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The development of genetically engineered bacterial enzymes as sensor biological
recognition elements for the detection of drugs and explosives

Suhad As’ad Mustafa

Abstract

Recent security and environmental concerns have resulted in a plethora of research into
the development of novel sensors for explosives and drugs. The high specificity of
enzymes which interact with one or a range of specific substrates and catalyse only one
type of chemical reaction, plus the possibility to use such enzymes to catalyse a specific
biochemical reaction outside the cell has opened up a multitude of possibilities for the
use of enzymes in analytical applications.

This work demonstrates biological recognition elements for both an explosive
and drug biosensor based on the isolation and characterization of bacterial enzymes
namely nitroreductases, due to their ability to degrade many commonly used explosives
and carboxylesterases, because they have the potential to hydrolyse cocaine into its
main metabolites. The enzymes have been genetically modified to incorporate the cys-
tag (6 cysteine amino acids) at the enzyme N-terminus to enable the enzyme to adhere
to the biosensor electrode surface (gold surface), subsequently the effect of cys-tag
insertion on enzymes molecular (gene isolation, cloning, expression, and purification)
and biochemical characterization (protein concentration, specific activity, Ky, Viax, pH
and temperature), and observe the reaction pathways of the enzymes.

All the bacterial Nitroreductases (NfnB, YdjA, Dde 0086, and Dde 2199)
showed considerable activity with different nitroaromatic compounds and displayed
different rates of reaction for each substrate.

The optimum pH and temperature were evaluated along with their K;;, and Vi,
values. Additionally bacterial carboxylesterases (PnbA1 and PnbA2) were found to be
active with cocaine, and hydrolysed cocaine into benzoylecgonine and methanol rather
than ecgonine methyl ester and benzoic acid following human liver carboxylesterase
1(hCE-1) in its pathway to hydrolyse cocaine.

The cys-tag insertion revealed its effect through decrease enzyme specific activity,
protein concentration, K, and Vi, values, optimum temperature range for enzyme
stability, however it does not restrict substrate entrance into the active site and all the
bacterial nitroreductases and carboxylesterases remain active, furthermore it does not

affect the optimum pH for enzyme activity.
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Chapter 1- Introduction

1.1 Introduction

The field of biotechnology is gaining interest world-wide, and enzyme research has
become an important area of biotechnology. Enzymes can be extracted from living
tissues, and purified. Under controlled conditions of isolation, they retain their original
level of activity; therefore, a purified enzyme can be used to carry on a specific
biochemical reaction outside the cell. Enzymes can also be modified through gene
manipulations for a variety of purposes including biosensors.

The use of enzymes in biosensor development has achieved enormous attention;
a biosensor is an analytical device which incorporates a biological material (recognition
element) with a physio-chemical transducer.' Molecular recognition elements are
central for biosensing, and as such are considered a major player in future biosensor
development. Enzyme recognition element based biosensors are very attractive for
biosensor application due to a variety of measurable reaction products arising from a
catalytic process.

The aim of this project is the development of biosensor recognition elements via
engineer bacterial enzymes (nitroreductases (NTRs) and carboxylesterases (CEs))
which allow them to bind into a transducer surface of a biosensor. The active
component of the proposed biosensors is an enzyme (recognition element) which reacts
with the monitored substance and triggers a catalytic reaction, and the reaction product
is then monitored by the detection system.

The main part of this study concentrates on bacterial NTRs as a biosensor
recognition element for explosives detection since they are attracting researcher’s
attention due to their critical role in nitroaromatic-compounds (explosives) metabolism.
Biorecognition element as a main part of biosensor need to be genetically modified to
aid them to immobilise into a transducer surface that sense and translate the biological
events into a measurable signal.

In the second part of this study bacterial carboxylesterases have been chosen as
a biosensor recognition element which will used for narcotic detection because of their
role in narcotics metabolism. The enzymes have to be genetically modified to
immobilise into a transducer which will translate the reaction product into the detection

system.




1.2 Biosensors

Explosives utilisation in terrorist and war activities cause great concern to public
security of the whole world.” As an important pollution, explosives also cause health
problems in both animals and human.® Even after degradation, the by-products of the

- - : : . 45
common explosives are still toxic and carcinogenic.

Narcotic abuse has become a critical health and social problem during the last
few decades. One of the most dangerous illegal drugs available today is cocaine.
Therefore, it has been necessary to develop sensitive methods for monitoring narcotics
and explosives. During the past two decades biosensors have proved advantageous for
detecting different analytes such as explosives,”’ and narcotics.® Biosensors can be
defined as analytical devices translating biological event into an easily processor
electronic signal through join a biologically active material with a physicochemical
transducer for the detection of an analyte.'™"' They consist of three major components
(Fig 1.1), namely a sensitive biological elements (in biosensors, the most common
recognition element is an enzyme; others include antibodies, nucleic acids and
receptors) that recognises the target analyte which can be created by biological
engineering; the transducer element (works in a physicochemical way) that translates
the signal resulting from the interaction of the analyte with the biological element into

another signal; and the signal processor that is responsible for the display of the results.
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Figure 1.1: Selected components of typical biosensors."



Electrochemical sensing usually needs three different electrodes; a reference electrode,
a counter (auxiliary electrode) and a working electrode, also known as the sensing or
redox electrode. The reference electrode, commonly made from Ag/AgCl, is kept away
from the reaction site to keep a known and stable potential. The working electrode
operates as the transduction element in the biochemical reaction, while the counter
electrode creates a connection to the electrolytic solution so that a current can be
applied to the working electrode. These electrodes should be both conductive and
chemically stable. Therefore, the most commonly used compounds as electrodes are

silicon, gold, carbon (graphite), and platinum.

The general performance of the biosensor primarily depends on the
immobilisation of biomolecules in a suitable matrix and diffusional limitation of the
analyte within this matrix and to a lesser extent on the instrumentation system used to

acquire the signal generated by biochemical reaction at the biosensing membrane.'*'*'?

1.3 Enzyme immobilisation

Immobilisation is the attachment of an enzyme to a solid matrix so that it cannot escape
but can still react freely with its substrate. The rationale behind immobilisation is the
easy separation of product from the biocatalyst. Enzymes may be immobilised by
adsorption, covalent binding, entrapment, and membrane confinement, each method

having its pros and cons.

The main advantages of immobilised enzyme are; easy separation from the
reaction mixture, providing the ability to control reaction times and minimize the
enzymes lost in the product, re-use of enzymes for many reaction cycles, and lowering
the total cost Immobilisation of enzymes may have a considerable effect on their
kinetics. This may be due to structural changes to the enzyme and the creation of a
distinct microenvironment around it. The activity of an immobilised enzyme is
governed by the physical conditions within this microenvironment not those prevalent
in the bulk phase. The immobilisation matrix affects the partition of material between
the product phase and the enzyme phase and imposes restriction on the rate of diffusion
of material. Some effects of enzyme immobilisation are seen to be beneficial whilst

others are detrimental with the economics of their use.



In order to develop a viable biosensor, the biological component has to be
properly integrated to the transducer. There are four main methods for enzyme

immobilisation:
1.3.1. Adsorption

It’s probably the simplest way of preparing immobilised enzymes and can achieve high
loadings on a suitable matrix which include ion-exchange matrices, porous carbon,
clays, hydrous metal oxides, glasses polymeric resins. Simply, the procedure involves
mixing a concentrated solution of enzyme with a suitable adsorbent, under appropriate
conditions of ionic strength and pH, after a sufficient incubation period, by washing off
loosely bound and unbound enzyme the immobilised enzyme will be produced in a
directly usable form. Hydrophobic interactions, ionic bonds, hydrogen bonds, and van
der Waals forces usually facilitate this binding. These weak interactions allow casy
enzyme desorption from the matrix through changes in ionic strength, pH, or

16,1718
temperature.

1.3.2 Covalent binding

This method of immobilisation involves covalent bond formation between the enzyme
and the support material. It is an extensively researched technique and the most
nreversible immobilisation method, and therefore potentially the most stable. The
strength of binding is very strong and very little leakage of enzyme from the support
occurs. The bond is normally formed between functional groups of the support and
functional groups of the amino acid residues on the surface of the enzyme. A number of
amino acid functional groups are suitable for participation in covalent bond formation
such as amino group (NH;) of arginine or lysine, the carboxyl group (COOH) of
glutamic acid or aspartic acid, the hydroxyl group (OH) of threonine or serine, and the

sulfydryl group (SH) of cysteine.'***!

1.3.3 Entrapment

Immobilisation by entrapment differs from adsorption and covalent binding in that the
biomaterial is mixed with a monomer solution, which is then polymerized to a gel, thus
trapping the enzymes in the pores of gels or fibres. Numerous matrices have been
employed but the most favoured have been alginate, cross linked with linear chains of

Ca”" ions, gelatine, and polyacrylamide. Unfortunately, this process suffers from three

4



major drawbacks; large diffusional barriers to the transport of substrate or product
resulting in reaction retardation and long response times, continuous loss of enzyme
activity since these materials generally do not have a narrow pore size distribution, and
shrinkage or swelling of the polymer depending upon the ionic strength of the

. 22,23.24
environment.

1.3.4 Membrane confinement

Membrane confinement of enzymes may be achieved by a number of different methods,
all of which depend for their utility on the semi-permeable nature of the membrane. It is
possible to restrict the enzyme in a semi-permeable membrane which allows free
passage of low molecular weight substrates and products but keeps the high molecular
weight enzyme. The simplest of these methods is achieved by placing the enzyme on
one side of the semi-permeable membrane whilst the reactant and product stream is
present on the other side. Membrane confinement is a flexible method but expensive to

set up.25
1.4 Enzymes

Enzymes are proteins that catalyze, or speed up, a chemical reaction and are not
consumed during the reaction. In the 19" century, enzymes were first characterized as

: i A . 26
the agents that drive chemical reactions in cells.””

They contain a special pocket or cleft
called the active site which contains amino acid side chains that create a three-
dimensional surface complementary to the substrate. Some enzymes require no
chemical groups other than their amino acid residues for activity, others require an
additional chemical component called cofactor which may be either one or more
inorganic ions, such as Fe*', Mg®*, Mn*", or Zn*", or complex organic molecules called
coenzymes, that are derivatives of vitamins such as nicotinamide adenine dinucleotide
(NAD"), a coenzyme or metal ion that is covalently bound to the enzyme is called

prosthetic group.*”*"

In many enzymes, particularly those used in biosensors, the mode of action
involves oxidation or reduction, which can be detected electrochemically. The detailed

mode of action of enzymes can be described as follows:

k[ kz
ES—> E+P Equation 1.1

E+S

k.



Where S is the substrate, E is the enzyme, ES is the enzyme-substrate complex, and P
is the product. The rate constant k; and k., in reaction (1.1) govern the rates of
association S with E and dissociation of S from ES, respectively. The rate constant for
the second step is ko, the rate of formation of product from ES. The formation and
dissociation of ES complexes are usually very rapid reactions because only noncovalent
bonds are formed and broken. In contrast, the conversion of substrate to product is

usually rate-limiting. It is during this step that the substrate is chemically altered.

The steady-state approximation of the kinetic theory can be applied to the
reaction system shown in equation (1.2). This approximation simply assumes that,
during most of the time of the reaction the concentration of the ES complex is steady,
i.e. constant; therefore the rate of formation of the complex from its components is

balanced by the rate of its breakdown back to enzyme and forward to its products. Thus:
Kk [S][E] - k4 [ES] - k2[ES] =0 Equation 1.2
Where:

Kk, [S][E] - k.; [ES] is the rate of formation of complex

and k;|ES] is the rate of breakdown of complex

These rates are equal and opposite because of the steady-state approximation.

The enzyme concentration can be described in terms of the total [E]¢tar, rather than the
unknown, [E], so that [E]¢ = [E] + [ES]. Therefore equation 1.2 can be represented

as.
Ki[S][E]otal - Ki[SI[ES] - K4[ES] - ko[ES] = 0 Equation 1.3

To calculate the concentration of the bound enzyme [ES], equation (1.3) can be re-

written as:
[E]totar [S]

[ES]=—""" Equation 1.4
K + [S]

K., = (kg + ky)/Kky, where K, is the Michaelis’ constant



When the concentration of S is very high, the enzyme is saturated, and essentially all
the molecules of E are represent as ES. Under this condition, the velocity is at its
maximum rate (V.,) and this velocity is determined by the total enzyme concentration

and the rate constant k> Thus
Vimax = Kz IE]tntal

Then, the overall rate of the reaction (rate of formation of products) is given by the
Michaelis’-Menton equation, as follows:

d[P] -d[S] Kz [E]totar [S]
v= = =k; [ES] = —_— Equation 1.5
dt dt K +[S]

When [ S ] >> K,,, a maximum value of the rate constant, V .y, is reached, so that
Vmax = K2[E]totas and when [S] = K, V= Va/2.

It is experimentally more convenient to plot the data in a straight-line form by inverting

. . . G
the Michaelis-Menton equation:*’

K+ [S] K 1
1= —m = —8 ¢+ _— Equation 1.6
kZIE]tutaIIS] kZ[EG] IS] vmax

An important feature of enzymes is that they show highly specific interaction
with one or few specific substrates and catalyse only one type of chemical reaction thus
resulting in frequent use of enzymes in analytical applications (sensors). A typical
application of a glucose sensor which was first described by Clark and Lyons in 1962,
1s the determination of glucose concentrations by the use of an immobilised glucose
oxidase membrane.

The glucose biosensor is the most successful amperometric-based chemical
sensor and has been developed to a commercially available portable unit. A number of
approaches to glucose sensing using amperometry has been reported but most are based

on the glucose oxidase (GOX) catalysed oxidation of glucose to gluconic acid.

The basic reaction is the oxidation of an aldehyde group to a carboxylic acid

group with the production of two electrons.



O O
—(I‘}—H+H30 e Gl 2H" +2¢ Equation 1.7

The electron acceptor in this reaction is normally molecular oxygen.

Ox+2H"+2¢e

H>0, Equation 1.8
The overall reaction can be written as follows.
Glucose + GOD 4yxigizea — Gluconic acid + GODyeduced Equation 1.9
GOD\equeed + 02 + 2HY ———— GOD gyidigea +H205 Equation 1.10

There are two ways of making use of this reaction for the quantitative
determination of glucose. Firstly, the amount of hydrogen peroxide produced can be
determined by anodic oxidation, and measuring the amount of current flowing which is
related to the amount of glucose in the original sample. This has been done by
chemically attaching the enzyme to the surface of a nylon mesh which is stretched over
the surface of a platinum electrode which acts as the anode. The sensor is then placed in
a small volume cell along with a Ag/AgCl reference electrode and an auxiliary
electrode. Three electrodes are common in voltammetry, the current flows between the

platinum and auxiliary electrodes, and the reference electrode monitors the potential.

A second way to determine glucose makes use of the oxygen probe to determine
the decrease in the amount of oxygen in the sample solution after the oxidation of the
glucose. This can be carried out by spreading a thin layer of glucose oxidase on the
surface of the gas permeable membrane of the probe. The amount of dissolved oxygen
remaining in the sample solution which diffuses across the membrane is determined,

and 1s related to the concentration of glucose.

This study will focus on the use of genetically modified bacterial
carboxylesterases and nitroreductases for use in the detection of narcotics and

explosives.



1.5 Bacterial nitroreductases

Nitroreductases are NAD(P)H dependent flavoenzymes that mediate the reduction of a
broad range of nitro-compounds. They were first identified in bacteria able to reduce
chloramphenicol and nitrobenzoic acids.’'*** Almost all bacterial nitroreductases
occur as a homodimer (20-30 kDa subunits), contain FMN as a cofactor (Fig. 1.2a), and

use NAD(P)H as electron donor (Fig. 1.2b) and catalyze the reduction of nitro-

compounds using a ping-pong bi-bi mechanism. Nitroreductase genes are widely found
4

e 3 . . . 2!
within bacterial genome, but are also found in archaea and eukaryotic organisms.’
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Figure 1.2: Illustrating the reduction and oxidation of (a) FMN and (b) NADH.



Nitroreductases have been classified into two main categories according to their
response to oxygen (Fig.1.3): oxygen insensitive nitroreductases (type I) which catalyze
the reduction of nitro-groups by transfer of two electrons from NAD(P)H to produce

35,36 . Fiok
while oxygen sensitive

nitroso, hydroxylamino and amino derivatives,
nitroreductases (type II) catalyze the reduction of nitro-groups through the addition of
one electron to produce a nitro anion radical, which in the presence of oxygen can be
reoxidised to the parent compounds with the concomitant formation of the superoxide

anion in a futile cycle. 7’

NADH NAD"
Type l mtrorcductase

Nitroaromatic Nitrosoaromatic  Hydroxylaminoaromatic Aromatic amine
Type Il
Nitroreductases

Nitroaryl Anion Radical

O

\\
e,

Figure 1.3: Summary of Reductive Metabolism of Nitroaromatics Catalyzed by Nitroreductases,

Enzymes with oxygen insensitive nitroreductase activity fall into two main
groups: major oxygen-insensitive nitroreductases (group A) are usually NADPH-
dependent which includes NfsA of Escherichia coli®® FRP (NADPH-flavin
oxidoreductase) of Vibrio harveyi,”’ SnrA of Salmonella typhimurium,” and PnrA of
Pseudomonas putida JLR11.*' The minor oxygen-insensitive nitroreductases (group B)
which can use both NADH and NADPH as electron donors, includes two subgroups:
the B1 with the NfaB of Escherichia coli,'”* NR and RNR proteins of Enterobacter
cloacae,™™*

putida JLR11,"' NADPH-flavin oxidoreductase FRasel of Vibrio fischeri*® DrgA

. . 4 .
Cnr of Salmonella typhimurium, > PnrB nitroreductase of Pseudomonas

10



(quinine reductase) of .Sj-’mzchocysnl*,“w'd‘8 and NPrA (major nitroreductase) of

Rhodobacter capsulatus.” The YdjA proteins (putative nitroreductases) of Escherichia
coli, and Salmonella enterica, and the NprB (minor nitroreductase) of Rhodobacter

capsulatus * are included in the subgroup B2.

Recently bacterial nitroreductases have generated enormous interest due to their

50,51.52

critical involvement in mediating nitroaromatic toxicity, their potential use in

. . . .. 53 . . . .
nitroaromatic bioremediation,” and their use as a prodrug activator in directed

4.55

anticancer therapies.’
1.5.1 Nitro-compounds

A wide variety of nitro-compounds are introduced into the environment as a
consequence of their application in different aspects (Fig. 1.4). Some compounds are
used as explosives, pesticides, herbicides, plastic, dyes, pharmaceuticals, and petroleum

products. Others are produced as by-products of combustion processes.5 521

Natural nitro-compounds (Fig.1.4 top) are biodegradable by microorganisms
and can serve as a source of carbon and energy. In contrast, xenobiotic compounds (Fig.
1.4 bottom) are recalcitrant and their biodegradability is limited because they contain
structures or substituents that are not normally present. As revealed by different studies
these compounds and their conversion products have toxic, mutagenic, and

58.59.60
83960 and

carcinogenic effect on various organisms ranging from bacteria to mammals,
they are identified as a major environmental pollutants, therefore their removal is of

significant interest.

11



Natural nitro-compounds
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Figure 1.4: Chemical structures of nitro-compounds including natural (top) and nonnatural or
xenobiotic compounds (bottom).
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1.5.2 Bacterial degradation of nitro-compounds

Microorganisms have found the way to degrade nitro-compounds, to produce
intermediates of central metabolic pathways. The oxidative attack of nitro-compounds
(Fig.1.5) catalyzed by mono- and di-oxygenases under aerobic conditions, the hydroxyl
derivatives generation through the aromatic ring oxidation followed by aromatic ring
opening, is the expected pathway for aerobic degradation for mononitroaromatic

010263 whereas reductive metabolism (Fig.1.5)

compounds and some dinitroaromatics
may occur both aerobically and anaerobically, through either the reduction of nitro
groups to hydroxylamino or amino groups which is catalyzed by nitroreductases, or the
reduction of the aromatic ring by the addition of hydride ions through hydride
transferases to form hydride-Meisenheimer complexes, which may be further

metabolized with the release of nitrite.®

(i) Monooxygenase catalysed " (ii) Dioxygenase catalysed
reaction . reaction

" (iv) Reduction of nitro
groups to amine

' (iii) hydride-Meisenheimer complex

Figure 1.5: Microbial strategies for degradation of nitro-aromatic compounds by aerobes (i, ii, iii
and v) and anaerobes (iv).55

Polynitro-aromatic compounds favour reductive reactions due to the nitro
groups electron withdrawing characters that causes an electron deficiency in the
aromatic ring and impairs the oxidative degradation catalyzed by oxygenises. The

reduction of the first nitro group is more rapid when compared with others, as the nitro

13



group reduction to amino group decreases the electron deficiency of the aromatic ring.
Aminodinitrotoluenes (ADNT) and diaminonitrotoluenes (DANT) have been identified
as the main intermediates in the reduction of TNT, and the complete TNT reduction to
triaminotoluenes (TAT) identified only under anaerobic conditions due to the lower

667 The rate of

redox potential required to that found only in an anoxic environment.
nitro-aromatic reduction depends upon the number of nitro-groups and the chemical

properties of the substituents in the aromatic ring.*®

1.5.3 Bacterial nitroreductases crystal structure

The crystal structure studies of Escherichia coli NfsA, and NfsB; Vibrio harveyi FRP;
Enterobacter cloacae NR; and Vibrio fischeri FRasel revealed that nitroreductases are
globular proteins with conserved domains for FMN binding and for the interactions

with the nitroaromatic substrates and NAD(P)H electron donor.*™*"!

In spite of significant differences between proteins belonging to bacterial
nitroreductases, they all share a tightly associated homodimeric structure with the FMN
bound within a crevice formed by the dimer interface, and a characteristic a + B fold of
the subunits. The central hydrophobic core consists of five-stranded p-sheets
surrounded by a-helices (Fig. 1.6). The FMN prosthetic groups interact with residues of
both monomers, forming hydrophobic contacts to both subunits and hydrogen bonds to
one of them. This set of interactions is well conserved in all nitroreductases and
involves identical or similar residues.”>”*™ The nicotinamide ring of NAD(P)H is
located between the flavin isoalloxazine ring and the conserved Phel24 residue, as
deduced from the position in the NfsB protein of the analogous ligand nicotinic

. (K)‘ 3
acid.®™’

14



Monomer A

FMN

Solvent accessible active site

Figure 1.6: (A) Ribbon diagram of the two monomers from the structure of E. coli NTR B with
attached cofactor FMN, drawn with MOLSCRIPT (B) Surface diagram illustrating the solvent
accessible active site represented by PYMOL Viewer.”

YdjA family protein (putative nitroreductases)

YdjA is the smallest NTRs reported to date, which is composed of less than 190 amino
acids, whereas most NTRs are composed of at least 210 amino acids. *7>7¢ Although
YdjA shows low sequence similarity to the other NTRs at the amino acid level, the
crystal structure of Escherichia coli YdjA (EC_ydjA) revealed that its overall structure
closely resembles those of other NTRs (Fig 1.7), specifically, the two monomers
comprise an o + B fold domain and form the dimeric structure, and FMN molecules are

bound at the dimeric interface.””’®
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Comparison of the amino acid sequence of YdjA with those of other NTRs
shows that about 30 amino acids are lacking in the middle of YdjA sequence, which
comprises two helices in the other NTRs and restricts the cofactor and substrate binding
and they are inserted between 2-strands and a5-helix in the EC_ydjA. The absence of

the 30 internal amino acids in Ec_ydjA creates a wider and more flexible active site and

this is considered as a fundamental difference which might distinguish the YdjA NTR
75.76

family from other NTR family members.

Solvent accessible
active site

Figure 1.7: (a) The dimeric structure of Ec_ydjA. Each monomer is differentiated by colour and
labelled, and the bound cofactor molecules at the dimeric interface are drawn as stick models. (b)
Surface diagram illustrating the solvent accessible active site drawn using PyMOL Viewer.”’
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1.5.4 Physiological function of bacterial nitroreductases

Although the microbial ability for xenobiotic chemicals degradation may develop under
the selective pressure of environmental pollution, xenobiotic chemicals cannot be
regarded as physiological substrates of nitroreductases due to their release into the

environment very recently by human activities.

As bacterial nitroreductases have broad substrate specificity and reduce different
p

nitro-compounds  (nitro-aromatic and nitro-heterocyclic), flavins, and quinones,

different physiological functions have been suggested for these enzymes’ involving

81,82,83

2 " . . : 39
Lawsone-dependent azo 1'eductase,8“ oxidative stress, bioluminescence,

84.85,86 48,8788

cobalamin synthesis, chromate or ferric ion reduction, specific degradation

30,9 - - i ¥
pathways,””” quinone reduction for detoxification.”

1.5.5 Nitro-aromatic compounds involved in this study

Nitrobenzene (NB)

Nitrobenzene is the simplest nitroaromatic compound and widely used in the
manufacture of aniline, dyes, lubricating oils, pesticides, drugs and synthetic rubber.
However, it has been listed as a priority pollutant due to its mutagenicity, recalcitrance

56,91

and tendency to accumulate in the environment. Bacterial degradation of

nitrobenzene under anaerobic condition includes nitrobenzene reduction to aniline, and
complete mineralization of aniline achieved by subsequent aerobic processes.”
Nitrobenzene biodegradation has been described in different bacteria, such as
Streptomyces,” Bacillus, Pseudomonas, Klebsiella,”* Comamonas,” Corynebacterium,
Stapylococeus, Streptococcus,’ Alcaligenes, Acinetobacter, and Flavobacterium,”’ and

" 98 ; .99, i . 2
Micrococeus luteus.”® White rot fungi®'® and Rhodotorula mucilaginosa strain Z1

101
were found to degrade nitrobenzene, and recently nitrobenzene biodegradation via

5 i 7 . 102
competing pathways in contaminated environments has been also reported.

3-Nitrobenzoates (3-NBA)
Nitrobenzoate (NBA) can be considered as an important nitro-aromatic compound due
to its participation as an intermediate in nitrotoluene degradation and its potential use

103,104

as a substrate for biocatalytic transformation. NBA degradation pathways remain

unclear although all three NBA isomers (2-nitrobenzoate, 3-nitrobenzoate, 4-
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nitrobenzoate) are degradable. NBA degradation to methane in a fully anaerobic system
has been reported.'” Although 3-NBA degradation by dioxygenase attack in

) . 106
Pseudomonas strain JS51 and Comamonas strain JS46,

and by two monoxygenation
steps in Nocardia'®’ has been reported, very little is known regarding 3-nitrobenzoate
degradation mechanism in comparison with the 2-nitrobenzoate, and 4-nitrobenzoate. A
putative nitrobenzoate reductase was recently determined in the lactic acid bacterium
Lactobacillus plantarum WCFESI strain. The enzyme was able to reduce 2.4-
dinitrobenzoate and 4-nitrobenzoate, being unable to reduce other nitroaromatics.
Therefore this enzyme might be more specific than other microbial nitroreductases that

reduce a wider range of nitroaromatic compounds.'”®

4-Nitrotoluene (4-NT)
4-Nitrotoluene (4-NTs) is a common pollutant, precursor of TNT, and important
derivative of the explosive industry. The degradation of 4-NT and generation of various
metabolites has been studied by many researchers, including 4-NT degradation via
partial reductive pathway in Pseudomonas strains TW3 and 4-NT. ' Reduction of the
nitro group to an amino group with simultaneous hydroxylation of the benzene ring of
4-NT in Pseudomonas putida OUS3 has been previously demonstrated.'"” Oxidation of
the methyl group of 4-NT to 4-nitrobenzyl alcohol has been demonstrated in
!

1
Pseudomonas  sp.

Mycobacterium strain HL 4-NT-1 M2

Biotransformation of 4-NT to 4-hydroxylaminotoluene in

2.,4,6-Trinitritoluene (TNT)

This will be discussed in detail in chapter 4.

2,4-Dinitroethylbenzene (DNEB)

DNEB is a relatively rare explosive which was obtained from a previous project with

the atomic weapons establishment.
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Bacterial oxygen insensitive nitroreductases

In this study‘ NfsB oxygen insensitive nitroreductase from Salmonella
typhimurium LT2 (NCBI AE008722) which shares 88% amino acid identity with
Escherichia coli NfsB nitroreductase, YdjA protein from Salmonella paratyphi A
(NCBI CP000026) that shares 16% and 95% amino acids identity with Escherichia coli
NfsB and Ec_ydjA respectively and two different nitroreductase family proteins
(Dde 0086, and Dde 2199) from Desulfovibrio desulfuricans G20 (NCBI
NC 007519) that share 51% and 17% identity respectively with Escherichia coli NfsB
and 22% identity with each other, have been isolated, cloned, expressed in Escherichia
coli, purified, and characterised using different nitro-compounds, and finally engineered
through insertion of cys)» tag at the enzyme N-terminus in order to use them as a

biosensor for explosive detection.
1.5.6 Biotechnological applications of bacterial nitroreductases

The flexibility of this group of enzymes contributes the basis of their use in different
biotechnological applications:

Bacterial nitroreductases in cancer therapies

The pharmaceutical application of nitroreductases in cancer therapy as a prodrug
activator is associated with the ability of these enzymes to reduce nitro groups to the
corresponding hydroxylamines which are further metabolized to form cytotoxic DNA
cross-linking agents and subsequently cause cell death. There are essentially three
strategies being used to introduce enzymes into the body. The first strategy is called
gene directed enzyme prodrug therapy (GDEPT), which involves deliver of an enzyme-
encoding gene to a tumour cell by use of a selective vector. The second is called
antibody directed enzyme prodrug therapy (ADEPT). Here monoclonal antibodies are
conjugated to a drug-activating enzyme to direct the enzyme to the tumour cell. Virus
directed enzyme prodrug therapy (VDEPT) is very similar to (GDEPT), but in this case
a virus as a carrier is used to deliver the enzyme. Recently recombinant anaerobic
Clostridial spores have been used as a delivery vector for the nitroreductase gene.''?
The role of the NTRs in this approach is to enable the activation of prodrugs. The
approach operates in two distinct steps. Firstly, a prodrug-activating enzyme is targeted

and expressed in the tumour. In the second step, a non-toxic prodrug is administered
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systemically where the systemically administered prodrug reaches the tumour and is

. . . ; . 114,115
converted to an effective anticancer drug, localized in the tumour tissue.''*"!

Due to the role of the Escherichia coli nitroreductase NfsB in cancer therapy it
has been well studied at structural and kinetic level,''®""""® and recently Bacillus
licheniformis and Bacillus amyloliquefaciens nitroreductases have been used for the

119,120
same purpose.

12

The use of nitro-compounds as antibiotics such as nitrofuran-derivatives'* Error!

22, 123, 124

" . 1 . » - .
Bookmark not defined.and metronidazole results from its activation as a toxic

agent by nitroreductase.
Bacterial nitroreductases in bioremediation

Bioremediation can be defined as a biotechnological application of microorganisms, or
their enzymes to degrade pollutants from the environment into a less toxic form.
Microorganisms degrade contaminant nitro-compounds through reactions that occur as
a part of their metabolic processes. Different aerobic and anaerobic mechanisms have
been used for remediation of polynitroaromatic compounds.'*'#*'?" The development
of transgenic plants expressing bacterial nitroreductase to remove toxic pollutants from
sites that have been polluted through industrial activities and military has been
reported.'*® '** % In addition, nitro-aromatic degradation by hybrid pathway through

genetically modified bacterial strains,”'-'*?

microorganism or enzyme based biosensors
and immunosensors to detect materials and sites polluted with nitro-aromatic

compounds may be developed.'™
Bacterial nitroreductases as a biosensor for the detection of explosives and pollutants

An amperometric biosensor for the nitro-containing explosives detection has been
developed through using engineered minor oxygen insensitive nitroreductase NfsB
from E coli k12 that enables the enzyme to form strong thiolate bonds on a biosensor

gold electrode.'**

The oxygen insensitive nitroreductase NfrA from Bacillus subtilis strain LAM,
isolated from industrial waste contaminated with nitroaromatic compounds, has been
used as a specific enzymatic biosensor for detecting target pollutant 3,5-dinitro-

trifluoromethylbenzene (3,5-DNBTF). The enzyme catalyzes reduction of (3,5-
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DNBTF) to its corresponding diamine 3,5-diamino-benzene-trifluoride (3,5-DABTEF),
irradiation at 310nm achieves total defluorination of  (3,5-DABTF) to 3,5-
diaminobenzoic acid (3,5-DABA). The defluorination approach offers a panel of
detection signals that could be useful for the development of the specific 3,5-DNBTF

biosensor.'*
1.6 Bacterial Carboxylesterases

Carboxylesterases (CES) are ubiquitous enzymes that have been identified from

s . 136
different sources ranging from mammals "

to bacteria,”” and even in plants.”® These
enzymes cleave carboxylic esters into the corresponding alcohol and carboxylic acid,
and they are members of o/p hydrolase family that share a common a/f hydrolase fold,
a regulatory domain, and the catalytic triad of Ser, His, and Asp/Glu. '*% ¥ They
exhibit broad substrate specificities, catalyse hydrolytic and transesterification reactions
of xenobiotics (carboxyl esters, thioesters and aromatic amides), narcotics (heroin and

142

cocaine),'" anticancer drugs such as irinotecan (CPT-11), "~ and detoxify numerous

organophosphate and carbamate compounds used as insecticides (malathion) or

143,144

chemical weapons (Sarin, Tabun and Soman), and catalyze several reactions in

cholesterol and fatty acid metabolism.'*>'#¢:147

1.6.1 Carboxylesterase reaction mechanism

Carboxylesterases catalyse ester hydrolysis and substrate transesterification. Ester
hydrolysis is base-mediated and requires water as co-reactant; the reaction is achieved
in a two-stage reaction via a catalytic triad of Ser, His, and Asp/Glu (Fig.1.8). The
active site glutamic acid exists as the charged form at neutral pH that facilitates removal
of a proton from histidine, resulting in transfer of a proton from the adjacent serine to
the opposing nitrogen of histidine; subsequently the generated oxygen nucleophile
attacks the carbonyl carbon of the substrate. After the formation of tetrahedral
intermediate of an acyl group (a covalent acyl-enzyme intermediate is formed with the
catalyiic serine residue), the alcohol product is released from the enzyme. The acyl-
enzyme intermediate is attacked by water acting as the nucleophile to produce acyl
product and the catalytic residues return to their original state."*™'* In
transesterification reactions alcohol can attack the acyl-enzyme intermediate generating
an ester product. The transesterification of cocaine with ethanol to generate

A 0
cocaethylene is a well-researched example.'”
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Figure 1.8: A proposal mechanism for the action of carboxylesterase."”

1.6.2 Carboxylesterases crystal structure
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Recently carboxylesterase crystal structures from different organisms have been

2,153,154,155
solved, 3213313415

Despite sequence differences they share a typical o/ domain, and a

catalytic domain of Ser, His, and Asp/Glu. The first crystal structure of a bacterial CE,

that of Pseudomonas fluorescens, was reported in 1997,' and the first mammalian

crystal structure was reported in 2002,"® followed by that of hCE1.'3*!

Bacillus subtilis pNB esterase (Fig. 1.9) which has been involved in this study is

a o/P protein composed of a central 13-stranded B-sheet surrounded by 15 a-helices.

The catalytic triad is formed by Ser-189, His-399, and Glu-310; this enzyme shares the

rare use of Glu instead of Asp like acetylcholinesterase. The active site is placed at the

base of a cavity with dimensions 20 A by 13 A by 18 A. The active site entrance is

formed by four loops. Residues 64-71 and 413-417 (unstructured WT loops) form one
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side of the entrance. The rest of the entrance is formed by residues 316-320 (poorly
structured electron density in WT) and 260-268. The residues 105-108, 193, 215-216,
268-275, 310-314, 362-363, and 399-400 comprise the active site cavity.'”’

Figure 1.9: The crystal structure of Pnb CE with secondary structural elements (PDB code
IEQB»).E57 The active site residues (Ser 189, Glu 310 and His 399) are enlarged. The figure
was re-drawn using the PyYMOL.

1.6.3 Carboxylesterases biological role

Many environmental toxicants (parathions insecticides, and phthalate), narcotics
(cocaine, heroin), and chemotherapeutic prodrugs (irrinotecan) contain ester moieties
and, hence, are subject to catalysis by CEs. In the majority of cases, esterase-mediated
hydrolysis results in inactivation of the drug, however, with the prodrugs capecitabine

and CPT-11, the ester groups are removed to improve their water solubility.'>*'3*!%

1.6.3.1 Xenobiotic metabolism

Varying levels of anti-cancer prodrug CPT-11 activation have been noticed across
different species, and rabbit liver carboxylesterase (rCE) was observed to be the most

efficient enzyme in the activation of CPT-11.
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The pro-drug CPT-11 requires enzymatic hydrolysis to generate the active
metabolite SN-38, a potent topoisomerase I poison, and 4-piperidino-piperidine (4PP)
(Fig 1.10). SN-38 affects covalent DNA-protein complex formation and eventually
leads to cell death through inhibition of DNA transcription.'®’

X
(o]
_é
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Step 1
+ SerOH ——»

SN-38

Ser

Figure 1.10: Two steps of prodrug CPT-11 activation to topoisomerase poison SN-38 and 4-
piperidino-piperidine (4pp) by carboxylesterase.m

hCE-1 catalyzes the hydrolysis of cocaine methyl ester generating
benzoylecgonine, a non toxic urinary metabolite of cocaine (Fig 1.11).'**¢4165 When
cocaine and alcohol are abused together hCE-1 has the ability to generate the toxic

"% Human liver carboxylesterases (hCE-1

cocaine metabolite cocaethylene (Fig 1.11).
and hCE-2) cleave the 3-acetyl group of heroin generating 6-monoacetylmorphine.
However, 6-monoacetylmorphine hydrolysis to morphine is only achieved by hCE-2

with high catalytic efficiency.'®
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Figure 1.11: Narcotics (cocaine & heroin) metabolism by hCE.'”

Detoxification of pesticides and chemical weapons (Tabun, Sarin, and Soman) is
accomplished by CEs. Although these chemicals cause inactivation of the enzyme, it
has been proposed that single-site mutations in the hCE-1 active site can generate an
efficient organophosphate hydrolase enzyme capable of effectively detoxifying nerve

9
agents. 108,16

1.6.3.2 Endobiotic metabolism (Cholesterol and fatty acids metabolism)

CEs have been found to play a role in processing of cholesterol and fatty acids in the
liver and peripheral tissues. CEs (hCE1) was shown to have cholesteryl ester hydrolase

(CEH),'" fatty acyl-CoA hydrolase,’”' and acyl-CoA:cholesterol acyl-transferase
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(ACAT) activities.'”” In macrophages and monocytes CEs mediate metabolism of
cholesterol from phagocytosed cell to cholesteryl esters. Conversely, CEs eliminate
excess cholesteryl esters generated during lipid droplet and high density lipoprotein
packaging. Thus CEs appear to play a role as a back-up system to reduce cellular levels
of free cholesterol and cholesteryl esters through both the creation and the elimination

of cholesteryl esters using transesterification and hydrolysis reactions respectively.

Cell membrane
/ " Cholesterol

Ester

ACAT

A Free —
—» Cholestrerol I
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Free Fatty
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|
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Figure 1.12: Cholesteryl ester metabolism in macrophages. Abbreviations: oxLDL, oxidized low-
density lipoprotein; HDL, high-density lipoprotein; ChE, cholesteryl ester; FC, free cholesterol;
ACAT, acylCoA:acyltransferase; hCE1, human carboxylesterase 1.7

1.6.3.3 Protein trafficking and retention in the endoplasmic reticulum

CEs seem to regulate protein trafficking and retention through binding to proteins
within endoplasmic reticulum (ER). CEs bind directly to C-creative protein (CRP), the
most sensitive serum marker for coronary heart disease, and then release it on the
detection of tissue injury.'” CEs have an N-terminal hydrophobic signal peptide that
marks them for trafficking through ER; additionally a Lys-Asp-Glu-Leu (KDEL)

sequence present at the C-terminus of the protein ensures retention within the cell.'”

1.6.4 Carboxylesterases and narcotics (heroin and cocaine)

Cocaine (COC), an alkaloid obtained from Erythroxylum coca plant has become one of
the most notably abused drugs, and remains one of the most common health

problems.'”® Human CEs catalyze the rapid hydrolysis of ester linkages in COC to the
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inactive benzoylecgonine (BZE), the main metabolite in both blood and urine (Fig
1.11)""7. In association with alcohol, cocaine is converted into cocaethylene (Fig 1.11),

an active compound responsible for an enhanced euphoric feeling.'”

Heroin (3,6-diacetyl morphine) is a semi-synthetic opioid drug synthesized
from morphine, a derivative of the opium poppy. It is rapidly metabolized by liver
carboxylesterases via sequential deacetylation of ester bonds to 6-monoacetylmorphine

179,180

(6-MAM), which is further hydrolysed to morphine (Fig 1.11). Heroin ingestion

is usually proved by the detection of 6-monoacetylmorphine not morphine, as codeine,

which is used as a cough medicine, can also be metabolised to morphine.'®’

The role of CEs in narcotics metabolism and the illegal use of narcotics have

encouraged considerable interest in the development of methods for their detection.
1.6.5 Microbial (Bacillus) carboxylesterases

There has been a great increase in the use of microbial carboxylesterases as biocatalysts
in biomedical applications because of their tremendous abilities to achieve regio-,

1 : ¥ 82,183,184
stereo-, and enantiospecific reactions.'*>!!%

p-Nitrobenzyl esters act as protecting
groups on intermediates in the production of clinically important oral B-lactam
antibiotics'™. A Bacillus carboxylesterase has been used for stereo specific resolution

® and a

of R,S-naproxen esters, which is an important anti-inflammatory drug,'®
p-nitrobenzyl esterase was genetically engineered in order to synthesize cephalosporin-

. e e 187
derived antibiotics.

The crystal structure of Bacillus subtilis Pnb CE has been solved and it is
homologous to rCE and showed activity with the prodrug CPT-11. So far studies
concerning the role of Bacillus or other microbial carboxylesterases in narcotic

metabolism are scarce.
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1.7 Genetic engineering, biomolecule immobilisation, and the aim of this study

The most significant scientific advance in recent years has been the development of
technology which allows genes to be manipulated, altered, and transferred from
organism to organism even to transform DNA itself. This has enabled us to use rapidly
reproducing organisms such as bacteria as chemical factories producing useful, often

life-saving, substances.

Since the first explanation by Clark and Lyons, that an enzyme could be
integrated into an electrode surface to form a biosensor, the development of such
electrochemical devices has made substantial progress. The advantages associated with
these devices are their high selectivity and simple use in complex media as well as the

possibility of developing compact and portable analyzers.

Some bacteria contain enzymes (Nitroreductases) which are able to degrade
many commonly used explosives to less toxic products. In this study we attempted to
isolate these enzymes from bacteria and subject them to genetic modification. This
modification will enable the enzyme to adhere to the surface of an electrode sensor,

where they remain active. There, they will generate an electrical signal when activated

by the presence of a minute amount of an explosive molecule.
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Figure 1.13: The electron transfer from the electrode
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Human liver carboxylesterase (hCEl) have a key role in cocaine overdose
treatment through catalysis of the cleavage of cocaine methyl ester bond to generate
benzoylecgonine, the non-toxic cocaine metabolite. In the second part of this study we
have made an effort to isolate Bacillus carboxylesterases as a model of mammalian
carboxylesterases, and subject them to genetic modification. When the enzyme is able
to adhere to an electrode surface with complete retention of its biological recognition

properties, it will be used as a biosensor for narcotics detection.
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Chapter 2-Material and methods

2.1 An introduction to cloning

Gene cloning is a process by which large quantities of a specific DNA are cloned or
replicated, once the desired DNA has been isolated.' To clone a gene, a DNA fragment
containing the gene of interest is isolated from chromosomal DNA using restriction
enzymes and then inserted into a plasmid (small, circular self-replicating, extra-
chromosomal DNA molecule and frequently carries genes of antibiotic resistance)” that has
been cut with the same restriction enzyme. When the fragment of chromosomal DNA is
joined with its cloning vector, it is called a “recombinant DNA molecule”. Before
introducing the vector containing the foreign DNA into host cells to express the protein, it
must be cloned. Cloning is necessary to produce numerous copies of the DNA since the
initial supply is inadequate to insert into host cells. Once the vector is isolated in large
quantities, it can be introduced into the host cells (special bacterial cells); the host cells will
then synthesize the foreign protein from the recombinant DNA. When the cells are grown
in vast quantities, the foreign or recombinant protein can be isolated and purified in large

am ountS.3
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Figure 2.1: Construction of a recombinant plasmid.
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The major tools of recombinant DNA technology are bacterial enzymes called
restriction enzymes (also called restriction endonucleases), which were first discovered in
the late 1960s. These enzymes naturally occur in bacteria as a defence mechanism against
foreign DNA (bacteriophages). They have the ability to cut DNA molecules at very precise
sequences of 4-8 base pairs called recognition sequences; these sequences are always
symmetrical (One strand is identical to the other strand when read in the opposite
direction).”” Some of the enzymes create a staggered cut (sticky ends), where one strand of
DNA is longer than the complimentary strand. Because of the staggered cuts, treatment of
DNA from different sources with the restriction enzymes will generate regions, which
complement one another. These regions will anneal together. These behaviours allow
foreign DNA to be inserted into target DNA.™® This is the basis of recombinant DNA
technology. The first production of recombinant DNA molecule, using restriction enzymes,

occurred in the early 1970s.”
2.1.1 Polymerase chain reaction (In vitro DNA cloning)

The polymerase chain reaction is a technique for quickly cloning a particular piece of DNA
in the test tube rather than in living cells. The development of this technique resulted in an
explosion of new techniques in molecular biology and a Nobel Prize for Kary Mullis in
1993.* The technique was made possible by the discovery of Tag polymerase, the DNA
polymerase that is used by the bacterium Thermophilus auguaticus that was discovered in
hot springs. This DNA polymerase is stable at the high temperatures need to perform the

amplification, whereas other DNA polymerases become denatured.™’

PCR reaction requires several basic components; DNA template, which contains the
region of the DNA fragment to be amplified, two primers (short segment of nucleotides),
which determine the beginning and end of the region to be amplified, Tag polymerase,
which copies the region to be amplified, deoxynucleoside triphosphates, from which the
DNA polymerase builds the new DNA, and buffer, which provides a suitable chemical
environment for the DNA polymerase. This reaction is carried out in a thermal cycler,
which heats and cools the reaction tubes within it to the precise temperature required for

each step of the reaction.'’
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The PCR process usually consists of a series of twenty to thirty-five cycles. Each cycle
consists of three steps. First the double stranded DNA has to be heated to = 94°C in order to
separate the strands. This step is called denaturing; it breaks apart the hydrogen bonds that
connect the two DNA strands. Prior to the first cycle, the DNA is often denatured for an
extended time to ensure that both the template DNA and the primers have completely
separated and are single strand only. Next the temperature is lowered so the primers can
attach themselves to the single DNA strands. This step is called annealing; the temperature
of this stage depends on the primers and 1s usually 5°C below their melting temperature.
Finally, the DNA polymerase has to copy the DNA strands; it starts at the annealed primer
and works its way along the DNA strand. This step is called extension, and 72°C is the
ideal working temperature for the polymerase. A final extension step is frequently used

after the last cycle to ensure that any remaining single stranded DNA is completely copied.’

While a very powerful technique, PCR can also be very tricky, the selection of the
primers is very important to the efficiency of the reaction. The primers must be very
specific for the template to be amplified, and must not be capable of annealing to
themselves. A wrong temperature during the annealing step can result in primers not
binding to the template DNA at all, or binding at random.” The specificity of PCR depends
on the primers used, while the size of the PCR products depends on the positioning of the

primers on the target DNA.
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Figure 2.2: A pictorial representation of polymerase chain reaction (In vitro DNA cloning).

2.1.2 Detection and analysis of the PCR reaction product

Not every PCR is successful; therefore, before the PCR product is used in further
applications, it has to be checked. Agarose gel electrophoresis is the easiest and commonest
way of separating and analyzing DNA. The PCR product should be fragments of DNA of
defined length. The technique of electrophoresis is based on the fact that DNA is negatively
charged due to its phosphate backbone. For this reason, when an electrical potential is
applied the DNA will move toward the positive pole. The gel matrix acts as a sieve for
DNA molecules. Large molecules have difficulty getting through the holes in the matrix.
Small molecules move easily through the holes. Because of this large fragments will lag
behind small fragments as DNAs migrate through the gel. As the separation process
continues the separation between the larger and smaller fragments increases. DNAs are
visualized by staining the gel with ethidium bromide which binds strongly to DNA by
intercalating between the bases and is fluorescent, meaning that it absorbs UV light and

transmits the energy as visible orange light. Molecular weight markers (mixture of DNAs
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with known molecular weight) are often electrophoresed with DNAs and used to estimate

the sizes of unknown fragments.™"'

2.1.3 Cloning vector and bacterial transformation

A cloning vector is a small DNA vehicle (plasmid) that carries a foreign DNA fragment
(gene of interest). The insertion of the foreign DNA fragments (PCR product) into the
cloning vector is carried out by treating the vehicle and the gene of interest with the same
restriction enzyme to generate complementary ends, then ligating the fragment together
with the enzyme DNA ligase which joins 5'-phosphate and 3'-hydroxyl ends of the DNA."?
The main features of cloning vectors are: sequences that permit the propagation of itself in
a host cell (origin of replication), a multiple cloning site (polylinker region) to insert
foreign DNA, the most versatile vectors contain a site that can be cut by many restriction
enzymes, and a method of selecting for bacteria containing a vector with foreign DNA,

usually accomplished by selectable markers for drug resistance.''*"?

Figure 2.3: A pictorial representation for cloning the vector

49



Bacterial transformation is the process by which bacterial cells take up foreign DNA
molecules (constructed plasmid). Since DNA is a very hydrophilic molecule, it will not
normally pass through a bacterial cell’s membrane. In order to make bacteria take in the
plasmid, they must first be made “competent” to take up DNA. This is done by chilling
cells and the constructed plasmid in the presence of divalent cations such as CaCl,; this
prepares the cell walls to become more permeable to plasmid. Placing them briefly at 42°C
(heat shock), and then putting them back on ice, causes the bacteria to take in the
plasmid.2'4‘(’ To help the bacterial cells recover from the heat shock, the cells are briefly
incubated with non selective growth media. Cells are then plated out on antibiotic
containing media. Only bacteria that have acquired the plasmid can grow and form colonies

on the plate.'"*'¢
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Figure 2.4: Competent cell preparation and bacterial transformation.
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2.1.4 High- level expression of cloned gene (pET expression system)

Many proteins are expressed at low level in vivo, expression systems are designed to
produce many copies of a desired protein within the host cell. The pET expression system
(Novagen) was constructed to contain all of the genetic coding necessary to produce the
protein, including a promoter (T7 promoter) appropriate to the host cell, /ac operator region
3" to the T7 promoter, polylinker region downstream of the T7 promoter, /ac/ which codes
for the lac repressor protein, a sequence which codes for ribosome binding, and a sequence
which terminates transcription. The pET expression system is highly selective for
bacteriophage T7 RNA polymerase. The specificity lies in the T7 promoter which only
binds T7 RNA polymerase, the pET expression system involves not only an expression
vector, but also a genetically engineered host bacteria E. coli strain Rosetta (Rosetta is a
specific host strain designed to express proteins containing rare codons). The gene for T7
RNA polymerase (gene 1) is inserted into the chromosome of E. coli and transcribed from
the /ac promoter; therefore, it will be expressed only if the inducer isopropyl-beta-D-

thiogalactopyranoside (IPTG) is added. The T7 RNA polymerase will then transcribe the

gene cloned into the pET vector."!
(" PTG Induction IPTG Induction
E. coliRNA * T7 Rhi *
polymerase LT

O R SIS

Figure 2.5: Control elements of the pET expression system. 6
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2.1.5 Purification of recombinant protein

Immobilised metal ion affinity chromatography (IMAC) is a popular and powerful way to
purify proteins. It 1s based on the specific coordinate covalent binding between histidine or
other amino acids (either naturally present on the surface of the protein or grafted with

recombinant DNA techniques) and various immobilized metal ions, such as nickel.” 18

His-tags have affinity toward nickel ions, and thus can be immobilised on nickel ions
in a resin which is packed in a column. Since the protein is the only component with a His-
tag, the majority of proteins will pass through the column, and leave the His-tagged protein
bound to the resin. The protein is competitively released from the column by eluting it with
increasing amounts of imidazole, which competes with the His-tags for nickel binding.*
The purity and the amount of protein can be assessed by SDS-PAGE (Sodium Dodecyl

Sulfate-PolyAcrylamide Gel Electrophoresis).

(a) (b)

(Hhis)6 tag

| Lyse cells ‘r
PR T
Recombinant plasmid © 6“ 3

Bacterial cell
% ® Other cell components

Figure 2.6: Affinity chromatography and fusion proteins combine to efficiently purify a protein. (a) An
expression vector that inserts six histidine codons at the N-terminus, following the histidines is a
sequence of target recombinant protein. (b) (1) The vector is expressed to form target proteins. (2) The
cell is lysed. (3) The lysate run over a nickel column, nickel attracts the histidine tag on the fusion
protein, and the other cell components are washed out. (4) High concentrations of imidazole are used to

elute the fusion protein.
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2.2 Bacterial strains and plasmids

E coli DH5a competent cells were used for amplification of recombinant plasmids, while
E. coli Rosetta strain was used as the expression host. The vector pET 28a(+) was used for
expression.  Salmonella  typhimurium LT, Salmonella paratyphi A; Desulfovibrio
desulfuricans G20 Bacillus subtilis strain 168 and Bacillus licheniformis ATCC 14580

were obtained from Chemistry department culture collection.

2.3 Genomic (Template) DNA extraction
2.3.1 Gram positive bacteria (Bacillus subtilis and Bacillus licheniformis)

The genomic DNA was extracted using Wizard® genomic DNA purification kit'’ by
transferring 1 ml of overnight culture to a 1.5 ml microcentrifuge tube. Cells were pelleted
by centrifugation at 13000-16000 xg for 2 min, and resuspended thoroughly in 480 pul of 50
mM EDTA. Appropriate lytic enzymes (lysozyme) were added to resuspend cell pellet in a
total volume of 120 ul, gently mixed then incubated at 37°C for 30-60 min, and centrifuged
for 2 min at 13000-16000 xg. The cell pellet was resuspended through adding 600 pl of
nuclei lysis solution, and incubated at 80°C for 5 min to lyse the cells, then cooled to room
temperature followed by addition of 3 ul of RNase solution to the cell lysate. The tube was
inverted 2-5 times to mix, incubated at 37°C for 15-60 min then cooled to room
temperature. RNase-treated cell lysate was vigorously vortexed at high speed for 20 min
following addition of protein precipitation solution (200 pl), the sample was incubated on
ice for 5 min, and centrifuged at 13000-16000 xg for 3 min. The supernatant containing
DNA was transferred to a clean 1.5 ml microcentrifuge tube containing 600 ul of room
temperature isopropanol, gently mixed by inversion until the thread-like strands of DNA
formed a visible mass, then centrifuged at 13000-16000 xg for 2 min. The supernatant was
carefully poured off, and the tube drained on clean absorbent paper, 600 pl of room
temperature 70% ethanol added, and the tube gently inverted several times to wash the
DNA pellet. The sample was centrifuged at 13000-16000 xg for 2 min, and the ethanol
carefully aspirated. The tube was drained on clean absorbent paper and the pellet allowed to
air-dry for 10-15 min. Finally 100 pl of DNA rehydration solution was added to the tube
and DNA was rehydrated by incubating the solution overnight at 4°C, then the DNA was
stored at 2-8°C.
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2.3.2 Gram negative bacteria (Salmonella typhimurium LT,; Salmonella paratyphi A,

and Desulfovibrio desulfuricans G20)

The same protocol was used as for Gram negative bacteria except the steps using EDTA,

and lytic enzyme addition were excluded."”

2.4 PCR protocol for isolation of nitroreductases and carboxylesterases
2.4.1Nitroreductase genes isolation

Nitroreductase genes; nfnB (Salmonella typhimurium LT,), ydid (Salmonella
enterica paratyphi A, ATCC 9150), Dde 0086 (Desulfovibrio desulfuricans G20),
and Dde_ 2199 (Desulfovibrio desulfuricans G20) were isolated using two different
PCR kits; (proofstart polymerase®, and KOD Hotstart polymerase”) and pre-designed

primers listed in Table 1.

The PCR protocol using proofstart polymerase for n/nB isolation, was compiled by
putting together 1 pl template DNA, 5 pl ProofStart PCR Buffer, (Owing to a uniquely
balanced combination of KCIl and (NH4)2SO4 proofstart PCR buffer provides stringent
primer-annealing conditions over a wider range of annealing temperatures and Mg
concentrations), 1.5 pl ANTP (deoxynucleoside triphosphates ), 3 ul forward primer, 3 pl

reverse primer, 1 pl ProofStart DNA polymerase, | pl MgSO4 , and 34.5 ul distilled water.

The PCR thermal cycler Fig. 2.7 was programmed to run in the following manner;
initial activation step at 95°C for 5 min followed by 15 cycles of 94°C for 1 min
(denaturation), -55-66°C for 1 min (annealing), and 72°C for 2 min (extension), after which
the temperature was held at 72°C for 5 min to ensure that any remaining single stranded
DNA was completely copied. Twenty cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 2
min, were followed with a final extension at 72°C for 10 min, finally the temperature was

held at 4°C overnight (The DNA will not be damaged at (2-8°C) after just one night).
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Table 1: Oligonucleotide PCR primers. Underlined and bold letters refer to alteration to create a
restriction site; the sequence in red is the restriction site for BamH1 and the sequence in green is the
restriction site for HindlII, while blue sequence refers to the restriction site Sacl.

Bacteria Gene / Primers Sequence Restri
locus tag ction
Forward | 5. CCAGGATCCTTTATGGATATCGTTTCTGTCGC-3" BamH1
Salmonella . ; s SRR e Hindiil
nfnb Reverse 5-GGGCGTCAAGCTITAGGCAGGGGA-3 ng
typhimurium
LTy Forward | 5°.CCAGGATCCTGTTGCTGTTGCTGTTGCTTTATGGATATCGTTTCTGTCGC-3" BamH1
d
§ Seimoiella Forward | 5 GCTGGATCCAATCAAATGGATGCACTA-Y BamH1
E enterica
. dliA Revers -CAGAAGCTTGACAGTTTTATCCCTCAGCG -3° Hindlil
E Baratyphi & ydj everse 5
1=
% Forward | 5 GCTGGATCCTGTTGCTGTTGCTGTTGCAATCAAATGGATGCACTA-3" BamH1
N s
E Desulfovibrio Dde 0086 Forward | 5 AGGGGATCCGTCATGCATAGC-3" BamH1
o desulfuricans ]
o G20 Reverse | 5-GGAAAGCTTCATTGCTGCCGCACG-3' Elvittl
Forward | 5. AGGGGATCCTGTTGCTGTTGCTGTTGCGTCATGCATAGE -3° BamH1
Desulfovibrio Forward | 5 ACGGGATCCGCCATGAATGAGAC -3 BamH !
desulfuricans ]
G20 Dde 2199 | Reverse | 5-CGTCATTGAAGCTTGTCTTTGCGGCAGA -3 Hindll!
Forward | 5°. ACGGGATCCTGTTGCTGTTGCTGTTGCGCCATGAATGAGAC -3° Bamtil
Forward | 5 AAGGGATCCAACACAATGACTCATCAAATAG -3° BamH1
Buacillus
subtilis strain pnbA Reverse | 5-CAGCACAAGCTTATCCTGTTTTCCCCA -3° Hindlll
168

Forward | 5. AAGGGATCCTGTTGCTGTTGCTGTTGCAACACAATGACTCATCAAATAG -3 | BamH1

_ Forward [ 5 AAGGGATCCAATAAAATGTATGATACAACTGTCGAA -3° BamH]
Bacillus
licheniformis | pnbA Reverse | 5'- GGCGAGCTCCACAGGTCAGGCCCG-3' Sacl
ATCC 14580
Forward | 5'- AAGGGATCCTGTTGCTGTTGCTGTTGCAATAAAATGTAT Bamt1

GATACAACTGTCGAA -3
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Figure 2.7: PCR thermal cycler

KOD Hotstart polymerase was used for ydj4, Dde 0086, and Dde 2199 isolation, the
50 pl reaction mixture contained 5 pl, 10x KOD Hotstart buffer, 2 ul template DNA, 2 pul
dNTP (deoxynucleoside triphosphates), 2 pl forward primer, 2 ul reverse primer, 1 pl KOD
Hotstart DNA polymerase, 2 ul MgSO4, and 34 ul distilled water.

Amplification was 95°C for 3 min (initial activation) followed by 15 cycles of 95°C
for 30s (denaturation), (66-56°C for ydj4, and 68-58°C for Dde 0086, and Dde 2199) for
30s (annealing), 75°C for 2 min (extension), after which the temperature was held at 75°C
for 2 min, and 20 cycles of 95°C for 30s, (56°C for ydj4, and 58°C for Dde 0086, and
Dde_2199) for 30s, 75°C for 2 min were followed with a final extension at 75°C for 2 min,

finally the temperature was held at 4°C overnight.
2.4.2 Carboxylesterase genes isolation

Carboxylesterase genes pnbA from Bacillus subtilis, and pnbA from Bacillus licheniformis
were amplified by Phusion™ High-Fidelty DNA Polymerase. > The PCR solution
comprised of 10 ul 5x Phusion HF buffer, 1 pl template DNA, 1.5 ul forward primer, 1.5 pl
reverse primer, 1 pl from 10mM dNTP, 0.5 pl Phusion DNA polymerase, and 34.5 ul

distilled water.

The PCR program consisted of two steps; 15 cycles of 98°C for 30s (initial
denaturation), 98°C for 10s (denaturation), 64-54°C for 30s (annealing), 72°C for 30s
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(extension) followed by 72°C for 10 min (final extension) were used for the first step, while
the second step included 20 cycles of 98°C for 10s, 54°C for 30s, 72°C for 30s followed by

72°C for 10 min, finally the temperature was lowered to 4°C overnight.

The success of the experiments was confirmed by 0.7% agarose gel electrophoresis,
which consists of 0.7 g agarose and 100 ml of 1x Tris-borate-ethylenediaminetetra-acetic
acid (TBE) in buffer pH 8.2, 2 ul Ethidium bromide was added to assist with analysis of the
gel, and 200 ml of 1x (TBE) was used as a running buffer.

2.5 Purification of PCR products

The PCR products (nitroreductases and carboxylesterases) were purified from primers,
nucleotides, polymerase, and salt using a QIAquick® PCR purification kit protocol.” This
was achieved by adding 5 volume of buffer PB to | volume of PCR sample, the resulting
sample was applied to the QIAquick spin column with a provided 2 ml collecting tube and
centrifuged for 1 min, the flow through discarded and the spin column placed back into the
collecting tube. Buffer PB allows the efficient binding of single or double stranded PCR
product and the quantitative 99.5% removal of primers. Unbound molecules were washed
away by adding 0.75 ml the ethanol-containing buffer PE to the spin column and
centrifuged for 1 min, any residual ethanol from buffer PE, which may interfere with
subsequent enzymatic reactions, was removed by an additional centrifugation for 1 min.
DNA was eluted with 30 pul of purified water added to the centre of spin column, leave

stand for 1 min, and centrifuged for 1 min.
2.6 Ligation of the gene of interest into the plasmid pET 28a (+)
2.6.1 Nitroreductase ligation

The purified PCR product (14 pl) was mixed with the appropriate restriction enzymes (2 ul
of each), and 2 pl, 10x buffer solution. A separate mixture was made up of 2 ul of an over-
expression plasmid pET-28a(+) (Appendix 1) (The pET-28a(+)carries a kanamycin
(antibiotic) resistant gene and 6-histidine tag (Hise) at the N-terminal configuration, which
are used for purification), the appropriate restriction enzymes (1 pl of each), buffer solution

(1 pl, 10x), and purified water (5 ul), the two solutions were allowed to digest at 37°C for
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45 min, later mixed, purified in accordance with the purification protocol (section 2.4), and
vacuum dried for 40 min. The product was re-dissolved in 8 pl purified water, 1 pl ligase,
and 1 pl ligase 10x buffer solution, which contains adenosine triphosphate (ATP) and Mg™",

to promote the joining of the DNA, then allowed to ligate at 16°C overnight.
2.6.2 Carboxylesterase ligation

The purified PCR product (30 ul) which included restriction enzyme sites was vacuum
dried for 40 min, then the resultant pellet mixed with the suitable restriction enzymes
(1 pl of each), 1 ul ,10x buffer solution, and 7 pl purified water . In a separate 1.5 ml
microcentrifuge tube, 2 pl of the plasmid vector pET-28a(+), appropriate restriction
enzymes (1 pl of each), 1 ul, 10x buffer solution , and 5 pl purified water, were mixed, the
solutions incubated at 37 °C for 1h, then subjected to agarose gel electrophoresis 90 mA for
40 min, both the digested PCR products and plasmid vector were gel extracted into the
samel.5 ml microcentrifuge tube , purified, and vacuum dried for 40 min later re-dissolved
in 8 pl purified water, 1 ul ligase, and 1 ul, 10x ligase buffer solution, finally incubated at

16°C overnight for ligation.
2.7 Competent cell preparation

Competent cells of E. coli strains DH5a and Rosetta were prepared according to the
method of Sambrook er al** A single colony was selected from a fresh LB plate and
incubated into 10 ml LB liquid medium, grown overnight at 37 C and sub-cultured (1:100)
into a final volume. The sub-culture was incubated at 37 C to an optical density
(O0.D.550 1) of 0.35 was achieved. The cells were chilled on ice for 5 min then centrifuged
at 8000 rpm for 5 min at 4 C. The supernatant was removed and the cell pellet was
resuspended in 2/5 volumes of competent cell buffer (1): Potassium acetate (30 mM),
Rubidium chloride (100 mM), Calcium chloride (10 mM), Manganese chloride (50 mM),
and glycerol 15% (v/v). The resuspended cells were chilled on ice for 5 min then
centrifuged as before. The supernatant was removed and the cell pellet was resuspended in
competent cell buffer (2): MOPS (10 mM), Calcium chloride (75 mM), Rubidium chloride
(10 mM), and glycerol 15% (v/v). After a 15 min period on ice the cells were aliquoted

(200 ul) into pre-chilled microcentrifuge tubes and stored at -80 C.
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2.8 Transformation of recombinant plasmid into the E. coli DH5a
2.8.1 Recombinant plasmid harbouring nitroreductase gene

1 pl EcoR1, and 1 pl of 10x buffer solution were added to the ligation mixture
(recombinant plasmid) in a suicide cut approach. This eliminates all ligation products that
are not recircularised only circularised plasmids will survive in the bacteria. The mixture
allowed digesting at 37 C for 1 h, then 200 pl £ coli DH5a. competent cells, an efficient
strain of E. coli for plasmid continuance pipette into ligation mixture. In order to transform
the recombinant plasmid into the competent cells, the mixture was placed on ice for 30 min,
to enable the plasmid to stick on the outside of the membrane, then heated to 42°C for
exactly 50 sec, to shock the plasmid inside the cell, and then replaced on ice for 2 min.
500 ul of Luria-Bertani broth (LB) was pipetted into the mixture, incubated at 37 C for 45
min, and then plated onto nutrient plates with antibiotic selection overnight at 37'C or until

colonies are of the desired size.

2.8.2 Recombinant plasmid harbouring carboxylesterase gene

200 pl of £ coli DHSa competent cells was added to the 10 pl ligation mixture, the mixture
was then left on ice for 30 min and then heated to 42°C for 50s. The mixture was then
returned to ice for 2 min, and subsequently incubated at 37°C for 45 min following 500 pl

of LB addition, then plated onto nutrient plates overnight at 37 C.
2.9 Screening the colonies

The transformed E. coli culture was then spread onto the LB agar (sensitive test agar)
supplemented with 50 pg/ml kanamycin in a range of different quantities; 75 pl, 175 pl,
200 pl, and 250 pl. This medium will only allow bacteria carrying the recombinant plasmid
to grow, as a kanamycin resistance gene is an integral part of pET 28a(+). Following
incubation overnight at 37 C, single colonies where transferred to liquid LB medium (5 ml)
containing 50 pg/ml kanamycin, and allowed to incubate overnight at 37°C to further

ensure only the resistant cells were grown.
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2.10 Purification of the high-copy plasmids
The high-copy recombinant plasmids from the 5 ml overnight £ coli culture in LB medium
were isolated after harvesting the cells as a pellet following centrifugation at (13000 rpm)

for (1 min) and purified using QIAprep® spin Miniprep kit.”

Bacterial cell pellet was re-suspended in 250 pl buffer P1 RNaseA, 250 pl buffer P2
was added and the tubes were mixed thoroughly by inverting 4-6 times, and leaving to
stand for 1 min. Then 350 pl buffer N3 was added and the tubes were mixed immediately
and thoroughly by inverting 4-6 times, and again leaving stand for 1 min. The high salt
concentration of buffer N3 causes denatured proteins, chromosomal DNA, and cellular
debris to precipitate, while the smaller plasmid DNA renatures correctly and stays in
solution. The resulting solution was then centrifuged for 10 min and a compact white pellet
was formed. The supernatant was then decanted to a spin column and centrifuged for 1 min.
The flow-through was discarded. The spin column was then washed with 500 pl buffer PB
and centrifuged for I min. The flow-through was again discarded. Next, the spin column
was washed again with 750 pl buffer PE and centrifuged for | min. The flow-through was
discarded and the column was centrifuged for an additional 1 min to remove residual wash
buffer. The spin column was then placed in a clean 1.5 ml micro-centrifuge tube, and the
DNA was eluted by adding 50 pl buffer EB (10 mM Tris-Cl, pH 8.5) to the centre of the

spin column, let stand for 1 min and centrifuged for 1 min.

To confirm the success of the ligation, the ligation mixture was digested with the
appropriate restriction enzymes (1 pl each) and subjected to agarose gel electrophoresis,
allowing the length in base pairs of both the cloned DNA and the original plasmid to be

determined.

2.11 PCR protocol for the incorporation of the Cys tag sequences

Using purified His-tagged plasmids as the template DNA; the protocols for PCR were
repeated using primers (Forward primers) designed to containing six adjacent codons for
Cyss between the Hisg-tag determined by pET28a (+) and the start codon of the enzymes
(NTR and CE).
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The same protocols were used for cloning the modified gene, transforming it into £.
coli DH5a., and for the expression, and purification.
2.12 Transformation into the E. coli Rosetta strain
2 pl of recombinant plasmids were added into 200 pl competent cells of the Rosetta strain
of E. coli (an efficient bacterium for the expression of heterologous genes), and
transformed in the way described previously (section 2.7). The resulting culture was mixed
with 500 pl LB medium, incubated at 37 C for 45 min, and then applied to the Petri dishes

and allowed to grow at 37 C overnight.

2.13 Expression of enzymes

After the overnight incubation the transformed Rosetta cells were picked and transferred to
a mixture of LB media (5 ml) and 50 pg/ml kanamycin, then grown overnight. The 5 ml of
solution was mixed with 500 ml of LB solution and 50 pg/ml kanamycin. The bacteria
were grown at 37Cona rotary shaker, when cultures reached an optical density (O.D.gp0nm)
of 0.6, expression was induced by the addition of IPTG (2 ml, 0.1 M). Incubation was

allowed to continue for an additional 4 hours.

The cells were harvested by centrifuging (8000 rpm for 10 min) and the pellets were re-
suspended in 10 ml, 10 mM imidazole solution; consisting of phosphate buffer (PB)
(pH 7.4, 6.25 ml, 0.1 M), and imidazole (2M, 0.25 ml), made up to 50 ml with distilled
water. The resulting suspensions were then sonicated four times for 30s, and centrifuged
(35000 rpm, 5°C, for 45 min). The supernatant was filtered through a 0.4 pm filter to

remove any residual particles prior to loading the sample onto the column.

2.14 Purification of nitroreductase enzyme

His-tags are often used for affinity purification of His-tagged recombinant proteins
expressed in Escherichia coli’® and other prokaryotic expression systems. Nickel-agarose
column was used to purify the His-tagged protein, which has affinity toward nickel ions
Ni** that immobilized in a resin, which is packed in a column (HiTrap chelating column).
The protein will bind the resin, since it is the only component with a His-tag. The protein
was released from the column by eluting it with different concentration of imidazole,”’

(Table 2) which competes with the His-tags for nickel binding.
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Table 2: 