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ABSTRACT 

The Y-12 plant (Oak Ridge, TN) contributed to national defense during World 

War II and the cold war. The plant processed uranium to make nuclear bombs and later 

switched to lithium processing to make hydrogen bombs. This process resulted in heavy 

metal waste deposits in East Fork Poplar Creek and the surrounding environment. 

Enterobacter sp. YSU, which was isolated from this creek, was found to be resistant to 

metal salts of zinc, cadmium, mercury, selenite, silver, copper and gold. Metal resistant 

bacteria encode proteins involved in pumping metals out of the cell, in converting them 

to less toxic forms or in sequestering them. Transposon mutagenesis was used to identify 

genes involved in selenite resistance. When introduced into the YSU strain, the EZ-

Tn5™ <R6Kγ ori/KAN-2>Tnp Transposome™ inserted itself randomly into the genome 

of this bacterium. One of the transposome transformants, L31, was sensitive to selenite 

on agar plates. Minimal inhibitory concentration (MIC) experiments in liquid cultures 

showed that it was sensitive to 40 mM selenite in LB medium, but not in M-9 minimal 

medium. Gene rescue, DNA sequencing and Basic Local Alignment Search Tool 

(BLAST) analysis showed that the interrupted gene product is related to a histidine 

kinase sensor protein. It may regulate a surrounding gene that encodes a protein involved 

in efflux of toxic metals.  
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CHAPTER I: INTRODUCTION 

1.1 Background (Y-12 Plant) 

Y-12 is the code name that was used during the World War II to refer to an 

electromagnetic isotope separating plant. The Y-12 plant at Oak Ridge, Tennessee played 

a significant role during World War II as it processed large amounts of uranium used to 

make nuclear weapons. Large amounts of toxic metals contaminated the surrounding 

environment due to this manufacturing process. During the Cold War, mercury was a 

major element in lithium separation to make hydrogen bombs (1). About 75-150 metric 

tons of mercury were released and most of it was contained in the sediments and 

floodplain soils of East Fork Poplar Creek, EFPC (8). To control mercury contamination, 

the US Department of Energy has set up different programs such as pollution control 

facilities, elimination of untreated discharges, mercury treatment systems and bank 

stabilization systems (19). 

1.2 Stenotrophomonas maltophilia 

Stenotrophomonas maltophilia Oak Ridge strain 02 (S. maltophilia 02) was 

isolated from East Fork Polar Creek (1). It is an aerobic, non-fermentative, Gram-

negative bacterium (15). Some strains of this organism are human opportunistic 

pathogens that cause respiratory and urinary tract infection (6). Medical therapy is 

difficult because it is resistance to various antibiotics (15). When compared to the multi-

metal resistant bacterium, Enterobacter sp. YSU, S. maltophilia 02 was more metal 

resistant and grew well in the presence of toxic levels of metal salts of mercury, gold, 

copper, selenite, cadmium, lead and chromium (1). Its ability to survive in the presence of 
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toxic metals is probably due to the gene expression of different resistance mechanisms 

involved in detoxification, efflux or sequestration. 

1.3 Microbes and Metal interactions 

Bacteria are the most numerous microorganisms in the natural environment and 

the functional roles and interactions of some of them are not yet known (7, 11). Their 

surface area to volume ratio provides them with a large contact area for interaction with 

its surrounding (11). Bacteria use different strategies to tolerate and survive different 

extreme environmental conditions such as radiation and toxic chemicals (13).  

Bacteria require different elements to carry out their cellular functions. Essential 

non-metallic elements (H, C, O, P, N) carry the highest percentage in a bacterial cell, as 

they are the major components of proteins, lipids and nucleic acids. Elemental cations 

such as Na+, Mg++, K+, Ca+ are important for cell function. Essential transitional elements 

(Cu, Zn, Fe, Co, Ni, Mn) are important for the structural integrity of proteins and nucleic 

acids and in biochemical pathways such as gene expression (4, 13). Since these different 

roles are exercised in different areas of the cell, it is necessary for the cell to regulate an 

appropriate level of these transitional elements. At high concentrations, it is cytotoxic to 

the cell. Polluted environments can have toxic metals such as Ag, Au, Cd, Cr and Sn. 

When bacteria encounter such toxic metals that have no beneficial role in its metabolism, 

it will have a toxic effect on their growth and survival. Therefore, bacteria have 

developed resistance mechanisms to overcome these challenges.  

The different strategies employed by bacteria as a mechanism of survival are all 

of great interest. Understanding microbial resistance mechanism to heavy metals 
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deposited in the environment is of great importance for the potential use of microbes in 

bioremediation (7). 

1.4 Microbial Resistance Mechanisms  

Microbial metal resistance mechanisms can be summarized systematically in the 

following manner: (1) Intra- and extra cellular exclusion mechanisms; (2) intra- and extra 

cellular sequestration; (3) detoxification; (4) excretion via efflux transport (18).  

1.4.1 Intra-and extra Cellular Exclusion  

Metal exclusion mechanisms in Gram-negative bacteria are more complex than 

metal exclusion mechanisms in Gram-positive bacteria because Gram-negative bacteria 

have an outer and inner membrane whereas Gram-positive bacteria only have a single 

membrane (5). Gram-negative bacteria have outer membrane protein channels called 

porins that allow metal ions to diffuse through the outer membrane into the periplasm 

(16). Gram-negative bacteria exclude Cu (II) simply by repressing the expression of Cu 

(II) protein channels. The outer-membrane can also trap heavy metals by binding to them 

non-specifically. Bacterial strains such as Klebsiella aerogenes and Pseudomonas putida 

bind to metal extracellullary due to a protective coat of exopolysaccharide on the outer 

membrane (13, 28). The protective coat provides an attachment site for metal cations, 

hence preventing them from interacting with vital cellular components. In Pseudomonas 

sp. exclusion resistance mechanism is attributed by an operon of four genes copA, copB, 

copC and copD that are found in the outer and inner membrane (13). 
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1.4.2 Intra and –extra Cellular Sequestration 

Intracellular sequestration leads to metal accumulation in the cytoplasm, 

preventing the metal from interacting with essential components of the cell (13). Some 

bacteria sequester metals such as cadmium, zinc, and copper. Intracellular sequestration 

of metals involves protein binding. Metallothionein production by Synechococcus sp is an 

example. This bacterial species has the gene, smtA that encodes a metallothionine. During 

high levels of cadmium, zinc and copper, the gene smtA is activated and binds to the 

metals. In the absence these metals, its expression is repressed by the protein, SmtB. 

Pseudomonas putida also displays intracellular sequestration of Cd (II) by producing low 

molecular weight cysteine, which is said to be related to the Synechococcus sp 

metallothionein (13, 33, 34). 

According to Bruins et al, extracellular sequestration in bacteria has been 

hypothesized although a certain strain of Klebsiella aerogenes has demonstrated the 

ability to remove Cd (II) ions from the environment (13, 35). 

1.4.3 Detoxification 

Detoxification mechanism can be explained by microbial resistance to selenium. 

Selenium is an element of atomic number 34 and falls in group IV of the periodic table. It 

is an essential trace element for all living organisms and is therefore found in a number of 

food products but is considered to be toxic when taken in excess. In mammals, selenium 

is found in the form of selenocysteine and helps carry out peroxidase activity by the 

enzyme glutathione peroxidase. In bacteria, it is found as formate dehydrogenase, which 

helps bacteria carry out anaerobic metabolism (9, 10). 
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Selenium is transported into cells in the form of its oxyanions, selenite and 

selenate. The mechanisms for their transport into the cell is not well understood, but once 

they enter the cell, they are reduced to the less toxic form, elemental selenium, (9) or are 

incorporated to form the amino acids, selonocysteine and selenomethionine (12). These 

amino acids are similar to cysteine and methionine, except they contain selenium instead 

of sulfur. 

1.4.4 Active Transport Efflux Pumps 

There are different kinds of efflux proteins that pump out metals: (1) P-Type 

ATPases (CopA, ZntA and CadA), (2) A-Type ATPases (ArsB); (3) Cation diffusion 

facilitator family (CzcD) proteins and (3) RND (resistance, nodulation, division) efflux 

proteins. Toxic metals are removed from the bacterial cytoplasm via active transport. 

Cadmium and copper are examples of metals that are expelled using these mechanisms 

(3, 14, 17). 

1.4.4.1 Cadmium 

Cadmium occurs as a minor component in zinc ores and is therefore considered a 

by-product of zinc production (13, 29). The cell takes it up by divalent ion transport. 

Once inside the cell, it binds to sulfhydryl groups that are essential functional groups in 

proteins. In E. coli, it interferes with cellular functions and breaks single stranded DNA 

(13). Cadmium does not undergo enzymatic detoxification and as such it is characterized 

by the efflux resistance mechanism. A Staphylococcus aureus (S. aureus) plasmid has 

been found to contain two cadmium resistance genes (cadA and cadC). The protein 

product, CadA, shares amino acid similarity to the ion pump that removes cadmium from 
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the cell. The protein, CadC, has three metal binding sites and functions by presenting 

cations to the CadA protein (13).  

The Czc system also functions to remove Cd, Zn and Co that enters the cell 

through a symport fashion. It has an operon that encodes four proteins (CzcA, CzcB, 

CzcC and CzcD), all which function to form an efflux pump. CzcA pumps heavy metals 

out of the cytoplasm, CzcB transfers the metal from the inner membrane to the outer 

membrane, CzcC exports the metals to the external environment and CzcD functions as a 

sensor protein involved in activating the efflux system (13,14, 35, 36). 

1.4.4.2 Copper 

Copper (Cu (II)) is an essential element to all living organisms. It is required in 

trace amounts for bacterial growth although it can be very toxic even at low 

concentrations (2, 17). The efflux resistance mechanism to copper is through the cop 

operon, which contains four genes (copA, copB, copZ and copY). The copA gene encodes 

a Cu (II) uptake ATPase, whereas the copB gene encodes a P-Type efflux ATPase. 

Deletion of the copB gene causes the microorganism to become sensitive to Cu (II) but 

deletion of the copA gene fails to make it sensitive. Therefore, CopA only plays a role in 

uptake. (13). The CopZ and CopY are repressor proteins that regulate the cop operon (13, 

14, 33). 
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Chapter II: Two-component Signal Transduction System 

2.1 Histidine Kinase Sensor Protein 

There are different two-component pair systems used by bacteria in order to adapt 

to the changes in the physical and chemical environment (21, 22, 23). Two-component 

system functions to control expression of genes that encode proteins involved in 

pathogenesis and production of toxins (23). The first component is made up of a sensor 

histidine kinase that is located in the cytoplasmic membrane, and the second component 

is made up of a response regulator that is located in cytoplasm (21, 22, 23, 37). The 

sensor kinase functions as a membrane receptor, the receptor consists of a sensory 

domain that functions in sensing changes in the external environment. It then sends signal 

to the response regulator that mediates the proper cellular response (21, 23). 

There are different kinds of sensor kinases but the best characterized is the E. coli, 

EnvZ protein, which functions in osmoregulation (21, 23). In terms of structure, a typical 

two-component phosphotransfer system consists of a dimeric transmembrane sensor 

histidine kinase and cytoplasmic response regulator. The histidine kinase domain has 

sequence motifs N, F, G1 and G2 boxes (61) that are conserved in members of the sensor 

kinase. These sequence motifs are located in the ATP-binding domain (21, 23). A 

histidine residue that becomes phosphorylated defines an H box located on the 

dimerization domain. The G boxes (G1 and G2) are glycine rich sites and are thought to 

be the nucleotide binding site with kinase and phosphatase activity (24). According to 

Alex et al, the role of F (phenylalanine) and N (asparagine) region are unknown but a 

UV-cross-linking experiment carried out by Weihong et al showed that mutation of the 

N-box in the EnvZ sensor kinase affects ATP binding due to misalignment of the γ-
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phosphate of ATP with histidine-243 to be phosphorylated. In the same experiment, 

mutation of the F region also had an effect on ATP binding. Most kinases have all of the 

5 conserved motifs but some like CheA of the chemotaxis system lack the H region (23). 

The EnvZ sensor kinase functions by sensing changes in osmolarity and sends a signal to 

the response regulator, OmpR which responds to the signal by regulating transcriptions of 

the porin genes, ompF and ompC (21). 

The two-component system uses energy from ATP hydrolysis, and the flow of 

information involves protein phosphorylation and dephosphorylation. First, when the 

sensory domain of the sensor kinase senses external stimuli, it autophosphorylates a 

specific histidine residue (23, 24). Phosphorylation of the histidine residue is dependent 

on the γ-phosphoryl group on ATP (22). The phosphoryl group from the phosphorylated 

histidine (phosphohistidine) is then transferred to a conserved aspartate residue on the 

response regulator (22, 23, 24). This leads to the activation of an effector domain that 

triggers the appropriate cellular response (23, 24).  

2.2 Transposon Mutagenesis 

DNA transposition results in different mutations due to genome insertion and 

rearrangement (25, 26, 27). The transposition process first involves the binding of the 

transposase to a specific 19 bp end sequence on the transposon. Second, a synaptic 

complex is formed due to oligomerization that occurs on the transposable element’s end. 

Third, the synaptic complex is cleaved at the blunt ends resulting to the release of the 

Transposome. Fourth, the transposon binds to the target DNA. The fifth step involves 

strand transfer where the 3’ – OH ends of the transposon is transferred to the target 5’ – 
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PO4 groups. The sixth final step involves the release of the transposase from the 

transposition complex (8, 27). 

In this research, the EZ-Tn5™ <R6Kγ ori/KAN-2>Tnp Transposome™ was 

introduced into the genome of Enterobacter sp. YSU by transposon mutagenesis. Its 

introduction into the genome of this bacterium resulted in the interruption of a gene that 

resulted in a selenite sensitive mutant. The primers KAN-2 FP-1 and R6KAN-2 RP-1 

(Table. 1) were used to find the partial sequence of the gene that was interrupted by the 

transposon. The EZ-Tn5 transposon contains the R6Kγori origin of replication and a 

kanamycin resistance gene (KanR), both of which make the transposon useful during the 

rescue of the interrupted gene. It also contains a 19 bp mosaic end (ME) that is a 

transposase binding site.  

 

 

 

 

 

 

  

 

 

 



 

 10 

CHAPTER III: HYPOTHESIS 

Transposon mutagenesis was used to create the selenite sensitive mutant, L31. 

Basic Local Alignment Search Tool (BLAST) analysis showed that the mutant was 

sensitive to selenite due to the interruption of a putative signal transduction histidine 

kinase gene. I postulated that the sensor kinase may regulate genes that encode proteins 

involved the resistance mechanisms described above: (1) intra- and extra cellular 

exclusion mechanisms, (2) intra- and extra cellular sequestration proteins, (3) 

detoxification or (4) excretion of metals via efflux transport system 
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CHAPTER IV: METHODS 

4.1 Growth Medium 

Lennox LB medium was obtained from Fisher Scientific (Fair Lawn, NJ) and 

consisted of 10 g/l tryptone, 5 g/l yeast extract and 5 g/l sodium chloride. When required, 

LB medium was supplemented with 1.6% Agar (Amresco, Inc., Solon, OH) and with 50 

µg/ml kanamycin (Amresco, Solon, OH). 

M-9 salts were purchased from Becton Dickinson and Company (Sparks, MD). 

M-9 minimal medium contained 42 mM sodium hydrogen phosphate, 22 mM 

monopotassium phosphate, 18.7 mM ammonium chloride, 8.5 mM sodium chloride, 1 

mM magnesium sulfate, 0.2 % glucose and water. When required, M-9 medium was 

supplemented with 1.6% Agar (Amresco, Inc., Solon, OH) and with 4 mg/ml cysteine 

hydrochloride.  

SOC medium contained 0.5% (w/v) Yeast Extract, 2% (w/v) Tryptone, 10 mM 

sodium chloride, 2.5 mM potassium chloride, 10 mM magnesium chloride, 20 mM 

magnesium sulfate and 20 mM glucose 

4.2 Bacterial Strains and Transposome 

Enterobacter sp. YSU was isolated from Poplar Creek in Oak Ridge, TN (1). The 

selenite sensitive mutant, L31 was generated from Enterobacter sp. YSU through 

transposon mutagenesis. 
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Escherichia coli (E. coli) strain ECD100D pir (F– mcrA Δ (mrr-hsdRMS-mcrBC) 

f80dlacZΔM15 ΔlacX74 recA1 endA1 araD139 Δ (ara, leu) 7697 galU galK λ– rpsL 

nupG pir+ (DHFR)) was purchased from Epicentre (Madison, WI).  

4.3 Minimal Inhibitory Concentrations (MICs) - Spotting Experiment 

Overnight cultures of L31 mutant and Enterobacter sp. YSU were started in M-9 

medium and LB medium. Serial dilutions of overnight cultures were prepared in dilutions 

of 10-1 to 10-6. 5 µl of the dilution were spotted on LB and M-9 medium without Na2SeO3 

and on medium containing 40 mM Na2SeO3. The plates were incubated overnight at 

300C.  

4.4 Minimal Inhibitory Concentrations (MICs) - Growth Curves 

30 ml of LB broth was added into two sterile 50 ml tubes and 0.6 ml of overnight 

cultures of Enterobacter sp. YSU and L31 mutant was added to the LB medium to make 

a dilution of 1:50. 5 ml of the diluted cells were added to 11 sterile tubes and different 

concentrations of selenite (0 mM to 100 mM) were added to the different tubes. The 

cultures tubes were incubated at 300C for 8 hours and turbidity was measured after every 

hour with a Klett colorimeter to monitor growth. Growth curves were plotted using 

Microsoft Excel in Klett units against time (minutes) to compare the growth of the wild 

type and the mutant at different concentrations of selenite. 

4.5 Genomic DNA Purification 

Genomic DNA was purified using the Wizard Genomic DNA purification kit 

from Promega (Madison, WI). The purification process was carried out by first 

centrifuging 1 ml of overnight culture at 15,000 x g for 2 minutes. The supernatant was 
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then poured off and the pelleted cells were gently resuspended in 600 µl of Nuclei Lysis 

Solution and incubated at 800C for 5 minutes in order to lyse the cells. It was cooled to 

room temperature, mixed with 3 µl of RNase solution (4 mg/ml), inverted 2-5 times and 

incubated at 370C for 15-60 minutes. After allowing the lysate to cool to room 

temperature, it was mixed with 200 µl of protein precipitation solution by vortexing for 

20 seconds. It was incubated on ice for 5 minutes, followed by centrifugation for 3 

minutes at 15,000 x g. The supernatant obtained after centrifugation was transferred to a 

sterile 1.5 ml tube containing 600 µl of isopropanol. The mixture was inverted several 

times until strands of DNA appeared. Centrifuging at 14,000 x g pelleted the DNA and 

the resulting supernatant was poured off. The DNA was washed by adding 300 μl of 70% 

ethanol, inverting the tube several times and centrifuging at 14,000 x g for 2 min. The 

supernatant was poured off and the pellet was air dried for 15 min. Lastly, the DNA was 

resuspended in 100 μl of DNA Rehydration solution and stored overnight at 40C.  

4.6 Plasmid DNA Purification 

Plasmid DNA purification was carried out using Promega’s Wizard® Plus SV 

MiniPrep DNA purification kit. 10 ml of overnight culture was harvested by centrifuging 

at 8,000 x g for 5 min. The supernatant obtained was poured off and the excess media 

blotted out using a paper towel. 250 μl of cell resuspension solution containing 50 mM 

Tris-HCl (pH 7.5), 10 mM EDTA and 100 µg/ml RNase A was used to thoroughly 

resuspend the pellet by gently pipetting up and down. The resuspended cells were 

transferred to a sterile 1.5 ml microcentrifuge tube and 250 μl of cell lysis solution 

containing 0.2 M NaOH and 1% SDS was added to lyse the cells. The tube was inverted 

gently 4 times. Vortexing was avoided to prevent chromosomal DNA contamination. 10 
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μl of alkaline protease solution was added, and the tube was inverted gently 4 times, 

followed by a 5 minutes incubation step at room temperature. Next, 350 μl of 

Neutralizing solution containing 4.09 M guanidine hydrochloride, 0.759 M potassium 

acetate and 2.12 M glacial acetic acid was added, and the tube was inverted gently 4 

times. This was followed by 10 minutes of centrifugation at 14,000 x g. The spin columns 

were inserted into 2 ml collection tubes, and the cleared lysate was poured into the spin 

column. The supernatant was centrifuged at maximum speed for 1 minute, and the flow 

through was discarded. 750 μl of Column Wash solution containing 162.8 mM potassium 

acetate, 22.6 mM Tris-HCl pH 7.5, 0.109 EDTA pH 8.0 and 58% ethanol was added to 

the spin column and centrifuged at 14,000 x g for 1 min. The flow through was discarded 

and a second wash was done using 250 μl of wash solution, followed by 2 minutes of 

centrifugation at 14,000 x g. The spin column was gently removed from the collection 

tube and transferred to a sterile 1.5 ml tube. Finally, 100 μl of nuclease free water was 

added to the spin column and plasmid DNA was eluted by centrifuging at 14,000 x g for 

1 minute. The plasmid DNA was stored at -20 0C. 

4.7 Agarose Gel Electrophoresis 

Gel electrophoresis is used to separate proteins and DNA based on size (20). The 

percentage concentration of agarose to be used depends on the size of the DNA sample. 

0.8% agarose has a low percentage of agarose, and hence is used to visualize larger 

fragment (5-10 kb) compared to 2% agarose that is used to visualize smaller fragments 

(0.2-1 kb) (20). 

A 0.8% agarose gel was prepared by adding 1.04 g of agar (Fisher Scientific, Fair 

Lawn, NJ) to 130 ml of Tris Borate EDTA (TBE) buffer containing 0.089 Tris M, 0.089 
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M Borate and 0.002 M EDTA (Amresco, Solon, OH). It was heated in the microwave for 

2 minutes with frequent swirling to ensure that the agarose dissolved completely. The 

mixture was then allowed to cool and dispensed carefully into a casting tray avoiding 

bubble formation. The combs were inserted and later removed when the gel had solidified 

hence creating a well. 

To load DNA samples onto the gel, the gel was first placed on a gel box and 

submerged in 1X TBE buffer. DNA sample and EZ-vision dye (Amresco, Solon, OH) 

were mixed to create a homogenous solution and loaded into the wells. The gel box was 

then covered and an electric current of 100 V applied to run the gel. The gel was run for 

approximately 30 minutes and a picture of the gel was taken using an UltraCam Imaging 

Systems (Ultra-Lum, Inc. Claremont, CA).  

4.8 DNA Digestion 

Purified genomic DNA was partially digested with BfuC I enzyme by making two 

mixtures in different tubes. The first mixture consisted of 1 µl of 10 X buffer 4 [50 mM 

potassium acetate, 20 mM Tris-acetate, 10 mM magnesium acetate and 1 mM, 

dithiothreitol] (New England BioLabs Inc., MA), 1 µl of 10 X BSA (New England 

BioLabs Inc., MA), 7 µl of nuclease free water and 1 µl of BfuC I enzyme (New England 

BioLabs Inc., MA). The second mixture consisted of 1.9 µl of 10 X buffer 4, 1.9 µl of 

BSA, 15.5 µl of purified genomic DNA and 1 µl of the first mixture hence making a total 

volume of 20 µl. 

Genomic DNA was also digested using 1 µl of restriction enzyme EcoR I (New 

England Biolabs, Inc, MA), 4 µl of 10 X buffer 4, 5 µl of nuclease free water and 10 µl of 
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genomic DNA. BfuC I digestion mixture was incubated at 370C for one hour and heat 

inactivated at 800C for 20 minutes. This was carried out using an Eppendorf Master 

Cycler. The EcoR I digestion mixture was incubated overnight at 370C and heat 

inactivated at 650C for 20 minutes. 

4.9 Self-ligation Reactions 

A 500 µl ligation reaction mixture was prepared by adding 50 µl of 10 X T4 DNA 

ligase buffer containing 10 mM ATP (New England BioLabs Inc. Beverly, MA), 2 µl of 

T4 DNA ligase (New England BioLabs Inc. Beverly, MA), 15 µl of digested genomic 

DNA and 433 µl of nuclease free water. The ligation mixture was incubated overnight at 

40C. 

4.9.1 DNA Ligation Precipitation 

50 µl (a tenth of the total volume) of 3 M sodium acetate pH 5.2 and 1 ml 95% 

ethanol was added to the ligation reaction mixture and incubated at -200C for 10 minutes. 

The ligation mixture was then centrifuge at 14,000 x g for 10 minutes at room 

temperature. The supernatant was discarded and the pellet washed with 300 µl of 70% 

ethanol by gently inverting the tube to avoid resuspending the pellet. The tube was then 

centrifuged at maximum speed for 5 minutes, the supernatant was discarded and excess 

ethanol was drained by gently blotting on a paper towel. DNA pellet was dried for 10 

minutes in a CentriVap (Labconco Corporation, Kansas City, MO). Finally, the pellet 

was resuspended in 10 µl of nuclease free water and the tube was tapped gently to cover 

the inside surface with water and centrifuged for 30 seconds to bring the contents to the 

bottom of the tube. 2 µl of DNA was then used for transformation by electroporation. 
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4.10 Preparation of Electrocompetent Cells 

10 ml overnight culture of E. coli strain ECD100D pir was added to 160 ml of LB 

medium. The cells were grown at a 37 0C in a shaker until they reached an optical density 

(OD) of between 0.4-0.6 at a wavelength of 600 nm. The cells were then transferred to a 

sterile 80 ml centrifuge tubes that were pre-chilled on ice. The cells were centrifuged at 

5000 x g for 15 minutes at 40C. The supernatant was poured off. The cells were 

resuspended in approximately 15 ml of chilled sterile water, mixed with more chilled 

sterile water up to 80 ml and centrifuged at 5000 x g at 40C for 15 minutes. This wash 

step was repeated twice and after the final wash, the cells were resuspended in 200 µl of 

chilled 10% glycerol and distributed into 1.5 ml microcentrifuge tubes. The cells were 

then centrifuged at 14,000 x g at a temperature of 40C for 10 minutes. The supernatant 

was discarded and the cells resuspended in 250 µl of pre-chilled 10% glycerol and stored 

at -800C. 

4.11 Preparation of Competent cells (CaCl2 method) 

A 10 ml overnight culture of E. coli strain ECD100D pir was added to 100 ml of 

LB medium. The cells were grown at 370C in a shaker until they reached an optical 

density (OD) of 1.0 at 600 nm. The cells were then transferred to chilled 80 ml centrifuge 

tubes and cooled on ice for ~15 minutes. The cells were then harvested at 40C in a chilled 

centrifuge at 5000 x g for 5 minutes. The supernatant was poured off and the cells were 

resuspended in approximately 15 ml of sterile 0.15 M NaCl, followed by centrifugation at 

5000 x g at 40C for 5 minutes. The supernatant was poured off and the cells were 

resuspended in 1 ml of ice-cold transformation buffer containing 15% glycerol, 0.1 M 

CaCl2, 10 mM Tris-HCl, pH 8.0 and 10 mM MgCl2. 400 µl of the resuspended cells were 
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distributed to pre-chilled sterile 1.5 ml tubes and incubated overnight on ice in the 

refrigerator. To make the cells competent, they were frozen at -800C. 

4.12 Transformation by Electroporation 

ECD100D pir electrocompetent E. coli cells were thawed on ice and 40 µl of the 

thawed cells were transferred to 1.5 ml microcentrifuge tubes. 2 µl of ligated DNA was 

added to the cells and transferred to an electroporation cuvette obtained from -200C 

freezer. The electroporation cuvette was tapped to ensure the cells were at the bottom of 

the cuvette. Cells were shocked at 25 µF, 200 ohms and 2.5 kV. Immediately, 960 µl of 

SOC media was added, and the cells were resuspended by pipetting up and down 

followed by incubation at 370C in a shaker for 45-60 minutes. The control tube was not 

shocked. 960 µl of SOC media was added to the control tube with 40 µl of cell and 

incubated at 370C. 100 µl of the cells were plated on an LB agar plate containing 

kanamycin and incubated overnight at 370C. 

4.13 Transformation by Heat Shock 

Competent E. coli cells were obtained from the -800C freezer and thawed out on 

ice. 100 µl of the cells was mixed in a 1.5 ml microcentrifuge tubes with 1 µl of plasmid 

DNA, followed by 30 minutes of incubation on ice. The microcentrifuge tubes with the 

cells and DNA were heat shocked in a water bath at 42 0C for a period of 50 seconds. The 

cells were put back on ice and 900 µl of LB medium was immediately added and the cells 

mixed by pipetting up and down. The cells were then incubated at 370C in a shaker for 

45-60 minutes. 100 µl of the cells were plated on LB agar containing kanamycin and 

incubated overnight at 370C. 
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4.14 DNA Sequencing 

Sequencing was carried out using the GenomeLabTM Dye Terminator Quick start 

Kit (Beckman Coulter, Inc. Fullerton, CA). Each reaction contained 50 fmol of DNA. 

The volume required for each reaction was determined by measuring the concentration of 

the DNA using a spectrophotometer and the size of the DNA using gel electrophoresis. 

The calculated volume of DNA was mixed with nuclease free water (NFW) to bring the 

volume to 10 µl. The DNA and NFW mixture were mixed in the 0.2 ml PCR tubes 

(BioExpress, Kaysville, UT) and heated at 96 0C for 1 minute, and then allowed to cool at 

room temperature. 2 µl of 1.6 µM primer (Table 1) and 8 µl of Dye Terminator Cycle 

Sequencing (DTCS) Quick Start Master Mix that contained DNA polymerase, 

pyrophosphate buffer, dNTPs and dye terminator ddNTPs were added to the DNA 

sample. The sequencing reaction mixture was then incubated in the Eppendorf Master 

Cycler according to the following program: 96 0C for 20 seconds, 50 0C for 20 seconds, 

60 0C for 4 minutes for 30 cycles, and then holding the temperature at 4 0C.  

4.14.1 Sequencing Reaction Cleanup (Ethanol Precipitation) 

Sterile 0.6 ml microfuge tubes were prepared and fresh stop solution/glycogen 

mixture containing 2 μl of 3M sodium acetate, pH 5.2, 2 μl of 100 mM Na2-EDTA, pH 

8.0 and 1 μl of 20 µg/mL glycogen were added to the tubes. The sequencing reaction was 

then transferred to the tubes containing the stop solution/glycogen mixture and pipetted 

up and down to mix the samples. Ice cold 95% ethanol was added to the mixture and 

centrifuged at 14,000 x g for 1 minute at 4 0C. The supernatant was poured off and the 

pellet was washed twice with 200 µl of ice cold 70% ethanol. This was followed by 

centrifugation at 14,000 x g for 2 minutes at 40C after each wash. Excess ethanol was 
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pipetted off and the tubes were dried for 10 minutes using a CentriVap. The DNA was 

resuspended using 40 µl of sample loading solution and later analyzed using the 

Beckman Coulter CEQ 2000XL DNA analysis system (Fullerton, CA). 

4.14.2 Sequence Analysis 

Basic Local Alignment Search Tool (BLAST) is a program that searches for 

sequence similarity of a query sequences against a database that contains many other 

sequences. There are different kinds of BLAST analyses that search either a protein or a 

nucleotide database (31). To carry out a BLAST analysis, the query can be submitted in 

FASTA format, gi number or accession number. After submitting a query, a BLAST 

analysis will begin and matches to your query will be determined. VectorNTI was used to 

construct a map showing all the identified genes and also to assemble all the sequences 

by use of ContigExpress. 

4.15 Polymerase Chain Reaction (PCR) 

Polymerase chain reaction was used to amplify a region of the DNA that had the 

EZ-Tn5™ transposon insert. Therefore, primers specific for this region were designed 

and used for the PCR reaction. PCR reaction was used as a probe for Southern Blot but 

before it was used as a probe, it had to undergo biotinylation. Therefore, PCR reactions 

were set up and biotin-11-dUTP (Thermo Scientific, Rockford, IL) was added to the 

other components of the PCR reactions which included 4 μM of forward primer (Kan 

Probe F), 4 μM of reverse primer (Kan Probe R), 0.025 μg of 2x GoTaq DNA 

polymerase (Promega Corporation, Madison, WI), 1 μl of DNA and 11.5 μl of nuclease 

free water. The PCR reactions was carried out in the thermal cycler using the following 
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program: 95° C for 2 minutes, 35° cycles of 95° C for 1 minute (denatures DNA), 50° C 

for 1 minute (primer annealing) and 72° C for 1 minute (extension), followed by 72° C 

for 10 minutes and holding at 10° C. 

The PCR reactions were purified as per the protocol outlined in the QIAquick 

PCR purification kit (Qiagen Sciences, MD). 5 volumes of buffer PB was added to 1 

volume of the PCR reaction and mixed by pipetting up and down. The mixture was 

transferred into a MinElute column and centrifuged at 10, 000 x g for 1 minute to allow 

the DNA to bind to the membrane of the column. The flow through was discarded and 

the DNA was washed with 750 μl of PE buffer and centrifuged at 10,000 x g for 1 

minute. The flow through was discarded and a second centrifuge was done for 1 minute 

to remove excess PE buffer. The column was transferred to a sterile 1.5 ml tube, and the 

DNA eluted by adding 35 μl of EB buffer (10 mM Tris-HCl, pH 8.5). 

4.16 Detection of Labeled Probe 

Chemiluminescent Nucleic Acid Detection Module (Thermo Scientific, Rockford, 

IL) was used to detect if the probe was labeled with biotin. It involved spotting 2 µl of 

biotin labeled ladder, 3 µl of labeled probe and 3 μl of unlabeled PCR product on a piece 

of Biodyne B Precut Nylon Membrane (0.4 μm, 8 × 12 cm). 16 ml of blocking buffer was 

added to the membrane and incubated at room temperature for 15 minutes with gentle 

shaking. The blocking buffer was decanted from the membrane and a conjugate/blocking 

buffer solution was prepared by adding 50 µl of Streptavidin-Horseradish Peroxidase 

conjugate to 15 ml of blocking buffer to make a 1:300 dilution. The conjugate/blocking 

buffer solution was added to the membrane and incubated at room temperature for 15 

minutes with gently shaking. The membrane was transferred to a clean container rinsed 
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with 20 ml of 1 X wash buffer and washed 4 times in 1 X wash solution with gently 

shaking for 5 minutes. It was again transferred to another clean container and 30 ml of 

substrate equilibrium buffer was added followed by 5 minutes incubation with gentle 

shaking. 

Chemiluminescent substrate working solution was prepared by mixing equal 

volumes of Luminol/Enhancer solution and stable peroxidase solution. The membrane 

was removed from the substrate equilibrium buffer and excess buffer was removed from 

the membrane by gently blotting the edge of the membrane on a piece of paper towel. 

The membrane was then transferred to a clean container and the prepared substrate 

working solution was poured on the membrane making sure it completely covered the 

entire surface. It was then incubated for 5 minutes without shaking. Lastly, the membrane 

was blotted on a paper towel, wrapped in a plastic wrap, and exposed to film or on a CCD 

camera.  

4.16 Southern Blotting 

Southern blotting is a technique used to detect a specific restriction DNA 

fragment. It involves the transfer of separated DNA fragments from an agarose gel to a 

nylon membrane. The DNA is then hybridized to a specific labeled DNA probe. In this 

research, Southern blotting was used to detect if there was more than one copy insertion 

of the EZ-Tn5™ Transposon in the L31 genome. 

Southern blotting was carried using the TotalBlotTM Southern Kit from Amresco 

(Solon, OH). Before performing the blot, genomic DNA was extracted from the wild type 

and the L31 mutant, digested using EcoR I restriction endonuclease then resolved on 
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0.8% Agarose gel. A picture of the gel was taken using the UltraCam Imaging Systems 

and the section of the gel containing the DNA fragments was cut out and rinsed with 

distilled water.  

The gel was transferred to a clean container and 2 gel volumes of depurination 

solution containing 0.25 M HCl was added to the gel and incubated at room temperature 

for 30 minutes with gentle shaking. The depurination solution functions to remove 

purines (adenine and guanine bases) and also breaks the DNA into small pieces, 

facilitating transfer during blotting. After depurination, the gel was rinsed with distilled 

water and the DNA was denatured by gently shaking the gel slab for 20 minutes in 2 gel 

volumes of denaturation solution containing 1.5 M NaCl and 0.5 M NaOH. Denaturation 

solution was poured off and the pH was lowered to below 9 by adding 2 gel volumes of 

neutralization solution containing 1.5 M NaCl and 1 M Tris, pH 7.0. After 20 minutes of 

incubation with gently shaking, the neutralization solution was poured off and fresh 

neutralization solution was added for another 20 minutes.  

 An upward capillary transfer method was used for the blot whereby a solid 

support was placed in a reservoir filled with 20X SSC (sodium saline citrate) buffer 

containing 3 M NaCl and 300 mM sodium citrate. Whatman 3MM blotting paper was 

saturated with the buffer and placed on the solid support with the ends submerged in the 

20X SSC buffer. The gel was then placed gently on the filter paper making sure that no 

air bubbles formed. A piece of the Biodyne B Nylon Membrane was first cut almost the 

same size as the gel, wetted with distilled water and equilibrated in 20X SSC for 5 

minutes then laid gently on top of the gel making sure no air bubbles formed. 3 sheets of 

Whatman 3MM blotting paper which were almost the same size as the membrane were 
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laid on top of the membrane followed by many layer of paper towel about 5 cm tall. 

Weight was added on top of the paper towels to ensure good contact throughout the stack. 

The stack was then left overnight. 

 The next day, the membrane was recovered from the stack and using a pen, the 

position of the wells was marked and a small notch was made on the left side of the 

membrane as a mark of orientation. The membrane was rinsed in 2X SSC buffer then 

placed of a sheet of Whatman 3MM blotting paper and allowed to dry by baking at 80 0C 

for 30 minutes.  

4.18 Hybridization and Detection 

 The blot was transferred to a 50 ml tube and prehybridized using 0.1 ml per cm2 

of hybridization buffer at 55° C for 30 minutes with gentle rotation to ensure that the 

buffer completely covered the blot. The biotinylated probe was denatured by heating at 

100° C for 10 minutes and placed on ice for 5 minutes. Approximately 30 ng of probe per 

milliliter of hybridization buffer was added to the prehybridized blot and incubated 

overnight at 55° C. The next day, the hybridization buffer was poured off and the blot 

was washed three times using 10 ml of 1X hybridization stringency wash buffer at 55° C 

for 15 minutes. The probe was then detected using the probe detection method described 

earlier. 
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Table 1. List of primers used in Sequencing 

 

Primers     Nucleotide Sequence                                                      

Sen F2 5’ – CTG TGG CTG CCG CTG TAT – 3’ 

Sen R                                            5’ – ATA CAG CGG CAG CCA CAG C – 3’                  

Sen F3 5’ – GGT AGA GAT GGT CGG TCC TT – 3’                     

Sen R3                             5’ – AGA AAG GAC CGA CCA TCT CTA – 3’ 

Sen F4 5’ – GGT GCG GCT GAC TAT TTA C – 3’ 

Sen R4 5’ – GTA AAT AGT CAT CCG CAC C – 3’ 

Sen F5 5’ – GCC TTC AGT GCG TTT AGC CAG – 3’ 

Sen R5 5’ – CTG GCT AAA CGC ACT GAA GGC – 3’ 

Sen F6 5’ – CCT GTT TTC CTT GCC ATA GAC AC- 3’ 

Sen R6  5’–GTG TCT ATG GCA AGG AAA ACA GG-3’ 

Sen F7 5’ – GAT TCA CTG GTG GAT ATT GC – 3’ 

SOD F1 5’ – CTG AAC AGG CGG ACC TCT T – 3’ 

SOD R1 5’ – AAG AGG TCC GCC TGT TCA – 3’ 

Fe Efflux F                                       5’– GTT GGC GTG GTC GTA AAC GGT AGT – 3’ 

Fe Efflux R                                   5’ – CAA CCT GTC TGG TGG TGC GTC TAC T – 3’ 

S Binding F                                       5’ – CAG GTA ACC GGC GAT AAC GTG G – 3’ 

S Binding R 5’ – TTG CCA GAA CGC TGG TCG ATG – 3’ 

Sensor F1 5’ – AAC GCT GTG GCT GCC GCT GTA – 3’ 

Sensor R1 5’ – ATG ACG AGC AGT ATC ACC GCC – 3’ 

CDF F1 5’ – CCT GGT ATG GCT GGC ATC GG – 3’ 

CDF F2 5’ – TCG CTG AAC AGG TGG AGC AGG – 3’  

PFK F1                                             5’ – GTT GAC GG CTG GCG AAG TAC AT – 3’ 

PFK R1                                               5’ – ATG TAC TTC GCC AGC TCG TCA AC – 3’ 

SBP F1 5’ – GGTVTAG CTT TCT GGC ACG CTG – 3’ 

SBP R1 5’ – CAG CGT GCC AGA AAG CTA ACC – 3’ 

SBP F2 5’ – GTC TCA CGG TGG TTC TGG CAA – 3’ 
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Primers     Nucleotide Sequence                                                      

SBP R2 5’ – TTG CCA GAA CCA CCG TGA GAC – 3’ 

SBP F3                                               5’ – GCA ACC AAC ACC TTC GTC GAA C – 3’ 

SBP R3                                              5’ – GTT CGA CGA AGG TGT TGG TTG C – 3’ 

KKR R 5’ – GCC AGA ACC ACC GTG AGA CT – 3’ 

KKR F  5’ – GCG TGG CCG TAT CGA CAA AA – 3’ 

Se Sen R 5’ – GGC TTT CAC CGT TTC GCT CAC A – 3’  

Se Sen F 5’ – TGA AAG CCG ATG ACA GCC CG – 3’ 

ZZR F 5’ – CGC AAC CAA CAC CTT CGT CG – 3’  

ZZR R 5’ – CGA CGA AGG TGT TGG TTG CG – 3’ 

JJR F 5’ – TAC CAC ATC AGA CCG CCG AG – 3’ 

JJR R  5’ – CGT AAC GAT GCC GCT TCA GG – 3’ 

Sensor F 5’ – CGG GCT GTC ATC GGC TTT CA – 3’ 

Sensor R 5’ – GAA GCG GAG CAG ATG GGC AA – 3’ 

Repressor F                                     5’ – AGC AGC AAG CGG TTT TGA ATA CCA – 3’ 

Repressor R                                    5’ – GGG CGT TAG CAG GTG GAA CAT CT – 3’ 

7BF R  5’ – GAA ACC AAA CGC GAA ACC CG – 3’ 

PFK F2                                           5’ – TTT GGT ATC TAT GAC GGT TAC CTG – 3’ 

PFK R2 5’ – GTG CAG AAC CGA GGA AAG TA – 3’ 

PFK F3 5’ – ACC GTT CTG GGT CAC ATT C – 3’ 

PFK R3 5’ – TTC GCC AGC TCG TCA AC – 3’ 

PFK R4 5’ – GGC GAA CCA CCA CGT TAT – 3’ 

SBP F4 5’ – ACC AAC GAG CTG GGT AAA – 3’ 

SBP R4 5’ – TTA GTC CTT GCT GAT TC – 3’ 

SBP R5 5’ – GGC GAA TAA ACG ATT CAF GA – 3’ 

CDF F3 5’ – CTT CTT GAC CGT GCG CTT C – 3’ 

CDF F4 5’ – GGT GGA GCA GGC GAT TT – 3’  

R6KAN-2                                         5’ – CTA CCC TGT GGA ACA CCT ACA TCT – 3’ 

KAN – 2 F                                   5’ – ACC TAC AAC AAA GCT CTC ATC AAC C – 3’ 

 



 

 27 

Primers     Nucleotide Sequence                                                      

Kan Probe F                                         5’ – GGT ATA AAT GGG CTC GCG ATA A – 3’ 

Kan Probe R                                        5’ – CCG ACT CGT CCA ACA TCA ATA C – 3’ 
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CHAPTER V: RESULTS 

 

The L31 mutant used in this research was generated from a previous study 

through transposon mutagenesis (38). Minimal inhibitory concentration experiments 

previously done on this mutant in our lab showed that it was sensitive to 60 mM selenite 

but resistant to 240 μM cadmium, 750 μM zinc, 10 μM mercury and 3 mM copper (38).  

To confirm the mutant’s phenotype in response to selenite, further MICs experiments 

were conducted on solid and liquid medium.  

5.1 Minimal Inhibitory Concentration – Spotting Experiment 

Minimal inhibitory concentration (MIC) experiments determine the lowest 

concentration that prevents bacterial growth (30). The MIC for the L31 mutant on solid 

medium was 40 mM. To confirm these results, additional spotting experiment were 

conducted at dilutions of 10-1 to 10-6. Results obtained on LB and M-9 medium without 

selenite showed that the L31 mutant grew as well as the wild type (Fig. 1). When the 

medium was supplemented with 40 mM selenite, all dilutions (10-1 to 10-6) of the L31 

mutant failed to grow compared to all dilutions of the wild type which did grow (Fig. 1 

top row).  

The same results were observed in M-9 medium containing glucose, although 

there was minimal growth at dilutions of 10-1 and 10-2, the mutant still showed sensitivity 

to selenite in all the other dilutions compared to the wild type which showed resistance in 

all dilutions (Fig. 2).  
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Figure. 1 Comparison of the wild type (top row) to the L31 mutant (bottom row) in LB 
medium without selenite (Left) and LB medium supplemented with 40 mM selenite 
(Right) at dilutions of 10-1 to 10-6.   

 

 

 

 

 

 

 

Figure. 2 Comparison of the wild type (top row) to the L31 mutant (bottom row) in M-9 
medium without selenite (Left) and M-9 medium supplemented with selenite (Right) at 
dilutions of 10-1 to 10-6. 
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5.2 Minimal Inhibitory Concentration – Growth Curves 

To further study the phenotype of the mutant, MIC growth curve experiments 

were done in liquid medium containing concentrations of 0 mM to 100 mM selenite. The 

growth rate of the mutant was compared to the wild type by measuring turbidity every 

hour for eight hours using a Klett colorimeter. The experiment was repeated three times 

and the average turbidity values were plotted as shown in figures 3 and 4. Error was 

calculated using the student t test with a 95% confidence level.  

The final average turbidities for the wild type (Fig. 3) grown in the presence of 0, 

10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mM selenite were 197 ± 27, 272 ± 99, 245 ± 

58, 229 ± 35, 213 ± 39, 193 ± 59, 180 ± 42, 174 ± 38, 167 ± 19, 163 ± 19 and 153 ± 25 

Klett units, respectively, and the final average turbidities for the mutant (Fig. 4) were 174 

± 25, 231 ± 30, 191 ± 41, 143 ± 67, 115 ± 74, 89 ± 73, 65 ± 75, 60 ± 76, 53 ± 59, 47 ± 40 

and 45 ± 37 Klett units, respectively. Although not statistically different, the final wild 

type turbidities of 272, 245, 229 and 213 Klett units for the 10, 20, 30 and 40 mM 

selenite cultures, respectively, were higher than the turbidity of 197 Klett units for the no 

selenite control. This was caused by the precipitation of red elemental selenium, rather 

than by an increase in cell number. For the L31 mutant, only the final turbidities of 231 

and 191 Klett units for the 10 and 20 mM selenite cultures, respectively, were higher than 

the L31 turbidity of 174 Klett units for the no selenite control. Generally, all the 

turbidities for the L31 mutant at all selenite concentrations were lower than the 

corresponding turbidities of the wild type. At 70 mM selenite, the turbidity of 60 ± 76 

Klett units for the L31 mutant is significantly lower than the turbidity of 167 ± 19 for the 
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wild type strain. Thus, the L31 mutant has a lower tolerance for 70 mM than the wild 

type strain. 
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Figure 3. MIC Growth Curve for Enterobacter sp. YSU, Wild Type Strain. Dark blue 
diamonds – no selenite control; red squares – 10 mM selenite; green triangles – 20 mM 
selenite; purple x – 30 mM selenite; blue asterisks – 40 mM selenite; orange circles – 50 
mM selenite; grey crosses – 60 mM selenite; pink hyphens – 70 mM selenite; green 
dashes – 80 mM selenite; purple diamonds – 90 mM selenite and light blue squares – 100 
mM selenite. The growth of the wild type in LB medium showed a significant increase in 
cell number at high selenite concentrations of 40 mM to 100 mM with time. The values at 
different time points represent average turbidity values of 3 experiments with error 
calculated using the student t test at 95% confidence level. 
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Figure 4. L31 – MIC Growth Curve for Enterobacter sp. YSU, L31 Mutant. Dark 
blue diamonds – no selenite control; red squares – 10 mM selenite; green triangles – 20 
mM selenite; purple x – 30 mM selenite; blue asterisks – 40 mM selenite; orange circles 
– 50 mM selenite; grey crosses – 60 mM selenite; pink hyphens – 70 mM selenite; green 
dashes – 80 mM selenite; purple diamonds – 90 mM selenite and light blue squares – 100 
mM selenite. Compared to the wild type strain, the mutant demonstrated significant 
growth inhibition at 70, 80, 90 and 100 mM selenite.  
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5.3 Genomic DNA Digestions 

Genomic DNA was isolated from the L31 mutant and partially digested with the 

restriction enzymes, BfuC I and Hind III (Figure 5). In addition, a complete digestion was 

carried out using EcoR I. BfuC I recognizes the site GATC and cuts both inside and 

outside the transposome. It was therefore used in partial a digestion to shear the genomic 

DNA which was ligated and transformed into ECD100D pir electrocompetent E. coli 

cells. The resulting transformants contained a plasmid with the transposon and a host 

DNA region flanking the transposon insertion site. After obtaining part of the sequence 

that contained the transposon interrupted gene, Hind III and EcoR I were used to identify 

a larger segment of the interrupted region. . 

 

 

 

 

 

 

 

 

 

 



 

 35 

 

 

 

 

                        

 

  

 

 

 

 

 

 

 

Figure 5. Genomic DNA Digestions. Lane 1 – 1kb ladder, Lane 2 – undigested L31, 
Lane 3 – Hind III digestion, Lane 4 – BfuC I digestion, Lane 5 – EcoR I digestion 
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5.4 Gene Rescue 

Transformation into electrocompetent E.coli cells resulted in 251 transformants 

for EcoR I , 11 transformants for BfuC I and 22 transformants for Hind III. Plasmid DNA 

was purified from the transformants and linerized using Xho I restriction enzyme as 

illustrated in Figure 6. Digestion of plasmid DNA was carrried out in order to determine 

the actual size of linerized plasmid, helping to determine the volume of plasmid DNA 

required for sequencing reactions. Using the ladder in lane 1, the sizes of each plasmid 

were estimated as listed in Table 2. As mentioned earlier, EcoR I and Hind III were used 

to obtain larger fragments of the interrupted region.The undigested Hind III samples 

generated plasmids which were larger than 10 kb (lane 6 and 8) whereas the digested 

samples generated plasmids with 2 bands (lane 7 and 9). Therefore, the actual sizes of the 

plasmids were determined by adding the sizes of the two bands. Undigested EcoR I-L31 

sample generated a 6 kb plasmid (lane 2) and the digested sample generated an 8 kb 

plasmid (lane 3) whereas the undigested BfuC I-L31 sample generated a 4 kb plasmid and 

the digested sample generated a 5 kb plasmid.  
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Figure. 6. Purified Plasmid DNA. The enzyme Xho I was used to linearize the purified 
plasmid DNA. Lane 1 – 1kb ladder, Lane 2 – undigested EcoR I-L31 plasmid, Lane 3 – 
digested EcoR I-L31 plasmid, Lane 4 – undigested BfuC I-L31 plasmid, Lane 5 digested 
BfuC I-L31 plasmid, Lane 6 – undigested Hind III-L31 plasmid, Lane 7 – digested Hind 
III-L31 plasmid, Lane 8 – undigested Hind III-L31 plasmid, Lane 9 digested Hind III-
L31 plasmid.  
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Table. 2 Sizes of Linerized Plasmid DNA  

 

  Undigested Plasmid Xho I Digested plasmid 

Fig. 6 lane 3 EcoR I – L31 plasmid 6kb 8kb 

Fig. 6 lane 5 Bfu CI – L31 plasmid 4kb 5kb 

Fig. 6 lane 8 Hind III – L31 plasmid >10kb (10 + 11) 21 

Fig. 6 lane 10 Hind III – L31 plasmid >10kb (10 + 6) 16 

 

 

5.5 Sequence Analysis 

In order to identify the sequence of the gene that was interrupted by the EZ-Tn5 

transposon, the primers KAN-2 FP-1 and R6KAN-2 RP-1 (Table 1) that were specific for 

the transposon were used. BLAST analysis showed that the interrupted gene in the 

selenite sensitive mutant, L31, was similar to a signal transduction histidine kinase in 

Enterobacter cloacae subsp. cloacae (Figure 7).  
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Figure 7. BLAST analysis-Histidine Kinase.  The gene that was interrupted by the 
transposon was similar to a signal transduction histidine kinase in Enterobacter cloacae 
subsp. cloacae with 99% sequence similarity. The “Query” was the submitted sequence 
from the L31 mutant, and the “Sbjct” was the sequence that matched to the submitted 
sequence. 
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The DNA sequence of the sensor protein was used to design primers (Table. 1) to 

further resolve the DNA sequence of the genes that flanked the sensor kinase. Additional 

sequencing primers were designed as addition regions around the sensor kinase was 

resolved. (Table. 1). BLAST analysis of the obtained sequences indicated that some of 

the genes that flanked the sensor kinase were similar to the DNA-binding transcriptional 

regulator, cpxR (Figure 8) and periplasmic repressor, cpxP (Figure 9). Other segments 

matched to genes for a ferrous iron efflux protein F and 6-phosphofructokinase. 
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Figure 8. BLAST analysis-Transcriptional Regulator, CpxR. The region flanking the 
sensor kinase was sequenced and one of the identified genes was similar to the DNA-
binding transcriptional regulator, cpxR, found in Enterobacter cloacae subsp. cloacae 
with 94% sequence similarity. 
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Figure 9. BLAST analysis-Periplasmic Repressor, CpxP. The other identified gene 
was the periplasmic repressor, cpxP found in Enterobacter cloacae subsp. dissolvens 
with 94% sequence similarity. 
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The obtained sequences of these genes were assembled using ContigExpress from 

the Vector NTI Advance® 11.5.0 software package and a segment of the related 

Enterobacter cloacae subspecies cloacae NCTC9393 sequence (Accession Number 

FP929040) was used as a guide (Figure 10). The solid green arrows in figure 10 represent 

DNA sequence of the sensor kinase and the genes flanking the sensor kinase. It also 

designated the directions of transcription. As illustrated, the sensor kinase is transcribed 

in the same direction as CpxR whereas the other genes were transcribed in the opposite 

direction. Further downstream is a sulfur binding protein whose complete sequence was 

not identified, hence not indicated in Figure 8. The EZ-Tn5 Transposon inserted near the 

5’ end of the histidine kinase sensor (Figure 8). Identification of the genes flanking the 

sensor kinase was important in determining if the sensor kinase played a role in 

regulating nearby genes.  

Vector NTI was also used to show the location of the different primers (Table 1) 

used in sequencing reactions together with the recognition sites of the different restriction 

endonuleases. (Figure 11). The words in red represent the primers used in sequencing 

reactions whereas the blue words represent the restriction endonuclease sites. The DNA 

sequence of the histidine kinase sensor is represented by the base pairs 1,503 to 2876 

whereas the transposon insert is between base pairs 2,017 and 2,025.  
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Figure 10. L31 Feature Map. Vector NTI Advance® 11.5.0 software was used to 
construct a map showing the EZ-Tn5 transposon insertion site and some of the genes that 
flank the histidine kinase sensor. The green arrows represent the sequence of the 
identified genes, and the blue lines represent different restriction endonuclease 
recognition sites. Digestions of this region with EcoR I should result in a 5,605 bp 
fragment. 
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Figure 11. Assembed L31 Sequences. The words in red represent the location of the 
different primers used in sequencing and the words in blue represent the sites for the 
different restriction endonuclease. The histidine kinase sensor is located between base 
pairs 1,503 and 2,876 wheras the EZ-Tn5 Transposon inserted between the base pairs 
2,017 and 2,025. 

 

 

5.6 Southern Blot 

A Southern Blot was performed to show that the transposon inserted itself into the 

histidine kinase gene only and not into any other gene of the L31 mutant. EcoR I digested 

wild type and L31 genomic DNA were separated on a 0.8% agaraose gel (Figure 12) and 

blotted onto a positively charged Biodyne B Nylon membrane. Then, it was hybridized 

with a biotin labeled segment of the kanamycin resistance gene from the transposome. A 

5.6 kb, EcoR I fragment contains histidine kinase gene (Fig 10). Since the transposon is 2 

kb and does not contain an EcoR I site, the transposon-interrupted histidine kinase gene 

of L31 should be found in a 7.6 kb EcoR I fragment. In lane 2 of figure 13, the probe 

hybridized to the the positive control at an approximate size of 550 bp. In addition, there 

was no signal in the negative control in lane 3 which contained digested wild type 

genomic DNA. This strain lacked an EZ-Tn5TM Transposon insert. As expected, the 

probe hybridized to a band of approximately 8,000 bp and no other bands in lane 4. Thus, 

the transposon only inserted itself at one site in the L31 mutant.  
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Figure 12. Southern Blot Gel. Lane 1 – Biotin labeled ladder; Lane 2 – PCR product; 
Lane 3 – EcoR I genomic digestion of wild type, Enterobacter sp. YSU; Lane 4 – EcoR I 
genomic digestion of the mutant, L31.  
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Figure 13. Southern Blot. Lane 1 – Biotin labeled ladder; Lane 2 – labeled PCR 
product, ~550 bp; Lane 3 – Enterobacter sp. YSU, wild type did not give any signal since 
it lacks the EZ-Tn5TM Transposon insert; Lane 4 – L31 mutant indicating a single copy 
insertion of the EZ-Tn5TM Transposon that is approximately 8,000 bp 
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5.7 Multiple Sequence Alignement 

Multiple sequence alignment (MSA) was performed to compare the protein 

sequence of L31 histidine kinase and its homologs. Seven homologs were selected from a 

blastp search of a translated L31 histidine kinase DNA sequence. Alignment was 

performed using clustalX and the ouput analysed using the GeneDoc format as shown in 

figure 14. The location of the conservered domains were determined using PROSITE 

protein domain database. The output of PROSITE scan results indicated two main 

domains. The first domain, HAMP (histidine kinases, adenylyl cyclases, methyl-

accepting chemo- taxis proteins, and phosphatases), is located between amino acid 

residue 184 and 237 and the other domain, histidine kinase, is located between amino 

acid residue 245 and 455 in the MSA (Figure 14). This domain organization is 

characteristic of class I sensor kinases (59). In addition to these two domains, class I 

sensor kinases have a periplasmic sensory domain and two transmebrane domains (TM1 

and TM2) located on either side of the sensory domain. The sensory domain in the MSA 

(Figure 14) is located between amino acid residues 30 and 163 whereas the TM1 between 

8 and 29 and TM2 between 164 and 183. The histidine kinase domain has sequence 

motifs that are conserved in members of the class I sensor kinase (39, 45, 62). These 

consevered sequence motifs are represented by H, N, G1, F and G2 boxes (44). The 

location of these boxes in the MSA in figure 14 was identified from studies carried out by 

Kim et al, 1989. The H box is represented by amino acid residues between 248 and 254, 

the N box between 356 and 361, the G1 box between 375 and 382, the F box between 

359 and 403 and the G2 box between 416 and 421 amino acid residues. The EZ-Tn5 

Transposon inserted between the amino acid residue 285 and 287, circled with a red box.  
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Figure 14. Multiple Sequence Alignment. The GeneDoc output showing the protein 
sequence alignment of L31 hitidine kinase and its homologs – gi 4792709 Enterobacter 
cloacae subsp. cloacae NCTC 9394; gi 3659727 Enterobacter cloacae EcWSU1; gi 
4017657 Enterobacter cloacae subsp. cloacae ENHKU01; gi 4859039 Escherichia coli, 
gi 4857290 Escherichia coli; gi 4465025 Salmonella enterica; gi 3752582 Klebsiella 
oxytoca KCTC 1686. The blue lines represent the transmembrane domains (TM1 and 
TM2), HAMP domain and the conserved motifs represented by the H, N, G1, F and G2 
boxes. The protein sequence between TM1 and TM2 represent the sensory domain and 
the red circle represent the transposon insertion site. 
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5.8 Phylogenetic Analysis 

A phylogenetic tree was used to compare the evolutionary relationship between 

L31 histidine kinase with other families of histidine kinases in E. coli strain K-12 (Figure 

15).  The protein sequence of 14 different histidine kinases in E. coli were downloaded 

and aligned with Mega5. The alignment output was then used to draw a phylogenetic 

tree. The tree branched into 5 different groups implying there were 5 different types of 

histidine kinases. Type 1 and type 2 histidine kinases appeared to be closely related with 

type 1 consisting of many members that further fall into subtypes, type 1A, 1B and 1C. 

The L31 histidine kinase falls into type 1A with a close relationship with CpxA compared 

to other type 1A members, EnvZ and BaeS. Type 3 and 4 also appeared to be closely 

related. CheA histidine kinase was classified as type 5 since it does not branch to form a 

group with any of the other type of histidine kinases, although it appears to be closely 

related to type 1 and 2 members compared to type 3 and 4 members.  
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Figure 15. Phylogenetic Analysis. A Phylogenetic tree showing the evolutionary 
relationship of L31 histidine kinase with other families of histidine kinases in E. coli K-
12. P0AE82 CpxA; P0AEJ4 EnvZ; P30847 BaeS; Q61U37 HydH; Q060067 AtoS; 
P0AEC5 BarA; P0AEC3 ArcB, P77510 DpiB; P0AEC8 DcuS; P07363 CheA; P09835 
UhpB; P0AFA2 NarX; P0AA93 B2380; POAD14 YehU.  
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CHAPTER VI: DISCUSSION 

The MIC results indicated that the Enterobacter sp. YSU mutant, L31 was more 

sensitive to selenite compared to the wild type. Therefore, the region containing the 

transposon was sequenced. We expected that the transposon interrupted gene would 

express a protein involved in efflux, sequestration or detoxification, but instead found a 

gene that encoded for a protein that appears to regulate one of these mechanisms. From 

the MSA alignment, it was evident that cpxA is the gene product of the L31 histidine 

kinase illustrated in figure 10. Genes regulated by CpxAR system encode proteins 

involved in envelope protein folding and in reducing the concentrations of cellular toxic 

molecules (48). So far, at least 50 genes in 34 operons have been found to be CpxAR-

regulated (48). Some CpxAR-regulated genes like cpxP, syp, ebr, ybaJ, yccA, ycfS, ydeH, 

yecl, yqjA and JW1832 are induced in response to copper (48, 52, 53, 54).  

Cpx Envelope Stress System 

The genes cpxA and cpxR are part of the Cpx-two component envelope stress 

system (39, 40, 41, 42, 43). There are several stimuli that cause protein misfolding, hence 

inducing the Cpx system (39, 40, 41). The metals zinc and copper are known inducers of 

the Cpx system (39). CpxA functions by sensing external stimuli and phosphorylates 

itself at a specific conservered histidine residue (55). CpxR functions as the response 

regulator that gets phosphorylated on an aspartate residue (39, 40, 60). Phosphorylation 

of the response regulator results in transcription of the Cpx regulon (40) that contain 

genes involved in protein folding and degradation such as the periplasmic endoprotease, 

DegP (42, 55, 56). DegP is important for resistance to reactive oxgen species that cause 

protein damage (57). Selenite toxicity is attributed to oxygen species (58), therefore 
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interuption of CpxA in the L31 mutant could have effected the activity of DegP since 

expression of DegP is dependent of the Cpx system, although further tests needs to be 

conducted to supported this statement. In addition to the two-component system is a 

periplasmic stress response protein, CpxP (40). CpxP functions by controling the 

activities of CpxA and also fuctions as a periplasmic adaptor protein that helps in the 

degradation of misfolded proteins  (40, 43, 56). When CpxP binds to CpxA, it results to 

dephosphorylation of CpxA, preventing the activation of CpxR (39). When a stress 

molecule is present CpxP binds to the molecule, keeping CpxP from binding to CpxA. 

This allows CpxA to activate CpxR and induce a response to the stress molecule 

(selenite). The response can also be initiated in the absence of CpxP but it is not clear 

how.  

Characterization of the Cpx regulon by Price et al, 2009 indicated that most of the 

Cpx- regulated genes are those induced due to misfolded proteins and those regulated due 

to copper stress. Although the function of most of these identified genes are unknown 

(48). A recent microarray study on Cpx-regulated genes identified more genes in the Cpx 

regulon, some of the identified genes affect antibiotic resistance (50) and some are 

induced in response to zinc (49). Yamamoto and Ishihama, 2006 compared the sensitivity 

of E .coli wild type strain and its cpxAR null mutant to metal salts of lithium, sodium, 

magnesium, potassium, calcium, chromate, iron cobalt, nickel, copper, zinc, rubidium, 

strontium, caesium, barium, lead and silver. Results indicated that the mutant was highly 

sensitive to copper followed by zinc but sensitivity to other metals was the same as the 

wild type (49).  
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Induction of Cpx-regulated genes due to copper toxicity  

Twelve identified genes in the CpxAR regulon are induced in response to copper 

(49, 52). The 12 genes, cpxP, syp, ebr, ybaJ, yccA, ycfS, ydeH, yecl, yqjA and JW1832 

were identified using a microarray (52). Studies conducted on cpxA* (gain-of-function 

mutant) mutant with autokinase activity but defective in phosphatase activity showed 

increased sensitivity to copper (51, 56). These results were later supported by research in 

E. coli carried out by Yamamoto and Ishihama, 2005 on the involvement of CpxAR in 

response to elevated levels of external copper (52). 

The CpxAR regulated gene, CpxP share high protein sequence homology to the 

metal binding protein, ZraP, and the metal sensor, CnrX. ZraP is induced in a TCS in 

response to zinc or lead whereas CnrX function to bind cobalt, nickel and copper (40). 

This structural similarity could imply a possible common function of these three genes in 

periplasmic binding (40).  

Multiple Sequence Alignment Analysis 

The EZ-Tn5 Transposon insertion site was between the leucine and isoleucine 

residues located at position 284 and 288 respectively in the MSA alignment in figure 14. 

The insertion location at an X-region located between the conserved H box and N box. 

Studies conducted by Hsing et al, 1998 on the phosphatase and kinase activity of envZ 

gene in E. coli indicated that mutation of the X region located 40 amino acid residues 

downstream of the phosphorylated histidine resulted in a weak kinase activity and a 

decrease phosphatase activity. Mutation in this region also resulted in a significant 

conformational change in the the EnvZ sensor kinase (21). Since EnvZ belongs to the 
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same class as the L31 histidine kinase, mutation at this region therefore affected the 

kinase activity of the L31 mutant. Tyrosine residue located in this X-region is a common 

mutation site resulting in substitution of 3 amino acid residues (21).  In E. coli EnvZ , the 

tyrosine residue is located at position 287 whereas in the MSA in figure 14, the tyrosine 

residue in this region is located close to the transposon insertion site at position 279. 

Another amino acid considered important in this region is the Arg289 in E.coli EnvZ  (21). 

This amino acid residue is located at position 298 in the MSA in figure 14. Mutation at 

this region results in a weak phosphatase activity (21). Therefore, the X region was 

considered important in the interaction between the sensor and the response regulator 

(21).  

The MIC growth curves indicated that the L31 mutant was sensitive to selenite in 

solid LB and M-9 minimal medium but in liquid cultures, it was only sensitive in LB 

medium but not in M-9 minimal medium. This suggests that there are multiple 

mechanisms for resistance and they grow differently on solid and liquid medium. It is not 

possible to determine the difference at this time. The mutation in the gene for the sensor 

protein probably just caused the L31 mutant to be inhibited by selenite rather than be 

killed by it. 

Phylogenetic analysis indicated that the L31 histidine kinase was closely related 

to CpxA, EnvZ and BaeS. BaeS and CpxA are similar in terms of function as they are 

both envelope stress response proteins (63). EnvZ, on the other hand, is a sensor kinase 

involved in osmoregulation (21). An alignment of the different groups indicated that type 

1 and type 2 members have kinase domain with N, G1, F and G2  conserved sequence 

motifs. The N1 of the N box in type 3 is replaced with a glycine residue whereas for type 
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4 its replaced with a proline residue. The other difference is that type 3 and 4 member 

lack the F box and the G2 box is trancated (45).  

Phylogenetic comparison of L31 histidne kinase and other hisidine kinases may 

outline difference that could further help understand the role sensor kinases play in 

allowing bacteria adapt to various environmental conditions.      

Future work 

Gene for a putative cation diffusion facilitator (CDF) and a putative sulfur binding 

proteins (SBP) were found to flank the sensor kinase. These proteins may function in 

metal resistance mechanisms. Therefore, RT-PCR or qPCR can be conducted to 

determine if they are induced in the presence of selenite. If these gene are induced in the 

presence of selenite, inverted membrane experiments can be conducted to see if the CDF 

can pump selenite into vesicles. Selenite containing vesicles can be digested and the 

selenite content can be measured by inductively coupled plasma mass spectrometry (ICP-

MS).  

The sulfur binding protein and CpxP can also be purified to see if they are selenite 

binding proteins. These proteins can be mixed with different concentrations of selenite to 

allow for binding. Then, protein/selenite complexes can be digested and selenite content 

can be measured by ICP-MS.  
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Conclusion 

Bacteria have developed different resistance mechanisms to survive in heavy 

metal contaminated environments. Transposon mutagenesis was used to identify genes 

involved in selenite resistance. The EZ-Tn5 Transposon was randomly inserted into the 

genome of Enterobacter sp. YSU and a selenite sensitive mutant, L31, was generated. 

Sequencing of the region interupted by the transposon indicated a signal transduction 

histidine kinase. There are different kinds of histidine kinases but from a multiple 

sequence alignment, it was evident that the histidine kinase, cpxA was the gene product of 

the L31 histidine kinase. So far, the metals copper and zinc are known inducers of the 

Cpx system, although these two metals were not tested. Sequencing of the regions 

flanking the sensor kinase identified two gene that are part of the Cpx system, cpxR and 

cpxP. Sulfur binding protein and cation diffusion facilitator were also sequenced although 

further experiments such RT-PCR or qPCR will be conducted to determine if they are 

induced in the presence of selenite. 
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