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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™ <R6Ky 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 1II 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



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



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
(IT) 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 cop4, copB,

copC and copD that are found in the outer and inner membrane (13).



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, smtA4 that encodes a metallothionine. During
high levels of cadmium, zinc and copper, the gene smt4 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).



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 sulthydryl 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 (cad4 and cadC). The protein

product, CadA, shares amino acid similarity to the ion pump that removes cadmium from



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 (IT) 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).



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 ef a/ showed that mutation of the

N-box in the EnvZ sensor kinase affects ATP binding due to misalignment of the vy-



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 y-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° —



PO, groups. The sixth final step involves the release of the transposase from the

transposition complex (8, 27).

In this research, the EZ-Tn5™ <R6Ky 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-TnS5 transposon contains the R6Kyori 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.



CHAPTER III: HYPOTHESIS

Transposon mutagenesis was used to create the selenite sensitive mutant, L.31.
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

pg/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.

11



Escherichia coli (E. coli) strain ECD100D pir (F— mcrA A (mrr-hsdRMS-mcrBC)
£80d/acZAM15 AlacX74 recAl endAl araD139 A (ara, leu) 7697 galU galK A— 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" t0 10°. 5 ul of the dilution were spotted on LB and M-9 medium without Na,;SeO;
and on medium containing 40 mM Na,SeOs;. The plates were incubated overnight at

30°C.
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 30°C 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

12



then poured off and the pelleted cells were gently resuspended in 600 pl of Nuclei Lysis
Solution and incubated at 80°C for 5 minutes in order to lyse the cells. It was cooled to
room temperature, mixed with 3 pl of RNase solution (4 mg/ml), inverted 2-5 times and
incubated at 37°C for 15-60 minutes. After allowing the lysate to cool to room
temperature, it was mixed with 200 pl 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 pl 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 pl 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 pl of DNA Rehydration solution and stored overnight at 4°C.
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 ul of cell resuspension solution containing 50 mM
Tris-HCI (pH 7.5), 10 mM EDTA and 100 pg/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 pl 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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ul 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 ul 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 pl of Column Wash solution containing 162.8 mM potassium
acetate, 22.6 mM Tris-HCI 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 pl 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 pl 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 °C.
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 ul of 10 X buffer 4 [SO mM
potassium acetate, 20 mM Tris-acetate, 10 mM magnesium acetate and 1 mM,
dithiothreitol] (New England BioLabs Inc., MA), 1 pl of 10 X BSA (New England
BioLabs Inc., MA), 7 ul of nuclease free water and 1 pl of BfuC I enzyme (New England
BioLabs Inc., MA). The second mixture consisted of 1.9 pul of 10 X buffer 4, 1.9 ul of
BSA, 15.5 pl of purified genomic DNA and 1 pl of the first mixture hence making a total

volume of 20 pl.

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

England Biolabs, Inc, MA), 4 ul of 10 X buffer 4, 5 ul of nuclease free water and 10 pl of
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genomic DNA. BfuC I digestion mixture was incubated at 37°C for one hour and heat
inactivated at 80°C for 20 minutes. This was carried out using an Eppendorf Master
Cycler. The EcoR I digestion mixture was incubated overnight at 37°C and heat

inactivated at 65°C for 20 minutes.
4.9 Self-ligation Reactions

A 500 pl ligation reaction mixture was prepared by adding 50 ul of 10 X T4 DNA
ligase buffer containing 10 mM ATP (New England BioLabs Inc. Beverly, MA), 2 ul of
T4 DNA ligase (New England BioLabs Inc. Beverly, MA), 15 ul of digested genomic
DNA and 433 ul of nuclease free water. The ligation mixture was incubated overnight at

4°C.
4.9.1 DNA Ligation Precipitation

50 pl (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 -20°C 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 ul 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 pl 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 pl 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 °C 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 4°C. 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 4°C for 15 minutes. This wash
step was repeated twice and after the final wash, the cells were resuspended in 200 pl 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 4°C for 10 minutes. The supernatant
was discarded and the cells resuspended in 250 pl of pre-chilled 10% glycerol and stored

at -80°C.
4.11 Preparation of Competent cells (CaCl, 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 37°C 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 4°C 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 4°C 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

CaCl,, 10 mM Tris-HCI, pH 8.0 and 10 mM MgCl,. 400 pl of the resuspended cells were

17



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 -80°C.
4.12 Transformation by Electroporation

ECD100D pir electrocompetent E. coli cells were thawed on ice and 40 pl of the
thawed cells were transferred to 1.5 ml microcentrifuge tubes. 2 pul of ligated DNA was
added to the cells and transferred to an electroporation cuvette obtained from -20°C
freezer. The electroporation cuvette was tapped to ensure the cells were at the bottom of
the cuvette. Cells were shocked at 25 pF, 200 ohms and 2.5 kV. Immediately, 960 ul of
SOC media was added, and the cells were resuspended by pipetting up and down
followed by incubation at 37°C in a shaker for 45-60 minutes. The control tube was not
shocked. 960 pul of SOC media was added to the control tube with 40 ul of cell and
incubated at 37°C. 100 pl of the cells were plated on an LB agar plate containing

kanamycin and incubated overnight at 37°C.
4.13 Transformation by Heat Shock

Competent E. coli cells were obtained from the -80°C freezer and thawed out on
ice. 100 pl of the cells was mixed in a 1.5 ml microcentrifuge tubes with 1 pl 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 °C for a period of 50 seconds. The
cells were put back on ice and 900 pl of LB medium was immediately added and the cells
mixed by pipetting up and down. The cells were then incubated at 37°C in a shaker for
45-60 minutes. 100 pl of the cells were plated on LB agar containing kanamycin and

incubated overnight at 37°C.
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4.14 DNA Sequencing

Sequencing was carried out using the GenomeLab™

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 pl. The DNA and NFW mixture were mixed in the 0.2 ml PCR tubes
(BioExpress, Kaysville, UT) and heated at 96 °C for 1 minute, and then allowed to cool at
room temperature. 2 pl of 1.6 uM primer (Table 1) and 8 ul of Dye Terminator Cycle
Sequencing (DTCS) Quick Start Master Mix that contained DNA polymerase,
pyrophosphate buffer, ANTPs 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 °C for 20 seconds, 50 °C for 20 seconds,

60 °C for 4 minutes for 30 cycles, and then holding the temperature at 4 °C.
4.14.1 Sequencing Reaction Cleanup (Ethanol Precipitation)

Sterile 0.6 ml microfuge tubes were prepared and fresh stop solution/glycogen
mixture containing 2 pl of 3M sodium acetate, pH 5.2, 2 ul of 100 mM Na,-EDTA, pH
8.0 and 1 pl of 20 pg/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 °C. The supernatant was poured off and the
pellet was washed twice with 200 pl of ice cold 70% ethanol. This was followed by

centrifugation at 14,000 x g for 2 minutes at 4°C 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 pl 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 uM of forward primer (Kan
Probe F), 4 uM of reverse primer (Kan Probe R), 0.025 nug of 2x GoTaq DNA
polymerase (Promega Corporation, Madison, WI), 1 ul of DNA and 11.5 pl 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 ul 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 pl of EB buffer (10 mM Tris-HCI, 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 pl of
biotin labeled ladder, 3 pul of labeled probe and 3 pl of unlabeled PCR product on a piece
of Biodyne B Precut Nylon Membrane (0.4 um, 8 x 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 pl 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 TotalBlot' ™ 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 HCI 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 °C

for 30 minutes.
4.18 Hybridization and Detection

The blot was transferred to a 50 ml tube and prehybridized using 0.1 ml per cm?
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 CAGCGG CAGCCACAGC-3

Sen F3 5’ - GGT AGA GAT GGT CGG TCCTT -3’
Sen R3 5" - AGA AAG GACCGA CCATCTCTA-3’
Sen F4 5" - GGT GCG GCT GAC TATTTAC-3

Sen R4 5" —GTA AAT AGT CATCCG CACC-3’

Sen F5 5’ -=GCC TTC AGT GCG TTT AGC CAG -3’
Sen RS 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 ATTGC -3’
SOD F1 5"-CTG AACAGG CGGACCTCTT-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 GTCTACT-3"
S Binding F 5" - CAG GTA ACC GGC GAT AACGTGG-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 AAGCTA ACC-3

SBP F2 5’ - GTC TCA CGG TGG TTC TGG CAA -3’
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Primers

Nucleotide Sequence

SBP R2
SBP F3
SBP R3
KKR R
KKR F

Se Sen R
Se Sen F
ZZR F
ZZR R
JJRF
JJRR
Sensor F
Sensor R
Repressor F
Repressor R
7BF R
PFK F2
PFK R2
PFK F3
PFK R3
PFK R4
SBP F4
SBP R4
SBP R5
CDF F3
CDF F4
R6KAN-2
KAN-2F

5’ - TTG CCA GAA CCA CCG TGA GAC -3’

5’ -GCA ACCAACACCTTCGTCGAAC-3¥
5’ - GTT CGA CGA AGG TGT TGGTTGC -3’

5’ -GCC AGA ACCACCGTGAGACT -3’

5’ -GCG TGG CCG TAT CGA CAA AA -3

5’ -GGCTTT CAC CGT TTC GCT CACA -3’
5’ -TGA AAG CCG ATG ACA GCCCG -3’
5’ -CGC AACCAA CACCTTCGT CG -3’

5’ - CGA CGA AGG TGT TGG TTG CG -3’

5’ -TAC CAC ATC AGA CCGCCGAG-3’

5’ - CGT AAC GAT GCCGCTTCA GG -3’

5’ -CGG GCT GTCATC GGCTTT CA -3’

5’ - GAA GCG GAG CAG ATG GGC AA -3

5’ - AGC AGC AAG CGG TTT TGA ATACCA -3’
5" -GGG CGT TAG CAG GTG GAA CATCT -3’

5’ - GAA ACC AAA CGC GAAACCCG-3’

5’ = TTT GGT ATC TAT GAC GGT TAC CTG -3’

5’ - GTG CAG AAC CGA GGA AAGTA-3
5’ - ACC GTT CTG GGT CACATTC -3’
5’-TTC GCCAGCTCGTCAAC-3

5’ - GGC GAA CCA CCA CGT TAT -3’

5’ = ACC AAC GAG CTG GGT AAA -3

5’ -=TTA GTC CTT GCT GAT TC -3’

5 - GGC GAA TAA ACG ATT CAF GA -3’
5>’-CTTCTT GACCGT GCGCTTC -3’

5’ - GGT GGA GCA GGC GATTT -3’

5’ - CTA CCC TGT GGA ACA CCT ACATCT -3’
5> - ACCTAC AAC AAA GCT CTCATCAACC-3
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Primers Nucleotide Sequence

Kan Probe F 5’ - GGT ATA AAT GGG CTC GCG ATAA -3
Kan Probe R 5> -CCGACT CGT CCAACATCAATAC-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 uM cadmium, 750 uM zinc, 10 uM 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™" to 10°. 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 to 10®) 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™ and 107, 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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LB Medium

10! 102 10° 10*% 10> 10° 10t 102 103 10% 10> 10°

Wild Type

L31

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 to 10°®.

M-9 Medium

10! 102 10° 10* 10° 10° 10! 102 103 10*% 10° 10°

Wild Type

L31

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 107" to 10°®.
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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 111 (Figure 5). In addition, a complete digestion was
carried out using EcoR 1. 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 1 were used to identify

a larger segment of the interrupted region. .
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kb

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 1 digestion
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5.4 Gene Rescue

Transformation into electrocompetent E.coli cells resulted in 251 transformants
for EcoR 1, 11 transformants for BfuC I and 22 transformants for Hind III. Plasmid DNA
was purified from the transformants and linerized using Xko 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-L.31 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 X#o 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 I1I-L31 plasmid, Lane 7 — digested Hind
MI-L31 plasmid, Lane 8 — undigested Hind I1I-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 1-1L31 plasmid 6kb 8kb
Fig. 6 lane 5 Bfu CI—L31 plasmid 4kb Skb
Fig. 6 lane 8 Hind Il - 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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Enterobacter cloacae subsp. cloacae NCTC 9394 draft genome

Sequence |1D: emb|FP929040.1| Length: 4308759 Number of Matches: 1
Hange 1: 66514 to 67028

Score Expect Identities Gaps Strand Frame

941 bits(509) 0.0() 513/515(99%) 0/515(0%) Plus/Plus

Features:

Signal transduction histidine kinase

Query 1 ATGCTGTCCAGGCGATGCGCTTCCGTICTCARTACGCTCCAGCTCTTTGCTICTCACCGCTG
Sbict 66514 ATCLTEICCAGLCEATCLELTTELCTCTCARTACCLTCCALCTETTTACTETCACLELTE
Query &1 CEECEECECAGCAGEECEETACCCAGCTETRAAGCCCETEAGCGECETCCGCAGCTCGTEE
Sbjct 66574 COECCLCEACEACELLEIALLEAGC A bedbdtEALebedetldbiActtdbrdd
Query 121 CACATATCCCACAGCACGCETTECTGCCCGETCATCATCCGETCAACAGCAGACACCATC
Sbict 66636 CAGATATCCEACACCALGLCTTECTECCCEETCATCATELLETCARGA BEACACALEATE
Query 1E1 TEETTRAARACTGETTOCGECCECCAGGARCTCCTCCGECCCGEATTCCAGCTCCEGATEC
spjct 66694 TELTTAMACICLTTOCLELLLLEALGAALIE L LA TEdadtretddardd
Query 241 TECCTCAGETTGCCCTGCGCCACTTCGTCCGCCECATTTTTCAGCTTACGCGCCGETTTC
Sbict 66756 TLCCTCAGCTIECCETLCEEtACTICETCE At EATTTTICAGETTACELEEEELTTTE
Query 301 GCCAGGCTCCACGCCAGCCATARCACCAGCGECEAACTCACCAGCATCGTGACARTCAAC
Sbict 66814 CECACECTCCACCECACCEATAACACEACCELEAACTEACCALCATECTCACARTEARL
Query 361 AGCAARACCCEA CGETCAAR CACCACCTTGATARA CTCCGACTCTCGAACTCGCTCGCAGEE
Sbict 66874 AGCARAAGCEEACEETCAAACAGCACETTEATARA CTCELACTECERACTELTEELACES
Query 421 CeAATCACATAGAGCTEETAATTCTCTTCCCCATCCCECACCCGAGARACGACCCACCATC
Sbjct 66338 CEAATCAGATAGAGCTCCTAATICTCTTCCCATCLCEACCEACARACEACEEACEATE
Query 481 TCTACCCGACCATATTTCTTTITTICTGTGGGTEATC 515

Sbijct 66934 %éfAééCéﬁéﬂé%ﬁ?%}éf{}}Té}GfééGféATé 67028

&0
66573
120
66633
180
66693
240
66753
300
GEBL13
360
66873
420
66533
480
665993

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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Enterobacter cloacae subsp. cloacae ENHKUD1, complete genome

Sequence |D: gb|CP003737.1| Length: 4726582 MNumber of Matches: 1
Range 1: 4647654 to 4648352

Score Expect Identities Gaps Strand Frame

1075 bits(582) 0.0() 660/699(94%) 0/699(0%) Plus/Minus

Features: _ o i

DNA-binding transcriptional regulator CpxRtwo-component sensor protein

Query 1 TCAT ARG GARA AT CAGATAACCCCGACCACGCAGGETTTTRARACCAGGGATGACT 40
Bbjct 4648352 TCATGAAGCGCARACCATCAGATAGCCOCOACCACGCAGEATTITAARCCATSCETEACE 4648203
Query &l GTCTTTACGC T e G CAGCTTACGECGCAGGTTAGAGATGTGCATGTCGATGGCGCGATS 120

PP Errrrr e rrre et crert e et ettt et et rern 1l
Shbjct  46482%2 GTCTTTACGCTCTGECACCTITGCCECECAGGTTAGAGATCTCCATGTICGATEECEIGETC 46458233

Cuery 121 ARARCCEEETEAGCCETITTGCCCAGCACTTCCTGGCTTAAGTGTTCACSCGACRCCACCTS 1680
PO LLLEEE et et rrer et el b et el rerrtld
Shbjct 4648232 ARRCCGGGTGACACCTTTGCCCAGCACTTCCTGACTCAGCTCTTCACGCGATACCACCTE 4645173

Cuery 181 GO CAGATECTECGCCAGCAGATACAGCASGETGRACTCGETGCCGETTAGCTCCAGCET 240
PELLEE Tt ety rrrreret et reeerrrie rorirert 1l
Spbjct 4648172 GCCCAGETGCTCCGECCACCACATARAGCAGGETGRACTCTECTGCCGETCRAACTCCAGEET 4645113

Query 241 TR GTOCAAGCTCECTICCTRECGEUCCEEETTCAGGCTCAGGGAGTCCACTTCCAZ 300
orrrrerrrrerererrrrer et ottt et e e e
Shject 4848112 CTGACCGTCGEARGCTCGECTICCTGACGACCTEGETTCAGGCTCAGGGAGTCCACTTCCAG 46458053

Query 301 CETAGGTGACCTETTGTCGGTATICTGCTGCTGCTOECT CCAGTGAGAGCGEIGCAGGAT 360
PO L e i er e ettt ettt ottt
Shject 4848052 CGTGEGETGAGCTIGCTTGTCGGTATICTGCTGCTGCTOECTCCAGTGGCGARCGECGCAGGAT 4647383

uery 361 CECECGARTACCGECCACCAGTTCACGETCGTTGRACGGCTTAGGTARATAGTCATCCGES 420
frrrrrerrrrrrrrrrr et rrr et et e e
Shijct  48479%%2 AGCGCGAATACGSGECCACCAGTTCACGATCGTTGAACCGTTTCOGTARATACSTCATCCGS 4647933
Cuery 421 ACCCAGCTCAAGECCGAGTACCCGETCARGCTCGCTGCCECGTGCAGTCAGCATAATGAT 480
PLLLELErrt et e et e e feerirll 111
Shiject  4847%32 ACCCAGCTCAACSGCCGAGRACGCGETCAACTTCGCTECCGCGEECGCTCAGCATGATARC 4647873
Cuery 481 GCEEECTCTEETETETCTEECEARGCTCTTTCARCETATCAATACCGTITTITCTICGGCAT 540
PEETErrrrrerrrr e e e ettt et terr ettt
Sbjct 4647872 GLGEETCTGETETETCTEGCGARGCTCTTTCAGCETATCAATACCGTITTITCTTCGGCAT 4647813
Query 541 CATGACGTCCAGCARARCGTARATCCATGCTGTCGTCAAGGAGACTCASCGCCTGCTCGCC 400
PELTEEErr e e e e e ettt et e et e e el
Sbjct 4647812 CATGACGTCGAGCARAACTARATCGATGCTGTCGTCAAGCAGACTCAGCGCCTGCTCOGCC 4647753
Query 601 ATCATGGEECAACCAGGRCGTTCARACCTTCCATCGTCGAGCAACTCTITTARARGRAGATET 460
P Errrerrrrrr e et trr et ettt rr et trerrrrr rriid
Shict 4847752 ATCATGGGCAACCAGGACGTITGRAACCTTCCATGTCGAGCAACTCCTTTARARGEGATCT 46474652
Query 661 GAGCTCTCEETCATCATCRAACTRACAGGATTITTATTCAT 629
PELTELETE e e et ettt rrrtl
Shjct 4€476%2 GAGCTCTCGGETCATCATCAACTAACAGGATTTTATTCAT 4847654

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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Enterobacter cloacas subsp. dissclvens SDM, complete gename

Sequerce |D: gb|CP003678.1| Length: 4968248 Number of Matches: 1
Range 1: 4865405 to 4865912

Score Expect Ide ntities Gaps Strand Frame
761 bits(412) 0.0() 478/510(94%) 4/510(0%) Plus/ Minus
Features:

periplasmic repressor CpxP

Query 1 ATGCGCARACTTACCGCTGCOETCATGGCCTCAACGCTGEOCTTICAGTSCGTTTAGCCAS 40
Prrrrrrrrrrrrrererrrererrrrrerrrrrrrrrre et rrrr e
Sbijct  4865%12 ATGCECRAAACTTACCGCTGCCOTCATGGICTCAACCCTECOGTTCAGTGCTTTTAGICAS 4665853

Cuery 6l GrTGCTETAGCTAT CATCAGCGATARCCETTCCTCAGCAGAGGECECARCGTAGCACAGT 120
PE L e el [EEENN [ 11111 RN REENAN
Sbjct 484585 GG CTETAGCTATCATCGGOGATARCCAGTCCTCACARCAGGECATARCGCAGCACAGT 4865783

Cuery 121 AGCCARACCCATATSTITTCACGSCATAAGTTTAACCEAACATCASCGTCAACAGATCCGA 160
PEEEET R et et e e et et et et ettt ettt rrrrrnd
Sbijct  48657%2 AGCCARAGCCATATCTITTGACGGCATAACTTTAACCCERACATCAGCETCAACAGATSCGA 4865733

Cuery 181 GAT"TGRTG"AGAGGGCGAGA"ACGA"CAG"CCCCTGTTAATGTTAGCGAAATGGAGACA 240

NNy LPLPEEr TP L E e ettt
Sbhijct 4865732 GATCIGATGCAGAGGGCACGACACGATCAGC C--CTuTTEATGTTAGuuﬂﬂATGGAuATA 4865673

Query 241 ATGCATCGCCTTETCACCGCAGRRAATITTGACGRAAGCECTETACGCGCTCAGGCCGAR 300
PEEEET R et ettt et ettt et et e et ittt errrrnd

Sbijct 4865672 ATGCATCGCCTTCTCACCGCAGAARATTTTCGACCARACCCCOTETACCIGCTCAGCCIGAR 46654613

Cuery 301 ARLAT G CGCAGCARCAGGTTGCCCETCAGGTAGAGATGECGAAGGTTCGCARCCAGATE 360
I N N N N e ey

Sbjct 48656l2 ARARTCGCACAGGAGCAGGTTGCCOCGCCAGGTAGARATGCOGARGGTCCGCARCCAGATE 4885553

Query 38l T CACCTECTRAC GCCOGAGCAGCARGCGGTTTTGAATACCA-AR-CATCAGCARCGTA 418

IR RN RN A e e e R e
Sbjct 4865552 TTCCACCTGTTATCGCCCGAGCAGCAAGCGGTTTTIGAA--CCAGAARCATCAGCAACGAL 4E65485
Query 4139 TCARTCAGTTGCGTGACETIGCACGGATGCACGCGRAGCTCAGATATGACGCTTTICAGTA 478
Sbjct 4865494 TGGACCACTTGCCTEAGTICCACCUATCUACCCRACCTCACAAGCEACCTITITCAGTA 4855435
Query 473 GCARTAGCAGTACCCGTAGTRACCAGTRAR 508

PLPIE el
Sbjct 4565434 GCAATAGCAGTACCCGTAGTARCCAGTARR 4885405

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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CpxP

‘AvaI(4098)
Nw1(4361)
His Kinase Sensor | ‘ Ferrous iron efflux protein F
Tn5 Insertion Bam HI(5236)
Hin dII (140) a1(3436) EwoRI(5679)
Uncharacterized protein | ‘ | ‘ | " 6phosphofructokinase
Aval(885) B RI(6039)
Aval(832) | ‘ . | dal(e0)
FoRI(434) \ | L Hin dIT (6770)
| I || e} |

131
6955bp

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 1 should result in a 5,605 bp

fragment.
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TCATTTAATT
AGTARATTAN

ANCTATAATS
TIGAT

AARCCANCTED
TIGGTTGACTG

131

TTAOGEOEGEEN
AATEOGONGET

TTARCAGCTS
AATTIGTCGAS

TECCEOO0GER

CARTAATGGA
GITATTACCT

GAGGRTTIATE AGTTATACAC
CTOCTARATALC TCAATATGIC

101

GOOGTATGLC
CEECATACGE

TACGACGTNG
ATGCTGOGTE

TGEANDOGCR
ACCTTGGOGT

ITTOGNCARD
ARMGCTETIC

CAGACGATEE
GICTGCTALC

ARATCCATCR
TITAGGTAGT

CACTRANCAT
GIGATTTGIG

CROCAGAROCT  ATGTGANCAR
GTGEICTGEA TACACTTGIT

201

CGLGARTGECT
GOGCTTACGA

GOGCTUGAMM
CEoGCCT

GOCTGOCAGR
OEEACEETICT

GITCGCTAAT
CARGOGATTA

CIGOCTGITE
AL

ANGAGCTEAT

CRACCAANCTG

GACCANGCTGE

OEGCAGRCRA.  GRAANDOGTG

TICTCGAC TR

GIGGITIGARC

CIGETOGACGE

GOOGICTIGIT CITITGGONG

301

GACGOGTIGT

ACGOEEGUEE
TEOGOICGEEE

TCRCGCTANG
MNGTGCGATTG

CACAGOCTET

ICTOGAAGE

OCTGARARDE

GIGTOGERCR

AGROCTTTIOC

GGACTTITITGSE

GECACCAOOC
COGTGGTEGEE

TTCAGEECTEA
AMGTOCCGECT

CCTGRARGCE GCTATOGAGC
CERTAGCTOE

401

GTGACTTOGE
CACTEANGECT

ITCOGTIGAD
ANGECAACTE

AMCTTCAANG
TIGRAGTITC

EcoRl

e
CGEAATTOGER
GCCTTARGCT

GCACCCGTT
[ecpgicic ot

TOGGCTCTGE
AECCENGACC

CIGEECGTES
GACCOECACE

CTGGICCTGA AMGGTGEMVCAR
GANOCAGGACT TICCACTGIT

501

ACTGGOGETC
TEADOGOCAG

GITTCTACCG
CRAMNGATGEE

CTRACCAGER
GATIGGTOCT

CTCCOOGCTG
GAGGGGOGRC

CTATCT
GATAGRGEADC

CECATAOGRC
GUGTATGCIG

TARCCCANGTA
ATGGETTCAT

TGOGCCOGoA. AGTGEEGEM
ANOGOGGGOGT  TCACCOOCTT

601

CACGOGTALC
GTGOGCATGA

ARNCARAGTA
ITTGITICAT

CCERRARARCOET
GOTTTTGECN

CGEANTAANCT
GOGTTIATTG

ACROCRARGT
IGIGGTIICG

CTAGGGANG

AT
CICTGITICG

ANOCAGCCOGE  AGCGEOGCTA
TGETCGEGEE  TOGOGGOGAT

701

ARRARPRSAA
IITIIIT

TRGCATTEAM
ATCGTRACTT

GERCGCAMER

PAKGNGRAGT

ATRNCAOGCG

COILGCLGIICT

TIICICTIICL

IATTGIGEOGE

CTGAARGGMNGET

GGRGARTGCAT

TROCCGGTGA ATGTGITTAC

GACTTOCTCR

CCTCTAOGETA

ATGEGUCACT  TACACARATG

BO1

AGGCANGETA
TCCGTTOCAT

AGGENGTRCG
TOOCTCATGE

ANGGCRGOOG
TTCCGTOGEE

Aval
provv e

COCGAGOECT
GEGETOG0GEGE

GTECAGETC
CACGTCCAGT

ACGGTGARGCT
TECCACTOGR

GACGTTAACC
CIGCAATTGE

Aval

GATCICGEGE TIGOGGGIGR
CTAGRGCOCGE  AMCGOOCARCT

901

CCAGCRGECT
GGTOGTOCGA

GRAASUGERAAN
CITTICIIIT

TOCACGEDGSE
NGETGOCGEOC

GLCCGATOEE
CEEGCTAGCE

ACTATCCGOG
TGARTAGGCGE

CGAGCAMCTAT
GCTCGTGATA

CAGCACTGGA
GICGTGEACTT

AMNGICGARATT TCCTGAMCAG
TTOGGCTIAM AEGRCTTGIC

1001

GCGGAOCITT
CGLCTGERGA

i

GIOEC00C
AGCNGIGEGEE

OEGTITGEE
GOECARAADOSE

GRAAATCTCT
= GAGER

CARDGEEAGED
GITGOCTIOCL

GETERCGEAS
OGACTGEETC

AAGAMCGTCT
TICTTGOAGR

TIATOGEECGEA
ARTARGOOGCT

CATTTACOGE TEGGEDEATE
GIMATGECE ACCOCGOTAC

1101

GETCACTCAL
CCAGTEGETE

COECGCTENG
GOCGCEALGTG

Hindlll
e

CGIGCTTITAA
GCACGRARIT

GCTTAATTAL
CGARTTRATG

CATTICGEC
GIARGCCGT

TICAGGATAT

GICGE00CAG

CTGCARMARCE  OEGGTARARMNC

AAGTCCTAIR

oOEEEIT

GNOGTTITGE GOCCATITIG

1201

CGGCTGECTE
GOCGROOERT

IRTOGCGITG
ATNGOECRART

TOCAGGLGESE

ACAGGTTTICG

AOGETCCGEO0C

TGTCCARMMNGT

CGOCTACTCG

OGCTIGAGET
GOGRRCTCGR

GECTTOGOGC
CCGAKRGOE0GE

TTGAGTGEAGE
ARCTCRCTOC

TGTCGGTATA CGRGEOCTGEC
NCAGCCATAT GCTOCGGAOG

1301

GUAATTGITT
CETTANCEER

GEEATATECC
COGTATACGE

GITIGATGNG
CRRACTACTS

GRECAGTATT
CTCGTCATAG

ACCEOCTECT
TLEEOEEROGEA

GTCAGCGEDE
CAGTCEECGEE

GEATTATOCR
CCTAATAGET

CENGETEERD
GETOGEACCTE

CANGRACGATE  CAGRAGOEEC
GICTIGEIAC GICTTOG00G

1401

GGT TAAGIGE
CCAATTOECD

CRAGATCGAD
GITCTAGCTIC

MNGCAGTITOGE
TOSTCAAGDS

GGAGATTGIG
CCTCTARMCAL

ATTOCGT AL
TAAGGCATCT

AAGTAGGOCG
TICATOOGGEC

GGTAMNGECTEA.
COATTOOECT

AGOIGCCACE  OGGCAMCATAC
TOGECGETGE GUCGTGTATG

1501

CCAATGCTTE

Sen A 100.0%

GCTTATACAL
CEARTATGIC

OGECAGEENG
[cam GGTG

AGCGTTAMCT
TOGCART TGS

Sen F2 100.0%

TCAGOCCGEC
ALGTOGGEE0GEE

CAGCGEEETE
[cpnec sleinct o

TCATCGGOTT
AGTAGOOGARA

TCARCOCAEDE
AGTGEETCGE

MNOGGIGCTET  TECATGGOGE
TGOCACGACA ACGTADDGOC

1601

CAMCRAT

CEOCAGACCT

NGOCCOGTIG

CACCAGRTIC

AARGTTGITA

GOGETCIGGEA

TOEGGECATG

GIGGTCTIAAG

TGEOCECLEG

GOCTCGTOGE
CEGRGCALTC

TECGE TG

CLERDGEEAR
GOCTGOCTIT

ATCIGCTOGE GATCTTOOGE
TAGRCGARGCE CTAGANGGOC

1701

GCTGAROGITA
CEACTEOEET

GENVOCATOGT
CETGEETAGTA

CRTCGRCANT
GTAGCTGITR

GRCOGGTAMNIT
CTGCCATTAG

COGTCTTIAT
GLENGARATA.

OCERCTEAAAR
GOTEGCTTIT

CECCACTICA
GCLGTGAAGT

GOGRATAGCG CAGGEDGTTAR
OGCTTATOGE  GICCCGEART

1E01

CGEEAMOGATAT
GCGTGCTATA

TCTOCAGOGE
AGARGETUGEG

GCTTTOCAGC
CGRARGETOG

GIGTTGGGET
R AR

TACOGTAGAS
ATGECATCTC

CGGICACGES
GOUEGTEEOE

COCGEDGEGER
GEECCGOOCT

AGTTGEACGEGT
TCARCTGOCA.

GAMTGATITGE CCCATCTGOT
CTTECTARLE GEGTAMEVOGR

1201

COGCTTOGERA
GECGANGCTT

CECOEGTTG
GOGECECAAD

TOCAGCADCT
NGETCGTEEN

CATGOC NGRS
GIACGGICIC

GTGATTGGLT
CACTARCTEA

TTCRCCGTTIT
NG TGN,

CECTCACAAG
GUEAGTGTIC

CGOGTTITIC
GOGCAAANRG

TGCTGATIGE GRGRCATCAC
MNOGACTARACG CICTGIAGIG

2001

CAGCAGATTE
GTCGICTAGL

ITGATCATGE
ANCTAGTACG

TGICCAGEDSE
MNCAGGTCOGE

ATGCGCTTCD
ThCGOEANGG

GICTCAATAL
CAGNGTTATG

GETOCARGETE
CENGGTOGEAS

TITGCICICh
ARARCGAGAGT

COGCTE0EED
GLOGNCGITG

GEOECAGCAG GECGETAOOC
COGIGTOGTE  COGOCATGEG

2101

AGCTETAAGT
TOGACRTICG

GOGTGEAGLGE

OETCCGEAGE

TCGTGEENER

TATOCGCAL

CANGECGTTEE

CECACTUECC

GCRGGOGTOG

AGCAROOCTCT

ATAREECIGIC

GIOCGUAKRDS

ACGCGOCAGT

TCRTGOGEETE
AGTROGEOCKG

ANGAGCARGAG ACCATCTGET
TICICGICIC DEETAGRCCR

2201

TOOGEIGEEC
AGEOOEICEE

NGGRACTOCT
TOCTTGAGGM

SOGGDO0GEER
CECCEEE0CT

ITOCNGCTOE
ARGETOGREE

GEATGCTGOC

TCAGGTTOOC
AGTCCARNDGE

CIGOGOCACT
GACGOEETEA

TOGICCGOCG CATTITTONG
ANGCAGGUGGE  GTAAAAGTC

2301

GAATGOECGEE

GGITICGOCA
COAMGEGET

GECTCCADGE
COGEAGETEOE

CAGCCRTRAAC
GICGGTATIG

AGCNEOEEEE
TOGTOGECCE

TIGACTGGTC

CATCGTGACR
GTAGCACTGT

ATCRACIGEER,
TAGTTGTCGT

AMMNGCGEACE
TTICGCCTGE

COF F3 78.9%

2401

AGGTTGATAA
TCCARCTATT

AGTOGEACTE
TCAGCCTEAL

TGRACTGETE
NCTTIGROCGNG

GUAGGEOGERA
CGEICOOGCTT

TCAGATAGAS
AGTCTATCIC

CTGGTAATTE
GNCCRTTAMS

COCGERCCTEA.
GGGOGTEECT

GAMGGHOCE ACCATCTCTA
CITICCTIGGE TEGTAGAGAT
e e g e e e g gt

Sen F3 100.0%

2501

CCCGAROCATA
GGGCTGETAT
et

ITICITIIIC
ARNGARAAAG

Sen F3 100.0

TGIGGGTGAT
NCRCCCAC TR

CGGECATTAIC
GLCGTARTAG

CGOCTEEN0A
GOGEACCGET

45

ATIRGT TGS
TATTICAADG

GEATAATCIG
CCTATTAGRC

CATTTCATIG
GIARMNGTARD

OEATCTGOCE  CRATCAMDGOS
GCTAGARCGEE GITAGTGOGC



2601

GOCTTCACTG  GTGAOCAGTA
CGGARGTGAC CRCTGGICAT

TOCGEEEEE0
AGEEDO000G

131

GOOCRCTIGT
COGETGRACA

CGRTAGLGOG
GCTATCGEGE

AARCANCCETE
TITGITGGAC

GOCACCACA TTARATOGTT OGGUGGATOS
GOGGTEGTIGT  ARTITAGORA GOCGCCTRGC

2701

TEOCAECT COGCTICCAC
AADGETOGA  GEOGRAGGTE

ATCATCAOET
TAGTAGTEOS

CCTGROGTTG
GLACTGCRAL

CTOEC oG
GNGCGRCAGE

NETAGCTOOE
TCATOGNGGE

TOATCTGENG TGAGICGAGT TT “WCR
AGTAGROOGEE  ACTCAGCTOA AACCGTTSET

2B01

TEAAMNVOGRG  CATTAAAARCC
AGITITGCIC GIARTTIITGG

AGTGUCALGDG
TCACGGTOGE

TCAGDCAGRA
AGTCGGTCTT

GATGEEOGERAL
CTROCGCTITE

ATECLGEEEE
TACGECCCGDE

TTAAGCTEOC
AATTOGNDGE

TATCATGRAG OGGRARCCAT CRGATANCOG
ATAGTACTIC GOCTITGGTA GICTATTIGGEC

2901

GADCAROGCAR GEGTTTIAAM
GCTIGGTGOGT COCARRATIT

CORGLLATGR,
GEICCCTACT

CCGTCTTTAC
GEEAGRANTG

GCTOOGECAL
COEMGGOIGTE

CTIACGELEGE
GRATGCCGDE

NGEET TRGNGR
TCCAATETCT

TGETECATEIC GRTOLUGDGA  TORARDGEEE
ACROGTRCAS CTACCGOGET AGTTITGOOOC

3001

TEAGGOGTIT GOCGRGECACT
ACTOOGCRAA DEGCTOGTEA.

TOCTGGCTITA
NEGACCGART

AGTGITCONTG
TCACARG TG

CLACRCCREC
GCTGTGETGE

TOECUGAGAT
MNOOGEGCTETR

BCIGCGOCAG
CERCGOGETC

CAGATACRGE MGOGIGARCT OEGTGOOGEET
GICTATGICG TODCACTIGA GUCACGGOCR

3101

ATCGAGETCG  CRANGTGELMN.

CERAGETOGEE
GEITCGALDS

TICCTGGOMG
RAGGACGT

Smal
Xmal

e

Aval
wARARAAS

COOGGEETTOA
GGEOCCAARGT

GECTUAGEGM
COGAGTCCCT

GICCACTTOC
CRGGTEANGE

AEOGTAGETE
TOGEATOCAD

GEIATICTGC
CCATAMGNDG

3201

TEEDTGCTOGE  TOCAGTGRGM.
ACGAOGNECG  AGGTCACTCT

GOEGUGLEAGE
CEOCGOETOC

ATCGOGOGERA
TAGOGOGCTT

TAROGEEECTAL
ATGOOOEETE

GTCRAGTEOCS

TOGT TEANCE
RECARCTTGE

GCTTAGGTAA ATAGICATCC GCACCCANGCT
CGARTOCATT TATCAGTAGE OSTGGLGTOGR

Sen F4 34.7%

3301

CAAGGOOGRG TROGOGELTOA
GITOOGGECTIC

AECTCGLTGE
TOEARGOGEADSE

CECGTEENGT
COGEASETCR

CAGCATAATG
GIOSTATIAL

AOGELEGTET

GEIGIGTCTG
CCRCACNGRC

GOGARGCTCT  TTCRACGIAT CRATADOGTT
DGCTTOGRGA ARGIIGCATA GITATGGOMA

3401

CEAGCAAANG
GCICGTIITTC

Clal

AR
TARAATOGTT
ATTTAGCTAC

CTGTOETCAR
GACANGCRGTT

CEDCTEETOS

CCATCATGEE  CRACCAGGAC  GTTGAANCCT
GGIAGTRCOC GITGGTOCTG  CRACTTITGGER

3501

GIGAGCTCTC
CRCTOGENGAG

GGTCATCATC
CONGTAGTAL

ATITIATICR
TRAAATANGT

TOGTTTARAT ACCTCCGAGE
AARCAARTTTA TGGAGGCTCC

3601

GRCOATCAGE CTATCTAATC
GATAGATTAL

CRTGACTTTA
GTACTGAMT

CGITGITITA
CUEARCAARNAT

CACOOCCTGA
GIGEGEEERET

CRAGCCTGARAT
GICGGACTTR

CGTAGRCTGT CTCICGTTOA ATCGLGRCANC
GCATCTGARCA  GRGAGCAAET  TAGOGCTGTE

3701

GAAAGATITT GEGANGERAGT

GRTGCGTARN
CTACGOGITT

GITADCGCTG
CRATEEOGC

COGTCATEGE
GGENGTROCG

GECTTONGTS
CELARGTERC

CGITTAGICA GOCTGETGTA  GCTATCATCR
GCAMATOSGT  OOGRCGARCAT  CERTAGTAGT

Sen A5 100.0%

3E01

GOGATAMIGG TDOCICAGER.
CECTATTEIC  ARGGRGTOGT

GREEGOGEERAN,
COOCCGLGTT

CEEAGTNCAG
EOGTOGTEIC

GICGETTICG

TECCGIATTIC

TITAAOOGHA. CRTCAGOGTC ARCAGATEOG
ARATTEECTT GTAGICGORG TIGTICTROGD

3901

AGATCTGRTGE TGRS
TCTAGANCTAC GICTOCCGET

GRCACGADCRN,
CIETGLEIGEGET

GOOCOCTETT
CEGGEENCRA

ARTETTAGOG
TTACRATOGE

ARRTGEAGAS
TTTIACCICTG

AATGOATOGC
TTACGINGOG

CRGRARATTT  TEAOOARNGT

GICTITIARA ACIGCITTOS

4001

GCIGTAOECG CTOAGECOEN.
CEACATOOGE  GRGTOCGEET

MARRATEEOSE
TITTIACOGC

CRGEANC NG
GICCITGIOC

ITEOCCETOA
ARDGEECRGT

GETAGREATS
COCRICICIAC

Al
e

GCAWOCAGKT GTTCCACCTG  CTAMRCGODOG

CGITGGETCIA CRAAMGGTGGAC GRTITGDGEEC

4101

Boal

B
AGCAGCAAGE GOTTTIGAAT
TOGIOGTICG

AGCARCGTAT
TCGITGCRTA

GARTCAGTTE
CITAGTCRAL

OEIGAGETTG
GERCTOCAMT

GIGCCIANDGT

GOGAAGCTUA  GATATGAROGE TTITCAGTNG
CGCTTOGRGT CTATACTGOG ARARGTONTC

4201

CRATAGCRGT ACCOCTAGTA
GITATOGICA TGGGCATCAT

AOCAGTAANC
TGGEICATITS

Sen FE& 100.0%

CIGITTITOC
GEACARMNGE

TTGOCATRGA,
AMDGGTATCT

CACCRTCCCT
GIOGTAGGGER

Sen A6 100.0%

GICTTOOOOC
CRGAAGGEEE

ACATGRTETG
TGTACTRCARE

TIGOCCATTS
AACGGETRAM

4301

ATICATCCTT
TR TRGGN

TCACTODNOT
AGTGAGGTES

ADCARTOCGTT
TGETAGECARM,

MNeol

Riaaany

ATACTAGCGE
TATGEATCGOG

ST
GTARCCGTACT

CAGGAGTGTIT TATGAATCAA TOCTATGENS
GIOCTCACAA. ATACTTAGTT AGGATAROCTG

4401

GGETGETAAG  DOGGGECCGEA.
COGACCRTIC GEOOOGEGOGT

ATAGCCGEDGR
TRICGGLGET

CGETGATGEE
GOCACTNDOG

GTOGIGTITG
CRGERCHARD

CTGATCATTR
GRCTAGTAAT

AATITTOSC
TTIAAANGOS

Sen F3 70.0%

GIGGTGGTAC AOOGGGTOGE TCAGTATTCT
CAROCARCCATE TGOOCCAGCE  AGETCATRWGR

4501

GGOGGONCTG  GIGGATICALD
COGOOGTGAC  CRVCCTAAGTE

TGETGGATAT
MOCACCTATR

TEECGOCTOG
RCGGOEENEE

CTGMCCRACC
GACTGETIGE

TGCTGGTGET
MOGACTALCCR,

GOGETACTOS
CEDGATENGC

CTGCARACOES OGGATGAAGA GUATADGTTT
GAOGTTGEOC GOCTACT CETATGOMNR

4601

GGOCAOGECA  ARNGOGERATE
COGGTGOOGT TTCGOCTTAG

GETGGULGOE
CEACCGEDGE

CTGGOAC R
GROCGTGTIT

GCATGTTIAT
COTACAIATA,

TTOGGGETET
ANGCCCEAGR,

GOGCITTTOC
CEDGAMNGE

TGITTTIIGK: OGGTATTCAMG CATCTIIATIT
ACARARNCTEG  GOCATARGTC  GTAGAMTA

4701

CECCTTCINC GATGRACGAT
GOGGARGAGG CTACTIGCTA

COEGGLLETTG
GEOCCGLEANT

Fe Efflux F 75.0%
e

EOGTGETOSET
CHEEADCNGCA

ARDGETAGTT
ITGOCATCAM

GEACACTTGT
CETGETEANCR

TCTTGTANCG TIOCAGUGET GEGTIGTAOGG
AGRVCATTIGE  ARGGTCGOGA COCCAAMCATGC

4801

CARAANCACAR AGCCRGLCTG
GITTIGDEIT TOGEICCGAD

TRCGGECOGER
ATECCOGEET

TARIGCTTCAT
ATACGANGTA

TATCAGTICTG
ATAGTCRGAD

GRATGGGECT
CTIACDOOGR

ATTCTIATIG OGCTIGGICT GEUCTGGTAT
TANGAATRALC GOGRACCAGA COGGADCNTR
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4501

GECTGECATC  GOGOCEATEE
CCGACOGTAG  DO0GECTACG

ITIGTITIGOG
ARRCAARDECE

131

TIAGGGENTAL
AATCOCTATC

GLATCTATAT
CCTAGRTATA

TTIATACALGC
AARTATGTOS

GUICTTGOGER
OEEANCEOCT

TGEEGETATEA
RCOCCATACT

COF F2100.0

NGO TACAG
TOGCATGIC

TOECITCTTE
AECGAAGANC

5001

COF F3 100.0%

ACCOTGEOECT
TEGLNVOECEAR

TOCGGERCELA,
AGEOCTGOGT

GAACLTGATS
CTIGCACTAC

AAATTTATCL
TTITAATACT

CATOGTGRCC
GINGCRCTGE

ACTGECCTS
TTEACCGEAS

GLLTOAGTEE
OECAGTEACC

TGECETCROGAT
RCGAGTECTA

CTICLTADGE
GRMECATGEEGE

GEUALTONGS
COETCAGTOC

5101

GECOGROCCE
COGLETEELC

CITTATICAG
GARATRAGTC

ATICATITGG
TAAGTAANCC

AAATGGERAGR
TITIADCTICT

CARDCTEOCA,
GITOGRCELT

CIGELTICAG
GACCTAAGETC

GUECATATEE
CEUGTATACC

TOGETGEAACA
RGOGACTTET

GETEEAGERG
CCEMNCTOLETE

GOGATTTTGC
CETAANDG

5201

AGCGTTTOCC
TUGCRARAE

TGEEETCAGAL
ANOOCAGTCTG

GICATTATTC
CAETARTAMG

BamHI

FARARAANS
ATCAGGATCC
TRGTOCT A

GIGCICTIGIC
CACGRGACAS

GTACCCALLS
CATEGEICOCE

OETTTIGAGC
GEARMMCTOG

CITCGIRATT
GARGERT TR

OETEETAAA
GCACCATITT

ARGTGAGCM
TICACTOGTT

5301

GRGTAGE
CTCGTOGTAA

TTGTEEATAR
ANCNCCTATT

ATTACCADCR
TARTGGTGET

TATGGOCTER
ATACOGEACT

CCTGRATUAR,
GEACTTAGTT

TTCAGCTGGR
ANGTCGACCT

AEGATTGRT
TCCCTANCTAR

IACTATTIG
TATGATARAC

CRETATTOEA
GTERTAAGET

CEETTEANCR
GOCAACTTET

5401

GIITCTIOCG
CAAAGRAGEEC

GORGCRGATT
DETOGTUTAR

TCRATTITIGE
AGTTARANDG

ATTCCTANGT
TRAGGATTCA

TCAGRGETAG
AGTCTOCATC

TCATGATTAR
AGTRCTAATT

GRAANTOGET
CTITTAGOCR

GIGTTERCA
CACARCTGTT

GOEECGEIGEA
CEOGICACT

TEECOGEEEC
ACGOGEO00E

5501

ATGANCGUEE
TARCTTGOECC

CAATOCLTEE
GITAGECACC

GETIGTCOGT
CERACAGEEN

ECAGDGETER
ETCEOGEACT

CEGAMGETET
GOCTTOCAGA

GERAL
CCTTUAMAM

GETATCTATG
CCATAGRTRC

ARCGGTTACTT
TGOCANTE,

GRAGADOEER
CTICIGGEOGET

5601

TGETTEMET
ACCARGTUTER

DENOCETTAL
GCTGEIEATG

ASGIGICTG
TOECACAGRRG

ACATGATCRA
TGIACTAGTT

COGTEELGT
GEEANCOGEEEA,

ACTTICCTOG
TERAAGEALS

GTICTGEADG
CRAGADGTEC

CTTOOOEE
GARGEECCTT

TTOMGTRACE
ANGECACTEE

ARCARCATOOE
TIGTGINGEC

5701

TEAAGTEECT
ACTTEROCGA

ATOGRAARCA
INGCTTIIGT

TGERARRANCG
ACTITTITGE

EATCTGEERT
CCCAGKRECTA

GOGECTEETGE
CEOGROCKEC

TTATCEECGE
ANTAGOCGOC

OECGEEETOC
GETGROGNGEE

TACATGEETE
ATGTROCCARD

CAMACGICT
GTTTIGCAGA

GRCTGARATE
CTGACTTTAC

5601

GEATTOOCGT
CCTANGEEC AR

GOATOEGECCT
DETAGCCGA

GOCTGEEADC
CEGACOGETES

ATCGACAATT
TRGCTGTTAC

ACATCRAAGE
IGTAGTTICC

CACCHACTAC
GIEECTEATS

ACCATOGETT
TEGETAGOCRA

ACTTCRCCTEC
TEARGTEECE

GETEGGTACC
CEMNTCCATGE

GIIGTGEAMS
CRACADCTTC

5901

CEATTEACTE
GCTARCTEEC

CCTGOETRAL
GEROGERCTE

AOCICTIOCT
TOEGRGRALGER

CTCADCAOCT
GRGTGETOEC

TATTICTATIT
ATAARGRTAR

GTTEAAGTEM
CARCTTCALT

TEGCOETTA
ACCCGEEART

CTGOGEETGAD
GACGOCACTG

CTGACTCIGE
GRCTEAGAET

CEEOGEEANT
GICGCOGTTR

6001

TECOGETEEE
ACGGOCACT

TGTGAGTTICG
ANCRCTORRGE

CEAAGTEERA
CCTTCAOCTT

AMGRTCIGLT
TTCTAGACCR

CECTEARATC
GUGACTTTAG

RARGOOEETA
TITOGE0CAT

TOGCGARMGE
AGOCTTICC

6101

GOCATOGT TG
CEGTRGERAC

CTATCRCCGA
GATAGTGGET

GCACATCTGT
CETHTAGASN

GROGTTEACT
CTGCARCTEC

AGCTEECTEAR
TOGAOOGCTT

GTRACATCGEAN
CATGETAGETT

ACCGEAANOCR

AACGOGEAAAC

COEGLIGACT

Pl C SRR CY Y

1ol lIn

GEOCGCTGE

0201

ACATTCAGEC
TETARGTCEC

IGGTEETTCC
AOCNCCRAGE

CCAGGOCOET
GETCCEEEIN

ACGADCETAT
TECTGEEATA

CCTGE0ETEC
GLAOCGECRGE

CECATEEEDGE
GOETACCCGE

OETACGOGRT
GCATGOGCTR

CGAGCTACTG
GETOGATEAC

CTTCAGEEEC
GRANGTCOOGEE

ACGGLEE00E
TEICEO0GEEC

6301

ATTCAGRACG
TAGTCTTGE

AGRAACTEET
TCTTTIGADCR

Clal

A
ATCATOGATE
TAGTRGCTAC

TUACCATGRC
AGTGETACTE

CCRTTEAAAN
GETRACITIT

CATGANGOET
GTACTTOGCR

COGTTCAAADG
GEEARGTTTIC

GIGACTGECT
CACTGACCGEA

GEACTLOGE0E
CCTEADGEEC

6401

ACTGATTEEE
TGACTRACCGE

ICIGT D00
AGRCARCEES

GETGEOE00A
CCACOGEO0ET

AGGTARRTGC
TOCATTTACG

AARACGETAN
TTITGOCATT

COCTTGGEETT
GEANDOCRA

AMOGITITIT
TGEEEAAAIA

ATGETTECTC
TROCARACGAG

OCICTOO06T
GEAGAGEECR

6501

GELAGRGEET
CCCTCTOMCA

TEEEGETEAGE
ANOCOURCTLC

GERTCAGEEC
CETALTCOEE

GUTCATTCRC
(AL TANGT

IITTITITAL
AAAASUIRATA

TOCTCCACET
NGERGETECN

TATAGOCART
ATATCGGTTA

CITITITTAT
CARAMRAATA

TCTTTARTCA
ANGRRATTAGT

TOELGITAGET
ACECUCANTOGER

6601

TICTGGECACE
RAGACCETEE

CTGCATICAT
GNOGTRAGTA

CARARCACT

CROAMGAGREG CTGEECEATE

GITITGIGAT

GIGITCTCIC  GACOOGCTAD

ANTRARTGLSE
TTATTTACDCC

GOLGTEEEETT
OECACDCCRA

RACATTATIG
TIGTANTAAC

CTEECATOGEN
GROCGTAGET

CCAGLGTTCT
GETOGERANGR

6701

GECARNGERC
COGITTOCTG

ATTCAGTTAC
TAGTCRATG

GIACGATOCTS
CATGCTAGED

ADGOETEAAT
TEOGCRCTIG

TATACGACCR
ATATGCIGLT

IGITT

ECTTTOGCEG
CGEAANGCEEC

OGCACTEGEMA
GOGTGACCTT

ACAGGARNOC
TEICCITIOE

BEQ1

GECGATARC
COGCTATTGC

TGETEETTOE
AOCNCCRAGE

OCALGTCIONG
GEICAGALTS

GEIGEITCTID
CCACCRAGRC

GEANGCRGLC
CETTOETOCG

GANCCTOCGTC

ATUAMSGETR
TAGITGOCAT

TTEANGOCT
AACTTOGEECT

COTELTEACT
GEACTACTEE

CIGEGETEE
GRCCGEOGNOC

6901

CCTACGATGT
GEATGCTACA

TGROGCTATC
ACTOUEATAL

GOMGAGCGTG
CEECTOEING

GECGITATOGR
CACATAGCT

CAMARCTGE
GITTITGACC
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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-TnS 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 1 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 1 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 1 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-Tn5™ 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 1
genomic digestion of the mutant, L31.
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8,000 bp

550 bp

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-Tn5™ Transposon insert; Lane 4 — L31 mutant indicating a single copy
insertion of the EZ-Tn5™ 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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L31_His Ki
gi|4792709
gi| 3659727
gi| 4017657
gl 4859039
gi| 4857290
gl 4465025
gi|3752582

L31 His Ki
gi 4792709
gi| 3659727
gi|4017657
gl 4859039
gi| 4857290
gi| 4465025
gi|3752382

L31 His_Ki
gi|479270%
gi| 3659727
gi|4017657
gl 4859039
gi|48572%0
gl 4465025
gi|3752382

L31_His_Ki
gl|479270%
gi| 3659727
gi| 4017657
gl 4859038
gi| 4857290
gl 4465025
gi| 3752582

MIGSLTARIFAIFWLTLALMLMLVLMLPELDSEQMTELLE
MIGSLTARIFATFWLTLALMIMLVLMLPELDSEQMTELLE
MIGSLTARIFAIFWLTLALMLMLVLMLPELDSEQMTELLE
MIGSLTARIFAIFWLTLALMLMLVLMLPELDSEQMTELLE
HIGSLTERIFEIFWLTLALELML?LMLPELDERQMTELLD
MIGSLTARIFAIFWLTLALMLMLVLMLPELDSEQMTELLE
MIGSLTARIFAIFWLTLALMLMLVLMLPELDSEQMTELLE
MIGSLTARIFATFWLTLALMIMLVIMLPELDSRQMTELL
MIGELTARIFAIFWLTLALvLMLVLMLPELDSRQMTELLAS

Transmembrane domain (TM1)
W i, |:| w ﬁlzl

EQRQGVMIEQHVEAELANDPPNDLMWHERLFRAIDEWAPE
EQORQGVMIEQHVEAELANDPPNDLMWHERLFRAIDEWAPE
EQORQGVMIEQHVEAELANDPPNDLMWHERLFRAIDEWAPEY
EQORQGVMIEQHVEAELANDPPNDLMWHERLFRAIDEWAPE
EQRQGLMIEQHVEAELANDPPNDLMWHERLERAIDEWAPTEY
EQORQGLMIEQHVEAELANDPPNDLMWHERLFRAIDEWAPEY
EQRQGLMIEQHVEAELANDPPNDLMWHERLFRAIDEWAPTE
EQRQGIMIEQHVEAELANDPPNDLMWHERLFRAIDEWAPE!

EQROGEMIEQHVEAELANDPFND LMWWEELE RAIDEWAEFEG

* 100 * 120
ORLLLVTSEGEVIGH
ORLLLVTSEGEVIGH
QRLLLVTSEGEVIGH
ORLLLVTSEGEVIGH

EM{ I IRNF I GQADNADHPQKKKY
EM( I IRNF I GQADNADHPQKEKY
EM{ I IRNF I GQADNADHPQKKKY
EM{ I IRNF I GQADNADHPQEEKY
EMQ I IRNF I GQADNADHPQKEKY
EM{ I IRNF I GQADNADHPQEKKY
ORLLLVTSEGRVIGARREEMQ I IRNFIGQADNADHPQKKEK)
ORLLLVTSEGRVIGARRJJEMQ I IRNFIGQADNADHPQKKR)
QRLLLVT2EGREVIGA R EM(QIIRNFIGQADNADHPQEEALY

ORLLLVITEGEVIGH
ORLLLVTTEGEVIGH

* 140 ¥ 1610
GRVEMVGEF SVEDGEDNYQLY LIRPASSSQSDF INLLEFDR
GRVEMVGEF SVEDGEDNYQLYLIRPASSSQSDF INLLFDE
GR?EM?GPFSﬂRDGEDNYQLYLIRPASESQEDEIHLLEDR
GRVEMVGEF SVEDGEDNYQLY LIRPASSSQEDF INLLFDR

GRVELVGEF SVEDGEDNYQLY LIRPASSSQSDF INLLFDRE
GRVELVGPF SVRDGEDNYQLY LIRPASS S SDF INLLFDR
GRVEMVGEF SVEDGEDNYQLY LIRPASSSQSDF INLLEFDR

GRLEMVGEF SVEDGEDNYQLY LIRPARITSQSDF INLLFDRE
GReEeVGPESVEDGEDNYQLYLIEPAs SQSDFINLLECEF
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L31_His_Ki
gi| 4792709
gi| 3659727
gi|4017657
gl| 48590329
gi| 4857290
gi| 4465025
gi|3752582

L31 His Ki
gi|4792709
gi| 3659727
gi| 4017657
gl |485903%9
gi| 4857290
gi|4465025
gi| 3752582

L31 His Ki
gi|4792709
gi|2659727
gi|4017657
gi|4859039
gi|4857290
gi|4465025
gi|3752582

L31 His Ki
gi|4792708
gi|3659727
gi|4017657
gi|4859039
gi|4857290
gi|4465025
gi|3752582

* 180 * 200
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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 ECWSUI; gi
4017657 Enterobacter cloacae subsp. cloacae ENHKUO1; gi 4859039 Escherichia coli,
g1 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.

55



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 1 A 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. POAES2 CpxA; POAEJ4 EnvZ; P30847 BaeS; Q61U37 HydH; Q060067 AtoS;
POAECS BarA; POAEC3 ArcB, P77510 DpiB; POAEC8 DcuS; P07363 CheA; P09835
UhpB; POAFA2 NarX; POAA93 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 cpx4 is the gene product of the L.31 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,

vecl, ygjA 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 ef 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, ygjiA 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 a/, 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 Arg®*’ 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, cpx4 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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