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ABSTRACT

Toluene/o-xylene monooxygenase (ToMO) (EC: 1.14.13) is a multicomponent
non-heme diiron enzyme with a broad substrate range of aromatics, including
substituted benzenes. It has catalytic potentials for bioremediation of organic pollutants
and synthesis of industrially valuable chemicals. In this study F176, F196 and Q204
positions of ToMO hydroxylase component (TouA) were subjected to site-saturation
mutagenesis to investigate their roles in catalytic activity and oxidation regiospecificity.
Site-saturation mutagenesis was achieved by overlap-extension PCR method and the
mutants were screened using a rapid agar-plate assay. The isolated mutants were
assayed by whole-cell biotransformation of phenol, toluene and naphthalene. Products
were analyzed via high-pressure liquid chromatography. This study yielded two new
regiospecific mutants of TouA F176 (F176N and F176H). TouA F176N variant was the
most regiospecific mutant for hydroquinone formation (77%) from phenol and p-cresol
formation (92%) from toluene. TouA F176H variant was also found to be an improved
mutant for the tested substrates. For example, TouA F176H produces hydroxyphenol(s) 5-
fold faster than wild-type ToMO (5.84 and 1.17 nmol/min-mg protein) from phenol. In
addition, slight changes in regiospecificity were found among variants of TouA F196
and Q204. For example, TouA F1961 variant produced 2-fold less o-cresol and 19%
more p-cresol from toluene, and TouA Q204A variant produced 6% more 1-naphthol
from naphthalene compared to wild-type ToMO.

Keywords: Toluene/o-xylene monooxygenase, site-saturation mutagenesis, aromatic
hydroxylation.



TOLUEN/0o-KSILEN MONOOKSIJENAZIN ALFA ALTBIRIM
F176, F196 VE Q204 POZISYONLARIRININ AROMATIKLERIN
REGIOSPESIFiK HIDROKSILASYONU iCIN
SATURASYON MUTAGENEZI

Burcu SONMEZ

Yiiksek Lisans Tezi — Genetik ve Biyomiihendislik
Ocak 2013

Tez Danigmani: Yard. Dog¢. Goniil SCHARA

0z

Toluen/o-ksilen monooksijenaz (ToMO) (EC: 1.14.13), siibstitue benzenleri de
iceren genis bir substrat yelpazesine sahip, ¢ok-komponentli, hem-igermeyen, cift
demirli bir enzimdir. Bu enzim, organik kirleticilerin biyoremediasyonu ve endiistriyel
acidan degerli olan kimyasallarin sentezi igin katalitik potansiyellere sahiptir. Bu
calismada, ToMO hidroksilaz komponentinin F176, F196 ve Q204 pozisyonlarina
katalitik aktivite ve regiospesifiklik iizerindeki etkilerini aragtirmak amaciyla bolge
saturasyon mutagenezi uygulandi. Bolge saturasyon mutagenezi “overlap-extension
PCR” yontemiyle gerceklestirildi ve mutantlar hizli bir agar-plak yontemi ile tarandi.
Elde edilen mutantlar ile fenol, toluen ve naftalin iizerinde tiim-hiicre biyodoniisiim
deneyleri yapildi. Uriinler, yiiksek basing sivi kromatografisi ile analiz edildi. Bu
calisma sonucunda, TouA F176 pozisyonu i¢in iki yeni regiospesifik mutant (F176N ve
F176H) elde edildi. TouA F176N mutanti, fenolden % 77 hidrokinon ve toluenden %
92 p-kresol elde ederek en regiospesifik mutant olarak tespit edildi. TouA F176H
mutant1 test edilen substratlar igin aktivite artis1 gosterdi. Ornegin, TOuA F176H
fenolden hidroksifenolleri yapan-tip ToMO’ya kiyasla 5 kat daha hizli dretti (5.84 ve
1.17 nmol / dk - mg protein). Ayrica, TouA F196 ve Q204 mutantlarindan bazilarinda
kiigiik regiospesifik degisiklikler bulundu. Ornegin, wild-type enzime kiyaslandiginda,
TouA F1961 mutantinin, toluenden iki kat daha az o-kresol ve % 19 daha fazla p-kresol
tirettigi, TOUA Q204A mutantinin ise naftalinden % 6 daha fazla 1-naftol irettigi tespit
edildi.

Anahtar Kelimeler: Toluen/o-ksilene monooksijenaz, bdlge saturasyon mutagenezi,
aromatik hidroksilasyonu.
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CHAPTER 1

INTRODUCTION

1.1 TOLUENE MONOOXYGENASES (TMOs)

Toluene monooxygenases (TMOs) (EC: 1.14.13) are oxidoreductases which have
the ability to oxidize a variety of aromatic compounds. The hydroxylation of aromatics
requires molecular oxygen as the electron acceptor and protons in the form of H;0" and
produces water as by-product (McCormick and Lippard, 2012). TMOs are soluble, non-
heme, dinuclear iron containing monooxygenases and have been classified into a family
of four-component arene/alkene monooxygenase of bacterial multicomponent
monooxygenases (BMMs) based on their natural substrates and gene sequence
similarities (Notomista et al., 2003). Toluene monooxygenases exist in a variety of
organisms. Toluene/o-xylene monooxygenase (ToMO) of Pseudomonas sporium
(formerly P. stutzeri) OX1 is the subject of this thesis (Baggi et al., 1987, Radice et al.,
2006). Other extensively studied toluene monooxygenases are toluene-4-
monooxygenase (T4MO) of Pseudomonas mendocina KR1 (Yen et al., 1991), toluene-
para-monooxygenase (TpMO) of Ralstonia pickettii PKO1 (Byrne et al., 1995) and
toluene ortho-monooxygenase (TOM) of Burkholderia cepacia G4 (Newman and
Wackett, 1995).

1.1.1 Toluene/o-Xylene Monooxygenase

Toluene/o-xylene monooxygenase is a multicomponent oxygenase system. The
tou locus was cloned from the chromosome of Psuedomonas sp. OX1 and it expresses
six open reading frames (touABCDEF) under the control of a single promoter (Cafaro et.
al, 2005).



1.1.1.1 Structure

The components of ToMO have a high degree of sequence similarity with that of
other monooxygenases (Bertoni et al., 1998). ToMO hydroxylase component (~220
kDa) is a subcomplex of TouA, TouB and TouE with a quaternary structure of a2B2y2
(Figure 1.1). TouF is an NADH-oxidoreductase and TouC is a rieske-type protein.
TouF shifts electrons from NADH via its FAD and [2Fe-2S] domains to TouC and
electrons are finally transferred to hydroxylase component. TouD is a regulatory protein
(Cafaro et al., 2002, Bailey et al., 2008). It is proposed that the regulatory protein shares
a binding site with the reductase (TouF) on the hydroxylase component. Structural
studies with a relative enzyme of ToMO suggests that binding of the regulatory protein
blocks the access of the reductase to get near the active site to control the reduction of
the dioxygen-activated diiron center and may cause conformational changes at channels
(Bailey et al., 2008). Therefore, the interaction among hydroxylase, the regulatory
protein and the reductase is in coordination with the oxidation state and conformation of
the active site.

Figure 1.1 Global structure of toluene/o-xylene monooxygenase hydroxylase. It
contains two o-subunits (blue/green), two B-subunits (yellow/orange), and two v-
subunits (red). Protein Data Bank (PDB) Entry: 1TOQ (Sazinsky et al., 2004).



Crystal structure of the ToOMO hydroxylase has shown that there is a non-heme
diiron catalytic center (Fea-Feg) located interiors of each alpha subunit. Dioxygen
activation and subsequent substrate oxidation take place at the carboxylate-bridged
diiron center. Fep is stabilized by coordinating residues Glu104, Glul34, His137 and
Feg is stabilized by His234, Glu197, Glu231; and there is 3.0 A distance between the
two iron centers (Sazinsky et al., 2004). A Pymol (Schrédinger, LLC., 2010) image of

the diiron center with its coordinating residues is shown in Figure 1.2.

-

Glu231

Figure 1.2 The diiron active site of TOMOH. Iron atoms are shown as spheres and the
coordinating residues are shown as sticks. Carbon, nitrogen, oxygen, and iron atoms are
colored green, blue, red, and orange, respectively.

The active site is connected to the surface of the protein through a large channel
(35-40 A in length and 6-10 A in width) with a fork structure leading to two adjacent
openings at the surface. It was postulated that this channel exposes the active center to
bulk solvent and forms a route for the substrate to move in and the product to go out
(Sazinsky et al., 2004). A structural study with TAMO hydroxylase with its respective
regulatory protein conferred that the channel undergoes major conformational changes

upon binding of the regulatory protein and it is closed down to limit the solvent access



to protect the active site intermediates (Murray and Lippard, 2007).

Besides the substrate channel, a divergent path is formed by a series of cavities
which traverse alpha-subunit starting from the surface towards the diiron center. The
substrate channel overlaps this path at the first cavity neighboring the active site (Figure
1.3). The surface of the cavities is constituted of mainly hydrophobic residues.
Structural and mechanistic studies conferred that the hydrophobic cavities may provide
a route for molecular oxygen transport to the diiron site (Song et al., 2011, McCormick
and Lippard, 2012).

In addition to the channels, there is a pore pocket region that neighbors the diiron
center (Figure 1.3). The surface of pore pocket region is constituted of conserved and
flexible hydrophilic residues which allow conformational changes, make interaction
with regulatory protein and contribute to accessibility of the active center. These
residues are a threonine at 201" with critical role in the proton transfer to diiron center
(Song et al. 2010), a flexible asparagine at 202" position which can make hydrogen-
bonding with regulatory protein, a surface glutamine at 228" position and an iron-
coordinating glutamates at 231 positions (McCormick et al., 2006, Murray and Lippard,
2007, McCormick and Lippard, 2012).
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Figure 1.3 van der Waals surfaces and the contributing residues of cavity-1 (green), cavity-2 (cyan), cavity-3 (magenta), pore region (orange) and
channel (gray) in the a-subunit of TOMOH. The yellow sticks represent the putative electron-transport hydrogen-bonding network residues
(McCormick and Lippard, 2012).



1.1.1.2 Mechanism

Molecular oxygen activation and substrate hydroxylation occurs at the
carboxylate-bridged diiron center located interior of the alpha-subunits of the ToMO
hydroxylase component. According to the proposed mechanism, the iron atoms of the
resting enzyme are at the reduced ferrous state (diiron [11]) (Figure 1.4). The catalytic
cycle is initiated by the attack of diiron [II] on molecular oxygen and electrons are
transferred to oxygen to generate a reactive peroxodiiron [I11] intermediate (Song, 2011).
Subsequently, the reactive oxygenated diiron core attacks on the aromatic ring of the
substrate and hydroxylated product is liberated with the assistance of water, leaving the
iron atoms at a resting ferric state (diiron [111]). For the start of another reaction cycle,
the ferrous state diiron [11] must be regenerated by transferring two electrons from the
reductase/Rieske protein components of ToMO (Song, 2011). According to a model by
Bochevarov et. al, the peroxo intermediate may be in protonated form and stabilized by

nearby threonine at 201 position (Bochevarov et al., 2011).
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Figure 1.4. The catalytic cycle of TOMOH. Ar-H: Aromatic substrate; Ar-OH: the
product. (Song, 2011).



1.2 TARGETED TouA POSITIONS
1.2.1 TouA Phenylalanine at 176

All the toluene monooxygenases have a phenylalanine at the respective position to
the F176 of ToMO. It is located in the first cavity housing the diiron center and 4.3 A
away both from the gate residue 1100 (Vardar and Wood, 2005b) and the substrate
channel. Its distance from Fea and Feg is 8.8 A and 8.6 A away, respectively, according
to the measurements on PyMOL (Figure 1.5).

F176

Figure 1.5 The positioning of TouA 176 (purple sticks) with respect to channel (cyan
surface), the gate residue 1100 (black sticks) and the iron atoms (orange spheres).

TouA F176 position has not been studied extensively by saturation mutagenesis
before and there are few studies performed by rational design approach. Based on a
computational model, TouA F1761, F176L and F176T single mutants and six E103G-
F176X (X: I, L, T, A, S, V) double mutants were generated by site-directed mutagenesis
(Notomista et al., 2009, Notomista et al., 2011). Mutants were tested for the oxidation
of a non-natural substrate 2-phenylethanol. The single and double mutants showed
different regiospecificity than the wild type, shifting from meta to para hydroxylation.
Therefore, it was suggested that phenylalanine at position 176 causes steric hindrance

and disturb the proper positioning of the reaction intermediate of the para-hydroxylated



product in the active site. Also, the double mutants showed enhanced catalytic activity
towards 2-phenylethanol, among which E103G/F176T was the most improved one with
around 13-fold increase in comparison to wild-type ToMO. In another study, the
importance of this position for the activity was emphasized by showing that a T4MO
TmoA F176A variant could not oxidize toluene, TCE, or butadiene, whereas a TmoA
F176L variant retained 100% activity toward toluene with 25.5% and 38.4% activity
toward TCE and butadiene (Sazinsky et al., 2004).

1.2.2 TouA Phenylalanine at 196

All toluene monooxygenases have a phenylalanine at the corresponding position
of the F196 of ToMO. It is located in the active site pocket and 5.8 A away from the
gate residue 1100 and 3.4 A from the substrate channel. Its distance from Fea and Feg is
8.0 A and 7.0 A away respectively, according to the measurements on PyMOL (Figure
1.6).

Figure 1.6 The positioning of TouA F196 (orange sticks) with respect to channel (cyan
surface), the gate residue 1100 (black sticks) and the iron atoms (orange spheres).

The role of F196 on ToMO activity has not been studied before. However,
McClay et al. studied the analog of this residue on T4MO for the regiospecific indole
oxidation. By using site-directed mutagenesis, they generated TmoA F196L, F196Y and



F1961 substitutions, which are conservative mutations. The variant F196L exhibited a
significant change in product distribution; suggesting that this position may have a role

in the regiospecificity of indole oxidation (McClay et al., 2005).

1.2.3 TouA Glutamine at 204

All toluene monooxygenases have a glutamine at the respective position to the
Q204 of ToMO, except TOM has a leucine with an aliphatic side chain. It is located on
the substrate channel. It is 6.7 A away from 1100 and 3.6 A from substrate channel. Its
distance from Fea and Feg is 10.2 A and 10.7 A away respectively, according to the
measurements on PyMOL (Figure 1.7). The role of this position on the catalytic activity

of ToMO or any other toluene monooxygenase has not been studied before.

1100

Figure 1.7 The positioning of TouA Q204 (yellow sticks) with respect to channel (cyan
surface), the gate residue 1100 (black sticks) and the iron atoms (orange spheres).

1.3 IMPORTANCE OF TOLUENE MONOOXYGENASES

The recombinant constructs of four toluene monooxygenases, T4AMO, TpMO,
TOM and ToMO, have been previously expressed in Escherichia coli TG1 to study
their catalytic features. Toluene monooxygenases possess biotechnological potentials in
the manufacture of chemical intermediates, organic synthesis or the detoxification of

pollutants. Toluene monooxygenases have differences in their substrate preferences and
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degree of regiospecificity. There is an ongoing interest in understanding the key
structural determinants of the catalytic properties of these enzymes (Fishman et al.,
2006).

1.3.1 Biocatalysis

Biocatalysis is the use of enzymes, either as pure or whole-cell, in chemical
reactions. The impact of biocatalysis in the industry is growing. It is estimated that
biocatalysis would be involved in the production of at least 20% of global chemicals by
2020 (Meyer and Turner, 2009). There is an increasing demand for more clean and
economic processes. Biocatalysis has several advantageous over traditional chemical
synthesis. It can be more economic and environmentally benign. It can be carried out
with less organic solvents, under milder conditions and it is a more selective process
which increases product yield with lesser by-products and waste. What is more, it can

be even the sole method to produce a certain compound (de Carvalho, 2011).

TMOs have been shown to be useful biocatalysts for organic synthesis. TMOs are
capable of three successive hydroxylation of benzene; it means they produce phenol,
catechol and trihydroxybenzenes step by step (Tao et al., 2004b). The first product of
this conversion, phenol, is a chemical intermediate in the production of phenolic resins,
which are used in several industries such as plywood, construction and automotive; also
used in the synthesis of intermediates and in the production of nylon and epoxy resins
(ATSDR, 1998). Catechol production is also a very important feature; this compound
and its derivatives are used in pharmaceutical industry, in textile industry for processing
fur dyes and also as a chemical intermediate for antioxidants in rubber and greasers
(EPA, 2007).

TMOs can catalyze successive hydroxylation of toluene. They show differences in
the degree of regiospecificity in toluene hydroxylation. ToMO has the ability to catalyze
three distinct regiospecific hydroxylation of toluene to produce o-, m-, and p-cresol
(Vardar and Wood, 2005b). While T4AMO and TpMO produce m- and p-cresols, TOM
produces o-cresol exclusively (Rui et al., 2004, Tao et al., 2004a, Fishman et al., 2005)
ToMO was reported to produce both 3- and 4-methylcatechols from cresols in the
second hydroxylation step (Vardar and Wood, 2004). The resultant cresols and
substituted catechols are useful products. o-Cresol is used as a solvent and disinfectant,



11

m-cresol is used to produce agrochemicals and to produce antioxidants and the major
use of p-cresol is for the manufacture of antioxidants and the fragrance (ATSDR, 2008).
Methylcatechols are also important intermediates for food and pharmaceutical industries
(Fishman et al., 2006).

Naphthalene is a polycyclic organic compound which has two fused aromatic
rings. It has been shown that TOM produces only 1-naphthol from naphthalene
oxidation, while ToMO, along with TAMO and TpMO produces 2-naphthol as well
(Tao et al., 2005). Large quantities of naphthols are used in the industry for the
manufacture of organic intermediates for dyes, pharmaceuticals, perfumes, surfactants,

and agrochemicals (Raynaudlacroze and Tavare, 1993).

TMOs oxidize nitrobenzene to produce m- and p-nitrophenol, and it was also
reported that ToMO can oxidize m- and p-nitrophenol to produce 4-nitrocatechol and
oxidize o-nitrophenol to 3-nitrocatechol and nitrohydroquinone (Vardar, et al., 2005b).
Dihydroxy-derivatives of nitrobenzene are useful compounds in pharmaceutical
industry. Nitrocatechols are used in the synthesis of catechol-o-methyltransferase
(COMT) inhibitors for use in the treatment of Parkinson's disease (Palma et al., 2003,
Bonifacio et al., 2007) and have potentials as competitive inhibitors of neural nitric
oxide synthase which is associated to pathology of Parkinsons disease (Palumbo et al.,
2002).

1.3.2 Bioremediation

Chemical compounds have been released and accumulated in the environment as
a result of large-scale of manufacture and insufficiency in the treatment of wastes and
disposal methods (Chen et al., 1999). The pollution causes disturbance of the natural

balance of the ecosystem and pose health risks for organisms.

Benzene and its substituted derivatives are ubiquitous pollutants in the
environment (Mithaishvili et al., 2005). They are produced in large amounts for their
use in commercial areas and they are health threatening chemicals. For example,
benzene is listed as a known human carcinogen by US Environmental Protection
Agency (EPA). It is used as an ingredient in motor fuels; as a solvent in the manufacture

of fats, resins, oils, paints, plastics, and rubber; it is also applied in food industry in the
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process of oil extraction from seeds and used as a chemical intermediate in the
production of detergents and pharmaceuticals (ATSDR, 2007). Nitrobenzene is a
volatile organic compound and an anticipated human carcinogen. It is primarily used in
organic synthesis and also used in the production of rubber, agrochemicals and
pharmaceuticals (ATSDR, 1990). Toluene is primarily used as a constituent in gasoline
to improve its octane rating. It is also a widely used solvent in several products such as
paintings, cosmetic nail polishes, synthetic fragrances and adhesives. It is a toxic
chemical which affects primarily central nervous system in humans upon short- or long-
term exposure (ATSDR, 2000).

Conventional remediation approaches to deal with pollution include excavation,
chemical treatment and thermal treatment. These methods are generally expensive,
inefficient and prone to generation of harmful by-products and secondary pollution
(Vidali, 2001). Therefore, development of alternative remediation strategies has become
an area of interest. Bioremediation is a new technology for the clean-up of contaminated
sites. This approach has several advantages over traditional methods. It is a natural
process and usually does not generate harmful by-products. It can be cost-effective and
can also achieve complete mineralization of the contaminants (Wood, 2008).

Bioremediation relies on the presence of suitable microorganism which expresses
the enzymes that catalyze the conversion of wastes. It utilizes the ability of
microorganisms to metabolize pollutants as a carbon and energy source, whilst
degrading them into non- or less-toxic substances. The oxidation of benzene ring is the
first step in anaerobic metabolism of the aromatic pollutants. Consequently, substituted
phenols are further metabolized by catabolic enzymes in the repertoire of organisms and
eventually metabolites are converted to citric acid cycle intermediates (Bouwer and
Zehnder, 1993). Toluene monooxygenases have potentials of applicability in
bioremediation due to their ability to oxidize various aromatics, including benzene,
nitrobenzene, toluene and their derivatives. In fact, toluene monooxygenase genes are
associated to biodegradation of petroleum hydrocarbons at contaminated sites (Ma and
Herson, 2000, Baldwin et al., 2009, Nebe et al., 2009). An Antarctic bacterium has been
engineered to express recombinant ToMO to enable it to grow on aromatics as a sole
carbon energy source and hence, to be used in bioremediation of contaminated marine

environments and/or cold industrial effluents (Siani et al., 2006).



13

Chlorinated ethenes, including perchloroethene (PCE) and trichlorethene (TCE)
are among the major groundwater pollutants at hazardous waste sites. PCE is the main
chemical solvent applied in dry cleaning and TCE is primarily used in metal degreasing
and in textile industry. Both are possible human carcinogens and other chlorinated
solvents are also pose health hazards. Microbial degradation of this group of chemicals
can occur both aerobically and anaerobically. However, anaerobic dehalogenation of
chlorinated ethenes is incomplete and generates toxic and possible carcinogenic reaction
intermediates (Alvarez-Cohen and McCarty, 1991). On the other hand aerobic
degradation can achieve complete mineralization (Bradley and Chapelle, 1998, Chauhan
et al., 1998). Toluene monooxygenases possess the activity of chlorinated ethene
oxidation individually and as in mixtures (Shim and Wood, 2000). ToMO is the only
known enzyme which is capable of PCE oxidation, besides, its expression in
Pseudomonas sp. OX1 is induced by TCE and PCE and this organism is chemotactic
towards chlorinated aliphatics (Ryoo et al., 2000, Ryoo et al., 2001, Shim et al., 2001,
Vardar et al.,2005a).

1.4 PROTEIN ENGINEERING

Enzymes have several characteristics that make them more powerful than
conventional catalysts for several industrial chemical syntheses. Enzymes exhibit high
chemo-, regio-, and stereoselectivity. Besides, thank to progresses in DNA technology,
many enzymes are produced at a commercial scale and economically (Bornscheuer and
Pohl, 2001). Enzymes are utilized in the manufacture of over 500 products for a broad
range of application (Rubin-Pitel and Zhao, 2006). However, the industrial process
conditions are not always appropriate for the chemistry of natural enzymes. Protein
engineering has been applied to tailor enzymes to overcome the process limitations and
yield biocatalysts with higher activity, specificity and stability at a given condition
(Bommarius et al., 2011). In addition, it can be applied to engineer enzymes which have
new capabilities such as activity towards non-natural substrates or catalysis of novel
reactions (Bornscheuer et al., 2012). Protein engineering strategies can be broadly

divided into two; rational design and directed evolution (Bornscheuer and Pohl, 2001).
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1.4.1 Rational Design

Rational design requires detailed knowledge of enzyme structure, function and
mechanism to predict beneficial mutations to create the structural changes that lead to
the desired properties. The mutations are introduced by site-directed mutagenesis, a
PCR-based method that employs mutagenic oligonucleotides (Bornscheuer and Pohl,
2001). When the structural information is not available, computational modeling tools
are used to build homology models based on sequence similarity to related proteins with
known structures. This approach has been used to understand the basis for the
characteristic nitroarene specificity of nitrobenzene 1, 2-dioxygenase from Comamonas
sp. strain JS765 (Ju and Parales, 2006) and to change the regioselectivity of P450 BM-3

monooxygenase from Bacillus megaterium (Dietrich et al., 2009).

In rational design, creation of desired mutants is fast and easy. The targeted
sequence space is small and this eliminates the need of screening large numbers of
mutant libraries. However, the precise identification of the key amino acids requires
high-quality structures or models, and the success is hindered by the limited
understanding of the enzyme structure/function relationships. Besides, single
substitutions may not be sufficient to obtain comprehensive knowledge, since there is
19 amino acid substitutions possible for any single position to be investigated (Chica et.
al., 2005).

1.4.2 Directed Evolution

In contrast to rational design, directed evolution does not require prior knowledge
of structure or mechanism. This approach can be simply described as employment of
repeated cycles of molecular evolution in a laboratory (Arnold, 1997) (Figure 1.8). The
strategy involves generation of a mutant population with sufficient gene diversity for
the given function and then, selection of the improved variants. The diversity is
generally achieved by random mutagenesis and/or in vitro recombination of gene
fragments and identification of improved variants is done by high-throughput screening

or selection systems (Zhao et al, 2002).
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Figure 1.8 The general steps of directed evolution of enzymes. Iterative cycles of
random mutagenesis, protein expression and screening or selection of the target activity
are performed (Turner, 2009).

Error-prone PCR is a widely used random mutagenesis method; it is a modified
PCR reaction with increased frequency of mismatches during DNA synthesis. Another
widely used method is DNA shuffling, which is an in vitro gene recombination method.
DNA shuffling involves creation of gene fragments by treatment with endonuclease and
generation of mutations by random priming of these gene fragments during
recombination. This method can be applied to a single gene or a family of homologous

genes (Stemmer, 1994, Crameri et al., 1998).

In directed evolution, the availability of a rapid and sensitive assay to identify the
improved variants is as important as the achievement of diverse and functional mutant
libraries. The crucial steps of screening are physical separation of large cell populations
and detection of signal reflecting the enzyme activity. The most frequently used
physical separation methods are based on formation of uniform colony development by
incubating in growth medium in multi-well plates or by spreading over agar in dishes.
The contact between added substrate and the enzyme should develop a signal to enable
the monitoring of the enzyme activity. The signal can be formation of color,

fluorescence, heat or turbidity (Cohen et al., 2001).
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1.4.2.1 Site- Saturation Mutagenesis

Site-saturation mutagenesis is a directed evolution method which lies between
random mutagenesis and rational design approaches. It is a more comprehensive study
of the structure-based targets or the hot spots identified by random mutagenesis,
because it aims to explore all possible substitutions of a chosen residue on the enzyme
(Chica et. al., 2005). It may allow understanding of chemical characteristics or sizes of
certain positions necessary for structure and/or function of enzymes (Vardar and Wood,
2005a, Buchman et al., 2012).

Site-saturation mutagenesis aims to randomize a targeted position on the protein
to any of the other 19 amino acids. Like site-directed mutagenesis, it is an
oligonucleotide-based method. However, oligonucleotides are designed so that they
carry degenerative codon sequences at the target positions to encode a mixture of
mutations at specific positions, rather than a single mutation as in the case of site-

directed mutagenesis(Steffens and Williams,2007).

Overlapping-extension PCR can be used for site-saturation mutagenesis (Rui et al.,
2005). This method involves two sequential PCR steps. In the first step, two individual
extension reactions are performed using (i) a forward primer annealing to 5’-end of the
gene and a rear degenerated primer on the mutagenesis site and (ii) a rear primer
annealing to 3’-end of the gene and a forward degenerated primer on the corresponding
site. The first step results in two gene fragments having an overlapping region on the
mutagenesis site. In the second step, these overlapping gene fragments are used in
another extension reaction with the forward and the rear to reconstitute the full length
gene (Ho et al., 1989) (Figure 1.9).
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Figure 1.9 The general steps of overlapping PCR. The mutation is introduced into two
DNA fragments with a shared sequence at the target site. PCR assembly is performed to
regenerate the full length gene (Siloto and Weselake, 2012).

1.4.3 Protein Engineering Studies with ToMO

Toluene monooxygenases perform hydroxylation of a variety of aromatics and
have potentials for chemical synthesis and bioremediation of organic pollutants and
chlorinated aliphatics as it is emphasized in section 1.3.1. ToMO is highly regiospecific
for substrates like phenol, m-nitrophenol, and cresols while presenting a relaxed
regiopecificity for toluene; it can hydroxylate toluene at ortho, meta and para positions.
Both directed evolution and rational design have been applied to understand the control

of regiospecific oxidation and catalytic activity of ToOMO hydroxylase.

Using DNA shuffling and saturation mutagenesis, Vardar and coworkers
discovered that 1100, A101, A107, A110, M180 and E214 positions of the alpha-subunit
of the hydroxylase are important for catalytic activity (Vardar et al., 2005¢, Vardar and
Wood, 2005a, Vardar and Wood, 2005b). Later structural studies of ToMO have shown
that 1100, A107 and M180 occupy the first cavity from the active site. 1100 is a gate
residue bordering between this cavity and the substrate channel, whereas E214 is

located on the surface of the protein forming a gate at the opening of the substrate
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channel. 1100Q substitution obtained by saturation mutagenesis effected regiospecificity
for phenol, catechol, o-cresol, m-cresol and m-nitrophenol and enabled synthesis of
novel products hydroquinone, 1, 2, 4-trihydroxybenzene, methylhydroquinone and
nitrohydroquinone, respectively (Vardar and Wood, 2004, Vardar and Wood, 2005b).
1100Q was also resulted in improved TCE and cis-DCE degradation (Vardar and Wood,
2005b). A107T substitution resulted in significant changes in regiospecificity; it was
found to be responsible for the conversion of non-specific ToMO into a para-acting
enzyme (Vardar et al., 2005b). M180 affects the hydroxylation rate and regiospecificity
of methyl- and nitro- aromatics. Substitutions of E214 with smaller residues enhanced
the oxidation rate of nitroaromatics. For example, variant E214G showed 15-fold
increase in p-nitrophenol oxidation (Vardar and Wood, 2005a). 1100 and E214 were
also reported to enhance cis-DCE degradation (Vardar and Wood, 2005b).

Based on molecular modeling, it was found that mutations at E103 change the
regiospecificity of TOMO (Cafaro et al., 2005). Variants E103G, E103L and E103M
were generated by site-directed mutagenesis. The most significant alteration was
obtained with variant E103G; it converted ToMO into a para-acting enzyme. Also a
computational model has been developed for rational design of ToMO mutants for both
physiologic and non-physiologic substrates (Notomista et al., 2009, 2011).



CHAPTER 2

MATERIALS & METHODS

2.1 CHEMICALS
All chemicals used in this study are listed in Appendix B.
2.2 BACTERIAL GROWTH and PLASMIDS

Escherichia coli strain TG1, which was used as the host organism of gene cloning

and expression, and pBS(Kan)ToMO plasmid, which was used to express ToMO gene

cluster, were kindly supplied by Prof. Thomas K. Wood (Penn State University,

USA). All bacterial stocks were prepared by adding glycerol (50%, v/v) and stored at -

80°C. Luria-Bertani (LB) agar plates containing 100 pg/ml kanamycin were streaked
from glycerol stocks and incubated at 37°C for overnight. A single colony was
inoculated into 5 ml of LB media containing 100 pug/ml kanamycin and incubated at
37°C with shaking at 250 rpm for 16-18 hours. Plasmid isolation was done by using
Nucleospin Plasmid (MACHEREY-NAGEL, Germany) kit according to the

manufacturer’s manual.

2.3 MUTANT LIBRARY GENERATION
2.3.1 Saturation Mutagenesis by Overlap-Extension PCR

Saturation mutagenesis at selected positions was achieved by overlap-extension

PCR. This method includes two steps: (1) Mutations are inserted to gene during
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generation of overlapping DNA fragments and (2) Mutated DNA fragments are re-

assemble to obtained full-length gene for the cloning.
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2.3.1.1 Generating Overlapping DNA fragments

Initial PCRs were prepared to obtain two fragments of touA gene which have
overlapping ends at target sites by using one set of external primers, which are at the
flanking region, and one set of degenerate primers, which carry mutations at the target
sites. Table 2.1 lists the primers used in the amplification reactions.

For randomization of position F176 of TouA (499 aa) to other 19 amino acids,
F176- Rear and F176- Front primers, which carry NNN at the position encoding F176,
were used and ToMO-Kpnl-Front and ToMO-Sall-Rear primers, which carry Mlul and
Sall restriction sites at the upstream and downstream, respectively. A 700 bp DNA
fragment was amplified by using F176-rear and ToMO-Kpnl-Front primers and a 957
bp fragment was amplified by using F176-front and ToMO-Sall-Rear primers.

In a similar way, for saturation mutagenesis of F196 of TouA, a 763 bp fragment
was amplified by using F196-rear and ToMO-Kpnl-Front primers and an 898 bp
fragment was amplified by using F196-front and ToMO-Sall-Rear primers.

For saturation mutagenesis of Q204 of TouA, a 782 bp fragment was amplified by
using Q204-rear and ToMO-Kpnl-Front primers and an 875 bp fragment was amplified
by using Q204-front and ToMO-Sall-Rear primers.

Amplification of DNA fragments was achieved in two separate reaction tubes by
adding 50 ng of pBS(Kan)ToMO, 30 pmole of appropriate primers 1 mM of MgCly,
200 uM of dNTPs, 1X Pfu Ultra Il reaction buffer and 2.5 U, Pfu Ultra 1l DNA
polymerase. The reaction mixtures were subjected to initial denaturation (2 min, 96°C),
then 30 cycles of denaturation (45 sec, 96°C), annealing (45 sec, 55°C) and extension
(2.5 min, 72°C) and incubated for final extension (10 min, 72°C) by using a thermal
cycler (VWR, Gene Technologies, UK). The PCR products were analyzed on a 1%
agarose gel containing 1x TAE buffer and ethidium bromide (0.5 pg/ml). PCR product
purification step was done by using Nucleospin Extract Il (MACHEREY-NAGEL,
Germany) clean-up Kit.
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2.3.1.2 Assembly PCR

Overlapping DNA fragments from initial set of reactions were used in a
subsequent assembly PCR to reconstruct the full length gene. For all three libraries, an
assembly PCR mixture was prepared by adding at least 200 ng of purified overlapping
DNA fragments (1:1 molar ratio), 30 pmole of ToMO-Kpnl-Front and ToMO-Sall-Rear
primers, 1 mM of MgCl,, 200 uM of dNTPs, 1X Pfu Ultra Il reaction buffer and 2.5U,
Pfu Ultra Il DNA polymerase. PCR reaction conditions were same as previous. All
volume of PCR mixture was loaded into a 0.7 % agarose gel containing 1x TAE buffer
and ethidium bromide (0.5 pg/ml). 1657 bp fragment was cut out from the gel and
purified by using Nucleospin Extract 11 kit to ensure that only full-length touA fragment

was isolated.

Table 2.1 Primers used in saturation mutagenesis.

Primer Sequence

ToMO-Sall-rear 5’-CCCACTCATAATCATGAGCGTCG-3’

ToMO-Kpnl-front | 5’-CCGGCTCGTATGTTGTGTGGAATTGTGAGCGG-3’

F176- rear 5'-GGTCATCATCATGTCGTCNNNGAAAGACCGTGCAGCGATTG-3'
F176- front 5'-CAATCGCTGCACGGTCTTTCNNNGACGACATGATGATGACC-3'
5'-GCATATTGGTGAAGCCTGTTTCNNNTGCGAAGGTCAGCATGATA
F196-rear GAG-3
5'-CTCTATCATGCTGACCTTCGCANNNGAAACAGGCTTCACCAATA
F196-front \
TGC-3
Q204-rear 5'-GCGGCCAAACCGAGAAANNNCATATTGGTGAAGCCTGTTTCG-3'
Q204-front 5'-CGAAACAGGCTTCACCAATATGNNNTTTCTCGGTTTGGCCGC-3'

2.3.2 Restriction Enzyme Digestion

pBS(Kan)ToMO and the assembly PCR products were cleaved with Sall and
Milul restriction enzymes (NEB, UK) simultaneously. Reaction mixture contained 1.5
mg of DNA, Bovine Serum Albumin (10ug/ml), NEBuffer 3 and dH,O and incubated at

37°C for 4 hours and enzymes were inactivated at 65°C for 20 min. All volume of
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digestion mixtures were loaded into a 0.7 % agarose gel containing 1x TAE buffer and
ethidium bromide (0.5 pg/ml). Vector DNA fragment (7669 bp) and insert DNA
fragment (1314 bp) were cut out from gel and purified by using Nucleospin Extract 1l
Kit.

2.3.3 DNA Ligation

After the double enzyme digestion, the vector and the insert DNA fragments
carried sticky ends which were complementary to each other. Ligation reaction was
prepared as molar ratio of insert to vector to be 3:1. Ligation reaction mixture contained
at least 500 ng of total DNA of vector and insert, T4 ligase (Fermentas, USA) and 1x T4
ligase buffer. Vector amount needed to be used per 100 ng of insert DNA was

calculated according to formula given in equation 1.1 below.
Vector (ng) = 100 ng x (1/3) x [vector size (bp)/ insert size (bp)] (1.2)

Ligation mixture was incubated at 16 °C for overnight and enzyme inactivated at
65°C for 20 min. Ligation product was cleaned by butanol precipitation; 10 volume of
butanol added for 1 volume of reaction mixture and spinned at maximum speed in a
bench-top centrifuge for 10 min. Liquid phase was discarded and pellet was vacuum
dried until all butanol evaporated and 10ul dH,O was pipetted onto pellet and kept on

ice to allow it dissolve.
2.3.4 Transformation
2.3.4.1 Competent Cell Preparation

Competent cells were always prepared freshly on the same day of transformation.
20 ml of LB media was inoculated by adding 3-5 single colonies from overnight grown
E. coli strain TG1 on LB-agar plates. Culture was grown until reaching to 0.55-0.60 OD
at 600nm. All steps were performed on ice. Cells were harvested at 6000 rpm, at 4°C for
10 min and washed with 1 volume of ice-cold sucrose (300 mM) and harvested again.
Cells were washed with % volume of sucrose and centrifuged at 6000 rpm, 4°C for 1
min and supernatant was discarded completely. Finally, cell pellet was resuspended in

1/200 volume of sucrose and used immediately.
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2.3.4.2 Electroporation

40 ul of freshly prepared competent cells were transferred into ice-cold
electroporation cuvettes and 10 pl of ligation mixture was pipetted onto it gently. After
applying one pulse (25 pF; 200 Ohm; 1.5 kV on a Bio-Rad GenePulserXcell™), 1 ml of
LB medium was added at once, and the cells were transferred to a sterile 1.5ml tube and
shaken for 1 h at 37°C. 100 ul of cell mixture was spreaded on each LB-kanamycin
(100pg/ml) plate and incubated at 37°C overnight.

2.3.5 Library Master Plates

Master plates were prepared by transferring single colonies onto fresh LB-
Kanamyecin (100ug/ml) plates from the original transformation plates. Each master plate
was prepared to contain 25-50Icolony streaks and was labeled systematically. Master

plates were incubated overnight at 37°C and kept 4°C until the screening completed.

2.4 MUTANT LIBRARY SCREENING
2.4.1 Agar-Plate Assay

Mutant libraries were first streaked onto LB-kanamycin agar plates containing 1%
glucose (w/v) to suppress the expression of ToMO from tou operon. Glucose plates
were labeled as same on their respective master plate. Each plate contained three wild-
type (E .coli TG1/ pBS(Kan)ToMO) streaks as positive controls. Plates were inoculated
at 37°C for overnight. Colonies were lifted with the aid of a nylon membrane and placed
onto fresh LB-kanamycin agar plates, supplemented with 1 mM substrate (phenol, p-
cresol or o-cresol). The plates were incubated in an airtight chamber for at least 24 h at
room temperature. Color formation around cells was observed and compared to wild-
type. Wild type ToMO expressing-cells formed orange color around them due to the
formation of catechol derivatives of phenol and o-cresol. Cells with dark brown or red
halo formation were expected as an indication of other dihydroxy-derivatives of phenol
or o-cresol. The colony color was another feature compared to the wild-type. ToMO
expressing cells had a blue colony color and the color density varies with the activity. A

second round of screening was repeated for the selected candidates. And after final
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candidate selection, 5 ml of LB-kanamycin media was inoculated by transferring cells
from the corresponding streaks on the master plates. The plasmids were isolated and

also glycerol stocks (50%) were prepared to store at —80 °C.
2.4.2 DNA Sequence Analysis

Primers used for DNA sequencing are listed in Table 2.2. DNA sequencing had been
done commercially. The sequence data was processed by using Vector NTi Advance
10™ software to identify the mutations.

Table 2.2 Primers used in DNA sequencing of mutants.

Library Primer Sequence
5-CGAAACAGGCTTCACCAATATGNNNTTTCTCGGTTT
Q204N-Front )
F176 GGCCGC-3
Q204N-Rear 5-GCGGCCAAACCGAGAAANNNCATATTGGTGAAGCC
TGTTTCG-3'
5'-
F196 F269N-Rear CCGGTGAGTACCGANNNAAGCTTCCAAGATCGCCAGA
TTGCG-3
F269N-Rear 5-CCGGTGAGTACCGANNNAAGCTTCCAAGATCGCCA
GATTGCG-3'
Q204
D211N-Front 5-TCTCGGTTTGGCCGCTNNNGCTGCTGAGGCCGG-3'

2.5 WILD-TYPE and MUTANT ToMO CHARACTERIZATIONS
2.5.1 Growth Curve of E. coli TG1/pBS(Kan)ToMO

50 ml of LB-kanamycin media was inoculated with 0.5 ml of an overnight grown
culture. Absorbance at 600 nm was measured by using a spectrophotometer (Jenway
6300, UK) every 30 min for 5 hours. Optical density was plotted against time (min). It
was estimated that a healthy culture was at the late exponential phase when ODggo
reached 2-2.50.
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2.5.2 Total Protein Assay

Total protein content of E. coli TG1/pBS(Kan)ToMO at the late exponential
phase was determined by using MACHEREY-NAGEL Protein quantification kit (Diiren,
Germany). Bovine Serum Albumin (BSA) was provided with the kit as a protein
standard. The dilutions of BSA were prepared according to the manufacturer’s manual.
2 ul of dilution samples was placed onto NanoDrop (Thermo Scientific) and absorbance
at 570 nm was measured. Standard BSA curve was derived by plotting protein
concentration (mg/ml) against absorbance at 570 nm. For sample preparations, two
parallel cultures of 20 ml of E. coli TG1/pBS(Kan)ToMO culture harvested at late
exponential phase by centrifugation at 6000 rpm for 10 min. Pellet was centrifuged for
an additional 2 min to remove all the remaining LB and kept at -20°C till the experiment
day. Pellet was dissolved in 1/10 volume (2 ml) of Tris-EDTA buffer (pH 7.8) and
absorbance at 600 nm (1:100 dilution) measured twice by using spectrophotometer and
their average was calculated. Cell disruption was achieved by sonication for 30 seconds
in 10 cycles with 3 minutes waiting in between cycles. Cell debris was removed by
centrifugation at 9500 rpm for 20 min at 4°C, and the supernatant phase was used
protein assay. The sample preparation was same as the BSA standard preparation. Two
parallel assays were done for each sample. The protein amounts of samples were
calculated by using the formula obtained from BSA standard curve. Total protein

content of TG1 expressing ToMO was found to be 0.11 [mg protein/ml.ODgqq].
2.5.3 Whole-Cell Enzymatic Biotransformations

E. coli TG1/pBS(Kan)ToMO and mutants were streaked onto LB-kanamycin agar
plates from their glycerol stocks and incubated overnight at 37°C. 5 ml of LB-
kanamycin media was inoculated by transferring a single colony from plates and grown
with shaking at 37 °C for 16-18 hours. 1/100 dilutions of overnight cultures were
inoculated into LB-kanamycin media in Erlenmeyer flasks. Cells were harvested at late
exponential phase by centrifugation at 6500 rpm for 5 min at room temperature. Pellets
were washed with 1 volume of 50 mM Tris-HNO3 buffer (pH 7-7.3) and centrifuged
again. Pellets were resuspended in 1/10 volume of 50 mM Tris-HNO3; buffer and
absorbance of cell suspension at 600 nm was recorded. Cell suspensions were
transferred into 10 ml glass vials. Each vial contained 1.5 ml of cell suspension for

phenol and naphthalene oxidation and 1 ml of cell suspension for toluene oxidation.
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Substrates were added onto cells from ethanol stock solution of phenol and toluene and
from DMF stock solution of naphthalene, as final concentration of substrates to be 0.8
mM for phenol, 5 mM for naphthalene, 0.25 mM for toluene. Each vial was capped with
a Teflon-coated septum and aluminum seal. The vials were shaken at 250 rpm (New
Brunswick Scientific, USA) at 25°C from 5 min to 2 hours of contacting time
(depending on the substrate). The vials were collected periodically and frozen to stop
the reaction. Samples were thawed on ice and transferred in to 1.5 ml reaction tubes and
centrifuged at 13000 g in a bench-top centrifuge for 3 min twice. The supernatants were
transferred into HPLC vials. For toluene hydroxylation samples, thawed cells were
mixed with an equal volume of methanol (20%) solution before the centrifugation step.

2.5.4 Analytical Methods

2.5.4.1 Toluene Hydroxylation

Astec Cyclobond 12000 Column (SupelCo Analytical, USA) was used for
the analysis of toluene hydroxylation. The isocratic elution was performed with
milli-Q H20 and methanol as the mobile phase (80:20) at a flow rate of 1 ml/min.
Chemicals were identified by comparing retention times and UV-visible spectra

to those of the o-, m-, p- cresol and toluene standards.

2.5.4.2 Phenol Hydroxylation

Inertsil C8-3 Column (GL Sciences Inc., Japan) was used for the analysis
of phenol hydroxylation. The isocratic elution was performed with acidic H20
(0.1% formic acid) and acetonitrile as the mobile phase (90:10) at a flow rate of
1 ml/min. Chemicals were identified by comparing retention times and UV-
visible spectra to those of the catechol, resorcinol, hydroquinone and phenol

standards.
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2.5.4.3 Naphthalene Hydroxylation

Inertsil C8-3 Column (GL Sciences Inc., Japan) was used for the analysis
of naphthalene hydroxylation. The isocratic elution was performed with acidic
H20 (0.1% formic acid) and acetonitrile as the mobile phase (70:30) at a flow
rate of 1 ml/min. Chemicals were identified by comparing retention times and
UV-visible spectra to those of the 1-naphthol, 2-naphthol and naphthalene

standards.

2.5.5 Sodium Dodecyl Sulfate (SDS)-Polyacrylamide Gel Electrophoresis

The relative protein expression from touA loci by E. coli TG1/pBS(Kan)ToMO,
E. coli TG1/pBS(Kan)ToMO-F176H and E. coli TG1/pBS(Kan) (negative control) were
analyzed using sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis with
12 % acrylamide separating gel and 8 % stacking gel containing 1 % SDS (Table 2.3).
Cells were harvested at the late exponential phase and pellets were washed with 1

volume of Tris-EDTA buffer (pH 7.8) and centrifuged at 6000 rpm for 10 min at
40C. Cell pellets were resuspended in 0.02x volume of Tris-EDTA buffer. Cell

suspensions were mixed with loading buffer (tris—glycine buffer containing 2% SDS,

0.1 % bromophenol blue and 100 mM dithiothreitol) and incubated in boiling water for
10 min. Electrophoresis were carried out in Tris—Glycine running buffer containing
0.1% SDS at a constant voltage of 150V for 1 hour (during stacking gel) and 180V for 5
hours (separating gel). Gels were stained with 0.025 % Coomassie Brilliant Blue R-250
solution for 1 hour at shaking and were destained in 10% acetic acid solution for

overnight min at room temperature.

Table 2.3 Reagent used for preparation of SDS-polyacrylamide gel.

Reagent 12% Resolving
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5% Stacking
ddH,O 13.2ml 6.8 ml
30% Acrylamid/Bis 16.0 ml 1.7 ml
Tris Buffer 10 ml (1.5 M Tris-HCI, pH 8.8)  1.25 ml (1.0 M Tris-HCI, pH 6.8)
10% SDS 0.4ml 0.1ml
10% APS 0.4ml 0.1ml
TEMED 16 ul 10 pl
TOTAL 40 ml 10 ml




CHAPTER 3

RESULTS

3.1 MUTANT LIBRARY SCREENING

Saturation mutagenesis at amino acid positions TouA F176, F196 and Q204 were
performed to study their role in regiospecific oxidation of aromatics. More than 3000
colonies were obtained during the construction of F176 and F196 libraries and Q204
library included around 1300 colonies. Libraries had a mixture of blue (indigo
producing) and white colonies (Figure 3.1a-b). It is required to screen at least 292
colonies to cover all the possible mutations with 99% probability (Rui et al., 2004). The
mutant libraries were screened on phenol, p-nitrophenol or o-cresol containing agar
plates. 870 random colonies (including both blue and white colonies) of F176 library
and 850 random colonies of F196 library were screened. 2/3 of the screened colonies
from Q204 library turned to be inactive; therefore screening was limited to 360 colonies

for this library.

E. coli TG1 cells expressing the wild type ToMO formed dark-orange halo around
its mass. Cells with dark-brown or red halo-formation were regarded as an indication of
production of hydroquinone, resorcinol from phenol or their methyl-derivatives from o-
cresol and p-cresol (Figure 3.1c-d). These were chosen as mutant candidates and
screened at least twice and sequenced to identify the amino acid changes. Table 3.1

summarizes the library size and number of screened colonies from each library.

30
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Table 3.1 Summary of library screening.

Number
Library Size Screened  Rescreened  of different mutants  Screening substrate
F196 > 3000 870 ~50 7 phenol and p-NP
F176 >3000 850 ~50 4 phenol
Q204 ~1300 360 ~50 5 o-cresol

Figure 3.1 Examples of mutant libraries and screening plates: (a) mutant library, (b)
indigo formation and (c-d) halo-formation on screening plates containing o-cresol.
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DNA sequence analysis of the selected candidates revealed that 7 different amino

acid substitutions were obtained among 17 mutants of F196 library; 4 different

substitutions were obtained among 11 mutants of F176 library and 5 different

substitutions of Q204 position among 9 mutants. Two mutants from Q204 library

carried an additional mutation. Table 3.2 summarizes the mutants generated in this

study.

Table 3.2 List of mutants obtained by site-saturation mutagenesis of TouA F176, F196

and Q204 positions.

Library Substitution Mutation Occurrence

F196 Alanine GCC 1

GCT 1

Valine GTG 1

Leucine CTC 1

CTA 2

TTG 2

Isolucine ATC 1

Tyrosine TAT 3

TAC 1

Theroine ACA 2

ACT 1

Histidine CAT 1

F176 Serine AGT 1

Theroine ACG 1

ACT 1

ACA 2

Asparagine AAT 1

Histidine CAC 3

CAT 2

Q204 Alanine GCT 2

Histidine CAT 1

CAC 1

Theroine ACC 1

Serine TCA 1

Glutamate GAA 1
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3.2 CHARACTERIZATION OF MUTANTS and WILD-TYPE TOMO
3.2.1 Growth Curve of Recombinant E .coli TG1

E. coli TG1 was used as host organism for recombinant expression of ToMO and
its variants. Growth of E. coli TG1/pBS(Kan)ToMO was monitored over 5 hours of
incubation at 37°C. Optical density of cell samples were measured at 600 nm in 30 min

intervals.

OD600

0 50 100 150 200 250 300 350

Time (min)

Figure 3.2 Growth curve of E. coli TG1/pBS(Kan)ToMO.

Lag phase of E. coli TG1 harboring pBS(Kan)ToMO plasmid was found to be
around 1 hour. The exponential (log) phase, at which cell doubling occurs, takes place
for approximately 3.5 hours. After this point cells are at stationary phase. All following
experiments were performed with cells collected at the late exponential phase, which
corresponds to an ODgy of 2-2.5 according to measurements with Jenway 6300

spectrophotometer instrument (Figure 3.2).



3.2.2 Total Protein Assay for Recombinant E .coli TG1
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The protein content of E. coli TG1 expressing wild-type ToMO was determined
by using Protein Quantification kit (MACHEREY-NAGEL Diiren, Germany). This

experiment was performed with two parallel cultures (Table 3.3). ODgq Of cultures used

in assay were 0.20 and 0.23 as measured 1:100 dilution. Their absorbance at 570nm was

0.26 and 0.27, respectively. These values correspond to 2.32 mg/ml and 2.41 mg/ml

protein according to the formula derived from standard BSA curve, respectively (Figure

3.3). Finally, it was calculated that recombinant E. coli TG1 contained 0.11 mg

protein/ ml per 1 ODggo. This value was used in further initial rate calculations during

characterization of the wild-type and the mutants.

Standard BSA As7o
(mg/ml)
0.063 0.0065
E 0.125 0.0150
< 0.250 0.0290
0.500 0.0490
1.000 0.1150

0 0,2 0,4 0,6 0,8 1 1,2

Concentration (mg/ml)

Figure 3.3 Standard BSA curve obtained by using cell extract of E.

TG1/pBS(Kan)ToMO.

coli
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Table 3.3 Protein assay results of replicate cultures of E. coli TG1/ pBS(Kan)ToMO.

Sample oD A Concentration  Protein content
P (1:100) 570 (mg/ml) (mg/ml OD)
Culture 1 0.20 0.26 2.32 0.11
Culture 2 0.23 0.27 2.41 0.11

3.2.3 Regiospecificity and Initial Reaction Rates

Wild-type ToMO and mutants were examined for product distribution and initial
formation rates by high-performance liquid chromatography (HPLC). Products were
identified by comparison with the retention times and UV-visible spectra of standards of
commercially available chemicals (Table 3.4). Product peak areas were converted to
concentrations by referring to the corresponding standard curves, which were prepared
at the maximum absorbance wavelength of each compound (Appendix A). Initial
formation rates were determined by using at least three data points of time-course
experiments. The regiospecificity of each individual mutant were calculated in terms of

the molar product percentages.

Table 3.4 Retention times (RT) and maximum wavelengths (Amax) of standard

compounds.

Compound RT (min) Amax (NM)
Hydroquinone 5.5 290
Resorcinol 8.7 275
Catechol 11.8 275
o-cresol 4.9 270
m-cresol 5.6 270
p-cresol 7.7 277
1-Naphthol 35 3241274

2-Naphthol 4.1 3241294
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3.2.3.1 Wild-Type ToMO

E. coli TG1 cells expressing wild-type ToMO was contacted with toluene. As it
was previously reported, ToMO has a relaxed regiospecificity for toluene to produce all
three possible products (Vardar and Wood, 2004); ToMO oxidizes toluene at C-2, C-3
and C-4 to produce o-cresol (30%), m-cresol (19%) and p-cresol (51%), respectively
(Figure 3.4). Total product formation rate was found to be 0.89 nmol/(min.mg protein)

for toluene at 0.25 mM, which is 91uM according to Henry’s law (Table 3.5).
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Figure 3.4 HPLC chromatogram of 0-, m-, and p-cresols produced from toluene by
E. coli TG1 expressing wild-type ToMO. Maximum absorption wavelenghts of
products are shown at the bottom.

E. coli TG1 expressing wild-type ToMO hydroxylates phenol at C-2 to produce
catechol (Vardar and Wood, 2004). Accordingly, catechol was the only product
identified from the oxidation of phenol (Figure 3.5). Initial product formation rate from

phenol (0.8 mM) was found to be 1.17 nmol/(min.mg protein).
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Figure 3.5 HPLC chromatogram of catechol produced from phenol by E. coli TG1
expressing wild-type ToMO. Maximum absorption wavelenghts of products are shown
at the bottom.

Wild-type ToMO expressing E. coli TG1 oxidizes napthalene at C-1 and C-2 to
respectively (Vardar and Wood, 2005b).
Accordingly, figure 3.6 shows that both products were identified from oxidation of
naphthalene. Wild-type ToMO produced 85% 1-naphthol and 15% 2-naphthol. Initial

product formation rate from naphthalene (5 mM) was found to be 0.80 nmol/(min.mg

produce 1-naphthol and 2-napthol,

protein).
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Figure 3.6 HPLC chromatogram of 1- and 2-naphthol produced from naphthalene by
E. coli TG1 expressing wild-type ToMO. Maximum absorption wavelenghts of
products are shown at the bottom.

3.2.3.2 TouA F176 Mutants

TouA F176 variants (F176H, F176N, F176T, and F176S) were characterized for
the regiospecific hydroxylation of phenol (0.8 mM), toluene (0.25 mM) and
naphthalene (5mM).

Like wild-type ToMO, F176 variants hydroxylated phenol to form catechol,
besides different than wild-type ToMO, they have capability of hydroxylation at C-4 to
form hydroquinone in varying percentages (Figure 3.11). That is, TouA F176H mutant
formed 49% catechol and 61% hydroquinone; TouA F176N formed 23% catechol and
77% hydroquinone; TouA F176S mutant formed 85% catechol and 15% hydroquinone
and TouA F176T mutant formed 75% catechol and 25% hydroquinone. HPLC
chromatograph of TouA F176H mutant was shown in figure 3.7 to represent the peaks

of hydroquinone and catechol of TouA F176 variants.
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There were changes in the catalytic rates of TouA F176 variants toward phenol as
substrate. TouA F176N, F176S and F176T variants showed around 5.5-, 2.7- and 3.7
fold decreases in total initial formation rates from phenol at 0.8 mM, respectively. On
the other hand, F176H variant was found to be an improved with around 5-fold increase

in the total initial formation rate under the same conditions.
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Figure 3.7 Representative HPLC analysis of hydroquinone and catechol produced from
phenol by TouA F176H variant. Maximum absorption wavelenghts of products are
shown at the bottom.

All variants hydroxylated toluene and formed the three possible regiospecific
products like wild-type ToMO did, however the variants showed significant preference
for C-4 hydroxylation and yielded more p-cresol compared to wild-type (Figure 3.12).
That is, TouA F176H mutant formed 12% o-cresol, 15% m-cresol and 73% p-cresol,;
TouA F176N mutant formed 3% o-cresol, 5% m-cresol and 92% p-cresol; TouA F176S
mutant formed 4% o-cresol, 7% m-cresol and 89% p-cresol; TouA F176T mutant

formed 6% o-cresol, 10% m-cresol and 84% p-cresol.
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The substitutions of TouA F176 also resulted in changes in the catalytic rates of
toluene oxidation. TouA F176N variant lost almost half of the activity while TouA
F176T variant was as active as the wild-type on 0.25 mM toluene. And, TouA F176S
and F176H variants had a 1.85- and 4-fold increase in the initial rates of formation,
respectively. Table 3.5 summarizes all the results of characterization experiments
performed with TouA F176 variants. HPLC chromatograph of TouA F176S mutant was

shown in figure 3.8 to represent the peaks of o-, m-, p-cresols and catechol of F176

variants.
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Figure 3.8 Representative HPLC analysis of o-, m-, and p-cresols produced from
toluene by TouA F176S variant. Maximum absorption wavelenghts of products are
shown at the bottom.

In general, TouA F176 variants showed significant increase in the percentages of
2-naphthol formation from naphthalene oxidation (Figure 3.13). TouA F176H mutant
formed 71% 1-naphthol and 29% 2-naphthol; TouA F176N formed 61% 1-naphthol
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and 39% 2-naphthol; TouA F176S mutant formed 50% 1-naphthol and 50% 2-naphthol
and TouA F176T mutant formed 56% 1-naphthol and 44% 2-naphthol.

The substitutions of TouA F176 also resulted in changes in the catalytic rates
toward naphthalene. TouA F176N, F176S and F176T variants showed 1.7-, 3- and 5.7
fold decreases in initial formation rates of naphthols from 5 mM naphthalene,
respectively. On the other hand, F176H variant showed around 3-fold increase under
the same conditions. The protein expression level of TouA F76H was analyzed by
SDS-gel electrophoresis (see section 3.2.3.3.1). HPLC chromatograph of TouA F176H

mutant was shown in figure 3.9 to represent the peaks of 1- and 2-naphthol of TouA
F176 variants.
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Figure 3.9 Representative HPLC analysis of 1- and 2- naphthol produced from

naphthalene by TouA F176H variant. Maximum absorption wavelenghts of products are
shown at the bottom.
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3.2.3.3.1 SDS-PAGE

The protein expression from tou promoter by TouA F176H variant was evaluated
by SDS-PAGE. 55 kDa protein band of TouA and 35 kDa protein band of TouE/TouF
were observed on the gel (Figure 3.10). The TouA F176H variant showed a similar
level of protein expression of TouA subunit compared to that of wild-type ToMO.
Hence, the increase in the activity of this variant, which is at least 3-fold for
naphthalene oxidation at 5 mM, is due to the single amino acid change rather than the

altered expression levels.
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Figure 3.10 SDS-PAGE gel of whole cell proteins of E. coli TG1 expressing wild-type
ToMO and TouA F176 variant. Negative control was E. coli TG1 carrying empty vector,
pBS(Kan). 10-250 kDa protein ladder was used as molecular weight standard.



Table 3.5 Initial formation rates and regiospecificity of E. coli TG1/pBS(Kan)ToMO expressing wild-type and TouA F176 variants.

Phenol Oxidation

Naphthalene Oxidation

Toluene Oxidation

(0.8mM) (5mM) (0.25mM)
Yy Regiospecificity (%) Total Rate Regiospecificity (%) Total Rate Regiospecificity (%) Total Rate
(nmol/min.mg (nmol/min.mg (nmol/min.mg
Catechol Hydroquinone protein) 1-Naphthol ~ 2-Naphthol protein) 0-Cresol m-Cresol p-Cresol protein)

Wild-type 100 0 1.17+0.42 85 15 0.80 30 19 51 0.89+0.12
F176H 39 61 5.84 +1.48 71 29 2.56 12 15 73 3.80+0.90
F176N 23 77 0.21+0.10 61 39 0.47 3 5 92 0.48 +0.16
F176S 85 15 0.43+0.10 50 50 0.26 4 7 89 1.64 +0.55
F176T 75 25 0.32+0.10 56 44 0.14 6 10 84 0.84 +0.17

4%



Figure 3.11 Phenol oxidation pathways of wild-type ToMO and regiospecific mutants. Numbers in parenthesis indicate molar product

percentages.
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3.2.3.3 TouA F196 Mutants

TouA F196 variants were characterized for the regiospecific hydroxylation of
phenol, toluene and naphthalene (Table 3.6). All variants hydroxylated phenol and
formed catechol like wild-type ToMO. Hydroquinone or resorcinol formations were not
detected. There were slight changes in the product distribution for naphthalene and
toluene oxidation. TouA F196A showed slight increase in the percentages of 2-
naphthol formation from naphthalene, it produced 26% 2-naphthol while wild-type
ToMO produced 16% 2-naphthol. And, for toluene hydroxylation, TouA F1961 variant
had slight decrease in o-cresol percentage (14%) and increase in p-cresol percentage
(70%) in comparison to wild-type ToMO (30% and 51%, respectively) (Figure 3.12).

TouA F196 variants were contacted with phenol at 0.8 mM, naphthalene at 5 mM
and toluene at 0.25 mM. Among TouA F196 mutants, F196V substitution resulted in
significant decrease in the overall activity for all of the tested substrates. It showed
about 3.5-fold decrease in the initial formation rate of catechol from phenol and a 7.5
fold decrease in the initial formation rate of naphthols from naphthalene. While TouA
F196T, F196A and F196H retained similar activity to wild-type enzyme for toluene
oxidation and phenol oxidation, they had at least 3.5-fold decrease in the initial product
formation rate from naphthalene. TouA F176Y and F196L were as active as the wild-
type ToMO for phenol oxidation, however both had decreased activity for naphthalene
and toluene. TouA F176Y showed about 6.6- and 3-fold decreased initial product
formation from naphthalene and toluene, respectively.



Table 3.6 Initial formation rates and regiospecificity of E. coli TG1/pBS(Kan)ToMO expressing wild-type and TouA F196 variants.

Phenol Oxidation

Naphthalene Oxidation

Toluene Oxidation

(0.8mM) (5mM) (0.25mM)
Enzyme

Regiospecificity (%) Rate Regiospecificity (%) Rate Regiospecificity (%) Rate

(nmol/min. (nmol/min. (nmol/min.

Catechol mg protein) 1-Naphthol 2-Naphthol mg protein) 0-Cresol m-Cresol p-Cresol mg protein)

Wild-type 100 1.17+0.42 85 15 0.80 30 19 51 0.89+0.12
F196A 100 1.07 74 26 0.31 29 25 46 1.18
F196V 100 0.34 84 16 0.04 ND* ND ND ND

F196L 100 1.54 85 15 0.42 24 20 56 0.44+0.18
F196l 100 0.63 79 21 0.13 14 16 70 0.23
F196T 100 1.18 82 18 0.15 24 15 61 0.91
F196Y 100 1.12 84 16 0.12 29 19 52 0.29
F196H 100 0.77 86 14 0.12 30 22 48 0.83

*ND: Not determined
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Figure 3.12 Toluene oxidation pathways of wild-type ToMO and regiospecific mutants. Numbers in parenthesis indicate molar product

percentages.
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3.2.3.4 TouA Q204 Mutants

TouA Q204 variants were characterized for the regiospecific hydroxylation of
phenol at 0.8 mM, naphthalene at 5 mM and toluene at 0.25 mM (Table 3.7). All
variants formed 100% catechol like wild-type ToMO did. There were slight changes in
the product distribution for naphthalene and toluene oxidation. TouA Q204A showed a
slight increase in the percentages of 1-naphthol formation; it produced 90% 2-naphthol
while wild-type ToMO produced 84% (Figure 3.13).

In general, TouA Q204 variants retained similar or slightly decreased activity for
phenol oxidation, except Q204E, which showed about 8-fold decrease of initial
formation rate of catechol from phenol. Q204 variants performed significantly lower
activity for naphthalene, in particular, Q204T and Q204E lost most of their activities.
However, the Q204T variant, and Q204A as well, retained similar activity for toluene

compared to the wild-type enzyme.



Table 3.7 Initial formation rates and regiospecificity of E. coli TG1/pBS(Kan)ToMO expressing wild-type and TouA Q204 variants.

Phenol Oxidation Naphthalene Oxidation Toluene Oxidation
(0.8mM) (5mM) (0.25mM)
Enzyme
. A . 0 . A
Regiospecificity (%) Rate Regiospecificity (%) Rate Regiospecificity (%) Rate
Catechol (nmol/min.mg (nmol/min.mg (nmol/min.mg
protein) 1-Naphthol 2-Naphthol protein) 0-Cresol m-Cresol p-Cresol protein)

Wild-type 100 1.17+0.42 85 15 0.80 30 19 51 0.89+0.12
Q204A 100 1.12 90 10 0.11 30 13 57 1.14
Q204T 100 0.88 82 18 0.02 29 16 55 0.78
Q204E 100 0.14 86 14 0.02 35 14 51 0.06
Q204H/AL06V 100 0.93 85 15 0.29 38 12 50 0.54
Q204S/S222N 100 ND* ND ND ND 31 12 57 0.06

* ND: Not determined

Ly
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Figure 3.13 Naphthalene oxidation pathways of wild-type ToMO and regiospecific mutants. Numbers in parenthesis indicate molar product
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CHAPTER 4

DISCUSSION

The objective of this project was to investigate the roles of three amino acid
positions, TouA F176, F196 and Q204 of toluene/o-xylene monooxygenase on the

regiospecific oxidation of aromatics.

TouA F176 and F196 are located at the hydrophobic substrate binding cavity
which accommaodates the diiron center. This cavity is connected to the substrate channel
and might be connected to the proposed oxygen route upon conformational changes
during catalysis, where 1100 may shift its position to control the opening. In the wild-
type enzyme, the closest C-C distance of F176 and F196 to 1100 is 4.3 and 5.8 A,
respectively (Figure 1.5 and 1.6). Q204 lines the substrate channel and 6.7 A away from
the gate residue, 1100 (Figure 1.7)

For studying the selected positions comprehensively, site-saturation mutagenesis
was applied to generate libraries of ToOMO TouA F176, F196 and Q204 variants. Site-
saturation mutagenesis may enable to isolate substitutions which are not predicted by
rational design, or site-directed mutagenesis. This approach was used to study the
oxidation of toluene and naphthalene by TpMO of Ralstonia pickettii PKO1 before and
ThuAl G103 and A107 were shown to be important for the regiospecificity (Fishman et
al., 2005). Mutant libraries were screened on agar plates for phenol, o-cresol and p-
nitrophenol oxidation based on the colored product formation and also for differences in
the colony colors due to indigo formation by ToMO activity. The isolated mutants were
characterized for regiospecificity and initial product formation rates of products from
phenol at 0.8 mM, toluene at 0.25 mM and naphthalene at 5 mM. The activity assays
were performed with whole-cells to achieve expression of the functional enzyme

complex and NADH recycling required for the activity. The products of variants were

o1
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analyzed by HPLC. DNA sequencing of candidates obtained from library screening
revealed that four non-conservative mutations were generated for F176 library, two of
which (TouA F176H and F176N) have not been designed by site-directed mutagenesis

before.

The results with TouA F176 variants have shown that this position influences the
regiospecificity of phenol, naphthalene and toluene oxidation. Even though differences
in the percentages, all F176 mutants produced more para-substituted products from
phenol and toluene and more 2-naphthol from naphthalene compared to wild-type
ToMO. These results are in accord with previous studies with TouA F176. Previously,
TouA F1761 and F176L substitutions were predicted by rational design as a better para-
acting enzyme for toluene and o-xylene and increased percentages of 2-naphthol
production from naphthalene. Also, other substitutions of TouA F176 predicted by
rational design to prefer para-hydroxylation of 2-phenyethanol. Among the F176
variants obtained in this project, TouA F176N was the most regiospecific mutant for
hydroquinone formation (77%) from phenol and p-cresol formation (92%) from toluene.
TouA F176S variant showed the highest shift towards 2-naphthol production (50%)
from naphthalene. TouA F176H variant was found to be an “up” mutant for all the
tested substrates with at least a 3-fold increase in naphthalene oxidation. This result may
suggest that TouA 176, which naturally hydrophobic in nature, can accommodate a

hydrophilic and a partially charged amino acid and even have an enhanced activity.

The structure of TouA F176 mutants were built based on X-ray structure of
resting state ToMO (PDB: 1T0Q) by using mutagenesis wizard within PyMOL (Figure
4.1). In the mutation module, PyMOL selected the most occurring rotamer for the side
chain and kept the rest of the protein unchanged. As a result, the substitution of
phenylalanine to histidine at 176 changed the direction of the side chain, and in this
configuration the opening of the cavity expands the most among TouA variants.
Accordingly, the distance of the closest atom of histidine at 176 to gate residue (1100)
was measured 8.1 A by using PyMOL Software, which is the largest among F176
variants (Table 4.1). In addition, modeling suggests that TouA F176T, F176S and
F176N substitutions may adopt side-chain rotamers that may form additional H-bonds
with the backbone of A172 and side-chain of E103 on structures of the native
ToMO(PDB: 1T0Q) and substrate -bound ToMO (PDB: 1T0S). However, none of
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F176H rotamers makes an additional H-bond with its neighbors on both structures
(Figure 4.2).

TouA F196 library contained colonies with range of indigo color and, which
parallels with the report that TAMO TmoA F196 might be important for the indole
oxidation oxidation capability (McClay et al., 2005). By site-saturation mutagenesis,
seven substitutions of this position obtained. Among all variants, TouA F196A showed
slight increase in percentages of 2-naphthol formation from naphthalene compared to
wild-type ToMO (26% and 16%, respectively) and TouA F1961 had slight increase in p-
cresol production from toluene (70%). Overall, this position has no major effect in the

product distribution for phenol, toluene and naphthalene oxidation.

TouA F196 substitutions did not cause much impact on the activity of phenol
oxidation, except F196V and F1961 variants had a significant decrease. For toluene
oxidation F196A, F196T and F196H substitutions retained wild-type activity while
F196V, F1961 and F196Y substitutions resulted in a significant decrease in the activity.
And all of the TouA F196 variants were found to be “down” mutants compared to wild-

type ToMO for naphthalene oxidation.

The modeling of the mutant side chains at TouA F196 on structure of resting state
ToMO (PDB: 1T0Q) suggests that substitutions at this position results in changes in the
geometry of the substrate binding cavity (Table 4.1) and also alters the distances of the

side chains with respect to iron atoms and gate residue (1100) (Figure 4.2)

Most of the TouA Q204 library lost the indigo production activity and screening
of the few active colonies resulted in the isolation of five TouA Q204 substitutions.
Two variants carried an additional random mutation. Among tested variants there was
no regiospecific alterations for phenol, toluene and naphthalene oxidation, only Q204A
had a 5% increase in 1-naphthol formation from naphthalene compared to wild-type
ToMO. TouA Q204A and Q204T retained wild-type activity for phenol and toluene
oxidation but lost almost 90% of the activity for naphthalene oxidation. TouA Q204E
substitution remarkably impaired the capability for oxidation of the tested substrates.
The double mutant Q204H/A106V had a decreased activity for naphthalene and toluene
while having similar activity to wild-type for phenol oxidation. The other double mutant,
Q204S/S222N was originally chosen for its incapability to produce indigo during
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mutant screening. The HPLC analysis also showed that this variant lost almost all
activity for the tested substrates. However, it is further need to be studied to understand

whether the additional mutations were also responsible on the decrease of the activity.

The modeling of the side chains of single mutants of TouA Q204 suggests that
these substitutions results in changes in the side change arrangement and the distances
to the gate residue and the substrate channel (Table 4.1). In addition, the substitution of
polar uncharged glutamine (Q) residue at 204 to a negatively charged glutamate (E)
may result in the formation of an H-bonding with side chain of neighboring T273. Also,
the substitution to other polar residues, serine and threonine, may generate an additional

H-bonding with the backbone oxygen atom of the residue F200.

Table 4.1 Side-chain distances of TouA F176, F196 and Q204 variants with respect to
iron atoms, the gate residue 1100 and the channel.

Fea (A) Fes (A) 1100 (A) Channel (A)
F176 8.8 8.6 4.3 4.3
F176H 9.2 9.0 8.1 76
F176N 10.2 9.9 5.8 6.3
F176S 10.7 10.7 6.8 7.1
F176T 10.6 10.4 6.8 7.2
F196 8.0 7.0 5.8 35
F196A 10.4 8.4 10.0 7.2
F196l 9.4 7.9 8.4 5.6
F196T 9.6 8.0 8.4 5.7
Q204 10.7 10.7 6.7 36
Q204A 11.7 11.7 9.6 6.7
Q204T 12.0 12.4 8.9 5.1
Q204E 115 116 75 38




Figure 4.1 Structural alignments of mutant side chains to phenylalanine at TouA 176 and their contributions to hydrophobic cavities: (a) histidine
substitution at F176 (red sticks), (b) serine substitution at F176 (green sticks), (c) asparagine substitution at F176 (cyan sticks), (d) theroine
substitution at F176 (blue sticks). Wild-type phenylalanine at 176 is shown as gray sticks, iron atoms are red spheres and hydrophobic cavities

are as mesh view.
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Figure 4.2 H-bonding interactions of TouA F176 mutants with E103 and A172: (a) no H-bonding in wild-type phenylalanine (purple sticks),
(b-d) H- bondings by substitutions to serine (green sticks), asparagine (cyan sticks) and threonine (blue sticks) are shown as dots. Oxygen and
nitrogen atoms are shown as red and blue and iron atoms are red spheres.
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Figure 4.3 Structural alignments of selected mutant side chains to glutamine TouA 196 and their contributions to hydrophobic cavities (a) wild-
type phenylalanine at F196 (gray sticks), (b) isoleucine substitution at F196 (purple sticks), (c) alanine substitution at F196 (brown sticks), (d)

threonine substitution at F196 (blue sticks). Hydrophobic cavity is shown as mesh view and iron atoms are red spheres.
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Figure 4.4 Structural alignments of selected mutant side chains to glutamine TouA 204 and their contributions to hydrophobic cavities: (a) wild-
type glutamine at Q204 (gray sticks), (b) glutamate substitution at Q204 (orange sticks), (c) threonine substitution at Q204 (blue sticks), (d)
alanine substitution at Q204 (brown sticks). Hydrophobic cavity is shown as mesh view and iron atoms are red spheres.
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CHAPTER 5

CONCLUSIONS

Site-saturation mutagenesis has enabled us to explore the effect of different
substitutions of TouA F176 and F196, two residues at the entrance of substrate binding
cavity, and TouA Q204, a residue located on the substrate channel, on the regiospecific
oxidation of aromatics. TouA F196 and Q204 have not been studied before and TouA
F176 has been investigated by rational design and not by site-saturation mutagenesis.
Overall, the mutagenesis yielded both conservative and non-conservative substitutions
and effect of the mutations might be substrate dependent.

The site-saturation mutagenesis of TouA F176 position uncovered F176N and
F176H substitutions which have not been predicted by rational design before, and the
latter was a possible improved mutant for the tested substrates. The substitution of
phenylalanine to polar amino acids yielded a more para-acting enzyme and TouA
F176N was the most regiospecific mutant obtained in this study. Therefore, the results
have shown that TouA F176 position affects regiospecificity and activity. TouA F176H
mutation may be combined to other reported beneficial mutations to have a more

powerful enzyme in the future.

TouA F196, similar to TouA F176 position, is in close proximity to diiron center
and might be expected to affect regiospecificity. In addition, the TouA F196 mutant
library contained colonies with differing shades of blue (indigo) color. However, there
were slight changes in the regiospecificity among TouA F196 variants for the tested
substrates. In general, TouA F196 could accommodate various substitutions and
retained wild-type level activity, but TouA F196V was not preferred for the oxidation of
the tested substrates. The role of this position may be substrate-dependent and the work

may be extended to study oxidation of other aromatic compounds in the future.
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The substitution of the polar uncharged glutamine at TouA 204 position to a
negatively charged glutamate impaired the activity towards all the tested substrates.
Hence, a negative charge at this position of substrate channel may not be favored. There
was a slight change of the regiospecificity among the TouA Q204 mutants. This
position may not have a limited role in the regiospecificity due to its distance from
active site; however the tested substrate range can be further broadened as a future work.



APPENDIX A

CALIBRATION CURVES

Authentic chemicals were purchased and analyzed by HPLC to determine the

retention times and maximum absorbance wavelengths of each compound to identify

products and prepare their calibration curves.
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Figure A.1 HPLC chromatogram and maximum absorption wavelengths of

standards for identification of products from phenol. Hydroquinone at 5.47 min,

290nm; resorcinol at 8.71 min, 275 nm; catechol at 11.84 min, 275 nm.
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Figure A.2 Standard calibration curve of catechol. Solutions with known concentrations
of catechol are analyzed via HPLC and peak areas at 275 nm were derived from the
HPLC chromatograms.
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Figure A.3 Standard calibration curve of hydroquinone. Solutions with known
concentrations of hydroquinone are analyzed via HPLC and peak areas at 290 nm were
derived from the HPLC chromatograms.
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Figure A.4 HPLC chromatogram and maximum absorption wavelengths of
standards for identification of products from toluene. o-cresol at 4.92 min,

270nm; p-cresol at 5.58 min, 270 nm; m-cresol at 7.71 min, 277 nm.
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Figure A.5 Standard calibration curve of o-cresol. Solutions with known concentrations
of o-cresol are analyzed via HPLC and peak areas at 270 nm were derived from the
HPLC chromatograms.
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Figure A.6 Standard calibration curve of m-cresol. Solutions with known concentrations
of m-cresol are analyzed via HPLC and peak areas at 270 nm were derived from the
HPLC chromatograms.
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Figure A.7 Standard calibration curve of p-cresol. Solutions with known concentrations
of p-cresol are analyzed via HPLC and peak areas at 277 nm were derived from the
HPLC chromatograms.
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Figure A.8 HPLC chromatogram and maximum absorption wavelengths of

standards for identification of products from naphthalene. 1-naphtol is at 3.51
min, 274 nm and 2-naphthol at 4.11 min, 294 nm.
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Figure A.9 Standard calibration curve of 1-naphthol.

Solutions with known

concentrations of 1-naphthol are analyzed via HPLC and peak areas at 294 nm were
derived from the HPLC chromatograms.
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Figure A.10 Standard calibration curve of 2-naphthol. Solutions with known
concentrations of 2-naphthol are analyzed via HPLC and peak areas at 274 nm were
derived from the HPLC chromatograms.

The activity of E. coli TG1/pBS(Kan)ToMO expressing wild-type ToMO and
TouA F176, F196 and Q204 variants were presented as the sum of product formation
rates from phenol (0.8 mM), toluene (0.25 mM) and naphthalene (5 mM). The initial
formation rates were calculated by using at least 3-data points obtained by HPLC
analysis of time-course experiments. HPLC peak areas were converted to concentration
by referring to standard calibration curves of each product. Concentration of product
formed was plotted against time and the slope was derived. The protein content was
0.11 mg protein/ ml per ODggo. From the slope and the biomass of each experiment
initial formation rates were calculated in nanomoles per minute per milligram of protein

for the given concentration of substrates.
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Figure A.11 Representative time-course experiment for catechol formation from phenol
by E. coli TG1 expressing TouA F196H mutant. For each data point catechol peak area

at 275 nm was derived from HPLC chromatograms.



APPENDIX B

LIST of CHEMICALS

1,2-Dihydroxybenzene (Catechol)
1-Naphthol

2-Naphthol

2-Nitrophenol

3-Nitrophenol

4-Nitrocatechol

4-Nitrophenol >99%

Acetic acid (glacial) 100%

Acetonitrile

Acrylamide/Bis solution (30%)

Agarose Low Melt

Ammonium iron (I11) sulfate dodecahydrate
Ammonium per sulfate

Benzene

Coomassie Brilliant Blue R-250 Bio-Rad USA
Ethanol 96%

Ethanol absolute

Ethidium Bromide
Ethylenediaminetetraacetic acid disodium salt
Formic acid (98-100%)

Gene Ruler 1 kb DNA Ladder

Glycerol anhydrous

Glycine

Hydrochloric acid (HCI)

Hydroquinone

Kanamycin sulfate

LB-Agar (MILLER)

LB-Broth (MILLER)

m-Cresol

Sigma-ALDRICH, Germany
MERCK, Germany
MERCK, Germany
Sigma-ALDRICH, Germany
Sigma-ALDRICH, Germany
Sigma-ALDRICH, Germany
Sigma-ALDRICH, Germany
MERCK, Germany
MERCK, Germany
Bio-Rad, USA

AppliChem, Germany
MERCK Germany
Sigma-ALDRICH, Germany
MERCK, Germany
Bio-Rad, USA

MERCK, Germany
MERCK, Germany
Sigma-ALDRICH, Germany
Carlo ERBA ltaly

MERCK, Germany
Fermentas, USA
AppliChem, Germany
MERCK, Germany
MERCK, Germany
Sigma-ALDRICH, Germany
AppliChem, Germany
MERCK, Germany
MERCK, Germany
Sigma-ALDRICH, Germany

69



Methanol for liquid chromatography
N, N-Dimethyl-formamide (DMF)
Naphthalene MERCK Germany
Nitric acid fuming 100% extra pure
Nitrobenzene >=99%

o-Cresol

p-Cresol

Phenol kristallin

p-Nitrophenol

Protein Ladder, PageRuler+Prestained, 26619

Resorcinol (1,3-Benzenediol)
SDS

SDS loading buffer pack
Sodium acetate anhydrous
Sodium Chloride

Sodium Hydroxide pellets
TEMED

Toluene (extra pure)

Tris (hydroxymethyl)-aminomethane

70

MERCK, Germany
MERCK, Germany

Carlo ERBA, ltaly

MERCK, Germany
Sigma-ALDRICH, Germany
Sigma-ALDRICH, Germany
Sigma-ALDRICH, Germany
AppliChem, Germany

Carlo ERBA, Italy

Pierce, USA
Sigma-ALDRICH, Germany
MERCK, Germany
Fermentas, USA
AppliChem, Germany
MERCK, Germany
MERCK, Germany
BIOMATIK, USA

Riedel de Haen, Germany
MERCK, Germany
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