catalytic activity
of BbMYR is not affected by the presence or absence of ascorbate, as is SaMYR..

The fungal MYR, on the other hand, shows higher Kvvalue than SaMYR towards sinigrin, but
lower hydrolytic activity as well as lower stability at high temperatures and more acidic
conditions.®

Therefore, in this chapter a computational study of five MYRs and B-glycosidases will carry
out first to find out the similarities and differences between them. Following by a general
study of the most similar MYR and the extremo-adapted B-glycosidases. After that, for
better understanding of the catalytic performance of the most similar MYR, a bioinformatic
analysis of its active site including the essential residues for activity and for the hydrolysis of
GSL will perform. Then, comparative studies between the active site motifs of the most

similar MYR and the extremo-adapted B-glycosidases will carry out.

3.2 A comparative study between types of MYRs and the extremo-adapted B-

glycosidases

To investigate which MYR presented closer affinity to the extremo-adapted B-glycosidases, a
comparative study between the structures (amino acid sequences) of the previously
mentioned MYR and GH1s was carried out.

Figure 3.2 shows the amino acid sequence alignment of Brevicoryne brassicae, Verticillium
dahliae, Arabidopsis thaliana, Sinapis alba and Brassica napus myrosinases (here referred to
as MYR_Bbrassica, MYR_Verticill, MYR_Arabidops, MYR_Salba, MYR_Nbrassica, respectively).
The active site of Sinapis alba, Arabidopsis thaliana, and Brassica napus myrosinases differ

from that of classical B-glycosidases, as they lack the catalytic glutamic acid residue in the
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TB4NQL motif in MYR_Salba, T22INQL?°® in MYR_Arabidops, and T2°4NQL?%® in
MYR_Nbrassica (equivalent to T*!LNEP!® in ThoGH1)®, while it maintains the second one
(E409 in motif TA%%ENG*'! in MYR_Salba,E420 in motif T*°ENG*?2 in MYR_Arabidops, E429 in

motif T*ENG*3! in MYR_Nbrassica.l
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MY'R_BbraSSica - - MDYKFPEDFMEGTSTASYQT 20
MYR Ve rticill - -MA———-SQFEFDPALAGSLPADFVWGWATARAQV 30
MYRihrabidOps ~MELIMIAFVELLATATCKGD-EFVCEENEPETCNQTELFNSCGNFEKGFIFGVASSAYQV 58
MYR Salba = o—————mm—mm——m——————— DEEITCQENLPFTCGNTDALNSSSFSSDEFIFGVASSAYQT 40
MY'R_N'braSSica MELLHGLALVFLLARASCKADEEITCEENNPFTCSNTDILSSENFGEKDFIFGVASSAYQT &0
ek e ke
MYRiBbraSSica EGGWNEDGEGENIWDRLVHT SPEVI-KDGTNGDIACDSYHEYKEDVAIIKDLNLEFYRES 79
MYR7VertiCill EGAWDKDGEGVS INDTFAHTPGKV-—-KDGSTGDDAVRSYDLYATDVALLEKYRARGYRES 88
MYR_ArabidopS EGG——-RGRGLNVWDSFTHRFPEKGGADLGNGDTTCDSY TLWQEDIDVMDELNSTGYRES 115
MY'R_Salba EGT---IGRGLNIWDGFTHRYPNEKSGPDHGNGDTTCDSFSYWQRKDIDVLDELNATGYRES 97
MY'R_N'braSSica EGG—--RGRGVNVWDGFSHRYPEKAGSDLENGDTTCESYTRWQEKDVDVMGELNATGYRES 117
*x ‘k:‘k _:*'k H * H * _'k'k 4 'k: H *: s R * ok Kk
MYR_BbraSSica ISWARIAPSGVM-NSLEPKGIAYYNNLINELIENDIIPLVIMYHWDLPQYLQD-LGGWVN 137
MYR_VertiCill LSWARLIPLGGADDDVNEAGVAYYDRLIDGLLAQGITPYVILFHWDTPQRALEDRYGGMLD 148
MYR_ArabidopS IAWSRLLPEGKRSRGVNPGAIKYYNGLIDGLVAKNMTPEVILEHWDLPQTLODEYNGFLN 175
MYR Salba IAWSRITIPRGEKRSRGVNEKGIDYYHGLISGLIKKGITPEVILFHWDLEPQTLODEYEGELD 157
MYRiNbraSSica FAWSRIIPKGKVSRGVNQGGLDYYHKLIDALLEKNITPFVTLFHWDLPQTLQDEYEGFLD 177
rkake kX Lo Ly oKk k| ke s = ok kksekkk o hk Kk *
MYR_BbraSSica PI-MSDYFEEYARVLETYFGDRVEWWITEFNEPIAV-CKGY SIKAYAPNLN-————————— 185
MY'R_VErtiCill EARFTRDFVRYARLCFERFGDRVRDWITFNEPGVYTLAGYAAGVHAPARSSFR————-ERN 204
MY'RiArabidOpS KET-IVDDFEDYADLCFELFGDRVENWITINQLYTVFTRGYALGTDAPGRCSPREKIDV-—RC 232
MYR Salba PQ-IIDDFEDYADLCFEERGDSVEYWLT INQLY SVPTRGYGSALDAPGRCSPTVDP--SC 214
MYR_NbraSSica RQ—IIQDFKDYADLCFKEFGGKVKHWITINQLYTVPTRGYAIGTDAPGRCSPMVDTKHRC 238
* *k x K LE S R T *k H* K
MY'R_BbraSSica ———-LKTTGHYLAGHTQLIAHGKAYRLYEEMFEPTONGKISISISGVFFMPRNAESDDDIE 242
MY'R_VErti cill AEGDSSTEPFIVAHTELVAHAHAADVYKREFQPTQRGTVMITLHGNWSE PWDAGDARDVE 264
MYR_ArabidOps PGGNSSTEPY IVAHNQLLAHARAVDVYRTKYKDDOKGMIGPVMITRWELPFDHSQ-ESKED 291
MYR_Salba YAGNSSTEPY IVAHHQLLAHAKVVDLYRENYTH-QGGKIGPTMITRWELEYNDTDRESIA 273
MY'R_N'braSSica YGGNSSTEPY IVAHNQLLAHATVVDLYRTEKYKF-QKGKIGPVMITRWFLPFDESDPASTE 295
ok R SR S ok . * ok H . *
MYRiBbraSSica TAERANQFERGWEGHEVY -KGDYPPIMEKEWVDQKSKEESLPWSKLPKFTEDEIKLLEGTA 301
MYR7VertiCill ARERAREFEIAWFADPLYKTGDYPASMRAQLG—————————— DRLPREFTEEESRLVLGSS 314
MYR_ArabidOpS ATERAKIFFHGWEMGPLT-EGKYPDIMREYVG-—————-————— DRLPEFSETERALVEGSY 340
MY'R_Salba ATERMEEFFLGWFMGPFLT-NGTYPQIMIDTVG—————————-] ERLPSFSPEESNLVKGSY 322
MY'R_N'braSSica AMERMNQFFHGWYMEFPLT - KGRYPDIMRQIVG —————————— SRLPNFTEEEAELVAGSY 344
?:'k . * _*: *: * kK * T, _:*‘k 'k: * ‘k: 'k:
MYR Bbrassica DFYALNHYSSRLVTFGSDPNENENEPDASYVTS———————————————— VDEARWLKPNETE 345
MYR Verticill EVYGMNSYSAFYVKHRDGPADINDHKGNIEQR-——-DENSEGTPRGPASDTYW-——————— 363
MYR Arabidops DFLGLNYYVTQYRAQNNGTIVPSDVHTALMDSRTTLTSKNATGHAPGPPFN-————————— 3 391
MYR Salba DFLGLNYYFTQYAQPSPNPVNSTNETAMMDAGAKLTY INASGHY IGPLFEKDKAD-—STD 380
MYR Nbrassica DFLGLNYY\ITQYAQPKPNPYP SETHTAMMDAGVELTYDNSRGEFLGPLEVEDKVN-———G 400
Tk x
MYR_BbraSSica YIIFVPEGLRKLLIWLENEYGNPQLLITENGYGDDGQ-—————————— LDDFEKISYLEN 304
MY'R_VErtiCill —LRTTPWGWGELLRWIWARYGVP-IYITENGTTAQGEHDWKPTGPDDVLEDPFRIDFFRY 421
MY'RiArabidOpS ASYYYPEKGIYYVMDYFKTTYGDPLIYVTENGESTPGDEDFERAT —————. -ADYKRIDYLCS 446
MYR_Salba NIYYYPKGIYSVMDYFENKYYNPLIYVTENGISTPGDENENQSM————— LDYTRIDYLCS 435
MYR_NbraSSica NSYYYPRGIYYVMDYFKTKYGDPLIYVITENGESTESSENREQAT —————. -ADYKRIDYLCS 455
oK - ¥k o rEEEE .. *oorkon:
MY'R_BbraSSica YLNATLOAMYEDKCNVIGYTVWSLLDNFEWFYGY STHFGLVKIDEFNDPQRTRTERESYTY 454
MYR7VertiCill YLTEVA————————————————————— FASQEGYSDRFGATWIDFDSPEKTRYRAKRSAYE 460
MYR_Arabidops HLCFLSKEVIKEENVNVEGY FAWSLGDNYEFCNGFTVRFGLSYVDFANITGDRDLEAS GEW 506
MYR_Salba HLCFLNEVIKEEDVNVEGY LAWALGDNYEFNKGFTVREGLSY IDWNNVT -DRDLEES GOW 404
MYR_NbraSSica HLCFLREKVIKEKGVNVRGY FAWALGDNYEFCKGFTVRFGLSYVNWEDLD-DRNLKESGEW 514
g FroooEE HES koK
MYR Ebrassica FENVVSTGKE - 464
MYR7VertiCill LGDYFDHLIKESE - 472
MYR_ArabidopS FQKFINVTDEDSTNQDLLRSSVSSEKNRDRESLADA 541
MYR_Salba YQSFISPE- - 501

MYR Nbrassica

YORFINGTVENAVEQDFLRSSLSSQSQKKR-FADA 548

Figure 3.2. Amino acid sequence alignment of Brevicoryne brassicae (MYR_Bbrassica), Verticillium dahliae
(MYR_Verticill), Arabidopsis thaliana (MYR_Arabidops), Sinapis alba (MYR_Salba) and Brassica napus
(MYR_Nbrassica). The active site residues are coloured in red. The alighment performed in EMBOSS software
(https://www.ebi.ac.uk/Tools/psa/emboss needle/). Myrosinases sequences were obtained from UniProt.
MYR_Bbrassica from https://www.uniprot.org/uniprot/Q95X01, MYR_Verticill from
https://www.uniprot.org/uniprot/G2XC15, MYR_Arabidops from https://www.uniprot.org/uniprot/P37702,
MYR_Salba from https://www.uniprot.org/uniprot/P29736, and MYR_Nbrassica from
https://www.uniprot.org/uniprot/Q00326.
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MYRs from the cabbage aphid Brevicoryne brassicae (BbMYR) and from Verticillium dahliae,
on the other hand, rely on the typical catalytic acid/base system found in B-glycosidases (E167
and E374 in BbMYR and E179 and E390 in MYR_Verticill; Figure 3.2) and these MYRs are more
closely aligned with classic B-glycosidases than the plant MYRs in term of amino acid residues
present in the active site.

Among all the MYRs mentioned in this study, the cabbage aphid Brevicoryne brassicae and
the Verticillium dahliae MYRs are those with higher similarity to the extremo-adapted -
glycosidase, in term of the active site residues, and were therefore selected as models to

engineer their thioglucoside hydrolase activity into TnoGH1 and HorGH1.

3.2.1 Sequence comparison of MYR and T. nonproteolyticus GH1 (TnoGH1)
TnoGH1, as expected, presents the greatest sequence similarity to the BbMYR and
MYR_Verticill. ThnoGH1 and BbMYR show a 52.3% similarity (33.5% identity), and ThoGH1 and

MYR_Verticill show 44.5 % similarity (31.7 % identity) as shown in Table 3.1.

Table 3.1. The identity, similarity and gap between Brevicoryne brassicae (MYR_Bbrassica), Verticillium dahliae
(MYR_Verticill), Arabidopsis thaliana (MYR_Arabidops), Sinapis alba (MYR_Salba) and Brassica napus
(MYR_Nbrassica) and Thermus nonproteolyticus glycosyl hydrolase.

Type of MYR Identity Similarity Gaps in the alignment
MYR_Bbrassica 33.50 % 52.30 % 11.70 %
MYR_Verticill 31.70% 44.50 % 18 %
MYR_Arabidops 28% 42.40 % 26.80 %
MYR_Salba 27.90 % 43.50 % 19.80 %
MYR_Nbrassica 28.50 % 43.80 % 25.50 %
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Although high similarities were found with the Verticillium dahliae MYR and those from
Brassica napus (43.8 %; Table 3.1), Sinapis alba (43.5 %), and Arabidopsis thaliana (42.4 %;
Table 3.1), BbMYR is the most similar one to the TnoGH1 (Table 3.1) presenting the highest

degree of homology.

3.2.2 Sequence comparison of MYR and H. orenii GH1 (HorGH1)

The sequence alignments of each MYR and the amino acid sequence of HorGH1 shows similar

results to those obtained with ThnoGH1 as shown in Table 3.2.

Table 3.2. The identity, similarity and gap between Brevicoryne brassicae (MYR_Bbrassica), Verticillium dahliae
(MYR_Verticill), Arabidopsis thaliana (MYR_Arabidops), Sinapis alba (MYR_Salba) and Brassica napus
(MYR_Nbrassica) and Halothermothrix orenii glycosyl hydrolase.

Type of MYR Identity Similarity Gaps in the alignment
MYR_Bbrassica 36.02 % 56.20 % 10.30 %
MYR_Verticill 33.50 % 48.80 % 19.80 %
MYR_Arabidops 28.90 % 43.90 % 24.70 %
MYR_Salba 30.70 % 48.40 % 17.30 %
MYR_Nbrassica 31.80% 49.50 % 20.40 %

Both ThoGH1 and HorGH1 shows the highest degree of similarity with BbMYR (52.3% and
56.2% respectively) and the lowest gaps values (Table 3.1 and Table 3.2). HorGH1 has a 36%
identity with BbMYR and 30.7 % with SaMYR. Verticillium dahliae, Arabidopsis thaliana, and
Brassica napus MYRs show almost > 30% identity and > 40% similarity with HorGH1 (Table

3.2).
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3.3 Bioinformatic analysis of the crystal structures of cabbage aphid

Brevicoryne brassicae (BbMYR)

The amino acid FASTA sequence and the protein database structure of BbOMYR are shown in

Figure 3.3.

>1WCG:A|PDBID | CHAIN | SEQUENCE

MDYKFPKDFMFGTSTASYQIEGGWNEDGKGENIWDRLVHTSPEVIKDGTNGDIACDSYHKYKED
VAIIKDLNLKFYRFSISWARIAPSGVMNSLEPKGIAYYNNLINELIKNDIIPLVTMYHWDLPQY
LODLGGWVNPIMSDYFKEYARVLFTYFGDRVKWWITFNEPIAVCKGYSIKAYAPNLNLKTTGHY
LAGHTQLIAHGKAYRLYEEMFKPTQNGKISISISGVFFMPKNAESDDDIETAERANQFERGWEFG
HPVYKGDYPPIMKKWVDQKSKEEGLPWSKLPKFTKDEIKLLKGTADFYALNHYSSRLVTFGSDP
NPNFNPDASYVTSVDEAWLKPNETPYIIPVPEGLRKLLIWLKNEYGNPQLLITENGYGDDGQLD
DFEKISYLKNYLNATLQAMYEDKCNVIGYTVWSLLDNFEWFYGYSIHFGLVKIDFNDPQRTRTK
RESYTYFKNVVSTGKP

Figure 3.3. Amino acid FASTA sequence and the protein database structure (pdb:1WCG) of BbMYR. The active
site motifs NEP and TEN are highlighted in bold.

BbMYR has unique structural features related to its ability to breakdown the S-glycosidic
bonds in GSL, not observed in either B-glycosidases or other MYRs.

Two amino acid residues in the active site of BbMYR have been highlighted to play critical
roles in the hydrolysis of GSL, as they are directly involved in its recognition.® These residues
are K173 and R312. Figure 3.4 shows the active site structure of BbMYR. K173, R312, as well
as Y180 (see later) are the key residues which are not conserved in the extremophilic GH1 and
their introduction by mutagenesis as part of this study will be discussed in section 3.3.1 and

3.3.2 while E167 and E374 are the conserved catalytic residues.
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Figure 3.4. Protein database structures of the active sites of cabbage aphid Brevicoryne brassicae myrosinase
enzyme. a B. brassicae myrosinase (pdb:1WCG); target residues of mutagenesis indicated, K173, R312, and Y180;
residues essential for activity also indicated, E167 and E374. b diagram indicating the relationship between the
thioglycosidic substrate and the side chains of the residues of WT B. brassicae myrosinase selected for targeted
mutagenesis (section 4.3.1 and 4.3.2), essential residues also displayed. Distances between substrate and side
chains predicted with UCSF Chimera.

E164 H178

Figure 3.5. Protein database structures of the active sites of Thermus nonproteolyticus glycoside hydrolase
enzyme (pdb:1NP2). a residues to be mutated in this study are indicated, L171, V287, and H178. Residues
essential for activity also indicated, E164 and E338. b diagram indicating the relationship between the substrate
and the side chains of the residues of WT Thermus nonproteolyticus to be mutated in this study, essential
residues also displayed. Distances between the glycosidic substrate and side chains predicted with UCSF

Chimera.

Figure 3.6. Protein database structures of the active sites of Halothermothrix orenii glycoside hydrolase
(pdb:3TA9). a residue to be mutated in this study are indicated, E173, M299, and H180. Residues essential for
activity also indicated, E166 and E354. b diagram indicating the relationship between the glycosidic substrate
and the side chains of the residues of WT Halothermothrix orenii to be mutated in this study, essential residues
also displayed. Distances between substrate and side chains predicted with UCSF Chimera.
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Arginine R312 appears to be also conserved in both SaMYR and BbMYR and it clearly plays an
important role in the recognition of the sulphate group of sinigrin. A study by Jones and his
co-worker mentioned that R194 and R259 in the active site of SaMYR might be critical for its
activity. K173 and V228 are the equivalently positioned amino acid residues in BbMYR.
Another interesting amino acid residue for this study, present in the active site of BOMYR is
Y180. This tyrosine may also play a role in substrate recognition due to its proximity to the
thioglycosidic linkage in the substrate.’

The distance between the sulphur of thioglycosidic substrate and the side chains of K173
residue is 9 A, to the side chain of Y180 was predicted to be 5.6 A, and to the side chain of
R312 is 12.7 A (Figure 3.4 above). Therefore, Y180 appears to be in close proximity to the
substrate, in fact closer than K173 and R312 and might interact with the aglycon (-R). The
proximity of Y180 to the sulphur of the thioglycosidic linkage suggests also a possible catalytic
role of this residue.

Previous studies of the crystal structure of BbMYR mention all of these residues (K173, R312,
and Y180) but do not offer any experimental proof and this was the starting point of this

research.

3.3.1 Cabbage aphid Brevicoryne brassicae (BbMYR) and T. nonproteolyticus GH1
(TnoGH1)

The sequence alignment between BbMYR and TnoGH1 (Figure 3.7) reveals that ThoGH1
presents a non-polar amino acid leucine (L171) at the equivalent position of the polar amino
acid lysine (K173) in BbMYR; lysine is basic, positively charged, and is a bulkier amino acid
than leucine. Therefore, even though K173 appears to point away from the active site of

BbMVYR, if the charge and/or the size are important in this position of the active site of BbOMYR,
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a positive result in term of the specificity of ThoGH1 towards B-thioglycoside, may be achieved

by introducing this mutation.
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H.oorenii e MAKIIFPEDRIWEAATS S LeEsAer F NED[EK[E
B.brassicae = ..t MDY KFP KDMFET s T 2l PABEIS c wNE DK G e NERTRIR
S.alba MDEEITCQENLPFTCGNTDALNSSSESS . LT IERE LN Gl
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80 90

T.nonproteolyticus RPG. . A sTEEPAMHYHRYEENT A aQPEMLEEERGR . . Pid
H.orenii TR/, . K SoiriED 1 AR E Y H LY RERTE TshP L gEERGR . . VN Ol
B.brassicae TS[P|.EV THN{ED I Aledsls|Y HK Y KEMV A IspriRdAlsEVMY . SLE P
S.alba RYPNKS GN[ED T T{sds]SIF Sl YWOKIID I AR s TIERERE S R GVNERS
100 110 120 130 140 150
T.nonproteolyticus [JUAFFD r@VD RPLAlA GHTHRF LHL YECBRRXS A ERRGG . RRETF:\AE VARA[LA
H.orenii (/L DIF R4 RpAVID M)A SESY T AP [SA TIA¢H WD L P QEIL[s] D)t G‘| TRDTKYARLHFEE‘. N
B.brassicae ST Y g AT EMAT KN DR T T VM YRR Lol MR 1.G G . W V] PIMDYKR LFTY[FG
S.alba [T D YE{HGHT S GII KK GR{TIgF THWDLPQL-D 'LPQIIDDK-DLCFEE G

170 180 190 200
T.nonproteolyticus EPWCSAF LRHWTGERRRGG. . .. LRNLEAALR LPLGGL
H.orenii EPWVVAFEQHAFGNHIZEG. . .. ... ... TKDFKTALQS LpLsEiGM
B.brassicae RYKWWIGFRER IAV]. CKQY S TKA VLI . ceeeve... . LNLKTTGHYLAGEITOMIARGK
S.alba SHKYWLBIRIOLYSVP TREYGSALDESYGRCSPTVDP SCYAGNSSTEPR Y IVARIHOMLARIAK

210
T.nonproteolyticus AVEALRAAGAR.RVEIMLN......
H.orenii 3 EEDLPGEI[HITILN. ... ..[LT
B.brassicae AYRLYEEMFKP TQN[EK|I|SISISGVEF
S.alba KNYT.HQGEKIIGPTMITRWELIHYNDT . .DRH
250 260 270 280 290
T.nonproteolyticus GES|P.‘..FDPP.... ....ParIfisrRDLERTIARPLEFPLG YAP‘JR..A GTGP
H.orenii SEFEE HHIYENLG.H.. .. JAFTTQPGDMDIISRD LGIYSRMVRHK GDNL
B.brassicae Dp@yF IMKKWVDOKSKEEGLPWSKLPKFTKD IiKLLKGTYALHSSRLTFGSDPNP
S.alba Thex0 I IDT‘!GR .......... PSFISPE S'NLVKGSLGLYFTQYQPS NP VN
300 310 320 330
T.nonproteolyticus LF...VRYLPFPEG. P'JTAG .................. WEVYHEELYHL KRGR P.W
H.orenii FN.. .AEVIVKMEDRPSTEMG. . . « - « ¢ v 4 o v v s s v a WEIYig0Ole DIILVRVINK TDK
B.brassicae NFNPD! 1 &'DE:\\WLKN .............. ETPYIIPVEHEELRKL IWKN GNP
S.alba STNHTAMMDAGAKLTYINASGHYIGPLFEKDKADSTDNIY YY|3K{e S DYFKNEYYNP
: 350 360 370
T.nonproteolyticus AAYPDLWTGEAVVERP ERVAFSIEAHVEARLRA
H.orenii ; EEGK|IHPEKRINESAGD KQ| |Y A
B.brassicae .« LDPFEKISESAKN NA|TILIQAMY[E
S.alba NENQSMLY TRIDESACSHLCFLNKV IKE

Figure 3.7. Full sequence of Thermus nonproteolyticus glycoside hydrolase (TnoGH1), Halothermothrix orenii
(HorGH1), cabbage aphid Brevicoryne brassicae (BbMYR), and Sinapis alba myrosinase (SaMYR). The alignment
generated from ENDscript server software and the amino acid numbers refer to Thermus nonproteolyticus
glycoside hydrolase (TnoGH1).
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From the sequence alighnment between BbMYR and ThoGH1 it is also clear that in position
R312 (BbMYR) TnoGH1 presents the non-polar amino acid valine (V287); arginine is also basic,
positively charged, and is again a bulkier amino acid than valine. Therefore, as with TnoGH1-
L171K mutation case, an increase in the specificity of TnoGH1 towards B-thioglycoside might
be achieved with ThoGH1-V287R mutation if the thiogluco-hydrolase activity of BbMYR
depends on the charge and/or the size of the amino acid residues at this position.

This sequence alignment also shows that TnoGH1 has a histidine (H178), which is an aromatic
amino acid with an imidazole side chain at the equivalent position of the aromatic benzene
ring side chain tyrosine (Y180) in BbMYR. Tyrosine prefers to substitute with other amino acid
of the same type such as phenylalanine, which differs from tyrosine only in the hydroxyl group
in the ortho position on the benzene ring. On the other hand, histidine is commonly replaced
by cysteine and it is quite rare to see histidine exchanges for any amino acid at all.2 Therefore,
even though Y180 may be in the proximity of the sulphur of the thioglycosidic linkage,
introducing this mutation in TnoGH1 may negatively affect the specificity of TnoGH1 towards
B-thioglycoside and/or the turnover of the enzymatic reaction, and this should be taken into
consideration in the evaluation of the experimental results. Figure 3.8 shows the
aforementioned amino acid residues in Thermus nonproteolyticus glycoside hydrolase

(TnoGH1) and the amino acid residues at the equivalent positions in BbOMYR.
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TnoGH1 Leu

BbMYR Lys

N
¢ |
HN
Val His
o] H O

Arg Tyr

Figure 3.8. The amino acid residues in positions 171, 287, and 178 in Thermus nonproteolyticus glycoside
hydrolase (TnoGH1) and the amino acid residues at the equivalent positions in cabbage aphid Brevicoryne

brassicae (BbMYR).

HorGH1 Glu

BbOMYR Lys

H'ﬁ\(J.LOH H'N\:)J\OH

: H

i &

Arg Tyr

Figure 3.9. The amino acid residues in positions 173, 299, and 180 in Halothermothrix orenii glycoside hydrolase
(HorGH1) and the amino acid residues at the equivalent positions in cabbage aphid Brevicoryne brassicae

(BbMYR).
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The protein database structures of the active sites of TnoGH1 and the diagram indicating the
relationship between the substrate and the side chains of the residues of WT TnoGH1
mutated in this study is shown in Figure 3.5.

Therefore, the bioinformatic analysis of the crystal structures and the sequence alignment of
both BbMYR and TnoGH1 indicate three single mutations which may be able to shift the
activity in the TnoGH1 enzyme towards thioglycosides: TnoGH1-L171K, TnoGH1-V287R, and
TnoGH1-H178Y. Of course, a combinatorial approach of the mutations may also lead to better
variants: ThoGH1-L171K/V287R, TnoGH1-L171K/H178Y, and ThoGH1-V287R/H178Y will also
be experimentally tested to assess whether they play a critical role in the hydrolysis of

thioglucosides.

3.3.2 Cabbage aphid Brevicoryne brassicae (BbMYR) and H. orenii (HorGH1)

The sequence alignment between BbMYR and HorGH1 (Figure 3.7 above) shows that a polar
amino acid glutamic acid (E173) in HorGH1 amino acid sequence is present at the equivalent
position of another polar amino acid lysine (K173) in BbMYR; glutamic acid is an acidic
negatively charged amino acid and lysine is a basic positively charged amino acid and both
amino acid residues have similar molecular weight (ca. 147 g/mol; Figure 3.9). Therefore, if
the positive charge is not important in this position (K173) of the active site of BbMYR a
decrease in the turnover rate and a loss in the specificity of a HorGH1-E173K mutant
compared with the WT HorGH1, might be observed.

The second interesting position for this study in the sequence alignment between BbMYR and
HorGH1 is R312. In the amino acid sequence of HorGH1, a methionine (M299) found at the
same position of arginine (R312) in the amino acid sequence of BbMYR (Figure 3.7 above).

Methionine is a non-polar sulphur containing amino acid (Figure 3.9 above). Moreover, the
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M299R mutation is a mutation from hydrophobic amino acid (Met) to a longer positively
charged amino acid (Arg). Therefore, if the positive charge is important in this position (R312)
of the active site of BbMYR an increase in the turnover rate and an improvement in the
specificity of a HorGH1-M299R mutant compared with the WT HorGH1, will be noticed.

Y180 in the amino acid sequence of BbMYR is the third interesting amino acid residue for this
study. The sequence alignment between BbMYR and HorGH1 (Figure 3.7 above) reveals that
HorGH1 presents again histidine (H180) at the equivalent position of tyrosine (Y180) in BbMYR
(Figure 3.7 and Figure 3.9) aligning perfectly with TnoGH1. Therefore, similar predicted results
might be achieved with HorGH1-H180Y mutant as with TnoGH1-H178Y in term of the
specificity of HorGH1 towards B-thioglycoside and/or the turnover of the enzymatic reaction.
Also in the case of HorGH1, three amino acid residues Lys, Arg, and Tyr will introduced into
HorGH1 at 173, 299, and 180 positions, as single and double mutants, procuring six mutant
HorGH1 enzymes; HorGH1-E173K, HorGH1-M299R, TnoGH1-H180Y, HorGH1-E173K/M299R,
HorGH1-E173K/H180Y, and HorGH1-M299R/H180Y in order to experimentally assay if they
are important in the hydrolysis of thioglucosides. Figure 3.6 shows the crystal structure of the
active site of HorGH1 (a) and the diagram indicating the interaction between the substrate

and the amino acids side chains of the targeted WT HorGH1.
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Chapter 4: Thermus nonproteolyticus glycoside hydrolase

79



4.1 Introduction

As mentioned in the introduction, TnoGH1 is a thermophilic GH1 from the extremophilic
bacterium T. nonproteolyticus,*™ so it is attractive for industrial applications, particularly
those requiring high temperature conditions. Thermophilic enzymes are usually thermostable
enzymes with long shelf-life, high tolerance to organic solvents, and low risk of microbial
contamination.*> Therefore, engineering S-glycosidase activity into TnoGH1 will broaden its
substrate scope towards B-thioglycosidase activity and could significantly increase its
potential applications in an industrial setting.®

In this chapter, the introduction of mutations into the extremophilic TnoGH1 enzyme will be
discussed as the first example of engineering of GH1 in which myrosinase activity has been
introduced. Three mutations L171K, V287R, and H178Y will be introduced into the protein,
on their own or in combination, thereby creating single and double mutant forms of the active
site of TnoGH1, respectively. Then, the kinetic properties of all variants and WT enzymes with
test substrates [3-D-thioglucopyranoside (pNT-Glc) and 4-nitrophenyl-3-D-glucopyranoside

(PNP-GIc) will be carried out.

4.2 Expression and purification

Mutated variants of ThoGH1 were generated by SDM as described in the Material and
Methods section 2.4.1 and cloned into E. coli vectors pET45b to allow overexpression and
subsequent purification. In order to optimize expression and purification conditions for
TnoGH1, various trials and different techniques were examined. Initially, a small-scale

experiment (10 mL LB; see Material and Methods section 2.4.4.1) was set up, and even though
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the enzyme expressed very well as shown in Figure 4.1, the pellet produced was minute (ca.

0.07 g).
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Figure 4.1. 12% acrylamide SDS-PAGE of the WT Thermus nonproteolyticus glycoside hydrolase (WT TnoGH1).
PL is protein ladder (5 pL) and E (enzyme) is pure fraction of the enzyme (10 uL).

Therefore, the volume of the expression medium was increased to 50 mL and 300 mL with
trying two types of medium; LB and TB. TB medium allowed faster bacterial cells growth (6 g
pellet and 2 g pellet for TB and LB, respectively), but LB was better for the overall expression
of TnoGH1 and the final yield (6.5 mg/L and 25 mg/L for TB and LB, respectively) of the
purified enzyme.

Although TnoGH1 expressed very well in both cases, 300 mL medium gave larger pellets and
obviously higher concentration of ThnoGH1 to enable activity assays with both the natural
substrate (pNP-Glc) and the substrate mimic (pNT-Glc). Figure 4.2 below shows the SDS-PAGE

of TnoGH1 with a well-defined and clear band at 49 kDa, with 25 mg/L protein yield.
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Figure 4.2. 12% acrylamide SDS-PAGE of the WT Thermus nonproteolyticus glycoside hydrolase (WT ThoGH1).
PLis the protein ladder (5 uL), C1 is crude extract of the enzyme expressed in 50 ml LB (10 uL), F1 is flow through
of the enzyme expressed in 50 ml LB (10 pL), W1 is washing sample of the enzyme expressed in 50 ml LB (10 L)
eluted with 100% loading buffer, and E1 is the pure enzyme expressed in 50 ml LB (10 uL). C2 is crude extract
of the enzyme expressed in 300 ml LB (10 uL), F2 is flow through of the enzyme expressed in 300 ml LB (10 L),
W2 is washing sample of the enzyme expressed in 300 ml LB (10 pL) eluted with 100% loading buffer, and E2 is
the pure enzyme expressed in 300 ml LB (10 pL).

4.3 Substrate specificity
The characterization of the WT ThoGH1 enzyme with two substrates (Figure 4.3) was carried
out; assays were performed with a glucosidic (pNP-Glc) and a thioglycoside (pNT-Glc)

substrate to understand both B-glucosidase and the (potential) B-thioglucosidase activities of

the TnoGH1 enzyme under standard conditions.

Figure 4.3. Structures of the glycoside and thioglycoside substrates used in this study. The native substrate of
myrosinase is added to show the similarity in the structure of the molecules. a 4-nitrophenyl-B-D-
glucopyranoside (pNP-Glc). b 4-nitrophenyl-B-D-thioglucopyranoside (pNT-Glc). ¢ sinigrin, the native substrate
of myrosinase.

Commercial substrates a and b release upon cleavage 4-nitrophenol (pNP) and 4-

nitrothiophenol (pNT) (Figure 4.4) which absorb at 420 nm, therefore the activity of the
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enzyme can be monitored directly by UV-vis spectrophotometry and the specific activity

(U/mg) of the pure enzyme can be calculated.
a b
OH SH
Q¢
NO, NO,
Figure 4.4. Structures of the products. a 4-nitrophenol (pNP). b 4-nitrothiophenol (pNT).

Calibration curves (Figures 4.5) of the two glycosidic products were prepared to determine
experimentally the molar absorptivity (). All experiments were performed in triplicate. pNP

had a molar absorptivity of 7783.8 M-cm™ while pNT had 3547.6 Micm™.
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Figure 4.5. Calibration curves of a 4-nitrophenol (pNP) and b 4-nitrothiophenol (pNT). Absorbance at 420 nm
was measured at the indicated concentrations.
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4.4 Activity assays with 4-nitrophenyl-B-D-glucopyranoside and 4-nitrophenyl-B-
D-thioglucopyranoside substrates

For the activity assay with pNP-Glc substrate, 10 mM of pNP-Glc was freshly prepared in

reaction buffer (2.4.7.4), then 0.0003 mg/mL of the purified enzyme was added to the pNP-

Glc substrate solution.

The specific activity of WT ThoGH1 with pNP-Glc substrate at 25 °C was measured to be 1.7

U/mg, in line with previous results obtained in our lab. However, when the temperature of

the activity assay was increased to 50 °C, the specific activity of WT TnoGH1 doubled (3.5

U/mg).

The activity assay tests with pNT-Glc substrate (10 mM pNT-Glc, 10% DMSQO), was carried out

under the same conditions as for the pNP-Glc substrate.

The enzyme was considerably less active with pNT-Glc, requiring significantly higher enzyme

concetrations to obtan reliable readings. With a final concetration of 0.50 mg/mL of the

enzyme, the activity with pNT-Glc was measured to be 0.014 U/mg at 25 °C. Again, when the

assay was carried out at 50 °C, the activity increased to 0.027 U/mg.

The activity of TnoGH1 was previously tested in Paradisi lab in the present of organic co-

solvents such as MeOH, EtOH, iPrOH, THF, ACN as well as DMSO as mentioned in the

introduction (see section 1.2.1). In this study, TnoGH1 showed in fact an enhancement in the

specific activity (20%) in the presence of 10% DMSO with no loss of activity after incubating

at the solvent for 24 h which is a common feature of organic solvent-tolerant enzyme to be

stable in organic solvent.” DMSO was therefore used to dissolve pNT-Glc which is poorly water

soluble.

The ability of DMSO to both activate or inhibit enzymes activity has been proved in

literature.®12 Wiggers and his co-worker reported that the enzyme activity of Trypanosoma
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cruzi glyceraldehyde-3-phosphate dehydrogenase increased by 2-fold when the enzyme was
assayed in the presence of DMSO (5%, v/v) similar to what observed here with TnoGH1.13

The specific activity of the WT ThoGH1 with pNP-Glc substrate was also tested in the presence
of 10% DMSO which enhanced 2-fold (3.5 U/mg) at 25°C and 3-fold (5.5 U/mg) at 50°C.
Interestingly, these results show that the addition of DMSO improves the activity of the

enzyme to a value similar to that seen at at 50°C (without DMSO).

4.5 Kinetics assays with 4-nitrophenyl-B-D-glucopyranoside and 4-nitrophenyl-
B-D-thioglucopyranoside substrates

As with the activity assay in previous section,, the kinetics for pNP-Glc were measured both
at 25 °C (0.06 uM) and at 50 °C (0.006 uM). The kinetics assay showed that the performance
of TnoGH1 is significantly better at 50°C. The turnover rate increased from 25.14 s' to 132.5
s and the specificity increased from 17340 M s'! to 246000 M s - when comparing values

at 25 °C and 50 °C (Figure 4.6).
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Figure 4.6. Michaelis-Menten primary plot of the activity of WT Thermus nonproteolyticu glycoside hydrolase
(WT TnoGH1). a with varying concentrations of 4-nitrophenyl-B-D-glucopyranoside (pNP-Glc) substrate at 25°C
(vi vs substrate concentration) Michaelis-Menten kinetics behaviour described by equation 1, closed circles
represent individual data points. The line is characterised by the parameters ket = 25.14 s, Ky = 1.45 mM,
keat/Km = 17.34 x 103 M s -1 b with 4-nitrophenyl-B-D-glucopyranoside (pNP-Glc) substrate concentration at
50°C (v; vs substrate concentration) Michaelis-Menten kinetics behaviour described by equation 1, markers
represent individual data points. The line is characterised by the parameters ket = 132.5 s, Ky = 0.54 mM, keat/Kwm
=246 x 103 M s -1, ¢ with 4-nitrophenyl-B-D-thioglucopyranoside (pNT-Glc) substrate concentration at 50°C (v;
vs substrate concentration). Michaelis-Menten kinetics behaviour described by equation 1, closed circles
represent individual data points. The line is characterised by the parameters ket = 1.34 s, Ky = 1.4 mM, keat/Km=
957 M1st,
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The kinetics assays with pNT-Glc substrate could be performed only at 50 °C (Figure 4.6
above), given the low activity previously measured.

The reaction set up with pNT-Glc (0.3 uM) differs from that with pNP-Glc as 10% DMSO needs
to be added to solubilise the substrate as mentioned above.

As expected, Figure 4.6 above shows that, the kinetics parameters of WT TnoGH1 with pNT-
Glc were lower than that one measured with pNP-Glc (kcat/Km= 957 M st and keae= 1.34 51

for pNT-Glc and keot/Km= 246000 M st and keat= 132.5 st for pNP-Glc).

4.6 T. nonproteolyticus glycoside hydrolase mutagenesis

As previously mentioned, three residues in the amino acid sequence of BbOMYR, K173, R312,
and Y180, were identified to be important in the hydrolysis of thioglucosides.'*'> The
sequence alignment between BbMYR and TnoGH1 revealed that ThoGH1 presents a leucine,
a valine, and a histidine at the equivalent positions (L171, V287, and H178-TnoGH1
numbering). Thus, three single mutants were generated in TnoGH1 (L171K, V287R, and
H178Y) and double mutant permutations were then created (L171K/V287R, L171K/H178Y,
and V287R/H178Y) to elucidate any synergistic effect among these amino acids.

As with the WT TnhoGH1 previous studies, the activity assays and the kinetic properties of all

variants and WT enzyme with test substrates, pNP-Glc and pNT-Glc were then carried out as

described in the below sections.
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4.6.1 Single mutants

The mutants were generated by SDM (see Material and Methods section 2.4.1) and the
variants were confirmed by sequencing. The three single mutants were expressed and

purified following the same protocol optimised for the WT enzyme as shown in Figure 4.7.

kDa
250 —

100 —

Figure 4.7. Purification of Thermus nonproteolyticus glycoside hydrolase double single as analysed by 12%
acrylamide SDS-PAGE. a TnoGH1-L171K. b TnoGH1-V287R. ¢ ThoGH1-H178Y. PL is the protein ladder fraction (5
uL), P is the pellet fraction after sonication(10 uL), C is crude extract fraction of the mutants (10 uL), F is flow
through fraction of the mutants (10 uL), W1 is first wash fraction of the mutants (10 pL) eluted with 100% loading
buffer, W2 is second wash fraction of the mutants (10 pL) eluted with 90% loading buffer and 10% elution buffer,
and E is the pure fraction of the mutant (10 pL).

Analysis by 12% polyacrylamide gel (Figure 4.7 above) showed a decrease in the expression

level of the mutants (Table 4.1) when compared with the expression level of the WT enzyme.

Table 4.1. Protein yields of WT and single mutants Thermus nonproteolyticu glycoside hydrolase (TnoGH1).

Protein yield
mg/L
WT 25
TnoGH1-L171K 20
TnoGH1-V287R 15
TnoGH1-H178Y 10
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4.6.1.1 Activity assays of the single mutants with pNP-Glc and pNT-Glc substrates

TnoGH1 single mutants were tested under the same WT conditions in term of substrate
concentration (10 mM) and temperatures (25 °C and 50 °C). The single mutants showed
activities toward pNP-Glc and pNT-Glc particularly at 50 °C, but the WT was clearly more
active in all conditions. The specific activities of the mutants were slightly increased when

10% DMSO added to the assays as shown in Table 4.2.

Table 4.2. Specific activities of the WT enzyme and single mutants of Thermus nonproteolyticus glycoside
hydrolase with 4-nitrophenyl-B-D-glucopyranoside (pNP-Glc) and with 4-nitrophenyl-B-D-thioglucopyranoside
(PNT-GIc) at 25 °C and at 50 °C. The values in brackets under the pNP-Glc columns are the specific activities of
the enzymes with 10% DMSO. Experiments were conducted in triplicate.

Specific activity/ U/mg Specific activity/ U/mg Specific activity/ U/mg Specific activity/ U/mg
(pNP-Glc) (pNP-Glc) (pNT-Glc) (pNT-Glc)
25°C 50 °C 25°C 50°C
WT 1.7+0.3(3.5%0.5) 3.5+0.2(5.5+0.5) 0.014 £ 0.002 0.028 + 0.004
TnoGH1-L171K 0.5+0.1(0.6+0.1) 1.3+0.1(1.4%0.1) 0.006 + 0.001 0.012 £ 0.001
TnoGH1-V287R 0.7+0.1(0.9+0.1) 23+0.2(2.6+0.1) 0.004 + 0.001 0.010 # 0.001
TnoGH1-H178Y 0.7+0.1(0.9+0.1) 1.1+0.1(1.6+0.1) 0.001 + 0.001 0.002 + 0.001

The relative activities of TnoGH1 single mutants to the WT ThoGH1 are shown as columns in
Figure 4.8 a. Although the three mutants show similar specific activities values towards pNP-
Glc substrate at 25 °C, TnoGH1-V287R shows the best mutant performance at 50 °C with three

times fold increasing comparing with its specific activity at 25 °C.

Increasing the temperature from 25 °C to 50 °C naturally improved the specific activity values
of the single mutants, by almost 2-fold, with pNT-Glc (Table 4.2). Figure 4.8 b shows the

relative activities of the TnoGH1 single mutants to the WT TnoGH1 with pNT-Glc substrate.
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Figure 4.8. Relative activities of Thermus nonproteolyticu glycoside hydrolase mutants to the WT Thermus
nonproteolyticu glycoside hydrolase. a with 4-nitrophenyl-B D-glucopyranoside (pNP-Glc) and b with the 4-
nitrophenyl-B D-thioglucopyranoside (pNT-Glc) substrates. Black columns present the relative activities of
TnoGH1 mutants at 25 °C to the specific activity of the WT ThoGH1 at 25 °C. Light grey columns present the
relative activities of TnoGH1 mutants at 50 °C to the specific activity of the WT ThoGH1 at 50 °C. Dark grey
columns present the relative activities of TnoGH1 single mutants at 50 °C to the specific activity of the WT
TnoGH1 at 25 °C.

4.6.1.2 Kinetics assays of the single mutants with pNP-Glc and pNT-Glc substrates
The concentrations of the freshly purified enzymes were measure by UV using the EXPasy
ProtParam tool to estimate the extinction coefficients of the TnoGH1 single mutants (see
Material and Methods section 2.4.6, Table 2.3). This information was then used for the kinetic
assays by ensuring that equal molar concentrations for each enzyme variant were used.
From the kinetics parameters, Table 4.3, it is apparent that the specificity of the WT ThoGH1

with its natural substrate (pNP-Glc) is in all cases better than all single mutants.

Table 4.3. Table summarizing the kinetic parameters of the WT enzyme and single mutants of Thermus
nonproteolyticus glycoside hydrolase (TnoGH1) with the 4-nitrophenyl-B-D-glucopyranoside (pNP-Glc) and 4-
nitrophenyl B-D-thioglucopyranoside (pNT-Glc). Experiments were conducted in triplicate. Standard errors are
given, based on fitted theoretical curves.

keat/Kw (PNP-Glc)/ keat(pNP-Glc)/ Km(pNP-GIc)/  ke/Km (PNT-GIC)/ ket (DNT-Glc)/  Km (pNT-Glc)/

Mg st mM Mg st mM
WT ThoGH1 246 x 103 £ 3 x 103 133+3 0.54 +0.06 957+ 70 1.34 £ 0.04 1.40+0.10
TnoGH1-L171K 91x103+9x 103 136+ 4 1.50+£0.20 1200 + 100 1.10 £ 0.04 0.90+0.10
TnoGH1-V287R 192 x 10% + 20 x 103 117 +3 0.61 +0.07 2500 + 400 1.40+0.01 0.56 +0.01
TnoGH1-H178Y 230 x 10% + 36 x 103 77 2 0.34 +0.06 560 + 50 0.15+0.01 0.27 +0.07

89



Moreover, having lysine instead of leucine in the active site decreases the specificity of
TnoGH1-L171K mutant by 2.7-fold, with a retention of turnover rate (133 s for WT TnoGH1
and 136 s*for TnoGH1-L171K mutant) and reduced of substrate affinity with 3x increased in
Km value as shown in Table 4.3 and Figure 4.9. Loss of specificity was also noticed with
TnoGH1-V287R mutant (almost 30% loss comparing with the WT ThoGH1 under the same
experimental conditions). This mutation had only murgured impact on the turnover with
about 10% loss and almost a retention of substrate affinity. Even though the TnoGH1-H178Y
mutant showed a near retention of specificity and an increase in substrate affinity compared
to the WT ThoGH1, this mutation represented the lowest single mutant turnover rate (by 2-
fold) with pNP-Glc substrate comparing with the turnover values of ThoGH1-L171K and

TnoGH1-V287R single mutants.
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Figure 4.9. Michaelis-Menten curves for the Thermus nonproteolyticus glycoside hydrolase single mutants with
4-nitrophenyl-B-D-glucopyranoside (pNP-Glc) substrate at 50 °C; a L171K, b V287R, ¢ H178Y.

With pNT-Glc substrate (Table 4.3 and Figure 4.10) the mutant L171K showed a near retention
kinetic parameters in term of specificity (125 %), turnover rate (82 % of WT), and substrate
affinity (65 %) to the WT TnoGH1 (957 M s, 1.34 s 1, and 1.40 mM). This mutation resulted

in little perturbation in turnover rate with both substrates.
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The kinetic assay for TnoGH1-V287R with pNT-Glc substrate showed an increase in the
specificity, with a Kv value falling to 0.56 mM (3-fold improvement) with no loss in turnover
rate, compared with the WT enzyme. The enhancement in k.t/Kv together with the retention
of ket suggest that V287R would be the best mutant for practical application. Interestingly,
this mutation has only a small effect on the Km for pNP-Glc (113% with respect to the WT),

indicating that the binding is just as favourable.

A decrease in the performance of TnoGH1-H187Y mutant with pNT-Glc, was noticeable with
a 3-fold loss in specificity (560 M s) and a 10-fold loss in turnover rate (0.15 s). This mutant
showed the lowest single mutant turnover rate, but the highest single mutant substrate

affinity with both substrates.
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Figure 4.10. Michaelis-Menten curves for the Thermus nonproteolyticus glycoside hydrolase single mutants with
4-nitrophenyl-B-D-thioglucopyranoside (pNT-Glc) substrate at 50 °C; a L171K, b V287R, ¢ H178Y.

The kinetics study of TnoGH1 single mutants with the thioglycoside substrate, showed a novel
significantly enhanced activity and an improvement in the kinetic parameters compared with
the WT ThoGH1 and the other two variants of the enzyme, supporting the validity of the in-
silico rational approach.

This experimental work showed that the mutation V287R in TnoGH1 active site yielded the

greatest improvement in specificity while retaining similar turnover number to the WT. It has
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been shown previously R312 plays a critical role in aphid myrosinase as a sulphate
recognition.'* Its introduction in TnoGH1 to replace the hydrophobic side chain of valine in
the same position is highly beneficial. A mutation to arginine introduces a positively charged
guanidinium side chain into the active site of TnoGH1, which plays an important role in protein
stabilization by hydrogen and/or ionic bonding to a negatively charged anion.® The prediction
of the distance between the V287 in TnoGH1 and the oxygen of glycosidic substrate in chapter
3 (see section 3.3) showed that this bond can not be hydrogen bond. Therefore, the recorded
improvement in kct/Km may correspond to electrostatic interaction between the sulphur
atom in pNT-Glc substrate and the positively charged side chain of arginine in the mutant
which potentially stabilize the transition state resulting in an increase in ket/Kw.

The mutation that introduces lysine into the active site (L171K) is correlated with K173 in
BbMVYR. This mutation also adds a positive side chain into the active site however a benefit in
keat/Km was not observed. In the crystal structure of BbMYR, K173 points away from the active
site, possibly reducing its direct involvement in substrate binding.

The mutation to tyrosine at position 180 (BbMYR number), to replace histidine, resulted in a
dramatic decrease in kcqt/Km towards pNT-Glc substrate compared to all other variants. Y180
has been suggested to have a possible catalytic role in BbOMYR due to the proximity of the side
chain to the thiosidic linkage in GSL. From a chemical perspective, this mutation increases the
hydrophobicity at that position. In addition, the histidine appears to be highly conserved
among B-glycosidases, suggesting that a mutation at this position is poorly tolerated.
Specifically, tyrosine, while not forbidden, has an incidence of less than 3% in the data set.
The other two targeted positions (L171 and V287) are not as highly conserved (Figure 4.11

below).
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Figure 4.11. The targeted mutation positions in the WT Thermus nonproteolyticus glycoside hydrolase. Position
171 presents L171K mutant (leucine is 24 % conserved in this postion), position 287 presents V287R mutant
(valine is 21 % conserved in this postion), and position 178 presents H178Y mutant (histidine is 26 % conserved
in this postion). The data was obtained from the Pfam protein family database (https://pfam.xfam.org -
sequence search), ~4000 sequences of representative proteome were used for amino acid analysis.

4.6.2 Double mutants

The TnoGH1 double mutants were engineered by starting from either one of the single
mutant plasmids or by double mutation using two primers at the same time (see Material and
Methods section 2.4.1). Successful mutants were confirmed by sequencing and expressed as

previously described (see section 4.2).

All ThoGH1 double mutant showed a sufficient level of expression, were purified, and

analysed with a 12% SDS PAGE (Figure 4.12).
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Figure 4.12. Purification of Thermus nonproteolyticus glycoside hydrolase double mutants as analysed by 12%
acrylamide SDS-PAGE. a TnoGH1-L171K/V287R. b TnoGH1-L171K/H178Y. ¢ TnoGH1-V287R/H178Y. PL is the
protein ladder fraction (5 uL), P is the pellet fraction after sonication (10 uL), C is crude extract fraction of the
mutants (10 pL), F is flow through fraction of the mutants (10 pL), W is wash fraction of the mutants (10 uL)
eluted with 90% loading buffer and 10% elution buffer, and E is the pure fraction of the mutant (10 uL).

The amounts of purified WT and mutant enzyme are compared in Tables 4.1 and 4.4. Both
single and double mutants showed lower expression level than the expression level obtained
for WT.

Table 4.4. Protein yields of WT and mutants Thermus nonproteolyticu glycoside hydrolase.

Protein yield/ mg/L
WT 25
TnoGH1-L171K/V287R 13
TnoGH1-L171K/H178Y 8
TnoGH1-V287R/H178Y 20

4.6.2.1 Activity assays of the double mutants with pNP-Glc and pNT-Glc substrates
In order to investigate the effect of combining two mutations, the variants were subjected to

the same experiments carried out for the single mutants.

Overall, with the pNP-Glc substrate better performance, in terms of specific activity, was

recorded for the WT TnoGH1 than the double mutants at both 25 °C and 50 °C (Table 4.5).
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Table 4.5. Specific activities of the WT enzyme and double mutants of Thermus nonproteolyticus glycoside
hydrolase with 4-nitrophenyl-B-D-glucopyranoside (pNP-Glc) and with 4-nitrophenyl-B-D-thioglucopyranoside
(pPNT-GIc) at 25 °C and at 50 °C. The values in brackets under the pNP-Glc columns are the specific activities of
the enzymes in the presence of 10% DMSO.

Specific activity/ U/mg Specific activity/ U/mg Specific activity/ U/mg Specific activity/ U/mg
(pNP-Glc) (pNP-Glc) (pNT-Glc) (pNT-Glc)
25°C 50 °C 25°C 50 °C
WT 1.7+0.3 (3.5 £0.5) 3.5+0.2(5.5+0.5) 0.014 + 0.002 0.028 + 0.004
TnoGH1-L171K/V287R 0.5+0.1(0.6+0.1) 1.2+0.1(1.4+£0.1) 0.002 + 0.001 0.005 + 0.001
TnoGH1-L171K/H178Y 0.3+0.1(0.5+0.1) 0.8+0.1(0.9+0.1) 0.0003 + 0.0001 0.001 + 0.001
TnoGH1-V287R/H178Y 0.7+0.1(0.9+0.1) 1.4+0.1(1.6+0.1) 0.005 + 0.001 0.011 £ 0.001

The double mutants again performed better at 50 °C (2-3 folds increase), however, with the
exception of H178Y, all single mutants had a higher specific activity than any of the double
mutants. The H178Y mutation, on the other hand, provide significant benefits when
combined with the V287R mutation at 50 °C; the specific activity of the enzyme doubling from
0.7 U/mg to 1.4 U/mg. As can be seen from Table 4.5 above, slight increases in the activities
of the WT and double mutant enzyme with pNP-Glc were noticed when the assays were
carried out in the presence of 10% DMSO. The relative activities of TnoGH1 double mutants
to the WT TnoGH1 with pNP-Glc substrate is shown in Figure 4.8 above. Moreover, ThnoGH1
double mutants showed similar performance compared single mutants with the B-

glucosidase natural substrate (pNP-Glc), with the exception of TnoGH1-V287R.

The activity of the double mutants with pNT-Glc was also assessed. Again, it must be noted

that these experiments were carried out with the addition of a 10% DMSO.

In general, it was confirmed that introducing additional mutations lowered the overall
efficiently of the enzymes and the WT ThoGH1 again showed better specific activity values
than the double mutants (Table 4.5. Figure 4.8 above). However, the positive effect of the

addition of 10% DMSO and/or increasing the temperature to 50 °C was evident.
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The decrease in the catalytic activity of an enzyme following mutations in the active site has

also been reported in the literature.'’-20

4.6.2.2 Kinetics assays of the double mutants with pNP-Glc and pNT-Glc

Kinetics parameters were determined for the double mutants (Table 4.6). Not surprisingly,
the WT ThoGH1 was still the best with pNP-Glc, however, among the double mutants, some

differences were observed.

Table 4.6. Table summarizing the kinetic parameters of the WT enzyme and double mutants of Thermus
nonproteolyticus glycoside hydrolase (TnoGH1) with 4-nitrophenyl-B-D-glucopyranoside (pNP-Glc) and 4-
nitrophenyl B-D-thioglucopyranoside (pNT-Glc). Experiments were conducted in triplicate. Standard errors are
given, based on fitted theoretical curves.

keat/Kn(pNP-Glc)/ kext(PNP-Glc)/ Km(pNP-GIc)/ Keat/Km (DNT-Glc) / ket (PNT-Glc)/  Km(PNT-Glc)/
M-is2 sl mM M-ist sl mM
WT TnoGH1 246 x 103 + 3 x 10° 133+3 0.54 % 0.06 957 + 70 1.3410.04 1.40£0.10
TnoGH1-L171K/V287R 58 x 103+ 5 x 103 111+3 1.90 +0.20 1810 + 320 0.38+0.01 0.21+0.04
TnoGH1-L171K/H178Y 99 x 103 + 10 x 10° 69 +2 0.70+0.10 364 + 80 0.08 + 0.04 0.22 +0.05
TnoGH1-V287R/H178Y 260 x 103 + 40 x 103 106 + 3 0.41+0.07 2400 + 500 0.84 +0.04 0.35 +0.08

The ThoGH1-L171K/V287R mutant showed a 4-fold loss in specificity, a 1/3-loss in turnover
rate, and 3-fold loss in substrate affinity compared with the WT. ThoGH1-L171K/H178Y
mutant has a 2-fold loss is observed in both specificity and turnover rate, while TnoGH1-
V287R/H178Y mutant shows similar specificity and substrate affinity towards pNP-Glc as the

WT, but still a 30% decrease in turnover rate (Figure 4.13).
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Figure 4.13. Michaelis-Menten curves for the Thermus nonproteolyticus glycoside hydrolase double mutants
with 4-nitrophenyl-B-D-glucopyranoside (pNP-Glc) substrate at 50 °C; d L171K/V287R, e L171K/H178Y, f
V287R/H178Y.

More interesting of course is the performance of these variants with pNT-Glc (Table 4.6 above
and Figure 4.14 below). The double mutant TnoGH1 L171K/V287R shows a 2-fold increase in
specificity, a 3.5-fold decrease in turnover rate and 6.6-fold increase in substrate affinity,
whereas with pNP-Glc substrate, this mutant shows a decrease in specificity, turnover rate,

and substrate affinity compared with the WT.

The combination of a lysine with tyrosine in TnoGH1-L171K/H178Y mutant decreases both
the specificity (3-fold) and the turnover rate (17-fold), consistent with what was observed
with pNP-Glc, but an increase in substrate affinity (6.6-fold) similar to what was observed
above with ThoGH1 L171K/V287R.

The V287R/H178Y mutants showed a 2.5-fold increase in specificity, a 1/3-fold decrease in
turnover rate, and 4-fold increase in substrate affinity compared with the WT enzyme. This is
comparable to what was observed in the single mutant V287R. ThoGH1-V287R/H178Y had
previously shown a similar specificity to the WT enzyme for pNP-Glc, while here with pNT-Glc

a gain in specificity was observed.
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Figure 4.14. Michaelis-Menten curves for the Thermus nonproteolyticus glycoside hydrolase double mutants
with 4-nitrophenyl-B-D-thioglucopyranoside (pNT-Glc) substrate at 50 °C; d L171K/V287R, e L171K/H178Y, f
V287R/H178Y.

All the TnoGH1 double mutants showed lower turnover rates (0.08 - 0.84 s!) than the WT
(1.34 s71) and any single mutant (1.10 — 1.40 s'!) with pNT-Glc substrate except TnoGH1-H178Y

(0.15s1).

4.7 T. nonproteolyticus glycoside hydrolase conclusion

The single mutant TnoGH1-V287R showed a 3-fold increase in specificity (2500 M S) with
no loss in turnover rate (1.40 s*) when compared with the WT enzyme (Kcat/Km is 957 M1 st
and Kt is 1.34 s1) which makes this mutant the best of this selection.

Moreover, from the kinetics characterization of WT ThoGH1, single, and double mutants we
can clearly observe a combined effect of mutations on kinetic parameters of the double
mutants with pNT-Glc substrate, for instance the combination of the best single mutant,
TnoGH1 V287R with L171K (Kcat/Km is 1200 M s1) and with H178Y (Kcat/Km is 560 M s71)
mutants improves the specificity of these mutations to 1810 M s*for TnoGH1-L171K/V287R

and to 2400 M1 s! for TnoGH1-V287R/H178Y.
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Thus, the role of arginine (TnoGH1-V287R) was investigated in this chapter as a key to induce
B-thioglycosidase activity into TnoGH1 with a remarkable enhancement of the specificity
(kcat/Km) of TnoGH1 towards pNT-Glc substrate.

The results of this chapter raised few questions for future developments such as:

e are these generalized conclusion transferable to another GH1, i.e. will analogous

mutations reproduce the observed effects?

e or they are specific to TnoGH1?

e is R312 (BbMYR numbering) playing similar or different roles in another GH1?
Therefore, and to be able to answer these questions the selected residues (K173, R312, and
Y180; BbMYR numbering) were introduced into another GH1 which generated new GH1
mutants to be characterized in the hydrolysis of both glycosidic (pNP-Glc) and thioglycosidic

(PNT-GlIc) substrates and this is will be the focus of the next chapter.
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Chapter 5: Halothermothrix orenii glycoside hydrolase
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5.1 Introduction

As mentioned in Chapter 4, this chapter will focus on another extremophilic GH1, to evaluate
the transferability of the mutations studied in TnoGH1 and their effect on enzyme kinetics.
It is possible for specific mutations to be transferable within the same group of enzymes,
leading to similar effects. For instance, previous work in our group (2019) proved the role of
the amino acid Asn120 in pyridoxal-5-phosphate (PLP) binding in three homologous
transaminases of Halomonas elongata (HeTA), Chromobacterium violaceum (CvTA), and
Pseudomonas fluorescens (PfTA). In the Halomonas elongata transaminase (HeTA), the
position of Asn120 plays a critical role in the interaction with Asp that protonate the PLP
pyridinium nitrogen; however, Val was the equivalent residue in other TAs. The
thermostability of both CvTA-V124N and PfTA-V129N was enhanced when compared with the
thermal stability of the WT CvTA and WT PfTA. Therefore, the introduction of Asn120 by
mutation had the same effect in these three transaminases.!

In another example reported recently in 2020 by Sun and his group, an excellent improvement
in the glucose-tolerance of a novel GH1 from a marine bacterium was achieved by a mutation
of an amino acid residue which had been previously identified to be responsible for the
glucose tolerance in another GH1 (Humicola insolens, HiBG). W168 and L173 in HiBG were
shown to provide a hydrophobic environment which faciliate glucose ingress into the deep
and narrow GH1 active site. In the marine bacterium GH1, the F171 and L176 are the two
equivalent residues to W168 and L173 of HiBG. Comparing with the WT enzyme, the F171W
mutant enhanced the glucose-tolerance of the marine bacterium GH1 and subsequently lead
to increase the enzymatic applications of the enzyme in biofuels production and in the

fermentation of lignocellulosic sugars.>™
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In Chapter 4, rational mutations to the active site of TnoGH1 were carried out to enhance the
capacity of the enzyme to hydrolyse thioglycosides. In this chapter, a second glycosyl
hydrolase, HorGH1 is used as a template to further confirm the key role played by the selected
residues (K173, R312, and Y180; BbMYR numbering) in the recognition and hydrolysis of
thioglycosides. Hence, it was of interest to introduce these mutations into HorGHland to
determine the resulting effects on the enzymes kinetic properties.

As mentioned in the introduction (see section 1.2.2), HorGH1 is a halotolerant GH1 isolated
from Halothermothrix orenii which, as GH1, has two critical glutamic acid residues in the
active site; the acid catalyst is E166 located in the T163LNEP167motif (B-strands 4), and the
nucleophile is E354, in the I352TENG356 motif (B-strands 7).

A small collection of extremophilic GH1s (six enzymes) including HorGH1 were available in
the group and HorGH1 was selected as it is a well characterized enzyme®>® with high
performance at 25 °C in terms of activity and kinetic parameters as mentioned in the
introduction (see section 1.2.2). It also shows high level of expression in BL21 with an
excellent protein yield compared to the other five GH1s, even better than ThoGH1. In
addition to that, there is a higher similarity between the amino acid sequence of HorGH1
and that of the target BbOMYR (HorGH1 shows 56.2% similarity and 36 % identity while
TonGH1 presents 52.3% similarity and 33.5% identity, see section 3.2). The greater
versatility of HorGH1 (active in a range of temperatures, not just at higher temperatures as
is the case for TnoGH1) makes it possibly a better biocatalyst for larger scale applications.
The aim of the study described in this chapter was to t probe whether the selected
mutations designed initially for TnoGH1 were transferable mutations to HorGHG1 and what
effects they had with respect to engineering S-glycosidase activity into an easier to handle

GH1 enzyme.
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5.2 Expression and purification

Single and double mutants were created for HorGH1, carrying equivalent mutations to those
created for TnoGH1. These HorGH1 variants were expressed following the protocol reported
in section 2.4.4.3. In terms of molecular weight (Mw), HorGH1 is heavier than TnoGH1 (52
KDa and 49 KDa, respectively Figure 5.1). As shown in the SDS-PAGE, HorGH1 expressed well
in LB medium and showed a protein yield (35 mg/L) better than the protein yield of TnoGH1

(25 mg/L).

100 -

Figure 5.1. Purification of WT Halothermothrix orenii glycoside hydrolase (WT HorGH1) as analysed by 12% SDS-
PAGE. PL is the protein ladder (5 uL), P1 is the pellet fraction after sonication (10 uL), P2 is the pellet fraction
after centrifuge the enzyme (10 ulL), Cis crude extract fraction of the enzyme (10 pL). F is flow through fraction
of the enzyme (10 uL), W1 is first wash fraction of the enzyme eluted with 100% loading buffer, W2 is second
wash fraction of the enzyme eluted with 90% loading buffer and 10% elution buffer, and E is the pure fraction
of the enzyme (10 puL).

5.3 Activity assays with pNP-Glc and pNT-Glc substrates

As with TnoGH1, the activity of HorGH1 was assayed with both glucosidic substrates; pNP-Glc
and pNT-Glc. In this case however, the activity of the salt adapted HorGH1 with both
substrates was assayed only at the standard 25 °C.

Thus, a stock solution of 10 mg/mL of freshly purified enzyme was diluted several-fold and

tested with 10 mM pNP-Glc or pNT-Glc (10% DMSO).
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Unlike ThoGH1, HorGH1 was less active in the presence of DMSO and it showed 30%-40% loss
of activity with pNP-Glc substrate in the presence of 10%-20% DMSO, respectively; this is not
uncommon.”® Many examples have been reported in literature about the effect of DMSO on
enzymatic reactions®!, which can be positive or negative. For instance, the activity of
Trypanosoma cruzi glyceraldehyde-3-phosphate dehydrogenase was enhanced in the
presence of DMSO (as forTnoGH1), whereas that of human aldose reductase (AR) was
reduced similar to that was observed here for HorGH1. 1»13

Therefore, the activity of WT HorGH1 and the mutants with pNP-Glc was not tested with 10%
DMSO (as TnoGH1) as it negatively impacts the activity of the enzyme. However, DMSO is
added to solubilise pNT-Glc substrate to enable the same substrate concentrations and
reaction conditions established for the TnoGH1 pNT-Glc assays.

With pNP-Glc, at 25 °C HorGH1 yielded the same specific activity (1.9 U/mg) which was
obtained before in the lab. Together with the results obtained with TnoGH1, under the same
standard conditions (25 °C), no real difference can be appreciated between the enzymes as
both GH1s show equal level of activity towards the natural substrate. The active site is highly
conserved across these two GH1s with a high level of similarity (62%). Their catalytic residues
are also identical in term of position and amino acids residues as mentioned in Chapter 4 and

as shown in Figure 5.2 below.
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Figure 5.2. Comparison of HorGH1 and TnoGH1 structures and catalytic site sequences a. Protein database
structures of Thermus nonproteolyticus glycoside hydrolase enzyme (pdb:1NP2) showing the active site residues
(E164 and E338), b. structures of Halothermothrix orenii glycoside hydrolase enzyme (pdb:3TA9) showing the
active site residues (E166 and E354), c. amino acid sequence alignment of Thermus nonproteolyticus glycoside
hydrolase (1NP2, chain B) and Halothermothrix orenii glycoside hydrolase (3TA9, chain A) showing
T NEP motif in the active site of TnoGH1 (B-strands 4) and T*¢3HNEP*’motif in the active site of HorGH1 (j3-
strands 4), d. amino acid sequence alignment of Thermus nonproteolyticus glycoside hydrolase (1INP2, chain B)
and Halothermothrix orenii glycoside hydrolase (3TA9, chain A) showing I33¢TENG34° motif in the active site of
TnoGH1(B-strands 7) and I3>2TENG3>¢ motif in the active site of HorGH1 (B-strands 7).

It is important to note that TnoGH1 is a thermophilic enzyme and while its activity at 25 °C
towards pNP-Glc was similar to HorGH1, its optimal activity was recorded at 50 °C where it
displayed a specific activity of 3.8 U/mg.

Unexpectedly, HorGH1 was quite active also with pNT-Glc, and a similar specific activity value
was observed (1.85 U/mg). For comparison, TnoGH1 had a specific activity of 0.014 U/mg at
25 °C which increased only to 0.028 U/mg at 50 °C. Therefore, unlike TnoGH1, HorGH1 has a
good natural activity towards the thioglycoside substrate, and for the purpose of this research

this poses an interesting question as to whether this can be further enhanced through the

identified mutations.

5.4 Kinetics assays with pNP-Glc and pNT-Glc substrates

The experimental set up for HorGH1 mimicked that of ThoGH1 to be able to compare

performance under the same conditions. Importantly, the temperature in all HorGH1
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experiments was kept at 25 °C but it is compared with the optimal performance of ThoGH1
at 50 °C. The kinetics assay summarised in the primary plot of HorGH1 activity with pNP-Glc
(Figure 5.3 a) shows that HorGH1 is indeed a better catalyst with better kinetics parameters
(kcat/ Km = 102000 M s 1, kear = 80 s7Y) than TnoGH1 (kcat/ Km = 17340 Mt s 1, kear = 25.14 s72).
In addition, the lower working temperature further increases the potential of this enzyme for

industrial applications.
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Figure 5.3. Michaelis-Menten primary plot of the activity of WT Halothermothrix orenii glycoside hydrolase (WT
HorGH1). a with 4-nitrophenyl-B-D-glucopyranoside (pNP-Glc) substrate concentration (v; vs substrate
concentration) Michaelis-Menten kinetics behaviour described by equation 1, markers represent individual data
points. The line is characterised by the parameters ke = 80 s, Ky = 0.5 mM, keat/Km = 102 x 103 M1 s -1, b with
4-nitrophenyl-B-D-thioglucopyranoside (pNT-Glc) substrate concentration (v; vs substrate concentration)
Michaelis-Menten kinetics behaviour described by equation 1, markers represent individual data points. The line
is characterised by the parameters ket = 37.2 s, Ky = 4.1 mM, keoe/Km = 9083 M1s -1,

With pNT-Glc, Figure 5.3 aand b show that HorGH1 required a higher substrate concentration
to reach saturation (60 mM) with respect to TnoGH1 (15 mM). The measured Kv for HorGH1
is in fact 4.10 mM, almost 4-fold the value of TnoGH1 (1.43 mM) but the k.t as well as kcat/
Kwm were significantly better at 37.20 s! and 9083 M s7%, respectively. Clearly, HorGH1 is as
a better catalyst with both pNT-Glc (kc: of ~ 28 - fold higher than TnoGH1) and pNP-Glc (kcat

of ~ 3 - fold higher than TnoGH1).
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5.5 H. orenii glycoside hydrolase mutagenesis

In order to Investigate the role of R312 (BbMYR numbering) in the active site of HorGH1 and
to confirm if the effects bestowed by specific TnoGH1 mutations are transferable to another
GH1, six variants of HorGH1 mutants were engineered by rational design as a result of the
sequence alignment between BbMYR and HorGH1 (Figure 2.7).

E173K, M299R, H180Y, E173K/M299R, E173K/H180Y, and M299R/H180Y were the HorGH1
mutants to be investigated as single and double in the recognition and hydrolysis of both
glycosidic (pNP-Glc) and thioglycosidic (pNT-Glc) substrates.

Details of the activity and kinetics assays of each mutant are outlined below.

5.5.1 Single mutants

The HorGH1-E173K, HorGH1-M299R, and HorGH1-H180Y mutants were generated by SDM as
described in section 2.4.1. Successful variants were confirmed by sequencing.
The three single mutants were expressed, purified, and analysed by SDS PAGE, as shown in

Figure 5.4.
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Figure 5.4. Purification of Halothermothrix orenii glycoside hydrolase single mutants as analysed by 12%
acrylamide SDS-PAGE. a HorGH1-E173K. b HorGH1-M299R. ¢ HorGH1-H180Y. PL is the protein ladder fraction
(5 uL), P1is the pellet fraction after sonication (10 uL), P2 is the pellet fraction after centrifuge (10 pL), Cis
crude extract fraction of the mutants (10 ulL), F is flow through fraction of the mutants (10 uL), W1 is first wash
fraction of the mutants (10 pL) eluted with 100% loading buffer, W2 is second wash fraction of the mutants (10
pL) eluted with 90% loading buffer and 10% elution buffer, and E is the pure fraction of the mutant (10 pL).
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Similar to what previously observed with TnoGH1, all mutants gave a good level of expression

though lower than WT HorGH1 as shown in Table 5.1.

Table 5.1. Protein yields of WT and single mutants Halothermothrix orenii glycoside hydrolase.

Protein yield
mg/L
WT 35
HorGH1-E173K 15
HorGH1-M299R 25
HorGH1-H180Y 10

5.5.1.1 Activity assays of the single mutants with pNP-Glc and pNT-Glc substrates

As observed for TnoGH1, the mutants show a different affinity for the natural ligand. The data
summarised in Table 5.2 shows that the replacement of glutamic acid by lysine in the active
site of HorGH1, position 173, decreased the specific activity of HorGH1 by 70% towards pNP-
Glc, while both M299R and H180Y mutations induced a loss of almost 50%. The single
mutations effect on the activity of HorGH1 with pNP-Glc is similar to what observed with

TnoGH1 single mutants (30 - 70 % loss).

Table 5.2. Specific activities of Halothermothrix orenii glycoside hydrolase WT and single-mutant variants at 25
°C with 4-nitrophenyl-B-D-glucopyranoside (pNP-Glc) and with 4-nitrophenyl-B-D-thioglucopyranoside (pNT-
Glc).

Specific activity/ U/mg Specific activity/ U/mg
(pNP-Glc) (pNT-Glc)
WT 1.95 +0.05 1.85+0.15
HorGH1-E173K 0.56 + 0.02 0.97 +£0.02
HorGH1-M299R 0.97+0.03 1.75+0.15
HorGH1-H180Y 0.85+0.05 0.52+0.11
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The experimental work carried out with pNT-Glc however, showed that the performance of
both HorGH1-E173K and HorGH1-M299R is better with pNT-Glc than the standard substrate.
HorGH1-E173K, in fact, retains 50% of its activity while HorGH1-M299R is almost as active as
the WT with a specific activity of 1.75 U/mg (WT activity 1.85 U/mg) towards pNT-Glc.
HorGH1-M299R appears to have a higher preference for the S-glycoside than the O-glycoside,
considerably better than what was achieved with the best performing mutant of ThoGH1
(ThoGH1-V287R). The WT TnoGH1 enzyme had been found to display a very low specific
activity with the pNT-Glc substrate (0.028 U/mg) and that the TnoGH1 V287R mutant was
even lower (0.01 U/mg) (Table 5.2). On the other hand, the HorGH1-H180Y mutant lost almost
72% of its activity with pNT-Glc confirming the negative impact of this mutation also in this
glycosyl hydrolase. The relative activities of HorGH1 single mutants to the WT HorGH1 are

shown as columns in Figure 5.5.
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Figure 5.5. Relative activities of Halothermothrix orenii glycoside hydrolase mutants to the WT Halothermothrix
orenii glycoside hydrolase. Black columns present the relative activities with 4-nitrophenyl-B-D-glucopyranoside
(PNP-GIc). Grey columns present the relative activities with the 4-nitrophenyl-B-D-thioglucopyranoside (pNT-
Glc). This referred to standard conditions, 25C, saturating substrate concentrations, presence of 10% DMSO to
pNT-Glc but not pNP-Glc assays.
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Unlike what was observed with ThoGH1 single mutants data, HorGH1 single mutants gave
more encouraging results; despite a remarkable starting activity of the WT which virtually did
not discriminate between O- or S- linkage, two of the mutants (E173K and M299R) performed

better with the thio substrate than with the O-glycoside.

5.5.1.2 Kinetics assays of the single mutants with pNP-Glc and pNT-Glc substrates

The kinetics parameters of HorGH1 with pNP-Glc (Table 5.3) shows that the lysine instead of
glutamic acid in the active site of HorGH1 (E173K), not only strongly diminished the activity
towards the substrate with a 70% loss, but also negatively affected the kinetic parameters
with 10-fold decrease in the specificity constant , 3-fold decrease in turnover rate, and clearly
reduced substrate affinity with Ky values 5x increased which is another major contributing
factor. In TnoGH1, the negative effect of this mutation in the kinetics parameters was less
pronounced with 2.5-fold loss in the specificity constant but a retention of turnover rate with

pNP-Glc (Table 4.3).

Table 5.3. Table summarizing the kinetic parameters of the WT enzyme and single mutants of Halothermothrix
orenii glycoside hydrolase (HorGH1) with the 4-nitrophenyl-B-D-glucopyranoside (pNP-Glc) and 4-nitrophenyl
B-D-thioglucopyranoside (pNT-Glc). Experiments were conducted in triplicate. Standard errors are given, based
on fitted theoretical curves.

kcat/Km(pNP'Glc)/ kcat(pN P'GIC)/ Km(pN P'GIC)/ kcat/Km (pNT'GIC) kcat (pNT'GIC)/ Km(pNT'GIC)/

M-1st st mM /Ms? st mM
WT HorGH1 160000 + 7 x 103 80+1 0.5+0.1 9073 £ 529 37.2+0.7 41+0.3
HorGH1-E173K 11000+ 1 x 103 262 25+0.5 3351 +153 19.1+0.3 5.7+0.3
HorGH1-M299R 36000 + 2 x 103 34+1 0.9+0.1 13480 + 170 33.7+1.2 25+04
HorGH1-H180Y 55000 + 5 x 103 38+1 0.7+0.1 2501 +131 9.4+0.2 3.8+0.2
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Pronounced decreases in the kinetics parameters were also noticed with the HorGH1-M299R
mutant. This mutation showed a 4.4-fold loss in specificity towards the O-glycosidic substrate,
2.4-fold reduction in turnover, and the Km value was almost doubled with this mutant. Again,
the analogous TnoGH1 mutant performed better with this substrate than HorGH1 mutant.
HorGH1-H180Y shows 3-fold loss in specificity constant, 2-fold loss in turnover number, and
a decrease of the substrate affinity with the pNP-Glc substrate, similar to what was observed
with the equivalent mutant in TnoGH1 (ThoGH1-H178Y).

The Michaelis-Menten curves for the HorGH1 single mutants with pNP-Glc are shown in

Figure 5.6.
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Figure 5.6. Michaelis-Menten curves for the Halothermothrix orenii glycoside hydrolase (HorGH1) single mutants
with 4-nitrophenyl B-D-glucopyranoside (pNP-Glc) substrate; a. E173K, b. M299R, c. H180Y.

However, when pNT-Glc was tested, the behaviour of the mutant variants shifted. HorGH1-
E173K still showe