
Role of ORF pCT0018 for  

Copper Homeostasis in  

Listeria monocytogenes strain DRDC8  
 

 

Mei Mei Hii, B.Applied Science (Biotechnology) with Honours 

University of Science Malaysia. 

 

 

A thesis submitted for the Degree of Master of Science 

School of Molecular and Biomedical Science 

Faculty of Sciences,  

The University of Adelaide 

Adelaide, South Australia, Australia 

 

 

 

 

 

(January, 2009) 

 



 

 ii

 Table of Contents 
Chapter 1: Literature Review...........................................................................................1 

1.1 Introduction to Listeria monocytogenes .......................................................................1 

1.2 Classification of L. monocytogenes ..............................................................................1 

1.3 Listeria in the Environment..........................................................................................2 

1.4 Clinical Significance of Listeriosis ..............................................................................2 

1.4.1 Human Listeriosis ..................................................................................................2 

1.4.2 Animal Listeriosis..................................................................................................3 

1.4.3 Treatment and Prevention of Infection ..................................................................4 

1.4.4 Risks and Outbreaks ..............................................................................................4 

1.5 Persistence in the Environment ....................................................................................5 

1.6 Pathogenesis of Listeria monocytogenes......................................................................6 

1.6.1 Cell and Molecular Biology...................................................................................6 

1.6.2 Invasion of Host Cells ...........................................................................................7 

1.7 Copper Ion Acquisition and Homeostasis in Bacteria................................................11 

1.7.1 Bacteria Heavy Metal Resistance ........................................................................11 

1.7.2 Properties and Role of Copper in Biological Systems.........................................11 

1.7.3 Copper Resistance in Bacteria .............................................................................12 

1.7.4 P-type ATPases....................................................................................................13 

1.7.5 Copper-transporting P-type ATPases ..................................................................14 

1.8 Mechanisms of Copper Homeostasis in Bacteria.......................................................15 

1.8.1 Gram-negative Models of Copper Homeostasis..................................................15 

1.8.2 Gram-positive Models of Copper Homeostasis...................................................17 

1.8.3 Genetic Organization of Cop-like Operons in Gram Positive Bacteria...............20 

1.9 Copper Homeostasis in L. monocytogenes DRDC8...................................................21 

1.9.1 L. monocytogenes Copper Transporting P-type ATPase (CtpA).........................22 

1.9.2 ORF pCT0017 encodes a CopY-like Protein ......................................................23 

1.9.3 ORF pCT0018 .....................................................................................................24 

1.9.4 ORF pCT0019 .....................................................................................................25 

1.9.5 Two Component Regulatory System in L. monocytogenes DRDC8...................25 

1.9.6 Role of CtpA in Pathogenesis of L. monocytogenes............................................26 



 

 iii

1.10 Summary ..................................................................................................................28 

1.11 Hypothesis ................................................................................................................28 

1.12 Project Aims .............................................................................................................28 

Chapter 2: Materials and Methods................................................................................45 

2.1 Growth and Maintenance of Bacterial Strains............................................................45 

2.1.1 Bacterial Strains...................................................................................................45 

2.1.2 Bacterial Growth Media ......................................................................................45 

2.1.3 Maintenance of Bacterial Strains.........................................................................45 

2.1.4 Copper Tolerance of L. monocytogenes ..............................................................46 

2.2 Chemicals and Reagents.............................................................................................46 

2.3 Enzymes and Antibodies ............................................................................................47 

2.4 Analysis and Manipulation of DNA...........................................................................47 

2.4.1 Plasmids used in this Study .................................................................................47 

2.4.2 DNA Quantitation................................................................................................47 

2.4.3 Genomic DNA Extraction ...................................................................................48 

2.4.4 Small Scale Plasmid DNA Isolation....................................................................48 

2.4.5 Transformation of E. coli.....................................................................................48 

2.4.6 Restriction Endonuclease Digestion of DNA ......................................................49 

2.4.7 De-phosphorylation of Digested Vector DNA ....................................................49 

2.4.8 Ligation Reactions ...............................................................................................49 

2.4.9 Agarose Gel Electrophoresis of DNA Fragments................................................50 

2.4.10 Determination of Restriction Fragment Size .....................................................50 

2.4.11 Isolation of DNA Restriction Fragments from Agarose Gels............................50 

2.5 PCR Protocols ............................................................................................................51 

2.5.1 Synthesis of Oligonucleotides .............................................................................51 

2.5.2 Polymerase Chain Reaction (PCR)......................................................................51 

2.5.3 Purification of DNA Restriction Fragments from PCR Product .........................51 

2.5.4 Cloning PCR Products .........................................................................................51 

2.6 DNA Sequencing and Analysis of Sequence Data.....................................................51 

2.6.1 DNA Sequencing .................................................................................................51 

2.6.2 Computer Analysis of Sequence Data .................................................................52 

2.7 RNA Transcript Analysis ...........................................................................................52 



 

 iv

2.7.1 RNA Isolation from Bacteria...............................................................................52 

2.7.2 RNA Quantification.............................................................................................53 

2.7.3 RNA Quality Checks ...........................................................................................53 

2.7.4 Reverse Transcriptase PCR (RT-PCR)................................................................53 

2.8 Protein Analysis .........................................................................................................54 

2.8.1 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE).....................................54 

2.8.2 Western Blot Analysis .........................................................................................54 

2.9 Protein Sequencing and Identification........................................................................55 

2.9.1 Sample preparation ..............................................................................................55 

2.9.2 MALDI-TOF mass spectrometry (MS and MS/MS)...........................................55 

2.10 Expression of His-tagged Recombinant Proteins .....................................................56 

2.10.1 In vitro Cloning..................................................................................................56 

2.10.2 Over-expression of His-tagged Proteins ............................................................57 

2.10.3 Affinity Purification of His-tagged Proteins......................................................58 

2.10.4 Removal N-terminal His tag from protein encoded pCT0018 ..........................59 

2.11 Preparation of Polyclonal Antisera...........................................................................59 

2.11.1 Animals and Animals Procedures......................................................................59 

2.11.2 Species Animal ..................................................................................................59 

2.11.3 Production of Polyclonal Antibody ...................................................................59 

2.11.4 Adsorbtion of Antisera with E. coli ...................................................................60 

2.12 Extraction of Cytoplasmic and Envelope Proteins...................................................60 

2.12.1 Whole Cell Envelope Preparation Using the French Press ...............................60 

2.12.2 Whole Envelope Cell Preparation Using Sonicator (Mini Scale)......................61 

2.12.3 Whole Cell Lysates............................................................................................61 

2.12.4 Tricholoroacetic Acid (TCA) Precipitation .......................................................61 

2.13 Copper binding by Proteins Expressed in E. coli .....................................................61 

2.13.1 Atomic Absorption Analysis of Copper ............................................................61 

2.13.2 Copper Binding by His-tagged Protein..............................................................62 

2.13.3 Metal protein binding analysis using IMAC .....................................................62 

2.14 Transmission Electron Microscopy..........................................................................62 

Chapter 3: Role of pCT0018 in Copper Tolerance for  L. monocytogenes.................68 

3.1 Introduction ................................................................................................................68 



 

 v

3.2 Experimental Approach..............................................................................................69 

3.3 Characterisation of the pCT0017 Nucleotide and Amino acid Sequence ..................71 

3.4 Effects of Copper on Growth .....................................................................................72 

3.4.1 Effect of Culture Media on Response of L. monocytogenes to Copper...............72 

3.4.2 Effect of Copper on Growth of L. monocytogenes Strains ..................................72 

3.4.3 Growth of L. monocytogenes strains during copper starvation ...........................73 

3.5 Accumulation of Copper by L. monocytogenes strains ..............................................74 

3.5.1 TEM of L. monocytogenes cultured in Copper Supplemented Media.................76 

3.6 Protein Profiles of Strains cultured in Copper Supplemented Media.........................77 

3.6.1 Cell Membrane and Cell Envelope Profiles ........................................................77 

3.6.2 Isolation of Cytoplasmic Copper-binding Proteins by Cu-IMAC.......................78 

3.7 Transcriptional Analysis of L. monocytogenes strain DRDC8 subjected to copper 

stress .................................................................................................................................79 

3.8 Cloning the pCT0018 ORF ........................................................................................81 

3.9 Over-expression of pCT0018 in E. coli......................................................................81 

3.9.1 Cloning pCT0018 into pET15b and pET21b.......................................................81 

3.9.2 Purification of His tagged pCT0018....................................................................82 

3.10 Preparation of Polyclonal Antiserum for pCT0018..................................................83 

3.10.1 Preparation of pCT0018 Antigen.......................................................................83 

3.10.2 Immunisation Protocol.......................................................................................84 

3.10.3 Specificity of thePolyclonal Antiserum.............................................................84 

3.11 Copper Binding by the pCT0018 Protein.................................................................85 

3.11.1 Binding of protein pCT0018 to Cu-Sepharose ..................................................85 

3.11.2 Copper Binding by Ni-NTA Immobilised pCT0018 Protein ............................85 

Chapter 4: Discussion....................................................................................................135 

4.1 Introduction ..............................................................................................................135 

4.2 Effect of Copper on Growth .....................................................................................137 

4.3 Accumulation of Copper ..........................................................................................141 

4.4 Identification of Copper Responsive Cell Proteins ..................................................143 

4.5 Transcriptional Profiles of Cu-shocked and Cu-adapted for L. monocytogenes ......146 

4.6 Characterization of the pCT0018 Polypeptide .........................................................148 

4.6.1 Protein encoded by pCT0018 gene is low yield in expression..........................148 



 

 vi

4.6.2 Expression of pCT0018 by L. monocytogenes DRDC8 ....................................150 

4.6.3 Protein pCT0018 is able to bind Copper in vitro...............................................150 

4.7 Future Direction .......................................................................................................152 

4.8 Conclusions: .............................................................................................................153 

Chapter 5: References ...................................................................................................154 

Appendices ......................................................................................................................167 

 



 

 vii

List of Figures 
Figure 1.1: Listeria monocytogenes saprophytic and infectious cycles. ..........................35 

Figure 1.2:  Life cycle of L. monocytogenes in a host cell during invasion process. ..........36 

Figure 1.3: Genetic map for the determinant of pathogenesis for L. monocytogenes..........37 

Figure 1.4:  Three alternative nomenclatures for ‘P’-type ATPases....................................38 

Figure 1.5: Copper homeostasis mechanisms in E. coli.......................................................39 

Figure 1.6 : Model of copper homeostasis (cop operon) in E. hirae. ..................................40 

Figure 1.7: E. hirae CopY-DNA interaction with the Cop operon promoter. .....................41 

Figure 1.8:  Genetic organization of cop genes in different bacteria. ..................................42 

Figure 1.9: Comparison of the genetic arrangement of cop-operon  genes. ........................43 

Figure 1.10:  Sequence alignments of conserved regions of the N termini of P-type 

ATPases. ..............................................................................................................................44 

Figure 3.1: DNA and acid amino sequence for pCT0018 (GenBank Accession U15554)..91 

Figure 3.2: Hydropathy plot of the pCT0017 polypeptide...................................................92 

Figure 3.3: Growth of DRDC8 and DSE201 in copper supplemented BHI and LEB.........93 

Figure 3.4:  Growth of DSE201 (ctpA mutant) in BHI and LEB medium. .........................95 

Figure 3.5:  Growth of strains of L. monocytogenes in copper supplemented LEB. ...........96 

Figure 3.6:  Growth response of s L. monocytogenes to CuSO4. .........................................99 

Figure 3.7:  Growth rates of L. monocytogenes in LEB supplemented with CuSO4. ........100 

Figure 3.8:  Growth of different strains of L. monocytogenes in copper depleted LEB. ...101 

Figure 3.9: Growth of different strains of L. monocytogenes in copper depleted media...102 

Figure 3.10: Copper content of DRDC8 culture supernatant and wash fluid. ...................105 

Figure 3.11:  Accumulation of copper by L. monocytogenes cultured in BHI and LEB. ..106 

Figure 3.12: Copper uptake by different strains of L. monocytogenes in BHI and LEB . .107 

Figure 3.13: TEM images of sections of cells of L. monocytogenes DRDC8. ..................109 

Figure 3.14:  TEM images of sections of cells of L. monocytogenes DSE952..................111 

Figure 3.15: TEM images of sections of cells of L. monocytogenes DSE955-PL.............113 

Figure 3.16:  SDS-PAGE of cell envelope protein profiles. ..............................................115 

Figure 3.17:  SDS-PAGE cytoplasmic protein profiles. ....................................................116 

Figure 3.18: SDS-PAGE protein profiles for supernatants from LEB cultures.................117 

Figure 3.19: SDS-PAGE of Cu-IMAC purified cytoplasmic proteins from DRDC8. ......118 



 

 viii

Figure 3.20:  SDS-PAGE of Cu-IMAC purified cytoplasmic proteins from DRDC8-PL.120 

Figure 3.21:  SDS-PAGE of Cu-IMAC purified cytoplasmic proteins from DSE952. .....122 

Figure 3.22: Copper homeostasis islet for L. monocytogenes DRDC8. ............................124 

Figure 3.23:  Location of oligonucleotide primers used for RT-PCR. ..............................125 

Figure 3.24:  Nucleotide sequence alignment for the pET15b-pCT0018 construct. .........126 

Figure 3.25: Nucleotide sequence alignment for pET21b-pCT0018 construct. ................127 

Figure 3.26:  Expression of pET21b-pCT0018 in DH5α[PGP1-2]. ..................................128 

Figure 3.27:  Expression of pET15b-pCT0018 in BL21 (DE3) and DH5α[PGP1-2]........129 

Figure 3.28:  SDS-PAGE and Western analysis of pCT0018 protein. ..............................130 

Figure 3.29:  Expression of pCT0018 by L. monocytogenes DRDC8 and DSE952 cells. 131 

Figure 3.30: Binding of pCT0018 preparations to sepharose. ...........................................132 

Figure 3.31:  Binding of pCT0018 to Cu-IMAC sepharose. .............................................133 

 



 

 ix

List of Tables 
Table 1.1:  Key virulence genes required by L. monocytogenes..........................................30 

Table 1.2: Properties of bacterial copper P1-type ATPases. ................................................31 

Table 1.3: Protein homologs involved in Resistance to Copper. .........................................32 

Table 1.4: Consensus metal binding motifs of proteins involved in copper regulation and 

homeostasis in E. hirae. ....................................................................................33 

Table 1.5: Arrangement of cop genes in different Gram-positive bacterial species............34 

Table 2.1: L. monocytogenes strains used in this study. ......................................................64 

Table 2.2 E. coli strains used in this study. ....................................................................65 

Table 2.3 Plasmid used in this study. .............................................................................66 

Table 2.4: Synthetic oligonucleotide pairs used in this study..............................................67 

Table 3.1:  Cytoplasmic proteins from L. monocyotgenes strain DRDC8, DRDC8-PL and 

DSE952 isolated by Cu-IMAC. ........................................................................87 

Table 3.2:  Oligonucleotide primers used for RT-PCR amplification of RNA transcripts..88 

Table 3.3: RT-PCR fragment profiles for RNA extracts. ....................................................89 

Table 3.4:  Copper content of protein pCT0018. .................................................................90 

 

 



 

 x

Abstract 

Sequence analysis of part of a large plasmid carried by Australian environmental isolate of 

Listeria monocytogenes strain DRDC8 has lead to identification of an islet of genes that 

encode proteins similar to copper binding and transport genes found in other Gram positive 

bacteria.  Comparative sequence analysis showed that there are at least four genes 

(pCT0017, pCT0018, pCT0019 and ctpA) on this islet predicted to be involved in copper 

homeostasis.  One of these, ctpA, is predicted to encode a P-type ATPase with a function 

analogous to CopA, a copper transporting gene in Enterococcus hirae.  ORF pCT0017 is 

likely to be a CopY-like regulatory protein which could control the expression of ctpA. 

ORF pCT0019 is predicted to be a Cu2+ binding protein.  In addition, two genes located 

downstream of the ctpA are predicted to encode a two component regulatory system 

region. The predicted function of ORF pCT0018 is not clear.  A related chromosomal gene 

(cutR) is predicted to also encode a copper transporting P-type ATPase. 

To investigate the role of the protein encoded by pCT0018, the growth behavior of 

L. monocytogenes strain DRDC8, other strains carrying mutations within pCT0018, 

pCT0019, cutR and ctpA, as well as strains cured of the large plasmid, were grown under 

conditions of copper stress and starvation.  The growth data showed that with the exception 

of strain DRDC8 and other strains carrying ctpA, most were unable to grow at higher 

copper concentration (> 15 mM CuSO4) and suggested that the copper homeostasis genes 

located on the large plasmid are associated with tolerance to high levels of copper.  Strain 

DSE955PL, which carries a cutR mutation and is cured of the large plasmid, was the most 

sensitive (<5 mM CuSO4). This indicated that proteins encoded by plasmid genes work 

synergistically to confer tolerance to copper. Of most interest was the fact that a pCT0018 

mutant was more sensitive (<15 mM CuSO4) to high levels of copper than the wild type 

parent DRDC8 (<20 mM CuSO4).  This suggested that ORF pCT0018 was necessary for 

copper tolerance. 

To investigate the effects of insertion mutations in pCT0017, pCT0018 and ctpA on 

copper uptake and export, the levels of copper accumulated by these strains was assessed 

using atomic absorption spectroscopy.  A significant difference in copper accumulation 

among the bacteria strains was observed when either LEB or BHI media were used to 



 

 xi

culture the bacteria.  This data suggested that the growth medium chemicals influence the 

levels of copper accumulated by cells. However, the effect of these media on bacteria 

growth rates during copper stress was not significant. Atomic absorption analysis of 

intracellular copper accumulation suggested that DSE955PL and DSE955 (a chromosome 

mutant) were able to accumulate copper (80 - 110 mg.g-1 dry weight of cells), whereas 

DRDC8 and strains carrying mutations in pCT0018, ctpA, and strains cured of the large 

plasmid, were less able to accumulate copper (30 - 70 mg.g-1 dry weight of cells). This data 

suggested that cutR may encode a copper export system and that ctpA is involved in copper 

uptake.  

To investigate the gene expression profile for pCT0018 under elevated copper, reverse 

transcriptase PCR was used to detect transcripts encoding pCT0017, pCT0018, pCT0019 

and pCT0020 from RNA extracted from L. monocytogenes strain DRDC8 following 

culture at elevated levels of copper. Although transcripts for each of the target genes were 

detected, transcription was not responsive to copper, nor was the pattern of transcription 

consistent with that expected for a single operon. 

To directly determine whether the protein encoded by the pCT0018 open reading frame 

was able to bind copper, this gene was cloned in pET15b in frame with an N-terminal His-

tag and expressed in E. coli.  The expressed protein was purified with a Ni-NTA column 

and shown to contain copper.  Attempts to directly show that protein pCT0018 could bind 

copper by Cu-IMAC were unable to unequivocally show that the protein was immobilized 

on the column.   

Purified protein was used to raise a polyclonal antiserum in rabbit and the antiserum 

was used for Western analysis to test expression of pCT0018 by wild type 

L. monocytogenes DRDC8 and specific gene mutants. Although the antiserum bound to 

purified protein, it was not possible to demonstrate binding to native pCT0018 in cell 

lysates prepared from L. monocytogenes DRDC8.  

SDS-PAGE of cytoplasmic and cell envelope proteins isolated from L. monocytogenes 

strains was used to identify proteins expressed in response to copper stress and starvation. 

No significant differences in protein profiles for cytoplasmic protein were observed.  

However, copper-immobilized metal affinity chromatography (Cu-IMAC) showed that 



 

 xii

expression of a number of copper binding proteins were differentially expressed by 

DRDC8 following growth in copper stress and starvation conditions.  Three of these 

proteins were selected for amino sequence analysis by MALDI-TOFF MS.  Two were 

confirmed to be L. monocytogenes non-heme iron-binding ferritin and a thiol peroxidase, 

both of which bind copper.  The other protein was similar to an unknown protein from 

L. monocytogenes. Interestingly, no proteins directly implicated with the copper 

homeostasis islet were identified. 
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