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ABSTRACT 

A multi-metal resistant strain of Enterobacter cloacae (E. cloacae) grows when 

exposed to toxic salts of mercury, cadmium, zinc, copper and selenite. In general, 

bacteria respond to toxic metal concentrations using efflux mechanisms, metal 

transformation (reduction and oxidation), and sequestration. Transposon mutagenesis was 

used to generate five selenite sensitive, two zinc sensitive and three cadmium sensitive 

strains of E. cloacae. DNA sequencing of the mutagenized genes suggested that a 

polyphosphate kinase, a sporulation domain protein, a Lon protease and Type-II 

Secretion protein may be involved in selenite resistance. In addition, a P-type ATPase 

may be involved in Zn resistance. The sporulation domain protein, tyrosine recombinase 

and Lon protease may be expressed in response to selenite-induced oxidative stress, the 

polyphosphate kinase may be involved in selenite reduction and processing and the type-

II Sec protein may be involved in selenite efflux. The P-type ATPase may be involved in 

mercury/cadmium/zinc efflux. Finally, the sequence of two cloned PCR fragments 

indicated that the E. cloacae strain contains genes for copper and mercury resistance. By 

studying metal-resistance mechanisms, it may be possible to develop strategies to clean 

metal-contaminated waste sites.   
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1.1. Background behind Oakridge, Y-12 plant 

The Y-12 plant at Oak Ridge, Tennessee, a part of the Manhattan project has 

played a major role in the production of nuclear weapons for the past 60 years. It is 

situated at the eastern end of the Oakridge Reservation, adjacent to the city of Oakridge, 

in Anderson County, Tennessee. It is now under the control of the U.S. Department of 

Energy and was originally constructed in 1943 with the mission of separating fissionable 

uranium isotopes (U-235) from natural uranium using an electromagnetic process.
1
 

During World War II it processed uranium to make the first atomic bomb, which was 

dropped on Hiroshima, Japan in 1945. During the Cold War in the late 1950s, the Y-12 

plant focused on processing lithium to make hydrogen bombs. The mission of the Y-12 

plant changed from nuclear production to the maintenance and storage of nuclear 

weapons later on. At present, the Y-12 plant is involved in the receipt, storage and 

protection of nuclear materials. Y-12 is considered to be an integral part of science based 

stockpile stewardship, along with Fort Knox, for enriched uranium.
99 

A large amount of heavy metal, mercury (11,000,000 kg) was used as a major 

component in the lithium separation process involved in making hydrogen bombs. During 

this process, about 330,000 kg of mercury were assumed to be lost to the environment, 

contaminating the nearby East Fork Poplar Creek (EFPC).
2, 3

 The U.S. Department of 

Energy has taken up many programs to reduce the mercury concentrations in the water 

released into the EFPC.
64 

1.2. Stenotrophomonas maltophilia strain 

Stenotrophomonas maltophilia Oak Ridge Strain O2 (ATCC # 53510) is an 

aerobic, non fermentative gram-negative bacterium that was isolated from East Fork 
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Poplar Creek of Y-12 plant. This bacterium grows in toxic levels of metal salts such as 

mercury, cadmium, zinc, copper and selenite. S. maltophilia ORO2, a gamma 

proteobacterium is capable of reducing selenite (SeO3
2-

) to nontoxic elemental selenium.
4
 

In the process of using 16s rRNA sequencing to identify other metal resistant bacteria 

from East Fork Poplar Creek, we sequenced a segment of 16s rRNA from our working 

strain of S. maltophilia ORO2 and discovered that it was actually similar to a strain of 

Enterobacter, not Stenotrophomonas. Biochemical tests of this strain revealed that it was 

a strain of Enterobacter cloacae. This strain also exhibits resistance to different metal 

salts of mercury, cadmium, zinc, copper and selenite.   

1.3. Enterobacter cloacae SLD1a-1 strain 

E. cloacae SLD1a-1 is a facultative anaerobic bacterium isolated from Se 

contaminated water of the San Joaquin Valley, California capable of reducing both 

selenate (SeO4
2-

) and selenite (SeO3
2-

) to elemental selenium.
5
 E. cloacae SLD1a-1 can 

reduce selenate to elemental selenium through membrane-bound molybdenum dependant 

selenate reductase under aerobic conditions. Elemental selenium gets deposited at 

cytoplasmic membrane and then expels out of the cell.
6
 This organism is also capable of 

volatilizing selenium in the presence of selenite (SeO3
2-

) to form dimethylselenide 

(DMSe) apart from reducing selenite and selenate to elemental selenium.
7
 

E. cloacae has the potential to be used in bioremediation to remove selenium 

oxyanion contamination. Selenium oxyanions are transformed to insoluble elemental 

selenium (Se
0
) by bio-reduction process. It may be further converted to volatile forms 

such as dimethylselenide by methylation. Much more has been reported on the number of 

microorganisms reducing selenite than on the number of microorganisms that reduce 
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selenate.
8
 Selenite reduction is believed to be carried out by the membrane and 

periplasmic-bound nitrate and selenate reductase enzymes, even though nitrate reductases 

are poor reducers of selenate.
6
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2.1. Selenium 

Selenium is available as a silvery metallic allotrope or red amorphous powder. It 

is found in sulfide ores bearing atomic number of 34 and is a naturally occurring trace 

element belonging to group VI A of the periodic table.
9
 Although it is essential to living 

things, it is considered toxic at higher concentrations. It is characterized as a metalloid 

having the properties of both a metal and nonmetal. Selenium occurs in four oxidation 

states: selenate [Se (VI)], selenite [Se (IV)], elemental selenium [Se (0)] and selenide [Se 

(-II)]. Selenate (SeO4
2-

) and selenite (SeO3
2-

) are toxic water soluble species that 

bioaccumulate and are found mostly in seleniferous soils and agricultural drainage 

water.
10

 Elemental selenium (Se
0
) is essentially nontoxic and insoluble in water.

11
 

Selenide is also toxic and reactive but can be oxidized to elemental selenium. At certain 

times, selenide is substituted for sulfur found mostly in sulfide minerals and pyritic coal 

deposits.
10

 

Selenium is an essential nutrient for all living things.
12

 Selenium, in combination 

with vitamin E and sulphur containing amino acids, helps in preventing many nutritional 

deficiency diseases.
13

 It is considered to be an integral part of glutathione peroxidase 

(GSH-Px) possessing catalytic and structural functions. Several selenoproteins have been 

identified as having a major role in the treatment of many human diseases. Selenium in 

the form of selenoprotein such as glutathione peroxidase is used as an antioxidant in the 

treatment of carcinogenesis and heart diseases. Glutathione peroxidase is used as four 

types, plasma glutathione peroxidase, phospholipid hydro peroxide and gastrointestinal 

glutathione peroxidase in treating carcinogenesis and heart diseases-GSHPx-1. Its 

importance in chronic degenerative diseases in humans was also elucidated.
14

  



7 
 

 In certain cases, selenium is used to treat diseases but deficiency of selenium also 

results in diseases as described below. Selenium deficiency causes ECG 

(Electrocardiogram) abnormalities, myocardial disease and mulberry heart disease in 

lambs and pigs.
14

 Selenium deficiency is also a major cause of endemic fatal 

cardiomyopathy (Keshan disease).
15

 Selenium deficiency leads to the abnormalities in 

many functions of the liver, brain, heart, striated muscle, pancreas and genital tract. 

Selenium is also essential for normal immune function and its deficiency leads to reduced 

T-cell count and impaired lymphocyte proliferation and responsiveness. Lower 

concentrations of selenium in the blood lead to coronary heart disease. Deficiency of 

glutathione peroxidases increases the production rates of hydrogen peroxide and 

superoxides leading to atherogenesis. Low selenium concentrations in rats have been 

shown to increase LDL-cholesterol, decrease the production of aortic prostacyclin and 

increase platelet aggregation. Biosynthesis of prostaglandins, enhancement of 

thromboxane content of platelets has also been affected by selenium deficiency. In 

humans, selenium deficiency leads to atherosclerosis.
14

 

Microorganisms play an important role in the global cycling of selenium through 

oxidation, reduction, methylation and demethylation. Of these, Enterobacter cloacae, a 

gram negative organism is involved in the reduction of selenate and selenite to elemental 

selenium using NO3
- 

and SeO4
2- 

as terminal electron acceptors under anaerobic 

conditions. Washed-cell suspensions from this bacterium show that it uses membrane 

bound reductases for the reduction reaction.
8
 Elemental selenium can be oxidized into 

selenate or selenite mainly in soil sediments by biotic process. The reduced selenium can 

be further reduced into selenide (Se
2-

) and can be methylated to form dimethylselenide 
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(DMSe) or dimethyl diselenide (DMDSe) which exist as volatile aqueous species.
8, 16

 The 

biomethylation of selenium from oxyanions or from organic selenium compounds such as 

selenocysteine, selenocystine and selenomethionine is useful in detoxification and 

removal of selenium from selenium contaminated sites.
17

 Enterobacter cloacaea SLD1a-

1 is the first reported organism to methylate selenium.
18

  

 Naturally occurring selenium is also of major concern in the phosphate mining 

sites of US Western Phosphate Resource Area, Idaho, U.S.A.
19

 Selenium is present in 

higher concentrations in sediments and soils which is a serious threat to the environment. 

It is also the major source of contamination in many anthropogenic activities such as 

irrigated agriculture, fossil fuel combustion, petroleum refining and mining operations. 

Thus, many bioremediation and geochemical process have been implemented to remove 

Se oxyanions from the seleniferous soils and sediments. Many organisms are involved in 

the process of removing toxic selenium compounds by the process of reduction, oxidation 

and methylation. Of these processes, methylation of selenium leading to its volatilization 

is considered to be the most prominent biotechnology method for the complete removal 

of selenium from the contaminated sites. The other process involved in removing 

selenium from drainage water is by gravity and filtration.
10

 Oxidation and reduction of 

selenium have an important impact on the fate and transport of selenium by 

microorganisms.  

2.1.1. Transport of selenium 

The specific pathway of selenium import into the cell for protein incorporation is 

unknown and unclear. Selenium gets incorporated into specific tRNA molecules in E. 

coli and formate dehydrogenases (FDH). Some evidence shows that selenium may be 
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imported as selenite through the sulfate transport system during the cysteine biosynthesis 

pathway.
20

 

The other pathway by which selenate enters into the cell is through the sulfate 

permease system by the use of cysA, cysU and cysW genes that have been observed in E. 

coli. Any alterations in these genes confer selenate resistance. Selenite also uses the same 

pathway, but because selenite uptake through the sulfate permease transport system has 

not been inhibited completely, there is a doubt about the existence of an alternate carrier 

system for selenite.
21

 But Muller et al. explained that selenite may use sulfate permease 

transport system at higher concentrations with the help of cysA gene.
20

 Selenium uptake 

is a complicated pathway because selenium is required for cell growth but is also toxic. 

There must be at least two end results under toxic selenite conditions: 1) detoxification 

and 2) incorporation. In certain cases, selenium replaces sulfur in some proteins and other 

biomolecules because it is incorporated into enzyme systems responsible for sulfate 

metabolism.
22

 Selenate and sulfate also use the same transport system in a few 

microorganisms such as Candida utilis,
23

 Salmonella typhimurium,
24 E. coli,

25
 

Saccharomyces cerevisiae.
26

 
 

The rumen microorganism, Selenomonas ruminantium, transports selenium into 

the cell in the form of cysteine and methionine sulphur amino acid analogs, 

selenocysteine and selenomethionine. This organism cannot transport selenate or 

sulphate.
27

 Although the selenium specific pathway is not clearly understood, a novel 

gene product, gutS of E. coli is a 43k-Da protein that appears to be associated with the 

permease and membrane transport proteins involved in selenite metabolism.
28
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The transport of selenium into proteins occurs through the sulphate transport 

mechanism, but higher affinity was shown to sulphate than selenate and selenite as shown 

by competitive uptake inhibition. The transport system observed in Salmonella 

typhimurium for selenite indicated that there is a possibility of specific mechanism for the 

transport system of selenite implying that there might exists a separate transport system 

for selenite.
28

 Rhodobacter sphaeroides may transport selenite through a polyol ABC 

transporter located in its cytoplasmic membrane. The reduced selenite enters through the 

plasma membrane and cell wall and then accumulates in the cytoplasm.
29, 30

 

Selenium oxyanions, selenate and selenite are reduced to selenide utilizing the 

sulfate reduction pathway and then are incorporated into the amino acid, cysteine as 

selenocysteine which is then converted to selenomethionine. This process requires 

cystathione γ-synthase (metB), β-cystathionase (metC) and methionine synthase (metE 

and metH). The major form of selenium incorporation into proteins occurs in form of 

selenocysteine.
21

  

2.1.2. Selenocysteine 

Selenocysteine, the 21
st
 amino acid, is essential in the active site of redox proteins 

such as E. coli formate dehydrogenase (FDH). Selenocysteine is also present in 

eukaryotic glutathione peroxidases and thioredoxin reductases. The incorporation of 

selenocysteine into proteins is directed by a UGA stop-codon and uses the genes selA, 

selB, selC and selD.
12, 20, 31

 Monoselenophosphate synthetase is an enzyme that plays a 

crucial role in selenium metabolism. It is involved in the synthesis of selenocysteyl-tRNA 

formed by the reaction of the pyridoxal phosphate-dependant enzyme, selenocysteine 

synthase (selA gene) and seryl-tRNA. Monoselenophosphate is the product of 
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selenophosphate synthetase (selD gene) formed by transferring the γ-phosphate moiety of 

ATP to selenide. Selenophosphate synthetase is essential for the insertion of 

selenocysteine into proteins. Mutation in selD gene prevents the incorporation of 

selenium into formate dehydrogenases and tRNA. The free amino acid, selenocysteine 

esterifies to tRNA
cys 

by not binding to selC tRNA, and randomly gets incorporated into 

proteins replacing cysteine. The gene product, selB is a GTP-dependant translational 

factor that is an alternative to elongation factor EF-Tu, which transports selenocysteyl-

tRNA
sec

 to the ribosome required for the translation. The sequences in the N-terminal 

domain region of EF-Tu have similar sequences related to the SELB protein, a larger 

protein than EF-Tu.
12

 

2.1.3. Toxicity of Selenium 

Oxygen is primarily responsible for selenite-sensitivity in bacteria. Highly toxic 

substances such as hydrogen peroxide, H2O2  and superoxide, O2
-
 are produced by the 

reaction of selenite with glutathione peroxidases causing damage to cell membranes and 

DNA. The oxidative stress caused by these oxygen species is responsible for the toxicity 

of selenite. Oxidative stress can also be partially overcome by the synthesis of the 

proteins such as heat shock proteins, thioredoxin and an iron-containing superoxide 

dismutase, FeSOD.
30

 

Glutathione, the most abundant thiol found in eukaryotic cells and cyanobacteria 

has a major role in selenium metabolism. The reduction of selenite to elemental selenium 

is carried out by the reaction of selenite with sulfhydryl groups of thiol containing 

molecules such as glutathione with the formation of many different selenium 
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intermediates, such as selenodiglutathione (GS-Se-SG), unstable selenopersulfide of 

glutathione (GS-SeH), and hydrogen selenide (HSe
-
).

30
  

The toxicity of selenite can be explained by a series of reactions carried out by 

selenite with glutathione. Glutathione (GSH) reacts with selenite to form selenotrisulfides 

(GS-Se-SG) according to the following reaction: 

4GSH + H2SeO3 → GS-Se-GS + GSSG + 3H2O 

The selenotrisulfide also named selenodiglutathione gets reduced to a 

selenopersulfide of glutathione (GSe-Se
-
) using glutathione reductase and NADPH as an 

electron acceptor.  

GS-Se-SG + NADPH → GSH + GS-Se
-
 + NADP

- 

Selenopersulfide of glutathione is unstable and decays to elemental selenium and 

reduced glutathione.
32

  

GS-Se
-
 + H

+
 → GSH + Se

0
 

2.2. Mercury 

Mercury is a transition element of the periodic table with an atomic number of 

80.
9
 It is a heavy, silvery d-block metal, represented by the symbol Hg that exists 

naturally in the environment. Mercury is most widely distributed in the environment in 

three different forms as 1) elemental or metallic mercury (Hg
0
), as 2) inorganic mercury 

(Hg
2+

) or as 3) organic mercury. Mercury is present in thermometers as metallic mercury, 

in dental amalgam fillings as inorganic mercury, and in fish, mostly as methyl mercury.
33

 

Mercury exists, as a highly toxic vapor and as a less toxic liquid. Because of its volatile 

nature, mercury is a major source of contamination in air, water and solid wastes. It 

enters into the environment with evaporation at the start the global mercury cycle. The 
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major source of elemental air-borne mercury is fossil fuel burning and municipal waste 

incineration. Mercury is also released into nature from water, sea or land surfaces. 

Industrial plants such as chlor-alkali plants and scrap metal processing facilities release 

mercury waste into water ways. Mercury pollution is considered to be a great concern in 

the Great Lake Regions of United States due to its ability to bioaccumulate in the aquatic 

food chain.
34

 Once it is released into the environment, it can reside for long periods of 

time in the atmosphere and eventually appears as toxic organic methyl mercury released 

by bacteria. Accumulation of methyl mercury in fish poses a potential harm to humans. It 

exerts toxic effects on the central nervous system.
33

 

The mercury resistance operon (mer) plays a major role in the global cycling of 

mercury. As these chemicals are toxic to all living organisms, bacteria develop 

mechanisms of resistance. The genes responsible for resistance are located on plasmids 

and transposons of gram-negative and gram-positive bacteria.
35, 36

 Mercury binding, 

transport, and reducing proteins are involved in the resistance mechanisms.
36

 

2.2.1. Enzymatic reduction of Hg
2+

 to Hg
0
: 

The mercury resistance genes (mer) of transposon Tn21 from Shigella flexneri has 

been studied in detail. It occupies about 8 kb of the 94 kb plasmid R100, an antibiotic-

resistance plasmid that was found in Japan in 1956. The operon consists of five structural 

genes, merT, merP, merC, merA, merD and a regulatory transcriptional gene merR.
37

 

Another mer operon is found in transposon Tn501 which was isolated from Pseudomonas 

aeruginosa and consists of a regulatory gene, merR, and the structural genes, merT, 

merP, merA and merD.
38

 The genes merT and merP make up a transport system bringing 
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the extracellular toxic metal (Hg
2+

) into the cell through cytoplasmic membrane. The 

MerP protein binds Hg
2+ 

in the periplasm and transfers it to a pair of cysteine residues in 

the inner membrane protein, MerT via a redox rapid exchange mechanism with the other 

two cysteine residues present on MerT. Mutations of merT and merP led to a decrease in 

mercury resistance.
39

 

MerC and MerF are alternative inner membrane transport proteins of the operon. 

MerE is an additional membrane transport protein of unknown function. Highly toxic 

mercury (Hg
2+

) is reduced to monoatomic mercury vapor by MerA, the mercuric 

reductase, a cytosolic flavin disulfide oxidoreductase which uses NADPH as a reductant. 

This is the last step in the bacterial detoxification of mercury. The reduced and nontoxic 

metal is then released into the cell cytoplasm as volatile Hg
0
.
37

  

Detoxification of mercury is carried out by two enzymes namely, 

oraganomercurial lyase (MerB) and mercuric reductase (MerA). Organomercurial lyase is 

involved in the cleavage of C-Hg bonds of organomercurial compounds and thereby 

releasing toxic Hg
2+

. Mercuric Reductase, MerA is involved in the bacterial 

detoxification of mercury by catalyzing a 2 electron reduction of Hg
2+ 

to Hg
0
 by NADPH 

with the following stoichiometry equation.
35, 40

 

Hg(SR)2 + NADPH + H
+
             Hg(0) + NADP

+
 + 2RSH 

The enzyme possesses similar properties to that of pyridine nucleotide disulfide 

oxidoreductase, lipoamide dehydrogenase and glutathione reductase. The cysteine thiol 

pairs, Cys558Cys559 at the active site of mercuric reductase play an important role in the 

reduction of mercury.
40

 A bacterial strain is said to be broad spectrum resistant if it 
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possess both organomercurial lyase and mercuric reductase and narrow spectrum resistant 

if it possesses only mercuric reductase.
41

 

MerR is a transcriptional regulatory protein that regulates mer operon expression. 

MerR functions as a dimer and binds to the operator region of the mer operon. In the 

absence of mercury, MerR represses the expression of the merTPCAD. In the presence of 

mercury, MerR binds to mercury, undergoes a conformational change and activates 

merTPCAD. Transcription of merR is repressed irrespective of the presence or absence of 

mercury.
42, 43

 

The role of MerD, a small cysteine-rich and low abundance protein is not well 

understood but may be involved in regulation. It might functions as a coregulator due to 

its N-terminal amino acid residue similarity to MerR.
43

 It binds to merO, the mer operator 

region, and restores the MerR repression state when Hg (II) has been removed from the 

cells environment. Mutations in the merD gene increases mercury resistance by two-

fold.
44

 

There are other mechanisms by which bacteria can modify mercury. 

Hydroperoxidase catalase, KatG, of E. coli can oxidize Hg
0
 to Hg

2+ 
which then combines 

with sulfhydryl groups and imino-nitrogen ligands in proteins and other biological 

molecules.
45

 Methylation of mercury is observed in Desulfovibrio desulfuricans by the 

enzyme methyltransferase by transferring a methyl group from methyl-tetrahydrofolate to 

methylcobalamine.
35
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Microbial CH3Hg degradation is also carried out using oxidative demethylation 

(OD). Methanogens and sulfate reducers use this protein to oxidize CH3Hg to Hg (0), 

CO2 and CH4.
46

 

2.3. Zinc  

Zinc is available as a bluish-white metal that is brittle at ambient temperatures but 

malleable at 100 - 150 
o
C. It is one of the transition elements of the periodic table and has 

an atomic number of 30.
9
 It is an ubiquitous essential trace element and a cofactor of 

many enzymes involved in metabolism. It plays a major role in catalysis, in the 

maintenance of protein structure, and in the regulation of gene expression.
47, 48

  

Zinc is an essential trace element for most bacteria and is present in the active site 

of many bacterial enzymes.
49

 However, since an excess of zinc is toxic to living 

organisms, some bacteria have developed resistance mechanisms of sequestration and of 

efflux for this metal. In the presence of high concentrations, they must establish a balance 

or homeostasis of how much is incorporated into cell mass and how much is excluded by 

the resistance mechanisms.
50

 

The zinc transport systems are categorized into primary and secondary transport 

systems depending upon the energy source used for exporting the metal ions across the 

membrane. The primary transport systems use an ATP chemical energy source for 

transporting metal ions across the cytoplasmic membrane whereas the secondary 

transport systems utilize the energy of an electrochemical gradient.
47
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Resistance, nodulation and division (RND) efflux transporters, P-type ATPases, 

cation diffusion facilitators, and ATP binding cassette (ABC) transporters also play major 

roles in the uptake and efflux during Zn
2+

 homeostasis.
49

  

The RND system from Ralstonia metallidurans consists of proteins, CzcA, CzcB 

and CzcC which are involved in transporting Zn
2+

, Co
2+

 and Cd
2+

 from the cytoplasm and 

periplasm into the growth medium.
49

 The efflux system, CzcCBA protects the 

cytoplasmic membrane and the periplasm from these toxic metals. The heavy metal 

cations are exported from the periplasm by the action of uptake and a CBA transenvelope 

efflux system.
51

 CzcA is located in the cytoplasm and functions as a cation proton 

antiporter. CzcB, acts as an acriflavin export pump. CzcC is involved in the formation of 

CzcABC protein complex by connecting CzcB to the outer membrane. CzcS and CzcR 

functions as histidine sensors and kinase regulators of the zinc transport expression.
49

 

The protein, CzcD, is involved in developing resistance to higher concentrations 

of Zn
2+ 

by the metal cation efflux pump.
49 CzcD is a membrane-bound protein from the 

gram negative bacterium, Ralstonia metallidurans CH34, and is located in the 

cytoplasmic membrane. It belongs to the cation diffusion facilitator protein family. CzcD 

is also involved in the expression of CzcCB2A efflux pump.
52

 

ZRC1p and COT1p from Saccharomyces cerevisiae are yeast proteins that belong 

to cation diffusion facilitators (CDF) family. CDF proteins act as a cation efflux pump by 

catalyzing the accumulation of heavy metals and detoxify cobalt ions by binding to the 

proteins. These CDF proteins are also assumed to act as a heavy metal buffer using 

exporting and importing systems to maintain optimal metal concentrations inside the 

cell.
52
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P-type ATPases are another family of cation transporting membrane proteins 

involved in metal homeostasis. P-type ATPases are soft metal transporters, possess an 

ATP binding domain, and are phosphorylated at an aspartate amino acid residue.
49

  

The zntA gene encodes a P-type ATPase responsible for conferring zinc 

resistance. This gene is involved in zinc metabolism by catalyzing ATP dependant zinc 

efflux from E. coli. Mutation of this gene in Proteus mirabilis causes a defect in 

swarming which is responsible for the urinary tract pathogenecity along with the 

combination of zinc homeostasis.  CadA and CadC are other genes belonging to the P-

type ATPase family and are located on staphylococcal plasmid pI258 which confers Zn
2+

 

and Cd
2+

 resistance. The CadA/C transport system is also present in gram-negative 

bacterium, Stenotrophomonas maltophilia.
49

 

ABC transporters are trans-membrane proteins involved in transporting metals 

into or out of the cell by forming a pore and utilizing ATP as the source of energy. The 

ZnuABC system contains a set of proteins that belong to the ABC transporter family and 

are involved in transporting the metals out of the cytoplasm.
47

 ZnuA is located outside 

the cytoplasmic membrane. The periplasmic binding protein of Mn (II) transport system 

of Synechocystis species has an identical ZnuA amino acid residue sequence which 

makes it efficient for metal ion binding. The other proteins of ABC transporters include 

the hydrophobic protein, ZnuB, which is a membrane component and ZnuC, which 

possesses a motif that is similar to the ATPase subunit of ATP transporters. This 

transport system has a high affinity for Zn (II) uptake.
49

 

Zur is a protein which regulates Zn
2+

 uptake systems and has an amino acid 

residue sequence that is similar to that of the iron uptake regulator, Fur. Zur is distributed 
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evenly in gram-positive and cyanobacteria and functions as a repressor. The cytoplasmic 

protein, Zur is more active in the presence of reduced thiols than in the presence of 

oxidized disulfides. Due to the poor binding of oxidized Zur to Zn
2+

, it binds to only one 

of the nine cysteines present in Zur.  The function of Zur as a regulatory protein and zinc 

metabolism varies with the concentration of zinc present in the environment. In B. 

subtilis, the sequence similarity of Zur and Fur, along with the third protein, YqfV may 

allow it to act as Zur.  In some organisms such as Salmonella strains, Klebsiella 

pneumoniae, Yersinia pestis, Vibrio cholerae, Bordetellapertussis, Caulobacter 

crescentus, Pseudomonas aeruginosa, and Neisseria strains, the Zur system is similar to 

Znu and possesses the same regulatory function of Zn
2+ 

uptake.
49

 

Another transport system having a major role in zinc homeostasis and cell 

signaling is YiiP, a membrane transport system involved in the export of Zn
2+

/H
+
 across 

the inner membrane of E. coli.
53

 

ziaA and ziaR are the genes of synechocystis PCC 6803 and confer tolerance to 

high concentration of zinc. ziaA initiates efflux of Zn
2+

 from the cytosol to the periplasm 

while ziaR regulates the expression of ziaA. ZiaR is a highly Zn (II) specific sensor that is 

similar to SmtB found in synechococcus species.
54 

In synechococcus strain PCC7942, the smt operon encodes the genes, smtA and 

smtB. They play a major role in maintaining zinc homeostasis when excess zinc is 

present. The protein, SmtA, is a class II metallothionein that sequesters zinc. Another 

protein, SmtB, initiates the transcription of smtA gene by acting as a trans-acting 

repressor.
55
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The MerR and SmtB/ArsR family of proteins are metal sensing proteins in 

prokaryotes. MerR functions as a repressor in the absence of metal and as an activator 

upon binding to a metal. The SmtB/ArsR family is involved in regulating sequestration or 

efflux of metal ions in gram-negative bacteria.
56

 

ZupT is an additional transport system belonging to the ZIP protein family and is 

involved in transporting zinc into the cytosol of E. coli.
47, 57

 PZP1 is another periplasmic 

Zn (II) metallo-chaperone from Haemophilus influenza similar to ZnuA and is involved 

in zinc uptake. ZraP and YdaE are other E. coli metallo-chaperones helpful in binding to 

zinc under high zinc concentrations. ZitB is another CDF family protein that pumps out 

zinc.
47

   

Zinc fingers are protein domains that participate in eukaryotic metabolism by 

interacting with DNA, RNA, proteins and lipids. The E. coli protein, GatA, possesses a 

zinc-finger-like structure but acts as a metallothionein by sequestering excess Zn
2+

.
58

 

2.4. Cadmium 

 Cadmium is a non-essential metal and is recognized as a type I carcinogenic 

element.
59

 It has an atomic number of 48.
9
 Cadmium resistance in Staphylococcus aureus 

is regulated by cadmium efflux system encoding cadA and cadB genes on S. aureus 

plasmid pI258.
47

 CadA is a Cd
2+

/ATPase transporter belonging to the class of P-type 

ATPases.
60

 CadA is an integral membrane protein acting as an electro-neutral antiporter 

involved in catalyzing the exchange of one Cd (II) for two protons in the cytosol.
47

 The 

gene, cadA is responsible for conferring resistance to Cd
2+

 and Zn
2+

.
60

 The cadB is 

another gene located on plasmid pI258, and protects the cell by binding to Cd
2+

.
61

 CadC 
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is a soluble protein encoding metallo-regulatory repressor protein of the ArsR family 

involved in the negative regulation of cad operon.
47, 61

 The cadR is a gene in 

Pseudomonas aeruginosa similar to zntA in E. coli and encodes the transcriptional 

regulatory protein, CadR. This protein induces expression in response to Cd
2+

 at its 

cognate promoter, PcadA
 
and at PzntA, in E. coli. CadR/PcadA belongs to the MerR 

regulatory protein family but the mechanism of action is unknown.
62

 Another new gene, 

cadD, is similar to that of the cadB gene which confers resistance to cadmium by 

sequestering toxic Cd
2+

 ions.
60

 

 In gram negative bacteria, a CBA transport system encoded by three different 

proteins in a single operon protects the periplasm from the damage being caused by 

metals. This system acts as a defensive layer protecting the cytoplasm by translocating 

these metals across the outer membrane. This transport system includes an RND proteins 

acting as a central pump along with two other components, a membrane fusion protein 

(MFP) and an outer membrane factor (OMF), which together are involved in export of 

metal ions, xenobiotics and drugs. A Czc transport system of Ralstonia metallidurans, 

encoded by the genes czcA, czcB and czcC, pumps out cadmium, zinc and cobalt, and is 

considered to be the best characterized metal CBA transport system.
63

 

2.5. Copper  

Copper is a reddish, malleable and ductile metal with an atomic number of 29.
9
 

Copper ions exist in two stages as oxidized Cu (II) and reduced Cu (I).
63

 Copper serves as 

a cofactor in various redox enzymes such as lysyl oxidase, cytochrome c oxidase, and 

superoxide dismutase or dopamine β-hydroxylase.
65

 It is also found in multicopper 
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oxidases, amine oxidase or lysine oxidase which is considered to be active in various 

processes such as respiration, iron transport, oxidative stress protection, blood clotting 

and pigmentation. As copper is a redox-active transition metal, it is highly toxic even at 

low concentrations. Thus, copper homeostasis is needed for copper metabolism because it 

causes oxidative stress through Fenton-like reactions by generating superoxide or other 

reactive oxygen species.
63

 For this purpose, copper resistance genes that are involved in 

copper homeostasis have been identified and studied.
65

    

Copper homeostasis in the Gram-negative bacterium, E. coli and the gram-

positive bacterium, Enterococcus hirae, has been studied and is mediated by four genes: 

copA, copB, copY and copZ which together make up a cop operon.
66

 The cop operon of 

Pseudomonas syringae encodes the genes, copA, copB, copC and copD on plasmid 

pPT23D which is responsible for copper resistance.
67

 In E. coli, chromosomal and 

plasmid-borne resistance genes involved in copper homeostasis have been identified. The 

proteins that are involved in copper homeostasis and transport include CueO 

(multicopper oxidase), CopA (Cu [I]-translocating P-type ATPase), CusCFBC, 

PcoABCD, PcoE (plasmid borne system) each having their own identity and function. 

The high toxic nature of copper in the digestive tract of warm-blooded animals (where E. 

coli live) influenced enteric bacteria to develop resistance mechanisms for copper. Two 

regulatory proteins, CusR and CusS, regulate the cusCFBA genes and CueR regulates the 

copA and cueO genes.
63

 

The protein CopA is considered to be the central component of cytoplasmic 

copper homeostasis in E. coli. CopA is a Cu (I) translocating P-type ATPase controlled 

by CueR. The main function of the protein CopA in E. coli is to extrude excess copper 
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present in the cytoplasm.
63

 The function of CopA in Enterococcus hirae is opposite and 

imports copper when it is deficient.
66

 CopA is also present as an outer membrane protein 

encoding cop operon in Pseudomonas syringae performing sequestration and 

compartmentalization of copper in the periplasm and outer membrane.
67

 The function of 

the CopB protein in E. hirae is to remove excess copper present in the cytoplasm.
66

 The 

specific function of CopB protein in E. coli and Pseudomonas syringae are not yet 

defined.
63, 67

 The genes, copA and copB, in E. hirae transport copper using  ATPases 

while copY acts as a copper responsive repressor and copZ functions in the transport of 

intracellular copper.
66

  

CopC is another periplasmic outer membrane protein found in P. syringae. It 

performs sequestration of copper in periplasm along with CopA which transports copper 

along with CopD, an inner membrane protein.
67

 CopY is an E. hirae protein that binds to 

the promoter region of the cop operon. It functions as a repressor involved in the 

expression of the cop operon. CopZ is a metallo chaperone that passes copper to the 

CopY repressor.
66

 The two separate regulatory genes, copR and copS, encoded by P. 

syringae form a signal transduction system in regulating the expression of copABCD. The 

operon system of E. coli, pcoABCDRS differs from P. syringae copABCDRS due to the 

different expression systems the bacteria uses to adapt and survive.
67

 

Cus is another transport system responsible for copper homeostasis in E. coli and 

consists of two operons on the chromosome and are expressed in opposite directions. 

Two regulatory component system CusR/S senses excess copper in the periplasm and 

regulates the cus expression. CusR functions as a transcription regulatory factor for 

cusCFBA and CusS is a membrane bound histidine kinase involved in identifying copper 
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ions located in the periplasm. The Cus transport system exports copper ions from the 

periplasm across the outer membrane. A careful review of the two transport systems, 

CzcCBA and CusCFBA postulated that the transport of copper occurs from cytoplasm or 

periplasm. CusA is considered to be the central component of the Cus system and exports 

copper out of the cell. CusB and CusC are two other important proteins mediating copper 

resistance and play a major role in the function of Cus system. CusF is a unique 

periplasmic metallochaperone that binds to copper in periplasm and transfers it to the 

CusCBA efflux pump.
63

 

The Cue transport system consists of the copA gene which encodes a copper 

efflux P-type ATPase and CueO, a multi copper oxidase.
63

 CueO is a periplasmic protein 

possessing laccase activity. It participates in the biosynthesis of antibiotics, sporulation, 

tolerance to copper, morphogensis and oxidation of manganese. CueO is responsible for 

protecting the periplasm from copper induced damage. CueO detoxifies Cu(I) by 

sequestering it, transporting it to the periplasm and  oxidizing it to the less toxic Cu (II).
63

  

The pco operon encodes copper resistance, contains the seven genes, 

pcoABCDRSE, and was found on plasmid pRJ1004 from the gut flora of pigs. The gene 

products are responsible for copper efflux. PcoA belongs to the family of multi-copper 

oxidases and is considered to be the central protein of the pco system. In E. coli, PcoA 

sometimes replaces CueO due to the identical oxidase activity of two proteins. PcoB is 

another outer membrane protein. A combination of PcoA and PcoB is assumed to confer 

more copper resistance than the individual proteins alone. PcoC and PcoD confer 

maximal resistance and function together for copper uptake in P. syringae. They are 

determined to be more efficient as fusion genes termed as ycnJ than as single genes. The 



25 
 

N- terminal region of PcoC and C-terminal region of PcoD form the protein YcnJ. The 

function of PcoC is to transport copper present in the periplasm to PcoD in the cytoplasm 

which delivers it to PcoA. Although pcoE is associated to the pco determinant, it is not 

considered to be a part of pcoABCD operon. It is situated downstream of the regulatory 

systems CusRS in plasmid pRJ1004.
63

 

The mechanisms by which copper homeostasis takes place in E. coli involves six 

genes, cutA, cutB, cutC, cutD, cutE, and cutF that are involved in uptake, intracellular 

storage, delivery, efflux and copper metabolism All these genes also assist in reducing 

methionine in CueO, insuring proper protein folding in the periplasm and in alteration of 

pores.
63

 The locus of cutA includes two operons, one operon with a single open reading 

frame encoding a cytoplasmic protein and the other operon possessing two genes, cutA2 

and cutA3, which encode inner membrane proteins. CutC, a cytosolic protein and CutF 

(NlpE), an outer membrane lipoprotein are also implicated in conferring copper 

resistance. The protein, CutE (lnt), encoding apolipoprotein N-acyltransferase, is an inner 

membrane protein involved in catalyzing the final reaction of Braun’s lipoprotein, a 

major lipoprotein. Mutations in this gene in Salmonella typhimurium alters the minor 

lipoproteins which are responsible for copper tolerance and protection of the cell.
68

  

Copper functions as a cofactor in various oxidases and hydrolases in electron 

transport system due to its oxidation-reduction properties. The toxicity of copper is 

explained by the production of reactive oxygen species in E. coli. The toxicity of copper 

is increased by the enzyme cupric reductase and NADH which reduce of Cu (II) to Cu 

(I). This Cu (I) is then oxidized by hydrogen peroxide causing damage to the respiratory 

system in E. coli. In E. coli, ubiquinone is the electron acceptor of NADH which is 
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considered to be the major site of the copper mediated damage by hydrogen peroxide. 

NADH2 also reduces Cu (II) in the presence of FAD or quinone. Enzymes such as 

succinate, D-lactate dehydrogenases, and other thiols containing proteins are also 

involved in electron transfer by NADH.
69

 

The other mechanisms for copper homeostasis include influx and efflux 

pathways, modification in the cytoplasm and sequestration by metallothionines.
65

 

The synechococcus PCC 7942 thylakoid proteins, PacS and CtaA, are P-type 

ATPases which are involved in the transport of copper from the cytosol to the external 

medium or to an inner compartment. Atx1 is a synechocystis metallochaperone that 

incorporates copper ions into proteins.
70
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The present research focuses on a multi-metal resistant strain of Enterobacter 

cloacae and its metal resistance genes. Some of these genes were identified by randomly 

mutagenizing this strain with a transposon and identifying some of the mutants that are 

interrupted in this strain. As discussed earlier, we expected to find some of the genes 

involved in reducing oxidative stress, in acting as an efflux pump or in transforming 

metal ions. Understanding the mechanisms of resistance to heavy metals may provide 

valuable information on using microorganisms to clean up some of the metal 

contaminated sites. 
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4.1. Bacterial Strains:  

Enterobacter cloacae (E. cloacae) is a mercury, cadmium, zinc and selenite 

resistant strain from an unknown origin. It was believed to be Stenotrophomonas 

maltophilia ORO2 (ATCC # 53510), but 16s rRNA sequencing and biochemical tests 

identified it as E. cloacae. Since its origin in unknown, this strain will be referred to as E. 

cloacae UNK. EC 100D pir [F
-
 mcrA ∆ (mrr-hsdRMS-mcrBC) ø80d/acZ ∆M15 

∆/acX74 recA1 araD139 ∆ (ara, leu) 7697 ga/U ga/K 7
-
 rpsL nupG pir-116 (DHFR)} 

and EC 100D pir-116 [F
-
 mcrA ∆ (mrr-hsdRMS-mcrBC) ø80d/acZ∆M15 ∆/acX74 recA1 

endA1 araD139 ∆ (ara, leu) 7697 ga/U ga/K 7
-
 rpsL nupG pir-116 (DHFR)} were used 

for gene rescue and were purchased from Epicentre Biotechnologies (Madison, WI). Both 

E. coli strains contain genes for a trans-acting II protein (pir gene product) that allow 

plasmids with R6Kγori replication origins to replicate.
71

 

4.2. Metals:  

Sodium selenite was purchased from MP Bio Medicals LLC, (Solon, Ohio). 

Mercuric chloride, copper sulfate, zinc chloride, potassium dichromate, lead nitrate and 

cadmium chloride were purchased from Fisher Scientific (Fair Lawn, New Jersey).  

4.3. Media preparation:  

Bacterial cells were grown at 37
o
C in Luria Bertani (LB) medium (Fisher 

Scientific, Fair Lawn, New Jersey) which consisted of 10 grams of Bacto Tryptone, 5 

grams of yeast extract and 5 grams of NaCl per liter of deionized water. When required, 

media were supplemented with 1.6% Agar (Amresco, Solon, Ohio) and 50 µg/mL 

kanamycin sulfate (Amresco, Solon, Ohio). 
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M-9 minimal medium
72

 contained 0.24 M anhydrous disodium phosphate, 0.11 M 

monopotassium phosphate, 0.04 M sodium chloride, 0.09 M ammonium chloride, 0.45 M 

MgSO4, 9 % Glucose, 0.225 % of Thiamine, and water. When required, M-9 minimal 

medium was supplemented with 4 mg/mL cysteine hydrochloride (Fisher Scientific, Fair 

Lawn, New Jersey).  

SOC medium
73

 contained 2% tryptone (Amresco, Solon, Ohio), 0.5% yeast extract 

(Fisher Scientific, Fair Lawn, New Jersey), 10 mM sodium chloride (Fisher Scientific, 

Fair Lawn, New Jersey), 2.5 mM potassium chloride (Amresco, Solon, Ohio), 10 mM 

magnesium chloride (Fisher Scientific, Fair Lawn, New Jersey), 10 mM magnesium 

sulfate (Fisher Scientific, Fair Lawn, New Jersey) and 20 mM glucose (Amresco, Solon, 

Ohio) per liter solution of deionized water. 

A modified Tris-R3A medium
74 

was prepared to minimize metal precipitation. It 

contained 0.1% yeast extract (Fisher Scientific, Fair Lawn, New Jersey), 0.1% Difco 

Protease Peptone no. 3 (Difco Laboratories, Sparks, MD), 0.1% casamino acids 

(Amresco, Solon, Ohio), 0.1% Glucose (Amresco, Solon, Ohio), 0.1% soluble starch 

(Difco Laboratories, Sparks, MD), 0.05% sodium pyruvate (Fisher Scientific, Fair Lawn, 

New Jersey), 0.01% MgSO4.7H2O (Fisher Scientific, Fair Lawn, New Jersey) and 10 mM 

of Tris, pH of 7.5 (Amresco, Solon, Ohio) per liter.  

4.4. Transformation 

 Transformation of competent E. coli cells was performed using a CaCl2 

technique.
72

 Single colonies were inoculated into 3 mL of LB medium and grown 

overnight at 37
o
C in a TC8 roller drum (New Brunswick Scientific, Edison, New Jersey). 
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The overnight cultures were then diluted 1:50 into fresh LB medium and grown at 37
o
C 

with shaking in a C24 Incubator Shaker (New Brunswick Scientific, Edison, New Jersey) 

until the cells reached to an optical density of 1.0 at 600 nm as determined by an 

Eppendorf BioPhotometer spectrophotometer (Eppendorf, Westbury, NY). The cells 

were then chilled to 4
o
C and harvested by centrifuging at a speed of 6000 x g in an 

Eppendorf 5810 R micro centrifuge (Westbury, NY) at 4
o
C. The cells were resuspended 

in 40 mL of 0.15 M NaCl and centrifuged again at a speed of 6000 x g at 4
o
C. The cells 

were resuspended in 1 mL of transformation buffer containing 0.1 M CaCl2  (Fisher 

Scientific, Fair Lawn, New Jersey), 15% glycerol, 0.01 M tris-HCl, pH 8.0 and 0.01 M 

MgCl2. After incubating them on ice overnight, the cells were frozen and stored at -80
o
C.  

 The competent E. coli cells (100 µL) were thawed on ice and mixed with 1 µL of 

approximately 1 µg DNA. After incubating them on ice for 30 min, the cells were heat 

shocked at 42
o
C for 50 sec and placed back on ice. LB media was added to a final 

volume of 1 mL, and the cells were incubated with shaking for 45 – 120 minutes. 

Volumes ranging from 10 to 1000 µL of cells were spread on LB-agar plates containing 

the appropriate antibiotic and incubated at 37
o
C overnight. The number of colonies that 

grew the next day were counted and recorded.  

4.5. Electroporation 

 Electroporation uses an electric shock to transform E. coli cells with DNA
72

 

Single colonies were inoculated into 3 mL of LB medium and grown overnight at 37
o
C in 

a TC8 roller drum (New Brunswick Scientific, Edison, NJ).  The overnight cultures were 

then diluted 1:50 into 250 mL of fresh LB medium and grown at 37
o
C with shaking in a 
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C24 Incubator Shaker (New Brunswick Scientific, Edison, New Jersey) until the cells 

reached to an optical density between 0.4 and 0.6 at 600 nm (approximately 2hours) as 

determined by an Eppendorf BioPhotometer spectrophotometer (Westbury, NY). The 

cells were then chilled to 4
o
C and harvested by centrifuging at a speed of 8000 x g in an 

Eppendorf 5810 R centrifuge (Westbury, New York) at 4
o
C. Cells were resuspended in 

equal volumes (250 mL) of ice cold water and centrifuged. The cold water washes were 

repeated twice followed by a wash in a 1:5 volume (50 mL) of ice cold 10% glycerol. 

The cells were resuspended in 0.5 mL of 10% ice cold glycerol and frozen at -80
 o

C. The 

electrocompetent E. coli cells (40 µL) were thawed on ice, mixed with 0.4-1 µL of 

approximately 1 µg DNA and electroporated in 2 mm cuvettes using a Bio-Rad Gene 

Pulser II (Bio-Rad, Hercules, CA) set at 25 µF, 2.5 kV and 200 Ω. The cells were 

immediately resuspended in 960 µL of SOC medium. After incubating them at 37
o
C in an 

Isotemp Incubator (Fisher Scientific, Fair Lawn, NJ) for 45-120 minutes, 10 - 1000 µL of 

cells were spread on LB plates containing the appropriate antibiotic and incubated at 

37
o
C overnight. The number of colonies that appeared on the plates the next day were 

counted and recorded.  

4.6. Transposon Mutagenesis 

 Transposon mutagenesis was performed using the EZ-Tn5 <R6Kγori/KAN-2> 

Tnp Transposome Kit.
75

 

A volume of 0.4 µL of EZ-Tn5 Transposome was mixed with 40 µL of electrocompetent 

cells and transformed by electroporation. The electroporated cells were mixed 

immediately with 960 µL of SOC medium, incubated for 45 - 120 min in an 
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environmental shaker at 37
o
C, spread on LB plates containing 50 µg/mL kanamycin and 

incubated overnight at 37
o
C.  

4.7. Screening for Metal Sensitive Mutants by Replica Plating
76

 

The colonies that grew on the LB-kanamycin plates above were spotted as a grid 

of 50 on fresh kanamycin plates and allowed to grow at 37
o
C overnight. The cells were 

transferred to a Scienceware Velveteen Square (Bel-Art, Pequannock, NJ) that was 

mounted on a Scienceware Replica-Plating Tool (Bel-Art, Pequannock, NJ) solid 

cylinder. The cells were then transferred to R3A-agar, M-9 agar or LB-agar plates 

containing different metals. Growth or lack of growth in the presence of the different 

metals was recorded in Table 1. 

4.8. Purification of genomic DNA  

 The genomic DNA was purified using a Wizard Genomic DNA Purification Kit 

purchased from Promega (Madison, WI) and all the ingredients were supplied with this 

kit. The kit contains Cell Lysis Solution, Nuclei Lysis Solution, Protein Precipitation 

Solution, DNA Rehydration Solution and RNase Solution. The other materials not 

supplied with the kit were sterile 1.5 mL microcentrifuge tubes, a water bath set at 37
o
C, 

isopropanol, and 70% ethanol.  

 An overnight culture of 1 mL was centrifuged at 13,000-16,000 x g for 2 min to 

pellet the cells. Next, the pellet was resuspended in 600 µL of Nuclei Lysis Solution by 

gently pipetting and incubated at 80
o
C for 5 min to lyse the cells. The sample was cooled 

to room temperature and the tubes were inverted 2-5 times after adding 3 µL of RNase 

solution and incubated at 37
o
C for 15-60 min. After the sample was cooled to room 
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temperature, 200 µL of Protein Precipitation Solution was added and the cell lysate was 

vortexed vigorously. After incubating the preparation on ice for 5 minutes, the samples 

were centrifuged at 13,000-16,000 x g for 3 minutes. The supernatant was transferred to a 

clean 1.5 mL microcentrifuge tube containing 600 µL of room temperature isopropanol to 

precipitate the DNA. The DNA was pelleted by centrifugation at 13,000- 16,000 x g and 

the supernatant was discarded. The pellet was washed with room temperature 70 % 

ethanol and centrifuged at 13,000- 16,000 x g for 2 minutes. Again the supernatant was 

discarded and the pellet was air dried on clean absorbent paper and resuspended in 100 

µL of DNA Rehydrating Solution. The DNA was stored at 4
o
C.  

4.9. DNA Purification 

Eppendorf Perfect prep Plasmid Mini kit was used to purify DNA plasmids. The 

kit was supplied with Solutions 1, 2 (sodium hydroxide) and 3, spin Columns, DNA 

binding matrix (guanidinium chloride), purification solution concentrate, elution buffer 

(10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and collection tubes. The pellet obtained by 

centrifuging 3 ml of overnight culture in an Eppendorf 5415D at 12,000-16,000 x g for 

20 seconds was resuspended in 200 µL of solution 1 by vortexing. Next, 200 µL of 

solution 2 was added and the tube was inverted several times to lyse the cells. The lysate 

was immediately mixed with 200 µL of solution 3 to neutralize the bacterial lysate. The 

preparation was centrifuged at 12,000-16,000 x g for 2 minutes to pellet contaminating 

lipids, polysaccharides, proteins and chromosomal DNA. The supernatant was mixed 

with 450 µL of DNA binding matrix and transferred to a spin column in a collection tube. 

The solution in spin column/collection tube assembly was mixed by pipetting or 

vigorously inverting the assembly. The spin column was centrifuged at 12,000- 16,000 x 
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g for 30 seconds and the filtrate was discarded. Next, the retained resin in the spin 

column was resuspended in 400 µL of diluted purification solution and mixed. After 

centrifuging the spin column at 12,000- 16,000 x g for 30 seconds, the filtrate was 

discarded. The spin column was centrifuged again at 12,000- 16,000 x g for 60 sec to 

remove any remaining diluted purification solution. The spin column was then transferred 

to a new collection tube, and 60 µL of elution buffer, heated at 70
o
C, was added directly 

to the DNA binding matrix in the spin column. The spin column was then centrifuged at 

12,000-16,000 x g for 60 sec to elute the plasmid DNA which was stored at -20
o
C.  

The concentration was then determined using the eppendorf Bio Photometer 

(Eppendorf, Westbury, NY) by taking the absorbance of the samples at 260 nm followed 

by DNA analysis.
72

 

4.10. Enzyme Digestion for Gene Rescue 

Genomic DNA from the metal sensitive strains were digested in New England 

Biolabs (Beverly, MA) buffer 3 and  1 X BSA (0.1 mg/mL) and contained the blunt–end 

cutting enzymes (0.5 µL each) ScaI (20,000 U/mL), PvuII (10,000 U/ml), BsrBI (10,000 

U/mL) and EcoRV (20,000 U/mL). After digesting the DNA at 37
o
C, it was incubated at 

80
o
C to inactivate the enzymes and ligated using T4 DNA ligase as described below.  

4.11. Enzyme Digestion 

Purified plasmid DNA was digested using the restriction digestion endonuclease 

enzyme, PstI (0.5 µL), 1 µL of 10 x NEBuffer 3 (50 mM Tris-HCl, 100 mM NaCl, 10 

mM MgCl2, 1 mM Dithiothreitol pH 7.9), 1 µL of 10 x BSA (1 mg/mL) obtained from 
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New England Biolabs, Beverly, MA, and 7.5 µL of purified DNA. The digested DNA (5 

µL) was then run on agarose gel electrophoresis to estimate the size of DNA.  

4.12. DNA Ligation 

 The digested DNA was ligated using 1 µL of 10 x T4 DNA Ligase Reaction 

buffer (50 mM Tris-HCl, 10 mM DTT, pH 7.5, 10 mM MgCl2, 1 mM ATP ), 1.5 µL of 

T4 DNA ligase (400,000 U/mL) obtained from New England Biolabs (Beverly, MA), 6.5 

µL of digested DNA and 1 µL of deionized water.  The mixture was incubated overnight 

at 4
o
C. The ligated DNA was then transformed into E. coli.  

4.13. DNA Concentration Determination 

 DNA concentration was determined using the Lambert-Beer equation A=εcl, 

where A is the absorbance of sample at a particular wavelength, ε is the extinction 

coefficient usually 50  µg/mL for dsDNA, c is the concentration in µg/mL, l is the path 

length of spectrophotometer cuvette (1 cm). The absorbance of DNA samples were taken 

using an Eppendorf BioPhotometer set at wavelength of 260 nm. The concentration of 

DNA obtained can be detected in a range of 1- 50 µg/ml.
72

 

4.14. DNA sequencing 

DNA sequencing was performed using the GenomeLab™ Dye Terminator Cycle 

Sequencing with Quick Start Kit purchased from Beckman Coulter, Inc. (Fullerton, CA). 

The volume of DNA samples used for DNA sequencing was calculated depending upon 

the size and concentration of DNA fragment used following the kit instructions. The 

sequencing reaction was set by mixing thoroughly sufficient quantities of distilled H2O, 
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DNA template, 0.16 µM KAN-2 FP-1 Forward Primer (5' - 

ACCTACAACAAAGCTCTCATCAACC - 3' ) or R6KAN-2 RP-1 Reverse Primer (5' - 

CTACCCTGTGGAACACCTACATCT - 3') obtained from Epicentre Biotechnologies, 

and DTCS Quick Start Master Mix. The reactions were incubated in an Eppendorf 

Master Cycler according to the following program: 96
o
C for 20 sec, 50

o
C for 20 sec and 

60
o
C for 4 min for 30 cycles followed by holding at 4

o
C.   

The next day, DNA was precipitated and washed according to the Beckman 

Coulter protocol. Freshly prepared 5 µL of stop solution/glycogen mixture (2 µL of 3M 

sodium acetate, pH 5.2; 2 µL of 100 mM Na2-EDTA, pH 8.0 and 1 µL of 20 mg/mL of 

glycogen) was mixed thoroughly with the sequencing reaction. The DNA was then 

precipitated by adding 60 µL of cold 95% (v/v) ethanol/distilled H2O and centrifuged at 

14,000 x g for 2 minutes in an Eppendorf 5415D centrifuge. The pelleted DNA was 

washed twice with 200 µL of 70% (v/v) ethanol/distilled H2O followed by centrifugation 

at 14,000 x g for 2 minutes. Finally the pellet was air dried, resuspended in 40 µL of 

Sample Loading Solution and analyzed using a Beckman Coulter CEQ 2000 XL DNA 

Analysis System (Fullerton, California) in the Department of Biological Sciences at 

Youngstown State University. 

4.15. BLAST Analysis 

 BLAST is a Basic Local Alignment Search Tool
75, 77

 used to identify gene 

families by comparing the nucleotide or protein sequences with the reference sequences 

or library of sequences at the National Library of Medicine. The query sequence is 

entered either in Accession number, gi or FASTA format using the blastp or blastn 

program. 
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4.16. Polymerase Chain Reaction 

 The polymerase chain reaction (PCR) was performed using Fisher Scientific Taq 

Polymerase (Fair Lawn, NJ), 10 mM dNTPs, 10 x PCR Buffer and mer primers 5'-

GGGAGATCTAAAGCACGCTAAGGC[G or A]TA-3' and 5'-GGGGAATTCTTGAC[T 

or A]GTGATCGGGCA-3' or pco primers 5’ CGTCTCGACGAACTTTCCTG 3’ and 5’ 

GGACTTCACGAAACATTCCC 3’
78

 obtained from Integrated DNA Technologies, Inc. 

(Coralville, IA). The PCR reaction was set up using the above ingredients and incubated 

overnight in a PCR Thermal Cycler set with the following program: 98
o
C for 1 min, 55

o
C 

for 20 sec, and 72
o
C for 30 sec for 30 cycles followed by holding at 4

o
C.  

4.17. Primer Design  

 The primers used for DNA sequencing were determined using Vector NTI based 

on region of DNA sequence, length of the product, melting temperature of primers,  % 

GC, and maximum and minimum length of primers. The default variables such as 50 

millimolar of salt concentration, 25 pmol of Probe concentration, and dG temperature of 

25
o
C were used to calculate the primer melting temperatures (Tm).  
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Table 1. Primers used in sequencing reactions 

Primers Nucleotide Sequence 

D21 F 5’- TTT ATA TCG CAC CTG AAT CC - 3’ 

D21 R 5’- CAG AAG ATG GCG AAA GTG GG - 3’ 

D21 F2 5’- TTT ATA TCG CAC CTG AAT CC - 3’ 

D21 R2 5’- CAG AAG ATG GCG AAA GTG GG - 3’ 

 

F24 F 5’- TTT TTA CCG ACG GCG CAA - 3’ 

F24 R 5’- CGT GAC GAT GCG AAA GAC G - 3’ 

F24 F2 5’- TTC CTC GTC ACC ACG CTG CT - 3’ 

F24 R2 5’- GGT ACA CCG TCC TGC ATC AC - 3’ 

 

F34 F 5’- CCA TTT GGA CTG GCC TGC T - 3’ 

F34 R 5’- GAT GCC CGC AGC CTT TGG - 3’ 

 

L31 F 5’- CTT GTG AGC GAA ACG GTG - 3’ 

L31 R 5’- CAT GAC CTT GAT ACG CGA - 3’ 

 

6B F 5’- TTA GAC GAA CTG CTC AGC TG - 3’ 

6B R 5’- ACT CCA CGC TGC CAA TTG - 3’ 

6B F2 5’- ATT AAA AAG CAC CTG CCG AA - 3’ 

6B R2 5’- AGA TCG CCC TGA ACT TCA AC - 3’ 

6B F3 5’- AAT TTC ACC GCC TAC CAC AC - 3’ 

6B R3 5’- CAT CCA TTA ACT CTT CTT CG - 3’ 
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8HB F 5’- GCA GTA GAC GGT GCT GCA TG - 3’ 

8HB R 5’- ACT GGC CCG GCG ACA CAT- 3’ 

8HB F2 5’- ACG GCT ACG CAC GAC GAA TC - 3’ 

8HB R2 5’-CTG GAT  TGA GCG CGT ATG AC - 3’ 

 

Q17 F2 5’- AAC CTT GTA GAA CTC ATC CA - 3’ 

Q17 R2 5’- AAG GCG TGG TCG GTG AAC AA - 3’ 

 

 Below were the primers used for sequencing reactions of PCR fragments of 

copper and mercury resistance genes, pcoA and merR. 

M13 Forward primer: 5’-ACTGGCCGTCGTTTTACAA-3’ 

M13 Reverse primer: 5’-GGAAACAGCTATGACCATG-3’ 

4.18. Agarose Gel Electrophoresis  

Agarose gel electrophoresis
72

 was used to verify the purity  of DNA. Agarose gel 

electrophoresis uses an electric field and an agarose matrix for separating DNA by size. 

Once the electric field is applied, the DNA begins to migrate towards the anode due to 

negatively charged phosphate groups. Friction during movement through the agarose 

matrix caused size separation with small molecules traveling through the gel faster than 

the larger ones. The bands are visualized using 1% ethidium bromide as a staining 

reagent which fluoresces after it intercalated between the DNA bases. 

DNA samples were separated in 1% agarose gels using an electrophoresis 

apparatus purchased from Embi Tec (San Diego, CA), and a 1 kb DNA ladder purchased 

from New England Biolabs (Beverly, MA) was used as a reference to determine the size 
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of DNA fragments. 1 gram of Agarose (Fisher Scientific, Fair lawn, NJ) was dissolved in 

100 mL of 1 x Tris Borate EDTA Buffer [Tris base 0.089 M, Borate 0.089 M, EDTA 0.002 M 

at pH of 8.3] (Fisher Scientific, Fair Lawn, NJ) and heated in a microwave until all the 

agarose was melted. 5 µL of 1% ethidium bromide (Fisher Scientific, Fair Lawn, NJ) was 

added to the solution for the visualization of DNA under UV light. The casting gels were 

prepared by pouring the agarose solution in casting trays avoiding the air bubbles in it 

and a comb was placed in it for the formation of wells.  The combs were taken out of the 

trays after the agarose solidified.  

 The casting gels were submerged in 1 x TBE buffer before loading the samples 

into the wells. Then, 5 µL of sample was mixed with the 1 µL of loading dye consisting 

of 15 % ficoll, light blue dye #1, indigo dye #2, and magenta dye #3, and added to the 

wells of the gels. An electric current of 100 V was applied to run the gel for 30 min-1 

hour. After the blue dye migrated 2/3 the length of the gel, it was removed from the 

electrophoresis apparatus and visualized under UV light. The pictures of the gels were 

taken using UltraCam Imaging Systems purchased from Ultra-Lum, Inc, (Claremont, 

CA) and saved on a computer for further analysis.  
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E. cloacae UNK was transformed by the EZ-Tn5 transposome to generate metal 

sensitive mutants. One thousand kanamycin resistant colonies were replica plated on R3A 

agar medium that contained Cd (240 µM), Se (60 mM), Zn (750 µM), Hg (10 µM) or Cu 

(3 mM).  These were the minimal inhibitory concentrations (MICs) on R3A medium for 

the E. coli strain HB101 which was used as the negative control. Of the 1000 colonies 

tested, two were sensitive to zinc, three were sensitive to cadmium and five were 

sensitive to selenite. The mutants, their ability to grow in the presence of each metal and 

the genes that were interrupted by the transposon are listed in the Table 2.  
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Table 2. Mutants obtained by transformation 

Mutant Cd Se Zn Hg Cu Interrupted Gene Accession 

number 

Wild 

Type 

+++ +++ +++ +++ +++ _______________  

A3A +++ _ +++ +++ +++ Lon protease ZP_02751147.1 

F24 _ _ _ +++ +++ P-type ATPase YP_001178579.1 

F34 _ ++ +++ + +++ 
Acyl transferase 

YP_001746189.1 

L31 +++ _ +++ +++ +++ Type II sec 

protein 

ZP_02138252.1 

6B + _ +++ +++ +++ Sporulation 

domain protein 
ABP62456.1 

D21 +++ _ +++ +++ +++ Lon protease YP_001175641.1 

8HB _ _ _ +++ +++ Tyrosine 

recombinase 

CP000653.1 

Q17B +++ _ +++ +++ +++ Polyphosphate 

kinase 

YP_001177705.1 

10A _ _ _ +++ +++ Hypothetical 

protein 

 

 

 

 



46 
 

The mutant colonies obtained by transformations were retested for different metal 

sensitivities using replica plating. Then, the interrupted genes from these mutants were 

identified by gene rescue. Genomic DNA from each metal sensitive mutant was purified 

and digested with the blunt end generating enzymes, Sca I, Pvu II, BsrB I and EcoR V. 

The digested DNA was analyzed by agarose gel electrophoresis as shown in Figure 1. 

The smears in lanes A-D and F-J showed that the DNA was completely digested.  
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Figure 1. Blunt end digestion of EZ-Tn5 mutant genomic DNA. Lane 1(A): A3A; Lane 

2(B): C-18, Lane 3(C): F-34; Lane 4(D): G-5; Lane 5(E): DNA ladder (1 kb); Lane 6(F): 

G-27; Lane 7(G): L-30; Lane 8(H): L-31; Lane 9(I): Q-17; Lane 10(J): Q-34. 
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These enzymes did not cut within the inserted transposon and created blunt ended 

DNA fragments which allowed for easy ligation. In addition, the transposome contains a 

kanamycin selection marker and the R6Kγori which allowed for replication in the 

ECD100D pir E. coli strain. Thus, the ligation produced new plasmids that contained the 

transposome and flanking E. cloacae regions that were interrupted by the transposome. 

Transformation of the ligation mixture into E. coli strain ECD100D pir generated 5 

transformants for mutant A3A, numerous transformants for L31, 4 transformants for 

mutant L30, 13 transformants for Q17, 5 transformants for F24, transformants for F34, 85 

transformants for 6B, 3 transformants for D21, 2 transformants for 8HB,  7 transformants 

for 10A. The new plasmids were then purified using a Fast Plasmid MiniPrep and 

digested using enzyme, Pst I which cuts at only one position of the transposome and was 

helpful in obtaining linearized DNA fragments. The digested samples were then analyzed 

by agarose gel electrophoresis (Figures 2-4). 
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Figure 2. Digestion of the transformed DNA. Lane 1(A): Undigested A3A; Lane 2(B): 

Digested A3A; Lane 3(C): Undigested C18C; Lane 4(D): Digested C18C; Lane 5(E): 

Undigested L30 A; Lane 6(F): Digested L30; Lane 7(G): DNA Ladder (1 kb); Lane 8(H): 

Undigested L30 B; Lane 9(I): Digested L30 B; Lane 10(J): Undigested L31 A; Lane 

11(K): Digested L31 A; Lane 12(L): Undigested Q17 B; Lane 13(M): Digested Q17B 
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Undigested and digested samples were loaded to ensure that the DNA was 

digested completely. For example in figure 2, Lane L is the undigested plasmid from 

mutant Q17 and lane M is the digested sample. The plasmid was clearly digested in lane 

M because is demonstrates a different migration pattern that the one in lane L. Lane A 

appears empty because residual ethanol from the plasmid preparation caused the sample 

to migrate out of the well after it was loaded.  The sizes of the DNA fragments were 

estimated using the DNA ladder in lane G. In this lane, the 4
th

 band from the bottom is 2 

kb in size, and the size of each band increases by 1 kb with each band above the 2 kb 

band. Thus, the 5
th

 band from the bottom is 3 kb in size. The ladder in the 3 gels show 

that rescued plasmids range in sizes from 3 kb to 6 kb as listed in Table 2. Since the 

transposome is 2 kb in length, the length of E. cloacae DNA associated with the 

transposome ranged from 1-4 kb in length. By determining the sequence of the E. cloacae 

DNA that flanked the transposome, it was possible to identify the mutated genes using 

the KAN-2 FP-1 Forward Primer or the R6KAN-2 RP-1 Reverse Primer (see methods 

section) that were homologous to the transposome. 
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Figure 3. Digestion of the transformed DNA. Lane 1(A): Undigested A3A; Lane 2(B): 

Digested A3A; Lane 3(C): Undigested A3C; Lane 4(D): Digested A3C; Lane 5(E): 

Undigested C18C; Lane 6(F): Empty; Lane 7(G): Digested C18C; Lane 8(H): DNA 

Ladder (1 kb); Lane 9(I): Undigested F34; Lane 10(J): Digested F34; Lane 11(K): 

Undigested L 30A; Lane 12(L): Digested L30A. 
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Figure 4. Digestion of the transformed DNA. Lane 1(A): Undigested L30 B; Lane 2(B): 

Digested L30 B; Lane 3(C): Undigested L31 A; Lane 4(D): Digested L31 A; Lane 5(E): 

DNA Ladder (1 kb); Lane 6(F): Undigested Q 17 B; Lane 7(G): Digested Q 17 B; Lane 

8(H): Undigested Q 17C; Lane 9(I): Digested Q 17C. 
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All sequencing reactions with a particular primer resolve between 400 to 800 bp. 

To resolve a larger section, additional primers homologous to a region downstream of the 

original primer must be designed. Thus, a 1,000 bp region required at least two primers 

and a 4,000 bp region required at least 8 primers to be resolved. The additional primers 

used are listed in Table 1 and the concentrations and sizes of DNA samples used in 

sequencing are listed in Table 3. 
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Table 3. Concentrations and sizes of the transformed DNA 

DNA fragment Concentrations (ng/µL) Sizes (kb) 

A3A 106 4 

F24 97 4 

F34 117 4 

C18C 93 5 

L30 40 3 

L31 89 5 

Q17B 59 8 

8HB 155 5 

6B 124 8 

10A 64 2 
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When using the KAN-2 FP-1 Forward Primer and the R6KAN-2 RP-1 Reverse 

Primer for sequencing, part of the sequence obtained contained a segment from the 

transposome. These segments were removed from the data and then assembled with data 

from other sequencing reactions into continuous sequences using the Contig computer 

program from Invitrogen’s (Carlsbad, CA) software package, Vector NTI. The 

continuous sequences were analyzed using the Basic Local Alignment Search Tool 

(BLAST) to predict a possible function for each gene that was interrupted. Figures 5-29 

show maps of the obtained sequences and some of the BLAST results.  
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A3A F+R + L30R

1531 bp

L30 Insert

A3A Insert

SmaI (1438)

XmaI (1436)

AvaI (590)

AvaI (1436)

A3A 6 (100.0%) A3A 13 (100.0%)

A3A F2 (100.0%)

A3A F2 (100.0%)

A3A R2 (100.0%)

A3A R2 (100.0%)

A3A 1 (100.0%)

A3A 1 (100.0%)

A3A 2 (100.0%)

A3A 2 (100.0%)

A3A 3 (100.0%)

A3A 3 (100.0%)

A3A 4 (100.0%)

A3A 4 (100.0%)

A3A 7 (100.0%)

A3A 7 (100.0%)

A3A 8 (100.0%)

A3A 8 (100.0%)

A3A 9 (100.0%)

A3A 9 (100.0%)

A3A 10 (100.0%)

A3A 10 (100.0%)

A3A 11 (100.0%)

A3A 11 (100.0%)

A3A 12 (100.0%)

A3A 12 (100.0%)

A3A 12 (100.0%)

A3A 12 (100.0%)

 

Figure 5. Feature map of A3A and L30 mutant 

Green Arrows – Open Reading frames, Yellow line – DNA sequence,  

Blue lines - Primers 
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Figure 5 is a sequence map drawn by Vector NTI of E. cloacae DNA from two 

selenite-sensitive mutants, A3A and L30. It appears that the transposome inserted itself 

into the same E. cloacae gene at two different positions. The yellow line represents the 

DNA sequence and the green arrows represent the sequences of DNA fragment that may 

encode a protein as predicted by Vector NTI. These sequences are called open reading 

frames (ORFs). The blue lines represent the primers that were designed or used for 

sequencing additional segments of the interrupted gene. A Vector NTI scan of the yellow 

sequence with different primers showed that the primers are homologous to the yellow 

sequence in more than one place. For instance, identical sequences for the A3A-1 primer 

can be found on both ends of the yellow sequence. Thus, the transposome has inserted 

itself into a repetitive DNA sequence. This repetition made it difficult to obtain additional 

sequence data on the A3A and L30 mutants. The feature map also shows restriction 

endonuclease recognition sites. The sites, XmaI, SmaI or AvaI, are places in the DNA that 

these particular restriction endonuclease cut the DNA. If the enzyme is red, then it only 

cuts the analyzed DNA sequence once. If the enzyme is black, it cuts the analyzed DNA 

sequence at more than one site.  Thus, XmaI and SmaI cut the DNA sequence at only one 

place, and AvaI cuts the DNA sequence in at least two places. 

 

 

 

 

 

 



62 
 

 

 

 

 

 

 

 

 

 

A3A F+R

1215 bp

ATP dependent La protease La proteaseT5 InsertAva I (461)

 

Figure 6. Feature map of A3A mutant 

Green arrows – Open Reading frames, Yellow line – DNA sequence,  

Solid orange arrow – Interrupted gene 
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Figure 6 is a feature map of the A3A DNA showing the open reading frames 

(solid orange arrows) that were translated into amino acid residue sequences and 

analyzed by BLAST. In addition, the nucleotide sequence of the A3A DNA with the open 

reading frames represented by the blue line is shown in Figure 7. BLAST analysis 

showed that 157 amino acid residues of ORFs appeared to be identical to a La protease in 

E. coli. Due to the repetitive nature of the DNA, additional reactions to obtain the 

sequence of the A3A and L30 mutant plasmids were not attempted.  
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Figure 7. Nucleotide sequence of A3A F + R mutant 
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Figure 8. Blast result of A3A mutant 

 

 

 

 

 

 

 

 

 



66 
 

 

 

 

 

L31 R + F + F2

1842 bp

Typ II sec - Protein E

L31 insert

Type II Sec - Protein E

Cla I (924)KpnI (670)

SacI (649)

PvuII (60)

PvuII (662)

SalI (405) SalI (1692)

HincII (261)

HincII (407)

HincII (898)

HincII (939)

HincII (1099)

HincII (1548)

HincII (1694)L31 F2 (100.0%)

 

Figure 9. Feature map of L31 mutant 

Green arrows – Open Reading frames, Yellow line – DNA sequence,  

Solid orange and green arrows – Interrupted genes, Blue lines - Primers 
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Figure 9 is the feature map of DNA from the selenite sensitive L31 mutant 

showing two open reading frames that were translated (orange and green solid lines, 

respectively) into amino acid residue sequences. BLAST analysis of these polypeptide 

sequences suggested that they were related to an ATPase found in type II secretion 

complex (Fig 11). The nucleotide sequence of the L31 mutant is shown in Figure 10 

along with the open reading frame sequences denoted by the blue arrows. The dark red 

line indicates the L31 F2 primer that was used to obtain additional sequence of the 

mutated DNA. 

 

 

 

 

 

 

 

 

 

 

 



68 
 

 

 



69 
 

 

 

Figure 10. Nucleotide sequence of L31 R + F + R2 
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Figure 11. Blast result of L31 R + F + R2 mutant 
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8HB F + R + F2

1943 bp

UNK DUF 484

tyrosine recombinaseTn5 Insert

ClaI (1749)SalI (919)

XbaI (520)

XbaI (1672)HincII (93) HincII (921) HincII (1245)

8H F2 (100.0%)

8H R2 (100.0%)

8H R2 (100.0%)

8H F3 (100.0%)

8H F3 (100.0%)

8H1 (100.0%)

8H1 (100.0%)

 

 

Figure 12. Feature map of 8HB Mutant 

Green arrows – Open Reading frames, Yellow line – DNA sequence,  

Solid orange arrow – Interrupted gene, Blue lines - Primers 

 

 

 

 

 



72 
 

 Figure 12 represents the feature map of DNA from the selenite sensitive 8HB 

mutant showing all the restriction endonucleases, SalI and ClaI in red, and HincII and 

XbaI in black. It shows all the possible ORFs in green arrows and the nucleotides of 

ORFs that were analyzed by BLAST. BLAST analysis showed that one was related to a 

DUF 484 protein of unknown function. The sequence of the second ORF was also of a 

protein of unknown function, however, BLAST analysis of the nucleotide sequence 

revealed that it may encode a XerC subunit belonging to the family of tyrosine 

recombinase (Figure 14). The nucleotide sequence of 8HB mutant is listed in Figure 13 

along with the open reading frame sequences denoted by the blue arrows. The dark red 

lines indicate 8H 1, 8H F2 and 8H F3 primers that were used to obtain additional 

sequences of the mutated DNA. Additional reactions could not be performed on the 8HB 

mutant DNA due to the repetitive nature of the DNA sequence in that region. 

 

 

 

 

 

 

 

 



73 
 

 

 

 



74 
 

 

Figure 13. Nucleotide sequence of 8HB F + R + R2 mutant 
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Figure 14. Blast result of 8HB F + R + F2 mutant 
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F24 R + F - SO2

766 bp

TN5 insert

Zn/CD/Hg P-type ATPase

Hinc II (515)

F24 F (100.0%) F24 R (100.0%)

 

Figure 15. Feature map of F24 R + F mutant 

Yellow line – DNA sequence, Solid green arrow – Interrupted gene, 

Blue lines - Primers 
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Figure 15 represents the feature map of the zinc/cadmium/selenite sensitive F24 

mutant along with one ORF (solid green arrow) which was translated into an amino acid 

residues sequence and analyzed by BLAST. BLAST analysis revealed that the putative 

protein was similar to a zinc, cadmium and mercury P-type ATPase transport system 

belonging to Enterobacter sp 638 (Figure 17). The nucleotide sequence of F24 mutant is 

listed in Figure 16 along with primer, F24 F and F24 R, represented a red line and used to 

resolve larger segments of the sequence. 
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Figure 16. Nucleotide sequence of F24 F + R mutant 
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Figure 17. Blast result of F24 F + R mutant 
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D21 R+F - 7-26-07

2445 bp

Lon Protease

D21 Insert

Lon Protease

Lon Protease

DNA Binding Protein

Ava I (2034)

PstI (855)

BglII (2044)

SacI (1119)

XhoI (2034)

PvuII (856)

PvuII (2078)

XmnI (467)

XmnI (1864)

D21 F2 (100.0%)

D21 R2 (100.0%)

 

Figure 18. Feature map of D21 F +R mutant 

Green arrows – Open Reading frames, Yellow line – DNA sequence,  

Solid orange and green arrows – Interrupted gene, Blue lines - Primers 
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Figure 18 represents a feature map of the selenite sensitive D21 mutant showing 

the restriction sites, PstI, BglII, XmnI and PvuII and the ORFs. The nucleotide sequence 

of ORFs (solid orange and green arrows) analyzed by BLAST was identical to be similar 

to a Lon protease gene of an E. coli is shown in Figure 20. Another ORF (smallest solid 

green arrow) of D21 mutant translated into amino acid residue, analyzed by BLAST was 

suggested to be a DNA binding protein of an E. coli. The nucleotide sequence of D21 

mutant is listed in Figure 19 along with the open reading frames denoted by a blue arrow. 

The dark red line indicates the D21 F2 primer that was used to obtain additional sequence 

information of the mutated DNA. 
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Figure 19. Nucleotide sequence of D21 F+R mutant 
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Figure 20. Blast result of D21 F+R mutant 
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6B pOR1+ 2

2476 bp

Sporulation Domain ProteinDNA adenine methylase

Tn EZ5 Insertion

NcoI (533)

EagI (273)

EcoRI (222) EcoRI (2363)

PvuII (1186)

PvuII (1318)

EcoRV (723) EcoRV (1309)

EcoRV (1867)

6B F2 (100.0%)

6b R2 (100.0%)

6B F3 (100.0%)

6BR3 (100.0%)

6B F (100.0%)

6B R (100.0%)

 

Figure 21. Feature map of 6B mutant 

Yellow line – DNA sequence, Solid orange arrow – Interrupted gene, Blue lines - Primers 
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Figure 21 represents the feature map of the selenite sensitive 6B mutant showing 

the restriction sites, PvuII, EagI, EcoRV and EcoRI and open reading frames (solid 

orange arrows) which were translated into amino acid residues and analyzed by BLAST. 

BLAST analysis showed that the putative 408- amino acid residue polypeptide may be 

related to a sporulation domain protein of Enterobacter sp. 638 (Figure 23). In addition 

another ORF (small solid orange arrow) analyzed by BLAST was revealed to be DNA 

adenine methylase. The nucleotide sequence of 6B mutant is shown in Figure 22 along 

with the sequence of primers, 6B F, 6B F2 and 6B F3, used to obtain additional sequence 

of mutant DNA. 
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Figure 22. Nucleotide sequence of 6B mutant 



90 
 

 

 

 

 

 

 

 

Figure 23. Blast result of 6B mutant 
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Q17 R+F

1215 bp

polyphosphate kinase

Q17 Insert

Ava I (232)

Q17 R2 (100.0%) Q17 F2 (100.0%)

 

Figure 24. Feature map of Q17 mutant 

Green arrows – Open Reading frames, Yellow line – DNA sequence,  

Solid orange arrow – Interrupted gene, Blue lines - Primers 
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Figure 24 represents the feature map of selenite sensitive Q17 mutant showing the 

open reading frame (solid orange arrow) which was sequenced. The ORF was translated 

into a polypeptide and analyzed by BLAST. BLAST analysis revealed that the putative 

212-amino acid residue polypeptide was nearly identical to polyphosphate kinase of 

Enterobacter sp. 638 (Figure 26). The nucleotide sequence of Q17 mutant is listed in 

Figure 25 along with the open reading frames denoted by blue arrow. The dark red line 

indicates the Q17 F2 primer that was used to obtain additional sequence of the mutated 

DNA. 
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Figure 25. Nucleotide sequence of Q17 R + F mutant 
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Figure 26. Blast result of Q17 mutant 
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F34A F

435 bp

acyl transferase protein

 

Figure 27. Feature map of F34 F 

Green arrow – Open Reading frame, Yellow line – DNA sequence,  

Solid orange arrow – Interrupted gene 
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Figure 27 represents the feature map of selenite sensitive F34 mutant showing an 

open reading frame (green arrow) translated into amino acid residue sequence (orange 

solid arrow). BLAST of this putative peptide revealed that it may be related to a segment 

of an E. coli acyl transferase (Figure 29). The nucleotide sequence of the F34 mutant is 

listed in Figure 28 along with the open reading frame denoted by a dark blue arrow. 
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Figure 28. Nucleotide sequence of F34 F mutant 
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Figure 29. Blast result of F34 F mutant 
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In addition to using transposon mutagenesis to identify metal resistance genes, 

primers for known metal resistance genes, pco and mer
79

 were used in PCR reactions to 

detect the presence of the mercury and copper resistance genes in E. cloacae UNK. A 

1,500 bp fragment of pcoA and a 1,100 bp fragment of mer were cloned into the plasmid 

pSC-A and sequenced on each end. BLAST analysis of the short sequences showed that 

E. cloacae most likely contained these two genes. Figures 30 and 33 contain a map of the 

pco sequences on each end. As suggested by the BLAST analysis, the open reading 

frames (solid orange arrows) contained DNA sequences for the copper resistance protein 

of the CopA family (CP000946.1). The nucleotide sequences of each end of the cloned 

fragments are shown in Figures 31 and 34 and are referred to as pcoF and pcoR (forward 

and reverse primers).  

 

 

 

 

 

 

 

 

 



100 
 

 

 

 

 

 

 

pco R ramana

659 bp

CopA protein

CopA protein CopA protein

BamHI (358) NcoI (566)

 

Figure 30. Feature map of pcoR 

Yellow line – DNA sequence, Solid orange arrow – Protein 
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Figure 31. Nucleotide sequence of pcoR 
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Figure 32. Blast result of pcoR 
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pcoF Ramana

422 bp

copAPstI (116)

 

Figure 33. Feature map of pcoF 

Yellow line – DNA sequence, Solid orange arrow – Protein 
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Figure 34. Nucleotide sequence of pcoF 
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Figure 35. Blast result of pcoF 
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mer R ramana

509 bp

mer operon

merRmer R

Figure 36. Feature map of merR operon 

Yellow line – DNA sequence, Solid orange arrows - Genes 
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Figure 36 represents the feature map of the mercury resistance gene, merR 

showing the open reading frames. BLAST analysis of the short nucleotide sequence 

contained mer gene identical to mercury resistance transposable element from a strain of 

Enterobacter cloacae (Figure 38). The nucleotide sequence of merR is listed in Figure 

37.   
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Figure 37. Nucleotide sequence of merR 
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Figure 38. Blast result of merR 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER VI: DISCUSSION 
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Transposon mutagenesis was performed on the multimetal-resistant strain, 

Enterobacter cloacae UNK, to study resistance mechanisms towards heavy metals such 

as mercury, cadmium, zinc, copper and selenite. Previous research on metal resistances 

suggested that E. cloacae UNK may express proteins involved in sequestration, 

transformation, efflux, and oxidative stress reduction in response to toxic concentrations 

of these metals.  Some of identified proteins are discussed in the next few sections. 

6.1. Lon protease (La protease) 

It is one of the ATP dependent protease belonging to AAA
+
 family of proteins.

80
 

Lon possesses two domains: an ATPase domain and proteolytic domain.
81

 E. coli Lon 

protease is an oligomeric endoprotease with three functional domains: a variable N-

terminal domain, an ATPase domain and a C-terminal proteolytic domain.
80

 

The mutants, A3A, D21 and L30 of E. cloacae have interruptions in La protease 

conferring sensitivity to selenite. The E. coli lon gene encoding 159-amino acid protein 

may be involved in degrading short-lived regulatory proteins and thereby help maintain 

homeostasis during protein metabolism. They also participate in cell growth balance, in 

reducing external stress.
81

 and in the maintenance of protein quality.
82

 There are no 

references available for La protease responding to selenite. Our assumption is that when 

E. coli is exposed to toxic concentrations of selenite, La protease may be involved in 

degrading proteins that were damaged by the oxidative stress caused by selenite.  

6.2. Sporulation Domain protein 

The sporulation domain protein was one of the unexpected proteins (6B mutant) 

obtained by random mutagenesis of Enterobacter cloacae with the transposome because 
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this strain does not form endospores. It may have been involved in reducing oxidative 

stress when the bacterial strain, E. cloacae was exposed to the toxic concentrations of 

selenite. When microorganisms use oxygen during respiration, oxygen is reduced to form 

reactive oxygen species such as superoxide (O2
-
), hydrogen peroxide (H2O2) and 

hydroxide (OH
-
). These reactive oxygen species cause oxidative stress which can be 

overcome by the formation of spores (Sporulation).
83

 CueO encoding multi-copper 

oxidase confers resistance to copper by influencing the formation of spores.
63

 The 

cellular structure of bacterial endospores are designed to protect the bacterial cell against 

the extreme conditions such as heat, radiation, UV light and oxidizing agents by 

destroying vegetative cells.
84

 

6.3. Polyphosphate kinase 

 This protein is a 219-amino acid polypeptide having a similar sequence to that of 

polyphosphate kinase belonging to an Enterobacter species (accession number 

YP_001177705.1). The Q17 mutant appears to contain an interruption in a polyphosphate 

kinase gene that may confer resistance to selenite. The role of polyphosphate kinase 

varies in different organisms.
85

 It is of vital importance in microorganisms in increased 

resistance to heavy metals.
86

 Polyphosphate kinase has a major role in many living 

organisms, animals and plants by synthesizing inorganic polyphosphate (Poly P).
87

 

Poly P is a multifunctional metabolite regulating the cell balance in bacteria. It is 

involved in transport, metabolism of orthophosphate (Pi) and feedback inhibition of poly 

P metabolism. Poly P also acts as a phosphate and energy reserve, participates in 

membrane channel formation and cell envelop development, controls gene expression, 
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and mediates stress response and cell survival during the stationary phase of bacterial 

growth. Bacterial poly P is located in the cytoplasm, cell surface, the periplasm and 

plasma membrane.
87

 Microorganisms make use of the detoxification mechanism to 

sequester the heavy metals.
86

 Bacterial cells respond to the heavy metals by stimulating 

the activity of exopolyphosphatase as soon as heavy metal cations enter the cell. 

Polyphosphate then sequesters these metals by the formation of phosphate-metal complex 

from Poly P which releases Pi. These metal complexes are then transported out of the 

cells.
87

 From this, it may be inferred that Enterobacter species may also use this 

detoxification mechanism to reduce toxic selenite to non-toxic selenium.  

The other mechanism by which detoxification of metals occurs is through 

hydrolysis of polyphosphate. Polyphosphate kinase catalyzes the formation of 

polyphosphate by transferring the terminal phosphate of ATP to a long chain 

polyphosphate (Poly P) inside the cell of microorganisms.
86

. In Enterobacter species, 

polyphosphate kinase may be involved in phosphorylating selenite before it enters and 

then may reduce it. Other levels of evidence also prove that heavy metals degrade 

intracellular polyphosphate during the growth of bacterial strains such as Klebsiella 

aerogenes, Stichococcus bacillaris and Anacystis nidulans.  

6.4. P-type ATPases 

The cadmium, zinc and selenite sensitive mutant, F24, appeared to contain an 

interrupted P-type ATPase, which may transport these metals out of the cell. (Accession 

Number: YP_001178579.1). The BLAST search resulted in 83% amino acid residue 

sequence similarity to a Cd
2+

, Zn
2+

 and Hg
2+

 transporting P-type ATPase ZntA belonging 
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to E. cloacae. This protein is known to catalyze the efflux of Zn (II) or Cd (II) using ATP 

as an energy source.
88

 It is interesting that this mutant is sensitive to zinc and cadmium 

but not to mercury. It is sensitive to selenite instead. Perhaps the sequence differences 

play a role in metal specificity.   

6.5. Tyrosine recombinase 

 The cadmium, selenite and zinc sensitive mutant, F34, appeared to contain an 

insert in a subunit of the tyrosine recombinase gene, xerC. XerC and XerD are two 

members of the Xer site specific recombinases belonging to the integrase/tyrosine 

recombinase family. XerC and XerD encoding xerCD genes are found in both gram-

positive bacteria such as Bacillus subtilis, Lactobacillus leichmannii, and Staphylococcus 

aureus and gram-negative bacteria, such as E. coli, Enterobacteriaceae species, 

Pseudomonas aeruginosa, Haemophilus influenza and Vibrio cholera.
89

 

 The site specific recombinases, XerC and XerD, act on specific sites such as cer, 

ckr, nmr, parB and psi found on plasmids or the dif site found on E. coli chromosome to 

convert multimeric replicons to monomeric state. E. coli xerC and xerD genes are 

functionally equivalent to E. cloacae xerCD genes.
90

 The main functions of these site 

specific recombinases include cleavage of double stranded DNA and rejoining at dif site 

necessary for normal chromosome segregation during cell division. The recombination 

site, dif is bounded by xerC on the left half site and xerD on the right half site.
91

 Both 

these recombinases are involved in performing intermolecular and intramolecular 

recombination.
91

 As the main function of tyrosine recombinase is recombination, our 

assumption is that it may be involved in DNA repair due to the oxidative stress caused by 



115 

 

selenite. The nucleotide sequence of 8HB mutant is 85% homologous to xerC subunit 

belonging to tyrosine recombinase family of Enterobacter species.  

6.6. Type II secretion protein  

 The L31 mutant appeared to contain an insert of an ATPase found in a Type II 

secretion system (Accession Number: ZP_01064893.1). The Type II secretion pathway is 

a unique transport system used by gram-negative bacteria to transport proteins across the 

periplasm or outer membrane into the extracellular environment
92, 93

 It is the main 

terminal branch of general secretory pathway (GSP).
94

  

Type II secretion occurs in two different steps: In the first phase, the unfolded 

proteins are transported across the cytoplasmic membrane into the periplasm by targeting 

them to either Sec or Tat machinery.
92

 In the Sec machinery, the peptides are hydrolyzed 

by an ATP-hydrolyzing proteins, SecA and SecYEG translocon located in the Sec 

machinery. Tat components are also involved in folding the proteins in the cytoplasm. 

Tat system is used as an alternative for Sec- independent step for feeding secreton. Sec 

and Tat machinery routes converge at the translocation of protein across the outer 

membrane.
94

 In the second phase, the unfolded proteins oligomerize, undergo post-

translational modifications and convert to fully folded proteins in the periplasm. The 

components present in Type II Secretion pathway (T2S) are involved in translocation of 

the fully folded proteins across outer membrane.
92, 94

 In the individual components, T2S 

proteins gather together to form cell envelope based upon protein-protein interactions 

between this components.
92
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Eps system so called as Type II secretion system is an assembly employed by 

Vibrio cholerae to fight against the diseases caused by pathogens, is involved in secreting 

cholera toxins from the periplasm into the lumen of gastro-intestinal tract of the host. It 

also plays a vital role in designing therapeutic agents for such diseases.
93

 From the above 

functions performed by Type II secretion pathway, the cells may use this system to pump 

out selenite or a selenite-protein complex. Without the energy source provided by the 

ATPase, the cells may not be able to pump out the selenite or selenite protein complexes 

and are sensitive to it.  

6.7. Acyltransferase 

  Acyltransferases participate mainly in lipid metabolism. The protein, RssC 

encoding acyltransferase family of Serratia marcescens is involved in the regulation of 

swarming behavior.
95

 Homeserine transsuccinylase, HTS encoding metA gene and 

homoserine transacetylase, HTA encoding metB gene are responsible for the biosynthesis 

of methionine by making use of acyltransferase.
96

 ADP1 of A. calcoaceticus is the first 

bacterial long chain acyltransferase involved in the catalysis of triacyl glycerols (TAG) 

and wax esters (WE) metabolism. It has a role in the acylation of diacylglycerides and 

fatty acids.
97

 Ict1p encoding acyl-CoA lysophosphatidic acyltransferase contains a 

hydrolase/acyltranferase domain belonging to Saccharomyces cerevisiae. The major role 

of Ict1p in the biosynthesis of phosphatidic acid is useful in tolerating excess organic 

solvent stress by increasing the synthesis of phosphatidic acid.
98

 Perhaps Enterobacter 

cloacae UNK, uses a similar mechanism. 
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6.8. Copper and Mercury resistance genes, pcoA and merR 

 Finally, DNA segments for pcoA and merR, copper and mercury resistance genes, 

respectively, were amplified by the polymerase chain reaction (PCR) and cloned into the 

pSCA plasmid to search for other metal resistance genes in E. cloacae UNK. The length 

of nucleotide sequence was 100% homologous to copper resistance gene belonging to the 

copA family from E. coli. The merR gene has 100% sequence similarity to mercury 

resistance mer operon of an E. coli strain may be encoded with merR, merT and partial 

merP genes. These genes were not detected by the transposon mutagenesis technique. 

Maybe the transposon just did not insert itself into any of these genes. On the other hand, 

if there are multiple mechanisms for resistances to these metals, interference of one gene 

would not result in metal-sensitivity. Likewise, if the genes for resistance are located on a 

multicopy plasmid, an interruption in one copy would not inactivate all the copies in the 

cell. Thus, this PCR approach is an important alternative to using transposon 

mutagenesis. 

Conclusion: This work focused mainly on identifying the genes in the multi-resistant 

bacterium, Enterobacter cloacae and their functional roles such as efflux pumps, 

sequestration and metal transformations towards heavy metals such as mercury, 

cadmium, zinc, copper and selenite. The genes identified through this work are the Lon 

protease (also known as La protease), a sporulation domain protein which may be 

involved in response to oxidative stress, a P-type ATPase which may act as a 

mercury/cadmium/zinc transporter, an acyl transferase, a Type II Sec protein which may 

be involved in selenite efflux, a tyrosine recombinase, and a polyphosphate kinase which 
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may reduce selenite. Understanding resistance mechanisms of the heavy metals can be 

used to clean up some of the contaminated sites. 
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