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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, Km, Ymax, pH 

and temperature), and observe the reaction pathways of the enzymes. 

AIi the bacterial Nitroreductases (NfoB, Y djA, 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 Km and Ymax 

va lues. Additionally bacterial carboxylesterases (PnbAl 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 hydrol yse cocaine. 

The cys-tag insertion revealed its effect through decrease enzyme specific activity, 

protein concentration, Km and Ymax values, optimum temperature range for enzyme 

stability, however it does not restri ct 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 fi eld of biotechnology is gaining interest world-wide, and enzyme research has 

become an important area of biotechnology. Enzymes can be extracted from living 

ti ssues, and pur ified. Under controlled conditions of isolation, they retain their original 

level of activity; therefore, a purified enzyme can be used to caITy on a specific 

biochemica l reaction outside the cell. Enzymes can also be mod ified through gene 

manipulations for a variety of purposes including biosensors. 

The use of enzymes in biosensor development has achieved enormous attenti on; 

a biosensor is an analytical device which incorporates a biological material (recognition 

element) with a physio-chemical transducer. 1 Molecular recognition elements are 

centra l 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 carboxy/esterases (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 moni tored 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. 

ln the second part of this study bacterial carboxylesterases have been chosen as 

a biosensor recognition element which w ill used for narcotic detection because of their 

role in narcotics metabolism. The enzymes have to be geneti cally modified to 

immobilise into a transducer which w ill translate the reaction product in to the detection 

system. 

1 



1.2 Biosensors 

Explosives utili sation m te1rnrist and war activities cause great concern to public 

security of the whole world.
2 

As an important pollution, explosives also cause health 

problems in both animals and human.3 Even after degradation, the by-products of the 

common explosives are still toxic and carcinogenic.4
•
5 

Narcotic abuse has become a c1itical 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,6·
7 and narcotics.8

•
9 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. 10• 
11 They consist of three major components 

(Fig I. I) , 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 w ith the biological element into 

another signal ; and the signal processor that is responsible for the di splay of the results. 

HuinarS1mples 
!Blood u, nc Sntiva) 

Enmo"lmtntd S.mPet 
(A1r 'N•tor Sod 'wg t.lt:>11) 

Samples 

) ( '• ..... 
J ,, ' 

Cel• 

Elements of a Biosensor 

FETOe.ncn 

+ 

Biological clement I rn n~dun •r clement 

Figure J .I: Selected components of typical biosensors.12 
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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/AgCI, 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 e lectrodes are 

si licon, gold, carbon (graphite), and platinum. 

The general perfonnance of the biosensor primarily depends on the 

immobilisation of biomolecules in a suitable matrix and d iffusiona l limi tation of the 

analyte w ithin this matrix and to a lesser extent on the instrumentation system used to 

acquire the signal generated by biochemical reaction at the biosensing membrane. 13
•
14

•
15 

1.3 Enzyme immobilisation 

Immobi lisation 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 Immobili sation 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 microenvirom11ent 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 immobili sation 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 whi lst 

others are detrimental with the economics of their use. 

3 



In order to develop a v iable 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 wash ing off 

loosely bound and unbound enzyme the immobilised enzyme wi ll be produced in a 

directly usable form. Hydrophobic interactions, ionic bonds, hydrogen bonds, and van 

der Waals forces usually faci li tate this binding. These weak interactions allow easy 

enzyme desorption from the matrix through changes in ionic strength, pH, or 

temperature. 16
· '

7
·'

8 

1.3.2 Covalent binding 

This method of immobilisation involves covalent bond fo1mation between the enzyme 

and the support material. lt is an extensively researched technique and the most 

itTeversible 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 fonned 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 (NH2) of arginine or lysine, the carboxyl group (COOH) of 

g lutamic acid or aspartic acid, the hydroxyl group (OH) of tlu·eonine or serine, and the 

sulfydryl group (SH) of cysteine. 19•
20

•
21 

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
2
+ ions, gelatine, and polyacrylamide. Unfortunately, this process suffers from three 
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maJor drawbacks; large diffusional ba1Tiers to the transport of substrate or product 

resulting in reaction retardation and long response times, continuous loss of enzyme 

activity since these materi als generally do not have a narrow pore size di stribution, and 

shrinkage or swelling of the polymer depending upon the ionic strength of the 

environment. 22
'
23

•
24 

1.3.4 Membrane confinement 

Membrane confinement of enzymes may be achieved by a number of different methods, 

a ll of which depend for their u tili ty 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 whil st the reactant and product stream is 

present on the other side. Membrane confi nement is a fl ex ible method but expensive to 
r 

set up.-' 

1.4 Enzymes 

Enzymes are proteins that catalyze, or speed up, a chemical reaction and are not 

consumed during the reaction. 111 the 19th century, enzymes were fi rst characterized as 

the agents that drive chemical reactions in cell s.26 They contain a special pocket or cleft 

call ed the active site w hich 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 

· · . h F 2+ M 2+ M 2+ Z 2+ I . I I 11 d morga111c ions, sue as e , g , n , or n , or comp ex orgamc mo ecu es ca e 

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. 27
•
28 

In many enzymes, particularly those used in biosensors, the mode of action 

involves oxidation or reduction, w hich can be detected electrochemically. The detailed 

mode of action of enzym es can be described as follows: 

k2 
E+S ::::;=====~ ES--•► E +P 

k .1 
Equation 1.1 

5 



Where S is the substrate, E is the enzyme, ES is the enzyme-substrate complex, and P 

is the product. The rate constant k 1 and k.. 1 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 k2, the rate of fo1111ation of product from ES. The fom1ation and 

dissociation of ES complexes are usually very rapid reactions because only noncovalent 

bonds are formed and broken. ln contrast, the conversion of substrate to product is 

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

The steady-state approxi mation of the ki netic 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: 

Equation l .2 

Where: 

k1 IS][E] - k_1 !ES] is the rate of formation of complex 

and k21ES] is the rate of breakdown of complex 

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

The enzyme concentration can be described in terms of the total IE]totai, rather than the 

unknown, IE], so that IE]rotal = IE] + IESJ. Therefore equation 1.2 can be represented 

as: 

Equation 1.3 

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

w1i tten as: 

[E]total IS] 
Equation 1.4 

Km+ IS] 

Km = (k-1 + k2)/k1, where Km is the Michaelis ' constant. 

6 



When the concentration of S is very high, the enzyme is saturated, and essentiall y all 

the molecules of E are represent as ES. Under this condition, the velocity is at its 

maximum rate (Ymax) and this velocity is detem1ined by the total enzyme concentration 

and the rate constant k2. Thus 

V max= k2 IE]total 

Then, the overall rate of the reaction (rate of fom1ation of products) is given by the 

Michaelis' -Menton equation, as follows: 

dlP] -d[S] k2 IE] total [S] 
v= ---= Equation 1.5 

dt dt 

When [ S ] >> K m, a maximum value of the rate constant, V max, is reached, so that 

V max = k2[E]tota1, and when IS] = Km , V = V max/2. 

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

the Michaelis-Menton equation:29 

l 
1/v = = -----+ Equation 1.6 

k2lE]rotadS] k2IEo][S] Ymax 

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 1962,30 

is 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 avai lable portable unit. A number of 

approaches to glucose sensing using amperometry has been repo1ied but most are based 

on the glucose oxidase (GOX) catalysed ox idation 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. 
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0 0 
II II + 

-C-H+H2O ::::;;::=~-C-0-H + 2H + 2e- Equation 1. 7 

The electron acceptor in this reaction is nonnally molecular oxygen. 

Equation 1.8 

The overall reaction can be written as fo llows. 

Glucose+ GOD oxidized ----- Gluconic acid + GODreduccd Equation 1.9 

+ GODreduced + 0 2 + 2H GOD oxidized +H2O2 Equation I . I 0 

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/AgCI 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 detennine glucose makes use of the oxygen probe to detem1ine 

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 penneable membrane of the probe. The amount of dissolved oxygen 

remaining in the sample solution which diffuses across the membrane is determined, 

and is related to the concentration of glucose. 

This study will focus on the use of genetically modified bacteri al 

carboxylesterases and nitroreductases for use 111 the detection of narcotics and 

explosives. 
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1.5 Bacterial nitroreductases 

Nitroreductases are NAD(P)H dependent fl avoenzymes that mediate the reduction of a 

broad range of nitro-compounds. They were first identified in bacteri a able to reduce 

chloramphenicol and nitrobenzoic acids.31
•
32

•
33 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 . N itroreductase genes are w idely found 

w ithin bacteri al genome, but are al so found in archaea and eukaryotic organisms.34 

a 

FMN in reduced form 

cr
H TI 

c -....,_NH2 

/,1/ 

o - c~N NH2 
2 0 

I H H N ~ 
O= P- o · H H j' ~, N 

~ OH OH \ Jl.) 
I N N 

O= P- O- C~2 6 H O H 

H H 

b 

OH OH 

- + 
2e H 

reduction 

Oxidation 

FMN in oxidised form 

0 

aH H ~ -....__ 

NH2 

/,1/ 

O- C~2 N NH2 

I H O H N ~ 
O=P- O· H H j' ~ , N 

~ OH OH \ Jl.) 
I N N 

O= P- O- C~ 2 6 H O H 

H H 
OH OH 

NADH 

Figure 1.2: Illustrating the reduction and oxidation of (a) FMN a nd (b) NADH. 
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Nitroreductases have been classified into two main categories according to their 

response to oxygen (Fig. 1.3): oxygen insensitive nitroreductases (type 1) which catalyze 

the reduction of nitro-groups by transfer of two electrons from NAD(P)H to produce 

nitroso, hydroxylamino and ammo derivatives,35
·
36 while oxygen sensitive 

nitroreductases (type 11) 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 fom1ation of the superoxide 

. . fu .1 l 35 37 amon 111 a t1 e eye e. · 

o~~ o~N 

6 NADH NAD+ 6 
\ L .. I ~ 

Type I nitroreductase # 

H, _..,,OH 

6 
N itroaromatic Nitrosoaromatic Hydroxylaminoaromatic 

Type II 
Nitroreductascs 

Nitroaryl Anion Radical 

Aromatic amine 

Figure J.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 co!i, 38 FRP (NADPH-flavin 

oxidoreductase) of Vibrio harveyi,39 SnrA of Salmonella typhimurium,40 and PnrA of 

Pseudomonas putida JLR I I .4 1 The minor oxygen-insensitive nitroreductases (group B) 

which can use both NADH and NADPH as electron donors, includes two subgroups: 

the Bl with the NfnB of Escherichia co/i,42 NR and RNR proteins of Enterobacter 

cloacae,43
.4

4 
Cnr of Salmonella typhimurium,45 PnrB nitroreductase of Pseudomonas 

putida JLRI 1,4 1 
NADPH-flavin oxidoreductase FRasel of Vibrio fischeri,46 DrgA 
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(quinine reductase) of Synechocystis,47
•
48 and NPrA (major nitroreductase) of 

Rhodobacter capsulatus.49 The Y djA proteins (putative nitroreductases) of Escherichia 

coli, and Salmonella enterica, and the N prB (minor nitroreductase) of Rhodobacter 

capsulatus 49 are included in the subgroup B2. 

Recently bacterial nitroreductases have generated enonnous interest due to their 

critical involvement in mediating nitroaromatic toxicity,50
•
51

·
52 their potential use in 

nitroaromatic biorernediation, 53 and their use as a prodrug activator in directed 

. h . 54 ss anticancer t erap1es. ' 

1.5.1 Nitro-compounds 

A wide variety of nitro-compounds are introduced into the environment as a 

consequence of their appli cation in different aspects (Fig. I .4). Some compounds are 

used as explosives, pesticides, herbicides, plastic, dyes, phannaceuticals, and petroleum 

products. Others are produced as by-products of combustion processes.56
•
57 

Natural nitro-compounds (Fig. I .4 top) are biodegradable by microorganisms 

and can serve as a source of carbon and energy. ln 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 

carcinogenic effect on various organisms ranging from bacteria to rnammals,58
•
59

•
60 and 

they are identified as a major environmental pollutants, therefore their removal is of 

significant interest. 
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Natural nitro-compounds 

Chloramphcnicol 

Non-natural nitro-compounds 

Nitrofurazone 

2,4-Dinitroethylbenzene 
(DNEB) 

0 

Nitropyolutcorin 

v 
N 

C B1954 

M etronidazole 

3-Nitrobenzoate Nitro benzene 1,2-Dinitrobenzene 

Phidolopin 

2,4,6-Trinitrotoluene 
(TNT) 

RDX 

4-Nitrotoluene 

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 

intem1ediates 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 

compounds and some dinitroarornatics61 
•
62

•
63 whereas reductive metabolism (Fig. 1.5) 

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 fom1 hydride-Meisenheimer complexes, which may be further 

metabolized with the release of nitrite.64 

Figure 1.5: Microbial strategies for degradation of nitro-aromatic compounds by aerobes (i, ii, iii 
and v ) and anaerobes (iv).65 

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 

redox potential required to that found only in an anoxic environment.66'67 The rate of 

nitro-aromatic reduction depends upon the number of nitro-groups and the chemical 

properties of the substituents in the aromatic ring. 68 

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 flscheri 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.69·70·71 

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 + p fold of 

the subunits. The central hydrophobic core consists of five-stranded P-sheets 

smTounded by a-helices (Fig. 1.6). The FMN prosthetic groups interact with residues of 

both monomers, fom1ing 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 simi lar residues. 72
,
73-74 The nicotinamide ring of NAD(P)H is 

located between the flavin isoalloxazine ring and the conserved Phe 124 residue, as 

deduced from the position in the NfsB protein of the analogous ligand nicotinic 

acid_69,73 
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a 

b 

~ I\ lonoml'r \ 

FMN 

Solvent accessible active site 

Figure I .6: {A) Ribbon diagram of the two monomers from the structure of£. coli NTR B with 
attached cofactor FMN, drawn with MOLSCRIPT (B) Surface diagram illustrating the solvent 

accessible active site represented by PYMOL Viewer.69 

Y djA family protein (putative nitroreductases) 

Y djA 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. 73
•
75

•
76 Although 

Y djA shows low sequence similarity to the other NTRs at the amino acid level, the 

crystal structure of Escherichia coli Y djA (EC _ydjA) revealed that its overall structure 

closely resembles those of other NTRs (Fig 1.7), specifically, the two monomers 

comprise an a + ~ fold domain and fo1111 the dirneric structure, and FMN molecules are 

bound at the dimeric interface. 77
•
78 
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Comparison of the ammo acid sequence of Y djA with those of other NTRs 

shows that about 30 amino acids are lacking in the middle of Y djA 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 fl exible active site and 

this is considered as a fundamental difference which might distinguish the Y djA NTR 

family from other NTR fami ly members.75
•
76 

a 

b 

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.77 
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1.5.4 Physiological function of bacterial nitroreductases 

A lthough 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 ni troreductases due to their release into the 

environment very recently by human activities. 

As bacterial nitroreductases have broad substrate specifi city and reduce different 

nitro-compounds (nitro-aromatic and nitro-heterocyclic), fl avins, and quinones, 

different physiological functions have been suggested for these enzymes 79 involving 

Lawsone-dependent azo reductase, 80 oxidative stress, 81 
•
82

·
83 bio luminescence,39 

cobalamin synthesis, 84
•
85

•
86 chromate or ferric ion reduction,48•87•88 specific degradation 

pathways,89
•
90 quinone reduction for detoxification.80 

1.5.5 Nitro-aromatic compounds involved in this study 

Nitrobenzene (NB) 

N itrobenzene is the simplest nitroaromatic compound and wide ly 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 

and tendency to accumulate in the env ironment.56
•
91 Bacteri al degradation of 

nitrobenzene under anaerobic condition includes nitrobenzene reduction to aniline, and 

complete mineralization of aniline achieved by subsequent aerobic processes.92 

Nitrobenzene biodegradation has been descri bed in different bacteria, such as 

Streptomyce~,93 Bacillus, Pseudomonas, Klebsiella,94 Comamonas,95 Co,y nebacterium, 

Stapylococcus, Streptococcus,96 Alcaligenes, Acinetobacter, and Flavobacterium, 97 and 

Micrococcus luteus.98 White rot fungi99
•
100 and Rhodotorula mucilaginosa strain Z l 10 1 

were found to degrade nitrobenzene, and recently nitrobenzene biodegradation via 

competing pathways in contaminated environments has been also reported. 102 

3-Nitrobenzoates (3-NBA) 

N itrobenzoate (NBA) can be considered as an important nitro-aromatic compound due 

to its participation as an intermediate in nitrotoluene degradation and its potential use 

as a substrate for biocatalytic transformation. 103
•
104 NBA degradation pathways remain 

unclear although all three N BA 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. 105 Although 3-NBA degradation by dioxygenase attack in 

Pseudomonas strain JS51 and Comamonas strain JS46, 106 and by two monoxygenation 

steps in Nocardia107 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 p/antarum WCFSJ 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 

d ·ct f . . d ios re uce a w1 er range o 111troaromat1c compoun s. 

4-Nitrotoluene (4-NT) 

4-Nitrotoluene (4-NTs) 1s 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. 109 Reduction of the 

nitro group to an amino group with simultaneous hydroxylation of the benzene ring of 

4-NT in Pseudomonas putida OU83 has been previously demonstrated. 11 0 Oxidation of 

the methyl group of 4-NT to 4-nitrobenzyl alcohol has been demonstrated 111 

P d Ill B" ti . seu omonas sp. 1otrans on11at1on of 4-NT to 4-hydroxylaminotoluene m 

Mycobacterium strain HL 4-NT-1. 11 2 

2,4,6-Trinitritoluene (TNT) 

This wi ll 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 

ln this study NfsB oxygen insensitive nitroreductase from Salmonella 

typhimurium LT2 (NCBJ AE008722) which shares 88% amino acid identity with 

Escherichia coli NfsB nitroreductase, Y djA 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 

(Ode_ 0086, and Ode_ 2199) from Desu(fovibrio 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 fina lly engineered 

through insertion of cys12 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 phamrnceutical app lication of nitroreductases 111 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 fonn cytotoxic DNA 

cross-linking agents and subsequently cause cell death. There are essentia lly three 

strategies being used to introduce enzymes into the body. The first strategy is cal led 

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 prodrng 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. 11 3 

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 

converted to an effective anticancer drug, localized in the tumour tissue. 1I4
•

11 5 

Due to the role of the Escherichia coli nitroreductase NfsB in cancer therapy it 

has been well studied at structural and kinetic level, 116
•
117

·
118 and recently Bacillus 

lichen[formis and Bacillus amyloliquefaciens nitroreductases have been used for the 

same purpose. 119
•
120 

The use of nitro-compounds as antibiotics such as nitrofuran-derivatives 12 1Error! 

Bookmark not defined.and metronidazole 122
• 

123
• 

124 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 fo1m. 

Microorganisms degrade contaminant nitro-compounds thrnugh reactions that occur as 

a part of their metabolic processes. Different aerobic and anaerobic mechanisms have 

been used for remediation of polynitroaromatic compounds. 125
•
126

•
127 The development 

of transgenic plants expressing bacterial nitroreductase to remove tox ic pollutants from 

s ites that have been polluted through industrial activities and military has been 

reported. 128
• 

129
• 

130 ln addition, nitro-aromatic degradation by hybrid pathway through 

genetically modified bacteria l strains, 13 1
•
132 microorganism or enzyme based biosensors 

and irnmunosensors to detect materials and sites polluted with nitro-aromatic 

compounds may be developed.133 

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 fo1m strong thiol ate bonds on a biosensor 

gold electrode. I 34 

The oxygen insensitive nitroreductase NfrA from Bacillus subtilis strain LAM, 

isolated from industrial waste contaminated with nitroarornatic compounds, has been 

used as a specifi c 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-DABTF), 

i1Tadiation 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. 135 

1.6 Bacterial Carboxylesterases 

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

different sources ranging from mammals 136 to bacteria, 137 and even in plants.138 These 

enzymes cleave carboxylic esters into the corresponding alcohol and carboxylic acid, 

and they are members of al p hydrolase family that share a common al p hydrolase fold, 

a regulatory domain, and the catalytic triad of Ser, His, and Asp/Glu. 139
• 

140 They 

exhibit broad substrate specificities, catalyse hydrolytic and transesterification reactions 

of xenobiotics (carboxyl esters, thioesters and aromatic amides), narcotics (heroin and 

cocaine), 
141 

anticancer drugs such as irinotecan (CPT-1 1 ), 142 and detoxify numerous 

organophosphate and carbamate compounds used as insecticides (malathion) or 

chemical weapons (Sarin, Tabun and Soman), 143
•
144 and catalyze several reactions in 

cholesterol and fatty acid metabolisrn. 145
•
146

•
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 fonn 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 fonnation of tetrahedral 

intem1ediate of an acyl group (a covalent a(i·l-enzyme infermediate is f ormed with the 

cataly tic serine residue), the alcohol product is released from the enzyme. The acyl

enzyme inte1111ediate is attacked by water acting as the nucleophile to produce acyl 

product and the catalytic residues return to their original state. 148
•
149 In 

transesterification reactions alcohol can attack the acyl-enzyme intem1ediate generating 

an ester product. The transesterification of cocaine with ethanol to generate 

cocaethylene is a well-researched example. 150 

21 



" R'OH 

Ser 20 3 

I 
CH 2 

I 
0 

1-ro 
c, 

R 

Ser203 

I 
CH2 

- I H- 0 
0 

o-c'7 
/ " H R 

Figure 1.8: A proposal mechanism for the action of carboxylesterase. 151 

1.6.2 Carboxylesterases crystal structure 

Recently carboxylesterase crystal structures from different organisms have been 

solved, 152
•
153

•
154

•
155 Despite sequence differences they share a typical a!P domain, and a 

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

that of Pseudomonas .fluorescens, was reported in 1997,153 and the first mammalian 

crystal structure was reported in 2002, 156 followed by that of hCEl. 154
•
155 

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

a alp protein composed of a central 13-stranded P-sheet surrounded by 15 a-helices. 

The catalytic triad is formed by Ser- I 89, His-399, and Glu-3 1 0; this enzyme shares the 

rare use of G lu 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 

fom1ed by four loops. Residues 64-71 and 413- 417 (unstructured WT loops) fonn one 
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side of the entrance. The rest of the entrance is fom1ed by residues 3 16-320 (poorly 

structured electron density in WT) and 260- 268. The residues 105-108, 193, 21 5- 2 I 6, 

268- 275, 3 10-3 14, 362- 363, and 399-400 comprise the active site cavity. 157 

Figure 1.9: The crystal structure of Pnb CE with secondary structural elements (PDB code 
I EQ3). 

157 
The active site residues (Ser 189, Glu 310 and His 399) arc enlarged. The figure 

was re-drawn using the PyMOL. 

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 cata lysis 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. 158
·
159

•
160 

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 

effi c ient enzyme in the activation of CPT-11 . 
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The pro-drug CPT-11 reqmres 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 fomrntion and eventually 

leads to cell death through inhibition of DNA transcription. 161 
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Figure 1.10: Two steps of prodrug CPT-11 activation to topoisomerase poison SN-38 and 4-
piperidino-piperidine ( 4pp) by carboxylesterase.162 

hCE-1 catalyzes the hydrolysis of cocaine methyl ester generating 

benzoylecgonine, a non toxic urinary metabolite of cocaine (Fig 1.11). 163
•
164

•
165 When 

cocaine and alcohol are abused together hCE-1 has the ability to generate the toxic 

cocaine metabolite cocaethylene (Fig 1.11 ). 166 Human liver carboxylesterases (hCE-1 

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. 164 
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Figure 1.11: Narcotics (cocaine & heroin) metabolism by hCE.167 

Detoxification of pesticides and chemical weapons (Tabun, Sarin, and Soman) is 

accompli shed 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 

agents.1 68,169 

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 (hCEl ) was shown to have cholesteryl ester hydro lase 

(CEH),170 fatty acyl-CoA hydrolase, 171 and acyl-CoA:cholesterol acyl-transferase 
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(ACA T) activities. 172 ln 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. 

Free Fatty 
acids 

Cell membrane 

11:MA 
Figure 1.12: Cholesteryl ester metabolism in macrophages. Abbreviations: oxLDL, oxidized low
density lipoprotein; HDL, high-density lipoprotein; ChE, cholesteryl ester; FC, free cholesterol; 

173 ACA T, acylCoA:acyltransferase; hCE I , human carboxylesterase I. 

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. 174 CEs have an N-tenninal hydrophobic signal peptide that 

marks them for trafficking through ER; additionally a Lys-Asp-Glu-Leu (KDEL) 

sequence present at the C-tenninus of the protein ensures retention within the cell. 175 

1.6.4 Carboxylesterases and narcotics (heroin and cocaine) 

Cocaine (COC), an alkaloid obtained from Erythroxylum coca plant bas become one of 

the most notably abused drugs, and remains one of the most common health 

problems. 176 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 urme (Fig 

1.11)
177

. In association with alcohol, cocaine is converted into cocaethylene (Fig 1.11), 

an active compound responsible for an enhanced euphoric fee ling. 178 

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 

(6-MAM), which is further hydro lysed to morphine (Fig 1.1 I). 179
•
180 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.181 

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-, 

stereo-, and enantiospecific reactions. 182
·
183

•
184 p-Nitrobenzyl esters act as protecting 

groups on intermediates in the production of clinically important oral P-lactam 

antibiotics
185

. A Bacillus carboxylesterase has been used for stereo specific resolution 

of R,S-naproxen esters, which is an important anti-inflammatory drug, 186 and a 

p -nitrobenzyl esterase was genetically engineered in order to synthesize cephalosporin

derived antibiotics. 187 

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 

teclu1ology which allows genes to be manipulated, altered, and transfened 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 fonn 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. 

Figure 1.13: The electron transfer from the electrode 
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Hurn an liver carboxylesterase (hCE I) have a key role in coca me overdose 

treatment through catalysis of the cleavage of cocaine methyl ester bond to generate 

benzoylecgonine, the non-tox ic cocaine metabolite. ln 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. 

29 



1.8 References 

1 Turner AP (2000) Biosensors - sense and sensitivity. Science. 290: 1315. 

2 Yinon J (2006) Field detection and monitoring of explosives Trends Anal. Chem. 21: 
292. 

3 Anderson GP, Moreira SC, Charles PT, Medintz IL, Goldman ER, Zeinali M, Taitt 
CR (2006) TNT detection using multiplexed liquid array displacement 
immunoassays Anal. Chem. 78:2279. 

4 Won WD, Disalvo LH, Ng J (1976) Toxicity and mutagenicity of 2,4,6-trinitrotoluene 
and its microbial metabolites. Appl. Environ. Microbial. 31:576. 

5 Homma-Takeda S, Hiraku Y, Ohkama Y (2002) 2,4,6-Trinitrotoluene-induced 
Reproductive Toxicity via Oxidative DNA Damage by its Metabolite . Free Radie 
36:555. 

6 Steinfeld JI, Wormhoudt J (1998) Explosives detection: a challenge for physical 
chemistry Annu. Rev. Phys. Chem. 49: 203. 

7 Yinon J (2002) Field detection and monitoring of explosives. TrAC, Trends Anal. 
Chem. 21: 292. 

8 Halameka J, Makowera A, Knoschea K, Skladalb P, Schell era FW (2005) 
Piezoelectric affinity sensors for cocaine and cholinesterase inhibitors. Talanta. 65 : 
337. 

9 Teller C, Halamek J, Zeravik J, StockJein WFM, Scheller FW (2008) 
Development of a bifunctional sensor using haptenized acetylcholinesterase and 
application for the detection of cocaine and organophosphates. Biosen. Bioelec. 24 : 
111. 

10 Thevenot DR, Toth K, Durst RA, Wilson GS (2001) Electrochemical biosensors: 
recommended definitions and Classification. Biosen. Bioelec. 16: 121. 

11 Sangam VG, Patre BM (2007) Performance Evaluation of an Amperometric 
Biosensor using a Simple Microcontroller based Data Acquisition System. 
Int.J. Biolog. Biomed. Med. Scien. 2:45. 

12 Grieshaber D, MacKenzie R, Voros J, Reimhult E (2008) Electrochemical 
biosensors-sensors principles and architectures. Sens. 8:1400. 

13 Chaubey A., Malhotra BD (2002) Mediated biosensors, Biosen. Bioelec. 17:441 . 

14 Gopel W, Heiduschka P (1995) Interface analysis in biosensor design. Biosen. 
Bioelec.10: 853. 

30 



15 
Baronus R, Ivanauskas E, Kulys J (2003) Computer simulation of the response of 

amperometric biosensors in stirred and non stirred solution. Nonlinear Analysis: 
Modeling and control. 8: 3. 

16 
Santano E, del Carmen Pinto M, Macias P (2002) Xenobiotic oxidation by 

hydroperoxidase activity of lipoxygenase immobilized by adsorption on controlled pore 
glass. Enzy.Microb.Technol. 30: 639. 

17 
Basso A, De Martin L, Ebert C, Gardossi L, Tomat A, Casarci M, Li Rosi 0 

(2000) A novel support for enzyme adsorption: properties and applications of aerogels 
in low water media. Tetrahedron Lett. 41: 8627. 

18 Cosnier S (1999) Biomolecule immobilization on electrode surface by entrapment or 
attachment to electrochemically polymerized films. A review. Biose.Bioelec.14: 443. 

19 Bora U, Chugh L, Nahar P (2002) Covalent immobilization of proteins onto 
photoactivated polystyrene microtiter plates for enzyme-linked immunosorbent assay 
procedures. Journal of Immunological Methods. 268: 171. 

20 Ying L, Kang ET, Neoh KG (2002) Covalent immobilization of glucose oxidase on 
microporous membranes prepared from poly(vinylidene fluoride) with grafted 
poly(acrylic acid) side chains. J. Membr. Sci. 208: 361. 

21 
Bayramoglu G, Kacar Y, Denizli A, Yakup Arica M (2002) Covalent 

immobilization of lipase onto hydrophobic group incorporated poly(2-hydroxyethyl 
methacrylate) based hydrophilic membrane matrix. J. Food Eng . 52: 367. 

22 
Borole DD, Kapadi UR, Kumbhar PP, Hundiwale DG (2002) Influence of inorganic 

and organic supporting electrolytes on the electrochemical synthesis of polyaniline, 
poly(o-toluidine) and their copolymer thin film. Mater. Lett. 56: 685. 

23 Cosnier S, Senillou A, Gratzel M, Comte P, Vlachopoulos N, Jaffrezic Renault N, 
Martelet C (1999) A glucose biosensor based on enzyme entrapment within polypyrrole 
films electrodeposited on mesoporous titanium dioxide. J. Electroanal. Chem. 469: 176. 

24 
Tai Y, Schwartsburd B, Nussinovitch A, van Rijn J (2001) Enumeration and factors 

influencing the relative abundance of a denitrifier, Pseudomonas sp. JR12, entrapped in 
alginate beads. Environ. Pollut. 112: 99. 

25 
Bohm S, Pijanowska D, Olthuis W, Bergveld P (2001) A flow-through amperometric 

sensor based on dialysis tubing and free enzyme reactor. Biose. Bioelec. 16: 391 . 

26 
Bugg T (1997) An introduction to enzyme and coenzyme chemistry. Blackwell 

Science Ltd. 

27 
Elliott W H, Elliott DC (2005) Biochemistry and molecular biology. Third editon. 

Oxford University press Inc., New York. 

31 



28 Lehninger AL, Nelson D L, Cox MM (1993) Principles of biochemistry. Second 
edition. Worth publishers, Inc. 

29 Eggins BR (2002) Chemical sensors and biosensors. John wiley and sons Ltd P97 

3° Clark LC Jr, Lyons C (1962) Electrode systems for continuous monitoring in 
cardiovascular surgery. Ann. NY Acad. Sci. 102:29. 

31 Morcos SR, Salah MK (1951) Reduction of chloromycetin by a cell-free bacterial 
extract and its relation to Nitrite reduction. Nature. 167: 118. 

32 Cartwright NJ Cain RB (1959) Bacterial degradation of nitrobenzoic acids. 2. 
Reduction of the nitro group. JBiochem. 73: 305. 

33 Villanueva JR (1964) The purification of a nitro-reductase from Nocardia V. J Biol. 
Chem. 239: 773. 

34 Marques de Oliveira I, Pe~gas Hemiques JA Bonatto D (2007) In silico identification 
of a new group of specific bacterial and fungal nitroreductase-like proteins. Biochem. 
Biophy. Res. Commu. 355: 919. 

35 Peterson FJ, Mason RP, Hovsepian J Holtzman JL (1979) Oxygen-sensitive and -
insensitive nitroreduction by Escherichia coli and rat hepatic microsomes. J Chem. 
Biol. 254:4009. 

36 Bryant C, McCalla DR, Leeksma M Laneuville P (1981) Type I nitroreductases of 
Escherichia coli. Can. J Microbial. 27:853. 

37 Mason RP Holtzman JL (1975) The role of catalytic superoxide formation in the 02 
inhibition of nitroreductase. Biochem. Biophys. Res. Commu. 67: 1267. 

38 Zenno S, Koike H, Kumar AN, Jayarman R, Tanokura M Saigo K (1996a) 
Biochemical characterization of NfsA, the Escherichia coli major nitroreductase 
exhibiting a high amino acid sequence homology to Frp, a Vibrio harveyi flavin 
oxidoreductase. J Bacterial. 178: 4508. 

39 Lei B, Liu M, Huang S, Tu S-C (1994) Vibrio harvey i NADPH flavin 
oxidoreductase: cloning, sequencing and overexpression of the gene and purification 
and characterization of the cloned enzyme. J Bacterial. 176: 3552. 

40 Nokhbeh MR, Boroumandi S, Pokorny N, Koziarz P, Paterson ES Lambert 1B 
(2002) Identification and characterization of SnrA, an inducible oxygen-insensitive 
nitroreductase in Salmonella enterica serovar Typhimurium TA1535. Mut. Res.SOS: 59. 

4 1 Caballero A, Lazaro A, Ramos JL Esteve-Nunez A (2005b) PmA, a new 
nitroreductase-family enzyme in the TNTdegrading strain Pseudomonas putida JLRl 1. 
Environ. Micro biol. 7: 1211. 

32 



42 Zenno S, Koike H, Tanokura M, Saigo K ( 1996b) Gene cloning, purification and 
characterization of NfsB, a minor oxygeninsensitive nitroreductase from Escherichia 
coli, similar in biochemical properties to FRaseI, the major flavin reductase in Vibrio 
fischeri. J Biochem. 120: 736. 

43 Bryant C, DeLucaM (1991) Purification and characterization ofan oxygen
insensitive NAD(P)H nitroreductase from Enterobacter cloacae. J. Biol. Chem. 266: 
4119. 

44 Koder RL, Oyedele 0 , Miller AF (2001) Retro-nitroreductase, a putative 
evolutionary precursor to Enterobacter cloacae strain 96-3 nitrorreductase. Antioxid. 
Redox. Signal. 3: 747. 

45 Watanabe M, IshidateM, Nobmi T (1990) Nucleotide sequence of Salmonella 
typhimurium nitroreductase gene. Nucleic Acids Res. 18: 1059. 

46 Zenno S, Saigo K, Kan oh H, Inouye S (1994) Identification of the gene encoding the 
major NAD(P)H-flavin oxidoreductase of the bioluminescent bacterium Vibrio fischeri 
ATCC 7744. J Bacterial. 176: 3536. 

47 Matsuo M, Endo T, Asada K (1998) Isolation of a novel NAD(P)H-quinone 
oxidoreductase from the cyanobacterium Synechocystis PCC6803. Plant Cell Physiol. 
39: 751. 

48 Takeda K, lizuka M, Watanabe T, Nakagawa J, Kawasaki S, Niimura Y (2007) 
Synechocystis DrgA protein functioning as nitroreductase and ferric reductase is 
capable of catalyzing the Fenton reaction. FEES. J. 274: 1318. 

49 Perez-Reinado E, Blasco R, Castillo F, Moreno-Vivian C, Roldan MD (2005) 
Regulation and characterization of two nitroreductase nprA and nprB genes of 
Rhodobacter capsulatus. Appl. Environ. Microbial. 71: 7643. 

50 Homma-Takeda S, Hiraku Y, Ohkuma Y, Oikawa S, Murata M, Ogawa K, lwamuro 
T, Li S, Sun GF , Kumagai Y, Shimojo N, Kawanishi S(2002) 2,4,6 trinitrotoluene 
induced reproductive toxicity via oxidative DNA damage by its metabolite. Free Radie 
Res. 36: 555. 

51Padda RS, Wang C, Hughes JB, Kutty R, Bem1ett GN (2003) Mutagenicity of 
nitroaromatic degradation compounds. Environ. Toxicol. Chem. 22:2293. 

52 Sarlauskas J, Nemeikaite-Ceniene A, Anusevicius Z, Miseviciene L, Julvez MM , 
Medina M, Gomez-Moreno C, Cenas N (2004) Flavoenzyme-catalyzed redox cycling 
of hydroxylamino and amino metabolites of 2,4,6-trinitrotoluene: implications for their 
cytotoxicity. Arch. Biochem. Biophy. 425: 184. 

53 Hannik N, Rosser SJ, French CE, Basran A, Murray JA, Nicklin S, Bruce 
NC(2001) Phytodetoxification of TNT by transgenic plants expressing a bacterial 
nitroreductase. Nat. Biotechnol. 19: 1168. 

33 



54 Denny WA (2002) Nitroreductase-based GDEPT. Curr. Pharm. Des. 8: 1349. 

55 Knox RJ, Burke PJ, Chen S, kerr DJ (2003) CB 1954: from the walker tumor to 
NQO2 and VDEPT. Curr. Pharm. Des. 9: 2091. 

56 Spain JC (1995) Biodegradation of nitroaromatic compounds. Annu. Rev. Microbial. 
49: 523. 

57 Peres CM, Agathos SN (2000) Biodegradation of nitroaromatic pollutants: from 
pathways to remediation. Biotechnol. Annu. Rev. 6: 197. 

58 Lachance B, Robidoux Pl, Hawari J, Ampleman G, Thiboutot S, Sunabara GI (1999) 
Cytotoxic and genotoxic effects of energetic compounds on bacterial and mammalian 
cells in vitro. Mutat. Res. 444: 25. 

59 Robidoux PI, Hawari J, Thiboutot S, Ampleman G, Sunahara GI (1999) Acute 
toxicity of 2,4,6-trinitrotoluene in earthworm (Eisenia andrei). Ecotoxicol. Environ. 
Saf 44: 311. 

60 Sch"afer R, Achazi RK (1999) The toxicity of soil samples containing TNT and 
other ammunition derived compounds in the Enchytraeid and Collembola-biotest. 
Ecotoxicol. Sci. Pollut. Res. 6: 213. 

61 Spanggord RJ, Spain JC, Nishina SF, Mortelmans KE (1991) Biodegradation of 2,4-
dinitrotoluene by a Pseudomonas sp. Appl. Environ. Microbial. 57: 3200. 

62 Suen WC, Haigler BE, Spain JC (1996) 2,4-Dinitrotoluene dioxygenase from 
Burkholderia sp. strain DNT: similarity to naphthalene dioxigenase. J. Bacterial. 178: 
4926. 

63 Nishina SF, Paoli GC, Spain JC (2000) Aerobic degradation of dinitrotoluenes and 
pathway for bacterial degradation of 2,6-dinitrotoluene. Appl. Environ. Microbial. 66: 
2139. 

64 Esteve-Niifiez A, Caballero A Ramos JL (2001) Biological degradation of 2,4,6-
trinitrotoluene. Microbial. Mol. Biol. Rev. 65: 335. 

65 Kulkarni M, Chaudhari (2007)Microbial remediation of nitro-aromatic compounds: 
An overview. J. Environ. Manag. 85: 496. 

66 Lewis A, Goszczynski T, Crawford RL, Korus RA, Admassu W (1996) Products of 
anaerobic 2,4,6-trinitrotoluene (TNT) transformation by Clostridium bifermentans. 
Appl. Environ. Micro biol. 62: 4669. 

67 Rieger P-G, Meier H-M, Gerle M, Vogt U, Groth , Knackmuss H-J (2002) 
Xenobiotics in the environment: present and future strategies to obviate the problem of 
biological persistence. J. Bio tech. 94: 101. 

34 



68 McCormick NG, Feeherry FF, Levinson HS (1976) Microbial transformation of 
2,4,6-trinitrotoluene and other nitroaromatic compounds. Appl. Environ. Microbial. 31: 
949. 

69 Parkinson GN, Skelly JV, Neidle S (2000) Crystal structure of FMN-dependent 
nitroreductase from Escherichia coli B: a prodrug-activating enzyme. J Med. Chem. 43: 
3624. 

7° Kobori T, Sasaki H, Lee WC, Zenno S, Saigo K, Murphy MEP, Tanokura M (2001) 
Structure and site-directed mutagenesis of a flavoprotein from Escherichia coli that 
reduces nitrocompounds. Alteration of pyridine nucleotide binding by a single amino 
acid substitution. J Biol. Chem. 276: 2816. 

71 Lovering AL, Hyde El, Searle PF, White SA (2001) The structure of Escherichia coli 
nitroreductase complexed with nicotinic acid: three crystal forms at 1.7 AO

, 1.8 AO and 
2.4A O resolution. J Mo!. Biol. 309: 203. 

72 Tanner JJ, Lei B, Tu SC, Krause KL (1996) Flavin reductase P: structure of a 
dimeric enzyme that reduces flavin. Biochem. 35: 13531. 

73 Koike H, Sasaki H, Kobori T, Zenno S, Saigo K, Murphy MEP, Adman ET, 
TanokuraM (1998) 1.8A° Crystal structure of the major NAD(P)H:FMN 
oxidoreductase of a bioluminescent bacterium, Vibrio fisheri: overal structure, 
cofactorand substrate-binding, and comparison with related flavoproteins. J Mal. Biol. 
280: 259. 

74 Haynes CA, Kotler RL, Miller A-F, Rodgers DS (2002) Structures of nitroreductase 
in the three states. Effect of inhibitor binding and reduction. J Biol. Chem. 13: 11513. 

75 
Anlezark GM, Melton RG, Sherwood RF, Coles B, Friedlos F, Knox R J (1992). 

The bioactivation of 5-(aziridin-1-yl)-2,4-dinitrobenzamide (CB 1954)-1. Purification 
and properties of a nitroreductase enzyme from Escherichia coli a potential enzyme for 
antibody-directed enzyme prodrug therapy (ADEPT). Biochem. Pharmacol. 44:2289. 

76 Kotler RL, Miller AF (1998) Steady-state kinetic mechanism, stereospecificity, 
substrate and inhibitor specificity of Enterobacter cloacae nitroreductase. Biochem. 
Biophy. Acta. 1387: 395. 

77 Choi J-W, Lee J, Nishi K, Kim Y-S, Jung C-H, Kim J-S(2008) Crystal Structure of a 
Minimal Nitroreductase, ydjA, from Escherichia coli Kl2 with and without FMN 
Cofactor. J Mo!. Biol. 377: 258. 

78 Choi J-W, Lee J, Nishi K., Jung C-H, Kim J-S (2007) Crystallization and 
preliminary X-ray diffraction analysis of ydjA, a minimal nitroreductase from 
Escherichia coli K12. Acta Cryst. 63: 1064. 

79 Roldan MD, Perez-Reinado E, Castillo F, Moreno- Vivian C (2008) Reduction of 
polynitroaromatic compounds: the bacterial nitroreductases. FEMS Microbial. Rev. 
32:474. 

35 



80 Rau J, Stolz A (2003) Oxygen-insensitive nitroreductases NfsA and NfsB of 
Escherichia coli function under anaerobic conditions as lawsone-dependent azo 
reductases. Appl. Environ. Microbial. 69: 3448. 

81 Liochev SI, Hausladen A, Byer WF, Fridovich 1 (1994) NADPH:ferredoxin 
oxidoreductase acts as a paraquat diaphorase and is a member of the soxRS regulon of 
Escherichia coli. Proc. Natl. Acad. Sci. USA. 91: 1328. 

82 Liochev SI, Hausladen A, Fridovich I (1999) Nitroreductase A is regulated as a 
member of the soxRS regulon of Escherichia coli. Proc. Natl. Acad. Sci. USA. 96: 
3537. 

83 Streker K, Freiberg C, Labischinski H, Hacker J, Ohlsen J (2005) Staphylococcus 
aureus NfsA (SA0367) is a flavin mononucleotide-dependent NADPH oxidase 
involved in oxidative stress response. J. Bacterial. 187: 2249. 

84 Campbell RO, Taga ME, Mistry K, Lloret J, Anderson PJ, Roth JR, Walker GC 
(2006) Sinorhizobium meliloti bluB is necessary for production of 5,6-
dimethylbenzimidazole, the lower ligand of Bl2. Proc. Natl. Acad. Sci. USA. 103: 
4634. 

85 Gray MJ, Escalante-semerena JC (2007) Single-enzyme conversion of FMNH2 to 5,6 
dimethylbenzimidazole, the lower ligand of B 12. Proc.Natl.Acad.Sci. 104:2921. 

86 Taga ME, Larsen NA, Howard-Jones AR, Walsh CT, Walker GC (2007) BluB 
cannibalizes flavin to form the lower ligand of vitamin Bl2. Nature. 446: 449. 

87 Kwak YH, Lee DS, Kim HB (2003) Vibrio harveyi nitroreductase is also a chromate 
reductase. Appl. Environ. Microbial. 69: 4390. 

88 Ackerley DF, Gonzalez CF, Keyhan M, Blake R II , Martin M (2004) Mechanism of 
chromate reduction by the Escherichia coli protein, NfsA, and the role of different 
chromate reductases in minimizing oxidativestress during chromate reduction. Environ. 
Microbial. 6: 851. 

89 Xiao Y, Wu JF, Liu H, Wang SJ, Liu SJ, Zhou NY (2006) Characterization of genes 
involved in the initial reactions of 4-chloronitrobenzene degradation in Pseudomonas 
putida ZWL73. Appl. Microbial. Biotechnol. 73: 166. 

90 Iwaki H, Muraki T, Ishihara S, Hasegawa Y, Rankin KN, Sulea T, Boyd J, Lau PC 
(2007) Characterization of a pseudomonad 2-nitrobenzoate nitroreductase and its 
catabolic pathwayassociated 2-hydroxylaminobenzoate mutase and a chemoreceptor 
involved in 2-nitrobenzoate chemotaxis. J. Bacterial. 189: 3502. 

91 Keith LH, Telliard WA (1979) Priority pollutants. I. A perspective view. Environ. 
Sci. Technol. 13: 416. 

36 



92 Dickel 0 , Haug W, Knackmuss HJ (1993) Biodegradation of nitrobenzene by a 
sequential anaerobic-aerobic process. Biodeg. 4 : 187. 

93 Zheng CL, Zhou JT, Zhao LH, Lu H, Qu BC, Wang J (2007) Isolation and 
characterization of a nitrobenzene degrading Streptomyces strain from activated sludge. 
Bull. Environ. Contam. Toxicol. 18: 163. 

94 Wei CH, Hou Y, Ren Y, Xie B, Wu CF (2000) Bio-cooperation effect and mixing 
substrates in the aerobic degradation of nitrobenzene, China Environ. Sci. 20 : 241 (in 
Chinese). 

95 Nishina SF, Spain JC(l 995) Oxidative pathway for the biodegradation of 
nitrobenzene by Comamonas sp. Strain JS 765. Appl. Environ. Microbial. 61 : 2308. 

96 Liu HG, Zheng H, Sun GP (1991) The isolation, characterization of nitrobenzene 
degrading strains. Environ. Sci. Technol. 1 ; 16 (in Chinese). 

97 Davis EM, Murray HE, Liehr JG, Powers EL (1981) Basic microbial degradation 
rates and chemical byproducts of selected organic compounds. Water Res. 15 : 1125. 

98 Chunlia Z, Baocheng, Q, Jing W, Jiti, Z, Jing W, Lu H (2009) Isolation and 
characterization of a novel nitrobenzene-degrading bacterium with high salinity 
tolerance: Micrococcus luteus. JHazar. Mater. 165 : 1152. 

99 Xuecai Z, Meihong X, Li L, Yunhua G, Mingqiang C, Jianbo W (2006) Study on 
degradation of several poisonous pollutions in environmental laccase from white rot 
fungus . Chem. Bioeng. 23 : 40. 

100 Levin L, Viale A, Forchiassin A (2003) Degradation of organic pollutants by the 
white rot basidiomycete Trametes trogii. Int. Biodeter. Biodegr. 52 : 1. 

101 Chunlia Z, Jiti, Z, Jing W, Jing W, Baocheng Q (2008) Isolation and characterization 
of a nitrobenzene degrading yeast strain from activated sludge. J Hazar. Mater. 160 
(2008) 194. 

102 Hofstetter TB, Spain JC, Nishina SH F, Bolotin J, Schwarzenbach RP (2008) 
Identifying Competing Aerobic Nitrobenzene Biodegradation Pathways by Compound
Specific Isotope Analysis. Environ. Sci. Technol. 42:4764. 

103 Yabannavar AV, Zylstra G (1995) Cloning and characterization of the genes for p
nitrobenzoate degradation from Pseudomonas pickettii YH105. Appl.Enviro. Microbio. 
61 : 4284. 

104 James KD, Williams PA (1998) ntn Genes determining the early steps in the 
divergent catabolism of 4-nitrotoluene and toluene in Pseudomonas sp. strain TW3. 
JBacteriol. 180: 2043. 

105 Razo-Flores E, Lettinga G, Field JA (1999) Biotransformation and biodegradtion of 
selected nitroaromatics under anaerobic conditions. Biotechnol. Prog. 15: 358. 

37 



'
06Nadeau LJ, Spain JC (1995) Bacterial degradation of m-nitrobenzoic acid. Appl. 

Environ. Microbial. 61: 840 

107 Cartwright NJ, Cain RB (1958) Bacterial degradation of the nitrobenzoic acids. 
Biochem. J. 71: 248. 

108 Guillnen H, Curiel JA, Landete JM, Munoz R, Herraiz T (2009) Characterization of 
a nitroreductase with selective nitroreduction properties in the food and intestinal lactic 
acid bacterium Lactobacillus plantarum WCFSJ. J. Agric. Food Chem. 57: 10457. 

109 James KD, Williams PA (1998) ntn Genes determining the early steps in the 
divergent catabolism of 4-nitrotoluene and toluene in Pseudomonas sp. strain TW3. 
J.Bacteriol. 180:2043. 

110 Walia SK, Ali-Sadat Sh, Chaudhry GR (2003) Influence of nitro group on 
biotransfonnation of nitrotoluenes in Pseudomonas putida strain OU83. Pestic. 
Biochem. Physiol. 76: 73. 

111 James KD, Hughes MA, Williams PA (2000) Cloning and expression of ntnD, 
encoding a novel NAD(P)(+)-independent 4-nitrobenzyl alcohol dehydrogenase from 
Pseudomonas sp. Strain TW3. J. Bacterial. 182 : 3136. 

112 He Z, Spain JC (2000) Reactions involved in the lower pathway for degradation of 
4-nitrotoluene by Mycobacterium strain HL 4-NT-1. Appl. Environ. Microbial. 66 : 
3010. 

11 3 Theys J, Pennington 0, Dubois L, Anlezark G, Vaughan T, Mengesha A, Landuyt 
W, Anne J, Burke P J, Durre P, Wouters BG, Minton NP, Lambin P (2006) Repeated 
cycles of Clostridium-directed enzyme prodrug therapy result in sustained antitumour 
effects in vivo. Br. J. Cancer. 95: 1212. 

114 Won WD, DiSalvo LH, Ng J (1976) Toxicity and mutagemc1ty of 2,4,6-
trinitrotoluene and its microbial metabolites. Appl. Environ. Microbial. 31: 576. 

115 Whong WZ, Edwards GS (1984) Genotoxic activity of nitroaromatic explosives and 
related compounds in Salmonella typhimurium. Mutat Res. 136: 209. 

11 6 Grove JI, Lovering AL, Guise C, Race PR,Wrighton CJ,White SA, Hyde El, Searle 
PF (2003) Generation of Escherichia coli nitroreductase mutants conferring improved 
cell sensitization to the prodrug CB1954. Cancer. Res. 63: 5532. 

11 7 Blackwood L, O'shaughnessy PJ, Reid SWJ, Argyle DJ (2001) E. coli 
Nitroreductase/CB 1954: In Vitro Studies into a Potential System for Feline Cancer 
Gene Therapy. Veteri. J. 161:269. 

11 8 Race PR, Lovering AL, White SA, Grove JI, Searle PF, Wrighton CW, Hyde El 
(2007) Kinetic and structural characterization of Escherichia coli nitroreductase 

38 



mutants showing improved efficacy for the prodrug substrate CB 1954. J Mo!. Biol. 
368: 481. 

119 Anlezark GM, Vaughan T, Fashola-Stone E, Michael NP, Murdoch H, Sims MA, 
Stubbs S, Wigley S, Minton NP (2002) Bacillus amyloliquefaciens orthologue of 
Bacillus subtilis ywrO encodes a nitroreductase enzyme which activates the prodrug 
CB1954. Microbial. 148: 297. 

120 Emptage CD, Knox RJ, Danson MJ, Hough DW (2009) Nitroreductase from 
Bacillus licheniformis: A stable enzyme forprodrug activation. Biochem. Pharma. 77: 
21. 

12 1 Whiteway J, Koziarz P, Veall J, Sandhu N, Kumar P, Hoeler B, Lambert lB (1998) 
Oxygen-insensitive nitroreductases: analysis of the roles of nfsA and nfsB in 
development of resistance to 5-nitrofuran derivatives in Escherichia coli. J Bacterial 
180: 5529. 

122 Goodwin A, Kersulyte D, Sisson G, Veldhuyzen van Zanten SJO, Berg DE, 
Hoffman PS ( 1998) Metronidazole resistance in Helicobacter pilori is due to null 
mutations in a gene (rdxA) that encodes an oxygen-insensitive NADPH nitroreductase . 
. Mo!. Microbial. 28: 383. 

123 Kwon D-H, El-Aatari FAK, KatoM, Osato MS, Reddi R, Yamaoka Y, Graham DY 
(2000) An' alisis of rdxA and involvement of additional genes encoding NAD(P)H 
flavin oxidoreductase (FrxA) and ferredoxin-like protein (FrdsB) in metronidazole 
resistance of Helicobacter pylori. AntimicrobAgents Chemother. 44: 2133. 

124 Solca' NM, Bernasconi MY, Pifaretti JC (2000) Mechanism of metronidazole 
resistance in Helicobacter pylori: comparison of the rdxA gene sequences in 30 strains. 
Antimicrob Agents Chemother. 44: 2207. 

125 Smets BF, Riefler RG, Lendenmann U, Spain JC (1999) Kinetic analysis of 
simultaneous 2,4-dinitrotoluene (DNT) and 2,6- DNT biodegradation in an aerobic 
fluidized-bed biofilm reactor. Biotechnol. Bioeng. 63: 642. 

126 Hawari J, Beaudet S, Halasz A, Thiboutot S, Ampleman G (2000) Microbial 
degradation of explosives: biotransformation versus mineralization. Appl. Microbial. 
Biotechnol. 54: 605. 

127 Peres CM, Agathos SN (2000) Biodegradation of nitroaromatic pollutants: from 
pathways to remediation. Biotechnol. Annu. Rev. 6: 197. 

128 French CE, Rosser SJ, Davies GJ, Nicklin S, Bruce NC (1999) Biodegradation of 
explosives by transgenic plants expressing pentaerythritol tetranitrate reductase. Nat. 
Biotechnol. 17:491. 

129 Kurumata M, Takahashi M, Sakamotoa A, Ramos JL, Nepovim A, Vanek T, Hirata 
T, Morikawa H (2005) Tolerance to, and uptake and degradation of 2,4,6-

39 



trinitrotoluene (TNT) are enhanced by the expression of a bacterial nitroreductase gene 
in Arabidopsis thaliana. Z Naturf orch. 60: 272. 

130 Hannink N, Subramanian M, Rosser SJ, Basran A , Murray JAH, Shanks N , 
Bruce NC. ( 2007) Enhanced Transformation of TNT by Tobacco Plants Expressing a 

Bacterial Nitroreductase . Inte.J.Phy torem. 9: 385. 

131 Duque E, Ha1 .. dour A, Godoy F, Ramos JL (1993) Construction of a Pseudomonas 
hybrid strain that mineralizes 2,4,6- trinitrotoluene. J. Bacterial. 175: 2278. 

132 Mich 'an C, Delgado A, Hm .. dour A, Luchesi G, Ramos JL (1997) In vivo 
construction of a hybrid pathway for metabolism of 4-nitrotoluene in Pseudomonas 
.fluorescens. J. Bacterial. 63:3036. 

133 Ramos JL, Gonz 'alez-P 'erez MM, Caballero A, van Dillewijn P (2005) 
Bioremediation of polynitrated aromatic compounds: plants and microbes put up a 
fight. Curr. Opin. Biotechnol. 16:275. 

134 
Gwenin CD (2006) Amperometric biosensors for the detection of explosives. PhD 

Thesis university of Wales Bangor. 

135 Chaignon P, Cortial S, Ventura AP, Lopes P, Halgand F, Laprevote 0 , Ouazzani J 
(2006) Purification and identification of a Bacillus nitroreductase : Potential use in 3,5-
DNBTF biosensoring system. Enz. Microb. Technol. 39: 1499. 

136 Bencharit S, Morton CL, Howard-Williams EL , Danks MK, Potter PM, Redinbo 
MR (2002) Structural insights into CPT-11 activation by mammalian carboxylesterases. 
Nat. Struct. Biol. 9: 337. 

137 
Meghji K, Ward Op, Araujo A (1990) Production, Purification, and Properties of 

Extracellular Carboxyl Esterases from Bacillus subtilis NRRL 365. Amer.soci.Micro. 
56: 3735. 

138 Ileperuma NR, Marshall SDG, Squire CJ, Baker HM, Oakeshott JG, Russell RJ, 
Plummer KM, Newcomb RD, Baker EN (2007) High-resolution crystal structure of 
plant carboxylesterases AeCXEl, from Actinidia eriantha, and its complex with a 
high-affinity inhibitor paraxon.Biach.46: 1851. 

139 Ollis DL, Cheah E, Cygler M, Dijkstra B, Frolow F, Franken SM, Hare! M, 
Remington SJ, Silman I, Schrag J, Sussman JL (1992)The alpha/beta hydrolase fold. 
Protein. Eng. 5: 197. 

140 
Nardini M, Dijkstra BW (1999) a//3 hydrolase fold enzymes: the family keeps 

growing. Curr. Opin. Struct. Bio/. .9:732. 

141 Pindel EV, Kedishvili NY, Abraham TL, Brzezinski MR, Zhang A, Dean RA, 
Bosron WF ( 1997) Purification and cloning of a broad substrate specificity human liver 

40 



carboxylesterase that catalyzes the hydrolysis of cocaine and heroin. J. Biol. Chem. 272: 
14769. 

142 Weirdl M, Morton CL, Nguyen NK, Redinbo MR, Potter PM (2004) Molecular 
Modeling of CPT-11 Metabolism by Carboxylesterases (CEs)Use of pnb CE as a 
Model. Biochem. 43: 1874. 

143 Ahmad S, Forgash AJ (1976) Nonoxidative enzymes m the metabolism of 
insecticides. Drug Metab Rev. 5: 141. 

144 Leinweber FJ (1987) Possible physiological roles of carboxyl ester hydrolases. Drug 
Metab Rev. 18:379. 

145 Diczfalusy MA, Bjorkkem I, Einarsson C, Hillebrant CG, Alexson SE( 200 I ) 
Characterization of enzymes involved in fonnation of ethyl esters of long-chain fatty 
acids. J lipid Res. 42: I 025. 

146 Doli nsky VW, Sipione S, Lehner R, Vance DE (200 I). The cloning and expression 
of murine triacylglycerol hydrolase cDNA and the structure of the corresponding gene. 
Biochim. Bioph_,·s. Acta. 1532: 162. 

147 Becker A, Bottcher A, Lackner KJ, Fehringer P, Natka F, As land is C, Schmitz 
( 1994) Purification, cloning and expression of a human enzyme with acyl coenzyme A: 
cholestero l acyltransferase activity, which is identical to li ver carboxylesterase. 
Arterioscler. Thromb. 14: 1346. 

148 Imai T (2006) human carboxylesterase isozymes: catalytic properties and rational 
drug design. Drug metab.pharmacok. 21:173. 

149 Redinbo MR, Bencharit S, Potter PM (2003) human carboxylesterase 1: from drug 
metabolism to drug discovery.Bioch.Soci. Transac. 31:620. 

150 Redinbo MR, Bencharit S, Potter PM (2005) Mammalian carboxylesterase from 
drug target to protein therapeutics. DDT.10:313. 

15 1 Satoh T, Hosokawa M ( 1998) The mammalian carboxylesterases: from molecules to 
functions. Annu.Rev.Pharmacol. Toxicol. 38:257. 

152 Liu P, Ewis HE, Tai PC, Lu C-D, Weber IT (2007) crysta structure of the 
Geobacilus stearothermophilus carboxylesterase Est55 and its activation of prodrug 
CPT-11. J Mo!. Biol. 367:212. 

153 Kim KK, Song HK, Shin DH, Hwang KY, Choe S, Yoo OJ, Suh SW (1997) Crystal 
structure of carboxylesterase from Pseudomonas .fluorescens , an al~ hydrolase with 
broad substrate specificity. Res.Art. 5: 1571. 

154 Bencharit S, Morton CL, Hyatt JL, Kuhn P, Danks MK, Potter PM, Redinbo MR 
(2003) Crystal structure of human carboxylesterase 1 complexed with the Alzheimer's 
drug tacrine. From binding promiscuity to selective inhibition. Chem. Biol. 10: 341. 

41 



155 Bencharit S , Morton CL, Xue Y, Potter PM, Redinbo MR (2003) Structural basis 
of heroin and cocaine metabolism by a promiscuous human drug-processing enzyme. 
Nat. Struct. Biol. 10: 349. 

156 Bencharit, S, Morton CL, Howard-williams EL, Danks MK, Potter Ph M, Redinbo 
MR (2002) Structural insights into CPT-11 activation by mammalian carboxylesterases. 
Nat. Struct. Biol. 9: 337. 

157 Spiller B, Gershenson A, Arnold FH, Stevens RC (l 999)A structural view of 
evolutionary divergence. Proc Natl A cad Sci USA. 96: 12305. 

158 Bajetta E, Camaghi C, Somma L, Stampino CG (1996) A pilot safety study of 
capecitabine, a new oral fluoropyrimidine, in patients with advanced neoplastic disease. 
Tumori. 82: 450. 

159 Matsuzaki T, Yokokura T, Mutai M, Tsuruo T (1988) Inhibition of spontaneous and 
experimental metastasis by a new derivative of camptothecin, CPT-1 1, in mice. Cancer 
Chemother. Pharmacol. 21 :308. 

16° Kunimoto T, Nitta K, Tanaka T, Uehara N, Baba H, Takeuchi M, Yokokura T, 
Sawada S, Miyasaka T, Mutai M (1987) Anti tumor activity of 7-ethyl- l 0-[ 4-(1-
piperidino )-1- piperidino ]carbonyloxy-camptothecin, a novel water-soluble derivative 
of camptothecin, against murine tumors. Cancer Res. 47: 5944. 

161 Tanizawa A, Fujimori A, Fujimori Y, Pommier Y (1994) 
topoisomerase I inhibition, DNA damage, and cytotoxicity of 
derivatives presently in clinical trials. J. Natl. Cancer Inst. 86: 836. 

Comparison of 
camptothecin 

162 Bencharit S, Morton CL, Howard-Williams EL, Danks MK, Potter PM, Redinbo 
MR (2002) Structural insights into CPT-11 activation by mammalian carboxylesterases. 
Nat Struct Biol. 9: 337. 

163 Bencharit S, Morton CL, Xue Y, Potter PM, Redinbo MR (2003) Structural basis of 
heroin and cocaine metabolism by a promiscuous human drug-processing enzyme. Nat. 
Struct. Biol. 10:349. 

164Kamendulis LM, Brzezinski MR, Pindel EV, Bosron WF, Dean RA (1996) 
Metabolism of cocaine and heroin is catalyzed by the same human liver 
carboxylesterases. J. Pharmacol. Exp. Ther. 279: 713. 

165 Pindel EV, Kedishvili NY, Abraham TL, Brzezinski MR, Zhang J, Dean RA, 
Bosron WF(1997) Purification and cloning of a broad substrate specificity human liver 
carboxylesterase that catalyzes the hydrolysis of cocaine and heroin.J. Biol. Chem. 272: 
14769. 
166 Brzezinski MR, Abraham TR, Stone C L, Dean RA, Bosron WF (1994) Purification 
and characterization of a human liver cocaine carboxylesterase that catalyzes the 

42 



production of benzoylecgonine and the formation of cocaethylene from alcohol and 
cocaine. Biochem. Pharmacol. 48: 1747. 

167 
Redinbo MR, Bencharit S, Potter PM (2003) Human carboxylsterases 1 : from drug 

metabolism to drug discovery. Biochem.Soci. Transa. 31: 620. 

168 Broomfie ld CA Kirby SD (200 I ) Progress on the road to new nerve agent 

treatments. J Appl. Toxicol 21 : S43. 
169 

Maxwell OM, Brecht KM (2001) Carboxylesterase: specificity and spontaneous 
reactivation of an endogenous scavenger for organophosphorus compounds. J Appl. 
Toxicol. 21:S 103. 

170 Ghosh S (2000) Cholesteryl ester hydrolase in human monocyte/macrophage: 
cloning, sequencing, and expression of full-length cDNA. Physio/. Cenomics. 2: I . 

171 Diczfa lusy MA, Bjorld1em I, Einarsson C, Hillebrant CG, Alexson SE (200 I ) 
Characterization of enzymes involved in formation of ethyl esters of long-chain fatty 
acids in humans. J. Lipid Res. 42: I 025. 

172 Becker A, Bottcher A, Lackner K.1 , Fehringer P, Notka F, Aslan idis C, Schmi tz G 
( 1994) Purification, cloning, and expression of a human enzyme with acyl coenzyme A: 
cholesterol acyltransferase activity, which is identical to liver carboxylesterase. 
Arlerioscler. Thromb. 14: 1346. 

173 
Ross MK, Crow JA (2007) Human carboxylesterases and their role in xenobiotic and 

endobiotic metabolism. J.Biochem.Molec. Toxico.21: 187. 

174 Yue CC, Muller-Greven J, Dailey P, Lozanski G, Anderson V, Macintyre S (1996) 
Identification of a C-reactive protein binding site in two hepatic carboxylesterases 
capable of retaining C-reactive protein within the endoplasmic reticulum. J Biol. Chem. 
271 :22245. 

175 
Potter PM, Wolverton JS, Morton CL, Wierdl M, Danks MK (1998) Cellular 

localization domains of a rabbit and a human carboxylesterase: influence on irinotecan 
(CPT-11) metabolism by the rabbit enzyme. Cancer Res. 58: 3627. 

176 Jatlow Pl (1987) Drug of abuse profile: cocaine. Clin. Chem. 33: 66B. 

177 
Bailey ON (1994) Studies of cocaethylene (Ethylcocaine) formation by human 

tissues in vitro. J. Anal. Toxicol. 18: 13. 

178 
Jatlow P, Elsworth JD, Bradberry C, Winger G, Taylor JR, Russell R, Roth RH 

(1991) Cocaethylene: a neuropharmacologically active metabolite associated with 
concurrent cocaineethanol ingestion. Life Sci. 48: 1787. 

179 Popa D, Loghin F, Irnre S, Curea E (2003) The study of codeine-gluthetimide 
pharmacokinetic interaction in rats .J Pharm. Biomed Anal. 32: 867. 

43 



180 Sawynok J (1986) The therapeutic use of heroin: a review of the pharmacological 
literature. Can. J Physiol. Pharmacol. 64: 1. 

181 Popa D, Loghin F, Imre S, Curea E (2003) The study of codeine-gluthetimide 
pharmacokinetic interaction in rats .J. Pharm. Biomed. Anal. 32: 867. 

182 Jaeger K.E, Eggert T (2002) Lipases for biotechnology. Curr. Opin. Biotechnol. 13 : 
390. 

183 Ewisa HE, Abdelalb AT, Lu C-D (2004) Molecular cloning and characterization of 
two thermostable carboxyl esterases from Geobacillus stearothermophilus.Gene. 329 : 
187. 

184 Bomscheuer UT (2002) Microbial carboxyl esterases: classification, properties, and 
application in biocatalysis. FEMS Microbiol. Rev. 26 : 78. 

185 Zock J, Cantwell C, Swartling J, Hodges R, Pohl T, Sutton K, Rosteck P Jr, 
McGilvray D, Queener S (1994) The Bacillus subtilis pnbA gene encoding pnitrobenzyl 
esterase: cloning, sequence and high-level expression in Escherichia coli . Gene. 151: 
37. 

186 Quax WJ, Broekhuizen CP (1994) Development of a new Bacillus carboxyl esterase 
for use in the resolution of chiral drugs. Appl. Microbiol. Biotechnol. 41:425. 

187 Moore JC, Arnold FH (1996) Directed evolution of a para-nitrobenzyl esterase for 
aqueous-organic solvents. Nat. Biotechnol. 14:458. 

44 



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. 1 To clone a gene, a DNA fragment 

containing the gene of interest is isolated from chromosomal DN A using restriction 

enzymes and then inserted into a plasmid (small , circular self-replicating, extra

chromosomal DNA molecule and freq uently carri es genes of antibiotic resistance)2 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 DN A molecule" . Before 

introducing the vector containing the foreign DNA into host cell s to express the protein, it 

must be cloned. C loning 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 

quanti ties, it can be introduced into the host cell s (special bacterial cells); the host cells w ill 

then synthesize the foreign protein from the recombinant DNA. When the cell s are grown 

in vast quantities, the foreign or recombinant protein can be isolated and purified in large 

amounts. 3 

Plasmid 
Chromosomal DNA 

Gene of antibiotic 0 Gene of interest 

I ✓ 
resistance ----+, ~estriction digest 

! 
~ / 

~ 
ends 

0 
Hybridization 
+ DNA ligase 

Recombinant 
plasmid 

Figure 2.1: Construction of a recombinant plasmid. 
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The maJor tool s 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 

symmetri cal (One strand is identical to the other strand when read in the opposite 

direction).4
•
5 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, wh ich 

complement one another. These regions will anneal together. These behaviours allow 

foreign DNA to be inserted into target DNA.5
•
6 This is the basis of recombinant DNA 

technology. The first production of recombinant DNA molecule, using restriction enzymes, 

occurred in the early 1970s.7 

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 molecu lar biology and a Nobel Prize for Kary Mulli s in 

1993.8 The teclrnique was made possible by the discovery of Taq polymerase, the DNA 

polymerase that is used by the bacterium Thermophilus auquaticus 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.8·
9 

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, Taq 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 them1al cycler, 

which heats and cools the reaction tubes within it to the precise temperature required for 

each step of the reaction. 10 
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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 DN A has to be heated to ~ 94°C in order to 

separate the strands. This step is call ed 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 annea ling; the temperature 

of this stage depends on the primers and is 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 call ed extension, and 72°C is the 

ideal working temperature for the polymerase. A fina l extension step is frequently used 

after the last cycle to ensure that any remaining single stranded DNA is completely copied.9 

While a very powerful technique, PCR can also be very tricky, the selection of the 

primers is very important to the effi ciency 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.8 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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TAQ----

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 1s 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 e lectrophoresis 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 wi ll move toward the pos itive pole. The gel matrix acts as a sieve for 

DN A 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. 3• 
11 

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. 12 

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. 13
•
14

•
15 
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Figure 2.3: A pictorial representation for cloning the vector 
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Bacterial transfomrntion is the process by which bacterial cells take up foreign DNA 

molecules (constructed plasmid). Since DNA is a very hydrophilic molecule, it will not 

nonnally pass through a bacterial cell's membrane. ln 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 CaCh; 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·
6 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 fom1 colonies 

on the plate. 11
'
16 
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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, lac operator region 

3' to the T7 promoter, poly linker region downstream of the T7 promoter, lacl 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 al so 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 I) is inserted into the chromosome of£. coli and transcribed from 

the lac promoter; therefore, it will be expressed only if the inducer isopropyl-beta-O

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

gene cloned into the pET vector.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 is 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 immobi lized metal ions, such as nickel.6
'
18 

His-tags have affinity toward nickel ions, and thus can be immobili sed 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 tbe His-tags for nickel binding.4 

The purity and the amount of protein can be assessed by SOS-PAGE (Sodium Dodecyl 

Su !fate-Poly Acrylamide Gel Electrophoresis). 
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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) (l) 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 DHSa competent cells were used for amplification of recombinant plasmids, whil e 

E. coli Rosetta strain was used as the express ion host. The vector pET 28a(+) was used for 

expression. Salmonella typhimurium LT2,. Salmonella paratyphi A; Desulfovibrio 

desu(furicans G20 Bacillus subtilis strain 168 and Bacillus licheniformis A TCC 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 19 by 

transferring l ml of overnight culture to a 1.5 ml microcentrifuge tube. Cell s were pelleted 

by centrifugation at 13000-16000 xg for 2 min , and resuspended thoroughly in 480 µl of 50 

mM EDTA. Appropriate lytic enzymes (lysozyrne) were added to resuspend cell pellet in a 

total volume of 120 µl , gently mixed then incubated at 37°C for 30-60 min, and centrifuged 

for 2 min at 13000-16000 xg. The cell pe llet was resuspended through adding 600 µI of 

nuclei lys is solution, and incubated at 80°C for 5 min to lyse the cells, then cooled to room 

temperature followed by addition of 3 µl 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 µI) , 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 c lean 1.5 ml microcentrifuge tube containing 600 µI of room 

temperature isopropanol , gently mixed by inversion until the thread-like strands of DNA 

fo1111ed 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 µ l of room 

temperature 70% ethanol added, and the tube gently inverted several times to wash the 

DN A 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 µI 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 LT2; Salmonella paratyphi A, 

and Desulfovibrio desulfuricans G20) 

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

and lytic enzyme addition were excluded. 19 

2.4 PCR protocol for isolation of nitroreductases and carboxylesterases 

2.4.lNitroreductase genes isolation 

Nitroreductase genes; nfnB (Salmonella typhimurium LT2) , ydjA (Salmonella 

enterica paratyphi A, ATCC 9150), Dde _ 0086 (Desulfovibr;o desu/fi11-;cans G20), 

and Dde _2199 (Desu(fovibrio desulfuricans G20) were isolated using two different 

PCR kits; (proofstart polymerase20
, and KOO Hotstart polymerase21) and pre-designed 

primers listed in Table 1. 

The PCR protocol using proofstart polymerase for nfnB isolation, was compiled by 

putting together 1 µl template DNA, 5 µI ProofStart PCR Buffer, (Owing to a uniquely 

balanced combination of KCI and (NH4)2SO4 proofstart PCR buffer provides stringent 

primer-annealing conditions over a wider range of annealing temperatures and Mg2
+ 

concentrations), 1.5 µI dNTP (deoxynucleoside triphosphates ), 3 µI forward primer, 3 µI 

reverse primer, 1 µI ProofStart DNA polymerase, 1 µl MgSO4, and 34.5 µI distilled water. 

The PCR the1mal cycler Fig. 2. 7 was programmed to run in the following maimer; 

initial activation step at 95°C for 5 min followed by 15 cycles of 94°C for I min 

(denaturation), -55-66°C for 1 min (aimealing), 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 I: Oligonucleotide PCR primers. Underlined and bold letters refer to a lteration to create a 
restriction site; the sequence in red is the restriction site for BamH1 and the sequence in green is the 

restrict ion site for Hind III, while blue sequence refers to the restrict ion site Sac/. 

Bacteria Gene / Primcn Se<1ucnre 

locu, tai.: 

Forward 5· -CCA(;(; \IC c nTATGGATA TCGTTTCTGTCGC-3. 

Salmonella 
nfnb Reverse 5' -GGGCGTC.\ A<;cn AGGCAGGGGA-3 ' 

typhimurium 

LT2 
Forward 5' -CCA<,GXI CCTGTTGCTGTTGCTGTTGCTTTATGGA TATCGTlTCTGTCGC-3' 

Salmonella Forward 5'-GCTGC.,\ TCCAATCAAA TGGA TGCACTA-3 . 

enterica 

Paratyphi A 
ydjA Reverse 5'-CAGA.\ GCI ·1 GACAGTTTTATCCCTCAGCG .3· 

Forward 5'-GCT(,GA I CCTGTTGCTGTTGCTGTTGCAA TC AAA TGGATGCACTA-3 · 

Desulfovibrio 
Dde_0086 

Forward 5'-AGGU,,\ l CCGTCATGCATAGC-3' 

desulfuricans 
020 Reverse 5'-GGA \ AUTI CAT rGCTGCCGCACG-3 ' 

Forward 5'- AGG( ;(;_,\'I CCT GTTGCTGTTGCTGTTGCGTCA TGCATAGC -3 ' 

Desulfovibrio Forward 5' -ACGC;G,\'I CCGCCA TGAATGAGAC -3. 

desulfuricans 
0 20 Dde_2199 Reverse 5'-CGTCATTG \ AGCTTGTCTTTGCGGCAGA .3· 

Forward 5' - ACG(;G,\TCCrGTTGCTGTTGCTGTTGCGCCATGAATGAGAC .3· 

Forward 5. -AAGU,. \'I CCAACACAA TGACTCA TC AAA TAG -3. 
Bacillus 

subtilis strain pnbA Reverse 5'-CAGCAC \ .\GCTI A TCCTGTTTTCCCCA -3 . 

168 
FOl'\1/ard S. - AAGC ;c; \'I C( TGTTGCTGTTGCTGlTGCAACACAA TGACTCA TCAAAT AG -3. 

Fon,,,ard S. -AAGGG. \ 'I C'CAA TA AAA TGTA TGA T ACAACTGTCGAA -3' 
Bacillus 

licheniformis pnbA Reverse 5'- GGC<, \ (;Cf CCACAGGTCAGGCCCG-3' 

ATCC 14580 
Fonvard 5·. AAGGG.\'I CCTGTTGCTGTTGCTGTTGCAATAAAA TGTA T 

GA T ACAACTGTCGAA -3. 
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Figure 2.7: PCR thermal cycler 

KOO Hotstart polymerase was used for ydjA , Dde_0086, and Dde_2199 iso.lation, the 

50 µI reaction mixture contained 5 µl , l0x KOO Hotstart buffer, 2 µI template DNA, 2 µI 

dNTP (deoxynucleoside triphosphates), 2 µI forward primer, 2 µI reverse primer, 1 µI KOO 

Hotstart DNA polym erase, 2 µl MgSO4, and 34 µI distilled water. 

Amplification was 95°C for 3 min (initial activation) fo llowed by 15 cycles of 95°C 

for 30s (denaturation), (66-56°C for ydjA , and 68-58°C for Dde_0086, and Dde_2199) for 

30s (aru1ealing), 75°C for 2 min (ex tension), after which the temperature was held at 75°C 

for 2 min, and 20 cycles of 95°C for 30s, (56°C fo r _rdjA, 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. 22 The PCR solution 

comprised of 10 µI 5x Phusion HF buffer, 1 µI template DNA, 1.5 µl forward primer, l.5 µI 

reverse pnrner, l µl from l0mM dNTP, 0.5 µl Pbusion DNA polymerase, and 34.5 µI 

distilled water. 

The PCR program consisted of two steps; 15 cycles of 98°C for 30s (initial 

denaturation), 98°C for I Os (denaturation), 64-54°C for 30s (annealing), 72°C for 30s 
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( extension) followed by 72°C for IO min (final extension) were used for the first step, whi le 

the second step included 20 cycles of 98°C for 1 Os, 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 Ix Tris-borate-ethylenediaminetetra-acetic 

acid (TBE) in buffer pH 8.2, 2 µI Ethidium bromide was added to assist with analysis of the 

gel, and 200 ml of Ix (TBE) was used as a running buffer. 

2.5 Purification of PCR products 

The PCR products (nitroreductases and carboxylesterases) were purified from pnmers, 

nucleotides, polymerase, and salt using a QlAquick® PCR purification kit protocol.23 This 

was achieved by adding 5 volume of buffer PB to I volume of PCR sample, the resulting 

sample was applied to the QlAquick 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 I mm, any residual ethanol from buffer PE, which may interfere with 

subsequent enzym atic reactions, was removed by an add itional centrifugation for 1 min. 

DNA was eluted with 30 µI of purified water added to the centre of spin co lumn, 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 µI) was mixed with the appropriate restriction enzymes (2 µI 

of each), and 2 µl , 1 Ox buffer solution. A separate mixture was made up of 2 µI of an over

expression plasmid pET-28a(+) (Appendix 1) (The pET-28a(+)caJTies a kanamycin 

(antibiotic) resistant gene and 6-histidine tag (His6) at the N-terminal configuration, which 

are used for purification), the appropriate restriction enzymes ( 1 µI of each), buffer solution 

(1 ~LI, I Ox), and purified water (5 µI ), 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 µI purified water, 1 µI ligase, 

and I µI ligase l Ox buffer solution, which contains adenosine triphosphate (ATP) and Mg2+, 

to promote the joining of the DNA, then allowed to ligate at l 6°C overnight. 

2.6.2 Carboxylesterase ligation 

The purified PCR product (30 ~ti) which included restriction enzyme sites was vacuum 

dried for 40 min, then the resultant pellet mixed with the suitable restriction enzymes 

( 1 µI of each), 1 µI ,!Ox buffer solution, and 7 µI purified water . In a separate 1.5 ml 

microcentrifuge tube, 2 µI of the plasmid vector pET-28a(+), appropriate restriction 

enzymes (1 µI of each), I ~d, l Ox buffer solution , and 5 µI purified water, were mixed, the 

solutions incubated at 3 7 °C for I h, then subjected to agarose gel e lectrophoresis 90 mA for 

40 min, both the digested PCR products and plasmid vector were gel extracted into the 

same 1.5 m I microcentrifuge tube , purified, and vacuum dried for 40 min later re-dissolved 

in 8 µI purified water, I µI ligase, and 1 µI, !Ox ligase buffer solution, finally incubated at 

I 6°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 et a/24 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 

(O.D.550 nm) 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 ( I): Potassium acetate (30 mM), 

Rubidium chloride (100 mM), Calcium chloride (IO 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 µI) into pre-chilled microcentrifuge tubes and stored at -80°C. 
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2.8 Transformation of recombinant plasmid into the E. coli DHSa 

2.8.1 Recombinant plasmid harbouring nitroreductase gene 

1 µl EcoRI , and 1 µl of l0x buffer solution were added to the ligation mixture 

(recombinant plasmid) in a suicide cut approach. This eliminates all ligation products that 

are not recircularised onl y circularised plasmids w ill survive in the bacteria. The mixture 

allowed digesting at 37°C for 1 h, then 200 ~ti E coli DH5a competent cells, an effi cient 

strain of £. coli for plasmid continuance pipette into ligation mixture. ln 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 µI 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 

co lonies are of the desired size. 

2.8.2 Recombinant plasmid harbouring carboxylesterase gene 

200 µI of E coli DH5a competent cells was added to the 10 µI 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 fo llowing 500 µI 

of LB addition, then plated onto nutrient plates overnight at 37°C. 

2.9 Screening the colonies 

The transforn1ed E. coli culture was then spread onto the LB agar (sensitive test agar) 

supplemented with 50 µ g/ml kanamycin in a range of different quantities; 75 µI , 175 µI , 

200 µI , and 250 µI. This medium will only allow bacteri a can-ying the recombinant p lasmid 

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 µg/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 E coli culture in LB medium 

were isolated after harvesting the cells as a pellet following centrifugation at (13000 rpm) 

for (1 min) and purifi ed using QlAprep® spin Miniprep kit.25 

Bacterial cell pe llet was re-suspended in 250 µI buffer PI RNaseA, 250 µl buffer P2 

was added and the tubes were mixed thoroughly by inverting 4-6 times, and leaving to 

stand for 1 min. Then 350 µI 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 correctl y and stays in 

solution. The resulting solution was then centrifuged for IO min and a compact white pellet 

was fom1ed. The supernatant was then decanted to a spin column and centrifuged for l min. 

The flow-through was di scarded. The spin column was then washed with 500 µI buffer PB 

and centrifuged for I min. The flow-through was again discarded. Next, the spin column 

was washed again with 750 µI buffer PE and centrifuged fo r I min. The flow-through was 

discarded and the column was centrifuged for an additional I 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 ~ti buffer EB (IO mM Tri s·CI, pH 8.5) to the centre of the 

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

To confirn1 the success of the ligation, the ligation mixture was digested with the 

appropriate restriction enzymes ( I µI each) and subjected to agarose gel electrophoresis, 

allowing the length in base pairs of both the cloned DNA and the original plasmid to be 

detern1ined. 

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 (Fo,ward primers) designed to containing six adjacent codons for 

Cys6 between the His6-tag detem1ined 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 E. 

coli DH5a, and for the expression, and purification. 

2.12 Transformation into the E. coli Rosetta strain 

2 µI of recombinant plasmids were added into 200 µI competent cells of the Rosetta strain 

of E. coli (an efficient bacterium for the expression of heterologous genes), and 

transfo1111ed in the way described previously (section 2.7). The resulting culture was mixed 

with 500 µI 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 µg/ml kanamycin, then grown overnight. The 5 ml of 

solution was mixed with 500 ml of LB solution and 50 µg/ml kanamycin. The bacteria 

were grown at 37°C on a rotary shaker, when cultures reached an optical density (O.D.600,,m) 

of 0.6, express ion was in duced by the addition of IPTG (2 ml, 0. 1 M). incubation was 

a llowed 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 IO 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, s° C, for 45 min). The supernatant was fi ltered through a 0.4 µm fil ter to 

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

2.14 Purification of nitroreductase enzyme 

H is-tags are often used for affinity purification of His-tagged recombinant proteins 

expressed in Escherichia co!/ 6 and other prokaryotic expression systems. Nickel-agarose 

column was used to purify the His-tagged protein, which has affi nity toward nickel ions 

Ni2+ 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,27 

(Table 2) which competes with the His-tags for nickel binding. 
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Table 2: Preparation of imidazole solutions used to purify NTRs and CEs from the nickel column. 

I midazole concentrations PB 8x stock solution pH 7.4 lmidazole (21\1) Filtered distilled water 
I0mM 3.0 ml 0. 12ml '.W.881111 
50mM 1.0 ml 0.20ml 6.80ml 
I00mM 1.0 ml 0.40ml 6.60ml 
150mM 1.0ml 0.60ml 6.40ml 
200mM 1.0ml 0.80ml 6.20ml 
300mM 1.0 ml 1.20ml 5.80ml 
500 mM 1.0 ml 2.00ml 5.00ml 

NH2 

h> [) ! O OH N N 

H H 

Histidine 
Imidazole 

Figure 2.8: The chemical structure of both lmidazole and histidine (left) and a photograph of nickel 
column (right) 

The HiTrap chelating nickel column was connected through a Luer adaptor to a 

syringe used for solutions loading. The ethanol preservative in the pre-packed column was 

washed out with distilled water (5 ml) at~ 1 drop/sec. The column was then loaded with 

nickel salt solution (NiSO4, 0.5 ml, 0.1 M), followed by a further wash with filtered 

distilled water (5 ml). The column was then equilibrated with binding buffer (10 ml), the 

samples were then applied, and the flow-through collected to check on gel. The column 

was then washed again with binding buffer (10 ml) and the flow-through collected. 

Increasing concentrations of imidazole (50 mM-500 mM) were passed through the column 

and collected. Finally, the column was washed with the remaining binding buffer (5 ml) 

and stored below 5 ° C ready for reuse. 

The second ml of each elute was subjected to SDS-PAGE to check that the protein was 

overproduced and that its molecular weight was as expected. 
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2.15 Removal of imidazole from the protein 

The purified enzymes loaded into a PD-10 desalting column in order to remove imidazole. 

PD-IO Desa lting Columns contain Sephadex™ G-25 Medium, which allows rapid group 

separation of high molecular weight substances (protein) from low molecular weight 

substances (salt). The column top cap removed, the bottom cap cut off and the excess liquid 

poured off. The column equilibrated with 25 ml, 50 mM, pH7.2phosphate buffer, and the 

flow-through di scarded. 2.5 ml purified enzymes (ni troreductases, and carboxylesterases) 

loaded into the column, and the flow-through di scarded, then the sample eluted with 3.5 ml 

phosphate buffer. 28 

2.16 Preparation for the protein gel electrophoresis 

Sodium dodecyl sulphate polyacrylarnide gel electrophoresis (SOS-PAGE) is the most 

powerful technique used in molecular biology for separating protein mixtures according to 

their mass: charge ratio. The ionic detergent (SOS) denatures the quaternary, tertiary, and 

secondary structure of the protein to generate a linear polypeptide chain covered with 

negatively charged SOS molecules, while mercaptoethanol (P ME) aids the protein 

denaturation by reducing a ll disulfide bonds. 

To prepare 12% acrylamide, SOS-PAGE the glass plates were cleaned with 

industrial methylated spirits (lMS) and assembled into gel casting stand. The resolving gel 

was prepared with doubly de-ionised (DDI) H20 (3 .4 ml), degassed acrylamide (30%, 

4.0 ml), Tris-buffer (pH 8.8, 1.5M, 2.5 ml), and SOS (10%, 100 µI), and the stacking gel 

was prepared in the same way except that the pH of the Tris- buffer was 6.8. When the gel 

is ready to be polymerized, ammonium persulfate (APS) (10%, 100 µl) and N,N,N ',N'

tetramethylethylene di amine (10 ~LI) were added, initiating gel polymerization. First the 

reso lving gel was poured until it was l cm from the top, then water-saturated butanol 

(500 µI ) overlaid the top of the gel to prevent the gel from contact with the air and 

subsequent crust formation. When the resolving gel was polymerized, the butanol was 

washed away and the excess distilled water drained with strips of filter paper, the staking 

gel was poured onto the resolving gel, and a comb was placed into the gel sandwich. When 

the staking gel was polymerized the comb was removed. The protein samples were mixed 
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with loading buffer, made up with: electrophoresis buffer (1.0 ml), glycerol (3.0 m l), 0.5% 

bromophenol blue (0.2 ml), (~ ME) and deionised water (5.8 ml), and then heated to 95 °C 

for 5 min to denature the protein disulfide bond. These samples were then loaded onto the 

gel well, which was run at 150 V for ( 1) hour in an electrolyte solution of 1 x SDS made up 

with (Tris-HCI 3.01 g, glycine 14.41 g, SOS 1 g) made up to I L with distilled water. The 

gel was then stained with Coomassie solution for 30 min made up with Coomassie Blue 

(1.25 g), methanol (500 ml), and acetic acid (100 ml), made up to I L with disti lled water. 

The gel was then de-stained with a mixture of acetic acid (50 ml) and industrial methylated 

spirits (IMS) (I 00 ml), made up to 500 ml with distilled water. 

2.17 Enzyme assays 

2.17.1 Nitroreductases 

N itroreductase enzymes (NfnB; Y djA; Ode_ 0086, and Ode _2 199) activities were 

spectrophotometrically detem1ined using a wavelength scan over 250-500 nm, and 

monitoring the disappearance of NADPH at 340 nm. The reaction mixture contained 

500 µI, 0.1 M phosphate buffer pH 7.0, 25 µI, 4 mM NAOPH, 10 µI of cell extract in a 

fina l volume of 1 ml made up with distilled water and the reaction was initiated by adding 

20 µl , 40 mM Dinitroethylbenzene (DNEB) . A baseline run that was absent of enzyme was 

carried out to test the analysis, and a total of 9 runs performed to characterise the 

progressive oxidation of the NADH. 

2.17 .2 Carboxylesterases 

To demonstrate the effectiveness of the carboxylesterases (Bacillus subtilis PnbA, and 

Bacillus licheniformis PnbA) a hydrolysis experiments were carried out using a wavelength 

scan over 300-550 nm. The reaction mixture contained 0.1 M phosphate buffer pH 8.0, P

nitrophenylacetate 20µ 1, 1 mM, and 10µ1 of cell extract in a final volume of I ml. The 

increase in absorbance around 400 nm as the production of p-nitrophenol was monitored. 

2.18 Protein concentration 

The protein concentration was calculated according to Bovine Serum Albumin (BSA) 

standard calibration curve. Biuret protein assay reagent was used, and the UV-visible 
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spectroscopy measurements were taken at 550 nm. Four runs were made for 100 µI of 

protein. 

2.19 Specific activity 

The specific activity of NTRs was assessed by calculating the rates at different 

concentrations of analyte in association with the different NTRs concentrations. 

2.20 Kinetic parameters (Km and V max values) 

ln order to calculate the Km and V max values, for nitroreductase enzymes activity 

(µmol es/min/mg) was measured at increasing concentrations of analyte (ONEB for NfnB, 

and Y djA. 1,2-dinitrobenzene for Ode_ 0086. 3NBZ for Ode_ 2199), and the resulting data 

was analysed by direct linear regression via a software package (Enzpack). 

2.21 Stoichiometry 

The NAOH concentration used in the assay was 200 µM to allow a wider range of 

concentrations; the reaction has to go through three steps to reach the amine, us ing one 

NAOH for each step (Fig 2.9) hence allowing the stoichiometry of the reaction to be 

cal cu lated. 

NAO+ NAO+ NAO+ 

NADH~ NADH~ NAOH ~ 
R-NO2 R-N=O R-HNOH R-NH2 

Step I Step 2 Step 3 

Figure 2.9: Reduction of nitro-compound to amine through NADH oxidation 

2.22 pH and temperature dependence 

2.22.1 Nitroreductases 

The effect of pH and temperature on the activity of NTR was detem1ined. Assays were 

caITied out spectrophotometrically using a wavelength scan over 250-500 nm for 10 min at 

a series of different pH (50mM sodium citrate for pH range 5-6, 50 mM phosphate buffer 

for pH range 7-9, 50 mM CAPS for pH range 10- 11 ) and different temperature values 

(25°C - 70°C) in 50 mM, pH 7.0 phosphate buffer. 
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2.22.2 Carboxylesterases 

The optimum temperature and pH effect on carboxylesterases activity were established at 

400 nm for I min at a series of different pH (50 mM sodium citrate for pH range 5-6, 50 

mM phosphate buffer for pH range 7-9, 50 mM CAPS for pH range I 0-11) and different 

temperature values (25°C -60°C ) in 50 mM , pH 8.0 phosphate buffer. 

2.23 HPLC condition for quantifying cocaine and benzoylecgonine 

Carboxylesterases ability to hydrolyze cocaine was measured by quantifying the amount of 

benzoylecgonine produced from cocaine by Agilent 1100 series HPLC system. The mobile 

phase was lsocratic 50% Solvent A: NaH2PO4 buffer 80mM pH5.5 made up in HPLC grade 

water, and 50% Solvent B: Acetonitrile. The column used was Phenomenex polar Rp 

Synergi 4 µm 80 A 250 x 2.0mm, Detector was: UV 320nm, Temperature: 30°C. The flow 

rate was 0.3ml/min, run time per sample was l 5 min, and the injection volume was 5 µI. 

The standard assay conditions were l 00 mM MOPS at pH 7.0, with 2 mM cocaine in a total 

volume of I ml at room temperature. The reaction mixture contained 2 mM cocaine and 

20 µI cell extract in I ml of 50 mM MOPS buffer, pH 7.0. at room temperature, aliquots 

were removed at intervals (0 min, 6 hours, 12 hours, and 20 hours). All assay results were 

compared with those from control assays containing no extract. 

2.24 Nucleotide sequence accession number 

The Genbank accession numbers for the nucleotide sequence of bacterial nitroreductases 

n.fnb from Salmonella typhimurium LT2; ydjA from Salmonella enterica paratyphi A 

(A TCC) 9150, and the complete genome sequences of (Dde _ 0086, and Dde _ 2199) from 

Desu!.fovibrio desulfuricans G20 are AE008722, CP000026, and NC_007519, while the 

Genbank accession numbers for the nucleotide sequence of bacterial carboxylesterases 

pnbA from Bacillus subtilis strain 168, and pnbA from Bacillus /icheni.formis ATCC 14580 

areNP_39 1319, and YP_077866. 
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Chapter 3- Bacterial nitroreductases and explosives: 

Results and discussion 

3.1 Introduction 

Nitroreductases are enzymes that can be characterized by their ability to catalyse the 

reduction of a wide range of nitro-aromatic compounds. Almost all bacteiial 

nitroreductases occur as a homodimeric flavoprotein that contains one FMN per monomer 

as a cofactor, and use NAD(P)H as electron donor (Fig. 3. 1 ). 

N.\D+ snhst rat<' 

NTR 

N\DII 
product 

Figure 3.1: A model of nitroreductase showing the electron transfer steps involved in the reduction of a 
substrate. 

The ability of NTR to reduce and consequently detect nitro-aromatic compounds, 

makes them perfect for use in biosensors. The enzyme must first be genetically modified, 

to be integrated on the surface of the electrode. To enable the enzyme to directly attach to 

the electrode, cysteine amino acids ( cys-tag) are attached to the N-terminus of the enzyme. 

This allows the enzyme to be in direct contact with the electrode via the sulphur molecules 

on the (cys-tags) bonding to the gold surface; thus forming strong gold thiol bonds, as seen 

in (Fig. 3.2). 0 0 

II II 
- CH-C- NH-CH- C-NH-

1 I +--Cys- tag 
CH2 CH2 

I 
s 
I 

s 
I 

... 4--Gold electrode 
Figure 3.2: Diagram showing how the cys tags bond to the gold surface of an electrode. 
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This chapter describes the isolation of four different bacterial nitroreductases in order 

to characterize their ability to reduce nitro-compounds, selected for their potential as 

explosives. These enzymes will subsequently be used as sensor biological recognition 

elements for explosives detection. PCR was used to isolate the genes of interest, which 

were then cloned into vector pET 28a(+). After expression using Rosetta E.coli cells, the 

proteins were purified using a high affinity nickel column. The activity of the enzymes was 

investigated and their activities characterised using a range of substrates containing nitro 

functional groups. Different bacterial nitroreductases have been chosen (Table 3 .1) to 

increase the possibility of obtaining NTR with a variety of reaction pathways and rates, and 

hence enable the biosensor to identify and detect nitroaromatics, via the simultaneous use 

of more than one NTR at the sensor surface. A search of microbial genomes yielded many 

strains which possessed homologues of nfnB and a selection was taken due to a range in 

their similarity. 

Table: 3.1 Amino acid alignment of bacterial nitroreductases 

Sl'(I :\ fnBh.12 '\fnBLl2 'dj \ l>dl' 0086 Dd(• 2199 
'\fnBKl2 100 0.88 0.16 0.51 0.17 
'\fnBLl2 JOO 0.15 0.53 0. 18 

'dj ,\ 100 0.14 0.13 
Dell· 0086 100 0.22 
l>dl' 2199 100 

20 40 60 80 100 
nfnokl2 : 
nfnoLT2 : 
Ode 2199 : 
Dde_0086 : 

trs, ,msi).~Ai si<§ms AS1Kf.Ys?sS ~SQ?N.!H 1i , si •GK* AKs11G~rvr.il RKf'.J,!0As1· FC.•i icjvwLKLvfitlloAOGRFAT : 110 
VS RYSgKA ?SKI LTAS AD:< :< YS?SS ~SQ?W. Ii m ·GKA AKSfic~YTF~ ,\Kf'.J,!DASH FCA TA Lj A,IL::,viti!DAOGRFAT : 110 

. T "T?FLF:\ilA~~ F~?DRKI? DQ T) SAGRLA? SFGF~ ... KFLI ~:A .•.::L~R:ITl'/?G:<:< I ?NCS:iL 'Y ~:iK ;· L?S:DYIQSSMR~~LQL?DD : 110 
:iSYb B YiiEKFD. rt, LDA TVQAVKoBLQLS?§ HSQ. h:iFjIAGTDoG?-QRVAKi :iGVYAF~ASi\BCDASHfj vLCTKTDii T, YrnjtSaoQDGRF? : 110 

M al t d 2 1 s3 aa vv6 d v 

Salmo:,ella : 
£:coli 

h 
Salmo:iell,;i : 
Ecol.1 

20 60 80 100 
V V R O GE E H 
T A H t SD C R 

MDALELL6m~RSASRLAEP;..P GE:QLQ:H LRAGHR P0:-1!\SGQPW FFVIEGEGR RFSAVLEQGAlAAG D t:AJ :i.AR~lAPFRAr'LI ITVVA!\CEE~BKVP WEQE 

120 140 160 180 
O< A £ F ST R : l 83 
G F G £ "V T : 18 J 

HSAGCAVM.AMQ!lA.A6AQGF GIWRSGALTES 6VREAF CR QDKIVGFLYLGTPQLKP..ST31 PDPTPFV YF 

: I 08 
: 108 

Figure 3.3: Amino acid alignment of bacterial nitroreductase a: NfnB k12 (line 1) and homologues 
from Salmonella typhimurium LT2 (NfnB), Desulfovibrio desulfuricans G20 (Dde_0086 and Dde_2199) 

b: Salmonella enteric paratyphi A (YdjA), and E coli (Ec_YdjA), Shading indicates amino acid 
conservation of 100% (pink), 80% (blue), 60% (grey) 
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3.2 PCR amplification of bacterial nitroreductases 

Genomic DNA was extracted from Salmonella typhimurium LT2, Salmonella enterica 

paratyphi A, ATCC 9 150, Desulfovibrio desulfi1ricans G20 and PCR amplified using 

proofstart polymerase (QIGEN) and KOD Hotstart DNA polymerase (Novagen) to isolate 

four different recombinant and engineered bacterial NTRs (n.fnB from Salmonella 

typhimurium LT2, yq'jA from Salmonella enterica paratyphi A, ATCC 9150, and Dde_0086, 

and Dde _2199 from Desulfovibrio desulfi1ricans G20 ), using pre-designed primers (Table 

l , Chapter 2). 

The primers were designed to anneal to regions at either side of the NTR gene; the 

primers created restriction sites at either end of the gene to allow its insertion into the 

plasmid vector. 

The first PCR experiment (Fig. 3.4) resulted in the isolation of recombinant NTRs 

(,?fnB, yq'jA, Dde_0086, and Dde_2199) having a BamHJ restriction site at the 5' end 

direction and a Hindlll restriction site at the 3' end direction. 

0.75kb 

0.75kb 

0.75kb 

0.75kb 

I. 
<II 

"Cl 
"Cl as 
.,;j 

I. 
Cl> 
-0 
-0 

j :i ~ :3 

0.552kb 

0.660kb 

h 

d 

Figure 3.4: PCR amplification of recombinant bacterial NTRs using proofstart polymerase (11/118) and KOO 
Hotstart polymerase (ydjA, Dde_0086, and Dde_l 199) with pre-designed primers. a: 11/118 (0.654 kb), b: ydjA 

(0.552kb), c: Dde_ 0086 (0.657kb), d: Dde_l/99 (0.660 kb) with forward primer containing BamHI restriction site 
and reverse primer containing Hindrrl restriction site. Ladder: 10 kb. L= lane. 

71 



The second PCR experiment (Fig 3.5) resulted in the isolation of engineered NTRs 

having six adj acent codons for cysteine between a BamH 1 restriction si te and the start 

codon of the NTR in the 5' end direction and a Hindi II restriction site in the 3 'end direction. 

h 

0.75kb 
0.75kb ► 

0.552kb +cys12 

0.75kb 0.75kb 

Figure 3.5: r cR amplification of engineered bacterial NTRs (NTRs-cys 12) using proofstart polymerase (11/11B) and 

KOO Hotstart polymerase (ydjA, Dde_0086, and Dde_l/999) with pre-designed primers. a: 11/11B (0.654 kb + cysn), 
b: Jl(ljA (0.552kb + cysn), c: Dde_0086 (0.657kb + cysn), d: Dde_2 /99 (0.660 kb+ cys12) with forward primer 

containing BamHl restriction site and reverse primer containing HindTil restriction site. Ladder: 10 kb. 

3.3 Ligation of recombinant and engineered bacterial nitroreductases into pET28a(+) vector 

Attempts were made to ligate NTRs (nfnB, yd.JA, Dde_0086, and Dde_2199 with BamHJ 

and HindIIJ) and engineered NTRs (nfnB-cys1 2, yd.JA-cys12, Dde_0086-cys12, and 

Dde_2199-cys1 2 with BamHland six adjacent codons for cysteine per monomer, and 

HindJJI) in a different ligation process into pET28a(+). After an overnight ligation, the 

plasmid vector was transformed into competent cells of E. coli DH5a. A suicide cut with 

EcoRJ was used to remove the plasmids that had re-ligated (without insertion). The cells 

were then grown using kanamycin (50 µg/ml) resistance agar plates (pET28a(+) carries a 

kanamycin resistance gene) , thus only cells which have taken up the pET28a(+) vector will 
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grow successfully. DH5a strains of E. coli are more useful for transformation since the 

number of the transfomrnnts obtained is far higher than E. coli Rosetta. It has been 

postulated that an additional layer of the envelope may play an important role comparable 

to that of the outer membrane. 1 The chemical composition of the peptidoglycan of a highly 

efficient transforrnant E. coli strain DH5a was analyzed in comparison with a nonnal and 

poorly transformant E. coli strains revealing a simpler peptidoglycan chemical composition 

in the DH5a strain. This may be responsible for the simpler architecture of the 

peptidoglycan which, in tum, may interfere less with the passage of the DNA across the 

bacterial envelope.' 

In order to confinn that the cloning vector contained the genes of interest (nfnB, ydjA , 

Dde_0086, and Dde_2199), they were isolated and the genes restricted with BamHJ and 

Hindllf. The resulting fragments were separated using agarose gel electrophoresis. 

pET28a(+) has BamHJ and Hindlll restriction site in the multi-cloning region, therefore a 

successful transfonnation when run on a gel would produce two fragments, a 5.3 kb 

fragment which co1Tesponds to the pET28a(+) and :::::: a (0.552-0.660 kb) fragment which 

co1Tesponds to NTRs genes. (Fig. 3.6) shows the success of the ligation for recombinant 

NTRs. 

h 
5.3kb 

.. .-; N :3 ~ 
If) 

~ ..:l ..:l .J 5.3kb -r:::, .. -r:::, 
~ 

d. 
0.75kb 

0.75kb., 

0.654kb = 0.552kb 

0.75kb 
0.660kb 

Figure 3.6: Ligation of recombinant bacterial NTRs into pET28a(+). {a: 5.3kb bands=pET28a(+) 
vector, 0 .654kb bands= 11/11B. b: 5.3kb bands=pET28a(+) vector, 0.552kb bands= y djA . c: 5.3kb 

bands=pET28a(+) vector, 0.657kb bands= Dde_0086. d: 5.3kb bands=pET28a(+) vector, 0.660kb 
bands= Dde_2199} with forward and reverse primers. Ladder =IOkb marker. 
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The same approach was used to confim1 that the plasmid vector pET 28a(+) contained 

the engineered NTRs (nfnB-cys 12,ydjA-cys ,2, Dde_0086-cys 12, and Dde_2199-cys 12). After 

isolation of plasmids, the plasmid DNA was digested with BamHJ and Hindlll. Running 

the resulting fragments on agarose gel, and estimation of the expected sizes of the 

fragments (Fig. 3.7) showed the success of the ligation for engineered NTRs. 

5.3kb 

0.75k 

0.552kb +cys,2 

5.3kb 

0.75kb 

0.657kb +cys,2 0.660kb +cys12 

Figure 3.7: Ligation of engineered bacterial NTRs into pET28a(+). {a: 5.3kb bands=pET28a(+) vector, 
0.654kb + cys12 bands= nfnB-cys,2• b: 5.3kb bands=pET28a(+) vector, 0.552kb + cys12 bands= ydjA

cys12. c: 5.3kb bands=pET28a(+) vector, 0.657kb + cys12 bands= Dde_0086-cys12• d: 5.3kb 
bands=pET28a(+) vector, 0.660kb + cys12 bands= Dde_2199-cys12 } with forward and reverse primers. 

Ladder =I0kb marker. 
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3.4 Overproduction of nitroreductase enzymes 

In order to overproduce the enzyme, the pET28a(+) vector containing the gene of interest 

was transformed into Rosetta E. coli. This vector contains all of the genetic coding 

necessary to produce the protein, including a promoter appropriate to the host cell (T7 

promoter which is specific to only T7 RNA polymerase, not bacterial RNA polymerase, 

and also does not occur anywhere in the prokaryotic genome), a lac operator which can 

block transcription, a sequence which codes for ribosome binding, and a sequence which 

tem1inates transcription. It is also contains a lacl gene (lac repressor protein) . Both the T7 

promoter and the lac operator are located 5 · to the inserted gene, since RNA growth 

(transcription) is always in the 5' to 3 · direction. The T7 RNA polymerase gene was 

integrated into the E. coli host genome, and constructed such that it was under the control 

of lac promoter and operator. The E. coli host genome also carries the lacl gene (The lac 

repressor acts both at the lac promoter in the host chromosome to repress transcription of 

the T7 RNA polymerase gene by the host polymerase and at the T7 lac promoter in the 

vector to block transcription of the target gene by the T7 RNA polymerase). Once the IPTG 

(an analogue of lactose) was added to the growing culture, the transcription of T7 RNA 

polymerase was induced. The T7 RNA polymerase gene on the host cell chromosome has 

an inducible promoter which is activated by IPTG. This molecule di splaces the repressor 

from the lac operator. Since there are lac operators on both the gene encoding T7 RNA 

polymerase, and the target gene, lPTG activates both genes. Therefore, when lPTG is 

added to the cell, the T7 RNA polymerase is expressed, and quickly begins to transcribe 

the gene of interest which is then translated as a nitroreductase enzyme. Because T7 is a 

viral promoter, it transcribes rapidly and profusely for as long as the T7 RNA polymerase 

is present. The expression of nitroreductase enzyme increased rapidly as the amount of 

mRNA transcribed from gene of interest increased. Within 3-4 hours the target protein can 

accumu late to greater than 30-40% of the total cell protein.2·
3

•
45 

The pET-28a(+) carries a (His6) tag at the N-terminal configuration, which is used for 

purification. The desired gene was inserted into a po lylinker site which is downstream to 

the (His6) tag of the plasmid vector, such that when the gene was expressed, an amino acid 

sequence of His6 was incorporated into the enzyme. Purification of the desired gene was 
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achieved using a 1 ml nickel column that retains the enzyme due to its His6 tag. Increasing 

concentrations of imidazole were passed through the column, and NTR was dissociated 

from the colunm allowing the purified protein to be eluted.6 

It is obvious that the expression of the proteins has been successful (Fig. 3.8 and 3.9), 

and the proteins have been expressed at the expected molecular weight (25 kDa), 

increasing quantities of the induced and un-induced fractions demonstrate the successful 

induction method (Fig. 3.8). 

86kDa 
... 

SS.3kDa Q,l 

=- =- =-'1::1 
'1::1 - =-

N I"'> 

=-OIi .,, .,, =- .,, 
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Figure 3.8: Purification of NfnB. The NfnB gene was over-expressed from pET28a(+), and purified using a nickel 
column. Proteins were run on SDS-PAGE and compared to molecular markers. 

It is also illustrated that the sample taken at 200 111M imidazole (Fig. 3.9) in the case ofNfnB, 

Y djA; Dde_0086 and Dde_2199 elute the largest quantities of NTRs off the column. 
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Figure 3.9: SDS-PAGE of fractions containing the purified bacterial NTRs expressed from a: pET28a(+)-NfnB, b: 
pET28a(+)-YdjA, c: pET28a(+)-Dde_0086, d: pET28a(+)-Dde_2199. 
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High 

The 2nd 1 ml of 200 mM imidazole was found to hold greatest amount of proteins 

(Fig. 3.10) regarding al l recombinant NTRs. 
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Figure 3.10: SOS-PAGE of fractions containing the purified bacterial NTRs expressed from a: pET28a(+)-NfnB, b: 
pET28a(+)-YdjA, pET28a(+)-Dde_0086, d: pET28a(+)-Dde_2 I 99 showing the 200mM imidazole samples. 

The cys-tagged protein (NTRs-cys 12) required more imidazole concentration to be 

eluted off the column as the extra binding of the cys-tags, and the high molecular mass 

bands in the cys-tagged proteins due to the protein dimerisation (Fig. 3. I 1 ). 
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Figure 3.1 1: SDS-PAGE of fractions contammg t e punfie TR,...s--c-ys--,-2 -ex-·p-re_s_se..,-,.rom a: pET28a(+)-NfnB-cys-
12, b: pET28a(+)-YdjA-cys-12, pET28a(+)-Dde_0086-cys-12, d: pET28a(+)-Dde_2199-cys-12• 
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High 

Parallel to NTRs the 2nd I ml of more concentrated imidazole (300 mM) eluted 
greatest amount of proteins (Fig. 3 .12) in the case of all NTRs- cys 12• 
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Figure 3.12: SDS-PAGE of fractions containing the purified engineered NTRs expressed from a: pET28a(+)-NfnB

cys12, b: pET28a(+)-VdjA- cys 12, pET28a(+)-Dde_0086- cys12, d: pET28a(+)-Dde_2199 - cys 12.showing the300mM 
imidazole samples. 

All of the enzymes expressed and overproduced successfu lly except one, this can be 

seen in the protein gel as a very thin band with the imidazole fractions (Figure 3.13). 

Different attempts were made as the unsuccessful overproduction of Ode_ 2199-cys. 

Neither incubation of LB mixture ( the transformed E.coli Rosetta cells with Ode_ 2199-

cys- pET28a(+) were picked and transferred into a mixture of 5 ml LB media and 50µg/ml 

kanamycin, then grown at 37°C overnight and the 5ml solution was mixed with 500ml LB 

solution and 50µg/ml kanamycin) at 37 °C unti l the O.D. of 600 nm was 0.6 then 

inoculated with 2ml, O.IM IPTG. The incubation was allowed to continue for 4 hours (Fig. 

3.13a), nor ligation of Dde_2199 gene (Fig. 3.13b) into the modified pET28a(+) (Where 

the His tag followed by the cys tag) did not reveal a successfu l overproduction . 
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Figure 3.13: SDS-PAGE of fractions containing a: the purified engineered Dde_2 I 99-cys 12 expressed from 
pET28a(+), b: the purified recombinant Dde_2199 expressed from modified pET28a(+) which contains cys-tag, 

showing the unsuccessful overproduction for both case. F.Th=Flow through. 

The plasmid vector that carries Dde_2 199 gene, and the modified vector pET28(+) have 

been digested with appropriate restriction enzymes (BamH 1 and Hindllf) and run on 

agarose gel, the Ode_ 2199 gene and the modified vector have been gel extracted and 

purified using QlAguick® PCR purification kit protocol, and religated in order to introduce 

the Dde_2199 gene into the modified vector (Figs. 3.36 and 3.37) and later over expressed 

(Fig. 3. 14). 

Dde_2199 was 
digested with 
BamHI & 
Hind Ill 

Figure 3.14 : Digestion of (recombinant plasmid pET28a(+) that carries Dde_2199 gene) and (modified pET28a(+)) 
with BamH I and Hid Ill. The bands at 5.3 kb corresponds to pET28a(+), and modified pET28a(+), and the band 

in 0. 75kb corresponds to Dde_2 t 99. 

In order to prove that the cloning vector (modified pET28a(+)) harboured the genes of 

interest (Dde _2199), they were isolated and the genes restricted with BamH J and Hindlll. 

The resulting fragments were separated using 0. 7% agarose gel electrophoresis. A 

successful transfo1mation when run on a gel would produce two bands, first a 5.3 kb band 
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which con-esponds to the modified pET28a(+) and :::::: a 0.75kb band which con-esponds to 

Dde_2 I 99. Fig. 3. 15 shows the success of the ligation for modified vector and Dde_2199 . 

... 
Q 

"O 
5.3 Kb ► "g 

..J 

0.75 Kb ► 

Modified pET28a(+) 

c==::, 
Dde_2199 

Figure 3.1 5: Ligation of Dde_2199 into modified pET28a(+). Lanel, 10kb marker, The band at 5.3 kb corresponds 

to modified pET28a(+), and the band at the 0.75kb corresponds to Dde_2199. 

The successful over production has been achieved with the incubation of LB mixture 

(the transformed E.coli Rosetta cells with Dde_2199-cys- pET28a(+) were picked and 

transferred into a mixture of 5 ml LB media and 50 µg/ml kanamycin, then grown at 37°C 

overnight and the 5ml solution was mixed with 500 ml LB solution and 50 µg/ml 

kanamycin) at 37 °C until the O.D. of 600 nm was 0.3 and placed at 20°C until the O.D. of 

600 nm was 0.8 then inoculated with lPTG (2 ml, 0.1 M), the incubation was allowed to 

continue overnight at 20°C (Fig. 3. 16). 
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Figure 3.16: SOS-PAGE of fractions containing the purified Dde_ 2199 expressed from pET28a(+). a: different 

imidazole concentrations were used to elute the protein off the column, b: the 300 mM imidazole samples. 

Equi valent to other engineered NTRs, the 300mM imidazole eliminated the greatest 

quantity of Dde_2199-cys12 off the column (Fig. 3.16a), and the 2nd 1 ml of the same 

concentration contains the greatest amount of protein (Fig. 3. l 6b ). 
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The SDS-PAGE gels showed that a concentration over 150 mM imidazole is required 

to remove the protei11 off the column, and a lower concentrations (50 mM) is required to 

remove other unwanted fragments. Then 500 mM imidazole is passed through the column 

to ensure that all of the protein is eluted from the column. 

3.5 Enzyme assay 

To demonstrate the effecti veness of the recombinant NTRs, reduction experiments were 

can-ied out using various substrates containing nitro groups; spectra were recorded from 

250 nm to 500 nm to monitor the enzymatic activity of the NfnB, and Y djA on 2,4-

dinitroethylbenzene (DNEB), Dde_0086 on 1,2-dinitrobenzene (DNB), and Dde_21 99 on 

3-nitrobenzoate (3-NBZ) for 10 minutes. 

A gradual decrease in absorbance with time at 340 nm was fo und indicating NADH 

oxidation (Fig. 3. 17, 3. 18 3.1 9, and 3.20). A minor durable signal at 4 10 nm was observed 

when DNEB (Fig 3. 17 and Fig 3.1 8) and DN B (Fig 3.1 9) were used as a substrate, which is 

believed due to the formation of a di azoxy-compound;7•
8 this particular signal was not 

observed when 3-NBZ was used (Fig 3.20). Regarding poly and di-nitro compounds the 

reduction of the first nitro group is much faster than others due to the electron defi ciency in 

the aromati c ring, consequently accumulation and condensation of the intermediates; 

nitroso and hydroxylamino derivatives, hence diazo-compounds formation, while in case of 

mono-nitrocompounds, nitro group reduction required very low potenti al so there is a low 

possibility of diazo-compounds fom1ation. 

The continuous, gradual, and regular decrease in absorbance at 340 nm is clear from 

Fig. 3. 17, and the concomitant fo1mation of diazoxy-compounds at 410 nm, when the 

DNEB reduction is catalysed by the recombinant NfnB-LT2 might indicate good affinity of 

the enzyme towards the substrate and the enzyme catalytic efficiency. 
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Figure 3.1 7: R epetitive scanning of the recombinant NfnB L T 2 reduction of DNEB using NADH. 

Once more DNEB reduction by another recombinant NTR (Ydj A) was observed 

(Fig. 3.1 8). NADH oxidation via continuous, gradual and regular decrease in absorbance at 

340 nm and diazoxy-compounds production at 41 0 nm was also observed may also referred 

to efficiency of the catalytic reaction proceed by the particular enzyme. 
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Figure 3.18: Repet itive scanning of the recombinant YdjA reduction of DNEB using NADH. 

This time iJTegular gradual decrease in absorbance at 340 nm and slight diazoxy

com pounds production at 410 nm were found to be catalyzed by Dde _ 0086 versus DNEB 

(Fig. 3. l 9b ), this can be explained by the lower affinity and slower reduction rate of the 

enzyme towards DNEB in comparison with nfnB LT2 (Fig. 3.1 7) and YdjA (Fig. 3. 18). 

However Dde_0086 showed enhanced response against DNB (Fig. 3. 19a) indicating higher 

reaction rate catalyzed by the enzyme, and this can be confirmed by the activity of 

Dde_0086 versus d ifferent nitro-compounds (Fig. 3.22) as Dde_0086 demonstrated higher 

activity rate with DNB in contrast with other nitro-compounds. 
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Figure 3.19: Repetitive sca nning of the recombinant Dde_0086 reduction of a: DNB , b: DNEB using NADH. 

Improved activity was recorded for Ode 2199 against 3-NBZ (Fig.3.20) via a 

continuous, gradual and regular decrease in absorbance at 340 nm and diazoxy-compounds 

production was not observed at 4 10 nm due to minimal possibility of diazoxy-compounds 

fonnation in mononitro-compounds as discussed above. 

0 .8 

0 .6 

~ 
t') 0.4 

g- 0.2 
.; 
~ 0 
; 
f -0.2 
e 
"' < -0.4 

-0.6 

250 

Inmarg ,;m, 

-----
~ 

300 350 400 450 

Wanlength (nm) 

- lmin 

2min 

-3min 

- 4min 

- Smin 

- 6min 

7min 

- 8min 

- 9min 

l0min 

500 

Figure 3.20: Repetitive scanning of the recombinant Dde_2 I 99 reduction of 3-NBZ using NADH. 

Spectra were also recorded for Nfob-cys12, YdjA-cys1 2, Dde_0086-cys12_ and 

Dde_2199 -cys12 to evaluate the activity of the engineered NTRs. The oxidation of the 

NADH was again followed at 340 nm. All the engineered enzymes showed a gradual 
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decrease with time in the absorbance at 340 nm indicating that they were all successful ly 

expressed in their active conformation. 

To confinn that the NTRs are responsible for the NADH oxidation, a series of 

experiments was perfom1ed where the enzyme concentration is increased. If the enzyme is 

active then an increase in the ve locity of the reaction should be seen. Fig 3.21 shows that 

the oxidation of NADH was indeed due to the NTRs because a straight line relationship 

between the enzyme concentration and velocity was obtained. 
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Figure 3.21: A calibration line of activity / min (340 nm) aga inst µ g of recombinant NTRs. a: NfnB, b: YdjA, c: 
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3.6 Enzyme specificity 

The specificity of bacterial nitroreductases versus substrates containing nitro compounds 

(explosives) was demonstrated. Unfortunately, the crystal structure of NTRs involved in 

this study bas not been reported yet, to help explain the substrate specificity of the enzymes. 

Hence the activity of NfnB k 12 from E coli against a broad range of substrates containing 

nitro compounds were detem1ined , due to homology of the studied NTRs with Nfn.B from 

E. coli k 12 which have enormous data published including crystal structure might provide 

an insight into the substrate specificity of the studied NTRs. 
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Figure 3.22: The activity of bacterial nitroreductases against different nitro-compounds. 

lt is clear from (Fig 3.22) that bacterial NTRs exhibited broad substrate specificity 

toward nitro-aromatic substrates, this can be explained by the inherent plasticity of the 

helix containing the Phel24 residue which shows a pronounced variability in position for 

accommodating substrates of different sizes.9
•
10 The E. coli NfnB k 12 and NfnB LT2 from 

Salmonella typhimurium LT2 approximately exhibited identical pattern of specificity 

concerned ( 1,2-DNEB, 3-nitrobenzoate, nitrobenzene, and 4- nitrotoluene), they showed 

maximum activity with 1,2-DNEB and minimum with 4- nitrotoluene. This might be due to 

the contribution of identical residues in substrate binding pocket as they share 88% 

sequence identity. 
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A different pattern of specificity was observed for Y djA from Salmonella enterica 

paratyphi A and NfnB k 12 which share 16% sequence identity (Fig 3.22 ), considerable 

specificity against DNEB was seen, negligible activity was observed concerned other 

nitro-containing compounds. Conversely, tbe crystal structure of E. coli Y djA (Ee_ Y djA) 

that shares 89% sequence identity with Salmonella enterica paratyphi A Y djA revealed 

that the absence of the two helices in Ee_ Y djA which restricts the substrate and cofactor 

binding in other NTRs, makes a w ider and flexible active site. 11 Hence further structural 

studies w ith complexes of substrate analogs or inhibitors would be required to obtain a 

detailed understanding of the substrate-binding mechanism. 

The Dde_0086 and Dde_2 I 99 NTRs from Desu(fovibrio desu(furicans G20 

demonstrated diverse model of specificity in contrast with E. coli NfnB k12 (Fig. 3.22), 

although the Dde_0086 shares 51% sequence identity with nfnB k12 (Table 3. 1). This may 

be due to the participation of different residues in substrate binding cleft. 1n addition to 

Phe 124, other surrounding aromatic residues may participate in substrate binding, and 

these residues vary among nitroreductases, suggesting that they may play a role in 

determining the substrate specificity of the enzymes.9
•
10 The substrate is sandwiched 

between the FMN and Phe 124 residue and is held primari ly by weak van der Waals and 

dipole-dipole interactions. Hence, the electron distribution of the FMN may play a major 

role in substrate orientation, binding affinity and reactivity. In addition, the large change in 

charge distribution on the flavin on reduction would not only orient the coITect substrate 

but could prevent most substrates from binding to the wrong form of the enzyme as well as 

helping to eliminate the products of the reaction. 12 

3.7 Protein concentrations, specific activities, Km, and V max values 

The specific activities of purified, recombinant NTRs and engineered NTRs-cys 12 against 

different nitro-aromatic compounds (NACs) were evaluated by estimating the rates of 

(NACs) reduction with increasing concentrations of substrate (Table 3.2). The resulting 

data were averaged and the Km and Vmax values were calculated from Direct Linear 

analysis 13 and were obtained w ith a 68% confidence level (Table 3.2). The Michaelis 

constant (K111) is essentially how effectively the enzyme binds the substrate, hence affinity, 
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with a low value indicating a high affinity, and Yrnax is the maximum velocity or rate at 

which the enzyme catalyzed a reaction. 

Since NfnB exhibited an enhanced response towards DNEB (Fig. 3.22), this 

particular substrate was used to determine the kinetic parameters for NfnB. The increase of 

the reaction rate catalysed by NfnB and NfnB-cys12 by increasing substrate concentrations 

can be clearly seen (Fig. 3.23). Afterwards any increase in substrate concentration did not 

affect in the reaction rate due to tbe saturation of enzyme active site with the substrate 

roughly (30 µM). The reduction of the reaction rate by cys-tag insertion was also noticed 

from the same figure. The calculated K 111 and Yrnax values regarding NfnB were found to be 

18.3 M and 89. 12 µmol/min/rng, wh ile NfnB-cys12 showed 25.0 µM, and 81.8 

µmol /rnin/mg K 111 and Yrnax values respectively indicating that the cys-tag insertion reduced 

about 33% of enzyme activity as well as decreased the enzyme affinity for the substrate. 

The K rn value of Salmonella typhimurium LT2 NfnB towards DNEB is lower (18.3 µM) in 

comparison with the Km value related E coli NfnB (27 µM) 14, and YdjA (43.4 µM ), hence 

the high affinity of the enzyme for the substrate in comparison with others. 
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Figure 3 .23 : A chart showing the increasing concentrations of the analy te against activity in µM/min/mg at 

340nm, for the purified NfnB and NfnB-cys12. 

DNEB was used for estimating Y djA kinetic parameters for to the same reason 

mentioned above (Fig. 3.22). Similar results were observed concerning recombinant Y djA 

Km (43.4 µ M) and Y max (95.3µmol/min/mg) values and YdjA-cys,2 (Km 56.0 µMand Ymax 

92.2µmol/rnin/mg) as the cys-tag reduced the enzyme activity (26.4%) and the enzyme 

affinity for the substrate (Fig.3.24). 
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Figure 3.24 : A chart showing the increasing concentrations or the analyte against activity in µM/min/mg at 
340nm, for the purified YdjA and YdjA-cys12• 

l ,2-DN B was used regarding Dde_0086 as it is showed considerable response with 

thi s substrates (Fig. 3.22). It was also found that a low concentration of 1,2-DN B 

(20 µM) was enough to make the enzyme saturated with the substrate, in addition drove 

down of reaction rate catalysed by the enzyme considerably via cys-tag inse1t ion (Fig. 

3.25). 50 
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Figure 3.25 : A chart showing the increasing concentrations of the analyte against activity in µmoles/min/mg 
at 340nm, for the purified Dde_0086 and Dde_ 0086-cys12• 

Dde_2 199 kinetic parameters were estimated with 3-NBZ (Fig. 3.22). The enzyme 

become saturated with a low substrate concentration approximately 20 µM and no more 3-

NBZ was required to increase the reacti on rate which is highly reduced by the cys-tag 

insertion (Fig. 3.26). 
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Figure 3.26 : A chart showing the increasing concentrations of the analyte against activity in µmoles/min/mg 
at 340nm, for the purified Dde_2199 and Dde_2199-cys12• 

The low Km values found with Dde_0086 (7.7 µM) and Dde_2199 (5.04 µM) 

toward 1,2-DNB and 3-NBZ respectively suggest that 1,2-DNB and 3-NBZ might be the 

physiological substrates for these enzymes, although these two enzymes showed enhanced 

response to wards other NACs (Fig. 3._22). Once more the cys tag insertion affected the 

reaction rate mediated by these two enzymes and drove down the enzymes activity by 

(Dde_0086 I 41 %) and (Dde_2199/ 49.3%) and reduced the enzymes' affinity for the 

substrates (Table 3.2). 

Table 3.2: The protein concentrations, Average specific activity, Km, and Vmax values of bacterial 
nitroreductases. 

Protein Average total protein Average specific activity Km Vmax 
(mg/SOOml culture) (~111101/min/mg) (µM) (µmol/min/mg) 

NfnB 22.5 3.15 18.3 (8. 19-25.9) 89. 12 (75.3-111) 

1\/fiJB-cys12 l 1.6 2. 12 25.0 (] 0.1-55.0) 8 1.8 (62.7-1 20) 

YdjA 18.3 1.29 43 .4 ( 16.4-64.0) 95.3 (76.5-112) 

Yd.iA-cy::;1~ 10.4 0.95 56.0(37.2-108) 92.2(37.6- 132) 

Ddc 0086 58.6 2.41 7.70(2.56- 15.3) 49 .5( 44.5-56. 9) 

Dcd 0OX6-cys1~ 16.8 1.43 9.71 (3.96-16.7) 28.5(25.3-33.9) 

Ode 2199 28.5 4.42 5.04(2.65-7.43) 68. l (65.4-73.8) 

Ode 2 I 99-cys 12 8.4 2.24 14.93(5 .66-3 1.2) 54.0(44.8-67.0) 
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3.8 Stoichiometry of the enzyme reaction 

The reduction of a nitro group to an amine group via the nitroso and hydroxyl amino-groups 

is a six electron reduction. Thus each reduction step must use one pair of electrons 

indicating that one NADH molecule is required for each step. 15
·
16 

To confirm the stoichiometry of the reaction and the identity of the products, the 

stoichiometry of the reaction between NADH and nitroaromatic substrates was calculated 

from the total drop in absorption avai lable when using 200 µM of NADH; this drop is 

equivalent to -1.2 a.u. Hence -1.2 c01Tesponds to -0.006 a.u., the absorbance drop for l µM 

ofNADH. 

The recorded absorbance drop for 20 µM of DNEB equalled - 0.123419 a.u. (Fig. 

3.27) consequently when th is drop is divided by -0.006 a.u. this yields the concentration of 

NADH (20.6 µM reacting for every 20 µM of analyte present; hence one ~LM of NADH is 

oxidized for every one µM of analyte present. 

The resulting data ach ieved for NfnB (Fig. 3. 27) shows a correlation of 0.97 w ith a 

s lope of 1.02 therefore, the ratio of analyte (DNEB) to NADH is I : 1. This stoichiometry 

was a lso confinned with the NfoB-cys 12 (correlation of 0.99 and slope 0.99). Hence, the 

NfnB must reduce the nitro group to nitroso. 
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Figure 3.27 : A chart showing the calculated concentrations of the 2,4-dinitroethylbenzene/ Nfn B against the 
concentration of NADH used d uring the reaction at 340 nm 

The stoichiometry of the Y djA enzymatic reaction against DNEB was found to be l: I 

µmol of substrate/ µM of NADH (correlation of 0.99 with a slope of 0.94) and the result 

• confim1ed with the Y djA-cys12 ( correlation of 0.99 with a slope of 0.9). Therefore, the 

Y djA must reduce the nitro group to nitroso (Fig. 3.28). 
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Figure 3.28 : A chart showing the calculated concentrations or the 2,4-dinitroethylbenzene /V djA against the 
concentration of NADH used d uring the reaction a t 340 nm 

The molar ratio of NADH oxidized to DNB reduced (µM NADH/ µM DNB) was 

found to be 2.7 µM (correlation of 0.98) hence Dde_0086 must reduce the nitro group to 

amino-group. A similar result was obtained regarding Dde_0086-cys 12 (correlation of 0.99 

with a slope of 2.5) (Fig. 3. 29). 
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Figure 3.29: A chart showing the calculated concentrations of the DNB/Dde_ 0086 aga inst the concentration of 
NADH used during the reaction at 340 nm 

The rate of oxidation of NADH was 2 times that of the reduction of the 3-NBZ with a 

correlation of 0.96 and a slope of 2.3. This stoichiometry was supported via the resu lt of 

Dde_2199-cys12 (correlation of0.99 with a slope of2.0), hence Dde_2199 must reduce the 

nitro group to a hydroxylamino-group (Fig. 3. 30). 
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Figure 3.30 : A chart showing the calculated concentrations of the 3-NBZ/ Dde_2199 against the concentration of 
NADH used during the reaction at 340 nm 

3.9 pH and temperature dependence 

The effects of pH and temperature on the activity of NT Rs were examined. Assays were 

carried out spectrophotometrica lly using a wavelength scan over 250-500 nm for IO min at 

a series of different pH (50mM sodium citrate for pH range 5-6, 50mM phosphate buffer 

for pH range 7-9, 50mM CAPS for pH range I 0-11) and different temperature va lues 

(25°C -70°C) in 50 mM phosphate buffer. The measured activity was estimated from the 

absorbance drop at 340 nm. The optimum activity of purified NfnB was found to be at pH 

7.0 which decreases as the pH varies in both directions (Fig. 3.3 1 ). 
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Figure 3.31 : The effect of pH on the activity of NfnB and NfnB-cys12• 
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Y djA showed a considerable reductase activity over a wide pH range (7-9) with 

maximal catalytic activity at pH 7.0 (Fig. 3.32), and the enzyme sharply reduced its activity 

at low acidic pH (3.0) and high basic pH ( I 0.0). 
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Figure 3.32: The effect of pH on the activity of YdjA and YdjA-cys12• 

The Dde_0086 exhibited high reductase activity under acidic and alkaline condi tions 

and retained high level of its activity even after incubation at pHs of 3- 11 for IO min (Fig. 

3.33). This is in agreement with the published va lue 17 of Bacillus subti/is WU-S2B that 

showed high stability under acidic and alkaline conditions and retained 90% of its activity 

even after incubation at a wide pH range (4- 12) for 24h. The high level of packing of the 

two subunits could be related with the intrinsic stabi lity of the enzyme, and may be an 

advantage for a potential use in clinical or biotechnological applications. However, further 

studies and structural analysis will be required to understand the biological function of this 

enzyme and its potential applications.18 
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Figure 3.33: The effect of pH on the activity of Dde_0086 and Dde_ 0086-cys12• 
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Parallel to NfnB and Y djA, Dde-2199 demonstrated a substantial catalytic 

efficiency within a broad pH range (7-9) with a maximal activity at pH (7.0). The enzyme 

reductase rate reduced as the pH varying in both directions, additionally the enzyme 

activity extremely reduced at pH 3.0 and 11.0 (Fig 3.34). The optimum activity of the 

NTRs is at pH.7.0 which is in agreement with the published value. 19 
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Figure 3.34: The effect of pH on the activity of Dde_2199 and Dde_2 I 99-cys12• 

Similar results (pH dependence) were observed for NTRs-cys (NfnB, Fig. 3.31 , Y djA, 

Fig. 3.32, Dde_0086, Fig. 3.33, and Dde_2199, Fig. 3.34) albeit with decreased levels of 

activity indicating that cys-tag insertion had no effect on pH /activity profile. 

The effect of temperature on NTRs stability was determined. Purified NTRs were 

incubated in a heating blocks over a temperature range from 25 to 70°C. After 5 min 

incubation, the protein was added to an assay mixture, and the enzyme reaction was carried 

out spectrophotometrically using a wavelength scan over 250-500 nm for IO mi n. The 

effects of temperature on the activity ofNTRs were studied at pH 7.0. 

NfoB in this study was relatively stable at temperatures 50°C and below. It retained 

74% of its acti vity at 55°C, and totally lost its activity when incubated at 65°C for 5 min. 

(Fig. 3.35). This is in agreement with the nitroreductase activity of whi te rot fungus 

Phanerochaete ch1ysosporiu111. 20 
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Figure 3.35: The effect of temperature on the stability of NfnB and NfnB-cys 12. 

The activity of Y djA was not affected by incubation in the temperature range (25°C-

400C), and the activity graduall y decreased as the temperature increased above 40°C. 

Moreover, ydjA preserves 55% of its original activity at 55°C, the optimal temperatures of 

several bacterial nitroreductases were shown to be 40°C or less.16
•
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Figure 3.36: The effect of temperature on the stability of YdjA and YdjA-cys 12• 

Dde_0086 and Dde_2 l 99 (Fig. 3.37) exh ibited high stability over wide temperature 

ranges (25- 55) °C and they retai ned 52% and 83.5% respectively of their activity even 

after incubation at 60 °C; a complete loss of acti vity was noti ced fo r both enzymes at 70°C 

(Fig. 323), these are in agreement wi th the published va lue that showed the maximum 

activity at temperatures > 50°C. 17
· 

23 The high reductase activity for Dde_0086 and 

Dde_2 199 over a w ide temperature range (25- 55 °C) indicates that these enzymes may be 

crucial in the desulfurising ability of Des1!fovibrio desu!jill'icans G20. 

95 



18 

16 

~! 14 

i 12 

-!:: 10 
:le 
~ 8 

= 6 
-~ 
·-= 4 
"' < 2 

0 

·2 

--+- Dde_0086 
- ♦- Dde 0066 cyst} 

l 

20 25 30 35 40 45 50 55 60 65 70 75 80 

Terup,rature c0 

35 

30 

OL 

~ 25 

..§ 20 
:le 
1· 15 
w 
.£ 10 
,!: 
~ 5 

0 

-5 

20 25 30 35 40 45 50 55 60 65 70 75 80 
Temperature °C 

Figure 3.37: The effect of temperature on the stability of Dde_0086, Dde_0086 - cys 12, Dde_2199 and 
Dde 2 I 99 - cysn, 

Unexpectedly the optimal temperatures for stability of the engineered NTRs (NTRs-

cys) were lower than the conesponding values described for recombinant NTRs (Fig 3.23). 

(NTRs-cys) showed a different temperature-activity profile, the maximum temperature for 

stability being shifted from (50 to 40°C), (40 to 35°C), (55 to 50°C), (55 to 45°C), for 

NfnB, Y djA, Ode_ 0086, and Ode_ 2199 respectively indicating that the presence of a cys

tag affect on the temperature stability of the engineered bacterial enzyme. lt is possible that 

the engineered enzyme does not fold into an optimal conformation when expressed in £. 

coli. This may also have an effect on the temperature/activity profile of the native 

n i troreductase. 
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3.10 Conclusion 

The results revealed that NTRs genes (nfnB, yd)A, Dde_0086, and Dde_2199) which were 

obtained from Salmonella enterica serovar typhimurium strain LT2, Salmonella enteric 

subsp. Enterica serover paratyphi A strain A TCC 9 150, and Desu(fovibrio desu(furicans 

strain G20 respecti vely were successfull y isolated using PCR amplification. The primers 

were designed to have restri ction sites that allowed the effi cient incorporation of the genes 

into the plasmid vector, pET-28a(+). The plasmid vector was transfom1 ed into Rosetta, a 

strain of E.coli, because it is an effici ent bacterium for the expression of the enzyme. The 

protein was isolated using a nicke l column because the engineered protein contains a 

positively charged six-residue histidine tag. Purification was achieved by competitive 

removal from the nicke l column using imidazole. The presence of the NTRs and their 

activities were confirmed by exposing the various substrates containing nitro groups (2,4-

DNEB, 1,2- DN B, 3-NBZ, NB, 4-NT) to increasing concentrations of the enzymes. Ln the 

second set of experiments, the protocol for PCR was repeated us ing primers designed to 

conta in s ix adjacent codons for cysteine to enable the enzyme to adhere to the electrode 

surface. The same protocols were used for cloning the modified NTR gene, transfom1ing it 

into£. coli Rosetta strain, and confim1ing the enzyme activity. 

The optimum pH (7.0) and optimum temperature range for enzyme stability 

(25-55C0
) for the NTRs were demonstrated along with Km and Ymax values. The 

stoichiometry was also assessed revealing that the bacterial NTRs react through different 

reaction pathways, N fn B and YdjA oxidizing one µM of NADH to every µM of DNEB; 

Dde_0086 required three µM of NADH to reduce one µM of DNB, hence reducing the 

nitro group to amino group, while Dde_2199 oxidized two µM ofNADH to reduce one µM 

of 3-NBZ. 

Although the cys-tag insertion did not block the enzyme activity, and did not restrict 

substrate entrance into the active site, it was shown to have an effect on enzyme activity, 

protein concentration, and the optimum temperature range for enzyme stability. 
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lt is clear from (Fig 3.38) that cys-tag insertion bad an effect on the protein 

concentrations regarding all engineered NTRs. It reduced expression about 48.4%, 43.2%, 

71.3%, and 70% in the case ofNfnB, YdjA, Dde_0086, and Dde_2199 respectively. 
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30 -
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:-JfnB YdjA Dde 0086 Dde 11 99 

Bacterial nitroreductase.s 

Figure 3.38: The effect of cys-tag insertion on the protein concentration of bacterial NTRs. 

Once again the cys-tag insertion revealed its effect on enzyme properties. lt is reduced 

the enzymes specific activities nearly by (27-50%), in the case of NfnB it reduced about 33% 

and 27%, 41%, 50% in the case ofYdjA, Dde_0086, and Dde_2199 respectively (Fig 

3.39). 
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Figure 3.39: The effect of cys-tag insertion on the activity of bacterial NTRs. 

The optimum temperature range for enzyme stabi lity was also affected by cys-tag 

insertion; it is obvious from Fig 3.40 how cys-tag reduced the optimum temperature range. 
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Figure 3.40: The effect of cys-tag insertion on the optimum temperature range for enzyme stability of 
bacterial NTRs. 

Bacte1ial NTRs showed different activity profiles against vanous nitro-aromatic 

compounds, different reaction pathways and stoichiometry ratio. These will allow the 

biosensor to detect as well as identi fy different nitro- aromatic explosives, through 

immobilization more than one NTRs at the sensor surface which is the main purpose of this 

study. 
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Chapter 4- Bacterial nitroreductases and TNT 

4.1 lntroduction 

2,4,6-Trinitrotoluene (TNT) is one of the most stable and recalcitrant of high explos ives 

and does not occur naturally in the environment. It 's comparatively simple and economical 

to produce, its stability, and its ability to be melted and cast as well as press-moulded into 

shells have supported its widespread use in weapons.1 TNT has accumulated in the 

env ironment due to its recalcitrance which is generally attributed to the symmetric 

localization of the nitro groups of the aromatic ring, which restricts attack by dioxygenase 

enzymes implicated in the microbial metaboli sm of aromatic compounds. Contamination 

by thi s nitroaromatic compound is a typical environmental problem at many sites of earlier 

explosive production, handling, or storage. 2 TNT shows a high inherent toxic potential as 

reported by different studies on mammals including humans, aquatic (algae, fish, bacteria) 

and ten-estrial organisms (plants, soil invertebrates).3•
4 Furthermore, evidence of a 

mutagenic and carcinogenic potential is reported.5•
6 clearl y illustrating that explosive 

compounds should be removed from contaminated sites. TNT biodegradation has been 

considerab ly studied in vari ous microorganisms.7
·
8 A lthough the degree of TNT 

transfo rmation and the main products depend on the type of microorganism and the 

environmen tal conditions, initial reactions of TNT degradation are reductive rather than 

oxidative owing to nitro groups, which reduce the electron density of the aromati c ring, and 

inh ibi t ox idative attack by electrophili c oxygenases.9 TNT's initial reduction metabolism is 

likely to go on through either one-electron or two-electron mechanisms. The nitro group 

reduction via a one-electron mechani sm, catalyzed by oxygen-sensitive (type 11) 

nitroreductases generates a nitro anion radical, which reacts with oxygen to form 

superoxide and regenerates the parent nitro substituted compound. Oxygen-insensitive 

(type I) nitroreductases catalyze a two-electron reduction of nitro group substituted 

compounds, generating the con-esponding nitroso, hydroxylamine, and ammo 

derivatives . 10•
11 Due to the great needs in public security and environmental protection 

there has been a great driving force in the development of sensors for the detection of TNT 

by various approaches, 12
'
13

•
14 of which electrochemica l sensors are mainly suited for TNT 

detection since the electron-defi cient nitro compounds are easily electrochemically 

reduced. Additionally electrochemical sensors meet the requirements of a high-speed and 
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on the-spot detection due to the inexpensive and portable devices which can be made from 

these sensors. 

4.2 Chemistry of TNT 

The three nitro-groups with a nucleophilic aromatic ring structure make TNT susceptible to 

reductive attack but resistant to oxygenase attack from aerobic organisms. ln most current 

reports the reductive mechanism predominates in TNT degradation. The rr electrons from 

the TNT aromatic ring are removed by the electronegati ve nitro groups, which makes the 

nucleus e lectrophilic. The nitro group exists as a resonance hybrid. Because the oxygen 

atoms are more electronegative than the nitrogen atom, the polarization of the nitrogen

oxygen bond causes the nitrogen atom to carry a partial positive charge and to serve as an 

electrophile. Therefore, the most common reaction of the nitro group in biological systems 

is reduction, which can occur either by one-electron or two-electron mechanisms.15 

TNT reduction can be achieved by two pathways. The first one includes a reduction 

of one or two nitro groups to a hydroxylamino group followed by fomrntion of different 

amino-substituted metabolites such as amino-dinitrotoluenes and diamino-nitrotoluenes 

and tetranitroazoxytoluenes (AZTs) via the hydroxylamino-dinitrotoluenes (HADNTs) 

intermediate, although complete reduction of TNT to triaminotoluene (TAT) appears to 

require stri ct anaerobic conditions. 16•
17 The second metabolic pathway involves removal of 

TNT nitro groups as nitrite ions, which is initiated by hydride attack on the aromatic ring. 

Vorbeck et al. first reported that a Mycobacterium sp. strain HL reduced TNT to a hydride

Meisenheimer complex. 18 

Nitro group and the amino group are comparatively stable. The reduction of the nitro 

group to the amine includes a sequence of reactions produces highly reactive intennediates. 

Conversely, the nitroso and hydroxylamino groups are electrophiles, which can interact 

with biomolecules to cause tox ic, carcinogenic, and mutagenic effects. 19 Complete 

reduction of the nitro group to an amino group appears to decrease the mutagenic effect of 

d ?0 the compoun . -
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4.3 Biodegradation of TNT 

Poly-nitro nitroaromatic compounds (TNT) are difficult to degrade. When microbes are 

able to deal with these chemicals they degrade them at a very slow rate. The slow rate of 

degradation can result from the compounds' intrinsic toxicity, as well as from their limited 

solubility. 

4.3.1 Anaerobic degradation of TNT 

The reactions of TNT degradation in anaerobic systems almost completely involve the 

reduction of nitro groups to aromatic amines through a six-electron transfer mechanism.21 

The reduction of nitro-groups to nitroso derivatives, hydroxylamines, or amines is 

catalysed by NTRs through the consecutive addition of e lectron pairs donated by co

substrates. Anaerobic degradation bas the potential advantages of rapid reduction at low 

redox potential that minimize substrate oxidative polymerization due to the absence of 

oxygen. Therefore TNT anaerobic degradation systems have received enom1ous attention 

to get more efficient rates of removal, since azoxynitrotoluene products are not fonned. 22
•
23 

Anaerobes rarely draw out complete conversion of TNT into CO2 or methane,21 hence 

participation of a consortium of bacteria is required to achieve complete TNT degradation24 

The earliest proof of the anaerobic metabolism of TNT was reported by McCotmick et al.30 

who illustrated that crude extracts of Veil/one/la a/kalescens could reduce TNT to 

triaminotoluene (TAT). Additionally anaerobic cultures of Desu!f'ovibrio and C/ostridium 

have been reported to degrade TNT through triaminotoluene intermediate,25 and a variety 

of other bacteria have been shown to reduce TNT under anaerobic conditions; Escherichia 

coli (TNT Reduction to TAT), 26 Lactobacillus sp. (TNT Reduction to TAT), 26 

Methanococcus sp. strain B (TNT Reduction to DANT), 27 Pseudomonas sp. strain JLRJ 1 

(TNT as nitrogen source; TNT as final electron acceptor), 28
·
29 Veil/one/la a/kalescens 

(reduction of TNT to TAT), 30 Sphingomonas capsulate (Amine metabolites),3' Klebsiella 

sp.Cl (reduced to hydroxylarnino dinitrotoluenes, aminodinitrotoluenes and to nitrite via 

denitration),32 Methy lobacterium sp. BJOO 1 (reduced to amino-dinitrotoluenes with no 

significant release of CO2). 
33 
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4.3.2 Aerobic degradation of TNT 

Oxygenase reactions are unidentified for TNT, due to the electrophilic character of the 

nitro groups. Therefore, even in the presence of oxygen, this explosive must be transformed 

by reductive metabolism. Under aerobic condition bacteria try to transform the TNT via 

reducing one or more nitro groups on the aromatic ring to hydroxylamino or amino groups. 

The TNT partially reduced fom1s (hydroxylamino- and nitrosodinitrotoluenes) are 

condensed in the presence of oxygen to produce recalcitrant tetranitroazoxytoluenes ( e.g. 

2,2'-azoxy, 4,4'- azoxy, 2,4'-azoxy) which resist further microbial metabolic degradation 

and cause a higher rate of mutation, toxicity, and genotoxicity than TNT.34
•
35 These 

degradation reactions remove TNT but produce extremely recalcitrant products that are not 

metabolised by most of the microbes that produce them.36 

The nucleophilic attack by a hydride ion to fonn a hydride-Meisenheimer complex, 

followed by the release of nitrite, is another reductive degradation mechanism mediated by 

aerobic bacteria. Where oxygenolytic attack under aerobic conditions is difficult due to 

their electron deficient nature, the electrophilic reaction is easy. The complex re-aromatizes 

after the release of nitrite anion.37 Several bacteria show their ability to degrade TNT 

aerobically; Pseudomonas (TNT elimination via hydride-Meisenheimer complex formation 

and transfom1 to dinitrotoluene, nitrotoluene and toluene),38 Rhodococcus erythropolis 

( catalyze ring hydrogenation, hydride and di hydride TNT-Meisenheimer complexes 

fonnation) ,39 Pseudomonasfluorescens (reduction by addition of hydride to fom1 dihydride 

Meisenheimer complex to catalyze reduction of nitro group).40 

4.3.3 Degradation of TNT by fungi 

It is well known that fungi are also able to degrade TNT; many fungi were reported to 

partially degrade TNT via reducing it to amino aromatics.4 1 The wood white rot fungus 

Phanerochaete chrysosporium, white rot fungi , and litter decay fungi were investigated for 

their capability to transform TNT. The importance in white rot fungi arises from their 

ability to degrade a diverse group of environmentally persistent and toxic chemicals. They 

produce a complex system of extracellular peroxidases, small organic molecules, and 

hydrogen peroxide for the degradation of lignin. The ligninolytic system is non-specific 
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and can biodegrade a wide range of synthetic chemicals including nitroaromatic 
z-compounds. ' 

As in other organisms, fungal degradation of TNT starts with a reduction producing 

aminodinitrotoluenes (ADNT), which is catalysed by a plasma-membrane reduction system 

and independent of ligninolytic system expression. Further degradation is achieved via the 

production of lignin peroxidase and Mn-dependent peroxidase.42
•
43 These fungi are able to 

mineralize TNT, they use extracellular enzymes, and ligninolytic system to mineralize 

TNT. They need reduced nitroaromatics to start the metabolic pathway, and therefore TNT 

has to be reduced to ADNT before mineral ization can progress.44 Different fungi were 

found to degrade TNT; Phanerochaete chrysosporium (hydroxylamino dinitrotoluene 

foimation),45 Litter decaying.fimgus (concentration decreased to 95% in 300 days with no 

reduced intermediate formation),46 Nematoloma forwardii ( complete mineralization 

through conversion of 2- amino-4,6 dinitrotoluene by manganese peroxidase),47 Phlebia 

radiata (reduce and mineralize TNT by manganese dependent peroxidase),48 

Phanerochaete chrysosporium (mineralized under lignolytic condition with fom1ation of 9 

different acetylated products).49
·
50 

4.3.4 Degradation of TNT by plants 

Plants appear to deal with TNT via the chemical transfonnation of TNT by reductive and 

oxidative processes, TNT metabolites are subsequently conjugated with plant-derived 

glucose, malonate or glutathione, and sequestered within plant tissues or polymers rather 

than being mineralized to carbon dioxide and nitrogen.51
•
52 TNT prefers reductive 

transfom1ation reactions in plants due to the electron-withdrawing properties of the nitro 

groups. Both the 2- and the 4- isomers of HADNT and ADNT intermediates have been 

detected in plants.53
•
54 

Phytoremediation of TNT, is often a slow and incomplete process, potentially 

causing accumulation of toxic metabolites, therefore plants have been genetically modified 

to overcome the inherent limitations of plant detoxification capabilities. Bacterial genes 

encoding enzymes (nitroreductase) involved in the breakdown of TNT have been 

introduced in higher plants, resulting in significant enhancement of plant tolerance, uptake, 

d d "fj · ~ 55 56 an etox1 1cat1on per1ormances. ' 
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4.4 Bacterial oxygen-insensitive nitroreductases involved in TNT degradation 

The nitroreductases are a group of enzymes that catalyze the reduction of nitro groups on 

aromatic compounds, including TNT. Certain bacteria are known to hold oxygen

insensitive nitroreductase, which transfers two e lectrons of NAD(P)H to reduce TNT. 

E coli. nitroreductases NfsA and NfsB have been reported for their ability to reduce TNT.57 

Pseudomonas sp. 

In 2001 , a TNT-degrading nitroreductase with a monomeric molecular mass of 27 

kDa was obtained from Pseudomonas aeruginosa strain isolated from TNT contaminated 

soil. The enzyme rapidly degraded TNT to 4-hydroxylamino-2,6-dinitrotoluene and 4-

amino-2,6-dinitrotoluene and required NADH as a co-substrate.58 

in Pseudomonas putida JLRl l (TNT-degrading strain) two different 

nitroreductases PmA and PnrB have been identified. According to sequence ana lysis 

studies PnrA was suggested to be close to NfsA subgroup A nitroreductases, whereas PnrB 

is close to subgroup B nitroreductases and they are expressed constitutively. PnrA 

catalyzes the reduction of different compounds including 2,4,6-trinitrotoluene, 2, 4,

dinitrotoluene, 3-nitrotoluene 3-and 4-nitrobenzoate, 3,5-dinitrobenzamide and 3,5-

dinitroaniline, and the Y111axfK111 parameter (6400 µm ol/min/mg/5 mM) revealed that TNT is 

the most efficient substrate for this enzyme. Recently it has been reported that 

Pseudomonas putida JLR l 1 can-ies out multiple enzymatic attacks on TNT releasing 

ammonium.59 

More recently a TNT nitroreductase PnrB from Pseudomonas sp. HK-6 which is 

able to use TNT as a sole nitrogen source has been cloned and expressed in Escherichia 

coli. The enzyme showed an apparent Y max and K111 for TNT (12.6 µmol/min/mg and 2.9 

mM), complete TNT degradation was achieved by wi ld-type strain, while a PnrB mutant 

degraded only 10% of TNT. This result showed that PnrB might play the major role in the 

TNT degradation pathway. 60 
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Clostridium acetobutylicum 

Two different oxygen insensitive nitroreductases N itA (3 1 kDa) and N itB (23kDa) have 

been characterized in C!ostridium acetobuty!icum. They share 46% similarity in amino 

acids sequences and their biochemical characteri stics are highl y similar to NfsA the major 

nitroreductase in Escherichia coli. Both enzymes revealed a broad substrate specificity and 

showed no flavin reductase activity. N itA uses NADH as electron donor, while N itB can 

utilize both with preference for NADH. NitA had a specific activity for TNT reducing over 

eight fo ld more effectively than NitB. The nitroreductases showed higher relative 

expression on induction with TNT compared to the uninduced control.61 

Klebsiella sp. 

Klebsie!!a sp. Strain C I NAD(P)H nitroreductases have the abili ty to metabolize TNT by 

two reduction pathways (denitration and nitro group reduction) and the N itroreductase I, 

with the highest catalytic activity of TNT has been purified and characterized. The N

terminal amino acid sequence of this enzyme does not show high similarity with 

nitroreductases from other enteric bacteria.62
•
63 Unlike other nitroreductases that 

preferenti ally reduce TNT nitro groups in the para position, Nitroreductase I has the 

abili ty to reduce ortho isomers (2-hydroxylaminodinitrotoluene and 2-aminodinitrotoluene) 

more easily than para isomers (4-hydroxylaminodinitroto luene and 4-aminodinitrotoluene). 

The enzyme does not reduce the para position nitro group while, the ortho position nitro 

group of 2,4-dinitrotoluene is reduced to generate 2-hydroxylami no-4-nitrotoluene. More 

recently N itroreductase II has been shown to have a higher substrate affinity and specific 

activity for TNT reduction than other nitroreductases.64 

The main objective of this chapter is to the activity and specificity of bacterial 

NTRs versus TNT, as well as the stoichiometry of the enzymatic reaction to confirm the 

reductive pathways followed by each enzyme. 
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4.5 Enzyme assay 

To calculate the enzymatic activity of bacterial NTRs (NfnB LT2, YdjA, Dde_0086, 

Dde_2199, and NfnB K l2) to TNT, the oxidation rates of NADH were measured in 

accordance with changes in absorbance at 340 nm. 

NfnB K12 (Fig. 4.1) demonstrated high catalytic efficiency towards TNT, the 

continuous and gradual decrease in absorbance at 340 nm, and the associated formation of 

azoxy-dimer compounds at 410 nm, which might be referred to the good affinity of the 

enzyme towards the substrate and the enzyme catalytic efficiency. 
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Figure 4.1: Repetitive scanning of the recombinant NfnB K12 reduction of TNT using NADH. 

Acceptable TNT reduction by another recombinant NTR, NfnBLT2 was observed 

(Fig. 4.2). NADH oxidation was seen via gradual and regular decrease in absorbance at 340 

nm and a significant production of azoxy-dimer compounds at 410 m11 was also observed, 

which can be explained by effective catalytic reaction proceeding by the particular enzyme, 

and leading to the accumulation of intem1ediates, and hence azoxy-dimer production. 
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Figure 4.2: Repetitive scanning of the recombinant Nfn B L T2 reduction of TNT using NADH. 

TNT degradation at very low rate was catalyzed by Y djA and very slight 

production of azoxy-dimer compounds was noticed at 410 nm because of the minimal 

reduction rate carry on by the enzyme. Therefore there is a low possibly of intermediate 

accumulation and condensation (Fig. 4.3). 
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Figure 4.3: Repetitive scanning of the recombinant YdjA reduction of TNT using NADH. 
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Although Dde_0086 catalysed TNT reduction effectively (Fig. 4.4), a minor signal 

at 410 nm corresponding to azoxy-dimer formation was made. This can be explained by the 

s low reaction rate catalyzed by the enzyme, and therefore minimal intermediate 

accumulation; a lthough there might be an affinity of the enzyme to the TNT. 
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Figure 4-4: Repetitive scanning of the recombinant Dde_0086 reduction of TNT using NADH. 

High non-regular TNT reduction was found to be caused by Dde_2199, and a low azoxy

dirner formation at 410 nm due to the same reason mentioned above. 
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Figure 4.5: Repetitive scanning of the recombinant Ode_ 2199 reduction of TNT using NADH. 
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All bacterial NTRs showed considerable activity towards TNT with different reaction 

rates, while Y djA exhibited a negligible response compared to other NTRs. A gradual 

decrease with time in absorbance at 340 nm was noticed indicating NADH oxidation. A 

durab le signal at 410 nm was observed regarding all NTRs reduction of TNT, which is 

believed due to the fo1mation of azoxy-dimer compounds owing to the condensation of 

partially reduced inte1mediates in the presence of oxygen. 8•
57 

Spectra were also recorded for Nfnb-cys 12, YdjA-cys12, Dde_0086-cys 12, and 

Dde 2 199 -cys12 to demonstrate the activity of the engineered NTRs. The oxidation of the 

NADH was again monitored at 340 nm. A ll the engineered enzymes showed a gradual 

decrease with time in the absorbance at 340 nm, and the formation of an azoxy-dimer 

compound at 410 nm was also noticed. 

4.6 Enzyme specificity 

Bacterial NTRs specificity against TNT was demonstrated. Unfortunately, as mentioned 

before in chapter 3 due to the rare or non-existent experimental evidence concerning a ll 

bacterial NTRs involved in this study, therefore the activity of NfnB k12 from E coli against 

TNT was determined to facilitate explain the substrate specificity of the enzymes, due to 

homology of the studied NTRs with E. coli k12 for which a great deal of data has been 

published including NTRs enzymes involved in the reduction of TNT as well as reductive 

transfom1ation pathways of TNT. 
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Figure 4.6: The activity of bacter ial nitroreductases against TNT. 
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It has been shown that E. coli has multiple enzymes that attack TNT, and site 

directed mutagenesis study revealed that a single mutation, NfsA mutation, NfsB 

mutation, or NEM mutation (responsible for the release of nitrite from the nitroaromatic 

ring) provided a growth yield and TNT transformation capacity simi lar to that of the wild

type strain. The limited TNT consumption when NEM was combined with either NfsA or 

NfsB indicates that NEM reductase could also play a role in TNT metabolism in E. coli and 

the triple mutant strain in which the three genes had been inactivated, the inactivated was 

not able to metabolize TNT and did not grow. This result confim1s that NfsA, NfsB and 

NEM reductase all play a role in TNT metabolism in£. coli.65 

It is obvious from Fig 4.6 that bacterial NTRs except Y djA exhibited considerable 

activity against TNT and in a pattern identical to that of NfnB K 12, although they share 

various simi larity rates (chapter 3, Table 3.1 ), thi s might be due to the participation of 

similar or identical residues in active site cleft, which accommodate the TNT. Further 

studies regarding crystal structure of bacterial NTRs in a complex with the TNT might 

establish the direct link between the NTRs and TNT reduction or to identify other 

responsible enzymes. 

Negligible activity was observed for Y djA versus TNT (Fig. 4.6), although studies 

reported that the lack of two helices around the active site, which restrict substrate binding, 

make the enzyme able to accommodate a wide range of substrates, hence additional 

studies regarding YdjA-TNT structure might provide further insight into YdjA substrate 

specificity. 

The abili ty of Desu(fovibrio sp. to use TNT as a nitrogen source for growth and 

electron acceptor have been extensively studied.66
•
67

•
68

•
69 These studies revealed the 

possibility of using this isolate to decontaminate the sites contaminated with different nitro

compounds under anaerobic conditions, making this organism of great interest as 

bioremediation and biological recognition elements for TNT biosensor. Up to now there is 

no experimental evidence regarding the role of enzymes responsible for TNT degradation 

in Desu(fovibrio sp., and these are the first results about NTRs degrading TNT 

Desulfovibrio desulfuricans G20. 
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4.7 Stoichiometry of the enzyme reaction 

As described in chapter 3 the reduction of a nitro group to an amine group via the 

nitroso and hydroxylamino-groups is a six electron reduction. Thus each reduction step 

must use one pair of electrons indicating that one NADH molecule is required for each 

step. 
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Figure 4. 7 : A chart showing the calculated concentrations of TNT/ Dde_2 I 99 against the concentration of NADH 

used during the reaction at 340 nm. 

The recorded absorbance drop for 5 µM of TNT equalled - 0.03039 a.u. (Fig. 4.7) 

consequently when this drop is divided by -0.006 a.u. this yields the concentration of 

NADH (5. I µM) reacting for every 5 µM of TNT present; hence one µM of NADH is 

oxidized for every one µM of TNT present. 

The resulting data achieved for NfnB demonstrated a correlation of 0.98 with a 

slope of 1.96 therefore. The ratio of TNT to NADH is l :2 hence, and the NfnB must reduce 

the nitro group to hydroxylamino. The stoichiometry of the Y djA enzymatic reaction 

against TNT could not be estimated due to the negligible response of this enzyme towards 

TNT. (Fig. 4.7) 

The molar ratio of NADH oxidized to TNT reduced (µM NADH/ µM TNT) was 

found to be 0.90 (correlation of 0.98), and 0.92 (correlation of 0.98) concerning Dde_0086 

and Dde _ 2199 respectively, hence Dde _ 0086 and Dde _ 2199 must reduce the nitro group to 

the nitroso intermediate. 
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The different reductive pathways followed by bacterial NTRs in TNT degradation pave 

the way to develop a biosensor for TNT and other nitro-compounds detection and 

identification, which is the main objective of this study. 
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4.8 Conclusions 

All bacterial NTRs except Y djA exhibited significant activity towards TNT with 

different reaction rates catalysed by the different enzymes. They showed the same 

pattern of specificity towards TNT in a model identical to that of NfnB K12, except 

YdjA. 

NfnB LT2 and Desulfovibrio desulfuricans G20 NTRs (Dde_0086 and 

Ode_ 2 199) followed different reductive transformation pathways concerning TNT 

degradation. 
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Chapter 5- Cocaine and Bacterial carboxylesterases 
Results and Discussion 

5.1 Introduction 

The key purpose of thi s chapter was to develop biological recognition elements for a sensor 

for cocaine detection by way of isolation two different bacterial carboxylesterases (CEs) 

PnbA from Bacillus subtilis subsp. subtilis strain 168 designated in this study as PnbA 1, 

and PnbA from Bacillus licheniformis ATCC J 4580 designated as PnbA2, based on the 

role of human liver carboxylesterases hCE to hydrolyze cocaine into its main metabolites; ' 

ecgonine methyl ester and benzoic acid, or benzoylecgonine and methanol. Then confinn 

their activity via the catalysis of cocaine into its main metabolites, fo llowed by engineering 

of the enzymes through integration of the cys-tag (6 cysteine amino acids) at the enzyme 

N-terminus to allow the enzyme to be immobilised on the biosensor electrode surface and 

subsequently study the effect of cys-tag insertion on hydrolysis reaction pathways achieved 

by the enzyme. 

Amino acids alignments of hCE-1 , hCE-2, PnbAl , and PnbA2 (Fig. 5.1) have 

shown that PnbA I, and PnbA2 were revealed to have 58% sequence identity. PnbA l shares 

33% sequence identity with hCE-1 , and 34% w ith hCE-2, while PnbA2 exhibits 30% 

sequence identity with hCEl-1 and hCE-2. 

CEs proliferate in higher eukaryotes, but appear infrequently in bacteria and lower 

eukaryotes. 1 To date there is no experimental evidence concerning cocaine metaboli sm by 

bacterial carboxylesterases, however the capability of hCE-1 2 and hCE-2 3 to hydrolyze 

cocame, and the crysta l structures of hCE I in complex with the cocaine analogue 

homatropine have been determined.Error! Bookmark not defined.--1 
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Figure 5. 1: Amino acid alignment ofhCE-1, hCE-2, PnbAl , and PnbA2 using clustalX2. Shading 
indicates amino acid conservation of 100% (green), 80% (orange), and 60% (grey). 

5.2 PCR amplification of bacterial carboxylesterases 

Genomic DNA from Bacillus subtilis subsp. subtilis strain 168, and Bacillus lichenfformis 

ATCC 14580 were extracted and PCR amplification using Phusion™ High-Fidelity DNA 

Polymerase with predesigned primers (Chapter 2 Table 1) was used to isolate two different 

bacterial carboxylesterase enzymes, pnbA I from Bacillus subtilis subsp. subtilis strain 168 

and pnbA2 from Bacillus lichen[formis ATCC 14580. 

The first PCR experiment (Fig. 5.2) resulted in the isolation of CEs genes(PnbAJ and 

PnbA2) having a BamH I restriction site in the 5 ' end regarding both enzymes, and a 

Hindlll restriction site and Sacl in the 3 ' end regarding pnbA I and pnbA2 respectively. 
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Figure 5.2: PCR amplification of recombinant bacterial carboxylesterases using PhusionTM High-Fidelity DNA 
poly merase with pre-designed primers. a: p11bA I ( 1.47 Kb), b: pnbA2. (1.473 Kb) with forward primer containing 

BamHl restriction site and reverse primer containing Hindlll restriction site regard ingp11bA / , and forward 
primer containing BamH I restriction site and reverse primer containing Sac/ restriction sit regarding pnbA2. 

Ladder: IO kb. L= lane. 

The primers were designed in a manner to match two regions at both side of the CEs 

gene, and helped in the isolation of the region containing the gene of interest; the primers 

generated restriction sites at either end of the gene to allow its successful insertion into the 

plasmid vector. The pnbA2 reverse primer comprised Sacl restriction site instead of Hindlll 

due to the involvement of Hindlll restriction site sequences within pnbA2 gene sequence, 

which wou ld digest the gene of interest, hence disrupt gene c loning. 

The second PCR experiment resu lted in the isolation of modified CEs genes having 

six adjacent codons for cysteine ( cys-tag) (Figure 5.3 ). The success of the experiments was 

confitm ed via 0.7% agarose gel electrophoresis, and a molecular weight marker (10 kb) 

was analysed by electrophoresis with PCR products to estimate the sizes of unknown fragments. 

1.5kb 

Figure 5.3: PCR amplification of p11bA /-cys and pnbA2-cys using PhusionTM High-Fidelity DNA polymerase with 
pre-desig ned primers. a: PnbA /-cys (1.47 kb) with forward primer containing cys-tag, and BamHI restriction site 

and reverse pri mer containing Hindlll restriction site. b: p11bA2-cys (1.473kb) with forward primer containing 
cys-tag, and BamH I restriction site and reverse primer containing Sac/ restriction sit. 
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5.3 Ligation of recombinant and engineered bacterial carboxylesterases into pET28a(+) 

A gel extraction kit was used to ligate the CEs genes into the plasmid vector due to failure 

of different attempts that made for ligation (as described in Chapter 3 for NTR ligation). 

The plasmid vector pET28a(+) and purified PCR products (pnbAJ, pnbA2,) were 

run in a agarose gel then gel extracted, purified, vacuum dried, and resuspended in PCR 

water and digested with BamHI and Hindflf for pnbAJ , while BamHI and Sacf were used 

for pnbA2, and ligated in different ligation reaction. After an overnight ligation, the 

plasmid vector was transfom1ed into competent cells of E. coli DH5a , a suicide cut with 

EcoRJ was used to remove the plasmids that had re-ligated (without insertion). To prove 

that the cloning vector contains the insert, the resulting vectors were digested with 

appropriate enzymes and the resulting fragments were run in 0. 7% agarose gel 

electrophoresis. Figure 5.4 illustrates the success of the ligation process for recombinant 

CEs; hence a successful ligation when run on a gel would produce two fragments one 

con-esponds to the vectors and the second con-esponds to the insert. 

5.3kb 

1.5kb Ill 

Figure 5.4: Ligation of recombinant bacterial carboxylesterases into pET28a(+). {a: 5.3kb 
bands=pET28a(+) vector, 1.47kb bands= pnbAJ. b: 5.3kb bands=pET28a(+) vector, 1.473kb bands= 

pnbA2} with forward and reverse primers. Ladder =lOkb marker. 

Once again a gel extraction kit was used to ligate the engineered CEs into the 

plasmid vector due to the same reason described above, and in the same way confirmed 

that the plasmid vector pET 28a(+) contained the engineered CEs (pnbAJ-cys, and pnbA2-

cys), after isolation of plasmids, restriction of the genes with BamHJ, H indlll, and Sacf 

rmming the resulting fragments on agarose gel, and estimation the expected sizes of the 

fragments. Figure 5.5 shows the success of the ligation for engineered CEs. 
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Figure 5.5: Ligation of engineered bacterial carboxylesterases into pET28a(+). {a: 5.3kb 
bands=pET28a(+) vector, 1.47kb bands= pnbA J-cys. b: 5.3kb bands=pET28a(+) vector, 1.473kb 

bands= pnbA2-cys} with forward and reverse primers. Ladder =10kb marker. 

5.4 Overproduction of carboxylesterase enzyme 

In order to overproduce the enzyme, the pET28a(+) vectors containing recombinant 

carboxylesterases pnbA 1, and pnbA2 genes were transfom1ed into Rosetta E.coli in 

different transformation processes and let to overproduce. It is clear from Figure 5.6 that 

the induction of the proteins has been successful and the proteins have been expressed at 

the expected molecular weight. lt is also illustrated that the samples taken at I 00 mM 

imidazole elutes the largest quantities of proteins off the column. 
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Figure 5.6: SDS-PAGE of fractions containing the purified bacterial CEs expressed from a: pET28a(+)-PnbAI , b: 
pET28a(+)-PnbA2. 
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Within all imidazole concentrations, the 2nd 1ml of l00mM imidazole was found to 

contain the greatest amount of proteins (Fig. 5.7) regarding both recombinant CEs. 
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Figure 5.7: SOS-PAGE of fractions containing lhe purified bacterial CEs expressed from a: pET28a(+) PnbA l ,b: 
pET28a(+)-PnbA2 showing the 100 mM imidazole samples. 

The cys-tagged protein required a higher imidazole concentration to be eluted due to 

the extra binding of the cys-tags, and the high molecular mass bands in the cys-tagged 

proteins attributed to the protein dimerisation (Fig.5.8). 
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Figure 5.8: SOS-PAGE of fractions containing the purified CEs-cys expressed from a: pET28a(+)-PnbAl-cys, b: 
pET28a(+)-PnbA2-cys. 
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Analogous to recombinant CEs, the 2nd 1 ml of more concentrated ( 150 mM) 

imidazole eluted greatest amount of proteins (Fig. 5.9) concerned both engineered CEs. 
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Figure 5.9: SOS-PAGE of fractions containing the purified engineered CEs expressed from a: pET28a(+)-PnbA1-

cys, b: pET28a(+)-PnbA2-cys, showing the 1 SOmM imidazole samples. 

The SOS-PAGE gels showed that a concentration of over 150 mM imidazole is 

required to remove the protein off the column, and a lower concentration (50 mM) is 

required to remove other unwanted fragments. Then 500 mM imidazole is passed through 

the column to ensure that all of the protein is eluted from the column. 

5.5 Enzyme assay. 

To demonstrate the effectiveness of the carboxylesterases hydrolysis experiments were 

carried out using a wavelength scan over 300-500 nm. The reaction mixture contained 1 

mM phosphate buffer pH 8.0, para-nitrophenylacetate (20 µI , I mM), 10 µI of cell extract 

in a final volume of 1ml. At time O (blue line) the reaction cuvette and the reference cuvette 

were equivalent. The addition of purified carboxylesterases (PnbA J, PnbA2) enzymes to 

the reaction cuvette in a different hydrolysis reactions initiated the reaction, and the 

appearance (positive absorbance) of the para-nitrophenol at 400 nm was monitored 

appropriately. The experiment was detem1ined after 9 scans, and the sequential increase in 

absorbance at approximately 400 nm was due to the liberation of para-nitrophenol from 

para-nitrophenylacetate as para-nitrophenol has a strong absorbance at 400 nm (Fig. 5.10). 
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Figure 5.10 : R epetitive scanning of the recombinant carboxylesterases hydrolyzing para-nitrophenylacetate (p
NPA). a: PnbA 1, b: PnbA2. The largest increase in absorbance can be seen at 400nm, the optimum absorbance of 
p-nitrophenol. The contents of the sample and reference cuvette were the same except that the reference cuveue 

did not contain any enzyme. 

It is obvious from Figure 5. 1 0a that there is a considerable increase in absorbance at 

400 nm related to 2nd (pink line) and 3rd (yellow line), while a slight absorbance increase 

was observed related to other lines with increasing time. These might be explained by the 

low affinity of the substrates towards the enzyme, or even a minimal reaction rate catalyzed 

by the enzyme. Whereas the increase in absorbance at 400 nm considering PnbA2 (Fig. 

5. l 0b) with increased time increased gradually and approximately at the same rate and 

these might be due to the high affinity of the substrate and a great reaction rate proceeded 

by the enzyme. These resu lts related to both enzymes (PnbA 1 and PnbA2) bave been 

confim1ed by the hydrolysis reaction catalysed by the engineered CEs (PnbA 1-cys and 

PnbA2-cys). Once again PnbAl-cys (Fig. 5.1 l a) exhibited unequal hydrolysis reaction 

rates, great absorbance increase at 400 nm for the first two lines (pink and yellow) and a 

faint increase for the other lines with increasing time, a regular reaction rate demonstrated 
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Figure 5.11 : Repetitive scanning of the engineered carboxylesterases hydrolyzingpara-nitrophenylacetate (p
NPA). a: PnbA 1-cys, b: PnbA2-cys. The largest increase in absorbance can be seen at 400nm, the optimum 

absorbance of p-nitrophenol. The contents of the sample and reference cuvette were the same except that the 
reference cuvette did not contain any enzyme. 
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5.6 Protein concentration 

The protein concentration was calculated according to a Bovine Serum Albumin (BSA 

standard) calibration curve, and the Biuret Protein Assay was used to determine the protein 

concentration based on the colour change of the copper in the Biuret reagent in the 

presence of peptide bonds. (Table I) 

Table 1: The protein concentrations of purified recombinant and engineered 
car b I t oxy es erases. 
A, erage A, ernge tota l protein 

Protein total protein mg/5001111 culture 
mg/ ml 

PnbA I 5.9 20.65 

PnbA 1-cys 5.4 
15. 12 

PnbA2 6.2 24.8 

PnbA2-cys 5.9 17.7 

For an unknown reason Table I and Figure 12 show that cys-tag insertion decreased 

protein expression about 26.8% for PnbAl , and 28.6 regards PnbA2. 
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Figure 5.12: Effect of cys-tag insertion on protein expression. 
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The activity of the purified carboxylesterases against increasing enzyme 

concentrations has been shown in Figures 5.13a and 5.13b, the use of increasing amount of 

carboxylesterases resulted in a con-esponding linear increase in the rate of p -nitrophenol 

production, indicating that the CEs is responsible for the p-nitrophenol production. 
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Figure 5.13: A calibration line of activity/ min (400 nm) against µg of a: PnbA I, b: PnbA2. 

5.7 pH and temperature dependence 

The optimum pH and temperature dependence were estimated for the carboxylesterase 

activity (PnbA 1 and PnbA2) at a series of different pH and temperature values. The 

enzymatic assays were conducted using different buffers for various pH ranges: 50mM 

sodium citrate (pH range 5 - 6), 50 mM phosphate buffer (pH range 7 - 9), and 50 mM 

CAPS (pH range 10 - 11 ), and the measured activity was represented as µM/rnin/mg. 

Both enzymes were active at a broad range of pH from 6.0 to l l.0 (Figures 5.14, 

and 5.15), but more favourable in a basic pH, and a broad maximal activity for both 

enzymes between pH 8.0 and 9.0 was fou nd. These results are in agreement with published 

values 5 for carboxylesterases from Geobacillus stearothermophilus. However, both 

enzymes were completely inactivated at acidic pH( 5.0) and these results are in agreement 

with published values6 for other carboxylesterases with complete inactivation at acidic 

pH<5.0. 
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Figure 5.14: The effect of pH on the activity of PnbA I from rates of absorption at 400 nm. 
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Fig ure 5.1 S : The effect of pH on the activity of PnbA2 from rates of absorption at 400 nm. 

The thermostability of PnbA l and PnbA2 was investigated over a temperature range 

of 25- 60°C in 50 mM phosphate buffer pH 8.0 (Figures 5.16 and 5.17). The derived results 

indicate that PnbAl remained stable at temperatures ranging from 25°C to 45°C when 

incubated for 10 min at pH 8.0. However, stability of the enzyme decreased sharply above 

45°C, this result is in agreement with published value 7 for Bacillus sp. BP-7 type B 

carboxylesterase, while PnbA2 remained stable at temperatures ranging from 25 to 40 °C 

when i11cubated at pH 8.0 for l 0 min and stabi lity of the enzyme decreased gradually above 

40 °C, this result is in agreement with the published value.6 
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Figure 5.17 : The effect of temperature on the activity of PnbA2 from rates of absorption at 400 nm. 

As mentioned above the activity of PnbAl sharply decreased when the temperature 

move up 40°C (Fig. 5.16), while PnbA2 activity gradually decreased with temperature 

increase, and the enzyme retained a considerable part of its activity even at a temperature 

of 55°C (Fig 5.17), indicating that PnbA 1 has a lower denaturing temperature than that of 

PnbA2. This property (them10stability) of the enzyme can be exploited for different 

biotechnological purposes specifically gene therapy due to the role of the enzyme in cancer 

therapy, which requires active enzyme at 37°C and some enzymes once isolated cannot 

remain active at the particular temperature. 
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5.8 Cocaine breakdown by bacterial carboxylesterases 

Carboxylesterase activity regarding cocaine was measured by quantifying the amount of 

benzoylecgonine produced from cocaine using HPLC. The reaction mixtures were 100 mM 

MOPS at pH 7.0, with 2 mM cocaine, and 20µ1 cell extract in a total volume of 1 ml 

incubated at room temperature. Aliquots were removed at intervals (0 min, 6 hours, 

12 hours, and 20 hours). All assay results were compared w ith those from control assays 

containing no extract. 

The two compounds were detected by UV absorbance at wavelengths of 230 nm due 

to maximum absorption of both compounds at this wavelength, and the peak positions for 

cocaine and benzoylecgonine were confim1ed by using the pure compounds. The identity 

of each compound was established by comparing the retention times and UV spectra 

obtained from samples with those obtained from standards. Cocaine, and benzoylecgonine 

were well resolved and the retention times were approximately 4.4 min, and 2.0 min 

respectively. 

Figure 5.18 shows the typical elution profile of a control assay (2 mM cocaine in 

lO0mM MOPS pH 7.0) containing no enzyme. Cocaine was distinctly separated with 

retention time of 4.2 min, and remained stab le during 20 hours at room temperature when 

incubated w ithin 100 mM MOPS pH7.0. 

lt is noticeable (Fig.5.18) the stabi lity of cocaine during 20 hours at room temperature 

and l00mM MOPS buffer pH 7.0 and it is remains stable for 24 hours at the same condition 

after that spontaneous degradation of cocaine will start even in a buffer with pH 7.0. 
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The efficiency of PnbAI to hydrolyse cocame was established usmg the same 

reaction conditions (100 mM MOPS at pH 7.0, with 2 mM cocaine, and 20µ1 cell extract in 

a total volume of I ml) and Figure 5.19 shows the typical profile elution of cocaine 

hydrolysis and the concomitant formation of benzoylecgonine by bacterial 

carboxylesterases PnbAI during 20 hours, with approximate retention times of 4.6 min and 

2.0 min. 
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Figure 5.19: Breakdown of cocaine with the concomitant production of benzoylecgonine by PnbAl. 
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PnbA2 was able to break down 2 mM cocaine within 20 hours at room temperature, 

Figure 5.20 shows the typical profile elution of cocaine hydrolysis and the concomitant 

formation of benzoylecgonine. 
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Using the same procedure the capability of engineered CEs (PnbA 1-cys and PnbA2-

cys) to hydrolyze cocaine was established. 

Different reaction conditions have been used to enhance the catalytic efficiency of the 

enzymatic reaction, and all the assays for recombinant and engineered CEs were done at 

room temperature and 30°C with and without shaking. Identical results were obtained 

related to shaking and standing (without shaking) reaction condition, while 30°C was found 

to speed up the reaction progress. 

Figures 5.1 9 and 5.20 clarified that a: at O= time there is only one peak with retention 

time roughly 4.4 min. This peak represents cocaine as demonstrated by the control sample. 

At O = min the reaction mixture contains 100 mM MOPS pH 7.0, with 2 mM cocaine, the 

reaction initiated by addition of fresh purified CEs enzyme, b: later after 6 hours it is clear 

from the same fi gure that the cocaine peak at retention time 4.6 was driven down due to the 

cocaine break down, and the appearance of a new peak with retention time 2.0 min 

representing the production of benzoylecgonine, the main cocaine metabolite, as confirmed 

by the control sample. Hence the ability of the enzyme to break down cocaine and 

fonnation of its main metabolites, c: after 12 hours a great drop in the cocai11e peak and 

noticeable increase in the benzoylecgonine peak were found indicating the continuous 

enzymatic reaction, d: next after 20 hours there was no cocaine peak and a greater peak (in 

compari son with the peak after 12 hours) with retention time 2.0, min signifying break 

down of all the cocaine into benzoylecgonine, hence the continuous catalytic efficiency of 

the enzyme. 

Carboxylesterases are serme esterase involved in both drug metabolism and 

activation. The substrate specificity of CEs is significantly different. Some of them namely 

human CE-1 (hCE-1) essentially hydrolyzes a substrate with a srna lJ alcohol group and 

large acyl group, but sometimes act on structurally distinct compounds with either a large 

or small alcohol group due to its wide active pocket. In contrast, other CEs specifically 

hCE-2 identifies a substrate with a large alcohol group and small acyl group due to the 

occu1Tence of confonnational interference in the active pocket. The different catalytic 

efficiencies of hCE-1 and hCE-2 are associated with the relative size of the substrate 

substi tuents versus that of the enzyme active sites. 
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hCE- 1 and hCE-2 catalyse the hydrolysis of cocaine; cocaine has two ester groups 

which can be hydrolyzed (Figure 5.21). The hCE-1 enzyme hydrolyzes the methyl ester of 

cocaine. This suggests that the hCE- l acyl sites recognizes large multi-ring substituents, 

and its alcohol site accommodates smaller methyl groups (Figure 5.21.b). ln contrast, hCE-

2 prefers the benzoyl ester of cocaine. This suggests that the hCE-2 acyl site recognizes the 

relatively smaller benzoyl groups and its alcohol site recognizes the bulky multi-ring 

groups (Figure 5.21.a), and the substrate specificity of cocaine esterase (CocE) resembles 

that of hCE-2. 

Figure 5.21: The chemical structure of cocaine as recognized by different carboxylesterases. 
a, CocE and human carboxylesterase hCE-2 specifically cleave the benzoyl group from cocaine by 

forming an acyl-enzyme intermediate with the benzoyl group and releasing the ecgonine methyl ester 
as the alcohol group. b, Human carboxylesterase hCE-1 specifically cleaves methanol from cocaine by 
forming an acyl-enzyme intermediate with the benzoylecgonine group and releasing the methanol as 

the alcohol group.8 

These results revealed that bacterial carboxylesterases hydrolyzed cocame into 

benzoylecgonine rather than ecgonine methyl ester which results as a consequence of 

hydrolysis methyl ester of cocaine and this is exp.lained that PnbA-1 , and PnbA-2 resemble 

hCE-1 in cocaine metabolism. These results pave the way to use bacterial 

carboxylesterases as a model of hCEs, since proteins from bacterial origin are relatively 

easy to overexpress, purify, and engineer. 
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5.9 Conclusions 

The results demonstrate the successful isolation, cloning, expression, and purification of 

recombinant (pnbA 1, and pnbA2), and engineered (pnbA 1-cys, and pnbA2-cys) bacterial 

carboxylesterases. Enzyme activity was confim1ed spectrophotometrically via hydrolysis of 

p-nitrophenylacetate into p-nitrophenol and acetic acid. Enzyme capability to hydrolysis 

cocaine into benzolyecgonine and methanol was quantified using HPLC. Both enzymes 

showed broad maximal activity between pH (8.0, 8.5, and 9.0), PnbA I temperature 

stability ranging between (25-45°C), however PnbA2 stability range was (25-40°C). 

Insertion of cys-tag at the N-terminal of the enzyme did not limit entrance to the active site 

which is located at the base of a cavity with dimensions 20 A by 13 A by 18 A, and did not 

prevent substrate hydrolysis, although it reduced protein concentrations. 

Cys-tag insertion reduced the protein concentration around 27-29% roughly 

concerning PnbA I and PnbA2 respectively. 

Bacterial carboxylesterases pnbAl and pnbA2 m11mc hCEl and not hCE2 in its 

reaction pathways hydrolyzing cocaine into benzoylecgonine and methanol rather than 

ecgonine methyl ester and benzoic acid. 

These results are the first experimental evidence confirming the capabi li ty of bacterial 

carboxylesterase to hydrolyse cocaine into its main metabolites, therefore opening up the 

possibility to use these enzymes in numerous biotechnological applications in addition to a 

cocaine biosensor. 
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Chapter 6 - Overall conclusions and future works 

in this study, biosensor recognition elements via isolation and manipulation four 

different bacterial nitroreductases genes (nfnB, ydjA, Dde _ 0086, and Dde _ 2199) that 

were obtained from Salmonella enterica serovar typhimurium strain LT2, Salmonella 

paratyphi A, and Desu(fovibrio desu(furicans G20 respectively have been developed for 

the detection of explosives. The NTRs genes were isolated using PCR amplification, 

and the primers were designed to have restriction sites that allowed the efficient 

incorporation of the gene into the plasmid vector, pET-28a(+). The plasmid vector was 

transformed into Rosetta, a strain of E.coli, because it is an efficient bacterium for the 

expression of the enzyme. The proteins were isolated using a nickel column because the 

engineered protein contains a positively charged six-residue histidine tag. Purification 

was achieved by competitive removal from the nickel column using imidazole. The 

presence of the NTRs and their activity were confirmed by exposing various nitro 

compounds (2,4-dinitroethylbenzene, 1,2-dinitrobenzene, nitrobenzene, 3-nirtro

benzoate, 4-nitrotoluene, and 2,4,6-trinitrotoluene) to increasing concentrations of the 

enzyme. In the second experiment the protocol for PCR was repeated using primers 

designed to containing six adjacent codons for Cysteine at the 3 ' end of the NTRs to 

enable the enzyme to adhere to the electrode surface (gold) by formation of strong thiol 

bonds, the same protocols were used for cloning the modified NTRs genes, 

transfo1ming it into E. coli Rosetta strain, and confinning the enzyme activity. The 

enzymes showed maximum activity at pH 7.0 and prefe11"ed temperature range (25°C -

55°c). 

1J1 the second part of this study two different bacterial Carboxylesterases (pnbA l 

and pnbA2) attained from Bacillus subtilis and Bacillus lichen[formis have been 

developed as biological recognition elements for cocaine biosensors. They were 

isolated, modified, and characterized. Both enzymes show their abi lity to hydrolyse 

cocaine into benzoylecgonine and methanol rather than ecgonine methyl ester and 

benzoic acid; they mimic hCE-1 in their reaction pathways to hydrolyse cocaine. Both 

enzymes remain active at a broad pH range (6.0 - 11 .0) however, more favourable in a 

basic pH, and a broad maximal activity between pH (8.0-9.0) have been found. pnbA 1 

remained stable at wide temperatures range (25°C to 45°C) while, pnbA2 remained 
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stable at temperatures ranging from (25 to 40). The wide pH and temperature range that 

the enzyme showed for their activity pave the way to use these enzymes in numerous 

biotechnological applications beside cocaine biosensors as certain of them required 

particular pH and temperature. 

Manipulation of NTRs and CEs enzymes to develop sensor biological recognition 

elements via cys-tag integration at the enzymes N-terrninus to make them able to stay at 

the electrode surface, did not significantly reduce the enzymes activities, and did not 

restrict substrate entrance into the active site and product release from there, which is 

the main problem in developing enzymes for biosensor purpose, although the particular 

tag reduced the enzyme specific activity, protein concentration, optimum temperature 

range for enzyme activity, and did not affect the optimum pH for enzyme activity. 

ln order to eva luate the electrochemical activities of NTRs and CEs, 

immobilisation of these enzymes onto electrode surface is necessary. The four different 

bacterial NTRs which have been successfully isolated, purified, and characterised can 

be immobilised on the same electrode to develop a biosensor with a various level of 

detection of many different nitro-aromatic compounds. 

To investigate the effect of the eye-tag and the His-tag on the enzyme activity, 

the position of cys-tag can be changed from the N-tenninus into the C-terminus either 

by integrating the eye-tag into the pET28a(+) or at the enzyme C-tenninus as well as 

remove the His-tag following purification. 

Resolving the crystal structure of the studied enzymes will verify the effect of 

cys-tag on the three dimensional conformation of the enzymes. The crystal structure of 

the NTRs with various nitro-compounds involved in this study will give an insight into 

understanding the different responses exhibited by the different NTRs versus different 

substrates. 

Isolation of other CEs enzymes due to their role in cancer therapy, 

detoxification of chemical weapons (Sarin, Tabun and Soman), and numerous 

organophosphate and carbamates used as insecticides and drugs, would be 

advantageous towards the development of a biosensor for the potential to sense more 

than one analyte. 
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Appendix 1: pET-28a( +) plasmid map 

Pvu 1(4426) ~ ~ , 
Sgf 1(4426) - ~ 

Srna 1(43001 g/ 
I ~ 

Cla 1(4117) .jl 
Nru 1(4083) 

AIWN 1(3640) 

pET-28a(+) 
(5369bp) 

Xho 1(158) 
Not 1(166) 
E.ig 1(166) 
Hind 111(173) 
S.il 1(179) 
S.ic 1(190) 
EcoR 1(192) 
B.imH 1(1 98) 
Nhe 1(231 ) 
Nde 1(238) 
Nco 1(296) 

,--- Xba 1(335) 
Bgl 11(401 ) 

SgrA 1(442) 

. Sph 1(598) 

Miu 1(1123) 

Bel 1(1137) 

BstE 11(1304; 

I Apa I(13..'l4) 

Bsss 1(3397) 

BspLU1 I 1(3224) 

PsllA 1(1968) 

Bgl 1(2187) 
Sap 1(3108) 
Bst1 107 1(2995) 

Ttll 1 ·1 1 1(2969) 

T7 promoter pnn1er #69348-3 

T7 promoter Ille operator 

Fsp 1(2205) 
Psp5 11(2230) 

rbs 
pET upslream primer #69214-3 
--► ...E9!.JL 

Alf, I , I ;. A ~ ,A/J I AllAIALLLIAAl\t.llAlUL-' !>A{A/111 LIL llAl/1 ',/\ 11 
..Eiil 

1 I l ! r IA/\\ ~ 

H1s •T3g !:l@1.. !!!'eJ_ T7•Tog 
A A.llt•l Al~ A(AtA Al,l,l Lll-l,11 l UI l,lAI All I (ft.I A Ill IILUlAllA~ 
!,c- !,, 1-- st- '!'iii-- 'Jil s.1- s l-- s!'>i ~,,. 1 .1 C'.Jf t f• 1 1L r !>t 1-- sr-'r,A ~(' f'r, "\ I I I I -,( l""'t 

Eag I thrombm 
~n,H I EcoR I d.f)c I _$31J__ titOdJU. Nor I JS..ho I His • Tog 

• l,l Lill( ,u llr.t 1·r Al.61.l l 'l,(f,lll A llrAt AU1'l ~llt. lAllAllLAl.A. (ll, 
t" t I i t ~t .,1' -,d .Jlt.JJ JA ;I ,A1 s ll A ,h A ;Al 1P ·I' I' •I 

tllllf.f:/1, lllJl,AJTL At I l" AldllJCU..,(ltLA(ILIAltAll/LI.A(tJ.LLAllALH/lt..l(ll( 
l ~A A~·I' 's-,Sc S1 5<', l<s s lt.,..A 1Al i/1 lr"I I ,.~ s._. 1sl- s._. !,,l--,s,l-1sl"'I 

l l I l Ct. I.., LI AA Ill f l l~f, AAI L I l L l l l I I flt ! l 1't I t Al Al A All Al A. Ll (':C, I( l AA◄/, II A 
I A I I,/. I t I, /> ~,. , .., Sr r..J/1.r 11> r' sS1 !,C" \-, 1-, 1.., .., 1-, ... I"" I I A. 11 r.JI c,.., 1-, ?.I 

Bpl/110:11 T7 termm,uor 
f'e\L(Mlllt/: Ill Cl l l Gllt, ll,Alt/•L /,(' /..1.H,( ll11Lf.Cll I 1/:ft.lll 1 1 /\C: [ Ill II 

T7 termIna1or pnmer #69337-3 

pET-28a(+) plasmid map, with the sequence of cloning T7 region shown in detail1 

Reference 

1 
Novagen t echnica l literat u re pET-28a-c(+) vect o r TB074 12/98 (2003) 

145 



Appendix 2: Publication proof sequencing 

nfnbl 
nfnb2 

nfnbl 
nfnb2 

nfnbl 
nfnb2 

n£nbl 
nfnb2 

nfnbl 
nfnb2 

nfnbl 
nfnb2 

nfnbl 
nfnb2 

nfnbl 
nfnb2 

nfnbl 
nfnb2 

nfnbl 
nfnb2 

The sequence for nfnB from Wild type strain along with sequencing results for 
nfnB-pET28a (+) . 

nfnb- pET28a (+) 
nfnb from Wild type strain 

.... I .... I .... I .... I .... I .... I .... I .... I . .. . I .... I .... I .... I . . .. I .... I 
10 20 30 40 50 60 70 

CAGGAAATTT CTGAGCCGTC TCTCTCCCTT AATTGGCGAA TTCCTTGCAC TTAGGAGGCA GCCTCAGTAG 

.... I ... -1 .... I .... I .... I .... 1- ... 1- ... I ... - 1- ... I .... I .. . . I .... I .... I 
80 90 100 110 120 130 140 

TTAGTTCGAG GGATCGTTGA GCACCCGCCC GCCGCAAGAA TTGTGCATTG CAAGAAGATT GACGCCCCAA 

... -1 .... I ... -1 .... I .... I .... 1- ... 1- ... I . . .. I .... I .... I .... I ... -1 ... . I 
150 160 170 180 190 200 210 

CAGTTCCCCC CGGCCACCGG GGCCTTGCCA CCCATACCCA CGCCGAAAAC AAGCGCTTCAT GAGCCCGAA 

... - 1 .... I .... I .... I .... I .... I .... I .... I .... I .... I .... 1- . . -1 ... -1 . .. - 1 
220 230 240 250 260 270 280 

GTGGCGAGGC CCGATCTTCC CCATCGGTGA TGTCGGCCGA TATAGGCGCC AGCAACCGCA CCTGTGCCGC 

··.·I .... I ... -1- .. -1 .... 1- ... I .... I .... I .... I ... . I . .. . I .. .. I . ... I .... I 
290 300 310 320 330 340 350 

CGGTGATGCC GGCCACGATG CGTCCGGCGT AGAGGATCGA GATCTCGATC CCGCGAAATT AATACGACTC 

.... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I ... - 1- .. -1 
360 370 380 390 400 410 420 

ACTATAGGGG AATTGTGAGC GGATAACAAT TCCCCTCTAG AAATAATTTT GTTTAACTTT AAGAAGGAGA 

.... I .... I ... -1- .. -1 .... I .... I .... I . ... I .... I .... I .... I .... I ... -1- .. -1 
430 440 450 460 470 480 490 

TATACCATGG GCAGCAGCCA TCATCATCAT CATCACAGCA GCGGCCTGGT GCCGCGCGGC AGCCATATGG 

.... I .... I .... I .... I .... I .... I .... I ... -1 .... I . .. . I . ... I . . .. I ... -1- .. I 
500 510 520 530 540 550 560 

CTAGCATGAC TGGTGGACAG CAAATGGGTC GCGGATCCTT TATGGATATC GTTTCTGTCG CCTTACAGCG 
-- - -- - ---- - - --- - --- - - -- - ------ ---------- -ATGGATATC GTTTCTGTCG CCTTACAGCG 

. - .. I .... I .... I .... I ... -1- ... I .... I .... I .... 1- ... I .... I ... -1 .... I .... I 
570 580 590 600 610 620 630 

CTACTCCACT AAGGCGTTCG ATCCCAGCAA AAAACTGACC GCCGAAGAAG CGGATAAAAT AAAAACACTA 
CTACTCCACT AAGGCGTTCG ATCCCAGCAA AAAACTGACC GCCGAAGAAG CGGATAAAAT AAAAACACTA 

... -1 ... -1 ... -1- . .. 1- ... J .••• I .... I .... I .... I .... I .... I .... I .... I .... I 
640 650 660 670 680 690 700 

nfnbl CTACAGTACA GCCCCTCCAG CACCAATTCC CAGCCGTGGC ACTTTATTGT CGCCAGTACG GAAGAAGGCA 
nfnb2 CTACAGTACA GCCCCTCCAG CACCAATTCC CAGCCGTGGC ACTTTATTGT CGCCAGTACG GAAGAAGGCA 
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nfnbl 
nfnb2 

nfnbl 
nfnb2 

nfnbl 
nfnb2 

.... I .... I .... I .... I .... I .... I .... I .... I .... I .. .. I . ... I .... I .... I .... I 
710 720 730 740 750 760 770 

AAGCGCGCGT AGCAAAATCC GCTGCCGGAA ACTACACGTT CAACGAACGC AAAATGCTGG ACGCCTCCCA 
AAGCGCGCGT AGCAAAATCC GCTGCCGGAA ACTACACGTT CAACGAACGC AAAATGCTGG ACGCCTCCCA 

····I·· ·· I .. · - 1- - .. I ... -1- .. -1- .. -1- .. -1 ... -1- ... I .... I .... I ... . 1- .. - 1 
780 790 800 810 820 830 840 

TGTGGTGGTC TTCTGCGCCA AAACCGCAAT GGATGACGCA TGGCTTGAGC GCGTCGTCGA TCAGGAAGAT 
TGTGGTGGTC TTCTGCGCCA AAACCGCAAT GGATGACGCA TGGCTTGAGC GCGTCGTCGA TCAGGAAGAT 

.. . . 1- ... I .... I .... I .... I . . .. I . .. -1 - .. -1 .... I ... -1 ... . I .... I .... I .... I 
850 860 870 880 890 900 910 

GCTGATGGCC GTTTCGCTAC GCCGGAAGCT AAAGCGGCAA ATGATAAAGG TCGCCGCTTT TTCGCCGATA 
GCTGATGGCC GTTTCGCTAC GCCGGAAGCT AAAGCGGCAA ATGATAAAGG TCGCCGCTTT TTCGCCGATA 

.... I .... I .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .. . - 1 .... I .. . . I ... . I .... 1 .... 1 
920 930 940 950 960 970 980 

nfnbl TGCACCGCGT CTCGCTGAAA GATGACCACC AGTGGATGGC GAAGCAGGTT TATCTGAACG TCGGCAACTT 
nfnb2 TGCACCGCGT CTCGCTGAAA GATGACCACC AGTGGATGGC GAAGCAGGTT TATCTGAACG TCGGCAACTT 

· .. ·I . . ·. I .... I .. . . I .... I .... I .... I .... I ... -1 .... I .... I .... I .... I .... I 
990 1000 1010 1020 1030 1040 1050 

nfnbl TCTGCTGGGC GTCGCCGCGA TGGGTCTCGA CGCCGTCCCC ATTGAAGGTT TCGACGCCGA GGTGCTCGAC 
nfnb2 TCTGCTGGGC GTCGCCGCGA TGGGTCTCGA CGCCGTCCCC ATTGAAGGTT TCGACGCCGA GGTGCTCGAC 

... -1 .... I .... I .... I .... I .... I ... - 1- .. - 1 .... I .... I . .. . I . ... I .... I .... I 
1060 1070 1080 1090 1100 1110 1120 

nfnbl GCTGAATTTG GTCTGAAAGA AAAAGGCTAT ACCAGTCTGG TCGTGGTGCC GGTCGGCCAT CATAGCGTCG 
nfnb2 GCTGAATTTG GTCTGAAAGA AAAAGGCTAT ACCAGTCTGG TCGTGGTGCC GGTCGGCCAT CATAGCGTCG 

.... I .... I .... I .... I ... - 1- .. -1 ... -1- .. - 1 .... I .... I .... I .... I .... I .... I 
1130 1140 1150 1160 1170 1180 1190 

nfnbl AGGATTTCAA CGCCGGGCTG CCGAAATCAC GTCTGCCGCT TGAAACCACA CTGACGGAAG TTTAATCCCC 
nfnb2 AGGATTTCAA CGCCGGGCTG CCGAAATCAC GTCTGCCGCT TGAAACCACA CTGACGGAAG TTTAA---- -

.... I .... I . . . -1 .... I ... -1- .. -1 . ... I .... I .... I .... I . ... I .... I .... I .... I 
1200 1210 1220 1230 1240 1250 1260 

nfnbl TGCCTAAGCT TGCGGCCGCA CTCGAGCACC ACCACCACCA CCACTGAGAT CCGGCTGCTA ACAAAGCCCG 
nfnb2 - --------- ---------- ---------- ---------- ------ ---- ---------- ----------

.... I .... I .. . -1 . 
1270 1276 

nfnbl AAAGAATGCG AGTTCT 
nfnb2 - - ------ --
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nfnhl 
nfnh2 

nfnhl 
nfnh2 

nfnhl 
nfnh2 

nfnhl 
nfnh2 

nfnhl 
nfnh2 

nfnhl 
nfnh2 

nfnhl 
nfnh2 

nfnhl 
nfnh2 

nfnhl 
nfnh2 

nfnhl 
nfnh2 

nfnhl 
nfnh2 

The sequence for nfnB f r om Wi ld type strain along with sequencing results for 
nfnB-cys- pET28a(+). 

nfnh-cys- pET28a(+) 
nfnh from Wild type strain 

.... I ... . I . ... I .... I .... I .... I .... I . . .. I .... I .... I .... I . . .. I . ... I ... . I 
10 20 30 40 so 60 70 

GGGATCGGAC GTCATTCCCC TCTAGAATAA TTTTGTTTAA CTTTAAGAAG GAGATATACC ATGGGCAGCA 
---------- ---------- ---------- ---------- ---------- ---------- ----------

.... I .... I .... I . . .. I ... . I . . .. I .... I .... I .... I .... I . . .. I .... I .... I .... I 
80 90 100 110 120 130 140 

GCCATCATCA TCATCATCAC AGCAGCGGCC TGGTGCCGCG CGGCAGCCAT ATGGCTAGCA TGACTGGTGG 

---------- ---------- ---------- ---------- ---------- ---------- ----------

.... I .. . . I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .. . . I 
150 160 170 180 190 200 210 

ACAGCAAATG GGTCGCGGAT CCTGTTGCTG TTGCTGTTGC TTTATGGATA TCGTTTCTGT CGCCTTACAG 
---------- ---------- ---------- ---------- ---ATGGATA TCGTTTCTGT CGCCTTACAG 

.... I .... I .... I .... I .... I .... I .... I .... I .... I .... I ... . I .... I . . .. I .... I 
220 230 240 250 260 270 280 

CGCTACTCCA CTAAGGCGTT CGATCCCAGC AAAAAACTGA CCGCCGAAGA AGCGGATAAA ATAAAAACAC 
CGCTACTCCA CTAAGGCGTT CGATCCCAGC AAAAAACTGA CCGCCGAAGA AGCGGATAAA ATAAAAACAC 

.... I . ... I .... I . . .. I .... I .... I .... I .... I .... I .... I .... I .. . . I .... I .... I 
290 300 310 320 330 340 350 

TACTACAGTA CAGCCCCTCC AGCACCAATT CCCAGCCGTG GCACTTTATT GTCGCCAGTA CGGAAGAAGG 
TACTACAGTA CAGCCCCTCC AGCACCAATT CCCAGCCGTG GCACTTTATT GTCGCCAGTA CGGAAGAAGG 

. . .. I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I 
360 370 380 390 400 410 420 

CAAAGCGCGC GTAGCAAAAT CCGCTGCCGG AAACTACACG TTCAACGAAC GCAAAATGCT GGACGCCTCC 
CAAAGCGCGC GTAGCAAAAT CCGCTGCCGG AAACTACACG TTCAACGAAC GCAAAATGCT GGACGCCTCC 

. . .. I .... I .... I .... I .... I .... I .... I .... I . . .. I .... I .... I .... I .... I .... I 
430 440 450 460 470 480 490 

CATGTGGTGG TCTTCTGCGC CAAAACCGCA ATGGATGACG CATGGCTTGA GCGCGTCGTC GATCAGGAAG 
CATGTGGTGG TCTTCTGCGC CAAAACCGCA ATGGATGACG CATGGCTTGA GCGCGTCGTC GATCAGGAAG 

.... I ... . I ... . I .... I .... I .... I ... . I .... I .... I .... I .... I .... I .... I .... I 
500 510 520 530 540 550 560 

ATGCTGATGG CCGTTTCGCT ACGCCGGAAG CTAAAGCGGC AAATGATAAA GGTCGCCGCT TTTTCGCCGA 
ATGCTGATGG CCGTTTCGCT ACGCCGGAAG CTAAAGCGGC AAATGATAAA GGTCGCCGCT TTTTCGCCGA 

.... I .... I . . .. I .... I . ... I . .. . I .... I .... I .... I .... I .... I .... I .... I .... I 
570 580 590 600 610 620 630 

TATGCACCGC GTCTCGCTGA AAGATGACCA CCAGTGGATG GCGAAGCAGG TTTATCTGAA CGTCGGCAAC 
TATGCACCGC GTCTCGCTGA AAGATGACCA CCAGTGGATG GCGAAGCAGG TTTATCTGAA CGTCGGCAAC 

.... I .... I .... I .... I .... I .... I .... I .... I ... . I .... I .... I .... I .... I .... I 
640 650 660 670 680 690 700 

TTTCTGCTGG GCGTCGCCGC GATGGGTCTC GACGCCGTCC CCATTGAAGG TTTCGACGCC GAGGTGCTCG 
TTTCTGCTGG GCGTCGCCGC GATGGGTCTC GACGCCGTCC CCATTGAAGG TTTCGACGCC GAGGTGCTCG 
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nfnbl 
nfnb2 

nfnbl 
nfnb2 

nfnbl 
nfnb2 

nfnbl 
nfnb2 

nfnbl 
nfnb2 

nfnbl 
nfnb2 

nfnbl 
nfnb2 

nfnbl 
nfnb2 

.... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 

710 720 730 740 750 760 770 
ACGCTGAATT TGGTCTGAAA GAAAAAGGCT ATACCAGTCT GGTCGTGGTG CCGGTCGGCC ATCATAGCGT 
ACGCTGAATT TGGTCTGAAA GAAAAAGGCT ATACCAGTCT GGTCGTGGTG CCGGTCGGCC ATCATAGCGT 

.... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 

CGAGGATTTC 
CGAGGATTTC 

.... I .... I 
850 

CCTGCCTAAG 
----------

780 790 800 810 820 830 840 
AACGCCGGGC TGCCGAAATC ACGTCTGCCG CTTGAAACCA CACTGACGGA AGTTTAATCC 
AACGCCGGGC TGCCGAAATC ACGTCTGCCG CTTGAAACCA CACTGACGGA AGTTTAA---

.... 1 .. .. 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .. .. 1 

860 870 880 890 900 910 
CTTGCGGGCC GCACTCGAGC ACCACCACCA CCACCACTGA GATCCGGCTG CTAACAAAGC 

.... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 

920 930 940 950 960 970 980 
CCGAAAGGAA GCTGAGTTGG CTGCTGCCAC CGCTGAGCAA TAACTAGCAT AACCCCTTGG GGCCTCTAAA 

.... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 

990 1000 1010 1020 1030 1040 1050 
CGGGTCTGAG GGGTTTTTGC TGAAAGGAGA CTATATCCGG ATGGCGATGG GACGCGCCCT GTAGCGCGCA 

.... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 

1060 1070 1080 1090 1100 1110 1120 
TAGCGCGTCG ATGTGTTGTT ACGCGCAGCG TGACGCTACA CTGCAGCGCT AGCGTCGGCT TCATCGATTC 

.... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 

1130 1140 1150 1160 1170 1180 1190 
TAGTTCGTTC TCGCCACGGT TCGCCGCATT CGTCAGCCTA TCGGGGACTC CGTAAGGGTT CCGAAATTAA 

.... 1. 
1196 

GGGGTC 
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ydjA1 
ydjA2 

ydjA1 
ydjA2 

ydjA1 
ydjA2 

ydjA1 
ydjA2 

ydjA1 
ydjA2 

ydjA1 
ydjA2 

ydjA1 
ydjA2 

ydjA1 
ydjA2 

ydjA1 
ydjA2 

ydjA1 
ydjA2 

ydjA1 
ydjA2 

The sequenc e for ydjA from Wild type strain along with sequencing results for 
ydjA - p ET28a(+) . 

ydjA- pET28a(+) 
ydjA from Wild type strain 

.... I .... I .... I .. .. I ... . I .... I ... . I .. . . I .... I .... I .... I .... I .... I .... I 
10 20 30 40 50 60 70 

CATAGGACCT GCCTGATACA CCCGTTCGTA GGGCCCTTCG TTTTGCAGAA CGAACGTTCG AAGTCAATAC 

... . I .... I .... I .... I ... . I ... . I . . .. I . ... I . . .. I .... I . .. . I .... I .... I .... I 
80 90 100 110 120 130 140 

AGAACATTCT GCGGTCGGGA TGCGTGTTCG GATCATAAGT CTTTACAGCG TGGCGTTTTT TGTGATGGAC 

. . .. I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I ... . I .. . . I 
150 160 170 180 190 200 210 

GAGAGGGAGC GCGATCGCTC AGCGTCGTGC TGATCGAGGC GCTGTCGCTG CCGTACGCCG ATGAGAAAGC 

.... I . ... I .... I . .. . I . ... I .... I .... I .... I .... I .... I .. . . I .... I .... I .... I 
22 0 230 240 250 260 270 280 

GATCGAAAAA GCGCGTAAGT CGCCGTTTCG CGCGCCGCTG ATCATTACCG TGTGCGAAAT GCGAAGAAAA 

.... I .... I .. . . I . ... I .... I .. .. I .... I .... I . ... I .... I .... I .... I .... I .... I 
290 300 310 3 20 330 340 350 

CCATAAGGTT CCCGTGTGGG AACAGGAGAT GTCTGCCGGA TGCGCGGTGA TGGCGATGCA AATGGCGGCG 

.... I .... I .... I .... I .... I .... I .... I .... I . . . . I . ... I .... I .... I .... I . ... I 
360 370 380 390 400 410 420 

ATTGCGCAAG GGTTTAATGG TATCTGGCGT AGCGGCGCAT TAACGGAGAG CGCTATCGTG CGGGAAGCCT 

.... I .... I ... . I .. .. I . ... I .... I .... I .... I .... I .... I .... I .... I .... I . .. . I 
430 440 450 460 470 480 490 

TTGAGTGCCG CCCGCAGGAT AAAATTGTTG GTTTTCTCTA TCTCGGCACG CCGCAGCTCA AAGCGTCAAC 

.... I .... I .... I . ... I .... I .... I .... I .. . . I .... I .... I .... I .... I .... I .. .. I 
500 510 520 530 540 550 560 

GACGATCAGT ACCCCCGACC CCACGCCGTT TGTGCGTTAT TTCTGACGCT GAGGGATAAA ACTGTCAAGC 

.... I .... I .... I .... I ... . I .... I .... I .... I .... I .... I ... . I . ... I ... . I .... I 
570 580 590 600 610 620 630 

TGCTGGATCC AATCAAATGG ATGCACTAGA ACTGCTGGTC AACCGTCGTA GCGCCTCTCG TCTCGCAGAA 
---------- ------atgg atgcactaga actgctggtc aaccgtcgta gcgcctctcg tctcgcagaa 

.. . . I .. . . I .... I .. .. I .... I .. .. I .... I .... I . . .. I .... I .... I .... I . ... I .... I 
640 650 660 670 680 690 700 

CCGGCGCCTG TCGGAGAGCA ATTACAGAAC ATTCTGCGGG CGGGAATGCG TGTTCCCGAT CATAAATCTC 
ccggcgcctg tcggagagca attacagaac attctgcggg cgggaatgcg tgttcccgat cataaatctc 
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ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjAl 
ydj A2 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

.... 1 •.•• 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 

710 720 730 740 750 760 770 
TACAGCCGTG GCGTTTTTTT GTGATTGAAG GAGAGGGGCG CGACCGCTTC AGCGCCGTGC TTGAACAAGG 

tacagccgtg gcgttttttt gtgattgaag gagaggggcg cgaccgcttc agcgccgtgc ttgaacaagg 

.... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 

780 790 800 810 820 830 840 
CGCTGTCGCT GCCGGGGGGG ATGAGAAAGC GATAGAAAAA GCGCGTAATG CGCCGTTTCG CGCGCCGCTG 

cgctgtcgct gccggggggg atgagaaagc gatagaaaaa gcgcgtaatg cgccgtttcg cgcgccgctg 

.... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 

850 860 870 880 890 900 910 
ATCATTACCG TGGTGGCGAA ATGCGAAGAA AACCATAAGG TTCCGATGTG GGAACAGGAG ATGTCTGCCG 
atcattaccg tggtggcgaa atgcgaagaa aaccataagg ttccgatgtg ggaacaggag atgtctgccg 

.... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 

920 930 940 950 960 970 980 
GATGCGCGGT GATGGCGATG CAAATGGCGG CGATTGCGCA AGGGTTTAAT GGTATCTGGC GTAGCGGCGC 
gatgcgcggt gatggcgatg caaatggcgg cgattgcgc a agggtttaat ggtatctggc gtagcggcgc 

.... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 

990 1000 1010 1020 1030 1040 1050 
ATTAACGGAG AGCGCTATTG TGCGGGAAGC CTTTGAGTGC CGCCCGCAGG ATAAAATTGT TGGTTTTCTC 
attaacggag agcgctattg tgcgggaagc ctttgagtgc cgcccgcagg ataaaattgt tggttttctc 

.... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 

1060 1070 1080 1090 1100 1110 1120 
TATCTCGGCA CGCCGCAGCT CAAAGCGTCA ACGACGATCA GTACCCCCGA CCCCACGCCG TTTGTGCGTT 
tatctcggca cgccgcagct caaagcgtca acgacgatca gtacccccga ccccacgccg tttgtgcgtt 

.... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 .... 1 

1130 1140 1150 1160 1170 1180 1190 
ATTTCTGACG CTGAGGGATA AAACTGTCAA GCTTGCGGCC GCACTCGAGC ACCACCACCA CCACCACTGA 
atttctga-- ---------- - - -------- ----- - ----

.... 1 .. .. 1 .... 1 .... 1 .... 1 .... 1 .... 1 .. 

1200 1210 1220 1227 
GATCCGGCTG CTAACAAAGC CCGAAAGAAG CGATCCT 
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The sequence for YdjA from Wild type strain along with sequencing results for 
YdjA-cys-pET28a(+). 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjA-cys-pET28a(+) 
ydjA from Wild type strain 

.... I .... I .... I .. .. I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I 
10 20 30 40 50 60 70 

GGTCGGCGAA CATTCCCGTC TAGAAATAAT TTTGTTTAAC TTTAAGAAGG AGATATACCA TGGGCAGCAG 

.... I .... I .... I .... I .... I .. . . I . ... I .. .. I ... . I .... I .... I .... I .... I .... I 
80 90 100 110 120 130 140 

CCATCATCAT CATCATCACA GCAGCGGCCT GGTGCCGCGC GGCAGCCATA TGGCTAGCAT GACTGGTGGA 

... . I .... I .... I .... I .... I .... I .... I .... I .... I ... . I .... I .... I .... I .... I 
150 160 170 180 190 200 210 

CAGCAAATGG GTCGCGGATC CTGTTGCTGT TGCTGTTGCA ATCAAATGGA TGCACTAGAA CTGCTGGTCA 
----- - --- - -----atgga tgcactagaa ctgctggtca 

.... 1 .... 1 .... 1 .... 1 .... 1 .... I .... 1 .... I . ... 1 .... I .... 1 . . .. 1 .... 1 . ... I 
220 230 240 250 260 270 280 

ACCGTCGTAG CGCCTCTCGT CTCGCAGAAC CGGCGCCTGT CGGAGAGCAA TTACAGAACA TTCTGCGGGC 
accgtcgtag cgcctctcgt ctcgcagaac cggcgcctgt cggagagcaa ttacagaaca ttctgcgggc 

.... I .... I .... I .... I .... I .... I .... I .... I ... . I . . . . I .... I .... I .... I . .. . I 
290 300 310 320 330 340 350 

GGAATGCGT GTTCCCGATC ATAAATCTCT ACAGCCGTGG CGTTTTTTTG TGATTGAAGG AGAGGGGCGC 
ggaatgcgt gttcccgatc ataaatctct acagccgtgg cgtttttttg tgattgaagg agaggggcgc 

.... 1- ... I .... 1 .... 1 .... I .... I .... 1 .... 1 ... . 1- .. -1 .... 1- ... 1 .... 1 .... I 
360 370 380 390 400 410 420 

GACCGCTTCA GCGCCGTGCT TGAACAAGGC GCTGTCGCTG CCGGGGGGGA TGAGAAAGCG ATAGAAAAAG 
gaccgcttca gcgccgtgct tgaacaaggc gctgtcgctg ccggggggga tgagaaagcg atagaaaaag 

.... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I 
430 440 450 460 470 480 490 

CGCGTAATGC GCCGTTTCGC GCGCCGCTGA TCATTACCGT GGTGGCGAAA TGCGAAGAAA ACCATAAGGT 
cgcgtaatgc gccgtttcgc gcgccgctga tcattaccgt ggtggcgaaa tgcgaagaaa accataaggt 

. . . . I .... I .... I .... I .... I .. .. I .. .. I .. . . I .. .. I .... I .... I .... I .... I .... I 
500 510 520 530 540 550 560 

TCCGATGTGG GAACAGGAGA TGTCTGCCGG ATGCGCGGTG ATGGCGATGC AAATGGCGGC GATTGCGCAA 
tccgatgtgg gaacaggaga tgtctgccgg atgcgcggtg atggcgatgc aaatggcggc gattgcgcaa 

.. .. I .... I .... I .... I .... I .... I .... I . .. . I .. .. I . . .. I .... I .... I .... I .... I 
570 580 590 600 610 620 630 

GGGTTTAATG GTATCTGGCG TAGCGGCGCA TTAACGGAGA GCGCTATTGT GCGGGAAGCC TTTGAGTGCC 
gggtttaatg gtatctggcg tagcggcgca ttaacggaga gcgctattgt gcgggaagcc tttgagtgcc 

.... I .... I .... I ... . I . . .. I .... I .... I .... I .. .. I .... I .... I .... I .... I .... I 
640 650 660 670 680 690 700 

GCCCGCAGGA TAAAATTGTT GGTTTTCTCT ATCTCGGCAC GCCGCAGCTC AAAGCGTCAA CGACGATCAG 
gcccgcagga taaaattgtt ggttttctct atctcggcac gccgcagctc aaagcgtcaa cgacgatcag 
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ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjAl 
ydjA2 

ydjA1 
ydjA2 

.... I .... I .... I .... I .... I ... . I .... I .... I .. . . I .... I .... I .... I .... I .... I 
710 720 730 740 750 760 770 

TACCCCCGAC CCCACGCCGT TTGTGCGTTA TTTCTGACGC TGAGGGATAA AACTGTCAAG CTTGCGGCCG 
tacccccgac cccacgccgt ttgtgcgtta tttctga---

.... I .... I .... I .... I .... I .... I .... I .... I ... . I . . .. I .... I .... I .... I .... I 
780 790 800 810 820 830 840 

CACTCGAGCA CCACCACCAC CACCACTGAG ATCCGGCTGC TAACAAAGCC CGAAAGGAAG CTGAGTTGGC 

.... I .... I .... I .... I .... I .... I . . .. I .... I .... I .... I .... I .... I .... I .... I 
850 860 870 880 890 900 910 

TGCTGCCACC GCTGAGCAAT AACTAGCATA ACCCCTTGGG GCCTCTAAAC GGGTCTTGAG GGGTTTTTTG 

.... I .... I .... I .... I .... I ... . I . . .. I .... I .... I .... I .... I .... I .... I ... . I 
920 930 940 950 960 970 980 

CTGAAAGGAG GAACTATATC TGGATTGGCG AATGGGACGC CGCTCTGTAG CGGCGCATTA AGCGCGGCGG 

.... I .... I .... I .... I .... I ... . I . ... I .... I .. . . I .... I ... . I .... I .... I .... I 
990 1000 1010 1020 1030 1040 1050 

GTGTGGGTGG TTACGCGCAG CGTGACCGCT ACACTTGCCA GCGCCCTAGC GCCCGCCTCC TTTCGCTTTC 

.... I . ... I .... I .... I .... I .... I .... I .... I .... I .. . . I .... I .... I . . .. I .... I 
1060 1070 1080 1090 1100 1110 1120 

TTCCCTTCCT TTCTCGCACG ATCGCGCTTC CCGTCAGCTC TAATCGGGGC TCCTTAGGGT TCGATTAGTG 

. . .. I .. . . I .. . . I . .. . I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I 
1130 1140 1150 1160 1170 1180 1190 

CTTACGCACC TCGACCCAAA AACTGATAGG GTGATGTTCA CGTACTGGCA TCCCCTGATG ACGGTTTCGC 

... . I .... I .. . . I ... . I .... I .... I .... I .... I .... I .... 
1200 1210 1220 1230 1239 

CGTTGGACGG TGGGAGTCCA CGTCTTAATA GGGGAACCTC TTGGTTTCA 
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The sequence for Dde 0086 from Wild type strain along with sequencing results f or 
Dde 0086- pET28a(+). 

Dde 0086-1 
Dde 0086-2 

Dde 0086-1 
Dde- 0086- 2 

Dde_0086- pET28a(+) 
Ode 0086 from Wild type strain 

.... I . ... I .... I .... I .... I . ... I .... I .... I . ... I .... I .... I .. . . I .. . . I .... I 
10 20 30 40 so 60 70 

GGGTCGACGG TACATTCCCC TCTAGAATAA TTTTGTTTAA CTTTAAGAAG GAGATATACC ATGGGCAGCA 

.... I ... . I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I 
80 90 100 110 120 130 140 

Dde 0086-1 GCCATCATCA TCATCATCAC AGCAGCGGCC TGGTGCCGCG CGGCAGCCAT ATGGCTAGCA TGACTGGTGG 
Dde- 0086- 2 ------ - -- - - - --- ----- ---------- ---------- ---------- ---------- ----------

.. .. I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I ··.·I.· .. I 
150 160 170 180 190 200 210 

Dde 0086- 1 ACAGCAAATG GGTCGCGGAT CCGTCATGCA TAGCTATATT GAAGCTCTTA CCACCAGATA CACCACAAAA 
Dde- 0086- 2 ----- ----- ---------- - ----atgca tagctatatt gaagctctta ccaccagata caccacaaaa 

. ... I .. .. I . .. . I .... I . . .. I .... I .... I .... I .... I ... . I . ... I .... I .... I .... I 
220 230 240 250 260 270 280 

Dde 0086- 1 AAGTTTGATC CGGACCGCAG GCTGGACGCC GAAACCGTGC AGGCGGTGAA GGATATTCTG CAACTCAGTC 
Dde- 0086- 2 aagtttgatc cggaccgcag gctggacgcc gaaaccgtgc aggcggtgaa ggatattctg caactcagtc 

.... I . . . . I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I ... ·I.··· I 
290 300 310 320 330 340 350 

Dde 0086- 1 CTTCTTCGAC CAACTCTCAG CCGTGGCATT TTGTCATTGC CGGTACGGAT GAAGGCAGGC AGCGCGTGGC 
Dde 0086- 2 cttcttcgac caactctcag ccgtggcatt ttgtcattgc cggtacggat gaaggcaggc agcgcgtggc 

.... I .... I .... I .... I .... I .... I . .. . I .... I . . .. I .... I .... I .... I . ··· I ···· I 
360 370 380 390 400 410 420 

Ode 0086- 1 AAAGGCGGCA CACGGGGTTT ACGCATTTAA CGCATCAAAA ATCTGCGATG CTTCTCATGT TGTGGTGCTG 
Ode 0086- 2 aaaggcggca cacggggttt acgcatttaa cgcatcaaaa atctgcgatg cttctcatgt tgtggtgctg 

.... I .... I .... I .... I .... I .... I .. .. I .. . . I .... I .... I .... I .. . . I .... I .... I 
430 440 450 460 470 480 490 

Dde 0086- 1 TGCACAAAAA CGGATATCGA CACGGAATAC ACCACACAGG TGCTTGAGCA GGAAGAGCAG GACGGTCGTT 
Ode 0086- 2 tgcacaaaaa cggatatcga cacggaatac accacacagg tgcttgagca ggaagagcag gacggtcgtt 

.... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I 
500 510 520 530 540 550 560 

Dde 0086- 1 TTCCTTCTGA AGAAACGAAG GCCGCCAACA GAAAAGGCCG TGAGTTTTTT GCCATGCTGC ACCGTAACGA 
Dde- 0086- 2 ttccttctga agaaacgaag gccgccaaca gaaaaggccg tgagtttttt gccatgctgc accgtaacga 

.... I .... I . . .. I . .. . I . ... I .... I .... I .... I .... I .... I ... . I . . .. I . . .. I .... I 
570 580 590 600 610 620 630 

Dde 0086-1 GTTGCAGGAC GCTTTTCACT GGATGGAGAA GCAGACGTTT ATCGCCCTTG GTAATCTGTT GTCCGGTGCG 
Dde- 0086- 2 gttgcaggac gcttttcact ggatggagaa gcagacgttt atcgcccttg gtaatctgtt gtccggtgcg 

.... I ... . I .... I .... I .... I .... I .... I .... I .... I .... I .... I . .. . I . ·.·I···· I 
640 650 660 670 680 690 700 

Dde 0086-1 GCACATCTGG GCATACACGC ATGCCCCATG GAAGGCTTTG ATCACGAAGT GCTGGAAAAA GAGCTGGGAT 
Dde- 0086-2 gcacatctgg gcatacacgc atgccccatg gaaggctttg atcacgaagt gctggaaaaa gagctgggat 
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.... 1 . .. . 1 ..•• 1 •••• 1 • ••• 1 •••• 1 .. •• 1 •••• 1 • • •• 1 ••.. 1 •••• 1 • ••• 1 •.•• 1 •••• 1 

710 720 730 740 750 760 770 
Ode 0086- 1 TGACGGAGAA AGGGTACAAG CCCTCGGTCA TTGTGGCTCT GGGGTTTAGT GCCGCTGATG ATTTCAATGC 
Ode- 0086-2 tgacggagaa agggtacaag ccctcggtca ttgtggctct ggggtttagt gccgctgatg atttcaatgc 

.... I .... I .... I .... I .... I .... I .... I .... I . ... I .... I ... . I .... I .... I .... I 
780 790 800 810 820 830 840 

Ode 0086- 1 GGTGACACCC AAATCCCGCT GGCCTCAGGA ACGGATAATA ACCGAAATAT GACGTGCGGC AGCAATGAAG 
Ode 0086-2 ggtgacaccc aaatcccgct ggcctcagga acggataata accgaaatat ga ------- - -

.... I .... I . ... I . .. . I .... I .... I .... I .... I ... . I ... . I .... I .... I .... I .. .. I 
850 860 870 880 890 900 910 

Ode 0086-1 CTTGCGGCCG CACTCGAGCA CCACCACCAC CACCACTGAG ATCCGGCTGC TAACAAAGCC CGAAAGGAAG 
Ode 0086-2 ----- - ---- -- ------- - --- ---- - -- -- - - --- ---------- ------ ---

.... I .... I .... I .... I .... I .... I . ... I .... I .... I .... I .... I . . .. I .... I .... I 
920 930 940 950 960 970 980 

Ode 0086- 1 CTGAGTTGGC TGCTGCCACC GCTGAGCAAT AACTAGCATA ACCCCTTGGG GCCTCTAAAC GGGTCTTGAG 

. ... I . ... I .... I .... I .... I .... I .... I ... . I . . . . I .... I .. .. I .... I .. . . I .. .. I 
990 1000 1010 1020 1030 1040 1050 

Ode 0086- 1 GGGTTTTTTG CTGAAAGGAG GACTATATCC AGGATTGGCG ATGGGACGCG CCCTGTAGCG CGCATTAAGC 
Ode 0086- 2 --------- ----- -- - -

.... I .... I .... I ... . I . ... I .... I .... I .... I .... I .... I .... I ... . I . ... I .... I 
1060 1070 1080 1090 1100 1110 1120 

Ode 0086-1 GCGCAATGTG TGTTACGCGC AGCGTGACCG CTACACTTGC AGCGCCCTAG CGCCCGCTCC TTTCGCTTTC 
Ode 0086- 2 

.... I ... . I .... I . . .. I .... I .... I .... I .... I .. .. I .... I .... I .... I .... I . . .. I 
11 30 1140 1150 1160 1170 1180 11 90 

Ode 0086- 1 TTCCCATCTT TCTCGCCACG ATCGCAGGCT 
Ode- 0086- 2 

TCCGTCAGCT CTAATCAGGG GACTCCGTTT AAGTCGAATT 

Ode 0086 - 1 
Ode- 0086-2 

.... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I . 
1200 1210 1220 1230 1240 1246 

TAAGGCTTTA CGGCACCTCG AACCCCAAAA AACCTTGAAT ATAAAAGGGG TGAATG 
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The sequence for Ode 0086 from Wild type strain along with sequencing results for 
Ode_0086-cys- pET28a(+). 

Ode 0086-1 
Ode- 0086- 2 

Ode_0086-cys- pET28a(+) 
Ode_0086 from Wild type strain 

... . , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .. .. , 
10 20 30 40 so 60 70 

Ode 0086-1 GTCGAACGCT ACATTCCCCT CTAGAATAAT TTTGTTTAAC TTTAAGAAGG AGATATACCA TGGGCAGCAG 
Ode 0086- 2 -------- - -- - ----- ------ --- - ----- - ------- - -- ---- - - - -- - - --------

.... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , 
80 90 100 110 120 130 140 

Ode 0086- 1 CCATCATCAT CATCATCACA GCAGCGGCCT 
Ode- 0086- 2 ------- ----- ----

GGTGCCGCGC GGCAGCCATA TGGCTAGCAT GACTGGTGGA 

.... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , 
150 160 170 180 190 200 210 

Ode 0086- 1 CAGCAAATGG GTCGCGGATC CTGTTGCTGT TGCTGTTGCG TCATGCATAG CTATATTGAA GCTCTTACCA 
Ode- 0086- 2 ------- --- ----- --atgcatag ctatattgaa gctcttacca 

.... , .... , .... , .... , .... , .. .. , .... , .... , .... , .... , .... , .... , .... , .... , 
220 230 240 250 260 270 280 

Ode 0086- 1 CCAGATACAC CACAAAAAAG TTTGATCCGG ACCGCAGGCT GGACGCCGAA ACCGTGCAGG CGGTGAAGGA 
Ode 0086- 2 ccagataca c cacaaaaaag tttgatccgg accgcaggct ggacgccgaa accgtgcagg cggtgaagga 

.... , .... , .... , .... , .... , .... , .. .. , .... , .... , .... , .... , .... , .... , .... , 
290 300 310 320 330 340 350 

Ode 0086-1 TATTCTGCAA CTCAGTCCTT CTTCGACCAA CTCTCAGCCG TGGCATTTTG TCATTGCCGG TACGGATGAA 
Ode- 0086- 2 tattctgcaa ctcagtcctt c ttcgaccaa c t c t c agc cg tggcattttg tcattgccgg tacggatgaa 

.... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , 
360 370 380 390 400 410 420 

Ode 0086- 1 GGCAGGCAGC GCGTGGCAAA GGCGGCACAC GGGGTTTACG CATTTAACGC ATCAAAAATC TGCGATGCTT 
Ode_ 0086- 2 ggcaggcagc gcgtggcaaa ggcggc acac ggggtttacg catttaacgc atcaaaaatc tgcgatgctt 

.... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , 
430 440 450 460 470 480 490 

Ode 0086- 1 CTCATGTTGT GGTGCTGTGC ACAAAAACGG ATATCGACAC GGAATACACC ACACAGGTGC TTGAGCAGGA 
Ode 0086- 2 ctcatgttgt ggtgctgtgc acaaaaacgg a t atcgacac ggaatac acc acacaggtgc t tgagc agga 

.... 1 .... I .... 1 .... I .... 1 .... I , .... , .... , .... , .... , .... , 
500 510 520 530 540 550 

Ode 0086-1 AGAGCAGGAC GGTCGTTTTC 
Ode- 0086-2 agagcaggac ggtcgttt tc 

CTTCTGAAGA AACGAAGGCC GCCAACAGAA AAGGCCGTGA 
c ttctgaaga aacgaaggcc gccaacagaa aaggccgtga 

.... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , 
560 570 580 590 600 610 620 

Ode 0086- 1 GTTTTTTGCC ATGCTGCACC GTAACGAGTT GCAGGACGCT TTTCACTGGA TGGAGAAGCA GACGTTTATC 
Ode- 0086- 2 gttttttgcc atgctgcacc gtaacgagtt gcaggacgct tttcactgga tggagaagca gacgtttatc 

.... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , .... , 
630 640 650 660 670 680 690 

Ode 0086- 1 GCCCTTGGTA ATCTGTTGTC CGGTGCGGCA CATCTGGGCA TACACGCATG CCCCATGGAA GGCTTTGATC 
Ode- 0086- 2 gcccttggta atctgttgtc cggtgcggca catctgggca tac a cgcatg ccccatggaa ggctttgatc 
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.. .. I .... I .... I .... I .... 1 .... 1 .. . . 1 .... 1 .... I .... 1 .... 1 .... I .... 1 . .. . 1 
700 710 720 730 740 750 760 

Ode 0086-1 ACGAAGTGCT GGAAAAAGAG CTGGGATTGA CGGAGAAAGG GTACMGCCC TCGGTCATTG TGGCTCTGGG 
Ode 0086- 2 acgaagtgc t ggaaaaagag c tgggattga cggagaaagg gtacaagccc tcggtcatt g tggc t ctggg 

. . .. I .... I .... I .... I .... I .... I .... I .... I ... . I .... I .... I .... I .. .. I .. .. I 
770 780 790 800 810 820 830 

Ode 0086-1 GTTTAGTGCC GCTGATGATT TCMTGCGGT GACACCCAM TCCCGCTGGC CTCAGGMCG GATAATAACC 
Ode- 0086- 2 g t ttagtgcc gctgatgatt tcaatgcggt gac a cccaaa t c ccgctggc ctcaggaac g gataataacc 

.... I .... I .... I .... I .... I .... I .... I .... I .... I .... I . . .. I .... I .... I . . .. I 
840 850 860 870 880 890 900 

Ode 0086-1 GAAATATGAC GTGCGGCAGC AATGAAGCTT GCGGCCGCAC TCGAGCACCA CCACCACCAC CACTGAGATC 
Ode- 0086- 2 gaaatatga- - -------- -- ----------

...• I .. .. I .... I .... I .... I .... I .... I .... I .. .. I .... I ... . I .... I .... I .. . . I 
910 920 930 940 950 960 970 

Ode 0086- 1 CGGCTGCTAA CAMGCCCGA AAGGAAGCTG AGTTGGCTGC TGCCACCGCT GAGCMTAAC TAGCATAACC 
Ode- 0086-2 - --- ------ ----- -- - - - ----- - -- ---- -

.... I .... I .... I ... . I .... I .... I .... I . ... I ... . I .... I .... I .... I .... I .... I 
980 990 1000 1010 1020 1030 1040 

Ode 0086- 1 CCTTGGGGCC TCTAAACGGG TCTTGAGGGG TTTTTTGCTG AAAGGAGGAA CTATATCCGG ATTGGCGAAT 
Ode- 0086-2 ---------- - - --- ---- ---------

.... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I 
1050 1060 1070 1080 1090 1100 1110 

Ode 0086- 1 GGGACGCGCT CTGTAGCGGC GCATAAGCGC GCAGATGTGT GATTACGCGC AGCGTGACGC TACACTTGCA 
Ode 0086- 2 -

.... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I 
1120 1130 1140 1150 1160 1170 1180 

Ode 0086- 1 GCGCCCTAGC GCCCGCTCTT TCGCTTTCTT CCGTCATTTC TCGCCACGTA CGACAGCCTT CCCGTCAGCT 
Ode 0086- 2 ------ -- - ----- ----- - -- -------

.... I .... I ... . I .... I .. . . I . .. . I .... I .... I .... I .... I . ... I .... I .... I .. .. I 
1190 1200 1210 1220 1230 1240 1250 

Ode 0086- 1 CTAATTCGGG ACTCCTTTAG TACGATTAGG CCTTAACGGT AACTCTCGGA ACTCCAAAAA AACTGTGATA 
Ode- 0086- 2 - -------- -- ----- ---------- ------ --- -------- - --- -----

Ode 0086-1 G 
Ode- 0086- 2 
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The sequence for Dde 2199 from Wild type strain along with sequencing results f o r 
Dde_2199-pET28a(+) . 

Dde 2199-1 
Dde- 2199-2 

Dde 2199-1 
Dde- 2199-2 

Dde 2199- 1 
Dde- 2199- 2 

Dde_2199- pET28a(+) 
= Dde 2199 from Wild type strain 

... . I . ... I .... I .. . . I ... . I .... I .... I .... I .... I . .. . I ... . I ... . I ... . I .... I 
10 20 30 40 50 60 70 

CTAGAATAAT TTTGTTTAAC TTTAAGAAGG AGATATACCA TGGGCAGCAG CCATCATCAT CATCATCACA 

.... I .... I .... I ... . I .... I .... I .... I .... I .... I . ... I .... I .... I ... . I .... I 
80 90 100 110 120 130 140 

GCAGCGGCCT GGTGCCGCGC GGCAGCCATA TGGCTAGCAT GACTGGTGGA CAGCAAATGG GTCGCGGATC 

. ... I . ... I .... I . . .. I .... I . . .. I .... I .... I . ... I .... I ... . I .... I .... I .. . . I 
150 160 170 180 190 200 210 

Dde 2199-1 CGCCATGAAT GAGACAGTCC TTACCCCTTT CCTGTTCCGG CATGCCAGCA AGGATTTCGA TCCCGACAGA 
Dde- 2199-2 - - --atgaat gagacagtcc ttaccccttt cctgttccgg catgccagca aggatttcga tcccgacaga 

Dde 2199- 1 
Dde- 2199-2 

Dde 2199- 1 
Dde- 2199-2 

.... I .... I .. . . I .... I . ... I .. . . I . . .. I . ... I .... I ... . I .... I ... . I ... . I .... I 
220 230 240 250 260 270 280 

AAAATTCCCG AAGACCAGTT TCTGACCATT CTGGAAGCAG GCAGACTCGC GCCCAGTTCC TTCGGCTTTG 
aaaattcccg aagaccagtt tctgaccatt ctggaagcag gcagactcgc gcccagttcc ttcggctttg 

.. .. I .. . . I .... I .... I .. .. I .. .. I .. .. I . . . . I . ... I .... I .... I ... . I .. .. I .. . . I 
290 300 310 320 330 340 350 

AACCGTGGAA GTTTCTGATA GTGCAGAACC CCGCCCTGCG CGCCGAGCTG CACCGGCACA CATGGGGCGG 
aaccgtggaa gtttctgata gtgcagaacc ccgccctgcg cgccgagctg caccggcaca catggggcgg 

.... I .. .. I .. .. I .. . . I . . .. I .. .. I .. .. I .... I .. .. I ... . I ... . I .. . . I . ... I . ... I 
360 370 380 390 400 410 420 

Dde 2199-1 CAAAAAGCAG ATTCCCAACT GCAGCCATCT GGTTGTCTAT CTGGCCCACA AACGCCCGCG TCTGCTGCCG 
Dde 2199-2 caaaaagcag attcccaact gcagccatct ggttgtctat ctggcccaca aacgcccgcg tctgctgccg 

. .. . I . .. . I . . .. I . . . . I .. . . I . . .. I . ... I .. .. I .... I . . .. I .. . . I .. . . I .. .. I . ... I 
430 440 450 460 470 480 490 

Dde 2199- 1 GAAAGCGATT ATATACAGTC TTCCATGCGT GAGGTGCTGC AACTGCCCGA CGACATCATA GCCCTGAAAA 
Dde 2199-2 gaaagcgatt atatacagtc ttccatgcgt gaggtgctgc aactgcccga cgacatcata gccctgaaaa 

... . I . .. . I .. .. I ... . I . ... I .... I .... I . ... I .... I . . .. I . ... I .... I .... I .... I 
500 510 520 530 540 550 560 

Dde 2199- 1 CGGACTATTA CGGCAACTTC CTGCGCAGCG ATTTCGGCAT GATAGATAAC GAGATGCGGC TTTTTGAATG 
Dde 2199-2 cggactatta cggcaacttc ctgcgcagcg atttcggcat gatagataac gagatgcggc tttttgaatg 

... . I .. . . I .... I . . .. I ... . I .... I .... I .... I . ... I ... . I .. . . I .. . . I .... I ... . I 
570 580 590 600 610 620 630 

Dde 2199- 1 GTCGTGCAGG CAGGCGTACA TAGCGCTGGC CAACATGATG ACAGCGGCAG CCATGATGGA AATCGACAGC 
Dde- 2199-2 gtcgtgcagg caggcgtaca tagcgctggc caacatgatg acagcggcag ccatgatgga aatcgacagc 

.... I . ... I . ... I .... I ... . I .... I .... I ... . I ... . I .... I .... I . . .. I .... I ... . I 
640 650 660 670 680 690 700 

Dde 2199-1 TGCGCACTGG AAGGCTTTGT TGAAGCGGAC CTGAACACCG CCGTGAAGCA GCACCTTCAG GTGGATACGG 
Dde- 2199- 2 tgaagcggac ctgaacaccg ccgtgaagca gcaccttcag gtggatacgg tgcgcactgg aaggctttgt 
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.... I ... . I .... I .... I . .. . I .... I .... I .... I .... I .... I .. .. I . ... I .. . . I .... I 
710 720 730 740 750 760 770 

Dde 2199-1 ATCAGTTCGG TGTTGCCTGC ATGTGTGCCT TTGGCTACAG AGTGCGCCCC CCGCGGCCCA AAGCCCGCCA 
Dde- 2199-2 atcagttcgg tgttgcctgc atgtgtgcct ttggctacag agtgcgcccc ccgcggccca aagcccgcca 

.. .. I .... I .... I .. .. I .... I .... I .... I ... . I .... I .... I . ... I .... I . .. . I .. .. I 
780 790 800 810 820 830 840 

Dde 2199- 1 CAGCATGGAA AACGTGGTAC GCTGGTACGA TTAATCTGCC GCAAAGACAA GCTTGCGGCC GCACTCGAGC 

Dde 2199-1 
Dde- 2199- 2 

Dde 2199- 1 
Dde- 2199- 2 

cagcatggaa aacgtggtac gctggtacga ttaa------

. ... I ... . I .... I .... I .... I .... I . . .. I .... I . ... I .... I ... . I ... . I .. . . I ... . I 
850 860 870 880 890 900 910 

ACCACCACCA CCACCACTGA GATCCGGCTG CTAACAAAGC CCGAAAGGAA GCTGAGTTGG CTGCTGCCAC 

.... I .... I .... I .. . . I .. .. I .. .. I .... I .... I 
920 930 940 950 

CGCTGAGCAA TAACTAGCAT AACCCCTTGG GGCTCTAAAC 
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The sequence for Dde 2199 from Wild type strain along with sequencing results for 
Dde_2199-cys-pET28a(+) . 

Dde 2199- 1 
Dde 2199-2 

Dde 2199- 1 
Dde- 2199- 2 

= Dde 2199- cys- pET28a(+) 
Dde=2199 from Wild type strain 

.... I .... I .... I .... I .... I .... I .. .. I .... I .... I .... I . ... I .... I ... . I .... I 
10 20 30 40 50 60 70 

TAGAATAATT TTGTTTAACT TTAAGAAGGA GATATACCAT GGGCAGCAGC CATCATCATC ATCATCACAG 

.... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I 
80 90 100 110 120 130 140 

Dde 2199-1 CAGCGGCCTG GTGCCGCGCG GCAGCCATAT GGCTAGCATG ACTGGTGGAC AGCAAATGGG TCGCGGATCC 
Dde 2199- 2 ---------- ---------- ---------- ---------- ---------- ---------- ----------

.... I .... I .... I .... I .... I .. .. I .... I .... I .... I .... I .... I .... I .... I .... I 
150 160 170 180 190 200 210 

Dde 2199- 1 TGTTGCTGTT GCTGTTGCGC CATGAATGAG ACAGTCCTTA CCCCTTTCCT GTTCCGGCAT GCCAGCAAGG 
Dde 2199- 2 - atgaatgag acagtcctta cccctttcct gttccggcat gccagcaagg 

.... I .... I .... I .... I .... I .. . . I .... I .... I .... I .... I ... . I .. .. I .... I .... I 
220 230 240 250 260 270 280 

Dde 2199- 1 ATTTCGATCC CGACAGAAAA ATTCCCGAAG ACCAGTTTCT GACCATTCTG GAAGCAGGCA GACTCGCGCC 
Dde 2199-2 atttcgatcc cgacagaaaa attcccgaag accagtttct gaccattctg gaagcaggca gactcgcgcc 

... . I .... I . . .. I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I 
290 300 310 320 330 340 350 

Dde 2199- 1 CAGTTCCTTC GGCTTTGAAC CGTGGAAGTT TCTGATAGTG CAGAACCCCG CCCTGCGCGC CGAGCTGCAC 
Dde 2199- 2 cagttccttc ggctttgaac cgtggaagtt tctgatagtg cagaaccccg ccctgcgcgc cgagctgcac 

.... I .... I .... I . . .. I ... . I .... I .... I .... I .... I .... I .... I .... I .... I .... I 
360 370 380 390 400 410 420 

Dde 2199- 1 CGGCACACAT GGGGCGGCAA AAAGCAGATT CCCAACTGCA GCCATCTGGT TGTCTATCTG GCCCACAAAC 
Dde- 2199-2 cggcacacat ggggcggcaa aaagcagatt cccaactgca gccatctggt tgtctatctg gcccacaaac 

.... I .... I .... I .... I .... I .... I .... I .... I .... I .... I . ... I .... I .... I ... . I 
430 440 450 460 470 480 490 

Dde 2199- 1 GCCCGCGTCT GCTGCCGGAA AGCGATTATA TACAGTCTTC CATGCGTGAG GTGCTGCAAC TGCCCGACGA 
Dde- 2199- 2 gcccgcgtct gctgccggaa agcgattata tacagtcttc catgcgtgag gtgctgcaac tgcccgacga 

.... I .... I .... I ... . I .... I .... I .... I ... . I .... I .... I .... I .... I .... I .... I 
500 510 520 530 540 550 560 

Dde 2199-1 CATCATAGCC CTGAAAACGG ACTATTACGG CAACTTCCTG CGCAGCGATT TCGGCATGAT AGATAACGAG 
Dde- 2199- 2 catcatagcc ctgaaaacgg actattacgg caacttcctg cgcagcgatt tcggcatgat agataacgag 

.... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I .... I 
570 580 590 600 610 620 630 

Dde 2199-1 ATGCGGCTTT TTGAATGGTC GTGCAGGCAG GCGTACATAG CGCTGGCCAA CATGATGACA GCGGCAGCCA 
Dde- 2199- 2 atgcggcttt ttgaatggtc gtgcaggcag gcgtacatag cgctggccaa catgatgaca gcggcagcca 

.... I .... I .... I .... I .... I .... I .... I .... I .... I .. .. I .... I .... I .... I .... I 
640 650 660 670 680 690 700 

Dde 2199-1 TGATGGAAAT CGACAGCTGC GCACTGGAAG GCTTTGTTGA AGCGGACCTG AACACCGCCG TGAAGCAGCA 
Dde- 2199- 2 tgatggaaat cgacagctgc gcactggaag gctttgttga agcggacctg aacaccgccg tgaagcagca 
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.... I . ... I . ... I . ... I ... . I .... I .... I .... I .... I . ... I .... I .... I .... I ... . I 
710 720 730 740 750 760 770 

Dde 2199- 1 CCTTCAGGTG GATACGGATC AGTTCGGTGT TGCCTGCATG TGTGCCTTTG GCTACAGAGT GCGCCCCCCG 
Dde- 2199- 2 ccttcaggtg gatacggatc agttcggtgt tgcctgcatg tgtgcctttg gctacagagt gcgccccccg 

.... I . . .. I .. . . I .... I .... I .. . . I .... I .. . . I .. .. I .... I .... I .... I .... I .... I 
780 790 800 810 820 830 840 

Dde 2199-1 CGGCCCAAAG CCCGCCACAG CATGGAAAAC GTGGTACGCT GGTACGATTA ATCTGCCGCA AAGACAAGCT 
Dde2199- 2 cggcccaaag cccgccacag catggaaaac gtggtacgct ggtacgatta a -------------------

Dde 2199- 1 
Dde 2199- 2 

.. .. I .... I .... I . ... I .. . . I . ... I .... I ... . I .... I .. .. I .... I .... I ... . I .... I 
850 860 870 880 890 900 910 

TGCGGCCGCA CTCGAGCACC ACCACCACCA CCACTGAGAT CCGGCTGCTA ACAAAGCCCG AAAGGAAGCT 
---------- ---------- ---------- ---------- ---------- ---------- ----------

.... I .... I ... . I .. .. I .... I . ... I ... . I .... I .... I .... I .. .. I . .. . I . ... I .... I 
920 930 940 950 960 970 980 

Dde 2199- 1 GAGTTGGCTG CTGCCACCGC TGAGCAATAA CTAGCATAAC CCCTTGGGGC CTCTAAACGG GTCTTGAGGG 

Dde 2199- 2 ---------- ---------- - --------- ---------- ---------- ---------- ---------

Dde 2199-1 
Dde- 2199-2 

.... I .... I .... I 
990 995 

TTTTTGCTGA AAGAG 
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