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ABSTRACT

THE RATIONAL DESIGN OF A NOVEL BIOCATALYST USING THE
HEME-NITRIC OXIDE/OXYGEN BINDING PROTEIN

Recent advances in recombinant DNA technology and protein design have led to
the application of biocatalysis as an alternative to chemical catalysis in the synthesis of
enantiopure products due to high regio- and enantioselectivity. Hemeproteins are proteins
with a heme prosthetic group that play diverse roles in biological systems, making them
good candidates for biocatalysis. The Heme-nitric oxide/oxygen binding (H-NOX)
protein was identified by homology to the soluble guanylate cyclases. Here, the H-NOX
domain from the methyl-accepting chemotaxis protein, Thermoanaerobacter
tencogenesis (TtH-NOX), was tuned into a biocatalyst using rational design. Four variants
of TtH-NOX were cloned, purified and characterized. Each variant was then tested for
their catalase and peroxidase activities. The wild type TtH-NOX inefficiently catalyzed
the hydrogen peroxide decomposition (catalase activity) and 2,2’-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid (ABTS) oxidation (peroxidase activity). However,
the Y140H mutant exhibited an efficient five-fold increase in catalase and peroxidase
activities as compared to the wild type. The other mutants, H102Y, H102C and Y140A
TtH-NOX, were not good catalysts for both reactions. Therefore, the mutations resulted
in changes in reaction rates and electronic properties of the heme group. The mutations
affected the molecular mechanism of the hemeprotein, showing that both the proximal
and distal pocket residues are vital for catalysis. However, the mutation of the distal
tyrosine to histidine of TtH-NOX has significantly improved its catalytic activities. These
observations contribute to the understanding of the physiological roles of hemeproteins.
This project could also lead to discovery of novel biocatalysts and aid in the design of

future biocatalysts.



OZET

HEM-NITRIK OKSIT/OKSIJEN BAGLAYICI PROTEININI
KULLANARAK YENI BIR BIYOKATALIZORUN RASYONEL
TASARIMI

Rekombinant DNA teknolojileri ve protein tasarimindaki son gelismeler,
biyokatalizdrlerin ilag ve zirai kimyasallarin iiretiminde kimyasal katalizorlere alternatif
olarak kullanilmasina olanak tanidi. Biyokatalizorler 6zellikle enzimlerde goézlenen
yuksek regio- ve enantio segimliliklerinden dolay1 saf Grunlerin sentezlenmesinde
kullanilmaktadir. Biyokatalizorler ayrica ¢evre dostudur. Hemoproteinler hem prostetik
grubunu icerirler ve biyolojik sistemlerde gesitli roller {istlenenilir ve biyokatalizor
olabilirler. Hem-Nitrik Oksit/Oksijen baglanan (H-NOK) proteinler nitrik oksit (NO)
algilayici ¢Oziiniir guanilat siklaz (sGC) proteini ile homoloji gostermeleriyle
kesfedilmislerdir. Bu projede Thermoanaerobacter tencogenesis (TtH-NOK)’in metil-
akseptor kemotaksi proteininin H-NOK bélgesi, rasyonel tasarim kullanilarak modifiye
edildi. Dort TtH-NOXKvaryantint klonlandi, eksprese edildi, saflastirildi  ve
mutasyonlarin proteinin spektroskopik ve katalitik 6zellikleri (zerindeki etkileri
incelendi. Her bir varyant daha sonra hidrojen peroksidin (H202) bozunmasi ve 2, 2’-
azino-bis(3-etilbenztiazolin-6-sulfonk asit) (ABTS)’in oksidasyonu gibi tepkimeler ile
test edildi. Dogal TtH-NOK H>02 bozunmasini ve ABTS oksidasyonunu diisiik verim ile
kataliz etti. Bununla birlikte Y140H mutant en verimli peroksidaz ve oksidaz
aktivitelerini gosterdi. Y140H distal mutanti1 dogal enzimle karsilastirildiginda katalizde
bes kat artis sergiledi. Diger mutantlar; H102Y, H102C ve Y140A TtH-NOK ilgili
reaksiyonlar i¢in iyi katalizorler degillerdi. Bu yiizden, mutasyonlar reaksiyon hizlarinda
ve hem kofaktoriiniin elektronik 6zelliklerinde degisim gosterdiler. Mutasyonlar ayrica
heme proteininin molekiler mekanizmasimi etkilediler. Bu sonuclar proksimal ve distal
cepteki amino asitlerin kataliz i¢in 6nemli oldugunu gosterdi. Bununla birlikte distal
tyrosinin histidine mutasyonu enzimin katalitik aktivitesini 6nemli 6lgiide arttirdi. Bu
gOzlemler hemoproteinlerin fizyolojik rollerini anlamaya katkida bulunacaktir. Bu proje
yeni biyokatalizlerin kesfine ve gelecekte yeni biyokatalizorlerin tasarlanmasina yardim

edecektir.
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CHAPTER 1

INTRODUCTION

1.1. Biocatalysis

1.1.1. Overview of Biocatalysis

Enzymes are effective catalysts, which are vital for growth and development of
living cells. Enzymes have also been utilized in the production of household, food and
medical processes (Bornscheuer and Kazlauskas, 1999). However, despite their potential
applications, enzymes have low stability, have substrate specificity and low efficiency.
To make them more amenable for industrial purposes, many enzymes from natural
sources were screened, random mutations and enzyme immobilizations were attempted
(Dincer and Telefoncu, 2007; Elleuche et al., 2014). The accumulation of knowledge in
the structures and functions of these enzymes through these processes resulted in the
design of enzymes with novel functions, thus the development of biocatalysis
(Rothlisberger et al., 2008; Siegel et al., 2010).

Biocatalysis is the use of whole cells or isolated enzymes as catalysts in chemical
reactions. Biocatalysts are biological catalysts that speed up the rate of a reaction, do not
affect the thermodynamics of the reaction and remain unchanged at the end of the
reaction. Biocatalysts have been historically used for the one-step production of aspartic
acid, in the multi-step production of alcohol and cheese, (Johannes et al., 2006), the
oxidation of ethanol to acetic acid (Wandrey et al., 2000), the production of acrylamide
(Asano et al., 1982), the kinetic resolution of amino acids (Tanabe Seiyaku Co. Ltd.,
1969) and so on. The range of biocatalytic applications have been increased over the years
through the understanding of protein structure and function. The utilization of biocatalysts
for chemical processes was possible through the development of design tools such as
rational design and directed evolution. Through these processes, tailor-made biocatalysts
can be created from wild type enzymes (Bornscheuer and Kazlauskas, 1999).

Today, enzymes with high stability, substrate specificity, selectivity and catalytic
activity can be engineered. There are hundreds of biocatalytic processes that are applied



in industry; pharmaceutical, food, agrochemical and chemical industries (Pollard and
Woodley, 2007).

1.1.2. Advantages and Disadvantages of Biocatalysis

Biocatalysts have unique characteristics. One of the most important characteristic
is their high selectivity. Enzymes are stereo-selective (form unequal mixture of
stereoisomers), regio-selective (i.e., positional; can differentiate functional groups which
are in different regions), and chemo-selective (i.e., functional group specific; pure from
impurities) (Bornscheuer and Kazlauskas, 1999). These characteristics are highly
desirable and advantageous in chemical synthesis. These characteristics lead to higher
yields, fewer side reactions, elimination of protection and de-protection steps, production
of pure products, easier recovery and separation. Biocatalytic processes utilize
biodegradable catalysis therefore, their processes are “greener” and sustainable.
Biocatalysts are enzymes and enzymes are proteins which are biodegradable. Biocatalysts
are produced from immobilized enzymes and have also been shown to cause no
environmental hazards (Mohammad et al., 2015). Also, biocatalytic processes do not
generate waste disposal problems as the use of aqueous solutions lead to reduced solvent
consumption. In addition, they require mild operating conditions and low energy input
which results in low energy cost thereby leading to lower emissions of greenhouse gases
to the environment (Rozzell, 1999). One other advantage is that they can be modified to
be more active, stable and selective. These advantages are desirable for industrial and
commercial applications (Figure 1.1).

Initially, biocatalysis was not considered a significantly advantageous method in
industry so it was not used as the first alternative for biosynthesis. This was because of
some perceived limitations and misconceptions surrounding biocatalysis. The first myth
was that biocatalytic enzymes required only aqueous solutions to function. This was
disproved as many studies have shown that they can also function in non-agueous
environments (Rozzell, 1999).

The second misconception was that biocatalysts are very expensive. Though they
are costly due to the cost of production or generation not the enzyme itself but, they can
be obtained at reasonable costs. For example, the cost for the production of penicillin G
by penicillin amidase is about $1 per kilogram and that for the production of _-aspartic

acid by aspartase is less than $0.10 per kilogram (Rozzell, 1999).
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Figure 1.1 Advantages of biocatalysis.

In addition, many believe that at high temperatures and extreme pHs, biocatalysts
are unstable. Studies have also shown that many biocatalysts exhibit stability when
immobilized through covalent attachment (porous glass, cellulose), adsorption (DEAE-
cellulose), entrapment (polymeric gels), encapsulation (hollow fibers, microcapsules) and
intermolecular cross-linking (aliphatic diamines, dimethyl suberimidate) (Spahn and
Minteer, 2008) (Kadnikova and Kostic, 2002; Homaei et al., 2013). Additionally,
thermostable biocatalysts can be developed through their isolation from thermophilic
vectors or by their design through protein engineering for example, fungal cellulase
(Trudeau et al., 2014) and thermostable terpene synthase (Diaz et al., 2011). Also, there
are many examples of enzymes with a long half-life; aspartase has a half-life of 6 months
to 2 years (Crump and Rozzell, 1992) and that for isomaltulose synthase is 358 days (Lee
and Henthorn, 2012).

Also, it has been assumed that biocatalysis has low productivity. This
misconception was due to the fact that the fermentation processes have low volumetric
productivities, usually less than 1 gram/liter/hour (Rozzell, 1999). This was because the
fermentation process involved a pathway of carbon precursors. However, high
productivities have been increased through the immobilization of enzymes (Homaei et
al., 2013; Mohamad et al., 2015). Examples are the production of 1-phenylethylamine by

lipase-catalyzed acylation and L-aspartic acid by immobilized aspartase (Rozzell, 1999).



One other limitation is the misconception that redox cofactors such as
nicotinamide cofactors involved in biocatalysis are difficult to recycle. However,
cofactors have been successfully recycled using different methods. One of such method
is the use of a coupled reaction. A reaction where the catalysis of the synthesis of a product
from one substrate and the cofactor regeneration reaction with a second substrate is done
by an enzyme which utilizes the reduced and the oxidized forms of that cofactor (Lemiere
et al., 1985). An example is the production of phenyllactic acid from the reduction of
phenyllactate dehydrogenase using nicotinamide adenine dinucleotide (NADH). NADH
is regenerated using alcohol dehydrogenase and ethanol (Rozzell, 1999; Liu and Wang,
2007). The second is the use of a macro-molecularized cofactor in a membrane reactor
such as the flat-membrane, hollow-fibre and packed-bed reactors (Liu Liu and Wang,
2007). The NAD* cofactor has been recycled using this method. The third method is the
use of whole cells and a carbon source. Here, whole cells with dehydrogenase enzymes
and a cofactor are used. The cofactor is then recycled through the addition of a carbon
source. The carbon source provides reducing equivalents for the degeneration of the
cofactor and maintenance energy to the cell (Servi, 1990).

Finally, it is also a misconception that biocatalysis can only produce one or two
possible enantiomers (Shoemaker et al., 2003). However, studies have shown that
biocatalysts can convert a racemic mixture to a new product with different chemical and
physical properties which can be separated through the appropriate separation method
(Liese et al., 2002; Schmid et al., 2001).

Biocatalysis have limitations however, these have become their strengths. These
strengths have made biocatalysis an important tool in the industrial synthesis of bulk
chemicals, agrochemical intermediates, pharmaceuticals, and food ingredients. Since we
are limited by enzymes, the need for more biocatalysts with novel functions is imperative.
Therefore, this study seeks to create an effective novel biocatalyst with peculiar chemical
and physical characteristics which would contribute to the world of biocatalysis.

1.2. Hemeproteins
Heme is one of the most important coenzymes and a widely used

metalloprophyrin in nature. All hemeproteins carry iron (Fe) protoporphyrin IX as a
prosthetic group and can catalyze both reductive and oxidative chemistry (Poulos, 2014).



The heme consists of an Fe ion bound to four central nitrogen atoms of a porphyrin ring
as seen in figure 1.2. One or two axial ligands which are different between hemeproteins
at the iron (Fe) ion gives a complete octahedral coordination (Rydberg et al., 2004). There
are two common types of heme, heme b and heme c¢ (Figure 1.2). Heme b forms a
noncovalent bond to proteins while heme ¢ forms covalent bond between the vinyl groups
and cysteine residues of proteins (Li et al., 2011).

heme b heme ¢

Figure 1.2 Structures of heme b and c (Source: Li et al., 2011).

Hemeproteins have diverse roles in oxygen transport (hemoglobin and
myoglobin) (Antonini and Brunori, 1971; Olson et al., 1999; Wittenberg and Wittenberg,
1990), electron transfer (cytochrome b5) (Moore and Pettigrew, 1990) and in catalytic
reactions (NO synthase, cytochrome P450, catalase, NO reductase and so on) (Isaac and
Dawson, 1999; Jouve et al., 1997; Park et al., 1997). Some hemeproteins play a role to
sense gaseous, diatomic small molecules like carbon monoxide (CO), nitric oxide (NO)
and oxygen (O2) (Pellequer et al., 1999; Jain and Chan, 2003). Four heme-based sensors
have been identified based on their heme-binding domains. They are classified on the
basis of their ligand specificity and functionality to sense either CO, NO or O,. Two
domains found in prokaryotes are specialized for O sensing. The first is the myoglobin-
like heme domain which is contained in an aerotaxis-regulating protein, HemAT (Hou et
al., 2000; Aono et al., 2002). The second is the heme-PAS domain found in the histidine
kinase containing protein, FixL (Gilles-Gonzalez et al., 1991; Monson et al., 1992). The
third heme domain is carbon monoxide (CO) sensing found in Rhodospirillum rubrum
Co0A protein which regulates the genes involved in CO oxidation (Shelver et al., 1997).
The last domain is a nitric oxide (NO)-sensing domain found in soluble guanylate
cyclases (sGCs) (Jain and Chan, 2003).



Two common hemeproteins are peroxidases and catalases. Peroxidases catalyze
1-electron oxidation of a variety of substrates using hydrogen peroxide. The first step of
the catalytic oxidation yields a compound I, a ferryl porphyrin cation radical (Fe'V =
OPor™"). Compound I is then reduced to the ferric compound I1, ferryl porphyrin (Fe'V =
OPor) (Matsui et al., 1999). Compounds I and I1 are known as the heme iron intermediates
and are produced from a heterolytic and hemolytic reaction cycle with the ferric heme as
the final product (Gumiero et al., 2011) (Figure 1.3). Catalases catalyze the
decomposition of hydrogen peroxide to water and oxygen in two steps producing

compounds | and Il respectively (Boon et al., 2007).

%H heterolysi ﬁ
-
0|J Fleroyss < Fe v S compound I
~ Fe m ~ ! ﬁ
- ! \
S\ T T < FEI >  compound II

Figure 1.3 Mechanism of compound I and Il formation in cytochrome P450. (Source:
Matsui et al., 1996).

The amino acid residues surrounding the heme prosthetic group, iron
protoporphyrin IX, play very important roles in the function of the heme. The amino acid
residues at the axial ligands of heme varies so does their functions. Globins have only one
histidine ligand but the distal side has a water molecule which is open for oxygen binding
(Kaim and Schwederski, 1996; Liddington et al., 1992). Cytochrome P450s (Li H., 2001),
chloroperoxidases (Sundaramoorthy, 2001) and NO synthases (Rosenfeld, 2001) have
cysteine heme ligands. Figure 1.4. shows the axial and distal pockets of the heme active

site.
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Figure 1.4 The active site of a heme protein showing the distal and proximal binding
sites.



All peroxidases have a histidine ligand (Gajhede, 2001) while all catalases have a
tyrosine ligand (Maté et al., 2001). Heme also have a second set of ligands called the
distal ligands which varies among hemeproteins. In peroxidases, the proximal histidine
ligand forms a hydrogen bond to an aspartate residue (Gajhede, 2001), increasing the
electron density on the Fe ion (Poulos, 1996). In globins, the histidine ligand has a weak
hydrogen bond to the backbone of carbonyl groups (Kaim and Schwederski, 1996) and
catalases have a tyrosine ligand which forms a hydrogen bond with arginine (Maté et al,
2001). The roles of the axial and distal residues of some hemeproteins on function and
activity have been studied.

In addition, it has been shown that the axial or proximal ligand have a “push-pull”
effect. The ligand, “the push”, stabilizes the oxidation state of compounds I and II through
its hydrogen bond to the aspartate residue which increases the negative charge of the
ligand and the charge density of the Fe (Green, 2000). The reactivity, “the pull”, is from
the distal side where the histidine and arginine residues enhances heterolytic reactivity
(Rydberg et al., 2004). For example, cytochrome P450 has a stronger “push” because
there are no distal side residues. Therefore, axial ligand residues have an effect on the
reduction potentials thereby stabilizing compounds | and 1l but have no effect on the
hemolytic O-O bond cleavage (Poulos, 1996).

1.2.1. Cytochrome P450

Cytochrome P450s (CYPs) are heme b containing monooxygenases which
catalyze regio- and stereospecific oxidations of non-activated hydrocarbons under mild
reaction conditions (Urlacher and Girhard, 2012). In the CO-bound reduced form, they
have a maximum absorption at 450 nm, giving their name, cytochrome P450. CYPs are
very important for allowing microorganisms to live on particular carbon sources such as
acetate and pyruvate. (Bradshaw and Conrad, 1959). They are also involved in
mammalian biological processes such as those involved in growth, development,
homeostasis, and production of compounds for defense (Zerbe et al., 2002; Lamb and
Guengerich, 2006). They exhibit low specificities thereby, providing a general defense
against harmful products such as terpenes and alkaloids (Isin and Guengerich, 2007).
CYPs catalyze oxidation and atypical reactions such as N-oxidation, aromatic
hydroxylation, epoxidation of C=C double bonds, N-, O- and S-dealkylation deamination



and dehalogenation (Urlacher and Girhard, 2012). Atypical reactions include cleavage of
C-C bonds (Shyadehi et al., 1996), Baeyer-Villiger oxidation (Isin and Guengerich,
2007), C-C and C-O phenol coupling (Zerbe et al., 2004) and rearrangement reactions
(Ortiz de Montellano and Nelson, 2011). There are more than 7000 CYPs and their
chemical characteristics; low substrate specificity, atypical kinetics and versatile nature
make then good candidates for biocatalysis in biotechnology, bioremediation and
medicine (Kumar, 2010) (Figure 1.5).
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Figure 1.5 Biocatalytic routes to the design of novel CYPs (Source: Urlacher and
Girhard, 2012).

P450s have been utilized in the production of drug, drug metabolites and steroids
(Urlacher and Girhard, 2012). One commercial application is the production of steroids
for example, the production of hydrocortisone for 11p-hydroxylation of Reichstein
compound S by Curvularia sp (Sonomoto et al., 1983), pravastatin from compactin using
E. coli (Fuji et al., 2009), the production of leukotoxin B, eicosanoid epoxides and
epoxyeicosatrienoic acid from CYP 102 (Falck et al., 2001). CYPs are also used in dyes,
pesticides and in horticulture where CYP genes are transferred from other plants to create
flowers of unique colors (Gillam and Guengerich, 2001).

Gene-Directed Enzyme Prodrug Therapy (GDEPT) has been used for cancer
treatments through the CYP-based activation of chemotherapeutic prodrugs by increasing
the chemosensitivity of tumor cells (Kumar, 2010). GDEPT has been shown to decrease

or eliminate the toxic metabolites and the toxicity of high doses of prodrugs (Chen and



Waxman, 2002; Roy and Waxman, 2006). Examples of chemotherapeutic prodrugs that
have been developed include cyclosphosphamide (CPA) and ifosfamide (IFA). CYP2C18
and CYP3A4 have been shown to have strong cytotoxicities to CPA and IFA respectively
(Jounaidi et al, 1998; Jounaidi and Waxman, 2004). Human CYP2B6 has been shown to
improve antitumor activity (Jounaidi and Waxman, 2001) and cause cell death (Hunt,
2001) through the activation of CPA. Another medical application is their
biotransformation into biosensors to monitor drug levels since genetic variations lead to
different drug responses. CYP biosensors are also used to detect food contaminants
(Bistolas et al., 2005).

In bioremediation, Polycyclic Aromatic Hydrocarbons (PAHSs), Polychlorinated
Dibenzo-p-dioxins (PCDDs) and polychlorinated biphenyls (PCBs) are metabolized by
CYP enzymes (Ishaq et al., 2003). CYP101, 102, 1A1, 1A2 and 1B1 have been used to
metabolize PAHs (Isin and Guengerich, 2007). Recombinant cells have been successfully
utilized to express CYP1AL and F240A for the degradation of PCDDs (Sakaki et al.,
2002; Shinkyo et al., 2006). In addition, bacterial and plant CYP enzymes are used to
remove herbicides by converting them to less lipophilic and toxic metabolites (Morant et
al., 2003).

CYP biocatalysts with novel activities were engineered using rational approach,
semi-rational approach (CYP2B family enzymes) (Zhao and Halpert, 2007), Conserved
Sequence Motif (CSM) analysis (CYP2 family) (Oezguen et al., 2008) and directed
evolution (Woycechowsky et al., 2007). Most engineered CYPs are bacterial CYPs and
mammalian CYPs. For bacterial CYPs, CYP102 has been studied the most (by directed
evolution) as a biocatalyst (Joo et al., 1999). CYP101 has also been engineered through
site-directed mutagenesis where the mutants are very efficient at oxidizing PCBs, PAHs
and so on through the reductive dehalogenation of hexachloroethane and
pentachloroethane (Walsh et al., 2000). Engineered mammalian CYPs, CYP1A2 and
2A6, have been used for xenobiotic reactions as their abilities to catalyze 7-
methoxyresorufin O-demethylation (Kim and Guengerich, 2004), 7-methoxycoumarin O-
demethylation, tert-butyl methyl ether O-demethylation and indole 3-hydroxylation have
been shown (Kim and Guengerich, 2005).



1.2.2. Heme-Nitric Oxide/Oxygen (H-NOX) binding domain

Nitric oxide (NO) is a free radical and an important signalling molecule. NO
signalling has diverse physiological roles in the cardiovascular system (vasodilation,
platelet aggregation), nervous system (neurotransmission), immune system (eradication
of pathogens) and reproduction (egg fertilization) (Denninger and Marletta, 1999) (Hare
and Colucci, 1995) (Shah and MacCarthy, 2000; Toda and Okamura, 2003). In order to
perform such functions, NO interacts with the sensitive receptor, soluble guanylate
cyclase (sGC). sGCs are heterodimeric heme sensors that selectively and actively bind to
NO at the ferrous ion. This binding activates the enzyme to convert guanosine
triphosphate (GTP) to cyclic guanosine monophosphate (cGMP). cGMP, a secondary
messenger, in turn mediates the downstream signalling events; cGMP-dependent calcium
ion (Ca2*) channels, kinases and phosphodiesterases (Underbakke and Surmeli, 2013).
sGC selectively binds to NO even at high oxygen concentrations even though the heme
is identical to that of the proximal histidine ligand globin proteins. Therefore, even a weak
oxygen binding to the heme will lead to the blockage of the entire NO signalling pathway
(Boon and Marletta, 2005). The binding of sGC to NO leads to the dissociation of the
proximal histidine residue, forming a 5-coordinate (5C) active complex. In bacteria, NO
signalling controls bacterial communal behaviour, symbiosis, biofilm formation and
disintegration, motility and quorum sensing (Plate and Marletta, 2012; Carlson et al.,
2010; Henares et al., 2012; Wang, 2010).
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Figure 1.6 NO activates sGC which converts GTP to cGMP. (NOS — NO synthase).
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A new family of prokaryotic hemeproteins with 15-40 % sequence homology to
eukaryotic sGC were discovered in 2003 (lyer et al., 2003; Schmidt et al., 2004; Karow
et al., 2004). These proteins were discovered in different facultative aerobes across the
Bacteriodates, Cyanobacteria, Thermotagae, Proteobacteria and Firmicutes phyla (lyer
et al., 2003; Karow et al., 2004). These heme domains have a high sequence identity to
sGC and a conserved Y-S/T-R heme binding motif (Schmidt et al., 2004; Schmidt et al.,
2005) as seen in Figure 1.7. After cloning and spectroscopic studies, these heme domains
excluded oxygen as a ligand and formed a 5-coordinate complex with NO just like sGC
(Karow et al., 2004). This family was named the Heme-Nitric Oxide/Oxygen (H-NOX)
binding domain.

LIKPIS -Al R-Gl L C.a m Obligate

EYDDQGDT - - LVNTYKSQRD - YGERF D. desul ans Anaerobic H-NOXs
J

Figure 1.7 Sequence alignments of selected eukaryotic and prokaryotic H-NOX proteins.
Yellow: Conserved residues across all H-NOX proteins. Red: Tyrosine residue
required for oxygen binding in H-NOX proteins. Blue: Tryptophan 9 and
Asparagine 74 residues in obligate anaerobes. Green: Phenylalanine 78
residue. Black: Obligate anaerobic H-NOX sequences. Orange: Facultative
aerobics H-NOX sequences. Purple: Eukaryotic H-NOX sequences. Source:
(Source: Boon and Marletta, 2005).

The hemeprotein from a family of obligate anaerobe, Thermoanaerobacter
tencogenesis, was shown to have similarities with the globin proteins that forms a stable
oxygen complex and a 6-coordinate NO complex (Karow et al., 2004). It has been
suggested that H-NOX proteins in obligate anaerobes have evolved to bind to oxygen (i.e.
not exclude oxygen) as a ligand whereas the rest only selectively bind NO. The amino
acid residues surrounding the heme are responsible for this ligand discrimination.
Therefore, specific amino acid changes through protein design will explain the molecular
mechanisms for ligand selection (Boon and Marletta, 2005).
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1.2.2.1. Thermoanaerobacter tencogenesis H-NOX (TtH-NOX) sensing proteins

Pellicena et al, reported the structure of the oxygen-binding H-NOX domain from
the thermophilic anaerobe, Thermoanaerobacter tencogenesis, (TtH-NOX) (Pellicena et
al., 2004). TtH-NOX has seven a-helices, four-stranded antiparallel B-sheet (Figure 1.8a)
and a hydrogen-binding network around the bound ligand, oxygen. This network involves
the phenol of tyrosine-140 ('Y140) bound to Oz and asparagine-74 (N74) and tryptophan-
9 (W9) bound to the phenolic Oz of Y140 (Figure 1.8b) (Boon and Marletta, 2005).

B _‘ ,
Asn 74 ___Q_:) \
w \Trp 9

Figure 1.8 The structure of TtH-NOX. (A) TtH-NOX has 7 a-helices and four -sheets.
(B) The ligand-binding pocket of TtH-NOX showing the hydrogen bond
network and the O2-bound iron protoporphyrin IX.

Extensive studies on TtH-NOX through mutagenesis has revealed some unique
molecular characteristics of the ligand-binding pocket. These include, heme distortion
(distorted heme cofactor due to a conserved proline and isoleucine residues), heme pocket
conformation (Olea et al., 2008), protein dynamics and a ligand entry and exit tunnel
network which influence ligand specificity (Plate and Marletta, 2013). Also, the presence
of the distal residue, Y140, which plays an important role in O2/NO ligand discrimination.
A Y140 to leucine TtH-NOX mutant provided evidence that the Y140 residue is
responsible for O/NO ligand discrimination and the formation of stable O> complexes in
sGCs using a kinetic selection (Boon and Marletta, 2005). The distal tyrosine provided a
hydrogen bond network around the heme, modulating O2-binding affinity in the heme.
Without the distal Y140, the dissociation rate for Oz in much faster thus, making it

responsible for ligand discrimination in H-NOX family (Boon and Marletta, 2005).
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1.3. Design of Hemeproteins

1.3.1. Rational Protein Design

Protein design is a technique which involves the creation novel functional proteins
through the use the specific structure and sequence of the original protein. Rational
protein design uses computational tools which assist in designing and engineering
proteins to identify functional mutations. This technique requires every information about
the enzyme, structure, mechanism and function. Amino acids substitutions are selected
and single point mutations which can cause structural and functional changes are made.
Therefore, it is important that the wild type and mutant enzymes are compared in order
to ensure that the mutation is site-directed (Bornscheuer and Pohl, 2001). In contrast,
directed evolution is a technique to “evolve” proteins through random mutagenesis like
error-prone PCR or gene recombination to generate libraries which are assayed to identify
variants with improved chemical characteristics (Bornscheuer and Pohl, 2001). The
designed and engineered proteins obtain desired catalytic properties which improve
catalytic efficiency of the end product biocatalysts (Tiwari et al., 2012). Catalytic
properties include the change of substrate specificity, cofactor specificity,
enantioselectivity, stability, enzyme mechanism and increase in the promiscuity of the
enzyme which are useful strategies to reinforce improved enzymes (Cedrone and Menez,
2000; Harris and Craik, 1998). Though the designed enzymes are functional, their
efficiency is many magnitudes lower than that of the natural catalysts (Wolfenden and
Snider, 2001).

Rational design by site-directed mutagenesis (SDM) involves planned mutations
on the basis of the proteins structure. After transformation in the host organism, the
variant is expressed, purified and analyzed for desired properties. This approach is

repeated until desired biocatalysts are generated (Figure 1.9).

1.3.2. Rational Design of Hemeproteins

Myoglobin (Mb) is an Oz binding cytoplasmic hemeprotein responsible for the
transport of oxygen molecules to muscle tissues. The heme pocket of myoglobin has a
proximal histidine-93 (H93), a distal histidine-64 (H64) and a hydrogen bond network in
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the heme pocket (Guo et al., 2012). Mb has been used as a scaffold for rational protein
design to create functional proteins (Watanabe et al., 2007; Lu et al., 2001; Lu et al., 2009;
Pfister et al., 2005). By re-designing the heme active site, Mb has been successfully
converted to peroxidases (Matsui et al., 1999; Matsuo et al., 2011; Sato et al., 2004),
heme-copper oxidases (Sigmam et al., 2003) and nitric oxide reductases (NOR) (Lin and
Yeung et al., 2010; Lin et al., 2010).
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Figure 1.9 Rational protein design approach.
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Figure 1.10 The heme pocket of sperm whale myoglobin (Source: Lin et al., 2010).

The role of copper and protons in heme-copper oxidase (HCO) were also
investigated by site-directed mutagenesis of Mb. Here double mutations were done to
mimic the HCO. Leucine-29 to histidine/phenylalanine-43 to histidine (L29H/F43H)
mutant generated a verdoheme instead of a ferryl-heme, due to the lack of the hydrogen
bonding network, decreasing the O affinity of the heme. However, the addition of silver
(1), Ag(l), increased the O binding affinity. This study explained the importance of the
copper center in O binding and reduction, promoting HCO activity (Sigmam et al., 2003).

Recently, the 2-Histidine-1-Glutamate conserved metal center of nitric oxide
reductase (NOR), a non-heme iron-containing enzyme was successfully engineered in
swMb. Three mutations on the swMb; L29 to glutamate, F43 to histidine, and a no
histidine 64 mutant (FeeMb(-His)) were made. The FegMb(-His) mutant bound to copper,
iron and zinc and exhibited NOR activity (Lin et al., 2010). A functional bacterial NOR
was designed by the introduction of two glutamate and three histidine residues into the
swMb. The valine-68 to glutamate mutant (V68E) which has three histidine residues and
one glutamate bound to iron making the heme pocket similar to that of NOR (Yeung et
al., 2009) (Figure 1.11).

Based on the work done on CYPs and Mb, the re-design of TtH-NOX proteins
will be attempted. The wild type and variants of TtH-NOX will be tested and
characterized for their abilities to catalyze the decomposition of hydrogen peroxide
(catalase activity), oxidization of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS).
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H93

Figure 1.11 The active pocket for non-heme iron-binding enzymes showing three
histidine and one glutamate residues (Source: Yeung et al., 2009).

1.4. Scope of this Study

In this study, the H-NOX protein from the thermophilic anaerobic bacteria,
Thermoanaerobacter tencogenesis, is used as a scaffold for rational protein design
through site-directed mutagenesis. Amino acid mutations on the heme active pocket will
create mutants with different structural and chemical characteristics. The isolation and
purification will be the first step in the characterization and comparisons of the mutant
and wild type proteins. The proteins obtained will be tested for potential catalytic
activities. The catalytic activity towards decomposition of hydrogen peroxide and
oxidation of ABTS by the wild type protein and mutants will be compared. The selected
manipulations on the H-NOX protein are imperative for the elucidation of the
mechanisms for hemeprotein substrate interactions, the roles of the heme pocket amino
acids on protein function and will also aid in the rational design of future biocatalysts.
This study will contribute to the understanding of hemeproteins like sGCs and lead to the
discovery of novel biocatalysts. Therefore, experiments were performed to express and
purify wild type H-NOX from Thermoanaerobacter tencogenesis and its variants. Their
physical and chemical properties were characterized using UV-Vis spectroscopy and
chemical reactions. The chemical and kinetic characterizations were performed through
the measurement of catalase activities on hydrogen peroxide and peroxidase activities

through the oxidation of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid).
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CHAPTER 2

MATERIAL AND METHODS

A. Wild Type (WT) and Mutant H-NOX Heme Protein from

Thermoanaerobacter tencogenesis (TtH-NOX).
Planned HNOX Mutations:

a) Proximal Mutations: H102C (histidine-102 to cysteine) and H102Y (histidine-102
to tyrosine)

b) Distal Mutations: Y140A (tyrosine-140 to alanine), and Y140H (tyrosine-140 to
histidine).

Plasmid: pET-20b (With T7 Promoter and Histidine Tag Coding Sequence).

Cloning Cells: DHS5a Competent Cells.

Expression Vector: BL21 DE3 Competent E. coli Cells.

Media for Cell Growth: Lysogeny Broth (2 g LB in 100 ml deionized water) and Agar
Media (8 g LB and 6 g agar in 0.4 L deionized water).

Media for Large Scale Expression: Terrific Broth containing 6 g tryptone, 12 g yeast
extract, 2 ml 100 % glycerol, 50 ml KH2PO4-K2HPO4 mix in 450 ml deionized water.
Amino Acid Sequences: Appendix A.

2.1. Cloning, Bacterial Transformation, Plasmid Purification and

Sequence Confirmation

The TtH-NOX gene sequence in pET20b with a C-terminal histidine tag was
obtained thanks to the Marletta Laboratory at the University of California (Berkeley,
United States). The cloning was achieved by site-directed mutagenesis using the Q5 Site
Directed Mutagenesis Kit (BioLabs). The sequence of interest was exponentially
amplified by Polymerase Chain Reaction (PCR) using the forward and reverse primers
shown in Table 2.1. The PCR conditions are shown in Table 2.2. In order to treat and

enrich the sequence, the Kinase-Ligase-Dpnl (KLD) enzyme mix reactions were
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performed for five minutes at room temperature to remove the template and allow rapid

circularization into plasmids (Table 2.3). The plasmids were then transformed into

competent DH5a cells with heat shock bacterial transformation protocol. The

transformed PCR products were incubated on ampicillin-LB-agar plates at 37 °C

overnight.
Table 2.1. Forward and reverse primer sequences.
Mutant Forward Primer Sequences Reverse Primer Sequences
H102C 5’-GGATGAAGTGtgtCTGC 5-ATCATCATCAGAA
AGCTGAC-3’ AGTTCACC-3’
H102Y 5-GGATGAAGTGtatCTGC 5’-ATCATCATCAGAA
AGCTGA-3’ AGTTCACCAG-3’
Y140A 5-AATGTATGATQCtTTTC 5-TTACGTTTGCTC
TGGGCCTGATTG-3’ ACATATTC-3
Y140H 5-AATGTATGATcatTTTC 5-AATGTATGATGAGTT
TGGGCC-3’ TCTGGGCC-3’

Step

Table 2.2. PCR reaction conditions.

Temperature (°C)

Time (seconds)

Initial Denaturation
25 Cycles

Final Extension
Hold

98
98
58
72
72
4

Table 2.3. KLD reaction conditions.

10 pL Reaction

30

10

30

30
120

Final Concentration

PCR Product
2x KLD Reaction Buffer
10x KLD Enzyme Mix

Nuclease-Free Water

‘ 1ul
‘ 5l
‘ 1ul
‘ 3ul

1X
1X
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To isolate plasmids from DH5a cells, about 5 ml cultures were prepared in LB
media with 50 mg/ml ampicillin under sterile conditions for selected DH5a colonies (six
colonies on average). The plasmids were then isolated using the Macherey-Nagel kit for
DNA Purification. was used. About 50 ul pure plasmids were isolated for each sequence
variant. Their concentrations and purity of the plasmids were determined using a
NanoDrop Spectrophotometer. In order to confirm the success of the site-directed
mutagenesis and the presence of the WT and mutants, purified plasmids were sent to the
Biotechnology and Bioengineering Research and Application center, 1zmir Institute of
Technology for sequence analysis. The sequences were confirmed with the GENEIOUS
sequence alignment program. Sample plasmids with confirmed wild type and mutated
sequences were stored in -80 °C in 50 % glycerol stocks.

To test for TtH-NOX protein expression, wild type and mutant plasmids were
transformed into the expression vector, competent BL21 (DE3) and plated on LB plates
containing 50 mg/ml ampicillin. Selected colonies were prepped for small scale

expression by incubating in LB broth overnight at 37 °C.

2.2. Expression of WT and Mutant TtH-NOX Proteins

About 10 ml of LB media with 100 pg/ml ampicillin solutions were prepared (for
each colony) and inoculated with 100 pl overnight cell cultures. These were incubated at
37 °C until the absorbances at 600 nm (ODsao) Were between 0.5-0.6. About 1 ml of the
cells (time, T=0) were collected at this time, pelleted to remove supernatant and frozen at
-80 °C. In order to induce expression, Isopropyl B-D-1-Thiogalactopyranoside (IPTG)
solutions with a final concentration of 0.5 mM was added to each culture left to incubate
for 1 hour at 37 °C with shaking at 220 rpm. The ODeoo after 1 hour (time, T=1) were
measured and normalized volumes (from absorbance measurements) were pelleted and
stored at -80 °C. The remaining cultures were incubated overnight (time, T= overnight)

at 25 °C, ODeno of diluted cells were measured, cells were pelleted and stored at -80 °C.

2.3. SDS-PAGE Analysis

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) was

employed to analyze the success of TtH-NOX protein expressions according to their
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molecular weight throughout the study. In order to do this, the pelleted cells (T=0and T=1
for each sample) from the small scale protein expression analysis were prepped with SDS
loading dye (100 mM Tris-Cl, 4 % SDS, 0.2 % bromophenol blue, 20 % glycerol) and 1
mM dithiothreitol (DTT). The samples were heated up to approximately 95 °C and loaded
into the polyacrylamide gel. SDS denatured and applied the negative charge on the
proteins making them linear. DTT reduced the sulfide bonds in the protein structure
thereby, unfolding the structures of the proteins. The linear, negatively charged proteins
were separated based on their molecular weights through the electric field that is supplied
through the gel. The higher molecular weighted proteins moved slower than the low
weighted ones. A 250 kDa protein ladder was used to identify the protein sample by its

size, about 26 mbp. The gel was stained using the Coomasie Brilliant Blue dye.

2.4. Isolation and Purification of WT and Mutant TtH-NOX Proteins

2.4.1. Large Scale Expression

To produce a significant amount of each protein variant, 1 L large scale protein
expressions assays were performed. From the glycerol stocks, 100 ml overnight cultures
of the variants with confirmed sequences were prepared in sterile ampicillin-LB broths.
About 1 L autoclaved terrific broths containing KH2POs-K>HPO4 mix with 0.1 mg/ml
ampicillin were inoculated with 5 ml overnight cultures. These were grown at 37 °C until
ODsoo Were about 0.8. To induce expression and heme biosynthesis, about 0.1 mM IPTG
and 0.5mM 5-aminolevulinic acid hydrochloride (ALA) were added, respectively, to the
cultures and incubations were continued overnight at 25 °C. A high concentration of ALA
was used to increase the heme synthesis and heme protein production efficiency. The cells
were harvested with centrifuge at 3000 xG, 10 °C for 15 minutes. Pelleted cells were

stored at -80 °C for isolation and purification.
2.4.2. Protein extraction
Protein extraction and purification of all variants were done using the Gravity-

Flow Column with HisPur Ni-NTA Resin using three buffers (buffers A, B and C) shown
in the Table 2.4.
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Table 2.4. Buffers for TtH-NOX isolation and purification.

Buffers Triethanolamine Imidazole Sodium Benzamidine Phenylmethyls
(mM) (mM) Chloride Hydrochloride ufonyl
(mM) (mM) Fluoride
(mM)
Lysis Buffer 50 10 300 1.34 0.2
(Buffer A)
Elution 50 150 300
Buffer
(Buffer B)
Dialysis 50 = 20 with 5
Buffer % glycerol
(Buffer C)

After determining the weight of the cell pellets, buffer A was added to the cells in
a 1:1 (mass: volume) ratio. The dissolved cell lysates were sonicated on ice with an
interval of 30 seconds for an average of 7 cycles until a watery consistency was achieved.
Next, the lysates were heated for 40 minutes at 70 °C and pelleted at 3900 xG (10 °C) for
2 hours.

2.4.3. Protein purification through affinity chromatography

About 1 ml Nickel-NTA resin (Thermo Scientific) was prepared in column
according to the protocol that was provided. The column with the settled resin was
equilibrated with 3-5 ml of buffer A. The supernatants that were obtained after the
centrifugation were added to the column. For this type of purification, the TtH-NOX
protein which has a C-terminal His-tag binds to the Ni-NTA resin. The low imidazole
concentration in buffer A allows proteins with weak bindings through leaving the tighter
bound ones in the column, selecting for better binding proteins. The Flow Through
samples (containing weak binding proteins) were collected. The column was then washed
with 25-30 volumes of buffer A until the wavelength at 280 nm was stable. Elution was
performed with a high imidazole concentration buffer B in 1 ml aliquots.

Further purification to remove imidazole and undesired small compounds was
done by dialysis for the first two variant purification- wild type and H102C using buffer
C. The eluted fractions were pooled into a semi-permeable membrane (Spectra/Por
Molecular Porous Membrane Tubing). This was then placed in 1 L buffer C which was

changed twice at an interval of 2 hours. The purified proteins were concentrated in 10 ml
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Microsep Advance Centrifugal concentration tubes until a volume of about 800 pl. 100
ul aliquots were prepared and stored at -80 °C. To confirm the efficiency of isolation and
purification, SDS PAGE analyses were performed using 10 ul aliquot samples that were

collected at every step of the isolation and purification processes.

2.5. Chemical and Structural Analysis

2.5.1. Ultraviolet-Visible (UV) spectroscopic analysis

In order to determine the UV spectroscopic characteristics of the TtH-NOX
variants, 20 X dilutions using buffer C were prepared and the absorbance measurements
650 nm — 250 nm were taken. This large range wavelength includes the o/p peaks for
protein structure, the heme peak or Soret peak (a peak in the blue region of the visible
spectrum and ranges around 400 nm) and the protein peak at 280 nm (A280). The unique

characteristics of each TtH-NOX variant were observed through their a/p and Soret peaks

2.5.2. Measurement of TtH-NOX heme concentration

The heme concentrations of pure TtH-NOX variants were calculated using the
pyridine hemochromagen assay. An oxidation solution of 0.5 M sodium hydroxide,
pyridine, ultrapure water and 0.1 M potassium ferricyanide was mixed in a 1:1 ratio to
the TtH-NOX protein in 50 mM phosphate buffer. The sample was then reduced with 0.5
M sodium dithionite solution. Spectroscopic measurements (500-600 nm) were taken to
determine the reduced peak (scan with the highest peak). Using the table and graph
provided by Barr and Feng, 2015, the extinction coefficients and concentrations of the
TtH-NOX variants were calculated using the Soret peak (the peak in the blue wavelength
of the visible spectrum) and the Beer’s concentration law. This peak ranged from 415 nm
to 404 nm and was unique to each variant. According to the law, absorbance, A, is directly
proportional to the concentration, C, extinction coefficient, €, and the path length, |
(Thermo Scientific Tech Tip #6). Using this formula, the heme concentrations were
measured thus:

C=A4/E.| )
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2.6. Catalytic Analysis

In order to study the chemical and enzymatic properties of wild type and mutant
TtH-NOXs, two catalytic reactions; catalase reactions with hydrogen peroxide and
oxidation of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) were
performed. In all protocols, protein, substrate, reagent concentrations and measurement

analyses were obtained from literature.

2.6.1. Reaction of WT and mutant TtH-NOXs with hydrogen peroxide
(H202)

The study and comparisons of the peroxidase activities of the wild type and
mutant proteins were achieved through the catalytic degradation of H,O> according to the
equation below:

2H202 — 2 H20 + 02 2

In order to optimize the reaction conditions, a solution of WT TtH-NOX (5 uM)
and H202 (0.1, 0.2 and 1 mM) in 50 mM potassium phosphate buffer (pH 7.0) were
prepared. The absorbance at ODa2so-650 Were measured at time intervals; T=0, 1, 5, 10, 15,
20, 25, 30, 35, 40, 45, 50, 55, and 60 minutes. After absorbance against wavelength graph
analysis at each time point for each H20 concentration, the optimal reaction conditions

were found to be as follows:

a) A 50 mM potassium phosphate buffer, pH 7.0

b) A final heme concentration of 5 uM

c) A H202concentrations of 0.1 mM

d) A “no protein” control assay where the protein is replaced with the elution buffer
C (the buffer in which the H-NOX proteins are in).

e) Time intervals of 0, 1,0, 5, 10, 15, 20, 30, 40 and 60 minutes.

With these reaction conditions, the H202 assays were set up for the wild type,
distal and proximal mutant TtH-NOXs. About 20 pl aliquots of the reaction mixture at
every time point were stored at — 80 °C for the hydrogen peroxide quantification using
the Quantitative Peroxide Assay: Aqueous Compatible Formulation Kit (Pierce). The

absorbance measurements of hydrogen peroxide in the solution were done on a plate
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reader at 595 nm. A standard curve was prepared by taking the quantitative measurements
of several H2O2 dilutions; 0, 20, 40, 60 and 120 uM. According to the values obtained, a
graph of absorbance against H>O concentration, a graph was formed. The standard curve
was used to measure the concentration of H20O2 at each time point for both WT and control
assays. The percentages of hydrogen peroxide loss were calculated to study the catalase
activity of the WT.

This protocol was used to measure the catalase activity of the distal and proximal
TtH-NOX mutant proteins on H>O>. Their spectroscopic and catalytic differences were

measured and compared.

2.6.2. Catalytic oxidation of 2,2’-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS)

In the known peroxidase-catalyzed reaction, the one-electron oxidation of ABTS
into the green radical cation, ABTS™ was chosen to further study the catalytic
performance of the TtH-NOX variants. Using ABTS as a substrate, H>O; with the help of
a peroxidase, catalyzes its oxidation to its radical cation which has a characteristic deep

green color and an absorbance maximum of 734 nm as seen in the equation 3:

Et El “ Et E!
WS UL SO » o AL
0”3 7% qNox, Hio, 08T 8 T
ABTS ABTS™  (3)

ABTS stock solutions were made by dissolving approximately 13 mg in ultrapure
water. Three control kinetic experiments were set up with WT TtH-NOX (5 uM)
according to Table 2.5.

Table 2.5. Control experiment set up for ABTS oxidation assay.

Control Experiments H202 Concentration ABTS pH of 50 mM
(mM) Concentration (mM)  Potassium Phosphate
Buffer
1 0.025, 0.1, 0.25, 0.5 1 7.5
and 1
2 1 0.05, 0.1, 0.25, 0.5 and 75
1
3 1 1 5.8, 6.8, 7.5 and 8.0
4 (No Protein) 1 1 7.5
5 (No Hz2032) = 1 7.5
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Using the set up above, the product, ABTS radical cation, formation was
measured at 734 nm every minute for 15 minutes. The conditions for the oxidation

reaction was found to be as follows:

a) A 50 mM potassium phosphate buffer, pH 7.5

b) A final protein concentration of 5 pM

c) A H202concentration of 1 mM

d) A ABTS concentration of 1 mM

e) A “no protein” control assay where the protein is replaced with the elution buffer
C (the buffer in which the H-NOX proteins are in).

f) A “no ABTS” control assay with only H2O2 and protein.

The spectroscopic characteristics and kinetic parameters were measured for each

mutant and comparisons were made with the wild type and negative controls.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Cloning of Wild Type and Mutant Tt-HNOX

3.1.1. Site-Directed Mutagenesis by PCR

The cloning of mutant Tt-HNOX proteins was achieved through site-directed
mutagenesis by PCR using the Tt-HNOX wild type (WT) gene insert in the pET20b (3716
bp) expression vector. Using the forward and reverse primers for each variant, PCR
reactions using the Q5 site-directed mutagenesis kit were performed to clone the wild

type and mutant plasmids, as described in the Methods section.

3.1.2. Transformation into DH5a Competent Cells

After PCR, the Kinase, Lipase, Dpnl (KLD) reaction was performed on each
variant. The PCR products were then transformed into competent DH5a cells through the
heat-shock technique (refer to the Methods section for details). For each variant, 4 to 6
colonies from each variant were selected for plasmid purification experiments and

sequence analyses.

3.1.3. Plasmid Purification and Sequence Analysis

Each of cloned plasmids were purified using the Macherey-Nagel Kit for DNA
Purification and their concentrations were measured using the NanoDrop
Spectrophotometer. Concentration of the purified plasmids are shown in Table 3.1. All
variants were sent for sequencing at the BI'YOMER sequencing facility in Izmir Institute
of Technology. The mutations were confirmed using the GENEIOUS program for
sequence analysis. Sample colonies with mutations were selected for protein expression

tests. The amino acid sequences are shown in appendix A.
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Table 3.1. Concentrations of purified wild type and mutant plasmids.

Samples Wild Type H102C H102Y Y140A Y140H
(ng/ ml) (ng/ ml) (ng/ ml) (ng/ ml) (ng/ ml)

A 190.20 77.20 81.3 99.33 86.29

B 142.40 109.90 119.5 86.21 93.43

C = 59.40 137.7 75.63 100.1

D 125.70 99.0 83.32 124.7

E | 124.80 - - 99.3

3.1.4. Expression of WT and Variants of TtH-NOX Proteins in E. coli

All variant plasmids were transformed into BL21 (DE3) competent E. coli cells

for protein expression. Overnight cultures of four selected colonies (labelled A, B, C, D)

were prepared and protein expression was induced using IPTG for an hour after which

sample cells were collected. These were then analyzed for protein expression by SDS

PAGE analysis. Glycerol stocks were prepared for the samples with Tt-HNOX

expression.

3.1.4.1. Expression of WT TtH-NOX

SDS-PAGE analysis showed protein expression for colony B after one-hour

expression induction with IPTG as shown in Figure 3.1. Samples were taken before
induction with IPTG (to) and 1 hour after induction (t1).
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Figure 3.1 Protein expression band for WT Tt-HNOX (23,215 kDa). M: protein
molecular weight marker. Colony t=¢ indicates control samples before IPTG

induction whereas Colony t=; are samples after IPTG induction.
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3.1.4.2. Expression of H102C variant TtH-NOX

Out of four colonies tested (labeled A, B, C, D), SDS-PAGE Gel analysis showed
positive protein expression for colony C after one-hour expression induction with IPTG

(Figure 3.2). Glycerol stocks for colony C were prepared and stored at -80 °C.

KDa
245 —
190 —

s Ct=1 M

100 —
80 — | —!

58 —

46 —

Figure 3.2 Protein expression band for Tt-HNOX H102C (21,882 kDa). M: protein
molecular weight marker. Colony t=¢ indicates control sample before IPTG
induction whereas Colony t=1 is sample after IPTG induction.

3.1.4.3. Expression of H102Y variant TtH-NOX

Out of four colonies tested (labeled A, B, C, D), SDS-PAGE Gel analysis showed
positive protein expression for colonies A and B after one-hour expression induction with

IPTG as seen in Figure 3.3. Glycerol stocks for colonies A and B were prepared and
stored at -80 °C.
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Figure 3.3 Protein expression band for Tt-HNOX H102Y (23,189 kDa). M: protein
molecular weight marker. Colonies t=1 are samples after IPTG induction.
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3.1.4.4. Expression of Y140A variant TtH-NOX

Out of four colonies tested (labeled A, B, C, D), SDS-PAGE Gel analysis showed
positive protein expression for colonies C and D after one-hour expression induction with
IPTG as seen in Figure 3.4. Glycerol stocks for colonies C and D were prepared and
stored at -80 °C.
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Figure 3.4 Protein expression band for Tt-HNOX Y140A (23,123 kDa). M: protein
marker. Colonies t=1 are samples after IPTG induction.

3.1.4.5. Expression of Y140H variant TtH-NOX

Out of four colonies tested (labeled A, B, C, D), SDS-PAGE Gel analysis showed
positive protein expression for colonies A and B after one-hour expression induction with

IPTG (Figure 3.5). Glycerol stocks for colonies A and B were prepared and stored at -80
0]
C.

- At=o At=1 Bt=o Bt=1 M

3 kDa

11 — |-

Figure 3.5 Protein expression band for Tt-HNOX Y 140H (23,189 kDa). M: protein
molecular weight marker. Colony t=o indicates control samples before IPTG
induction whereas Colony t=1 are samples after IPTG induction.
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3.2. Extraction and Purification of WT and variants of Tt-HNOX

Proteins

In order to isolate and purify the wild type and mutant Tt-HNOX proteins, protein
expressions were induced on a large scale. The proteins were then isolated using the
affinity chromatography method, the Gravity-flow Column with HisPur Ni-NTA Resin,
as described in the Methods section. The isolation was followed by the removal of excess
imidazole through desalting column or dialysis. Sample fractions from each extraction

and purification step were collected for SDS PAGE analysis.

3.2.1. Pyridine Hemochromagen Assay

The heme content of WT and mutant TtH-NOX hemeproteins were quantified
using the pyridine hemochromagen method as described in section 2.5. Using their
respective intense absorption peaks and the table provided by Barr and Guo, 2015, the
concentrations and extinction coefficients of the TtH-NOX variants were determined
through the Beer’s law. The extinction coefficients and yields are summarized in Table
3.2.

Table 3.2. Extinction coefficient and yield of purified WT and Mutant TtH-

NOXs

TtH-NOX Extinction Coefficient (mM- Yield (mg)

lCM-l)

Wild Type | 89 33
H102C | 106.6 25
H102Y | 128.1 6.2
Y140A | 149.0 15
Y140H | 125.7 0.9

3.2.2. Isolation and Purification of WT TtH-NOX

About 12.3 g of cells were harvested after 1 L large scale expression as described
in 2.4.1. section of the Methodology. After the final step in protein purification through
dialysis, the final concentration of TtH-NOX protein was determined to be 192 uM. The
final yield of the protein was about 3.3 mg. SDS PAGE analysis of samples from each
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purification step is shown in Figure 3.6. Since no protein was observed in the third wash,

no further washes were performed.
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Figure 3.6 SDS-PAGE purification analysis for WT TtH-NOX. The last two protein
bands were about 23 kDa.

3.2.3. Isolation and purification of TtH-NOX H102C

After 1 L protein expression, about 16.4 g of cells were harvested. The final
concentration of TtH-NOX H102C protein was 143 uM with a yield of 2.5 mg. SDS
PAGE analysis of samples from each purification step is shown in Figure 3.7.
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Figure 3.7. SDS-PAGE purification analysis for TtH-NOX H102C.
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3.2.4. Isolation and Purification of TtH-NOX H102Y

respectively. SDS PAGE analysis of samples from each purification step is shown in

After 1 L protein expression, about 13.130 g of cells were harvested. The final
concentration and yield of TtH-NOX H102Y protein were 149 uM and 6.2 mg

Figure 3.8.

kDa

245 —
190 —
135 —

100 —
80 —

58 —

46 —

32 —

2
3
4
5

6
7
8
9

S1: Ladder

10: Pure protein

: Cell lysate

: Pellet

: Supernatant

: Flow through
: Wash 1

: Wash 2

: Wash 3

: Eluted protein

Figure 3.8. SDS-PAGE purification analysis fo

r TtH-NOX H102Y.

3.2.5. Isolation and purification of TtH-NOX Y140A

After 1 L protein expression, about 16.7 g of cells were harvested. The final
concentration of TtH-NOX Y 140A protein was 43 uM with a yield of 1.5 mg. SDS PAGE

analysis of samples from each purification step is shown in Figure 3.9.
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3.2.6. Isolation and purification of TtH-NOX Y140H

After a 0.5 L protein expression, only about 3.8 g of TtH-NOX Y140H BL21
(DE3) expressing cells were harvested. The final concentration and yield for the protein
were 46 uM and 0.9 mg respectively. SDS PAGE analysis of samples from each

purification step is shown in Figure 3.10.
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Figure 3.10. SDS-PAGE purification analysis for TtH-NOX Y140H.

3.3. Spectrophotometric Analysis of Purified TtH-NOX Proteins

To study the spectroscopic characteristics of the variant proteins, the absorbance
measurements (Asso to Azso) of the 20 - 50 X diluted proteins in buffer C (please refer to
section 2.4.2 of the Methodology) were taken. The measurements show the Soret peaks
(an intense peak at the maximum wavelength for heme absorption), and the alpha/beta
(a/B) bands. The Soret and o/p bands come from the heme, and absorbance at 280 nm due
to tyrosine and tryptophan residues. UV-Vis spectroscopy results indicate high protein
purity and correct protein folds. The results show intense Soret peaks shifts of the mutant
from that of the wild type protein. The Soret peak for the wild type is the same as that
found in literature for ferrous oxy-TtH-NOX species. The recorded Soret and o/ peaks
for WT TtH-NOX is 415 nm and 590/550 nm respectively. All the mutant proteins
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showed intense Soret peak shifts from that of the wild type as seen in Table 3.3. Figure
3.11 shows the spectroscopic differences of the wild type and variant proteins.

Table 3.3. The UV spectral features of wild type TtH-NOX and mutants.

TtH-NOX Soret (nm) o/p Peaks (nm)
wT | 415 590/554
H102C | 405 577/541
H102Y | 404 556/509
Y140A | 410 593/538
Y140H | 409 576/546

The proximal mutants, H102Y and H102C, show intense shift in Soret peaks
(Figure 3.12) suggesting a change in the proximal axial binding conformation of the
ferrous iron at the active site. The H102Y mutant spectroscopic characteristics suggests
a ligation of the phenol group to the iron whilst that of the H102C mutant suggests a
thiolate-ligation to the heme forming a thiolate-bound five-coordinate state. These results
show that both the tyrosine and cysteine residues replaced histidine at the proximal axial
residue. In addition to the changes in the Soret band, changes in the o/f peaks indicate a
significant change in the electronic structure in the heme iron. Furthermore, the mutants
obtained have a larger 280 nm to Soret absorbance ratio indicating the presence of
apoprotein (Figure 3.11), this is to be expected as residues surrounding the heme are
mutated.

The Y140A and Y140H mutations have changed the accessibility and polarity of
the distal pocket causing a shift in the Soret as seen in Figure 3.13. The replacement of
the polar distal tyrosine residue to a less polar, small alanine residue for Y140A changed
the polarity of the active site. The now less hindered active site might allow the
introduction of water molecules which would interfere with the formation of stable
complexes with oxygen and the electronic state of the heme. In the case of Y140H, the
replacement of the neutral distal tyrosine with a positively charged histidine caused a
change in the electronic charge of the distal pocket.
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Figure 3.11 The UV-Vis spectra of the wild type and mutant of TtH-NOX proteins.
Labels a, b and c depict the absorbance at 280 nm, Soret peak and o/f peaks
respectively. All the mutants show a deviation of Soret from that of the wild

type.
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Figure 3.12 Spectral differences of wild type and mutant TtH-NOX. The absorbance
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Figure 3.13 Spectral differences of wild type and mutant TtH-NOXs. Absorbance values
were normalized at the heme absorbance to fit the graph. Inset: focus on a/p3

peaks.

Each variant had different spectroscopic changes which are due to the changes in
the heme active site structure. The spectral results also show that the changes in the
proximal and distal pockets of the heme affected the electronic state of the heme iron (Fe)
and the binding specificities. However, the effects were less significant for the distal
residues because they are more distant from the heme Fe. In a previous study with TtH-
NOX where a tyrosine-140-leucine mutation was done, the mutant had a Soret peak of

422 nm with a reduced affinity for oxygen at the distal pocket (Boon and Marletta, 2005).
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The tyrosine mutation in this study had Soret peaks of 409 nm, a deviation from the Soret
in literature.

The cloning of TtH-NOX by rational design was successful indicating that this
heme protein is an ideal scaffold for rational design. Firstly, the TtH-NOX protein is a
thermophilic protein meaning that it does not require a temperature-controlled
environment. It also has a characteristic red color making it easier for isolation and
purification. In addition, all the mutations performed were successful and each protein
variant had special spectroscopic characteristics. Finally, the process of cloning, isolation

and purification did not affect the protein fold or significantly denature the protein.

3.4. Chemical Characterizations

3.4.1. Catalase Activity: Reaction with Hydrogen Peroxide (H20>)

Catalases catalyze the decomposition of hydrogen peroxide to water and oxygen
in two steps producing compounds | and Il respectively (Boon et al., 2007). The
ferriprotoporphyrin 1X prosthetic group in the ferric state reacts with hydrogen peroxide
to form the intermediate compound I. Compound 1 is then reduced to form the ferric

enzyme through the intermediate compound Il (Moffet et al., 2000).

Fe(IIl) + H1O2 —— Compound I (+3) — Compound II (+3)
— Fe(IlD) (1)

It has been found that at a suitable distance to the heme Fe, the positioning of a
distal histidine in a myoglobin scaffold enhanced the reduction of hydrogen peroxide.
With this in mind, the WT and mutant TtH-NOXs were tested for their catalase activities.

3.4.1.1. Spectroscopic changes of WT TtH-NOX with H202 at room temperature

In order to test for the catalase activity of WT TtH-NOX and its variants with
H20., the reaction conditions were first optimized to obtain the best results for the assay.
The control experiments were performed using the WT TtH-NOX protein.

To determine the best conditions for the catalase assays, the WT TtH-NOX was

mixed with varying concentrations of hydrogen peroxide, 0.1, 0.2 and 1 mM. The reaction
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with 0.1 mM H20. and 10 uM WT protein (with respect to the holoprotein) in potassium
phosphate buffer (pH 7.0) for 120 minutes showed the best results. These conditions were
used for all the variants spectroscopic measurements. The “no protein” controls showed

no changes in absorption spectra.
3.4.1.2. Reaction of WT TtH-NOX with H202

In order to monitor the spectroscopic changes of the WT TtH-NOX with H20»,
the absorbance values at 220-550 nm were measured at time points, T=0, 5, 10, 20, 40,
and 60 minutes at room temperature. Absorbance measurements, Asso t0 Asso, Were
followed at each time point (Figure 3.14). In addition, the concentration of H2O; at various
time points were quantified using a H2O> quantitative kit as described in the methods
section 2.6.1. These concentrations were compared with the “no protein” control assay.
Difference spectra values were calculated to identify clear changes at the Soret. These
were calculated by subtraction of the spectrum at each time point from the spectrum at
time point zero.

The Soret absorbance of WT TtH-NOX decreased with time. After 120 minutes,
the decrease in heme was still in the linear range so, the reaction was allowed for go on

for one more hour. The result shows a slow exponential decrease in the heme at 415 nm
(Figure 3.14b).
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Figure 3.14 Absorption spectra of the catalase activity of WT TtH-NOX. For this assay,
10 uM WT TtH-NOX was mixed with 0.1 mM H202 in 50 mM phosphate
buffer at pH 7.0. The graph shows a decrease in Soret over time. (B) The
change in Soret over time. This shows a slow decrease during 120 minutes.
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3.4.1.3. Reaction of TtH-NOX H102C with H20>

Under the same conditions as the WT TtH-NOX experiments, the catalase activity
for H102C variant of TtH-NOX was measured as seen in Figure 3.16. In contrast to WT

TtH-NOX, the H102C mutant showed an increase in the Soret absorbance with time
(Figure 3.15).
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Figure 3.15 Absorption spectra of the catalase activity of the H102C mutant. This shows
increases in Soret over time with new peaks. Insert: The difference spectra

showing increase at the Soret peak. (B) Slight increase in Soret absorbance
over time.

3.4.1.4. Reaction of TtH-NOX H102Y with H20>

During the reaction of the H102Y mutant and H.O2, the UV-visible spectra

showed no significant changes (Figure 3.16). There were neither changes in the Soret nor
changes in the absorbance values with time.
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Figure 3.16 The Absorption spectra of the catalase activity of the HL02Y mutant. (B) No
significant changes in the Soret over time.
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3.4.1.5. Reaction of TtH-NOX Y140A with H202

During the reaction of the Y140A mutant with H20>, there were increases in the
absorbance values over time. In addition, there was a significant shift in the Soret with

time from the starting Soret maximum absorbance at 409 nm. Over 120 minutes, the Soret
gradually shifted to 405 nm (Figure 3.17).
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Figure 3.17 Absorption spectra of the catalase activity of the Y140A mutant. This shows
the gradual shifts in the Soret peak with time. Insert: The difference spectra

showing the gradual shift and increases at the Soret peak. (B) The increases
in the Soret with time.

3.4.1.6. Reaction of TtH-NOX Y140H with H20>

The Y140H mutant exhibited a different reactivity with H.O2 when compared to
the other variants and WT TtH-NOX. Not only were there increases in the absorption over
time, there was also a rapid shift of the Soret maximum absorbance from 409 nm to 415
nm initially, and then the Soret shifted back to 409 nm (Figure 3.18). This shift is thought
to be due to the formation of the intermediate compound Il before the oxidation of
hydrogen peroxide is completed. In order to significantly change the reaction time, the
reaction was repeated at 8 °C. As seen in Figure 3.18, the Soret also shifted to 415 nm
under 2 minutes. The absorbance at 409 nm also showed an increase for the first 10

minutes followed by a decrease in the following 20 minutes.
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Figure 3.18 The absorbance changes for the reaction between Y140H TtH-NOX and
H>0>. The shift in the Soret during the first two minutes of the reaction, an
increase in Soret for the next 10 minutes and a decrease after 10 minutes can
be observed. (B) The absorbance changes at 409 nm for the Y140H mutant.
This shows an increase followed by a decrease in absorbance of the Soret over
time.

3.4.2. Quantitative analysis of reduced H.O>

All five variants showed different spectroscopic changes in response to their
reactions with hydrogen peroxide. In order to measure the catalytic efficiency of each
variant, samples were collected and unreacted H>O, was quantified at each time point
using the Quantitative Peroxide Assay Kits (as described in the Methods section). The
amount of H202 consumed was determined by subtracting this amount from the hydrogen
peroxide at the beginning of the reaction. The concentrations of hydrogen peroxide in the
assays were determined through standard curves which were prepared for each
experiment. The percentage loss of hydrogen peroxide for each TtH-NOX variant was

calculated and their differences are shown in Table 3.4.

Table 3.4. The percentage loss of hydrogen peroxide at 1 minute and after 120 minutes

in the presence and absence of WT TtH-NOX and its variants.

TtH-NOX Percentage Loss “No Protein” Percentage Loss of “No Protein”
of H20zat 1 Control at 1 H202at 120 Control (%)
Minute (%) Minute(%b6) Minutes(%b6)

WT 36 £0.6 24+16 93+1.2 28+9.0
H102C 5+09 1.2+0.5 52+0.6 8+2.0
H102Y \ 11+6.0 9.7+11 81+21 10+1.3
Y140A | 3+17 39%27 56 +2.3 10£18
Y140H | 90+0.3 0.7+0.3 97+0.9 11+7.1
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As seen in Figure 3.24, the WT TtH-NOX protein catalyzed the decomposition of
hydrogen peroxide by 93 percent in 2 hours. In comparison, the “no protein” control
showed no significant change nor decay of the hydrogen peroxide. This suggests that the
WT TtH-NOX can act as a catalase enzyme which can catalyze H,O> decomposition
under mild reaction conditions.

The H102C mutant catalyzed about 52 percent of the hydrogen peroxide
decomposition indicating that this mutant has a lower catalytic efficiency than the wild
type. However, the creation of new peaks suggests that there might be two independent
reactions which can be tested by an oxidation experiment with ferrocyanide. The H102Y
mutant showed no change in its spectroscopic characteristics but, it catalyzed about 81
percent of the hydrogen peroxide. Although it is lower than that of the wild type, this
difference suggests that the mutant is highly stable.

The distal mutants show shifts in the Soret maximum absorbance over the course
of the reactions. The Y140A mutant which exhibited a gradual Soret shift converted 67
percent hydrogen peroxide. The Y140H mutant proved to be the best catalase for the
decomposition of hydrogen peroxide (Figure 3.19). Y140H TtH-NOX converted more
than 97 percent of hydrogen peroxide in less than two minutes. During this time, there
was an intense shift in Soret to 415 nm and back to 409 nm. This can be due to the

formation of the 6-coordinate compound Il intermediate of the heme.
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Figure 3.19 The percentage loss of hydrogen peroxide by each TtH-NOX variant. Only
the Y140H mutant exhibited a higher peroxidase activity that the wild type.

All the variant proteins exhibited differences in their catalase activities. Even

though the WT TtH-NOX showed catalase activity as compared to the negative control,
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the Y140H mutant showed a much higher catalase activity. The catalase activity for
Y140H TtH-NOX was the most efficient (with an intermediate compound Il formation)
as the entire reaction completed in under 2 minutes making this mutant the best catalase.
The H102C mutant showed the lowest catalysis, catalyzing only 52 % of the reaction, and
showed the most spectroscopic changes. Though H102Y mutant was able to catalyze the
reaction to some extent, it did not show any significant changes in its spectroscopic
features. This observation suggests that the mutant is highly stable. Finally, the distal
mutant, Y140A, had a special characteristic where the Soret gradually shifted to 409 nm
at the start to 405 nm at the end of the reaction. This suggests a change in the polarity of

the distal heme environment.

3.4.3. Oxidation of 2, 2°-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS)

Peroxidases are enzymes that catalyze the reduction of hydrogen peroxide to form
water or the oxidation of a substrates (like ABTS or guaiacol) to radical cation and
tetraguaiacol (Guo et al., 2012). To characterize and compare the peroxidase activity of
the WT TtH-NOX and its variants, the one-electron oxidation reactions of ABTS into the

green radical cation, ABTS™, were performed (Equation 1).

> o+ - 1
ABTS TNoX— ABTS™ + e (1)

H20-

3.4.3.1. Catalytic activity of wild type TtH-NOX with ABTS

The WT TtH-NOX and H20 oxidized ABTS in aqueous solution. However, since
the catalysis of ABTS oxidation has never been tested before on TtH-NOX proteins, three
different kinetic experiments had to be used to study their kinetics of reaction. These
experiments investigated the oxidation of ABTS catalyzed by WT TtH-NOX under
varying concentrations of ABTS, H>O> and at different pHs. In each experiment, the
formation of the deep green ABTS™ was followed by increase in absorbance at 734 nm,
the maximum absorption of the ABTS"" radical cation. The concentration of wild type
protein used for each experiment was 5 UM and the absorbance measurements for the

Kinetic experiments were taken every minute for 15 minutes.
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Figure 3.20 shows the first kinetic experiments using different ABTS
concentrations of 0.05, 0.1, 0.25, 0.5 and 1 mM in the presence of 1 mM H20>. This
resulted in a sigmoidal kinetics in ABTS™ formation with the highest activity observed
for the assay of 1 mM ABTS. The assay with the 0.05 mM ABTS was much more
sigmoidal than that with 1 mM ABTS. All sigmoidal reaction curves were confirmed after
the derivative of increase in absorbance at each time point was calculated as seen in Figure
3.20b.

A 1 mMABTS 3E-07 5

25E07 | 4 mmABTS

05 mM ABTS 2E-07

1.5E-07 |

Rate (uM/s)

1E-07

0.1 MM ABTS

0.05 mM ABTS

Absorbance at 734 nm(A.U.)

5E-08

0 100 200 300 400 500 ;
Time (seconds) 00 500

-5E-08 "
Time (seconds)

Figure 3.20 Reaction profiles of WT TtH-NOX at 734 nm with different ABTS
concentrations (A). Slope of Increase in 734 nm (B). The reactions were
performed at 25 °C between 5 uM WT TtH-NOX and 1 mM H20: at pH 7.5.

The second set of experiments were performed using different H.O>
concentrations of 0 (control), 0.025, 0.1, 0.25, 0.5 and 1 mM in the presence of 1 mM
ABTS and 5 uM wild type TtH-NOX at pH 7.5 for 15 minutes. The increase in absorbance
was sigmoidal with the highest reaction rate observed at 1 mM H20- as seen in Figure
3.21. The “no H20,” control had no measurable catalytic activity proving that the wild
type enzyme only catalyzes the oxidation reaction in the presence H.O,. Again, the assay
with the highest H2O2 concentration showed the highest activity with a less sigmoidal

curve.
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Figure 3.21 Reaction profiles of WT TtH-NOX at 734 nm with different H20-
concentrations (A). Slope of Increase in 734 nm (B). These were
performed at 25°C between 5 uM WT TtH-NOX and 1 mM ABTS at pH 7.5.

Finally, the last set of kinetic experiments were carried out in different pH ranges
at5.8,6.8,7.5and 8.0 with 1 mM ABTS and 1 mM H,Ox. The reaction at pH 5.8 exhibited

a “near linear” exponential reaction curve whilst the other three pH ranges had the same

sigmoidal characteristics as the two experiments described above (Figure 3.22). At pH

5.8, the reaction rate was highest with a less sigmoidal curve indicating that at that pH,

the reaction was close to a classical enzyme reaction, an exponential-second order

kinetics.
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Figure 3.22 Reaction profiles of WT TtH-NOX at 734 nm at different pHs (A). Slope of
Increase in 734 nm (B). Even though the curves for pHs 5.8 and 6.8 were
close to exponential, they still showed a slight sigmoidal effect at the very

beginning of the assays.
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The three kinetic studies for the wild type were all performed in duplicates and
the analyses showed an enzyme efficiency with a pH and concentration dependence. They
also showed a non-classical enzyme curve which slightly changes with varying substrate
concentrations and pHs. These results prove that whilst TtH-NOX can efficiently oxidize
ABTS in the presence of H20», it does so in a non-classical enzyme Kkinetics way. This is
also a deviation from the classical Michaelis-Menten curve.

3.4.3.2. Catalytic activity of WT TtH-NOX towards ABTS oxidation

Figure 3.23 shows the full spectrum for the WT TtH-NOX taken at each time
point. As seen in the figure, the reaction was completed by 4 minutes and the ABTS™*
formation absorbance values were observed to increase with time (Figure 3.23a). The rate

of formation of the ABTS"" was also followed as seen in Figure 3.23b.
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Figure 3.23 (A) The Spectroscopic and kinetic characteristics of WT TtH-NOX. (B)
ABTS™" formation at 734 nm with time.

3.4.3.3. Catalytic activity of TtH-NOX mutants towards ABTS oxidation

As illustrated in Figure 3.24, the TtH-NOX H102C mutant showed different
spectra from that of the WT TtH-NOX. Not only were there just slight increases in the
Soret absorption over time, there were also no significant increases in the ABTS™
absorption even after one hour. This indicated that the mutant is very slow at catalyzing
the oxidation of ABTS.
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Figure 3.24 The Spectroscopic and Kinetic characteristics of TtH-NOX H102C. Inset:
ABTS"" formation by H102C as compared to WT.

The TtH-NOX H102Y mutant did not catalyze the oxidation reaction as no
changes in the Soret nor ABTS™" formation with time was recorded. The assay was then
repeated at a very low ABTS concentration of 30 uM for two hours in order to check for
any decrease in ABTS concentration. As seen in Figure 3.25, the substrate, ABTS was
still detectable at its absorbance maximum of 340 nm showing that this mutant did not

catalyze the reaction at all.
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(340)
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Figure 3.25 The Spectroscopic of TtH-NOX H102Y. The Absorbancemaximum 0f ABTS at
340 nm shows that this mutant did not catalyze the oxidation reaction.
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The TtH-NOX Y 140A mutant exhibited slight increases in the ABTS"" formation
with time. However, the increases were insignificant and were observed after 30 minutes.

The Soret at 409 nm did show increases with time as seen in Figure 3.26.

WT

Absorbance at 734 nm (A.U.)

Absorbance (A.U.)

30 40

380 880 980

Wavelength (nm)

Figure 3.26 The Spectroscopic and kinetic characteristics of TtH-NOX Y140A. Insert:
ABTS " formation by Y140A as compared to WT.

Finally, the Y140H TtH-NOX mutant catalyzed the oxidation reaction in the
presence of H.O within seconds. The amount of the ABTS™" sharply increased for a few
seconds and then decreased for the next 5 minutes. Therefore, the result indicates that the

reaction was completed in a few seconds. Figure 3.27 shows the product formation at 734
nm.

409

Absorbance (A.U.)

PR e — -
380 480 580 680 780 880 980
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Figure 3.27 The Spectroscopic and kinetic characteristics of TtH-NOX Y140H. There is
an increase in the ABTS"" absorbance for the first 2 minutes and decreases
after the reaction completion.
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To follow the formation of the ABTS™ more clearly with time, the reaction was
repeated with 1 M Y 140H mutant and WT TtH-NOX for comparison. The formation by
Y 140H exhibited an almost canonical oxidation kinetics as compared to the WT which
was more sigmoidal. In addition, the assay with the Y140H mutant showed an
approximately 5-fold increase in the rate than that of the WT. This result, as seen in Figure
3.28, shows that the Y140H TtH-NOX catalyzes the oxidation of ABTS in the presence
of H202 more efficiently that the wild type.
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Figure 3.28 The oxidation kinetics for WT and Y140H TtH-NOX. The Y140H mutant
has an almost Michaelis-Menten kinetics and a 5-fold increase in ABTS™
formation as compared to the wild type.

3.4.3.4. Kinetic Parameters for the ABTS Oxidation Reaction

In order to determine the rate constant, turnover number and order of reaction for
WT TtH-NOX, the initial rate was determined at different ABTS concentrations (0.1,
0.25, 0.5, 0.8 and 1.0 uM) in the presence of 1.5 mM HO2 with 5 uM WT TtH-NOX
(Figure 3.29). The second order rate constant and turnover number were determined to be
0.74 uMs?t and 0.15 s,
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Figure 3.29 Kinetic parameters for ABTS oxidation using WT TtH-NOX. The oxidation
reaction has a second order rate constant of 0.74 uMs™.

Since this catalytic test has never been attempted on TtH-NOX, the kinetic and
spectroscopic experiments were important in studying the catalytic properties of the TtH-
NOX variants. First and foremost, the wild type catalyzed the reactions in a non-classical
enzyme fashion. A classical enzyme curve is a typical Michaelis-Menten curve with a
very short pre-steady state, an exponential increase in reaction velocity and a stationary
phase. The wild type exhibited a deviation from this as it exhibited a sigmoidal type
enzyme curve (Figures 3.25, 3.26 and 3.27). This can be explained as the wild type
enzyme having a longer pre-steady state of catalysis meaning that there is a slow binding
of the substrate (ABTS) to the WT TtH-NOX.

In addition, the oxidation reaction of ABTS with WT TtH-NOX had the highest
reaction rate at pH 5.8. This result is similar to what was observed with myoglobin where
the ABTS oxidation was highest at pH 5.8 (Carlsen and Vance, 2003). This study
explained that the effect was due to the protonation of imidazole resulting in the opening
of the heme Fe center for hydrogen bonding. Also, that the electrostatic binding of the
ABTS anion to the protonated myoglobin facilitated electron transfer to compound I1.
Therefore, at pH 5.8, the heme center is protonated and leading to better substrate binding
and higher reactivity. The same explanation can be given to what was observed in the WT
TtH-NOX where the low pH environment resulted in a protonation at the heme center
causing a facilitated binding of the ABTS.
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The proximal mutant TtH-NOX H102C, catalyzed the reaction much more slowly
than the wild type. Although there were increases the Soret absorption, the rate of reaction
was too slow to allow accurate kinetic analyses. The TtH-NOX H102Y mutant showed
no reactivity with ABTS even at a very low ABTS concentration and no changes in Soret
suggesting that it did not catalyze the oxidation reaction.

The distal mutants, Y140A and Y140H, exhibited different spectroscopic and
kinetic characteristics for the oxidation of ABTS in the presence of hydrogen peroxide.
Whilst, Y140A exhibited and insignificant increase in the formation of ABTS™, the
Y140H mutant catalyzed the reaction under 2 minutes and had a 5-fold increase in
ABTS™" as compared to the wild type. Also, Y140H mutant showed an almost second
order kinetics for the oxidation reaction making it the most efficient TtH-NOX variant for
the oxidation of ABTS in the presence of hydrogen peroxide.

These results prove that the wild type is capable of oxidizing ABTS into its radical
cation in an inefficient and non-canonical manner. Changes at the proximal pocket and
the distal tyrosine to alanine significantly decreases its reaction with ABTS. However,
changing the distal tyrosine to histidine increases its catalytic efficiency by 5-fold.
Therefore, with this study the ABTS oxidation catalytic profile for WT TtH-NOX has
been established.
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CHAPTER 4

CONCLUSION

Advances in protein engineering lead to efficient rational design strategies by site-
directed mutagenesis. Rational design of proteins also provides a better understanding of
the molecular mechanisms of enzymes. The engineering of enzymes by rational design
through molecular assembly has not only created new and improved biocatalysts, but
these biocatalysts can also synthesize enantiopure products that are environmentally
friendly. Heme proteins are involved in diverse biological processes including catalysis
of important biosynthetic reactions, making them good candidates for biocatalysis. In this
study, the heme protein TtH-NOX was re-shaped through rational design to create a novel
thermophilic biocatalyst, to provide a better understanding on their molecular
mechanisms and to aid in the design of future biocatalysts.

The successful cloning of the wild type and mutant TtH-NOXs created new TtH-
NOX variants with spectroscopic and catalytic differences. The wild type showed similar
results in the Soret of 415 nm as previously observed in literature. It also possessed a high
peroxidase activity observed for the first time in literature, it oxidized the substrate,
ABTS, efficiently. These observations prove that wild type TtH-NOX is a good
peroxidase and can be utilized as a peroxidase enzyme. The proximal mutations, TtH-
NOX H102C and TtH-NOX H102Y, showed Soret peaks of 405 nm and 404 nm
respectively. These variants also catalyzed the decomposition of hydrogen peroxide to
some extent although they did so inefficiently. In addition, the two mutants were worse
catalysts for the oxidation of ABTS. These results show the change in the proximal heme
Fe ligand reduced the protein’s catalytic reactivity by changing its molecular mechanism
at the active site. The phenol and thiolate group ligations to the ferric heme led to
difficulty in the dissociation of the new residues upon substrate binding thereby, reducing
its reactivity and changing its enzymatic functions. The distal mutation, TtH-NOX
Y140A, also reduced the hydrogen peroxide but at a low rate when compared to the wild
type. It also exhibited unique spectral characteristics where the Soret peak changed
gradually during the reaction period. This might be due to the fact that the active site is

much more open to other molecules (such as water) thereby changing the polarity of the
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active site and accessibility of the substrate to the heme Fe. On the other hand, the TtH-
NOX Y140H mutant exhibited an efficient peroxidase and catalase activities suggesting
that it might be a new biocatalyst. This mutant decomposed hydrogen peroxide and
oxidized ABTS at the fastest rate. This confirms that the presence of a distal histidine
close to the heme increases the reactivity of the heme.

The signaling protein, TtH-NOX can catalyze hydrogen peroxide decomposition
and ABTS oxidation by H2O,. All the mutants showed unique catalytic functions
suggesting that the proximal and distal heme amino acids have vital roles in substrate
binding, the electronic state and catalytic properties of the heme. The proximal histidine
residue of native heme enzymes is vital for the formation of the active 5-coordinate heme
structure which is necessary for their catalytic functions. Changes in the proximal pocket
residues reduces the binding affinity of the iron protoporphyrin IX. The distal residue,
tyrosine-140, plays an important role in catalysis as its mutation significantly reduces
catalysis. However, the distal tyrosine residue can be replaced with a histidine to create a
heme protein with improved the catalytic activity.

In conclusion, this study is the first to successfully create an efficient catalase
from a thermophilic protein and to establish the potentials of the wild type as a peroxidase.
However, to further investigate its other catalytic potentials, oxidation reactions with
ferrocyanide and guaiacol, styrene epoxidation and the sulfoxidation of methyl p-tolyl

sulfide should be performed.
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APPENDIX A

AMINO ACID SEQUENCES

Wild type TtH-NOX:
HMKGTIVGTWIKTLRDLYGNDVVDESLKSVGWEPDRVITPLEDIDDDEV

RRIFAKVSEKTGKNVNEIWREVGRQNIKTFSEWFPSYFAGRRLVNFLMMMDEV
HLQLTKMIKGATPPRLIAKPVAKDAIEMEYVSKRKMYDYFLGLIEGSSKFFKEEI
SVEEVERGEKDGFSRLKVRIKFKNPVFEYKKNLEHHHHHH

H102C TtH-NOX:
HMKGTIVGTWIKTLRDLYGNDVVDESLKSVGWEPDRVITPLEDIDDDEVRRIFA
KVSEKTGKNVNEIWREVGRQONIKTFSEWFPSYFAGRRLVNFLMMMDEVCLQL
TKMIKGATPPRLIAKPVAKDAIEMEYVSKRKCMIIFWALKAAAIFQRRNVEKT
WRKNGFGLLKCVLIKPGGWIKNLEHHHHHH

H102Y TtH-NOX:
HMKGTIVGTWIKTLRDLYGNDVVDESLKSVGWEPDRVITPLEDIDDDEVRRIFA
KVSEKTGKNVNEIWREVGRQNIKTFSEWFPSYFAGRRLVNFLMMMDEVYLQL
TKMIKATPPRLIAKPVAKDAIEMEYVSKRKMYDYFLGLIEGSSKFFKEEISVEEV
ERGEKDGFSRLKVRIKFKNPVFEYKKNLEHHHHHH

Y140A TtH-NOX:

HMKGTIVGTWIKTLRDLYGNDVVDESLKSVGWEPDRVITPLEDIDDDEVRRIFA
KVSEKTGKNVNEIWREVGRQNIKTFSEWFPSYFAGRRLVNFLMMMDEVHLQL
TKMIKGATPPRLIAKPVAKDAIEMEYVSKRKMYDAFLGLIEGSSKFFKEEISVEE
VERGEKDGFSRLKVRIKFKNPVFEY KKNLEHHHHHH

Y140H TtH-NOX:
HMKGTIVGNWIKTLRDLYGNDVVDESLKSVGWEPDRVITPLEDIDDDEVRRIFA
KVSEKTGKNVNEIWREVGRQNIKTFSEWFPSYFAGRRLVNFLMMMDEVHLQL
TKMIKGATPPRLIAKPVAKDAIEMEYVSKRKMYDHFLGLIEGSSKFFKEEISVEE
VERGEKDGFSRLKVRIKFKNPVFEY KKNLEHHHHHH
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APPENDIX B

VECTOR MAP

PET-20b(+)
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Figure B.1. pET-20b vector map.
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