
This thesis comprises 30 ECTS credits and is a compulsory part in the Master of Science  

With a Major in Industrial Biotechnology, 120 ECTS credits 

No. 9/2009 

 

 

Construction of a Copper 

Bioreporter 
Screening, characterization and genetic 

improvement of copper-sensitive bacteria 

Puria Motamed Fath 

 



ii 

Construction of a Copper Bioreporter-Screening, characterization and genetic 

improvement of copper-sensitive bacteria 

Puria Motamed Fath, X070010@utb.hb.se 

 

Master thesis  

Subject Category:  Technology 

University College of Borås  

School of Engineering 

SE-501 90  BORÅS 

Telephone +46 033 435 4640 

Examiner: Dr. Elisabeth Feuk-lagerstedt  

Supervisor, name: Dr. Saman Hosseinkhani 

Supervisor, address: Department of Biochemistry, Faculty of Biological Sciences, Tarbiat 

Modares University 

 

 Tehran, Iran 

Date: 2009-12-14 

Keywords: Copper Bioreporter, Luciferase assay, COP operon, pGL3, E. Coli 

BL-21 
 

 

http://etjanst.hb.se/hb/kontakt/details.asp?sig=EFL%20%20%20%20%20%20%20


iii 

Dedicated to  

      my parents to whom  

            I owe and feel the  

               deepest gratitude  

 

 

 

 

 

 

 

 

 

 



iv 

 Acknowledgment 

 I would like to express my best appreciation to my supervisor Dr. S. Hosseinkhani for 

technical supports, and my examiner Dr. E. Feuk-lagerstedt  for her kind attention, also I want 

to thank Mr. A. Emamzadeh, Miss. M. Nazari, and other students of Biochemistry laboratory 

of Tarbiat Modares University for their kind corporations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://etjanst.hb.se/hb/kontakt/details.asp?sig=EFL%20%20%20%20%20%20%20


v 

 Abstract 

 In the nature, lots of organism applies different kinds of lights such as flourescence or 

luminescence for some purposes such as defense or hunting.  Firefly luciferase and 

Bacterial luciferase are the most famous ones which have been used to design 

Biosensors or Bioreporters in recent decades. Their applications are so extensive from 

detecting pollutions in the environment to medical and treatment usages. To design 

Copper Bioreporter, copper resistance promoter from COP operon which plays an 

important role in Pseudomonas syringae and pGL3 plasmid which has luciferase gene 

were utilized. To achieve that target, sequences of promoter were synthesized and 

inserted to pCR2.1 vector, and then suitable primers with considering restriction sites 

were designed to get high concentration of DNA. After digestion of pGL3 and 

interested gene by Nhe I and Sac I enzymes, ligation was performed, and then 

recombinant plasmids were transferred to E. coli BL-21 as a host cell. Finally, 

luciferase assay of designed bioreporter was performed by Luminometer in presence 

of different concentration of CuSO4. The result was maginificent that confirmed 

design of Copper Bioreporter. 

 Keywords: Copper Bioreporter, Luciferase assay, COP operon, pGL3, E. Coli BL-21 
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1. Introduction 

 Nowadays, developed and developing countries try to discover and innovate new 

methods, compounds and technologies to be able to use the resources of the world in 

21s century. But unfortunately, these new methods produce more and more harmful 

and risky agents that are hazardous to human health and environment, so to design and 

develop new in situ methods to solve those problems are required. However, today 

there are many conventional methods such as spectrometry, GC\MS, or HPLC which 

are useful but they are expensive and time consuming for monitoring pollutant and 

toxic chemicals. One interesting technology in this field is the sensing technology 

which is based on living cells or organisms, like, in Roman times, when miners used 

mine canaries to sense CO (1). 

 Biosensors technology can solve those problems which were mentioned above by 

providing fast, cheap, sensitive, and selectable analysis of samples (2, 3). 

1.1  Biosensors  

 Bacterial sensor-reporter (Bioreporter) is a kind of bacteria which produce a specific 

protein which can be detected in chemical and physical targets. A bioreporter usually 

consists of a gene-regulatory system joined to a reporter gene that will be translated 

into a reporter protein. These genes can be found naturally in the cell or can be 

achieved by genetic transformation. This process contains multi-enzyme reactions, 

cofactors, and cosubstrates which are produced by microorganism or should be added 

to cells (4). Figure 1 show processes which can occur in a bioreporter.  The detection 

process begins when the analyte enters into the cytoplasm of the cell and forms a 

complex with the regulator protein, (step 1). The complexes interact with the 

promoters to induce the expression of the genes (step 2). The genes are transcribed to 

produce mRNA (step 3) and the mRNA is translated to produce signaling proteins and 

enzymes to degrade the analyte (step4). The signaling proteins can be directly detected 

or catalyze reactions to produce the detected signal (step 5). 
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 Fig.1. Conceptual diagram of a bioreporter with a LysR-type transcriptional regulatory system showing the 

steps involved in gene expression and signaling. The bioreporter cell contains a positively controlled 

transcriptional regulatory system that induces both the reporter gene, and in this case, the genes encoding the 

protein that catabolize the analyte. A is the analyte, R designates the regulatory protein, D is the degradative 

enzyme, and S is the signaling protein. The regulator gene is constitutively expressed and not shown (4). 

 

 The Bioreporters are so sensitive, normally 0.1 µg to 0.1 mg, and so specific for 

detection and measurement of individual compounds, molecules, or toxic materials 

(5). 

 Biosensors are classified into three groups according to component which is detected 

by them, Molecular, Cellular, and Tissue. Molecular-based biosensing systems contain 

subcellular components or macromolecules as the sensing element. These can be 

antibodies, nucleic acids, enzymes, ion channels, and lipid bilayers. Two other 

biosensors are resulting from isolated whole cells or salubrious tissue, 

correspondingly, from extensive series of plants to animals. Molecular-based 

biosensors are so fast, specific and selective in their reactions. Cell-based biosensors 

are designed for high specificity and selectivity to detect and analyze analyte to 

provide physiologically relevant data. It should be mentioned that they can tolerate 

various environmental conditions such as pH and temperature. Tissue-based 

biosensing systems are comprised of several cell types and, like cell-based systems, 

provide functional data; however, these types of sensors are generally less stable, and 

therefore, their applicability as biosensors is limited (6).  

 In relation to this information the bioavailability and bioaccessibility specifications 

are the greatest advantages of using Biosensors to detect, analyze, and measure analyte 

instead of conventional methods. Due to its simplicity of manipulation, E. coli has 

been selected as host cell, and is called in many sensor-reporter articles as a 

bioreporter, nevertheless yeast or human cells especially in disease treatment are going 
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to be used in very short (1). Although, it should be mentioned that biosensors have a 

few limitations, they need nutrients to be able to stay alive, also producing measurable 

signal takes minutes, due to time of mass transfer processes in the cells. Also in some 

cases, expression of protein(s) which is responsible for generating biological signal 

takes some minutes (4).  

 Biosensors or bioreporters have a wide rang of applications from detection of 

environmental pollutants and toxic compounds (such as benzene, toluene, phenol, 

metal ions, PCB) to medical diagnostics (distinguishing of DNA damages), agriculture 

infections , environmental monitoring, food safety, and processes monitoring and 

control (4, 7).  

 

1.2  Reporter genes 

 There are some reporter genes which are used in the biosensors technology. The 

signals which are produced by them are detectable by luminescent, fluorescent, 

electrochemical and colorimetric devices (Fig.2). 

 

 Fig.2.Various instruments for measuring reporter output, here shown as an example for three currently used 

reporter activities: fluorescence, bio- or chemiluminescence, and colorimetry (1). 
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 The different kinds of bioreporter have been designed according to reporter genes: 

 1) Bacterial Luciferase 

 Some bacteria which create luminescent light have been discovered. They are 

categorized to four kinds, Photobacterium, Vibrio, Shewanella, and Xenorhobdus, 

and divided to two families, Vibrionaceae and Enterobacteriaceae (9, 10). 

Mechanism of Bacterial luciferase is shown bellow (11); also Figure 3 is a picture of 

an agar plate containing microbial cells carrying bacterial luciferase. 

FMNH2 + O2 + E → E.FMNH2.O2 

E.FMNH2.O2 + RCHO → E.FMNH2.O2.RCHO 

E.FMNH2.O2.RCHO → E.FMN
*
 + RCHO + H2O 

E.FMN
*
 → E.FMN + hv (detectable at 490 nm) 

 

 Fig.3. Bioluminescence emitted from individual colonies of microbial cells containing the genes for bacterial 

luciferase (8). 

 Bacterial luciferase consists of two subunits, α (40 kDa) and β (37 kDa). Biosensors 

which utilize bacterial luciferase are divided to three groups according to their genome 

structure (12).  

a)  luxAB reporter: This reporter only encompasses luxA and luxB genes that code 

for a heterodimeric luciferase (mono-oxygenase). This reporter has been 

inserted to bacteria, yeast, insects, nematodes, plants, and mammalian cells 

(Tab.1). 

 

b)  luxCDABE reporter: This system produces light without adding extra 

substrate. The luxC gene codes for a reductase, the luxD for a transferase and 

the luxE for a synthetase. These three enzymes are responsible for converting 
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fatty acyl carrier protein to an aldehyde at the presentation of an ATP and an 

NADPH molecule as was mentioned above. Whenever a target analyte adds to 

this bioreporter, all the bioluminescent alterations will happen in about one 

hour. It can be used for on-line and in real-time intact monitoring (Tab.2). 

 

c)  Nonspecific lux bioreporters: These kinds of bioreporters are used for 

detection of chemical toxins. The most important application of this bioreporter 

is Microtox test (12). 

 

 

Tab.1. Chemical and biological agents detectable by luxAB-based bioreporters (8) 

Antibiotic effectiveness Gene expression/regulation 

Antimicrobial agents Growth phase regulation 

Bacterial biofilms Immunoassays 

Bacterial biomass In vivo expression technology (IVET) 

Bacterial stress response Industrial waste runoff 

Bacterial transport mechanisms Metabolic regulation 

Bioremediation process monitoring Mutagenicity tests 

Cell viable counts Plant pathogens 

Circadian rhythms Toxicity assays 

DNA damaging agents Tumor burden 

Environmental contaminants Viral infection 

Foodborne pathogens Xenobiotic detection 

 

Tab.2. luxCDABE bioreporters (4) 

Analyte (effector) Promoter Microorganism 

Nonspecific stress 

response 

  

DNA damage (mitomycin) recA, uvr A, alkA E. coli 

Gamma-irradiation recA E. coli DPD2794 

Genotoxins Cda E. coli 

Heat shock dnaK, grpE, lon E. coli 

Organic toxins recA E. coli and S. 

typhimurium 

Oxidative stress katG E. coli 

Various toxicants katG, micF, recA, grpE, 

fabA 

E. coli DPD2794 

Various toxicants katG, micF, fabA, lon, 

uspa 

E. coli 

Ultrasound fbaA, grpE, katG, recA E. coli 

Ultraviolet light recA Ps. aeruginosa 
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Metals   

Cadmium Not specified R. eutrophus AE1239 

Chromate chr R. eutrophus CH34 

Cobalt chr R. eutrophus CH34 

Copper cup 1 E. coli 

Heavy metals zntA, copA E. coli 

Iron pupA Ps. putida 

Lead Not specified R. eutrophus AE1239 

Mercury mer E. coli 

Nickel cnr R. eutrophus CH34 

Zinc smtA Synechococcus PCC7942 

Organic compounds   

2, 4-Dichlorophenol tdfDII R. eutropha JMP134 

3-Xylene xyl Ps. putida 

4-chlorobenzoate fcbA E. coli 

BTEX (benzene, toluene, 

ethylbenzene, xylene) 
tod Ps. putida TVA8 

Isopropyl benzene ipb Ps. putida RE204 

Naphthalene nahG Ps. fluorescens HK44 

Organic peroxides katG E. coli 

PCBs orfO, bphA R. eutropha ENV307 

p-chlorobenzoic acid fcbA´ E. coli 

p-cymene cymB Ps. putida 

Salicylate nahG Ps. fluorescens HK44 

Trichloroethylene tod Ps. putida TVA8 

Biological importance   

Genome Various E. coli 

Ammonia hao N. europaea Km
r
 hao-lux 

Aliginate production algD Ps. aeruginosa 

Antibiotic testing against 

Staphylococcus aureus in 

mice 

Not specified S. aureus 

Haemolysin production vvh E. coli 

 

In vivo monitoring of         

S. typhimurium in mice 

  

S. typhimurium 

N-acyl homoserine 

lactones 

lasRI´, lux RI´, rhl RI´ E. coli 

Nitrate narG E. coli 

Tetracycline tetR E. coli pUT-tetlux 
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 2) Firefly Luciferase: 

 The first time this luciferase was discovered from an American firefly, Photinus 

pyralis, and then its gene was cloned. The light which is produced by firefly luciferase 

is measurable at 550-575 nm wavelengths. Firefly belongs to the biggest and the most 

varied bioluminescent organism family which is called Cloeoptera. This family has 

been divided in three groups; Fireflies (Lampyridae), Railroad worm 

(Phenogodidae) and Click beetles (Elateridae). Fireflies produce light when they 

want to find their couple; Click beetles use luminescent light during moving and 

flying. Beside, this mechanism is used for the period of defense and hunting (13). 

Firefly luciferase protein is 62 kDa free of any changes after translation with high 

quantum yield of reaction (about 88%). Luciferase enzyme for emission catalyzes two 

main enzymatic levels, Adenylation and Oxygenation.   

A) Luciferase + Luciferin + MgATP → [Luciferase: Luciferin Adenylate] + 

Pyrophosphate 

B) [Luciferase: Luciferin Adenylate] + O2 → Luciferase + Oxyluciferin + CO2 + AMP + 

hv 

 Luciferase activity is measured and determined after addition of ATP, Mg ion and D-

Luciferin (Fig.4) solution to the sample by Luminometer device. This reaction is 

produced after one second, and will be disappeared rapidly. Luminometer shows 

activity of luciferase enzyme by RLU/s (Relative Light Unit per second). It should be 

mentioned that for bacterial enzyme assay, addition of Mg
2+

 and ATP are not essential, 

because they are available inside the cells. 

 

 

 Fig.4. D-Luciferin structure, IUPAC Name: (2E, 4S)-2-(6-oxo-1, 3-benzothiazol-2-ylidene)-1, 3-thiazolidine-4-

carboxylic acid (http://www.chemicalregister.com/D-Luciferin/Suppliers/pid18223.htm) 
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 3) Chloramphenicol Acetyltransferase (CAT): 

 This protein was extracted from E. coli, and it was the first bioreporter gene which 

was used to monitor and check gene transferase. Even though, CAT is developing for 

cell-based biosensors. The CAT-Tox (L) assay is used to detect and analyze molecular 

mechanisms of toxicity (14).  

 

 4) β-Galactosidase (β-Gal): 

 A bioluminescent test was designed for this enzyme according to D-Luciferin-β-D-

galactopyranose substrate. Incubation of this substrate with β-Galactosidase generates 

D-Luciferin that will be measurable during the reaction with luciferase. This method is 

more sensitive than colorimetric and fluorimetric assay of β-Galactosidase (12).  

 5) Alkaline Phosphatase: 

 This system consists of a Eukaryotic bioreporter gene with spatter binary of alkaline 

phosphatase which was discovered by Berger. The alkaline phosphatase activation is 

detectable in two levels by using of D-Luciferin-O-Phosphate bioluminescent 

substrate. First, alkaline phosphatase enzyme produce D-Luciferin by de-

phosphorylation of substrate. Then the amount of Luciferin product will be measured 

by firefly luciferase (12).  

 6) Aequorin: 

 This photoprotein was derived from Jellyfish, Aequorea victoria. This kind of 

enzyme generates blue light at 460-470 nm wavelengths during a bioluminescent 

reaction. cDNA Apoaequorin joins  many promoters, and was expressed in many 

eukaryotic cells. The benefit of this bioreporter system is its desirable stability and 

high efficiency (8). Figure 5 shows a Jellyfish during bioluminescent light emission. 

 

Fig.5. Photograph of the bioluminescent jellyfish Aequorea victoria. (6) 
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 7) Green Fluorescent Protein (GFP): 

 This enzyme is a photoprotein just like Aequorin which was isolated from Jellyfish 

Aequorea victoria, and it produces blue light just like that one, but free of exogenous 

substrate (8). Different kinds of this enzyme have been cloned from the sea pansy 

Renilla reniformis (Tab.3). 

 

Tab.3. Applications of green fluorescent protein (GFP) in mammalian cells (8) 

 

Application    Example  

Gene targeting/expression    Monitoring tumor cells in gene therapy protocols  

                                                       Marking spinal neurons to assess their response to various transducers  

                                                       Monitoring production and release of therapeutic drugs from cells and tissues  

Viral infection  Identification of HIV in infected cells and tissues  

Fluorescence resonance energy  

transfer (FRET)  

Monitoring of protein-protein interactions in living cells  

Time-lapse imaging  Examining the lifetime, sorting, and intracellular pathways of proteins in 

living cells (i.e., in response to drug treatments, antibodies, chemotherapy)  

 

 8) Uroporphyrinogen (Urogen) III Methyltransferase: 

 UMT is important for the biosynthetic pathways of vitamin B12 and siroheme and 

catalyzes the S-adenosyl-L-methionine (SAM)-dependent addition of two methyl 

groups to the substrate, urogen III, producing dihydrosirohydrochlorin (precorrin-2). 

Precorrin-2 can be oxidized to a fluorescent product, sirohydrochlorin, or accept the 

addition of a third methyl group from SAM through further action of UMT yielding a 

second fluorescent product, trimethylpyrrocorphin. Both of them are detectable at 300 

nm wavelength, and are observed red to red-orange range of fluorescence. Urogen is 

found in all life forms, so adding substrate is not required (15, 16). UMT has been 

identified and purified from several different organisms and exists in two forms. The 

first form is required for vitamin B12 synthesis and is encoded by the cobA genes in 

Bacillus megaterium, Methanobacterium ivanovii, Propionibacterium 

freudenreichii, and Pseudomonas denitrificans. The second form of UMT is encoded 

by the cysG gene in E. coli and S. typhimurium. This enzyme is obligatory for 

siroheme, cysteine, and vitamin B12 synthesis (6).  

 

 9) Vargula hilgendorfii Luciferase: 

 This is sprayed to the sea by organism’s cells, and produce light at 460 nm. Limitation 

of this reporter is that the Luciferin of this enzyme is not available for further analysis 

(12). 
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 In the nature other kinds of bioluminescent systems are observed which are explained 

below, but they are not applied like above systems which were mentioned as a 

bioreporter gene.  

a) Mollusks: Latia belongs to Mollusks family, and it is the only resident 

organism of cold water which produces light. The color of generated light is 

yellow to green, and it is used to threat hunters. At 1968, observations showed 

that Luciferin-Luciferase system works at the body of organism when it is 

encounter to purple protein with 39 kDa weight.  

 

 
 XH2 at the below equation is an aliphatic aldehyde (17). 

 

b) Coelenterate: All species of this family produce light. The first Luciferin-

Luciferase system in this group was discovered in Renilla at 1959. 

 
 Luciferase of Renilla is a mono protein with 35 kDa weight. This enzyme 

produces light at 482 nm wavelength by oxidation of substrate. Luciferase of 

Renilla has half lifetime about 5.3 hours in buffers with low ionic power at 40 
o
C, which is more stable than Firefly luciferase with 3 hours half lifetime (18). 

 

c) Diptera: The famous family in this group is Mycetophilidae. Arachnocampa 

belongs to this family which is observed at the top of dens at Australia and 

New Zealand, and uses blue-green light to catch insects and preys. Orfelia is 

another variety of this group which was discovered at the east mountain of 

America.   Biochemical inspections at Diptera are partial, and are limited to 

Arachnocampa variety. In this group a Luciferin-Luciferase system dependent 

to ATP has been detected.  Its luciferase weight is about 36 kDa (19).  

  

 Comparison between fluorescence systems (such as GFP protein) and bioluminescent 

(for instance luxCDABE) cloned to E. coli as bioreporters showed that bioluminescent 

bioreporters needs lower time to react and are more detectable than fluorescent 

reporters (20), as a result design of bioluminescent biosensors is increasing quickly. 

Table 4 and 5 include some useful information about reporter proteins and their 

applications.  
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Tab.4. Advantages and disadvantages of reporter proteins used in Cell-Based Biosensing systems. (6) 

Reporter protein Advantages Disadvantages 

Chloramphenicol 

Acetyltransferase 

No endogenous activity. Often employs radioisotopes. 

Requires addition of a substrate. 

Requires separation of substrate 

and product. Narrow linear 

range. 

β-Galactosidase Sensitive and stable. Moderate 

linear range. Applicable in 

anaerobic environment. 

Endogenous activity. Requires 

addition of a substrate. 

Bacterial luciferase High sensitivity. Does not 

require addition of a substrate. 

No endogenous activity in 

mammalian cells. 

Heat labile therefore limited use 

in mammalian cells. Narrow 

linear range. 

Firefly luciferase High sensitivity. Broad linear 

range. No endogenous activity in 

mammalian cells. 

Requires addition of a substrate. 

Requires an aerobic environment 

and ATP. 

Aequorin High sensitivity. No endogenous 

activity in mammalian cells. 

Requires addition of a substrate 

and the presence of Ca
2+

. 

 

GFP Autofluorescent, therefore, does 

not require addition of a 

substrate or cofactors. Spectral 

variants. No endogenous 

homologues in most systems. 

Stable at biological pH 

Moderate sensitivity. Requires 

post translational modification. 

Background fluorescence from 

biological systems may interfere. 

Potential cytotoxicity in some 

cell types. 

UMT Autofluorescent, therefore, does 

not require addition of a 

substrate or cofactors. May have 

better signal-to-noise ratio than 

green fluorescent proteins. Does 

not require costly reagents or 

special host strains. 

Endogenous activity. 
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Tab.5. Excitation and emission maxima of Reporter proteins and their most commonly used substrates. (6) 

Reporter protein Excitation λ Emission λ Quantum Yield 

Chloramphenicol Acetyltransferase 504-545 nm 510-570 nm  

   BODIPY
a
 1-deoxychloramphenicols    

β-galactosidase    

   Methylumbelliferyl â-D-   galactopyrosanides 350 nm 450 nm 0.2-0.4 

   Fluorescein-di-â-D-galactopyrosanides 488 nm 530 nm 0.91 

   Resorufin â-D-galactopyrosanides 550 nm 600 nm 0.2-0.4 

   1,2-dioxetanes (no enhacer)  462 nm  

   Saphire enhancer  463 nm  

   Emerald enhancer  542 nm  

   Ruby enhancer  620 nm  

Bacterial luciferase  490 nm 0.10 

Firefly luciferase  550-575 nm 0.90 

Aequorin  469 nm 0.15 

Green Fluorescent Protein 395 nm 509 nm 0.80 

   blue fluorescent protein 380 nm 440 nm 0.18 

   cyan fluorescent protein 433 nm 475 nm 0.40 

   yellow fluorescent protein 513 nm 527 nm 0.61 

Red Fluorescent Protein 558 nm 583 nm 0.23 

Uroporphyrinogen III Methyltransferase 

 
a
 BODIPY stands for borondipyrromethene 

difluoride. 

378 nm 608 nm  
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  Copper is a kind of metals that is so vital for many organisms to be able to catalyze 

several enzymes such as cytochrome c oxidase, superoxide dismutase, and other multi-

copper oxidases. Although it can be toxic in some cases due to its radical-forming 

characteristics. This method can do damage to proteins and nucleic acids, and causes 

some illnesses for instance Menkes’ syndrome and Wilson’s disease. At Menkes’ 

syndrome, the cells lose the ability to absorb and transport copper, leading to brain 

damage (6, 21, and 22) beside this; copper has been used to control numerous 

microorganisms which cause some problem at agriculture systems. So recently some 

resistance to copper in those kinds of bacteria has been reported. For example 

Escherichia coli, Mycobacterium scrofulaceum, and the plant pathogens 

Xanthomonas campestris pv. vesicatoria and Pseudomonas syringae pv. tomato (23). 

Some structures in the microbial cells are responsible to this resistance, copper 

chaperones and efflux protein pumps such as P-type ATPases (6), which control a 

mount of copper in the cell, and emit excess copper from the compartment. 

 In E. coli, two responsible genes for resistance to copper were revealed. One of them 

is pco operon on the plasmid which codes PcoA and PcoB proteins to remove copper 

from the cells, and PcoC to bind copper inside the cytoplasm. Also PcoR and PcoS 

proteins are coded to adjust the pco operon. The other gene was observed at the 

chromosome of bacteria, which called cut operon. This operon are responsible for 

coding some proteins, CutA and CutB, transportation of copper, CutE and CutF, 

intracellular binding of copper, and copper-efflux from the cells. As well, CutC and 

CutD are in charge of quantity of copper within the cells (24, 25, and 26).  Plasmid-

encoded copABCD genes found in Ralstonia eutrophus (formerly known as 

Alcaligenes eutrophus) are similar to the pcoABCD genes of E. coli and copABCD 

genes of Pseudomonas syringae confer resistance to copper ions. Furthermore, the 

copYZAB operon is accountable for confrontation to copper in the Gram-positive 

bacterium Enterococcus hirae. In S. cerevisiae, some genes exist on their 

chromosomes which play a role to adjust the amount of copper in the cells. The 

nutritional copper sensor Mac1p regulates the copper-dependent expression of the high 

affinity Cu(I) uptake genes CTR1, CTR3, and FRE1, while the toxic copper sensor 

Ace1p regulates the transcriptional activation of the detoxification genes CUP1, 

CRS5, and SOD1 in response to copper (26). Another class of response to copper was 

reported in Thiobacillus ferrooxidans. Rusticyanin is a 16.5-kDa soluble blue copper 

protein which is found in abundance in the periplasm of T. ferrooxidans growing on 

iron (28, 29).  
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1.3  Pseudomonas syringae 

 Pseudomonas syringae is a kind of bacterium which is responsible for infection of 

many plants and vegetations such as Syringae, Actinidiae, Tomato, etc. The 

bacterium P. syringae pv. tomato has a famous operon, COP operon, which codes for 

Copper resistance genes, so these genes provide the essential capacity for bacteria to 

be able to be alive in high concentration of Copper in the environment, giving 

resistance to Copper under copper-inducible promoter, (30, 31, 32, 33).  

 

 Plasmid pPT23D, 35-kilobase (kb) length, is responsible for Copper resistance, and 

the whole sequence of its genes is sequenced. (The length of that is about 4.5 kbp). 

This operon consists of 4 genes, A, B, C, and D. The sequences essential for 

expression of copper resistance were present well upstream from the ORF A start 

codon. Expression of ORF A and B are necessary to get the best and efficient result, 

but ORF C and D are not needed as well as above genes. Pseudomonas spp. 

consensus promoter regions were not observed in this region. It is about 172 bp before 

ORF A codon (31, 34, and 35).  

 

 There are two other genes on the pPT23D plasmid of those bacteria which called two- 

component regulatory system for inducible expression of the Copper resistance operon 

of Pseudomonas syringae. copRS genes are required for expression of cop promoter. 

The sequences of this operon are sequenced, and the length of that is about 2390 bp. 

copR and copS are both transcribed from the same promoter located to copR. It should 

be mention that copR is responsible for regulation of expression of COP operon, and 

copS gene is countable to sense the Copper in the environment. If the COP operon 

transferred to the E. coli as a host cell, the cop promoter does not function in E. coli. 

As a result the copRS genes should be transferred to the host cell, too (36). Figure 6 is 

a model for the mechanism of copper resistance in P. syringae, and figure 7 nucleotide 

sequences of P. syringae pv. tomato PT23. 
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 Fig.6. Model for the mechanism of copper resistance in P. syringae. Copper is sequestered by the periplasmic 

proteins CopA and CopC and probably by the outer membrane protein CopB, CopC and CopD may also 

function in copper transport into the cytoplasm, IM = inner membrane, OM = outer membrane (30). 
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 Fig.7. Nucleotide sequence and predicted translation products of the copper resistance gene cluster from P. 

syringae pv. tomato PT23. Nucleotides are numbered 1 to 4478. Pertinent restriction sites are indicated as 

overstrikes. Potential Shine-Dalgarno (SD) ribosome-binding sites (15) are underlined. Repeating segments are 

underlined with arrows. Potential signal sequence cleavage sites are designated by vertical arrows (31). 
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2. Aim 

 In this study, the aim was to design a recombinant E. coli which measures the Copper 

in the culture, and produces bioluminescent light, and in way can be used as a 

bioreporter to detect and respond to copper in the environment.  
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3. Materials and Methods 

3.1 Materials  

            Tab.6.The main materials which were used in the laboratory are listed. 

Number Name Company 

1 Trypton Scharlau Chemie S. A., Spain 

2 Yeast extracts Scharlau Chemie S. A., Spain 

3 NaCl Merck, Germany 

4 Lactose Merck, Germany 

5 Luciferin Synchem Crop., Germany 

6 Agarose Cinnagen, Iran 

7 Loading dye 6X Fermentas, Germany 

8 DNA Ladder Fermentas, Germany 

9 EtBr Merck, Germany 

10 Agar Merck, Germany 

11 N. F. Water Fermentas, Germany 

12 Glycerol Merck, Germany 

13 CaCl2 Merck, Germany 

14 CuSO4 Copper Industry Co., Iran 

15 Ethanol Bidestan, Iran 

16 Sodium Acetate Merck, Germany 

17 Taq polymerase Fermentas, Germany 

18 T4 enzyme Fermentas, Germany 

19 Nhe I enzyme Fermentas, Germany 

20 Xho I enzyme Fermentas, Germany 

21 Sac I enzyme Fermentas, Germany 

22 dNTPs Fermentas, Germany 

23 MgCl2 Fermentas, Germany 

24 ATP Fermentas, Germany 

25 KCl Merck, Germany 

26 Glucose Merck, Germany 
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3.2 Instrument 

     Tab.7.The main instrument which were used in the laboratory are listed. 

No. Name Company 

1 Glassed Afshar Co., Iran 

2 Heater Stirrer VELP Scientifia, Europe 

3 Balance Kern, Germany 

4 Autoclave Reyhan Teb, Iran 

5 Falcon Tubes Beckman, U.S.A. 

6 Shaker Incubator LabCon, Korea 

7 Samplers Eppendorf, Germany 

8 UV-Visible Spectrophotometer Varian, U.S.A. 

9 Luminometer Berthol Detection System, Germany 

10 Ice maker Ararat Co., Iran 

11 Electrophoresis Tanks Payapajoohesh, Iran 

12 Power supplier Payapajoohesh, Iran 

13 Gel Documentation UVItech, U.K. 

14 Thermo Block Kiagen, Iran 

15 pH meter Crison, Spain 

16 Refrigerator Pars, Iran 

17 Freezer -24 
o
C Pars, Iran 

18 Deep freezer -80 
o
C GFL Co., Germany 

19 Micro Centrifuge Wisd Laboratory Instruments, Korea 

20 Macro Centrifuge Beckman, U.S.A. 

21 Water Bath Pharmacia Biotechnology AB, Sweden 

22 Thermal Cycler PeQLab, Germany 

23 Vortex Kiagen, Iran 

24 Cabinet Hood Jaal Co. Iran 

25 Nano Spectrophotometer Thermo Scientific, Germany 
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3.3  First phase: Investigation of Copper effects on the Luciferase gene 

expression and activity 

 CuSO4 is an important element in the Bioleaching of Cupper, so it is essential to find 

its effect on bacteria. In these experiments different concentrations of liquid CuSO4 

were added to E. coli which is recombinant bacteria by transformation of Luciferase 

gene from Firefly Photinus pyralis, to discover what is the outcome of Cupper 

Sulphate effect on the expression of Luciferase?  

 pET-16b Vector for this target was considered (Fig.8). This plasmid has Ampicilin 

resistance gene and multiple cloning sites in its sequences. Previously, Firefly 

luciferase gene was cloned to that between BamH I and Hind III restriction sites by 

other students, and after that it was transformed to E. coli BL-21 species.  

Consequently this recombinant E. coli has ability to be alive in the medium which has 

Ampicilin antibiotic, and also response to Luciferin substrate after addition of that to 

medium, as a result these bacteria will produce bioluminescent light which is 

measurable by Luminometer instrument.  

 

Fig.8. Map of pET-16b vector (http://www.Novagen.com).  

 

 

http://www.novagen.com/
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 Method 

 LB medium was prepared to culture E. coli BL-21. LB broth medium consists of: 

 Tryptone                    10 g / l 

 Yeast extracts            5 g / l 

 NaCl                          10 g / l 

 After sterilization, picked up 10 ml of medium and poured it to a sterile Falcon tube, 

50 ml. Added 100 μl Ampicilin 100 μg/ml and 100 μl stock of recombinant E. coli to 

the medium. Set the Falcon tube in the Shaker Incubator to be incubated overnight, 37 
o
C & 200 rpm. 

 The next day, transferred 40 μl of preculture E. coli to 4 ml sterile LB medium in nine 

15ml Falcons (culture to preculture ratio should be 1/100), also 4 μl Ampicilin was 

added to falcons. Put them in Shaker Incubator again to reach desirable OD. After 4 

hours, measured OD of culture at 600 nm, OD should be 0.6-0.8. 

 Four different situations were considered in these experiments. In two tubes, CuSO4 

was added from the beginning of culturing bacteria, in one of them Lactose was added, 

and the second one without addition of Lactose (Lactose 4 mM was used as an 

inducer). At the two other tubes, CuSO4 was added 4 hours after culturing, and like 

previous one of them Lactose + and the next one Lactose –, then placed them to the 

Shaker Incubator once more. Expression of Luciferase gene was measured by 

Luminometer instrument after adding 10 µl of Luciferin 4 mM as substrate to a 

Luminometer tube with the same amount of bacteria, 10 µl (ratio of culture to 

Luciferin should be 1/1). 
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3.4 Second phase: Design and creation of a recombinant bacterium 

sensitive to Copper (Copper Bioreporter) 

3.4.1 Promoter gene synthesis  
 

 Observations of first phase showed that luciferase enzyme is sensitive to different 

concentration of copper in the environment; as a result design a recombinant bacterium 

which has ability to response to copper in the environment was attractive. For this 

motive, Plasmid pPT23D of P. syringae pv. tomato was selected, because this plasmid 

encodes proteins which give the bacteria resistance to copper. Whole sequences of that 

vector have been discovered, COP operon, thus promoter sequence of that gene can be 

used before luciferase gene, and as a result luciferase gene will be translated to 

luciferase enzyme in presence of copper. Initial 172 nucleotides of COP operon is 

referring to its promoter, nevertheless the exact sequences of that have not been 

discovered yet. So the all 172 nucleotides should be inserted to expression vector (See 

below sequences). 

 

       PstI            10                          20                             30                           40    

ATAC   TAAAAAAACT     GAAAGCTCTA     AGGCATGTTG CTGCAG 

                         50                          60                             70                           80 

CTAACCAACG   CAGGTTTTCA      AGCTTACAGA     AATGTAATCG 

                        90                         100                          110                          120 

CGCCGCTTAC    GATGCTGTGA     CATCGTCCAC     TCCAGTACCT 

                       130                        140                          150                          160 

TAAACCCAGT    ACACGGCTTA    AATGCCGTCC      TTGCCTACCT 

                       170 

GGACCCGCGC   GT 

 

 These sequences should be synthesized, but before ordering that, it needs some 

changes to be able to insert it to expression vector. There are several commercial 

vectors which carry firefly luciferase gene. The pGL3-Control vector which was 

transferred to E. coli JM107 was available in the laboratory. This plasmid has multiple 

cloning sites before luciferase gene (Fig.9). 
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 Fig.9. Map of pGL3-Control vector. SV40 Promoter is used to increase expression of luciferase enzyme in 

Eukaryotic cells (http://www.Promega.com).  

 

 According to its multiple cloning sites, Sac I and Xho I restriction sites were chosen 

for cloning. So their sequences should add at the end of interested gene before 

synthesis. For better result during digestion, it is necessary to add 3-4 nucleotides 

before restriction sites to increase efficiency of cutting interested gene during of 

digestion (See below sequences).  

               Sac I 10                          20                            30                           40 

ATACTAAAAA   AACTGAAAGC   TCTAAGGCAT      GAGCTCCGAT 

                        50                          60                            70                           80 

GTTGCTAACC   AACGCAGGTT    TTCAAGCTTA    CAGAAATGTA    

                       90                         100                          110                        120 

ATCGCGCCGC   TTACGATGCT     GTGACATCGT   CCACTCCAGT 

                      130                        140                          150                        160 

ACCTTAAACC   CAGTACACGG    CTTAAATGCC    GTCCTTGCCT  

                      170                        180 

GGCTCTCG    AGACCTGGACCC   GCGCGT 

                                                       Xho I 

  

 The new promoter sequences ordered to Eurofins MWG Operon Company to be 

synthesized. It was synthesized in pCR2.1 vector with some specifications (Tab.8 and 

Fig.10). The product was delivered in lyophilized state; therefore it was solved in 100 

µl Tris buffer.  
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Tab.8. Specifications of pCR2.1 

Plasmid Name pCR2.1-new Internal Name B224-2 

Gene Name new Gene size 186 bp 

Vector backbone pCR2.1 Antibiotic Selection Ampicilin and 

Kanamycin 

cloning Cloned via TOPO-TA Quantity 7.2 µg 

Designation E. coli TOPO10   

 

 

 

Fig.10. Map of pCR2.1 vector (http://escience.ws/b572/L7/images/pcr2_1topo_map.jpg) 
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3.4.2  Plasmid extraction 
 

 As was said, pGL3 vector was transformed to E. coli JM107 bacteria, so it should be 

extracted from bacteria. 

 Method  

 At first E. coli JM107 bacteria were cultured on LB medium for an overnight 

incubation. After acceptable OD, pGL3 was extracted from the cells by MiniPrep 

method. This technique is suitable for high copy plasmids, and its commercial kit is 

prepared from BIONEER Company (AccuPrep Nano-Plus Plasmid Mini Extraction 

Kit) (Fig.11). 

 

 
 Fig.11. Procedure of MiniPrep kit of BIONEER Co. for Plasmid extraction from the cells (40) 
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3.4.3 Gel electrophoresis of pGL3 
 

 To check extraction protocol, and also verify quality and quantity of pGL3 plasmid, it 

is essential that small samples of extraction product transferred to gel electrophoresis. 

 Method

For 50 ml agarose gel: 

 Agarose                     0.5 g 

 TAE buffer 50%       1 ml 

 Distillated Water       50 ml 

 For 500 ml electrophoresis buffer: 

 TAE buffer 50%      10 ml 

 Distillated Water      500 ml  

 

 Transferred 10 µl of pGL3 sample mix with 2 µl of Loading dye 6X to the gel, also 4 

µl of DNA ladder was transferred to gel to be able to check size of bands. Run it for 45 

min with 90 V. after that, put the gel in the EtBr solution to dye DNA for 15 min, at 

last check the bands by gel document device.  

                                   

3.4.4 Competent-cell preparation 

  
 Host cells before transformation, should be prepared, that means they need some 

changes on their cytoplasmic membrane, to be susceptible for transformation of 

recombinant genes or vectors. There are two preparation methods: Electroporation and 

CaCl2 treatment.  CaCl2 technique was selected, because this method is easier and 

more efficient than first one. E. coli species XL1-Blue was selected as a host cell due 

to its high ability for transformation of recombinant vectors to them and obtaining 

more colonies in the medium. 

  Method  

 1) Pre-culture of the E. coli cells in 37 
o
C incubator for overnight. 

 2) Transfer 1 ml of pre-culture to 100 ml LB broth and incubate it in 37 
o
C until 

reaching OD600 = 0.4 – 0.6. 

 3) Transfer the flask to the ice box for 30 minutes. 

 4) Centrifuge the culture medium for 10 min at 4000 rpm and 4
o
 C. 
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 5) Resuspend the pellet in 25 ml of 100 mM CaCl2, and incubate it in the ice box for 

30 min again. 

 6) Centrifuge again. 

 7) Resuspend the pellet in 1 ml (100 mM CaCl2 and 15% glycerol). 

 8) Aliquot the cells in cold tubes and then store them at -80 
o
C. 

 

3.4.5 PCR 

  
 Previous experiments cleared that Xho I enzyme is not suitable for double digestion 

of pGL3, also gel purification product of gene after double digestion of pCR2.1 was 

not acceptable, and so PCR method was selected, because of producing high 

concentration of DNA which can be applied for future experiments.  

 First two primers (Forward and Reverse) should be designed. To design acceptable 

primers some notes were considered such as miss matches between primers and also 

annealing temperature. As well due to some problems were mentioned before, Nhe I 

enzyme was chosen instead of Xho I enzyme. Nhe I sequences and 4 extra nucleotides 

to increase efficiency of restriction enzyme were added at the 5´end of Forward 

primer. These primers were synthesized by Eurofins MWG Operon Co. (See below 

sequences and Tab.9). 

 

 Forward Primer 
 

                        10                          20                          29                            

AACTGAAAG   ATACTAAAAA    CTAGCGCGAT  

               Nhe I 

 

 Reverse Primer 

 
                    10                            20                       28 

 CTTAGCTAGC    ACGCGCGGGT    CCAGGTAG 
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 Tab.9. Specifications of primers which were synthesized by Eurofins MWG Operon Company 

Oligo 

name 

Yield 

[OD] 

Yield 

[µg] 

Yield 

[nmol] 

Vol. for 

100 

pmol/µl 

Tm 

[
o
C] 

MW 

[g/mol] 

GC-

content 

Synthesis 

scale 

Purification 

Forwar

d 

primer 

7.2 180 20.1 201 61.0 8935 34.5 % 0.05 µmol HPSF 

Reverse 

primer 

9.4 270 31.3 313 72.4 8630 64.3 % 0.05 µmol HPSF 

 

 Primers were delivered in lyophilized situation so adding distillated water to primers’ 

tubes was done, 201 µl to F. primer and 313 µl to R. primer.  

 First gradient PCR was run to find the best annealing temperature to be able to get the 

best results for future works. 

 Method 

 As was mentioned, initial finding the optimum annealing temperature was necessary, 

so 5 PCR tubes were mixed, and they were put in 5 different temperatures, 59.0, 61.7, 

63.4, 66.1, and 68.0 
o
C. 

 Plasmid (pCR2.1)                      1 µl 

 F. primer                                     1 µl 

 R. primer                                    1 µl 

 dNTPs                                         1 µl 

 Taq polymerase                          0.3 µl 

 Taq polymerase buffer 10X       2.5 µl 

 Nuclease free water                   17.2 µl 

 MgCl2 or MgSO4                         1 µl 

                                                     25 µl 
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 PCR program: 

 95 
o
C                    5 min 

 95 
o
C                    1 min    

 Ann. Tem.            1 min             35 cycles 

 72 
o
C                     20 s 

 72 
o
C                    10 min 

 22 
o
C                    10 min 

 Then gel electrophoresis was run to check PCR products and select the optimum 

annealing temperature. Observations showed that 61.7 
o
C is the best temperature. So 

another PCR in 5 PCR tubes and each tube 50 µl reaction like before but not gradient 

was run. 

 Next, running gel was done like 3.4.3 method and then DNA band was extracted and 

purified from the gel by AccuPrep® Gel Purification Kit. And again running gel to 

check purification process which showed good result was done. 

3.4.6  Digestion of PCR product and pGL3 plasmid 
 

 Double digestion of PCR product after purification from the gel was performed.  

Method 

  PCR product                 20 µl 

  Digestion buffer 10X    2 µl 

  Nhe I                              2 µl  

  Sac I                               2 µl 

  Nuclease free water      14 µl  

                                       40 µl 

 Then, incubated tube at 37 
o
C about 15 min, following that, for inactivation of 

enzymes put it at 65 
o
C for 5 minutes.  
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 For digestion of pGL3, first mono digestion by Nhe I was done, and then result was 

checked by gel electrophoresis, desirable DNA band extracted from the gel and finally 

digestion by Sac I enzyme was performed. The reason that this protocol was applied 

instead of double digestion of plasmid was to be able to separate double digested 

plasmids from mono digested one. If double digestion was considered, it was possible 

that some plasmids digested by one of the restriction enzymes not both of them and it 

is not feasible to check that by gel electrophoresis (both situations, mono and double 

digestion, demonstrate the same band in gel electrophoresis) that it could cause 

problem after ligation and transformation to the host cells, because mono digested 

plasmids in the host cells created colonies and showed false positive result. 

 Method 

  Plasmid                         20 µl 

  Digestion buffer 10X     2 µl 

  Nhe I                              2 µl  

  Sac I                               2 µl 

  Nuclease free water      14 µl  

                                       40 µl 

 Mono digestion of pGL3 was done in 5 tubes to have enough digested plasmids. 

Then, incubated them at 37 
o
C about 15 min, following that, for inactivation of 

enzymes put them at 65 
o
C for 5 minutes.  

 Run gel electrophoresis to check mono digestion of plasmid, that result was good. 

Afterward, DNA band was extracted from the gel by AccuPrep® Gel Purification 

Kit.  

 Finally digestion by Sac I enzyme was accomplished. 

 Method  

  Plasmid                        20 µl 

  Digestion buffer 10X    2 µl 

  Sac I                              2 µl 

  Nuclease free water      16 µl  

                                       20 µl 
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 Put tube in 37 
o
C incubator for 15 min, and transferred it to Thermo block at 65 

o
C for 

5 min to inactive restriction enzyme.  

 To remove phosphate ends of pGL3 plasmid which inhibit self ligation of plasmids 

after transformation to the host cells, 1 µl SAP, Shrimp Alkaline Phosphatase, was 

added to double digested vector tube, put it in 37 
o
C incubator for 1 hour, and 65 

o
C 

for 15 min to inactive SAP. 

 At last store all tubes at -20 
o
C. 

 

3.4.7  Ligation of pGL3 vector and gene (COP promoter) 
 

 To increase chance of ligation and also to control that ligation was done or not, three 

different statuses were considered. In one tube the ratio between genes to plasmid was 

1-1, in second one, genes to vectors ratio was 5 to 1, and in third one, as a control –, no 

gene was added to tube. 

 Method  

                                                     Control –                1-1                         1-5 

 Plasmid 20 ng/µl                                1 µl                    1 µl                         0.5 µl 

 Gene 4 ng/µl                                       0                        5 µl                        12.5 µl 

 T4 enzyme (1 u/µl9)                           2 µl                    2 µl                          2 µl 

 T4 enzyme buffer 10X                        2 µl                   1.4* µl                     0.7* µl 

 ATP (0.5 mM)                                    0**                     1 µl                         1 µl 

 Nuclease free water                           15 µl                   9.6 µl                       3.3 µl 

                                                            20 µl                   20 µl                        20 µl 

 * Plasmid and gene which were added to tubes had Taq polymerase buffer, and T4 

enzyme has activity in that buffer, so volume of Taq polymerase buffer was considered 

in final volume of reaction. 

 ** T4 enzyme buffer has ATP, so addition of extra ATP is not essential. 

 Put tubes in overnight incubation at 22 
o
C, and the next day to inactive T4 enzyme, 

tubes were heated at 65 
o
C for 15 minutes. 
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3.4.8  Transformation to the host cells 
 

 E. coli XL1- Blue was chosen as host cell due to its high ability for transformation 

and expression, and it was treated with CaCl2 to be ready for transformation 

(competent cells). But before transformation, SOC medium to culture transformed 

cells and LB agar to culture transformed cells which were grown on SOC medium 

were made. 

 Method 

 SOB medium: 

 Tryptone                     0.4 g 

 Yeast extracts             0.1 g 

 NaCl                           0.01 g 

 250 mM KCl              200 µl 

 Distillated water         add to 20 ml 

 

 SOC medium: 

 SOB medium              1 ml 

 1 M Glucose               20 µl 

 2 M MgCl2
                           

5 µl 

 SOB medium was sterilized by autoclave, and glucose and MgCl2 were sterilized by 

filtration method. 

 LB agar medium: 

 Tryptone                    10 g 

 Yeast extracts             5 g 

 NaCl                          10 g 

 Agar                           15 g 

 Distillated water        add to 1 liter 
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 After sterilization by autoclave, added 1 ml Ampicillin to the Erlenmeyer of medium, 

and aliquot it in plates. 

 For transformation, 5 tubes of competent cells (E. coli XL1-Blue) were picked up, 

three of them for ligation products, and two of them as control + and –. To control + 

tube non-digested pGL3 and to control – tube no vector were added to be sure of true 

transformation. 

 Method  

 1) Transferred competent cell tubes from deep freezer to ice box (the whole process 

should be carried out in sterilized condition).  

 2) Added 2 µl of ligation products (1-1, 1-5, and Control –) to competent cell tubes, 2 

µl of non-digested pGL3 to forth one, and to the fifth one nothing was added. Incubate 

them on ice for 30 minutes. 

 3) Then put tubes in 42 
o
C Thermo block for 5 minutes. 

 4) Put them on ice for 2 min again. 

 5) After transformation, 1 ml of SOC medium was added to tubes, and incubated them 

at 37 
o
C for 1 hour. 

 6) After 1 hour, centrifuged tubes at 3500 rpm for 5 min, next the supernatant was 

evacuated.  

 7) The pellet was transferred to five LB agar plate, and incubated at 37 
o
C overnight.  

 The next day plates were checked for result. 

 

 

 

 

 

 

 



 

34 

 

3.4.9 PCR colony, digestion and sequencing 
 

 To be satisfied of transformation, PCR colony is essential that shows interested gene 

was inserted to the plasmid correctly or not. So five different colonies were chosen, 

and were solved in 20 µl distillated water in five tubes. 5 µl of that transferred to PCR 

tubes and were heated at 97 
o
C for 10 min to destroy plasma membrane of cells. Rests 

of them were stored at -20 
o
C. Also two PCR tubes as Control + and – were picked up. 

To control +, non-digested pCR2.1 plasmid, and to control –, no plasmid were added. 

 Method  

                                                   Control –              Control +             Samples of 

Colonies 

 Plasmid                                               0                        1 µl                          1 µl 

 Forward Primer                                  1 µl                    1 µl                          1 µl    

 Reverse primer                                   1 µl                    1 µl                          1 µl 

 Taq polymerase buffer 10X              2.5 µl                  2.5 µl                       2.5 µl 

 Taq polymerase                                 0.3 µl                  0.3 µl                       0.3 µl 

 dNTPs                                                 1 µl                    1 µl                          1 µl 

 MgSO4                                                1 µl                    1 µl                          1 µl 

 Nuclease free water                          18.2 µl                17.2 µl                     17.2 µl 

                                                            25 µl                   25 µl                        25 µl 

 PCR program: 

 95 
o
C                    5 min 

 95 
o
C                    1 min    

 61.7 
o
C                 1 min             35 cycles 

 72 
o
C                     20 s 

 72 
o
C                    10 min 

 22 
o
C                    10 min 
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 After PCR, gel electrophoresis like before was run to check PCR products, and after 

25 min, results were verified by Gel Documentation. All of PCR colonies produced the 

same size band at 186 bp. 

 After PCR, digestion step was necessary. So stocks of colonies, 15 µl, were cultured 

in LB broth at 37 
o
C for overnight. Afterward, recombinant plasmids were extracted 

from the cells by AccuPrep Nano-Plus Plasmid Mini Extraction Kit. After 

extraction, digestion of recombinant pGL3 was performed. 

 Method  

  Plasmid (Rec. pGL3)   5 µl 

  Digestion buffer 10X    2 µl 

  Nhe I                             2 µl  

  Sac I                              2 µl 

  Nuclease free water      9 µl  

                                       20 µl 

 Incubated them at 37
 o
C for 15 min, and then inactivated the restriction enzymes at 65 

o
C for 5 minutes. Gel electrophoresis was run to check if digestion was well. Finally 

some recombinant vectors were sent for sequencing to check if the gene of interest was 

inserted to the vectors or not. 
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3.4.10 Luciferase assay of recombinant E. coli 
 

 To check outcome of experiments to create a copper bioreporter, luciferase assay 

should be performed to investigate the effect of copper on recombinant cells. E. coli 

BL-21 is a suitable species to be a copper bioreporter due to its high ability for 

luciferase expression. Thus recombinant pGL3 was extracted from E. coli XL1-Blue 

by Mini-prep method, and was transferred to BL-21.  

 Method  

 Twenty seven 15 ml Falcons were picked up; 1 ml LB broth, 1µl Ampicillin, 10 µl of 

recombinant E. coli, and different concentration of copper were added to them. 

Subsequently the Falcons were incubated at 37 
o
C for 4 hours. After that, 10 µl of each 

culture plus 10 µl of Luciferin were mixed in Luminometer tube, and luciferase 

activity of each tube were measured by Luminometer. 
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4. Results 

4.1 Results of first phase: Investigation of Copper effects on the Luciferase 

gene expression and activity 

 As was mentioned in the methods section, four situations were examined in this phase 

of experiences. In one step, CuSO4 was added at the first time of culturing, then after 

4 hours, bioluminescent light was measured. In the second one, the test was like the 

first state, but Lactose 4 mM as inducer was added, too. In the third and forth 

situations a little change was performed, CuSO4 was put in the Falcon tubes 4 hours 

after incubation, then 4 hours extra incubation was performed. In the third case, 

Lactose 4 mM was added at the start of the test against of forth situation (see Tab. 10-

14 in Appendix B and Diag.1-4).  

 

 

 

 Diag.1. Different concentrations of CuSO4 were added to LB medium consists of recombinant E. coli BL-21, 

which carries luciferase gene in pET-16b Vector (CuSO4 was added after 4 hours, Lactose +). Afterward, 

bioluminescent light was measured by Luminometer after addition of Luciferin to bacteria. All experiments were 

repeated three times and mean + SD is shown in the diagram. 
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 Diag.2. Different concentrations of CuSO4 were added to LB medium consists of recombinant E. coli BL-21, 

which carries luciferase gene in pET-16b Vector (CuSO4 was added from the beginning, Lactose +). Afterward, 

bioluminescent light was measured by Luminometer after addition of Luciferin to bacteria. All experiments were 

repeated three times and mean + SD is shown in the diagram. 

 

 

 

 

 Diag.3. Different concentrations of CuSO4 were added to LB medium consists of recombinant E. coli BL-21, 

which carries luciferase gene in pET-16b Vector (CuSO4 was added after 4 hours, Lactose –). Afterward, 

bioluminescent light was measured by Luminometer after addition of Luciferin to bacteria. All experiments were 

repeated three times and mean + SD is shown in the diagram. 
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 Diag.4. Different concentrations of CuSO4 were added to LB medium consists of recombinant E. coli BL-21, 

which carries luciferase gene in pET-16b Vector (CuSO4 was added from the beginning, Lactose –). Afterward, 

bioluminescent light was measured by Luminometer after addition of Luciferin to bacteria. All experiments were 

repeated three times and mean + SD is shown in the diagram. 
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4.2 Results of second phase: Design and creation of a recombinant 

bacterium sensitive to Copper (Copper Bioreporter) 

4.2.1 Creation of Copper Bioreporter 
 

 PCR was applied to improve concentration of interested gene for digestion and 

ligation processes. Early, annealing temperature of primers should be found, so a 

gradient PCR was done to clear the best annealing temperature. Figure 12 is gel 

electrophoresis picture of PCR product in different temperature. The strongest band 

refers to 61.7 
o
C temperature; as a result, that was considered for the next PCR. 

 

Fig.12. Gel electrophoresis picture of gradient PCR products 

 

 

 Figure 13 is a picture of gel electrophoresis of mono digested pGL3 plasmid by Nhe 

I. In this picture, it is clear that Nhe I cut plasmid great. 

 

Fig.13. mono digested pGL3 by Nhe I restriction enzyme 
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 After successful transformation which produced good colonies in the plates, to be 

satisfied of that, PCR colony was applied. Five samples were selected, and PCR was 

run to check that correct recombinant plasmid which carries interested gene was 

transformed to the cells or not. In figure 14, it is clear that all five samples 

(recombinant pGL3) produced desirable DNA band at 186 bp. Two other samples as 

control + (pGL3) and – (No plasmid) were loaded, too.  

 

Fig.14. Gel electrophoresis of PCR colony products 

 

 Following the PCR colony, extra step which was double digestion of plasmid by    

Nhe I and Sac I enzymes was performed to admit transformation (see figure 15). 

 

Fig.15. Double digestion of recombinant pGL3after PCR colony. However, DNA Ladder is not clear. 

 

 In conclusion rests of selected colonies were cultured in LB medium to extract 

recombinant pGL3 and to send to a company for sequencing to be sure of true 

transformation. 
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4.2.2 Luciferase assay of recombinant E. coli (Copper Bioreporter) 
 

 Following table and diagram (Tab.14 in Appendix B and Diag.5) shows effects of 

different concentration of CuSO4 on recombinant E. coli. Recombinant cells were 

cultured in LB broth with different concentration of cupper sulphate, and after four 

hours incubation at 37 
o
C, activity of bacteria was measured by Luminometer after 

addition of Luciferin as substrate. To be certain about results, for each concentration, 

three samples were considered.  

 

 

 Diag.5 Different concentrations of CuSO4 were added to LB medium consists of recombinant E. coli BL-21, 

which carries copper promoter gene in pGL3 Vector. Then, bioluminescent light was measured by Luminometer 

after addition of Luciferin to bacteria. Counting was done with three different samples to be confident and mean 

+ SD is shown in the diagram. 
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5. Discussion and Conclusion   

 In two recent decades, many studies and researches have been done to design and 

create different Biosensors and Bioreporters which detect and react to metals, 

pollutions, toxic materials, or even DNA damages in the environment and surrounding. 

Subsequently to this research some investigations to produce Copper Bioreporter have 

been performed, but not as well as other metals such as Cadmium, Arsenic, Zinc, Iron, 

or heavy metals. In lots of them, Bacterial luciferase or Aequorin from Jellyfish was 

applied. David S. Holmes and his colleagues generate a copper sensor by inserting 

copper promoter before lux or light emitting genes from Vibrio fischeri (41). But in 

this project Firefly luciferase and Copper resistance promoter of P. syringae were 

applied that is a new method to design Copper Bioreporter, and its response to copper 

was measured. 

 

5.1 The effect of copper on the Luciferase activity and bacterial growth 

 As was mentioned above, the effect of copper on expression of luc gene has not been 

tested yet in the researches, so there is not any knowledge about that. Therefore, 

Copper Sulphate in first phase of experiments was affected on E. coli BL-21 which 

harbors pET-16b (Fig.8). As a result, luciferase activity decreased slowly from Blank 

to 1.7 mM CuSO4, and after that reduced rapidly until 3mM CuSO4. However, when 

Lactose as an inducer was added to the culture, two results were observed. On one 

hand, results of detection demonstrated higher luciferase activity instead of absence of 

Lactose. On the other hand, activity of luciferase increased from Blank to 1 mM 

CuSO4. Although, copper function showed that it worked as an inhibitor in the 

medium which diminished activity of cells and thereupon expression of luciferase 

gene reduced. Even at higher concentration of CuSO4, it caused cell death (Diag.1-4). 

These observations encouraged us to design and create a Copper Bioreporter to be able 

to detect different concentrations of copper sulphate in the medium, and react to it by 

producing luminescent light which was measurable by Luminometer. Therefore, it 

may be concluded from the toxic effect of CuSO4 on luciferase activity or luciferase 

expression in E. coli would be possible to make a suitable reporter for copper 

measurement. 
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5.2 Design of Copper Bioreporter      

 In our knowledge, a bioreporter specific for copper determination using Firefly 

luciferase has not been reported yet. However some reporters have been created by 

inserting Copper promoter before Bacterial luciferase (lux gene) or Aequorin (6, 8, 

and 41), but Firefly luciferase gene has not been applied yet. So design of Copper 

Bioreporter via luc gene and copper resistance promoter (COP operon) from              

P. syringae which could be more realistic and useful than previous ones was attractive. 

 From multiple cloning site of pGL3 plasmid (Fig.9) which was used as an expression 

vector due to its luciferase gene, Sac I and Xho I enzymes were selected. Digestion of 

pGL3 was performed more than five times but results of digestion were not 

acceptable. Unfortunately Xho I could not cut that plasmid as well as it was essential 

like Sac I, and this trouble was clear when gel electrophoresis was carried out (Fig.16 

and 17).  

 

 
Fig.16. Mono and double digestion of pGL3         Fig.17. Mono digestion of pGL3 by Xho I

 Plasmid pGL3 is an expression vector with high super coiled structure; as a result, 

Xho I cannot digest it and produce a linear DNA band. This difficulty causes some 

problems during ligation and transformation. Because in the gel electrophoresis there 

is no difference between mono digested and double digested plasmids (Fig.12 and 13), 

therefore self ligation of mono digested plasmids will happen after transformation to 

the host cells, and will produce colonies. These colonies are false positive colonies that 

it is not possible to separate from true colonies which take recombinant vectors. Also 

concentration of interested gene after digestion and purification from the gel was so 

low which is not suitable for ligation (Fig.18). Even other kind of purification was 

applied (42) and concentration of gene was measured by Nano spectrophotometer, but 

its concentration was low, too (Fig.19). 
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Fig.18. Gel electrophoresis of double digested pCR2.1 after purification 

 

Fig.19. low concentration of double digested gene from pCR2.1 

 So two problems were observed after digestion of pGL3 and pCR2.1 plasmids by 

Xho I and Sac I enzymes which inhibited progression of experiment: 

1) Low ability of Xho I enzyme to cut pGL3 due its high super coiled structure 

2) Low concentration of interested gene after digestion and purification from the 

gel 

 To solve these problems, two methods were available: 

1)  Synthesis of interested gene (Copper resistance promoter) and insertion it to 

the pGL3  

2)  Substitution of Nhe I enzyme instead of Xho I, and design suitable primers and 

running PCR to obtain high concentration of interested gene from pCR2.1  
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 First method was so simple procedure if it had been applied, but it is not an 

experimental and logical technique for a thesis work project, because whole process 

was done by a company which synthesized gene and inserted it to pGL3 vector and 

only luciferase assay can be performed by researcher. The second one was applied 

because of first method problems. The appropriate primers were designed which can 

attach correctly to the interested sequences and produce desirable concentration of 

gene. To solve problem of Xho I restriction enzyme, sequences of Nhe I enzyme were 

added to 5´end of Forward primer to apply this enzyme in digestion process of gene 

and pGL3, and also sequences of Xho I restriction site was removed.  

 However, GC-content of Forward primer was low (34.5%) but fortunately result of 

gradient PCR was good, and 61.7 
o
C was the best annealing temperature. Afterwards 

digestion, ligation and transformation protocols were successfully carried out, and 

finally acceptable colonies were appeared on LB agar plates. By considering essential 

control + and – samples during experiments, outcome of transformation was satisfied, 

but to be more sure, PCR colony, digestion of PCR colony products, and as a final 

point sequencing of recombinant plasmids were performed. 

 Luciferase assay of recombinant E. coli BL-21 which was transferred by recombinant 

pGL3 (Fig.20) showed good result which confirmed creation and innovation of a 

Copper Bioreporter. This Bioreporter was able to detect copper in the medium and 

respond to it in acceptable range especially in 0.1 mM CuSO4 when compared to 

Blank (Diag.5).  

 

Fig.20. Schematic picture of recombinant pGL3 which was generated 
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 Recently, environment and replacement of environment friendly materials instead of 

conventional ones are in the centre of attentions of governments in the developed and 

developing countries. Therefore they try to apply some methods with bioavailability 

and bioaccessibility specifications to be able to solve a number of problems. 

Biosensors and Bioreporters (Bacterial sensor-reporter) are one of them with high 

bioavailability and bioaccessibility capacity. They have wide application ranges which 

were said before, so this bioreporter with some changes and trying to set up optimum 

conditions can be utilized for extra projects and applications such as Bioleaching of 

copper mines or Bio-filtration of copper in raffinated water of leaching procedures or 

industrial companies. Because, in that kind of water which is outcome of chemical or 

biological processes in industries has high concentration of copper than standard, and 

is toxic and so dangerous if it enters to the environment without any extra filtrations 

and settlements. Hope is that this Bioreporter can be applied in those applications in 

the industry.    
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 Appendix A 

 Stock solutions (37, 40) 

 

 *Tric.Cl 1M, pH 7.5 

 121.1 g of Tris base in 800 ml H2O adjust pH by HCl, add H2O to 1 lit. 

 

 *EDTA 0.5 M, pH 8 

 186.1 g of Na2EDTA.2H2O in 700 ml H2O adjust pH by 10 M NaOH, add H2O to 1 

lit. 

 

* Elution buffer, pH = 7.5 

 10 mM Tric.Cl, pH 7.5 

 1 mM EDTA, pH 8 

 50 mM NaCl 

 

 *TE buffer, pH 7.5 

 10 mM Tric.Cl, pH 7.5 

 1 mM EDTA, pH 8 

 

 *TAE 50X 

 242 g of Tris base 

 57.1 ml of glacial acetic acid 

 100 ml of 0.5 M EDTA, pH 8 
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 Appendix B 

 Tables of luciferase assay results 

 

Tab.10. Different concentrations of CuSO4 were added to LB medium consists of recombinant E. coli BL-21, 

which carries luciferase gene in pET-16b Vector (CuSO4 was added after 4 hours, Lactose +). Afterward, 

bioluminescent light was measured by Luminometer after addition of Luciferin to bacteria. All experiments were 

repeated three times and all results are shown in the table. 

CuSO4 

Concentration 

Count (I) 

RLU/s 

Count (II) 

RLU/s 

Count (III) 

RLU/s 

Mean +SD 

Blank 5,625,837 5,540,856 6,552,147 5,906,280 

0.3 mM 6,138,624 6,678,061 7,469,261 6,761,,982 

0.7 mM 6,106,380 6,570,776 7,066,227 6,581,128 

1 mM 4,269,703 4,323,784 4,614,251 4,402,579 

1.3 mM 2,825,791 2,919,605 3,094,009 2,946,468 

1.7 mM 1,825,603 1,763,903 2,097,661 1,895,722 

2 mM 2,275,671 2,339,359 2,860,655 2,491,895 

2.5 mM 8,145 7,841 ----- 7,993 

3 mM 4,927 6,109 ----- 5,518 

 

 

Tab.11. Different concentrations of CuSO4 were added to LB medium consists of recombinant E. coli BL-21, 

which carries luciferase gene in pET-16b Vector (CuSO4 was added from the beginning, Lactose +). Afterward, 

bioluminescent light was measured by Luminometer after addition of Luciferin to bacteria. All experiments were 

repeated three times and all results are shown in the table. 

CuSO4 

Concentration 

Count (I) 

RLU/s 

Count (II) 

RLU/s 

Count (III) 

RLU/s 

Mean +SD 

Blank 5,354,511 6,126,021 5,517,372 5,665,968 

0.3 mM 6,470,968 6,962,025 6,987,204 6,806,732 

0.7 mM 6,832,907 6,593,771 6,166,205 4,333,040 

1 mM 5,606,013 5,064,449 5,691,494 5,453,985 

1.3 mM 5,251,570 4,326,907 4,747,799 4,775,425 

1.7 mM 4,305,401 3,766,398 3,056,295 3,709,365 

2 mM 39,232 37,629 42,328 39,730 

2.5 mM 29,754 36,698 ---- 33,226 

3 mM 15,951 13,646 ---- 14,799 
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Tab.12. Different concentrations of CuSO4 were added to LB medium consists of recombinant E. coli BL-21, 

which carries luciferase gene in pET-16b Vector (CuSO4 was added after 4 hours, Lactose –). Afterward, 

bioluminescent light was measured by Luminometer after addition of Luciferin to bacteria. All experiments were 

repeated three times and all results are shown in the table. 

CuSO4 

Concentration 

Count (I) 

RLU/s 

Count (II) 

RLU/s 

Count (III) 

RLU/s 

Mean +SD 

Blank 3,216,250 3,318,380 3,814,042 3,449,557 

0.3 mM 3,054,092 2,271,450 2,516,766 2,614,103 

0.7 mM 3,523,498 3,593,139 3,577,967 3,564,868 

1 mM 2,852,174 2,557,835 2,214,265 2,541,425 

1.3 mM 1,553,425 1,106,917 1,932,017 1,530,786 

1.7 mM 1,116,314 1,005,763 1,625,873 1,212,466 

2 mM 966,648 791,006 1,340,248 1,032,634 

2.5 mM 9,712 8,910 10,259 9,627 

 

 

 

Tab.13. Different concentrations of CuSO4 were added to LB medium consists of recombinant E. coli BL-21, 

which carries luciferase gene in pET-16b Vector (CuSO4 was added from the beginning, Lactose –). Afterward, 

bioluminescent light was measured by Luminometer after addition of Luciferin to bacteria. All experiments were 

repeated three times and all results are shown in the table. 

CuSO4 

Concentration 

Count (I) 

RLU/s 

Count (II) 

RLU/s 

Count (III) 

RLU/s 

Mean +SD 

Blank 1,993,956 1,669,985 2,345,571 2,003,171 

0.3 mM 856,011 945,228 1,234,962 1,012,067 

0.7 mM 784,677 716,232 1,164,809 888,573 

1 mM 529,052 677,503 1,008,783 738,446 

1.3 mM 1,397,880 1,232,927 1,624,783 1,418,530 

1.7 mM 844,085 1,195,879 798,123 1,063,294 

2 mM 79,946 131,470 68,474 93,296 

2.5 mM 10,679 9,319 11,317 10,438 
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Tab.14. Different concentrations of CuSO4 were added from the beginning to LB medium consists of 

recombinant E. coli BL-21, which carries copper promoter gene in pGL3 Vector. Then, bioluminescent light 

was measured by Luminometer after addition of Luciferin to bacteria. Counting was done with three different 

samples to be confident  

CuSO4 

Concentration 

Count of 

first samples 

RLU/s 

Count of 

second samples 

RLU/s 

Count of third 

samples 

RLU/s 

Mean +SD 

Blank 44,786 33,689 30,850 36,441 

0.05 mM 95,403 121,040 88,081 101,508 

0.1 mM 160,714 233,305 159,376 184,465 

0.2 mM 87,226 108,407 90,889 95,507 

0.4 mM 70,283 78,800 66,609 71,897 

0.6 mM 66,324 80,651 60,231 73,844 

0.8 mM 47,870 54,457 50,456 50,927 

1 mM 33,309 40,599 36,698 36,868 

1.5 mM 15,951 24,368 18,965 19,761 
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