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Abstract
Pseudomonas aeruginosa is resistant to many clinically-relevant antibiotics and
this is partly attributable to multidrug efflux systems in this organism. One of these,
MexEF-OprN, exports chloramphenicol, fluoroquinolones and trimethoprim and is
positively regulated by MexT, encoded by the mexT gene that is located upstream of the
efflux genes.

MexT also positively regulates the mexS gene that encodes an

oxidoreductase of unknown function and whose loss increases expression of mexEFoprN. A null mutation in the mexS gene of P. aeruginosa increased expression of two 3gene operons, PA4354-PA4355-PA4356 and PA2813-2812-2811.

This increased

expression, which paralleled an increase in mexEF-oprN expression in the same mutant,
was, like mexEF-oprN, MexT-dependent.

The PA4356 (xenB) gene product is

homologous to a xenobiotic reductase in P. fluorescens shown to remove nitro groups
from trinitrotoluene and nitroglycerin. As nitration is a well-known result of nitrosative
stress, a role for xenB (and the co-regulated mexEF-oprN and PA2813-2812-2811) in a
nitrosative stress response was hypothesized and tested.

Using S-nitrosoglutathione

(GSNO) as a source of nitrosative stress, expression of mexEF-oprN, xenB and PA2811
was shown to be GSNO-inducible, though in the case of xenB and PA2811 this was only
seen in a mutant lacking MexEF-OprN and only for xenB, this GSNO-inducible
expression was dependent upon MexT. Consistent with MexT being required for mexEFoprN and PA4354-PA4355-PA4356 expression, MexT bound to their promoter regions.
Chloramphenicol, a nitroaromatic antimicrobial that is a substrate for MexEF-OprN and
resembles a nitrosated nitrosative stress product accommodated by this efflux system
iii

induced expression of mexEF-oprN, but not xenB, or PA2811, and this was dependent
upon the MexT regulator. In addition to MexT positive-regulating activity of genes in
response to nitrosative stress, MexT also negatively regulates the expression of mexABoprM through direct binding to its promoter region and the oprD gene, encoding an outer
membrane porin that provides a portal of entry for basic amino acids and carbapenem,
whose expression was reduced only by GSNO.

iv

Co-Authorship
This work could not have been completed with out the help and guidance of Dr.
Keith Poole. He is the corresponding author for my publication. I would also like to thank
coauthors of Chapter 2: Christie Gilmour for constructing the ∆mexF mutant, Rachel
Klinoski for constructing the ∆mexT mutant and Dr. Charles Dean for carrying out the
microarray studies.

v

Acknowledgements
First, I thank God through whom all things are possible. I would like to thank my
supervisor, Dr. Keith Poole for his guidance, help and support through out my studies. He
always managed to provide explanations for the results I have obtained during my PhD. I
would also like to thank my committee members Dr. Ken Jarrell, Dr.Paul Young and Dr.
Nancy Martin for their valuable comments.
Thanks Dr. Sebastien Fraud for making the lab a fun place to work and for
providing guidance with troubleshooting. Christie Gilmour thanks for being a very good
friend and for providing lots of help both on personal and professional life. Thanks to all
the wonderful people of the Poole’s lab, Lisa Starr, Tom Hay, Thomas Krahn, Michael
Fruci and Andrew Purssell. I would also like to express my deepest gratitude to Jerry
Dering for the support and listening to my stories and for being a good friend. Thanks to
Chris Boer for all the help and technical assistance. I would like to thank Kim Monroe
(Protein Function Discovery Facility at Queen’s University) for all the help with the
fluorimetry and ITC. I would also like to thank the Egyptian government, Ministry of
Higher Education for the financial support and for giving me this opportunity.

vi

Table of Contents
Dedication .......................................................................................................................... ii
Abstract ............................................................................................................................. iii
Co-Authorship ................................................................................................................... v
Acknowledgements .......................................................................................................... vi
List of Figures ................................................................................................................... xi
List of Tables .................................................................................................................. xiii
List of Abbreviations ..................................................................................................... xiv
Chapter 1. INTRODUCTION ......................................................................................... 1
1.1 Mode of action of antibiotics. ................................................................................... 3
1.2 Bacterial antimicrobial resistance mechanisms......................................................... 6
1.2.1 Target site alteration. .......................................................................................... 6
1.2.2 Antibiotic modification and inactivation. ........................................................... 7
1.2.3 Reduced drug concentrations.............................................................................. 8
1.3 Families of bacterial multidrug efflux systems. ........................................................ 9
1.3.1 ATP-Binding Cassette family (ABC). ................................................................ 9
1.3.2 Major Facilitator Superfamily (MFS)............................................................... 12
1.3.3 Multidrug and Toxic Compound Extrusion family (MATE). .......................... 13
1.3.4 Small Multidrug Resistance family (SMR). ..................................................... 14
1.3.5 Resistance-Nodulation-Division family (RND). .............................................. 15
1.4 RND efflux systems in P. aeruginosa..................................................................... 21
1.4.1 MexAB-OprM. ................................................................................................. 21
1.4.1.1 Regulation of mexAB-oprM gene expression. ........................................... 24
1.4.2 MexCD-OprJ. ................................................................................................... 25
1.4.2.1 Regulation of mexCD-oprJ gene expression. ............................................ 26
1.4.3 MexXY-OprM. ................................................................................................. 26
1.4.3.1 Regulation of mexXY gene expression. ...................................................... 27
1.4.4 MexEF-OprN efflux system. ............................................................................ 28
1.4.4.1 Regulation of mexEF-oprN gene expression. ............................................ 30
vii

1.5 Natural function of multidrug efflux systems. ........................................................ 32
1.5.1 Stress response. ................................................................................................. 33
1.5.2 Virulence and cell-cell communication. ........................................................... 34
1.5.3 Evidence for MexEF-OprN having other than drug efflux as its intended
function. ..................................................................................................................... 36
1.6 Statement of purpose. .............................................................................................. 37
Chapter 2. mexEF-oprN multidrug efflux operon of Pseudomonas aeruginosa:
regulation by the MexT activator in response to nitrosative stress and
chloramphenicol .............................................................................................................. 38
2.1 ABSTRACT ............................................................................................................ 38
2.2 INTRODUCTION................................................................................................... 39
2.3 MATERIALS AND METHODS ............................................................................ 41
2.3.1 Bacterial strains, plasmids and growth conditions. .......................................... 41
2.3.2 DNA protocols. ................................................................................................. 45
2.3.3 Construction of gene deletions in P. aeruginosa. ............................................. 45
2.3.4 Antimicrobial susceptibility testing. ................................................................. 46
2.3.5 β-galactosidase assay. ....................................................................................... 47
2.3.6 RT-PCR. ........................................................................................................... 47
2.4 RESULTS AND DISCUSSION ............................................................................. 48
2.4.1 Co-regulation of mexEF-oprN and a xenobiotic reductase gene, xenB, in a
ΔmexS mutant. ........................................................................................................... 48
2.4.2 MexT-dependent nitrosative stress inducibility of mexEF-oprN and xenB. .... 52
2.4.3 MexT-dependent chloramphenicol inducibility of mexEF-oprN. .................... 58
2.4.4 MexEF-OprN and XenB do not contribute to GSNO resistance...................... 66
2.4.5 Conclusion. ....................................................................................................... 66
Chapter 3. MexT regulation of the mexEF-oprN efflux operon in Pseudomonas
aeruginosa ........................................................................................................................ 68
3.1 ABSTRACT ............................................................................................................ 68
3.2 INTRODUCTION................................................................................................... 69
viii

3.3 MATERIALS AND METHODS ............................................................................ 70
3.3.1 Bacterial strains, plasmids and growth conditions. .......................................... 70
3.3.2 DNA protocols. ................................................................................................. 70
3.3.3 Determination of the transcription start site of the mexEF-oprN operon. ........ 73
3.3.4 Expression and Purification of Polyhistidine (His)-Tagged MexT Protein. .... 75
3.3.5 Electrophoretic mobility shift assays. ............................................................... 76
3.3.6 Site-Directed mutagenesis of the mexEF-oprN promoter region. .................... 78
3.3.7 Fluorimetric analysis. ....................................................................................... 80
3.3.8 Isothermal titration calorimetry (ITC). ............................................................. 80
3.3.9 Trypsin digests. ................................................................................................. 81
3.3.10 LexA 2-hybrid experiments. ........................................................................... 81
3.3.11 PCR-based random mutagenesis. ................................................................... 83
3.3.12 Hydroxylamine-based random mutagenesis. .................................................. 83
3.3.13 RT-PCR. ......................................................................................................... 84
3.4 RESULTS................................................................................................................ 85
3.4.1 Identification of the mexEF-oprN transcription start site. ................................ 85
3.4.2 Identification of the MexT binding site. ........................................................... 85
3.4.3 MexT does not bind to chloramphenicol and GSNO. ...................................... 95
3.4.4 Interaction of MexT and RNAP. .................................................................... 106
3.4.5 Identification of the inducer-binding domain of MexT. ................................. 109
3.4.6 Screening for residues involved in MexT activity.......................................... 114
3.5 DISCUSSION ....................................................................................................... 117
Chapter 4. The LysR-family regulator MexT: Role in global regulation and
nitrosative stress response in Pseudomonas aeruginosa ............................................ 121
4.1 ABSTRACT .......................................................................................................... 121
4.2 INTRODUCTION................................................................................................. 122
4.3 MATERIALS AND METHODS .......................................................................... 124
4.3.1 Bacterial strains, plasmids and growth conditions. ........................................ 124
4.3.2 DNA protocols. ............................................................................................... 124
ix

4.3.3 RT-PCR. ......................................................................................................... 127
4.3.4 Antimicrobial susceptibility testing. ............................................................... 128
4.3.5 Construction of ∆PA2811 mutants. ................................................................ 128
4.3.6 Construction of the ∆PA0873 mutant............................................................. 129
4.3.7 Expression and purification of polyhistidine (His)-Tagged MexT protein. ... 130
4.3.8 Electrophoretic mobility shift assays. ............................................................. 132
4.4 RESULTS.............................................................................................................. 134
4.4.1 PA2811 hyperexpression in ΔmexS strain K2376 is MexT-dependent. ......... 134
4.4.2 PA2811 inducibility by GSNO. ...................................................................... 134
4.4.3 Impact of PA2811 deletion on chloramphenicol resistance and mexEF-oprN
expression. ............................................................................................................... 139
4.4.4 Influence of MexT and nitrosative stress on oprD expression. ...................... 143
4.4.5 MexT directly regulates mexS, PA4354-PA4355-xenB and mexAB-oprM. ... 146
4.4.6 Testing involvement of phhR (PA0873) in mexEF-oprN gene expression. ... 149
4.5 DISCUSSION ....................................................................................................... 149
Chapter 5. GENERAL DISCUSSION ........................................................................ 155
References ...................................................................................................................... 162

x

List of Figures
Figure 1. Multidrug resistance efflux pumps. ................................................................... 10
Figure 2. Crystal structure of MexB. ................................................................................ 17
Figure 3. Completed assembly of the tripartite AcrAB-TolC RND efflux pump. ........... 19
Figure 4. Gene organization of clinically relevant RND multidrug efflux pumps in P.
aeruginosa......................................................................................................................... 22
Figure 5. Influence of mexS and mexT mutations on mexEF-oprN and xenB expression. 49
Figure 6. Influence of nitrosative stress on xenB expression. ........................................... 54
Figure 7. Influence of nitrosative stress on mexEF-oprN expression. .............................. 56
Figure 8. Influence of nitrosative stress on expression of PA3229 and PA4881. ............ 60
Figure 9. Influence of chloramphenicol on mexEF-oprN expression. .............................. 62
Figure 10. Influence of antimicrobials on mexEF-oprN expression. ................................ 64
Figure 11. Sequence of mexT-mexE intergenic DNA. ...................................................... 86
Figure 12. Expression of MexT-His in E. coli BL21 (DE3). ............................................ 88
Figure 13. MexT binds to the mexE-mexT intergenic region............................................ 90
Figure 14. Defining the MexT binding site upstream of mexEF-oprN............................. 93
Figure 15. Mutations in the putative heptameric MexT binding sites do not alter MexT
binding. ............................................................................................................................. 96
Figure 16. Mutations in the distal nod box reduces MexT binding. ................................. 98
Figure 17. Chemical structures of chloramphenicol (A) and nitrotyrosine (B). ............. 101
Figure 18. Emission spectra of MexT at 282nm and 295nm excitation wavelengths. ... 104
Figure 19. Western immunoblot of whole cell extracts of E. coli SU202. ..................... 107
Figure 20. Assessing interaction between MexT and RpoA or RpoAc. ........................ 110
Figure 21. Influence of mexT mutation on mexEF-oprN expression. ............................. 115
Figure 22. Influence of mexS mutation on PA2811 expression. ..................................... 135
Figure 23. PA2813-2812-2811 overexpression in a ΔmexS P. aeruginosa mutant is
MexT-dependent. ............................................................................................................ 137
Figure 24. Influence of nitrosative stress on PA2811 expression. .................................. 140
xi

Figure 25. Influence of nitrosative stress on oprD expression. ...................................... 144
Figure 26. MexT binds to the mexS, xenB and mexA promoter regions-containing
fragments......................................................................................................................... 147
Figure 27. Influence of PA0873 deletion on mexEF-oprN inducibility. ........................ 150

xii

List of Tables
Table 1. Bacterial strains and plasmids............................................................................. 43
Table 2. Impact of ΔmexS on antibiotic susceptibility of P. aeruginosa. ......................... 51
Table 3. Bacterial strains and plasmids............................................................................. 71
Table 4. Influence of mexT deletion or mutation on antimicrobial resistance ................ 112
Table 5. Bacterial strains and plasmids........................................................................... 125
Table 6. Effect of mutations on antimicrobial resistance. .............................................. 142

xiii

List of Abbreviations
ABC

ATP-binding cassette

ATP

Adenosine 5’-triphosphate

bp

Basepair

CF

Cystic fibrosis

CFTR

Cystic fibrosis transmembrane receptor

DNA

Deoxyribonucleic acid

EDTA

Ethylenediaminetetraacetic acid

GSNO

S-nitrosoglutathione

GST

Glutathione S-transferase

His

Histidine

HIV

Human immunodifficiency virus

ICU

Intensive care unit

IPTG

Isopropyl-β-D-thiogalactopyranoside

ITC

Isothermal titration calorimetry

Kb

Kilo-basepair

LB

Luria-Bertani broth

LPS

Lipopolysaccharide

M

Mole per liter

MATE

Multidrug and toxic compound extrusion

MFP

Membrane-fusion protein

xiv

MFS

Major Facilitator Superfamily

MIC

Minimum inhibitory concentration

ml

Milliliter

mM

Millimolar

mRNA

Messenger RNA

Ni-NTA

Nickel-nitrolotriacetic acid

NO

Nitric oxide

OM

Outer membrane

OMP

Outer-membrane protein

ORF

Open reading frame

PAGE

Polyacrylamide gel electrophoresis

PBP

Penicillin-binding protein

PBS

Phosphate-buffered saline

PCR

Polymerase chain reaction

QS

Quorum-sensing

RNA

Ribonucleic acid

RND

Resistance-nodulation-division

SDS

Sodium dodecyl sulphate

SMR

Small multidrug resistance

TMD

Transmembrane domain

TMS

Transmembrane segment

tRNA

Transfer RNA
xv

UTI

Urinary tract infections

vol

Volume

Wt

Weight

μg

Microgram

μl

Microliter

xvi

Chapter 1
INTRODUCTION
Pseudomonas aeruginosa infection was first observed in 1850 by Sedillot who
noticed the characteristic blue-green discoloration of surgical wounds (73).

In 1860,

Fordos was able to extract this pigment and later in 1862 Lucke associated this
pigmentation with the rod-shaped microorganisms (137). Only in 1882, P. aeruginosa
was first isolated in pure culture by Carle Gessard which he named Bacillus pyocyaneus
(73). Later in the 19th century, reports have related the blue-green discoloration of
wounds to this organism (266) and in 1916, Freeman published a report about P.
aeruginosa (B. pyocyaneus, at that time) dissemination and its role in acute and chronic
infections (61).
P. aeruginosa is a ubiquitous Gram-negative lactose non-fermenting organism
that can be found in soil and water (229) and can grow and survive in distilled water due
to its minimal nutritional requirements (270). It can also infect insects, plants, animals
and humans (86). In humans, P. aeruginosa can cause infection in almost every part of
the human body including urinary tract, blood, lung (pneumonia) and is also associated
with intra-abdominal sepsis and wound infections (182). Although the rate of
colonization of P. aeruginosa is fairly low in humans [ranging from 0 to 2% for skin, 0 to
6.6% for throat and from 6.6 to 24% in stool samples; since it is not considered as a
member of the normal flora (171)] the colonization rate can be more than 50% during
hospitalization. In fact, the most serious P. aeruginosa infections are hospital-acquired
(137).
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P. aeruginosa has been found to be one of the most prevalent causes of hospitalacquired (nosocomial) infections (71) resulting in 11-13.8% of these infections when a
microbiological isolate is identifiable (44). It can also be isolated from various medical
devices in hospitals. In fact, it has been identified as the most frequently isolated Gramnegative microorganism in intensive care units (ICUs) with the incidence of infection
almost doubling between 1975 and 2003 (71). This increased incidence was not limited
to one site of infection but has been observed in different sites.

For example,

P.aeruginosa nosocomial urinary tract infections (UTIs) have increased from 9.3 to
16.3%, surgical site infections increased from 4.7 to 9.5%, and nosocomial pneumonia
increased from 9.6 to 18.1% over the same period (71). P. aeruginosa infections were the
highest among all Gram-negative bacteria (71) and have been associated with high
morbidity and mortality rates when compared to other bacterial infections (84, 181).
P. aeruginosa is an opportunistic pathogen that rarely affects healthy individuals
and it usually causes diseases in immunocompromised patients, including burn patients,
and it has been reported to be the most frequently recovered infectious isolate in burn
units (128, 242, 278). In patients requiring attachment of invasive devices such as
urinary catheters, the precentage of infection was 10.5% compared to 4.1% in patients
without medical devices (20). It can also affect immunologically-susceptible patients
such as those who have undergone organ transplant, are taking immunosuppressants or
cancer patients taking antineoplastic medications (268).

For example, 14-21% of

bacteremic infections in patients with acute leukaemia were related to P. aeruginosa (32,
66). It has also been reported that incidence of P. aeruginosa related-bacteremia was 10
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times greater in patients infected with human immunodifficiency virus (HIV) (264) and it
has been the most commonly isolated bacterium in these patients (3).
P.aeruginosa has also been found to be highly associated with some underlying
conditions such as foot infections in diabetic patients (1, 230) and in patients having
cystic fibrosis (CF) (25). CF is a genetic disease characterized by a defect in cystic
fibrosis transmembrane receptor (CFTR) that acts as a chloride ion transporter leading to
subsequent dehydration of airway epithelia and resulting in a viscous mucous airway
surface (25). This mucous would slow or inhibit epithelial cilia movement allowing for
enhanced attachment and adherence of P. aeruginosa cells to airway epithelia (129). In
2004, 57.3% of patients in the United States CF foundation patient registery were
positive for P. aeruginosa and in another study that combined serological screening with
respiratory culture samples, it has been found that about 97.5% of CF patients were
infected by P. aeruginosa by the age of three years (27).

Both mucoid (alginate-

producing) and non-mucoid P. aeruginosa strains have been isolated from chronically-ill
CF patients indicating that these patients can also be infected with more than one
genotype (208, 249).
1.1 Mode of action of antibiotics.
Antimicrobial agents can be classified according to their mechanism of action into
5 main groups: 1) cell wall inhibitors that interfere with bacterial cell wall synthesis, 2)
protein synthesis inhibitors, 3) inhibitors of RNA and DNA synthesis, 4) inhibitors of
metabolic pathways and 5) agents of membrane disruption (269).
The cell wall inhibitor family is a large class of antimicrobial agents that include
β-lactams such as penicillins, monobactams, cephalosporins, and carbapenems. These
3

antimicrobials inhibit cell wall synthesis by inhibiting the transpeptidation reaction
responsible for cross-linking of the peptidoglycan chain (21, 54, 115, 163).
Glycopeptides are another class of cell wall inhibitors that prevent cross-linking through
binding to the D-alanine residues of the nascent peptidoglycan (260).
Protein synthesis inhibitors act on 70S bacterial ribosomes. These ribosomes
consist of 2 subunits, 30S and 50S, and are structurally different from the 80S eukaryotic
ribosomes (178). Inhibitors of the 30S subunit are aminoglycosides and tetracyclines
(104, 226). Aminoglycosides binding to the 30S subunit result in code misreading and
subsequent insertion of the wrong amino acids to the nascent protein and production of an
inactive protein (178). Tetracyclines block binding of aminoacyl tRNA to the ribosomal
acceptor site inhibiting codon interaction between tRNA and mRNA (190). Macrolides
and chloramphenicol inhibit the 50S subunit (58) where macrolides halt protein synthesis
by dissociating peptidyl tRNA from the ribosome (158) and chloramphenicol binds to the
50S ribosomal subunit interfering with ribosome structure required for peptidyl
transferase activity (263).
Nucleic acid synthesis inhibitors can be classified into RNA and DNA synthesis
inhibitors. RNA synthesis inhibitors such as rifampicin inhibit transcription through
interfering with DNA-dependent RNA polymerase (RNAP). The exact mechanism is
still unknown but rifampicin might be blocking pores through which the RNA transcript
exits RNAP (265).

DNA synthesis inhibitors include quinolones.

Quinolones are

another class of antibiotics that inhibit DNA replication and repair (8, 99). The main
targets for quinolone antibiotics are the enzymes DNA gyrase in Gram-negative bacteria
and DNA topoisomerase IV in Gram-positive bacteria, however, both enzymes are
4

affected in the same organism. DNA gyrase consists of 2 subunits GyrA and GyrB and is
responsible for negative supercoiling or unwinding of DNA double strands through
introduction of breaks in the DNA double helix.

This unwinding allows the DNA

replication machinery to access DNA and initiate DNA replication and/or repair.
Quinolones form a stable complex with DNA and the GyrA subunit of the gyrase enzyme
leading to accumulation of DNA breaks, replication blockage and death of cells (45).
Topoisomerase IV consists of 2 subunits ParC and ParE and separates both DNA strands
during replication (45). Again, quinolones form a stable complex with DNA and the
ParC subunit of topoisomerase IV preventing enzyme dissociation.

Novobiocin is

another gyrase inhibitor that binds gyrase at the ATP-binding site preventing ATP
hydrolysis required for gyrase release (154).
Sulphonamides are well known to interfere with bacterial metabolic pathways.
They are competitive inhibitors of the enzyme dihydropteroate synthetase required for
folic acid synthesis, an important component required in nucleic acid synthesis (235).
Unlike humans, bacteria cannot utilize already synthesized folic acid but rather
synthesize it from its main precursor p-aminobenzoic acid. This makes sulphonamide
activity specific to bacteria (235). In most cases, sulphonamides are usually combined
with the antibiotic trimethoprim that inhibits dihydrofolate reductase enzyme that acts in
a later step in folate synthesis. This combination has also been found to have synergistic
activity (213).
The last class of antimicrobial agents is the membrane-damaging compounds such
as polymyxin E (colistin). Polymyxin E is a cationic polypeptide that interacts with
anionic components of the inner and outer membranes of Gram-negative bacteria. This
5

interaction leads to displacement of cations such as calcium (Ca2+) and magnesium
(Mg2+) required to stabilize and maintain integrity of membranes (52); thus causing cell
death as a result of destabilization and increased permeability of membranes and leakage
of cell contents.
1.2 Bacterial antimicrobial resistance mechanisms.
Bacteria possess a number of mechanisms that confer resistance to antimicrobials.
In fact, once a new antibiotic is introduced into clinical use, it is only a matter of time for
resistance to emerge (269). Resistance mechanisms can be either intrinsic or acquired.
Intrinsic antimicrobial resistance is conferred by chromosomal genes (37).

Acquired

resistance can be due to acquisition of a beneficial mutation that results in increased
resistance to antibiotics or acquisition of mobile elements such as plasmids or
transposons carrying resistance genes (85, 127).

The main mechanisms of

antibiotic/antimicrobial resistance are target site alteration, antibiotic/antimicrobial
enzymatic inactivation and reduced internal concentration or exclusion of the drug as a
result of reduced permeability and/or efflux (196, 269). Unfortunately, P. aeruginosa
possesses all known mechanisms of resistance mentioned above (127).
1.2.1 Target site alteration.
Bacteria can alter antibiotic targets in different ways so they can evade their
damaging effects. At the same time, these modifications do not compromise the cellular
functions of these targets. A well-known example in bacteria, and specifically in P.
aeruginosa, is the alteration of the quinolones primary target enzyme, DNA gyrase (98).
Mutations in the gyrA gene encoding the GyrA-subunit of this enzyme significantly
reduce the efficacy of this group of antibiotics against P. aeruginosa (6). Higher levels
6

of resistance have also been observed in strains having additional mutations in the parC
gene encoding topoisomerase IV ParC-subunit (6, 130).
Resistance to β-lactams as a result of target site alteration has also been reported
in P. aeruginosa (200). For example, alteration of penicillin-binding proteins PBP3 has
resulted in increased resistance to cefsulodin (77). Inhibition of aminoglycoside activity
as a result of methylation of the 16S rRNA by a ribosomal methyltransferase enzyme has
been reported to alter ribosomal structure and provide high levels of resistance to
aminoglycosides in P. aeruginosa (279). Another example of target site modification in
P. aeruginosa is the methytransferase ERM that methylates the 23S RNA component of
the ribosome resulting in reduced affinity and increased resistance to erythromycin (269).
1.2.2 Antibiotic modification and inactivation.
Production of antibiotic-inactivating and modifying enzymes is well known
among many species of bacteria (274). The most common examples are the β-lactamase
enzymes that hydrolyze and break the β-lactam ring of penicillins and cephalosporins.
This hydrolysis abolishes their antibacterial activity by preventing them from binding to
the transpeptidase enzymes (also called penicillin-binding proteins) responsible for
peptidoglycan cross-linking (269). An example of antibiotic-inactivating enzymes in P.
aeruginosa is the chromosomally encoded enzyme AmpC, the most common β-lactamase
in this microorganism (106).

P. aeruginosa also produces extended-spectrum β-

lactamases encoded by plasmids acquired via horizontal gene transfer that can inactivate
penicillins and cephalosporins (127). It has been reported that 11.9% of P. aeruginosa
clinical isolates showed increased expression of AmpC β-lactamase and the extended
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spectrum β-lactamase-encoding genes were identified in approximately 24% of the
isolates (275).
Enzymes that modify aminoglycosides are also common and include acetyl
transferases, adenylyl transferases and phosphoryl transferases. This modification results
in a considerable lowering of aminoglycoside affinity to bind RNA (269). Likewise,
chloramphenicol acetyltransferase acetylates chloramphenicol preventing its binding to
the ribosome (231). Examples of all classes of aminoglycoside-inactivating enzymes
have been reported in P. aeruginosa (193). For example, acetylating enzymes can result
in inactivation of gentamicin, tobramycin, netilmicin and amikacin.

Inactivation of

antibiotics such as kanamycin, neomycin and streptomycin by phosphorylation and
streptomycin and gentamicin by adenylylation has also been reported in this
microorganism (193, 274).
1.2.3 Reduced drug concentrations.
In order for antibiotics to be effective, they need to enter into bacterial cells and
reach their targets (127). P. aeruginosa possesses a highly impermeable outer membrane
that forms a barrier against the penetration of antibiotics into the cells.

This

impermeability is even higher than in other Gram-negative bacteria (44, 83). In fact, it
has been reported that P. aeruginosa is up to 100 times more impermeable than
Escherichia coli (83).

P. aeruginosa genome sequencing has identified 163 known or

predicted outer membrane proteins. Some of those proteins, called porins, form waterfilled channels through which nutrients such as sugars and amino acids are transported
(82). Hydrophilic antibiotics such as β-lactams, aminoglycosides and some quinolones
also use these porins to get transported into bacterial cells (82). Mutational loss of these
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porins will result in reduced influx and antibiotic resistance (127). For example, loss of
the outer membrane porin, OprD, has resulted in increased resistance to the carbapenem,
imipenem (138, 220). OprD, the main portal of entry for basic amino acids and basic
amino acid-containing peptides, is also the main portal of entry for carbapenems (257).
Another mechanism responsible for attaining lower intracellular antibiotic
concentrations is antibiotic export via efflux pumps. These pumps can extrude antibiotics
outside bacterial cells thereby limiting their accumulation inside cells and resulting in
increased resistance (197). Many efflux pumps are able to actively export more than one
antibiotic such that their expression results in multidrug resistance (197).
1.3 Families of bacterial multidrug efflux systems.
Nowadays, genes encoding efflux pumps are being discovered in many
microorganisms. Efflux pumps are catergorized under five large families based on amino
acid sequence identity. These families are the ATP-binding cassette (ABC) family, the
major facilitator superfamily (MFS), the small multidrug resistance (SMR) family, the
resistance-nodulation division (RND) family, and the multidrug and toxic compound
extrusion (MATE) family (207) (Figure 1). In the ABC family, ATP hydrolysis provides
the energy for the transport of substrates across the membranes (157). The other four
efflux pump families utilize the proton motive force or sodium ion gradient to provide the
energy for exportation (195).
1.3.1 ATP-Binding Cassette family (ABC).
ABC transporters are widely spread among bacteria, Archaea and eukaryotes
although relatively few pump antibiotics in Gram-negative bacteria. In eukaryotic cells,
the ABC transporters such as P-glycoproteins play a role in extrusion of
9

Figure 1. Multidrug resistance efflux pumps.
The structure and membrane location of the five families of multidrug efflux pumps.
These families are the ATP-binding cassette (ABC) family, the major facilitator (MFS)
superfamily, the small multidrug resistance (SMR) family, the resistance-nodulation
division (RND) family, and the multidrug and toxic compound extrusion (MATE) family.
Common examples of pumps from each family are indicated (126).
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toxic metabolic products (225) and they are also involved in providing resistance to
chemotherapeutic agents in cancer cells (97). The ABC transporters have approximately
1300 amino acids consisting of two similar halves. Each is formed of a transmembrane
domain (TMD) that consists of six α-helices spanning the cell membrane and a conserved
nucleotide-binding domain located on the cytoplasmic side of the membrane (96). In the
Gram-positive organism, Lactococcus lactis, LmrA was the first identified ABC
transporter to confer resistance to antibiotics (262). It confers resistance to a number of
clinically used antibiotics such as aminoglycosides, β-lactams and quinolones, (191) in
addition to a number of dyes (262). In Gram-negative bacteria, the MacAB-TolC system
was the first antibiotic-exporting ABC transporter to be identified and this system confers
resistance to macrolides in, for example, E. coli and (118) and Neisseria gonorrhoeae
(216).

Likewise, resistance to nalidixic acid and ciprofloxacin has been attributed to a

plasmid-encoded multicomponent ABC transporter in Pseudomonas spp. (251).
Additionally, in P. aeruginosa, a probable ABC transporter has been reported to be
involved in fluoroquinolones resistance although its contribution in resistance is unclear
(283).
1.3.2 Major Facilitator Superfamily (MFS).
Members of the MFS are usually composed of 400 amino acids arranged into 12
or 14 transmembrane segments (TMS) spanning the cytoplasmic membrane with a large
or small cytoplasmic loop (185). Also, based on amino acid sequences, MFS can be subclassified into 29 sub-families, each exporting a specific class of substrates, however,
only 6 families contribute to multidrug resistance (217). The MFS transporters are very
well represented among bacteria, although they can also be found in Archaea and
12

eukaryotes (185). MFS transporters can be either single component in Gram-positive
bacteria or multi-component in Gram-negative bacteria. MFS pumps in Gram-positive
bacteria include the QacA and QacB of Staphylococcus aureus that are involved in
resistance to quaternary ammonium compounds (hence, Qac) and antiseptics (217) and
the pump NorA of S. aureus, which is involved in fluoroquinolones export (113). In
Gram-negative bacteria, multi-component MFS efflux systems have been identified. The
first report of efflux-mediated antibiotic resistance in bacteria was related to the MFS
pump TetA that confers resistance to the antibiotic tetracycline in E. coli (156).
Currently, 23 genes encoding for Tet efflux pumps are identified in both Gram-negative
and Gram-positive bacteria (29, 195).

These plasmid-encoded systems only

accommodate and transport tetracycline and tetracycline-related compounds (29). Other
examples in E. coli include the EmrAB-TolC that can accommodate and transport
nalidixic acid (141) and the MdfA system that has a broad substrate specificity and
capable of exporting aminoglycosides, macrolides, quinolones and tetracyclines (47). In
Gram-negative bacteria, these systems utilize a membrane-fusion protein (MFP) and an
outer membrane protein (OMP) in addition to the MFS component to export substrates
outside cells.
1.3.3 Multidrug and Toxic Compound Extrusion family (MATE).
The multidrug and toxic compound extrusion family is the newest member of the
five families of efflux systems (222).

This family has been identified in bacteria,

Archaea and eukaryotes (24) and, unlike other pumps that utilize a proton gradient to
export antibiotics, utilizes a sodium gradient instead (165). NorM of the Gram-negative
microorganism Vibrio parahaemolyticus was the first MATE transporter identified. This
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transporter is composed of 450 amino acids and consists of 12 helices spanning the
cytoplasmic membrane. NorM confers resistance to the aminoglycosides streptomycin
and kanamycin and the fluoroquinolones ciprofloxacin and norfloxacin (167). A number
of NorM homologues have been identified in other Gram-negative bacteria such as YdhE
of E. coli, which also accommodates aminoglycosides and fluoroquinolones (276) and
PmpM of P. aeruginosa that confers resistance to fluoroquinolones as well as dyes and
benzalkonium chloride (87). In Gram-positive bacteria, the MepA system has been
identified in S. aureus and confers resistance to ciprofloxacin and norfloxacin (112).
1.3.4 Small Multidrug Resistance family (SMR).
Members of this family are only found in prokaryotes. As indicated from the
name of this family, members of the SMR family are significantly smaller than other
efflux family members. They consist of approximately 110 amino acids arranged in four
helices spanning the cytoplasmic membrane (187). The SMR family is a member of a
larger family named drug/metabolite transporter superfamily (105).

SMR family

members have not usually been associated with antimicrobial resistance but some
exceptions have been observed. In S. aureus, the smr gene encodes the staphylococcal
multidrug resistance efflux pump that has been known to export organic cationic
compounds such as ethidium bromide and quaternary ammonium compounds such as
benzalkonium chloride (57). QacH, another SMR family member in S. aureus confers
resistance to some disinfectants (89). SMR pumps have been found to transport their
substrates into the periplasm in Gram-negative bacteria (different from other efflux
families) (131). However, diffusion of their substrates back into cells is counteracted by
the very high rate at which these pumps operate (141). In E coli, the EmrE transporter
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confers resistance to ethidium bromide and methyl viologen (277) as well as some
antibiotics such as tetracycline, erythromycin and sulfadiazine (74, 142). In P.
aeruginosa, a homologue of EmrE has been identified and confers resistance to
aminoglycosides, acriflavine and ethidium bromide (134).
1.3.5 Resistance-Nodulation-Division family (RND).
The RND efflux family is also widely distributed among bacteria, Archaea and
eukaryotes (17). In Gram-negative bacteria, it is organized as tripartite efflux systems
while in Gram-positive organisms they are formed of a single cytoplasmic-membrane
protein component, however, their presence is very limited in Gram-positive bacteria
(198). Members of the RND family are also well known for being associated with
resistance to many clinically-relevant antimicrobials (179). In bacteria, these pumps are
located at the cytoplasmic membrane and usually associated with two other proteins,
OMPs and MFPs that allow pumps to export their substrates across 2 membranes and into
the surrounding milieu (186). The organization of genes encoding components of the
tripartite RND efflux systems is highly conserved among many bacterial species where
the three genes are arranged together into operons. The first gene in the operon is that
encoding the MFP, then that encoding the RND pump and, lastly, the gene encoding the
OMP that can be located in the same operon (eg: the oprM in the mexAB-oprM operon in
P. aeruginosa) or located some where else on the chromosome. For example, the RND
component TolC of the AcrAB-TolC system in E. coli, is encoded by a gene (tolC) that is
not part of the acrAB operon (78, 133).
RND pumps consist of approximately 1000 amino acids arranged in 12 TMS with
two large periplasmic loops between TMS 1 and 2 and TMS 7 and 8. In fact, as a result
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of gene duplication, the first half of the RND system (from TMS 1 to 6) shows homology
to the second half (from TMS 7 to 12) (258). The crystal structures of two RND
components AcrB and MexB in the AcrAB-TolC of E. coli and MexAB-OprM of P.
aeruginosa, respectively have been resolved (228, 250) (Figure 2). The AcrB and MexB
have 69% sequence identity and 83% similarity (17) and the crystal structure revealed
that pumps are composed of three identical monomers (a trimer) with a “jellyfish-shape”
that form a complex within the cytoplasmic membrane and extends in to the periplasm
(173, 228). It has been reported that this periplasmic domain is responsible for substrate
recognition from the periplasm and alterations of substrate profiles have been shown as a
result of changes in the amino acid sequences of the large periplasmic loops of a RND
system in P. aeruginosa (145). Additionally, the substrate profile of a chimeric RND
system in P. aeruginosa; where MexD (the RND component of the MexCD-OprJ system)
was replaced by MexB resulting in a MexCB-OprJ chimer, was consistent with the
MexAB-OprM profile suggesting that substrate recognition and specificity is dependent
on the RND component (174). The RND systems are connected to an OMP by the means
of a MFP that resides in the periplasm (207). The MFPs AcrA and MexA have 62%
sequence identity and 73% similarity (256) and they consist of three domains: a β-barrel,
a central lipoyl domain and a α-helical domain (17). The OMPs TolC and OprMs are
trimers and the β-barrel structure of each of the monomers is anchored to the outer
membrane by a long α-helical domain that extends into the periplasm.

Following

assembly of these three monomers, an outer membrane pore forms and extends into the
periplasm as a tunnel-like structure (125). A completed assembly of the AcrAB-TolC has
also been shown (Figure 3).
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Figure 2. Crystal structure of MexB.
Ribbon diagram of the overall MexB trimer viewed in the membrane plane. The locations
of the three prominent domains and the approximate position of the inner membrane are
indicated. One monomer is colored according to its subdomains, with subdomains labeled
and with α-helices numbered (228). The periplasmic domains fold into six subdomains:
PN1, PN2, PC1, and PC2, which build the pore domain, and DN and DC, which build the
docking domain to the OMF. The 12 TMS are also shown.
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Figure 3. Completed assembly of the tripartite AcrAB-TolC RND efflux pump.
The surface rendering of the TolC3–AcrA3–AcrB3 complex and its components are shown
in colors. The TolC trimer (orange and yellow subunits with gray equatorial domains and
membrane regions) is docked onto the AcrA (green)-docked AcrB trimer (blue/light blue
subunits with gray membrane regions). The location of the inner and outer membrane is
indicated (250).
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1.4 RND efflux systems in P. aeruginosa.
In P. aeruginosa, 12 RND efflux pumps have been predicted following genome
sequencing (247).

Currently, 11 tripartite RND efflux pumps have been identified.

These include the MexAB-OprM, MexXY-OprM, MexCD-OprJ, MexEF-OprN, MexJKOprM, MexGHI-OpmD, MexVW-OprM (195), MexPQ-OpmE, MexMN-OprM (162),
TriABC (160) and the most recently identified MuxABC-OmpB pumps (161). The most
clinically-significant ones are the MexAB-OprM, MexCD-OprJ (120, 245), MexEFOprN (122) and MexXY-OprM pumps (5) (Figure 4). Only the MexAB-OprM and
MexXY-OprM pumps contribute to the intrinsic resistance against different
antimicrobials (195). MexAB-OprM provides resistance to β-lactams, chloramphenicol,
fluoroquinolones, tetracyclines and macrolides (4, 282) while MexXY-OprM contributes
to intrinsic resistance to aminoglycosides, tetracyclines and erythromycin (5).
1.4.1 MexAB-OprM.
The first efflux pump to be identified in P. aeruginosa was the MexAB-OprM
(202). This pump is constitutively expressed at high levels in wild type cells (151) and
contributes to intrinsic resistance to a wide array of antimicrobials (4, 282). This is
consistent with the observation that deletion of mexAB-oprM results in increased
sensitivity to substrate antibiotics (133, 166). Exported antibiotics include β-lactams,
chloramphenicol, fluoroquinolones, tetracyclines and macrolides (4, 282). In fact, among
all identified multidrug resistance efflux pumps, MexAB-OprM has the broadest
substrate profile for β-lactams as it can export, for example, extended-spectrum
cephalosporins such as ceftazidime and cefotaxime, carboxypenicillins such as
carbenicillin and ticarcillin, monobactams such as aztreonam and carbapenems such as
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Figure 4. Gene organization of clinically relevant RND multidrug efflux pumps in P.
aeruginosa.
RND pumps are organized to encode MFP (blue), RND pump (green), OMP (red) and the
associated regulatory protein (yellow). (227)
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meropenem (133, 203). Increased expression of mexAB-oprM has been reported in a
number of studies. For example, increased expression of mexAB-oprM has also been
observed in a number of mutants that have mutations in different mexAB-oprM regulatory
factors.

This includes nalB-, nalC- and nalD-type mutants (204, 284) that will be

discussed in more detail below.
1.4.1.1 Regulation of mexAB-oprM gene expression.
Besides being involved in the intrinsic resistance of wild type cells as a result of
constitutive expression, hyperexpressors of the mexAB-oprM operon as a result of
mutations in regulatory genes have been identified. The mexR gene (formerly named
nalB), located upstream and divergently transcribed from mexAB-oprM, encodes a MarRfamily negative regulator (204). MexR binds as a dimer to the mexA-mexR intergenic
region encompassing the mexR and mexA overlapping promoters (49). This binding
results in repression of mexAB-oprM expression and negative auto-regulation of mexR
expression (49, 219). Mutations in the mexR gene can result in production of an unstable
protein, loss of dimerization, or loss of ability to bind DNA (2, 218). This consequently
results in derepression or increased expression of mexAB-oprM operon and increased
resistance of P. aeruginosa to substrate antibiotics (246).
Mutations in another gene, nalC (formerly PA3721) also results in increased
expression of mexAB-oprM (31). However, nalC-type mutants show less mexAB-oprM
expression compared to nalB-type mutants and consequently yield more moderate
antibiotic resistance (246). NalC is a repressor belonging to the TetR/AcrR family of
repressors and negatively regulates the PA3720-3719 operon located downstream of the
nalC gene.

Mutations in nalC result in derepression and increased expression of
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PA3720-PA3719 operon (31). Surprisingly, the product of the PA3719 (renamed ArmR,
anti-repressor of MexR) has been found to to bind MexR and prevent it from binding to
the mexR-mexA intergenic region explaining how nalC-type mutants yield increased
MexAB-OprM expression and increased multidrug resistance (272). NalD is another
protein belonging to the TetR family that has been found to negatively regulate mexABoprM expression by binding to a second promoter upstream of mexAB-oprM (261).
Mutations in the nalD gene have resulted in increased expression of mexAB-oprM and
subsequent increase in resistance to chloramphenicol, cabenicillin and nalidixic acid.
Resistance levels were less than nalB-type mutants but similar to nalC-type ones (238).
1.4.2 MexCD-OprJ.
MexCD-OprJ does not contribute to the intrinsic resistance of P. aeruginosa to
antibiotics. This is supported by the fact that deletion of the mexCD-oprJ genes did not
alter the resistance profile of the wild type cells (168, 245). Although some transcription
of the mexCD-oprJ genes does occur in wild type cells, protein production levels are not
sufficient to contribute to antibiotic resistance (79, 201). MexCD-OprJ is overexpressed
in strains carrying a mutation in the nfxB repressor gene (107, 201). MexCD-OprJ can
export a number of chemically unrelated antibiotics such as β-lactams, chloramphenicol,
fluoroquinolones, macrolides, novobiocin, tetracycline and trimethoprim (79, 149, 244).
For β-lactams, the exported antibiotics are limited to the fourth generation cephalosporins
such as cefepime and cefpirome (149, 201). However, MexCD-OprJ does not efflux
carbenicillin or aztreonam (79). There seems to be a global control of efflux gene
expression for example, increased expression of mexCD-oprJ has also been observed in
mutants lacking mexAB-oprM indicating the influence of MexAB-OprM on mexCD-oprJ
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expression by a still unknown mechanism (132). On the other hand, increased expression
of mexCD-oprJ has been associated with a reduction in mexAB-oprM expression and
subsequent increased sensitivity to some β-lactams (79).
1.4.2.1 Regulation of mexCD-oprJ gene expression.
Expression of the mexCD-oprJ operon is under the negative regulation of the
product of the nfxB gene that is located upstream and divergently transcribed from
mexCD-oprJ (201). NfxB is a member of LacI-GalR family of repressors and negatively
regulates its own expression as well as mexCD-oprJ through binding to the nfxB-mexC
intergenic region (201, 273). Several mutations have been identified in the nfxB gene that
resulted in increased expression of mexCD-oprJ (40, 107). It has also been reported that
mexCD-oprJ is also inducible by membrane-damaging agents such as the biocides
benzalkonium chloride and chlorhexidine (169). This induction suggests a MexCD-OprJ
role in responding to the damaging effects of these agents (169). Later, this induction
was found to be dependent on the AlgU envelope stress response sigma factor (59).
Other biocides and membrane-damaging agents have also been found to induce mexCDoprJ expression dependent on AlgU (59).
1.4.3 MexXY-OprM.
Unlike the previously mentioned efflux systems, MexXY system is the only
clinically relevant efflux system that does not have a dedicated OMP; instead, it utilizes
OprM in order to form a MexXY-OprM efflux system (5, 34). Substrates for MexXY
include aminoglycosides, β-lactams, chloramphenicol, erythromycin, fluoroquinolones
and tetracyclines (199, 227).

Despite an ability to pump many antibiotics, it only

contributes to intrinsic resistance to a few, those that induce its expression (it is normally
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not expressed). Thus, MexXY contributes to intrinsic resistance to aminoglycosides,
erythromycin and tetracycline (all are protein synthesis inhibitors that affect ribosome),
which induce it (151, 166) but not fluoroquinolones which do not (151).
1.4.3.1 Regulation of mexXY gene expression.
mexXY gene expression is also regulated by a product of a gene (mexZ) located
upstream of and divergently transcribed from the mexXY operon (5). The mexZ gene
encodes a TetR family repressor, MexZ, that binds to the mexZ-mexX intergenic region
and negatively regulates mexXY and its own expression (153). Aminoglycoside-resistant
P. aeruginosa isolated from CF patient often carry mutations in mexZ (103, 267). In fact,
mexZ is the most frequently mutated gene in P. aeruginosa strains isolated from CF
patients (236). MexXY expression and aminoglycoside resistance are also seen in strains
lacking mutations in mexZ suggesting that other regulators are involved in regulating
mexXY expression (139).
The mexXY operon is unique in being the only efflux system that is induced by
some of its substrate antimicrobials (108). Only ribosome-targeting antibiotics such as
aminoglycosides, tetracyclines, chloramphenicol and erythromycin, have been found to
induce mexXY expression, suggesting that pump expression only occurs when ribosome
functions are impaired by ribosome-targeting antibiotics (108). The finding that MexZ
does not bind these antibiotics and that its repressor activity is not altered by them
suggested involvement of other regulators (153). Later, it was reported that induction of
mexXY by ribosome-targeting antibiotics is dependent on PA5471, a gene of unknown
function that is also upregulated by these antibiotics. PA5471-dependent induction of
mexXY was lost in the absence of mexZ suggesting that PA5471 modulates MexZ activity
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directly or indirectly resulting in mexXY expression (170). The fact that mexXY induction
is only mediated through ribosome-targeting antimicrobials suggested a role of MexXY
in responding to the adverse effects of ribosome disruption, perhaps exportation of
aberrant peptides likely to be produced in the presence of ribosome-targeting antibiotics
(170).
1.4.4 MexEF-OprN efflux system.
The MexEF-OprN efflux system is also an important and clinically-significant
efflux system in P. aeruginosa conferring resistance to a number of antibiotics such as
chloramphenicol, fluoroquinolones and trimethoprim (122). It has also been involved in
exporting a range of non-antibiotics such as organic solvents (135), the biocide triclosan
(33) and dyes (72).

MexEF-OprN does not contribute to intrinsic resistance in P.

aeruginosa as disruption of mexEF-oprN in wild type cells did not result in increased
antibiotic susceptibility (122). This system is minimally expressed in wild type cells
although increased expression is seen in nfxC-type mutants that show reversion of
mutations that inactivate mexT in the so-called wild type cells (122).

MexT was

characterized in 1999 by Kohler et al. and, as with all other efflux systems, the regulator
gene mexT is located upstream of the mexEF-oprN operon (119) (Figure 4). However, it
is not divergently transcribed from mexEF-oprN but it is transcribed in the same
direction. The MexEF-OprN pump is the only RND-type antimicrobial efflux system
that is known to be positively regulated in P. aeruginosa (119).
The nfxC-type mutants overexpressing the mexEF-oprN operon also showed
increased resistance to the carbapenem imipenem although this is not exported by
MexEF-OprN (65). This cross-resistance was related to the decreased production, in
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nfxC strains of an outer membrane porin protein, OprD, which facilitates the diffusion of
carbapenems into the bacterial cells (257). OprD is coregulated with MexEF-OprN by
MexT, which acts as a repressor for oprD expression (119). The nfxC-type mutants are
also hypersusceptible to β-lactams and aminoglycosides because of the reduced
expression of mexAB-oprM (147).

Additionally, a slight increase in mexEF-oprN

expression has been observed in strains lacking the mexAB-oprM operon (132) suggesting
some global control of efflux in P. aeruginosa in order to maintain a fixed level of
expression of its efflux systems.
Some wild type P. aeruginosa cells carry a wild type mexT gene, with mutations
of some unknown gene(s) responsible for MexEF-OprN expression and multidrug
resistance (119).

Overexpression of the MexEF-OprN efflux system and reduced

production of the OprD system was also identified in the ∆mexS mutants of a P.
aeruginosa clinical isolate (240).

The mexS gene, previously called qrh (quinone

oxidoreductase), is a homologue of a family of quinone oxidoreductases identified in E.
coli (253) and P. aeruginosa (119).

The mexS gene that encodes a probable

oxidoreductase, whose function has not been identified yet, is located upstream of the
mexT gene, divergently transcribed and coregulated with mexEF-oprN by MexT (119).
One possibility for the overexpression of the MexEF-OprN system in the absence of the
mexS gene is that MexS is involved in the breakdown/turnover of in vivo-generated
products/metabolites, which are also substrates for the MexEF-OprN system such that
their accumulation in the absence of MexS induces the MexEF-OprN pump (195).
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1.4.4.1 Regulation of mexEF-oprN gene expression.
MexT is a regulatory protein that belongs to the LysR family of transcriptional
regulators (119). The LysR family was named after the LysR transcriptional activator of
the lysA gene, which encodes a diaminopimelate carboxylase enzyme that catalyzes the
conversion of diaminopimelate to lysine through decarboxylation (144). This family of
regulators is widely distributed in diverse prokaryotic species and genera and many
orthologues have been identified in Archaea and eukaryotes (144, 224). Studies have
shown that members of this family have an N-terminal helix-turn-helix DNA binding
domain motif (located approximately 20-90 amino acids from the N-terminus), a inducer
recognition/response domain and a C-terminal domain required for both DNA binding
and inducer recognition/response (224). It has also been shown that in the absence of
inducer, LysR members still bind to their target promoters at a ca. 15 bp sequence near
the -65 region and in the presence of the inducer, additional binding occurs at sequences
near the -35 RNAP binding site (224). Other characteristics of the LysR-family members
include 1) they usually range from 276 to 324 residues, 2) have a high Lys/Arg ratio since
genes encoding LysR-family members have a characteristic high G+C content and 3)
they are divergently transcribed from a promoter that usually overlaps a promoter of a
regulated target gene (224).

Thus, most LysR-family members repress their own

transcription in order to regulate their expression levels.

Although, some do not

autoregulate and are actually regulated by other gene products (224).

LysR-family

members have been found to regulate multiple genes with diverse functions (e.g., cell
division and housekeeping functions, metabolism, motility, virulence and toxin
production, quorum sensing and oxidative stress responses) (144).
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LysR-family members have also been found to act as both positive and negative
regulators increasing expression of some genes and repressing others (dual regulators)
(144). For example, the Nac protein regulator of Klebsiella aerogenes activates the hut
and put genes encoding histidine and proline utilization, respectively, but represses the
gdh gene, which encodes glutamate dehydrogenase in response to nitrogen limitation
(224). Members of the LysR family stimulate the binding of RNAP by interaction with
the RNAP α-subunit to initiate transcription (67).
When MexT was characterized, it was found to have homology to several
members of the LysR family (119). The highest amino acid identity was to NahR (32%),
the activator of the nah operon involved in the regulation of naphthalene and salicylate
metabolic enzymes in P. putida. It has been reported that there are two possible 5’ start
codons for the mexT gene and that the one yielding the largest open reading frame (ORF)
was likely the correct one (180). This was based on the alignment of the MexT amino
acid sequence with the LysR-type transcriptional regulator NahR (280). Another study
has shown three types of variations of mexT gene sequences that resulted in
overexpression of the mexEF-oprN operon and consequently resulting in a nfxC-type
resistance pattern (146). Type-1 mutants showed an additional mutation (compared with
wild type) in the mexT gene that resulted in the activation of an inactive MexT, while
type-2 mutants showed an 8 bp deletion (i.e., removal of an 8 bp insertion that inactivates
the gene) that resulted in the production of active MexT. Type-3 mutants are derived
from strains with wild type mexT gene and appear to be mutated in another, unknown
gene that is responsible for mexEF-oprN expression (146).
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Deletion of the mvaT gene in P. aeruginosa resulted in increased MexEF-OprN
expression and resistance to chloramphenicol, imipenem and norfloxacin has been
identified thus, resembling a nfxC-type mutant resistance profile.

mexEF-oprN

expression increased in a ΔmvaT mutant but expression of the other clinically-relevant
efflux systems was unaffected (271). MvaT is a member of the histone-like nucleoid
structuring protein family that acts as a global regulator for genes involved in
housekeeping functions, virulence and biofilm formation (259, 271). It has also been
observed that MvaT does not regulate mexEF-oprN directly as it does not bind to the
mexEF-oprN promoter region nor does it promote binding of other regulatory proteins.
The same study also reported that increased expression of mexEF-oprN as a result of
mvaT loss is not dependent on mexS or mexT (271). Unlike nfxC-type or ΔmexS mutants,
the ΔmvaT mutants showed increased oprD expression (271). Being a regulatory protein
involved in maintaining a state of homeostasis, it has been suggested that loss of mvaT
has an indirect effect on mexEF-oprN expression in response to variations in the
intracellular levels of metabolites (271).
1.5 Natural function of multidrug efflux systems.
Resistance to quinolones as a result of efflux has been reported in P. aeruginosa
isolates collected before the development of this class of synthetic antimicrobial agents
(7). This suggests that antimicrobial resistance mechanisms must be naturally employed
for other purposes (23). The observation that more than one efflux system exports the
same antibiotics suggests that antibiotic exportation is not the intended function of these
efflux systems. For example, both MexAB-OprM and MexXY-OprM systems have
overlapping substrate profiles as they can accommodate and export the same antibiotics
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such as β-lactams, fluoroquinolones and tetracyclines (188). This redundancy suggests a
role other than antibiotic efflux. Efflux systems such as MexAB-OprM and MexXYOprM have separate regulatory mechanisms, which again does not explain why two
separately regulated systems have overlapping substrate profiles (188). Additionally, the
fact that most efflux systems are not induced by their substrate antibiotics suggests that
antibiotic efflux is not their intended function (80).
In P. aeruginosa, it has been reported that the ribosome-targeting antibiotics
gentamicin, erythromycin and tetracycline induce the expression of the MexXY-OprM
system (151). These antimicrobials are well known substrates of this system, which gave
the impression that the intended function of this efflux system in P.aeruginosa is the
accommodation of antimicrobials.

However, more recent studies revealed that the

induction of this system is dependent on drug-ribosome interaction and the induction is
due to the impairment of normal ribosomal function (108). Knowing that P. aeruginosa
possesses twelve operons encoding RND efflux systems, nine of which are reported to
accommodate antimicrobial agents, is inconsistent with these having an intended role in
drug efflux in this microorganism (195). All these studies suggest a different role of
antibiotic multidrug efflux systems, other than antibiotic efflux. The possible natural
roles of efflux systems in bacteria will be discussed in the next sections.
1.5.1 Stress response.
In some microorganisms, the natural function of multidrug efflux pumps has been
suggested to be protection against harmful compounds, therapy or host responses (51).
For example, bile acids have been reported as substrates for the AcrAB-TolC system in
E. coli (215). Bile salts can cause bacterial cell lysis as a result of solubilization of
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phospholipids present in bacterial cell membrane (15). Thus, the AcrAB-TolC system is
likely protecting this microorganism and helping it to survive in its natural environment
(i.e., the gut). Consistent with this, mutations in the genes encoding the AcrAB-TolC
system have resulted in increased sensitivity to bile salts (143). The MtrCDE system in
N. gonorrhoeae also provides protection against fecal lipids and bile salts (81). Another
efflux system that has been identified in Campylobacter jejuni is also capable of
exporting bile salts (136). As mentioned above, in P. aeruginosa, the MexCD-OprJ
efflux system has been induced in response to exposure to membrane-damaging agents
such as chlorhexidine and benzalkonium chloride (59).
Bacteria are also exposed to oxidative stresses in their host environment (30).
Human neutrophils can produce reactive oxygen species (H2O2) as a part of the immune
system in response to infection (214) and exposure of P. aeruginosa to H2O2 was also
found to induce the MexXY-OprM system (60). It has been reported that aberrant
proteins are formed as a result of aminoglycosides or H2O2 treatments and it has been
suggested that these proteins need to be pumped out by MexXY before accumulation and
posing threats to cells (194).
1.5.2 Virulence and cell-cell communication.
RND pumps, despite their role in antibiotic resistance, have been implicated in a
variety of other functions including protection against bile salts (81, 215), invasiveness
and pathogenicity (93), and exportation of homoserine lactone molecules involved in
quorum sensing and are required for the expression of virulence factors (117). Deletion
of acrB and tolC genes encoding components of the AcrAB-TolC system of Salmonella
enterica has resulted in reduced invasiveness and affected the microorganism’s ability to
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adhere to host cells (26). P. aeruginosa mutants lacking MexAB-OprM failed to cause
infection in mice (93) and Hirakata et al. have reported that invasiveness was greatly
compromised in wild type P. aeruginosa and nalB-type mutants after treatment with
efflux pumps inhibitors or MexAB-OprM-specific inhibitor (92). The MexAB-OprM
efflux system can export homoserine lactone molecules through which cells can monitor
their densities and undergo cell-cell comminucation in a process called quorum sensing
(261).

Homoserine lactone molecules were reported to control genes involved in

virulence and deletions in quorum sensing genes have resulted in reduced virulence
(237). Moreover, mutants overproducing MexAB-OprM show reduced expression of
virulence genes as a result of homoserine lactone efflux (50).
Many other studies conducted on plant bacteria have also shown involvement of
RND-type efflux systems in virulence and pathogenicity. For example, the RND efflux
systems of Erwinia chrysanthemi were found to protect this bacterium from the
antimicrobial effects of salicylic acid produced by plants as an antimicrobial defense
mechanism (209). Another example of plant pathogens is E. amylovora that expresses a
homologue of the AcrAB efflux system of E. coli. This system is involved in resistance
to antimicrobials such as flavonoids and alkaloids produced by its host plants (28, 114).
The antimicrobial isoflavonoids produced by the alfalfa plant were also found to induce
expression of the IfeABR efflux pump in the plant pathogen Agrobacterium tumefaciens
suggesting its involvement in stress response (184).

The plant pathogen Ralstonia

solanacearum also produces two multidrug efflux systems AcrA and DinF that are
required to provide resistance to plant antimicrobials since in the absence of these efflux
systems, increased susceptibility to the plant antimicrobials has been observed (22).
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1.5.3 Evidence for MexEF-OprN having other than drug efflux as its intended
function.
A number of studies provide evidence of MexEF-OprN functioning in processes
unrelated to antibiotic resistance. Mutational overexpression of the MexEF-OprN efflux
system has been reported in mutants isolated from an experimental model of rat
pneumonia without antibiotic exposure (110). A transcriptome analysis has also shown
that after exposure of P. aeruginosa to epithelial cells, a substantial increase in the
expression of the mexEF-oprN genes was observed and this induction was associated
with increased epithelial cell damage (62). Increased expression of mexEF-oprN has also
been reported in a P. aeruginosa mutant lacking the mexS gene that encodes a probable
oxidoreductase (240). Another study demonstrated reduced expression of mexEF-oprN,
after exposure to oxidative stress, in a mutant lacking the quorum-sensing and virulence
regulator VsqR (111). Moreover, it has been shown that nfxC-type mutants
overexpressing MexEF-OprN were attenuated for virulence and this was related to their
exportation of some molecules required for homoserine lactone production (123). This
resulted in a decreased intracellular concentration of the quorum-sensing molecules and a
subsequent reduction in the production of quorum-sensing-dependent extracellular
virulence factors (124). Additionally, MexEF-OprN system has also been shown to be
induced by a synthetic derivative of a natural furanone compound that antagonizes
quorum-sensing (90). All these studies suggest that the MexEF-OprN efflux system is
involved in the export of other metabolic products and antibiotic exportation is not its
natural function.
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1.6 Statement of purpose.
The MexEF-OprN efflux system contributes significantly to multidrug resistance
in P. aeruginosa. Chloramphenicol is a good substrate for MexEF-OprN and induces the
expression of the efflux system although antibiotic efflux does not seem to be the natural
function of this system. The purpose of this study is to identify a possible natural
substrate for the MexEF-OprN efflux system, explore potential natural signals for
mexEF-oprN efflux gene expression and gain more insights about its regulation by MexT.
Genes that are coregulated with mexEF-oprN by MexT will also be sought and their
identification should provide some insights about the natural function of MexEF-OprN.
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Chapter 2
mexEF-oprN multidrug efflux operon of Pseudomonas aeruginosa:
regulation by the MexT activator in response to nitrosative stress and
chloramphenicol
2.1 ABSTRACT
A null mutation in the mexS gene of P. aeruginosa yielded increased expression
of a 3-gene operon containing a gene, xenB, whose product is homologous to a xenobiotic
reductase in Pseudomonas fluorescens shown to remove nitro groups from trinitrotoluene
and nitroglycerin.

This expression, which paralleled an increase in mexEF-oprN

expression in the same mutant, was, like mexEF-oprN, dependent on the MexT LysRfamily positive regulator previously implicated in mexEF-oprN expression. As nitration
is a well-known result of nitrosative stress, a role for xenB (and the co-regulated mexEFoprN) in a nitrosative stress response was hypothesized and tested. Using Snitrosoglutathione (GSNO) as a source of nitrosative stress, expression of xenB and
mexEF-oprN was shown to be GSNO-inducible, though in the case of xenB this was only
seen in a mutant lacking MexEF-OprN.

In both instances this GSNO-inducible

expression was dependent upon MexT. Chloramphenicol, a nitroaromatic antimicrobial
that is a substrate for MexEF-OprN was shown to induce mexEF-oprN, but not xenB,
again dependent upon the MexT regulator, possibly because it resembles a nitrosated
nitrosative stress product accommodated by MexEF-OprN.

[This chapter has been

published: (Antimicrob Agents Chemother: 2011 Feb; 55(2): 508-14).
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2.2 INTRODUCTION
Pseudomonas aeruginosa is an opportunistic human pathogen characterized by an
innate resistance to multiple antimicrobials (83), resistance increasingly attributable to the
operation of broadly specific, tripartite multidrug efflux systems of the ResistanceNodulation-Division (RND) family (195). Several RND family multidrug efflux systems
have been described in P. aeruginosa although the major systems contributing to intrinsic
and/or acquired multidrug resistance include MexAB-OprM, MexXY-OprM, MexEFOprN and MexCD-OprJ (195) (39, 40). Unlike MexAB-OprM and MexXY-OprM,
which contribute to intrinsic resistance (5, 40, 120, 152), the MexEF-OprN and MexCDOprJ systems are typically quiescent in wild type cells (under usual laboratory growth
conditions) (100, 122, 245), with expression and, so, a contribution to antimicrobial
resistance following mutational upregulation of the efflux genes (65, 107, 146, 201, 240).
In the case of MexEF-OprN, this involves reversion of mutations present in the mexT
gene of a number of so-called wild type strains (124, 146) or mutation of the mexS gene
[a.k.a. qrh (119)] encoding an oxidoreductase of unknown function (240). mexT, which
occurs upstream of mexEF-oprM and downstream of mexS, encodes a LysR-family
positive regulator that promotes mexEF-oprN (119, 122, 180) and mexS (119) expression.
mexEF-oprN expression and modest multidrug resistance has also been reported in a
mutant disrupted in the mvaT gene (271) encoding a global regulator of virulence gene
expression (42).
Originally identified as a determinant of fluoroquinolones resistance (64, 65),
MexEF-OprN accommodates a variety of antimicrobials, including trimethoprim and
chloramphenicol (122), with chloramphenicol readily selecting multidrug-resistant
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mexEF-orpN-hyperexpressing mexS mutants in vitro (240).

Enhanced resistance to

imipenem that is also seen in nfxC (122) and mexS (240) strains results not from MexEFOprN expression but the concomitant decrease in outer membrane protein OprD in these
mutants (64, 150, 240). OprD is an imipenem channel and a primary route of entry of
this antibiotic in P. aeruginosa (252) whose absence is often seen in imipenem-resistant
strains of P. aeruginosa (13, 121). Like other tripartite RND family pumps, the MexEFOprN efflux system consists of an inner membrane (IM) drug-proton antiporter (the RND
component) (MexF), an outer membrane (OM) channel-forming component (OprN) and
periplasmic membrane fusion protein (MFP) (MexE) (197, 281).
Despite the identification of regulatory genes impacting expression of mexEFoprN, little is known about the signals to which the regulators respond in promoting
efflux gene expression and, in fact, it is far from clear that antimicrobial efflux and
resistance is the intended function of this pump. Mutants overexpressing MexEF-OprN
were, for example, readily recovered from an experimental model of rat pneumonia in the
absence of antibiotic selection (110) indicating some advantage of MexEF-OprN
expression in vivo, independent of antimicrobial export. Transcriptome analysis of P.
aeruginosa exposed to airway epithelial cells has revealed substantial increases in
expression of mexEF-oprN and mexS (then called PA2491), apparently in parallel with
increased damage of the epithelial cells and, therefore, release of cell contents (62),
although the efflux-recruiting signal(s) released by these cells is unknown.

The

observation that mutational loss of the VsqR quorum-sensing (QS) and virulence
regulator compromises mexEF-oprN expression in cells under oxidative stress suggests
that this system may normally be induced in response to this stressor (113). Finally, a
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synthetic derivative of a natural furanone compound that functions as an antagonist of QS
in P. aeruginosa was also shown to induce mexEF-oprN expression (90).
In an effort to elucidate the signals to which mexEF-oprN responds and, so, define
the natural function of the MexEF-OprN efflux system, attempts were made to identify
known genes co-regulated with the efflux genes in a mexS mutant.

These studies

identified a xenobiotic reductase (XenB) with a possible link to nitrosative stress and,
indeed, nitrosative stress is shown here to induce mexEF-oprN (and xenB) expression.
The implications vis-à-vis the in vivo environment impacting efflux gene expression and,
so, antimicrobial resistance in P. aeruginosa are clear.
2.3 MATERIALS AND METHODS
2.3.1 Bacterial strains, plasmids and growth conditions.
Bacterial strains and plasmids used in this study are listed in Table 1. Bacteria
were cultivated at 37°C in Luria broth (LB) as before (176) supplemented with
tetracycline (10 μg/ml, Escherichia coli; 50-100 μg/ml, P. aeruginosa) (for plasmids
pRK415, pMP220, pEX18Tc, miniCTX1 and their derivatives), chloramphenicol (10
μg/ml, E. coli; 200 μg/ml, P. aeruginosa) (for plasmid pMMB206 and its derivatives) or
kanamycin (50 μg/ml, E. coli; 1,500 μg/ml, P. aeruginosa) (for plasmid pK18MobSacB
and its derivatives) to maintain plasmids as needed.

Plasmid pHF003 in which the

mexE upstream (promoter) region is fused to a promoterless lacZ gene was constructed
by amplifying the mexE promoter region from the chromosome of P. aeruginosa K767
via polymerase chain reaction (PCR) using Vent DNA polymerase (NEB) and cloning it
(as a EcoRI-KpnI fragment) into pMP220. Amplification was achieved using primers
MexEPEco-F

(5’-GACTGAATTCGGCGATCCGGACAGTCTCTG-3’;
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EcoRI

site

underlined) and MexEPKpn-R (5’-GATCGGTACCCGCCAGGAGAAGTGGGATGA3’; KpnI site underlined) and heating at 94oC for 2 min, followed by 30 cycles of 1 min at
94oC, 1 min at 68oC (annealing temperature) and 1 min at 72oC, before finishing with a
final 10 min elongation at 72oC. The reaction mixture was formulated as before (240)
except that dimethylsulphoxide (DMSO) was at 5 % (vol/vol) final concentration. The
mexE promoter-containing fragment was first cloned into pUC19, where it was
sequenced to confirm that no errors had been introduced during PCR, before it was
cloned into pMP220. Plasmid pHF001, encoding MexT, was constructed by amplifying
the mexT gene from the chromosome of P. aeruginosa K767 via polymerase chain
reaction (PCR) using Vent DNA polymerase (NEB) and cloning it (as a EcoRI-HindIII
fragment) into pRK415. Amplification was achieved using primers MexTEco-F (5’GACTGAATTCCTGTATCCGCCCATGCCTG-3’;
MexTHin-R

EcoRI

site

underlined)

(5’-GACTAAGCTTCGATTTTCCCGTTGCGACG-3’;

HindIII

and
site

underlined), and reaction conditions and parameters described previously (except 19
cycles and an annealing temperature of 53oC were employed) for the amplification of the
mexS gene (240). The mexT gene was also cloned into plasmid pMMB206 on an EcoRIHindIII fragment following its amplification from the chromosome of P. aeruginosa
K2153 using primers MexT-F (5’-GACTGAATTCCTGTATCCGCCCATGCCTG-3’;
EcoRI site underlined) and MexT-R (5’ GACTAAGCTTCGATTTTCCCGTTGCGACG3’; HindIII site underlined). Reaction mixtures were formulated and processed as above
for mexE except that an annealing temperature of 65.5 oC was used. The gene was then
excised from pMMB206 following EcoRI-HindII digestion and cloned into plasmid
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Table 1. Bacterial strains and plasmids.
Strain or plasmid

Relevant characteristicsa

Reference

E. coli
DH5α

80dlacZ ΔM15 endA1 recA1 hsdR17 (rK–mK+)

(12)

supE44 thi-1 gyrA96 relA1 F– Δ(lacZYAargF)U169
thi pro hsdR recA Tra+

(234)

K2153

Clinical isolate

(239)

K2376

K2153 ΔmexS

This study

K2520

K2153 ΔmexT

This study

K2959

K2520 attB::mexT

This study

K2892

K2153 ΔmexF

This study

K2942

K2153 ΔmexS ΔmexT

This study

K2943

K2153 ΔmexS ΔxenB

This study

K2944

K2153 ΔxenB

This study

K2945

K2153 ΔmexF ΔmexT

This study

K2960

K2945 attB::mexT

This study

K2946

K2153 ΔmexS ΔmexF

This study

K2956

K2153 ΔxenB ΔmexF

This study

S17-1
P. aeruginosa

Plasmids
pRK415

P. aeruginosa-E. coli shuttle cloning vector; Tcr (116)
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Table 1 (continued)
plasmid

Relevant characteristicsa

Reference

pHF001

pRK415::mexT

This study

pK18MobSacB

Broad-host-range gene replacement vector;

(234)

sacB Kmr
pMLS002

pK18MobSacB::ΔmexT

(240)

pEX18Tc

Broad-host-range gene replacement vector;

(94)

sacB Tcr
pRK010

pEX18Tc::ΔmexS

This study

pCG004

pEX18Tc::ΔmexF

This study

pHF002

pEX18Tc::ΔxenB

This study

pMP220

Transcriptional fusion vector carrying a

(243)

promoterless lacZ gene; TcR
pHF003

pMP220::mexE-lacZ

This study

pMMB206

P. aeruginosa-E. coli shuttle cloning vector; (164)
CmR

miniCTX1

P. aeruginosa chromosome integration vector;

(95)

Tcr
pHF004

a

miniCTX::mexT

This study

Tcr, tetracycline resistance; Kmr, kanamycin resistance; Cmr, chloramphenicol

resistance.
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miniCTX1 to generate pHF004, which was mobilized into ΔmexT P. aeruginosa strains
(233). Chromosomal inserts of miniCTX::mexT at the phage D113 attB site in these
strains were selected as before (233), with plasmid pFLP then used to excise miniCTX
sequences (233) leaving the mexT gene in the chromosome.
2.3.2 DNA protocols.
Standard protocols were used for restriction endonuclease digestions, ligations,
transformation, plasmid isolation, and agarose gel electrophoresis, as described by
Sambrook and Russell (221).

Plasmid DNA was also prepared from E. coli or P.

aeruginosa using a GeneJet Plasmid Miniprep Kit (Fermentas, Inc., Burlington, Ontario)
or QIAfilter Plasmid Midi Kit (Qiagen Inc., Mississauga, Ontario, Canada) according to
protocols provided by the manufacturers. Genomic DNA of P. aeruginosa was extracted
following the protocol of Barcak et al (14). DNA fragments or PCR products used for
cloning were purified (directly or from agarose gels as warranted) using the Wizard SV
Gel and PCR Clean-Up System (Promega Corp. Madison, WI, USA). The preparation of
competent P. aeruginosa (35) and E. coli (221) has been described. Plasmid pMP220
and its derivatives were mobilized into P. aeruginosa from E. coli S17-1 via conjugation
as described (239), with plasmid-carrying P. aeruginosa selected on tetracycline (100
μg/ml) and chloramphenicol (5 μg/ml; to counterselect E. coli).
2.3.3 Construction of gene deletions in P. aeruginosa.
To introduce in-frame gene deletions into strains of P. aeruginosa, deletion
constructs were first prepared in plasmid pEX18Tc by cloning PCR-amplified 1-kb DNA
fragments corresponding to the regions upstream and downstream, respectively, of the
gene sequences to be deleted. Typically, these were amplified from the chromosome of
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P. aeruginosa strain K767 and cloned individually into pEX18Tc where they were
sequenced to verify the absence of PCR-introduced mutations before being cloned
together in the same vector to generate the deletion construct. PCR mixtures were
formulated as above for amplification of the mexE promoter region except that 10%
(vol/vol) DMSO was used in amplifying the ΔmexF fragments. Amplification of the
ΔmexS fragments was achieved by heating at 94oC for 3 min followed by 34 cycles of
94oC for 0.5 min, 60oC for 0.5 min and 72oC for 3 min, finishing with 72oC for 5 min.
Amplification of the ΔmexF fragments was achieved by heating at 95oC for 3 min
followed by 34 cycles of 94oC for 0.75 min, 62oC for 0.75 min and 72oC for 3.5 min,
finishing with 72oC for 10 min.

The deletion-carrying pEX18Tc derivatives were

mobilized into P. aeruginosa from E. coli S17-1 (239), and transconjugants carrying the
plasmids in the chromosome were selected on L-agar plates containing tetracycline
(50 µg/ml) and chloramphenicol (5 µg/ml; to counter-select E. coli).

Tetracycline-

resistant colonies were streaked onto L-agar plates containing 10% (wt/vol) sucrose, and
sucrose-resistant colonies were screened for the presence of the respective deletions using
colony PCR (211). The construction of ΔmexT derivatives of P. aeruginosa was carried
out using pMLS002 as described (240).
2.3.4 Antimicrobial susceptibility testing.
The antimicrobial susceptibilities of P. aeruginosa strains were assessed using the
twofold serial microtiter broth dilution method described previously (109) with an
inoculum of 5 x 105 cells per ml. MICs were recorded as the lowest concentration of
antibiotic inhibiting visible growth after an18-hr incubation at 37°C.
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In some

experiments GSNO (5mM) was included in the growth medium used to determine MICs
in order to assess its impact on antimicrobial susceptibility.
2.3.5 β-galactosidase assay.
P. aeruginosa strains harbouring the lacZ fusion vector pMP220 or its derivatives
were cultured overnight in L-broth containing tetracycline (100 μg/ml), diluted 1:49 in
the same medium and grown to log phase before being assayed for β-galactosidase
activity as described previously (159). In some experiments pMP220-carrying strains
were exposed to antibiotics at 1/8 MIC (chloramphenicol, 16 μg/ml; ciprofloxacin,
0.0625 μg/ml; gentamicin, 0.5 μg/ml) for 90 min.
2.3.6 RT-PCR.
Total bacterial RNA was isolated from log-phase P. aeruginosa L-broth cultures
using the Ribopure Bacteria kit (Ambion) and TURBOTM DNase (Ambion) according to
a protocol provided by the manufacturer. In some instances, log phase cultures were
exposed to chloramphenicol (32 μg/ml), florfenicol (64 μg/ml), S-nitrosoglutathione
(GSNO; 5 mM), glutathione (GSH; 5 mM), or diethylamine triamine NONOate (DETA;
also known as Z)-1-[N-(2-aminoethyl)-N-(2-ammonioethyl)amino]diazen-1-ium-1,2diolate) (5 mM) for various times periods prior to RNA extraction.

The reverse

transcription (RT)-PCR reaction was performed with ca. 500 ng RNA using the Qiagen
One Step RT-PCR Kit according to a protocol provided by the manufacturer. Primer
pairs

mexE-F

(5’-GCGG

GTGTCGGGCTACATC-3’)

and

mexE-R

(5’-

CGGCGTCGAAGTAGGCGTAG-3’), xenB-F (5’-GGCCGAGTACTACGCCCAGC-3’)
and xenB-R (5’-GCTGTCCTGGAG-GAACTGGTC-3’), PA3229-F (5’-GAAACT-
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TGCCTCTGTCGTG-TC-3’) and PA3229-R (5’-CCATTCGAGGAAGCGGAT-3’), and
PA4881-F

(5’-GAA-AGCTTCCCTGATCC-TCG-3’)

and

PA4881-R

(5’-CAG-

GTCGAAACGGCTCATG-3’) were used to assess expresion of the mexE (as a measure
of mexEF-oprN), xenB, PA3229 and PA4881 genes, respectively. The reaction mixtures
were incubated for 30 min at 50oC, followed by 15 min at 95oC and various cycles (see
figures for details) of 0.5 min at 95oC, 0.5 min at 60oC (mexE), 63oC (xenB), or 62.5 oC
(PA3229 and PA4881), and 1 min (mexE and xenB) or 0.5 min (PA3229 and PA4881) at
72oC, before finishing with a final 10 min elongation at 72oC. Primers and reaction
conditions for assessing rpsL expression have been described previously (59).
2.4 RESULTS AND DISCUSSION
2.4.1 Co-regulation of mexEF-oprN and a xenobiotic reductase gene, xenB, in a
ΔmexS mutant.
Transposon disruption of the mexS (a.k.a. PA2492) gene that lies adjacent to
mexEF-oprN regulatory gene, mexT, was previously shown to enhance mexEF-oprN
expression and multidrug resistance in P. aeruginosa (240). This result was confirmed,
here, using an in-frame knockout of mexS (Figure 5A lane 2; Table 2) and, further, shown
to be dependent upon MexT (Figure 5A lanes 3 & 5; Table 2). The mexS gene encodes a
‘conserved hypothetical’ product of unknown function annotated only as an
oxidoreductase. Thus, it was impossible to predict the impact of its loss on the cell and
the nature of the resultant recruitment of MexEF-OprN. In an attempt to gain some
insights into the circumstances of mexEF-oprN expression in the ΔmexS mutant, K2376,
a DNA array study of the K2153 parent strain and K2376 was carried out. Expression of
several genes was shown to be enhanced in the ΔmexS strain, including the 3-gene operon
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Figure 5. Influence of mexS and mexT mutations on mexEF-oprN and xenB

expression.
Expression of mexEF-oprN, xenB and/or rpsL in P. aeruginosa strains K2153 (wild type;
lane 1), K2376 (MexS-; lane 2), K2492 (MexS- MexT-; lane 3), K2492 carrying plasmid
pRK415 (MexS- MexT-; lane 4) and K2492 carrying mexT plasmid pHF001 (MexSMexT+; lane 5) (panels A-C), and strains K2153 (lane 1), K2376 (lane 2) and K2946
(MexS- MexF-; lane 3) (panels D and E) was assessed using RT-PCR. The rpsL reaction
served as an internal control that ensured equal amounts of RNA were employed in all of
the RT-PCRs shown. The PCR portion of the reactions was carried out for 31 (top panel)
or 34 (bottom panel) cycles in all instances except panel C, where 21 (top panel) and 23
(bottom panel) cycles were used, and panel E, where 24 (top panel) and 26 (bottom
panel) cycles were used. Data are representative of at least 2 independent experiments.
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Table 2. Impact of ΔmexS on antibiotic susceptibility of P. aeruginosa.
Strain

MIC (μg/ml) of:a

Relevant
genotype
CAM

NAL

NOR

TMP

128

256

2

256

1024-2048

1024

4

1024

K2153

Wild type

K2376

ΔmexS

K2942

ΔmexS ΔmexT

64

128

1

128

K2942 (pRK415)b

ΔmexS ΔmexT

64

128

1

256

>2048

512-1024

2

K2942 (pHF001)b,c ΔmexS
a

CAM, chloramphenicol; NAL, nalidixic acid; NOR, norfloxacin; TMP, trimethoprim.

b
c

1024-2048

Strain K2942 carrying the indicated plasmid

pHF001 = pRK415::mexT
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PA4354-PA4355-xenB (results confirmed using RT-PCR; Figure 5B & D lane 2). xenB
expression remained elevated in a ΔmexS ΔmexF double mutant (Figure 5D, lane 3)
indicating that its expression was directly linked to loss of mexS and was not a secondary
effect of MexEF-OprN pump overproduction [expression of this efflux system has been
shown, for example, to compromise quorum-sensing (QS) signalling and, so, expression
of QS-regulated genes (124)]. Expression of xenB in the ΔmexS strain was compromised
upon loss of mexT (Figure 5B, lane 3) and restored following introduction of the cloned
mexT gene (Figure 5B, lane 5), indicating that its expression, like that of the mexEF-oprN
operon (Figure 5A), was dependent upon the MexT activator. This latter result was
consistent with the recent observation that cloned mexT enhances expression of the xenBcontaining operon (254). Several additional genes whose expression was enhanced by
cloned mexT, including the PA2813-PA2811 operon encoding a probable ABC
transporter, and PA4881, PA3229, PA4623, PA1970, PA2759, PA2486 and PA1744
encoding small proteins of unknown function (254), were also upregulated in the ΔmexS
strain although the involvement of MexT in this was not tested (data not shown).
2.4.2 MexT-dependent nitrosative stress inducibility of mexEF-oprN and xenB.
Denitrifying bacteria, such as P. aeruginosa utilize oxidized nitrogen compounds
as an electron acceptor for energy production. They generate nitric oxide (NO) as an
obligate intermediate in the reduction of nitrate to nitrous oxide (16, 285). Nitrosative
stress has various damaging effects on different targets in bacterial cells such as proteins,
lipids and DNA (212). P. aeruginosa has two enzymes; flavohaemoglobin and NO
reductase that have been shown to be involved in the removal of nitrosative stress caused
by NO. Flavohaemoglobin reduces NO to nitrous oxide (N2O) under anaerobic conditions
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while under aerobic conditions it oxidizes NO into nitrate (NO3-). NO reductase has only
a reducing activity where it reduces NO to N2O. The combined activities of both enzymes
alleviate the nitrosative stresses to which this bacterium is exposed (56).
The xenB gene product shows 81.4 % identity to the P. fluorescens XenB protein,
a NADPH-dependent flavoprotein oxidoreductase shown to catalyze the removal of a
nitro group from nitroglycerin and 2,4,6-trinitrotoluene (18, 183).

This link to the

metabolism of nitrated molecules suggested that P. aeruginosa XenB (and by association,
MexEF-OprN) might play a role in a nitrosative stress response, nitrated compounds
(e.g., nitrated amino acids) being a common product of nitrosative stress (53, 212). The
impact of nitrosative stress on xenB expression in P. aeruginosa K2153 was assessed by
exposing cells to the NO-generating compound GSNO. At 5 mM GSNO (ca. ½ MIC for
this compound) no induction of xenB was observed after 30 min exposure (Figure 6 lane
2, cf lane 1). Still, GSNO treatment markedly induced mexEF-oprN expression (Figure
7A lane 2, cf lane 1), such induction requiring as little as a 5-min exposure to 5 mM
GSNO (Figure 7B). mexEF-oprN induction was also observed following 30- (Figure 7
lane 8, cf lane 7) and 5- (data not shown) min exposures to a second NO-generating
compound, DETA. xenB expression was, however, inducible by GSNO and DETA in a
MexEF-OprN-deficient ΔmexF strain (Figure 6 lanes 4 and 10, cf lanes 3 and 9). GSNO
induction of mexEF-oprN and xenB was MexT-dependent, being abrogated in ΔmexT
(Figure 7A lane 4, cf lane 3) and ΔmexF ΔmexT (Figure 6 lane 6, cf lane 5) mutants,
respectively, and restored in these mutants following introduction of the cloned mexT
gene into the chromosomes of these ΔmexT strains (Figure 7A lane 6, cf lane 5; Figure 6
lane 8, cf lane 7). Complementation using single-copy chromosomal mexT was
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Figure 6. Influence of nitrosative stress on xenB expression.
Expression of xenB and rpsL in P. aeruginosa strains K2153 (wild type; lanes 1 and 2),
K2892 (MexF-; lanes 3 and 4), K2945 (MexF- MexT-; lanes 5 and 6), K2960 [MexFMexT+ (as a result of chromosomal insertion of mexT at the attB site); lanes 7 and 8] ,
and K2892 (MexF-; lanes 9 and 10) without or with GSNO or DETA (5 mM, 30 min)
exposure was assessed using RT-PCR. The PCR portions of the xenB reactions were
carried out for 26 (top panel) or 29 (bottom panel) cycles (lanes 1 and 2), or 23 (top
panel) or 26 (bottom panel) cycles (lanes 3-6). The PCR portion of the rpsL reactions
was carried out for 18 (top panel) or 20 (bottom panel) cycles (lanes 1 & 2), or 17 (top
panel) or 19 (bottom panel) cycles (lanes 3-6). Data are representative of at least 2
independent experiments.
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Figure 7. Influence of nitrosative stress on mexEF-oprN expression.
(A) Expression of mexE and rpsL in P. aeruginosa strains K2153 (wild type; lanes 1 and
2), K2520 (MexT-; lanes 3 and 4), K2959 (MexT+ as a result of mexT insertion at the
chromosomal attB site; lanes 5 and 6), and K2153 (wild type; lanes 7 and 8) without or
with GSNO or DETA (5 mM, 30 min) exposure was assessed using RT-PCR. The PCR
portion of the reactions was carried out for, mexE, 29 (top panel) or 32 (bottom panel)
cycles and, rpsL, 18 (top panel) or 21 (bottom panel) cycles. Data are representative of at
least 2 independent experiments. (B) Expression of mexE and rpsL in P. aeruginosa
strain K2153 without (lane 1) or with (lanes 2-4) GSNO (5 mM) exposure for 5 (lane 2),
15 (lane 3) or 30 (lane 4) min. The PCR portion of the reactions was carried out for,
mexE, 27 (top panel) or 30 (bottom panel) cycles and, rpsL, 20 (top panel) or 23 (bottom
panel) cycles. Data are representative of at least 2 independent experiments.
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necessary since multicopy plasmid-borne mexT was shown to markedly enhance
expression of these genes (and increase antimicrobial resistance) in the absence of GSNO
exposure (data not shown), in agreement with previous results (254).

Still, while

enhanced mexT levels appear to be sufficient for increased mexEF-oprN and xenB
expression, GSNO did not induce mexT expression (data not shown) and, thus, the effect
of GSNO treatment cannot be explained by indirect regulation through MexT dosage.
Glutathione (GSH), which lacks the reactive NO moiety, failed to induce mexEF-oprN or
xenB indicating that the recruitment of MexEF-OprN and XenB in response to GSNO
was related to the chemical reactivity of the molecule and not its structure.

The

observation that nitrosative stress induction of xenB was seen only in a ΔmexF strain
lacking a functional MexEF-OprN pump suggests that the inducer and/or substrate for
XenB may well be a substrate for MexEF-OprN and only in the absence of this efflux
system does it accumulate sufficiently to induce the xenB operon. These observations
were consistent with XenB and MexF-OprN playing a common role in a nitrosative stress
response in P. aeruginosa. Interestingly, expression of PA4881 and PA3229 genes (as
representatives of the MexT-regulated small protein genes described above) were also
induced by GSNO (Figure 8), suggesting the previously defined MexT regulon (254)
plays a role in the nitrosative stress response of P. aeruginosa.
2.4.3 MexT-dependent chloramphenicol inducibility of mexEF-oprN.
Given the earlier observation that chloramphenicol readily selects mexS mutants
overproducing mexEF-oprN in vitro (240) and that chloramphenicol is a substrate of the
MexEF-OprN pump (122), it was of interest whether MexEF-OprN might naturally
respond to this antimicrobial. To assess this, the impact of chloramphenicol exposure on
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mexEF-oprN expression was assessed. As shown in Figure 9 (lane 2, cf lane 1) and
Figure 10, chloramphenicol (at ¼ its MIC) induced mexEF-oprN expression and this was
dependent on MexT: the induction was lost in a ΔmexT mutant (Figure 9, lane 4, cf lane
3). Another MexEF-OprN antimicrobial substrate, ciprofloxacin, did not induce mexEFoprN expression (Figure 10).

The aminoglycoside, gentamicin, which like

chloramphenicol targets the ribosome, also failed to induce mexEF-orpN, indicating that
mexEF-oprN responds specifically to chloramphenicol and not to ribosome disruption.
xenB was not induced by chloramphenicol in K2153 or its ΔmexF mutant K2520 (data
not shown). As with GSNO, too, chloramphenicol induction of this efflux operon was
seen following as little as 15 min exposure at one quarter the MIC (data not shown).
The apparently unique induction of mexEF-oprN by chloramphenicol [and its
ready selection of MexEF-OprN-expressing multidrug resistant mutants (240)] was
suggestive of this antimicrobial being, or more likely mimicking, a natural or intended
substrate for this efflux system. Given its nitro-aromatic nature and the fact that MexEFOprN is induced by nitrosative stress one obvious possibility is that chloramphenicol
resembles a nitrosative stress product that may be deleterious to the cell and is, thus,
removed by this efflux system. Consistent with this an amphenicol derivative resembling
chloramphenicol but lacking the nitro moiety, florfenicol, failed to induce mexEF-oprN
expression (90 min exposure; data not shown). In addition, a mutant lacking mexF did
not show any increase in florfenicol susceptibility (MIC of parent strain and mutant were
both 256 μg/ml) indicating that unlike chloramphenicol, the ‘nitro-free’ florfenicol is not
a substrate for the MexEF-OprN pump.
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Figure 8. Influence of nitrosative stress on expression of PA3229 and PA4881.
Expression levels of PA3229 (A) and PA4881 (B), and rpsL in P. aeruginosa strain
K2153 (wild type) without (lane 1) or with (lane 2) GSNO (5 mM for 30 min) exposure
were assessed by using RT-PCR. The PCR portion of the reactions was carried out for 28
cycles (top) or 31 cycles (bottom) for PA3229 and PA4881 and for 20 cycles (top) or 23
cycles (bottom) for rpsL. Data are representative of at least 2 independent experiments.
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Figure 9. Influence of chloramphenicol on mexEF-oprN expression.
Expression of mexE and rpsL in P. aeruginosa strains K2153 (lanes 1 and 2) and
K2520 (MexT-; lanes 3 and 4) without (odd-numbered lanes) or with (even-numbered
lanes) chloramphenicol (CAM; 32 μg/ml, 90 min) exposure was assessed using RTPCR. The PCR portion of the reactions was carried out for, mexE, 30 (top panel) or
32 (bottom panel) cycles and, rpsL, 21 (top panel) or 23 (bottom panel) cycles. Data
are representative of at least 2 independent experiments.
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Figure 10. Influence of antimicrobials on mexEF-oprN expression.
The β-galactosidase activity of P. aeruginosa K2153 (wild type; WT) carrying the
mexE-lacZ

fusion

vector

pHF003

was

assessed

following

exposure

to

chloramphenicol (CAM; 16 μg/ml), ciprofloxacin (CIP; 0.625 μg/ml) or gentamicin
(GEN; 0.5 μg/ml) for 30 min. -, no antimicrobial exposure. The β-galactosidase
activity of P. aeruginosa K2376 (MexS-; mexS) harbouring pHF003 is included for
comparison purposes. The data have been corrected for the background activity of
strains carrying the pMP220 lacZ fusion vector without mexE and are reported as the
mean ± standard deviation of at least 2 independent experiments. Individual
unexposed or WT controls are included for each antibiotic-exposed K2153 or K2376.
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2.4.4 MexEF-OprN and XenB do not contribute to GSNO resistance.
Given their induction by nitrosative stress (i.e., GSNO and DETA) it was of
interest whether MexEF-OprN and/or XenB contributed to GSNO ‘resistance’ directly.
In looking, however, at mutants that overexpress these genes (e.g., the ΔmexS mutant
K2376) or lack them individually (ΔmexEF-oprN, K2892; ΔxenB, K2892) or jointly
(K2956) no difference in GSNO susceptibility was seen relative to the K2153 parent
strain (MIC of 12.5 mM was observed for all strains). This was also true of K2376
derivates lacking xenB (K2943) or mexEF-oprN (K2946).
2.4.5 Conclusion.
GSNO

and

DETA,

NO-generating

agents

of

nitrosative

stress,

and

chloramphenicol are, with the exception of a furanone analogue, the only known
‘inducers’ of the mexEF-oprN efflux operon and the only inducers reported to act via
MexT. Still, it is as yet unclear whether they or some product(s) of nitrosative stress or
damage caused by reactive nitrogen species like NO are the actual effectors.
Chloramphenicol being a nitrosated aromatic compound and possible mimic of a
nitrosated product of nitrosative stress is certainly consistent with this.

From the

standpoint of antimicrobial resistance, there is the prospect that nitrosative stress/reactive
nitrogen could, in vivo, provide a selective pressure for MexEF-OprN-producing
multidrug-resistant mutants. Airway epithelial cells are, for example, known to produce
NO upon stimulation by bacteria and bacterial products (e.g., LPS) (76) and an in vitro
transcriptome study of P. aeruginosa exposed to normal human epithelial cells revealed
that mexEF-oprN (and mexS) were substantially upregulated (62). The observation, too,
that several genes identified previously as members of a MexT regulon are induced in
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response to nitrosative stress, suggests that MexT targets are components of a nitrosative
stress response in P. aeruginosa.
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Chapter 3
MexT regulation of the mexEF-oprN efflux operon in Pseudomonas
aeruginosa
3.1 ABSTRACT
MexEF-OprN is one of the efflux systems that confer resistance to antibiotics,
such as fluoroquinolones, trimethoprim and chloramphenicol, and is the only RNDfamily efflux operon that is positively regulated in P. aeruginosa. MexT, a LysR-family
regulator encoded by the mexT gene, located upstream of mexEF-oprN and transcribed in
the same direction, positively regulates mexEF-oprN. Here, we show the binding of
MexT to the promoter region of mexEF-oprN and further localizing this binding to a
mexE-distal nod box ATC (N9) GAT that occurs upstream of the mexEF-oprN
transcription start site. mexEF-oprN is induced by chloramphenicol and Snitrosoglutathione (GSNO). To assess whether chloramphenicol and GSNO induction of
mexEF-oprN occurred via their interaction with MexT, their binding was tested using
Isothermal Titration Calorimetry and fluorimetric analysis and no binding was observed.
LysR regulators are known to bind to the α-subunit of RNA polymerase (RNAP) to
initiate transcription of their target genes. To assess MexT binding to RNAP, a 2-hybrid
assay was used and only a slight interaction with the α-subunit was observed.
Preliminary studies that were carried out to define functionally important residues of
MexT were unsuccessful. [Much of this work has been published by Maseda et al.
(148)].
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3.2 INTRODUCTION
Pseudomonas aeruginosa is a ubiquitous Gram-negative organism (229) that can
cause multiple types of infection and is considered as one of the most prevalent causes of
nosocomial infections (71).

It is also well known for being resistant to multiple

antimicrobials (83) and this can be attributed to presence of a number of RND-family
efflux systems such as MexAB-OprM, MexXY-OprM, MexEF-OprN and MexCD-OprJ
(195). MexAB-OprM and MexXY-OprM contribute to intrinsic antimicrobial resistance
(5, 152) while MexCD-OprJ and MexEF-OprN are quiescent in wild type P. aeruginosa
(100, 122, 245). Increased expression of mexEF-oprN and the associated resistance to
chloramphenicol, fluoroquinolones, and trimethoprim (122) have been identified in
strains having mutations in the mexS gene encoding a probable oxidoreductase (240).
This expression is, however, dependent on the product of the mexT gene that encodes the
LysR-family positive regulator of mexEF-oprN (119). mexEF-oprN system is minimally
expressed in wild type cells although increased expression is seen in nfxC-type mutants
that show reversion of mutations that inactivate mexT in the so-called wild type cells
(122). Another study has shown variations of mexT gene sequences that resulted in
overexpression of mexEF-oprN operon and consequently resulting in a nfxC-type
resistance pattern (146). It has been shown that LysR regulators bind to their target
promoters in the absence of their inducers near the -65 region. However, in the presence
of inducers, conformational changes take place in the regulators and additional binding
occurs at sequences near the -35 site at which RNAP binds (224). It has also been
reported that LysR regulators bind RNAP to initiate transcription of their target genes
(102).
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Little is known about regulation of mexEF-oprN and transcription initiation by
MexT. Here, we identify the binding site of MexT upstream of mexEF-oprN and the
transcription start site of the efflux operon and explore the possible binding of MexT to
mexEF-oprN inducers and RNAP. Attempts are also made to identify MexT functionally
important residues by screening for mutations which activate or inactivate MexT.
3.3 MATERIALS AND METHODS
3.3.1 Bacterial strains, plasmids and growth conditions.
Bacterial strains and plasmids used in this study are listed in Table 3. Bacteria
were cultivated at 37°C in Luria broth (LB) as before (176) supplemented with ampicillin
(100 μg/ml, Escherichia coli) (for plasmids pET23a, pUC19 , pDP804 and derivatives),
tetracycline (10 μg/ml, Escherichia coli; 75 μg/ml, P. aeruginosa) (for plasmids pMS604,
pEX18Tc, miniCTX1 and their derivatives) to maintain plasmids as needed.
3.3.2 DNA protocols.
Standard protocols were used for restriction endonuclease digestions, ligations,
transformation, plasmid isolation, and agarose gel electrophoresis, as described by
Sambrook and Russell (221). Plasmid DNA was also prepared from E. coli or P.
aeruginosa using a GeneJet Plasmid Miniprep Kit (Fermentas, Inc., Burlington, Ontario)
or QIAfilter Plasmid Midi Kit (Qiagen Inc., Mississauga, Ontario, Canada) according to
protocols provided by the manufacturers. Genomic DNA of P. aeruginosa was extracted
following the protocol of Barcak et al (14). DNA fragments or PCR products used for
cloning were purified (directly or from agarose gels as warranted) using the Wizard SV
Gel and PCR Clean-Up System (Promega Corp. Madison, WI, USA). The preparation of
competent P. aeruginosa (35) and E. coli (221) has been described. Plasmid miniCTX1
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Table 3. Bacterial strains and plasmids.
Strain or

Relevant characteristicsa

Reference

plasmid
E. coli
DH5α

80dlacZ ΔM15 endA1 recA1 hsdR17 (rK–mK+)

(2)

supE44 thi-1 gyrA96 relA1 F– Δ(lacZYA-argF)U169
S17-1

thi pro hsdR recA Tra+

(46)

K117

BL21 (DE3); containing lambda phage lysogen

(248)

carrying T7 RNAP gene under control of lac
promoter
SU202

promotersulA(op408/op+)-lacZ

(43)

NovaBlue

recA- endA- lacIq

Novagen

XL10-Gold

Tetr Δ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 endA1

Stratagene

supE44 thi-1 recA1 gyrA96 relA1 lac
Hte [F´ proAB lacIqZΔM15 Tn10 (Tetr) Amy Cmr]
P. aeruginosa
K2153

Clinical isolate

(239)

K2520

K2153 ΔmexT

(55)

K2376

K2153 ΔmexS

(55)

pET23a

His-tag expression vector; Apr

Novagen

pHF005

pET23a::mexT

This study

pMS604

LexA1-87WT-Fos Zipper; Tcr

(206)

pDP804

LexA1-87408-Jun Zipper; Apr

(43)

Plasmids
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Table 3 (continued)
plasmid

Relevant characteristicsa

pLysS

pACYC184 derivative carrying the T7 lysozyme gene (248)

Reference

in opposite orientation of resident tet promoter; Cmr
pUC19

Cloning vector; Apr

New England Biolabs

pHF006

pUC19::PmexEb

This study

pHF010

pUC19:PmexE-GT126CGc

This study

pHF011

pUC19:PmexE-ATC129GCTd

This study

pHF012

pUC19:PmexE-GAT141TGTe

This study

pHF013

pMS604::mexT

This study

pHF014

pDP804::rpoA

This study

pHF015

pDP804::rpoACf

This study

miniCTX1

P. aeruginosa chromosome integration vector; Tcr

(95)

pHF004

miniCTX::mexT

(55)

a)

Tcr, tetracycline resistance; Apr, ampicillin resistance; Cmr, chloramphenicol resistance.

b)

431 bp promoter containing mexT-mexE intergenic region upstream of mexEF-oprN

c)

GT at 126 bp downstream of mexT was replaced with CG

d)

ATC at 129 bp downstream of mexT was replaced with GCT

e)

GAT at 141 bp downstream of mexT was replaced by TGT

f)

Containing only the 95 amino acids at the C-terminal region of RpoA
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and its derivatives were mobilized into P. aeruginosa from E. coli S17-1 via conjugation
as described (239), with plasmid-carrying P. aeruginosa selected on tetracycline (75
μg/ml) and chloramphenicol (5 μg/ml; to counterselect E. coli).
3.3.3 Determination of the transcription start site of the mexEF-oprN operon.
The transcription start site for mexEF-oprN operon was identified using the 5’
rapid amplification of cDNA ends (RACE) protocol (63) and a 5’/3’ RACE Kit, 2nd
Generation (Roche Diagnostics). Total RNA was isolated from the ∆mexS mutant
(K2376), which overexpresses mexEF-oprN, using the Roche High Pure RNA Isolation
Kit according to the manufacturer’s protocol. Contaminating DNA was removed using
Turbo DNase (Ambion; 37°C for 1 hr). cDNA was synthesized from total RNA (1 μg)
with mexE-specific primer mexE-RACE-Sp1 (5’-GGGTCGATCTG-GAACAGCAG -3’)
which anneals 290 bp downstream of the mexE ATG start site. The reaction mixture (20
μl) contained 150 ng RNA, 1 mM each dNTP, 0.625 μM primer, 1X cDNA synthesis
buffer and 50 U Transcriptor Reverse Transcriptase. After incubating the mixture at 55°C
for 1 hr and 85°C for 5 min, cDNA was purified using the Roche High Pure PCR
Purification Kit. The purified cDNA was mixed with 1X Reaction Buffer (Roche) and 0.2
mM dATP then incubated at 94°C for 3 min and chilled on ice. Then a homopolymeric
A-tail was added to the 3’ end of the cDNA using 80 U Terminal Transferase and
incubating at 37°C for 20 min. The Terminal Transferase was then inactivated by
incubating at 70°C for 10 min. Five μl of the dA-tailed cDNA was amplified via PCR
using

an

oligo

(dT)-anchor

primer

(5’-GACCACGCGTATCG-

ATGTCGACTTTTTTTTTTTTTTTTV-3’) and a second mexE-specific primer, mexERACE-Sp2 (5’-GTCGATGTAGCCCGACACCC-3’), which anneals 228 bp downstream
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of the mexE ATG start site. The reaction mixture (50 μl) contained 0.25 μM mexERACE-Sp2 primer, 0.75 μM oligo dT-anchor primer, 0.2 mM each dNTP, 1X ThermoPol
buffer and 2.5 U Taq DNA polymerase. The reaction was first heated at 94°C for 2 min
followed by 11 cycles at the following parameters: 94°C for 15 sec, 57.5°C for 30 sec,
72°C for 40 sec followed by 26 cycles at the following parameters: 94°C for 15 sec,
57.5°C for 30 sec, 72°C for 1 min, finishing with 72°C for 7 min. The PCR product was
diluted 10-fold and 1 μl was used as a template in a third PCR reaction. The reaction
parameters were the same as those used in the latter reaction, except that the primers used
were the PCR anchor primer (5’-GACCACGCGTATCGATGTCGAC-3’) and a third
mexE specific primer, mexE-RACE-Sp3 (5’-GTGAATTCGTCCCACTCGTTC-3’),
which anneals 167 bp downstream of the mexE ATG start site. The PCR product was
purified using the Wizard® SV Gel and PCR Clean-Up System kit (Promega) and 1.5 μl
was used in a ligation with pSTBlue-1 AccepTor™ Vector (50 ng) (EMD Chemicals,
Gibbstown, New Jersey, USA) with 1X Clonables™ Ligation Premix (EMD Chemicals)
and incubated at 16°C for 1h. Three μl of the ligation mixture were transformed to the
chemically competent NovaBlue Giga Singles Competent Cells (Novagen) by heat
shocking for 30 sec at 42°C. SOC Medium (250 μl) was added and cells were incubated
at 37°C for 1 hr. Plasmid-containing bacteria were selected on ampicillin (100 μg/ml) and
those colonies with inserts were identified using blue-white screening. Plasmids
containing inserts were sequenced and aligned with PAO1 genome sequence to identify
the 5’ start of mexE mRNA.
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3.3.4 Expression and Purification of Polyhistidine (His)-Tagged MexT Protein.
The mexT gene was amplified via PCR using primers: mexT-NdeI-Fwd- (5’GACTCATATGAACCGAAACGACCTGCGCC -3; NdeI site underlined) and mexTxhoI-Rev (5’-GACTCTCGAGGAGACTGTCCGGATCGCCG-3’; xhoI site underlined).
The PCR mixture (50 μl) contained 1 μg chromosomal P. aeruginosa K2153 DNA as
template (since it produces an active MexT protein), 2 U of Vent DNA polymerase (New
England Biolabs), 30 pmol each primer, 0.2 mM each deoxynucleoside triphosphate
(dNTP), 1X Thermopol buffer and 5% (vol/vol) DMSO. The PCR reaction was heated at
94°C for 2 min followed by 30 cycles of 1 min at 94°C, 1 min at 62°C (annealing
temperature) and 1 min 15 sec at 72°C before finishing with a final 10 min at 72°C. PCR
products were purified and digested with NdeI and XhoI and cloned into NdeI-XhoI
digested pET23a (Novagen, Madison, Wisconsin, USA) to yield plasmid pHF005 which
encodes a MexT protein with a C-terminal His tag. Following nucleotide sequencing to
ensure the absence of mutations, pHF005 was then transformed into E. coli BL21 (DE3)
expression strain carrying the pLysS plasmid (designated hereafter, K113). An overnight
culture (containing 100 μg/ml ampicillin) of K113 carrying plasmid pHF005 was diluted
1:50 in LB (50 ml) and incubated at 37°C until an optical density of 0.5-0.6 at 600 nm
was reached, at which time MexT-His expression was induced with 1mM isopropyl-β-D1-thiogalactopyranoside (IPTG) for 2 hr as described previously (244). Cells were
harvested by centrifugation for 10 min at 10000xg at 4°C and pellets were resuspended in
6 ml buffer A (0.3 M NaCl, 50 mM Na2HPO4) containing 5 mM imidazole and sonicated
[three sonic bursts of 30 sec, power 40 with a VibraCell Sonicator (Sonics & Material
Inc., Danbury, Connecticut, USA)]. After centrifugation for 60 min at 16000xg, the
supernatant was applied to 500 μl Ni-NTA Agarose resin (Qiagen, Inc.) equilibrated with
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10 ml buffer A containing 5 mM imidazole. The supernatant and resin were washed twice
with 10 ml buffer A containing 5 mM imidazole, once with 2 ml buffer A containing 5
mM imidazole, then washed sequentially with 500 μl buffer A containing increasing
amounts of imidazole (50, 100, 150, 200, 250 mM) for 10 min with shaking at room
temperature and centrifuged for 3 min at 3000xg after each wash step. The MexT-His
protein was eluted with buffer A containing 250 mM imidazole and stored at -20°C in
20% (vol/vol) glycerol. Protein concentration was determined using the BCA Protein
Assay Kit (Pierce, Illinois, USA) and yield was approximately 500 μg/ml of ~95% pure
protein.
3.3.5 Electrophoretic mobility shift assays.
Electrophoretic mobility shift assays (EMSAs) were used to assess the binding of
MexT to the promoter region upstream of mexEF-oprN. Due to primer limitations, only
224 bp of the 230 bp mexT-mexE intergenic region (excluding the first 6 bp proximal to
mexE) were amplified. This 224 bp fragment was amplified via PCR from P. aeruginosa
K767 chromosomal DNA using primers mexT-mexE-Fwd-1 (5’-GCCCTCCGGCAGCTACCC-3’) and mexT-mexE-1-Rev (5’-CTCCGCCAGTCGGTTTTTCG-3’). The
PCR mixture (50 μl) contained 1 μg chromosomal P. aeruginosa K767 DNA as template,
2 U of Vent DNA polymerase (New England Biolabs), 30 pmol each primer, 0.2 mM
each dNTP, 1X Thermopol buffer and 5% (vol/vol) DMSO. The PCR reaction was
heated at 94°C for 2 min followed by 30 cycles of 1 min at 94°C, 1 min at 55°C and 30
sec at 72°C before finishing with a final 10 min at 72°C. The 160 bp, 135 bp, 111 bp and
93 bp fragments (from 65th, 90th, 114th, 131th bp to the 224th bp, respectively and later
called fragments II, III, IV & V, respectively) upstream of mexE were amplified via PCR
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from P. aeruginosa K767 chromosomal DNA using the above reaction mixture, with
forward primers mexT-mexE-2-Fwd (5’-GCGGC-TTATTCCATCGAAAGC-3’), mexTmexE-3-Fwd

(5’-CATAACCATCGACTGTT-ACAG-3’),

AACGAAAAACCATGTATCACTG-3’)

and

mexT-mexE-4-Fwd

mexT-mexE-5-Fwd

(5,-

(5’-ACTGTT

CGTGATAATCAAAATCTCG -3’) respectively, and mexT-mexE-1-Rev. The PCR
reactions were carried out using the same parameters as described above. The 65 bp
fragment proximal to mexT was amplified via PCR from the from P. aeruginosa K767
chromosomal DNA using the above reaction mixture, except Taq DNA polymerase (New
England Biolabs) was used with primers mexT-mexE-1-Fwd and mexT-mexE-2-Rev
(5’-GCACACCCGCGGCGCG-3’). The PCR reaction was heated at 94°C for 2 min
followed by 30 cycles of 30 sec at 94°C, 30 sec at 55°C and 30 sec at 72°C before
finishing with a final 5 min at 72°C. PCR products were gel purified using the Wizard®
SV Gel and PCR Clean-Up System kit (Promega) and used in the EMSA Kit (Molecular
Probes, Inc., Invitrogen, Burlington, Ontario) according to the manufacturer’s protocol.
The EMSAs were carried out as follows: 40 ng of DNA was incubated with increasing
amounts of His-tagged MexT protein (50, 100, 200, 300, 400 or 500 ng, as warranted) for
20 min at room temperature in 10 μl reaction mixtures containing 1X binding buffer (750
mM KCl, 0.5 mM dithiothreitol, 0.5 mM EDTA, 50 mM Tris, pH 7.4). 1X EMSA gelloading solution (Molecular Probes) was added to the mixture and bands were separated
by electrophoresis on a non-denaturing polyacrylamide gel (10% wt/vol) in 0.5X TBE
buffer (89 mM Tris base, 89 mM Boric acid, 1 mM EDTA, pH 8.0) and stained with 1X
SYBR green nucleic acid stain (Molecular Probes). For competitor experiments, 100 ng
or 250 ng salmon sperm DNA was added to the reaction mixtures prior to the addition of
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protein. DNA was then visualized using digital photography with an S6656 SYPRO
photographic filter.
3.3.6 Site-Directed mutagenesis of the mexEF-oprN promoter region.
The entire mexT-mexE intergenic region was amplified via PCR using primers
mexTE-Fwd-EcoRI (5’-GACTGAATTCGCA-TGTTCATCGGCGATCC-3’; EcoRI site
underlined) and mexTE-Rev-XbaI (5’-GACTTCTAGAGGCGCTCAGGACCAGTACG3’; XbaI site underlined). PCR mixture (50 μl) contained 1 μg chromosomal P.
aeruginosa K767 DNA as template, 1 μM of each primer, 0.3 mM each dNTP, 1X Exact
buffer, and 2.5 U Exact DNA polymerase (5 PRIME, Inter Medico, Markham, Ontario).
The mixture was heated at 95°C for 5 min followed by 40 cycles of 45 sec at 95°C, 45
sec at 66°C and 30 sec at 72°C. The PCR product was gel purified, then digested with the
restriction enzymes EcoRI and XbaI, and cloned into EcoRI-XbaI-digested pUC19 to
yield plasmid pHF006. Insert DNA was sequenced to ensure that no mutations were
introduced by PCR. Site-directed mutagenesis of mexE promoter region was carried out
with QuikChange lightning Site-Directed mutagenesis kit (Stratagene, La Jolla, CA) as
described by the manufacturer. Here, 3 putative heptameric MexT binding sites (site 1 or
mexE-distal; site 2 or middle and site 3 or mexE-proximal sites) were first suggested and
primer pairs were designed to introduce mutations into site 3. A 2 bp mutation was
introduced into the putative site 3 using primer mexTE-GT126CG-Fwd (5’AACGAAAAACCATCGATCACTG-3’ and its reverse complement; mutated bases and
proposed binding site are underlined and boldfaced, respectively). A 3 bp and a 2 bp
mutations were also introduced into the nod 1 box (a typical binding site of LysR
regulators) upstream of mexEF-oprN. To achieve this, primer mexTE-ATC129GCT-Fwd
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(5’-GAAAAACCATGTGCTACT-GTTC-3’ and its reverse complement; mutated bases
are

underlined

and

boldfaced)

and

primer

mexTE-GA141TG-Fwd

(5’-

CTGTTCGTTGTAATCAAAATCTC-3’ and its reverse complement; mutated bases are
underlined and boldfaced) were used. Reaction mixtures (50 μl) contained 50 ng of
pHF006 as a template, 1 μl QuikChange Lightning DNA polymerase enzyme, 1 μl
dNTPs, 30 pmol of each primer and 1X QuikChange Lightning buffer. The PCR
reactions (which effectively amplified the entire mexE-containing plasmid) were heated
at 95°C for 2 min followed by 19 cycles of 30 sec at 95°C, 30 sec at 47.5°C and 90 sec at
68°C before finishing with a final 5 min at 68°C. The PCR-amplified plasmids were then
digested with DpnI (Stratagene, La Jolla, CA) for 5 min at 37°C to digest the unmutated
template DNA. Two μl of the DpnI-treated PCR-amplified plasmids were transformed
individually into XL10-Gold ultracompetent cells (Stratagene, La Jolla, CA) following
heat shocking for 30 sec at 42°C. LB medium (500 μl) was then added and cells were
incubated at 37°C for 1 hr and bacteria containing the plasmids were selected on
ampicillin (100 μg/ml). Plasmids (dubbed pHF010-012; see Table 3 for details) were
sequenced to ensure that the intended mutation(s) were introduced into the mexT-mexE
promoter region present on these plasmids.
The plasmids carrying the mutated mexT-mexE promoters were then used
individually as a template to amplify different parts of the promoter region containing the
intended mutation for use in EMSAs. Primers mexTE-GT126CG-Fwd and mexT-mexE1-Rev were used to amplify a 111 bp DNA fragment containing the putative third MexTbinding site (fragment IV, from 114th -224th bp). To amplify 135 bp DNA fragments
containing mutations in the ATC and GAT sequences of the nod box (fragment III, from
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90th -224th bp), primers mexT-mexE-3-Fwd and mexT-mexE-1-Rev were used. The PCR
mixtures (50 μl) contained 1μg of one plasmid (pHF007-pHF012) as a template, 1 μM of
each primer, 0.3 mM each dNTP, 1X Exact buffer, and 2.5 U Exact DNA polymerase (5
PRIME, Inter Medico, Markham, Ontario). PCR reactions were heated at 95°C for 5 min
followed by 40 cycles of 45 sec at 95°C, 45 sec at 50°C and 20 sec at 72°C, except that
30 sec at 72°C was used in the amplification of DNA fragments containing mutations in
the nod 1 box (ATC or GAT). PCR products were gel purified using the Wizard® SV
Gel and PCR Clean-Up System kit (Promega) and used in EMSAs with purified MexT.
3.3.7 Fluorimetric analysis.
To

assess

MexT binding with

MexEF-OprN efflux

system

inducers

chloramphenicol and GSNO, fluorimetric analysis were performed (48). In addition,
since one product of nitrosative stress is nitrotyrosine (175), its binding to MexT was also
assessed. His-tagged MexT was purified as described above, diluted to 2 µM and excited
in the absence or presence of chloramphenicol, GSNO or nitrotyrosine (140 µM) at 295
nm and 282 nm, wavelengths that excite tryptophan only and tryptophan and tyrosine,
respectively. These experiments were carried out by the Protein Function Discovery
Facility at Queen’s University, Kingston.
3.3.8 Isothermal titration calorimetry (ITC).
ITC is a technique that measures the binding affinity and stoichiometry of the
interaction between two or more molecules (36). ITC was used to assess binding of the
his-tagged purified MexT (50 µM) to GSNO, chloramphenicol, nitrotyrosine (1 mM) or
chloramphenocol or GSNO-treated purified whole cell extracts. To avoid interference of
imidazole with MexT binding to the chemicals, MexT with first dialyzed against buffer A
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containing 5 mM EDTA. Purified whole cell extract was prepared by diluting (1:50) an
overnight culture of K2153 in LB (50 ml) and incubating at 37°C until an optical density
of 0.5-0.6 at 600 nm followed by addition of chloramphenicol (64 μg/ml) or GSNO (5
mM for 90 min or 30 min, respectively. Cells were harvested by centrifugation for 10
min at 10000xg at 4°C and pellets were resuspended in 3 ml buffer A and sonicated
[three sonic bursts of 45 sec, power 40 with a VibraCell Sonicator. After
ultracentrifugation for 15 min at 55000xg, the supernatant was used in ITC. Experiments
were carried out as described (38) using using a VP-ITC Microcal calorimeter (Microcal
Inc., Studio City, CA) by the Protein Function Discovery Facility at Queen’s University.
3.3.9 Trypsin digests.
Digestion of his-tagged MexT with trypsin digests was carried out as described
with modifications (88). His-tagged MexT protein (50 µg) was incubated with trypsin
(2.5 mg/ml) in 100 µl Tris-HCl (pH 8) at 37°C and aliquots were taken every 30 min up
to 3 hrs. It was found that after 30 min incubation with trypsin, complete digestion of
MexT was achieved. Thus, MexT was subsequently incubated with trypsin (2.5 mg/ml)
in the absence or presence of chloramphenicol (256-2560 µg/ml) or GSNO (12.5-25 mM)
for 30 min and visualized on SDS-PAGE gels.
3.3.10 LexA 2-hybrid experiments.
To assess a possible interaction between MexT and RNAP, the LexA-based
approach was used (43). The mexT gene was amplified via PCR with primers mexT2HAgeI-Fwd

(5’-GCATACCGGTGATGAACCGAAACGACCTGC-3’;

AgeI

site

underlined) and mexT2H-XhoI-Rev (5’-GCATCTCGAGTCAGAGACTGTCCGGATCGCC-3’; xhoI site underlined). The rpoA gene was amplified via PCR using primers
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rpoA-SacI-Fwd (5’-GACTGAGCTCATGCAGAGTTCGGTAAATGAG-3’; SacI site
underlined) and rpoA-BglII-Rev (5’-GACTAGATCTGTTAC-GACGATCAGGCAGTG3’; BglII site underlined). The PCR mixture (50 μl) contained 1 μg chromosomal P.
aeruginosa K2153 and K767 DNA as template for amplification of mexT and rpoA,
respectively, 1 μM of each primer, 0.3 mM each dNTP, 1X Exact buffer, and 2.5 U Exact
DNA polymerase (5 PRIME, Inter Medico, Markham, Ontario). Both PCR reactions
were heated at 95°C for 5 min followed by 40 cycles of 45 sec at 95°C, 45 sec at 62.5°C
and 1 min at 72°C. PCR products were gel purified, then digested with the restriction
enzymes AgeI and XhoI for mexT and SacI and BglII for rpoA and separately cloned into
AgeI-XhoI digested pMS604 and SacI- BglII digested pDP804, respectively. The
resulting plasmid pairs pHF013 and pHF014 were transformed into SU202 and selected
on tetracycline 10 μg/ml and ampicillin 100 μg/ml. A fragment carrying the last 285 bp
DNA fragment and encoding the C-terminal 95 amino acids of RpoA (designated rpoAc)
was amplified via PCR using primers rpoAc-SacI-Fwd (5’-GACTGAGCTCCCCGTCGTTGAAGAGCAGG-3’; SacI site underlined) and rpoA-BglII-Rev. The PCR
mixture (50 μl) contained 1 μg chromosomal P. aeruginosa K767 DNA as template for
amplification of rpoAc, 1 μM of each primer, 0.3 mM each dNTP, 1X Exact buffer, and
2.5 U Exact DNA polymerase. PCR reaction was heated at 95°C for 5 min followed by
40 cycles of 45 sec at 95°C, 45 sec at 62.5°C and 25 sec at 72°C. The PCR product was
gel purified, then digested with the restriction enzymes SacI and BglII and separately
cloned into SacI-BglII digested pDP804. The resulting plasmid pHF015 was transformed
with plasmid pHF013 into SU202 and selected on Tc 10 μg/ml and Ampicillin (Ap) 100
μg/ml. proteins expressed in E. coli as LexA fusions were subjected to SDS-PAGE
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electrophoresis and immunobloting as described (244) in order to confirm the production
of proteins. Membranes were probed with monoclonal anti-LexA antibodies (Invitrogen)
as described (244). MexT-RpoA interaction was assessed using a β-galactosidase assay
as previously described (43).
3.3.11 PCR-based random mutagenesis.
PCR-based random mutagenesis of cloned mexT was performed as described
previously (210). Briefly, the mexT gene was amplified using primers MexT-Eco-Fwd
(5’-GACTGAATTCCTGTATCCGCCCATGCCTG-3’; EcoRI site underlined) and
MexT-Hind-Rev (5’-GACTAAGCTTCGATTTTCCCGTTGCGACG-3’; HindIII site
underlined). The reaction mixture (50 µl) contained 1 μg chromosomal P. aeruginosa
K2153 DNA as template, 2.5 U of Taq DNA polymerase (New England Biolabs), 30
pmol of each primer, 1X ThermoPol buffer, 0.2 mM of each dNTP (except dCTP, 40
µM) and 75 µM MnCl2. The reaction mixture was heated at 94°C for 2 min followed by
30 cycles of 1 min at 94°C, 1 min at 65°C and 1 min 20 sec at 72°C before finishing with
a final 10 min at 72°C. The PCR products were then digested with EcoRI and HindIII,
ligated to EcoRI-HindIII digested miniCTX1 and transformed into strain E. coli S17-1.
After addition of 1 ml LB, cells were allowed to recover at 37°C with shaking for 1 hr in
the absence of antibiotic.

Cells (1 mL) were then added to 9 mL LB containing

tetracycline (10 μg/mL), and cultured overnight at 37°C with shaking. miniCTX1::mexT
was mobilized into the ΔmexT P. aeruginosa strain K2520 from E. coli S17-1 as
described previously (239).
3.3.12 Hydroxylamine-based random mutagenesis.
Plasmid pHF004 (miniCTX::mexT) carrying the mexT gene was mutagenized
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using a 1 to 2-hr treatment with hydroxylamine according to a previously published
protocol (70). Amplification of mexT gene with the 6 his-tag residue was carried out as
described above except the reverse primer MexT-his-Hind-Rev (5’-AAGCTTAACGTTTCAGTGGTGGTGGTGGTGGTGGAGACTGTCCGGATCGCCG-3’; HindIII
site underlined and the 6 his residues italicized) was used. Mutagenized plasmid DNA
was then precipitated using a standard protocol (221), washed in 70% (vol/vol) ethanol,
and resuspended in 20 μl H20 and 1μl was transformed into strain E. coli S17-1. After
addition of 1 ml LB, cells were allowed to recover at 37°C with shaking for 1 hr in the
absence of antibiotic. Cells (1 ml) were then added to 9 ml LB containing tetracycline
(10 μg/ml), and cultured overnight at 37°C with shaking. miniCTX1::mexT was
mobilized into the ΔmexT P. aeruginosa strain K2520 from E. coli S17-1 as described
previously (239).
3.3.13 RT-PCR.
Total bacterial RNA was isolated from log-phase P. aeruginosa L-broth cultures
using the Ribopure Bacteria kit (Ambion) and TURBOTM DNase (Ambion) according to
protocols provided by the manufacturer. The reverse transcription (RT)-PCR reaction
was performed with ca. 500 ng RNA using the Qiagen One Step RT-PCR Kit according
to manufacturer’s protocol. Primer pairs mexE-F (5’-GCGGGTGTCGGGCTACATC-3’)
and mexE-R (5’-CGGCGTCGAAGTAGGCGTAG-3’) were used to assess expression of
the mexE. The reaction mixtures were incubated for 30 min at 50oC, followed by 15 min
at 95oC and various cycles (see figures for details) of 0.5 min at 95oC, 0.5 min at 60oC
and 1 min at 72oC, before finishing with a final 10 min elongation at 72oC. Primers and
reaction conditions for assessing rpsL expression have been described previously (59).
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3.4 RESULTS
3.4.1 Identification of the mexEF-oprN transcription start site.
To identify the transcription start site of mexEF-oprN, the RACE method was
used. After amplification of DNA fragments from the 5’ ends of the mexE gene, they
were cloned in pSTBlue-1 and sequenced. Results showed that the start site is the 29th bp
upstream of the mexEF-oprN start codon (Figure 11A, bolded & underlined).
3.4.2 Identification of the MexT binding site.
It has been shown that MexT positively regulates mexEF-oprN expression (119,
122, 180). The mexT gene is located 230 bp upstream of the mexEF-oprN operon (Figure
11A) and the mexT-mexE intergenic region is proposed to contain the mexEF-oprN
promoter region and its activator binding sites. A his-tagged version of MexT protein
purified as a 34 kDA protein (Figure 12) (in agreement with predicted molecular mass for
MexT with 6 his residues) was used to assess its binding to this region using EMSAs. As
shown in Figure 13A, some shift of the mexT-mexE intergenic fragment was observed
with 50 ng of MexT (lane 2) and a complete shift of the DNA occurred with ≥ 200 ng of
MexT (lanes 4-6) indicating that MexT binds this DNA. However, a purified cell extract
from E. coli containing the pET23a vector lacking the cloned mexT gene that was
processed as for MexT containing extracts and adjusted to contain 500 ng protein did not
shift the DNA (Figure 13A, lane 7). Binding of MexT to the mexEF-oprN promoter
region was shown to be specific as this binding was not blocked in the presence of 100 ng
(Figure 13B, lanes 6 & 7) or 250 ng (Figure 13B, lanes 9 &10) salmon sperm DNA.

85

Figure 11. Sequence of mexT-mexE intergenic DNA.
(A) DNA region showing mexT stop codon and mexE start codon (italicized) and
transcription initiation site of mexE (bolded & underlined). (B) 5’-RACE product (lane
2) from K2351 ∆mexS strain obtained with a mexE specific primer and the anchor primer
provided with the 5’-RACE kit (Roche). Lane 1, 100 bp ladder.
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Figure 12. Expression of MexT-His in E. coli BL21 (DE3).
Coomassie blue-stained 10% (wt/vol) SDS-polyacrylamide gel showing his-tagged MexT
protein purified by nickel affinity chromatography. The protein was eluted with 250 mM
imidazole (lane 3) and the deduced molecular mass of the protein is 34 kDa. Sizes of
molecular weight markers are indicated (lane 1). Nickel affinity chromatography purified
cell extract of E. coli BL21/DE3 carrying pET23a (lane 2) with IPTG induction for 2 hrs.
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Figure 13. MexT binds to the mexE-mexT intergenic region.
(A) EMSA in which 40 ng of the 224 bp DNA fragment containing the mexE-mexT
region was incubated without MexT (lane 1) or with 50 ng (lane 2), 100 ng (lane 3), 200
ng (lane 4), 300 ng (lane 5) or 500 ng (lane 6) of purified his-tagged MexT protein or
with purified cell extract of the E. coli BL21/DE3 carrying pET23a only adjusted to 500
ng protein (lane 7). (B) The mexE-mexT intergenic region (40 ng) was incubated without
MexT (lane 1) or with 100 ng (lanes 2, 5 & 8), 200 ng (lanes 3, 6 & 9) or 500 ng (lanes 4,
7 & 10) of purified his-tagged MexT and 100 ng (lane 5, 6 & 7) or 250 ng (lanes 8, 9 &
10) of sonicated salmon sperm (S.S.) DNA as competitor.
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Three almost identical heptameric repeated sequences have been observed in the
mexT-mexE intergenic region and were suggested to be involved in MexT binding
(Figure 14A, bolded). In order to test MexT binding to these sequences, three different
fragments of the promoter region were amplified, containing three (Figure 14A, fragment
II), two (Figure 14A, fragment III) and only one (Figure 14A, fragment IV) of these
sequences, respectively. Fragment II was tested and MexT binding was observed (Figure
14B, lanes 3-5). MexT binding to fragment II was also shown to be specific as the DNA
shift was not lost in the presence of 100 ng salmon sperm DNA (Figure 14B, lanes 7-9).
Fragment III containing sites 2 and 3 and fragment IV containing site 3 only were also
tested and both were shown to bind to MexT (Figure 14C &14D, lanes 3-5). Binding of
MexT to both DNA fragments was not lost in the presence of excess salmon sperm DNA
(Figure 14C & 14D, lanes 7-9). These results suggest that only the mexE proximal 111
bp region is required for MexT binding and that only one site is sufficient for MexT to
bind. To further confirm these results, intergenic sequences most distal (Figure 14A,
fragment I) and most proximal (Figure 14A, fragment V) to mexE, which do not include
any of the three proposed MexT-binding sequences, were also tested and did not show
any binding (Figure 14E & 14F) suggesting that MexT binding site is located between the
65th and 131st bp downstream of the mexT gene. In order to study the possible
involvement of site 3 in MexT binding to the DNA region upstream of mexE, sitedirected mutagenesis of this sequence was carried out. Fragment IV containing site 3
only was amplified and a 2 bp mutation was introduced into site 3 changing it from
CCATGTA to CCATCGA. EMSAs were carried using a mutated version of fragment IV
carrying the 2 bp mutation and MexT binding was tested. MexT still binds to the mutated
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Figure 14. Defining the MexT binding site upstream of mexEF-oprN.
(A) DNA region showing mexT stop codon and mexE start codon (boxed) and the
three repeated sequences predicted to be MexT binding sites (bolded and numbered).
The two ATC (N9) GAT nod boxes are also shown as nod 1 (mexE distal nod box;
underlined) and nod 2 (mexE proximal nod box; underlined and italicized). The
mexT-mexE intergenic regions include fragment I (65 bp; from the 1st to 65thth bp),
fragment II (160 bp; from the 65th to 224th bp), fragment III (135 bp; from the 90th to
224th bp), fragment IV (111 bp; from the 114th to 224th bp) and fragment V (94 bp;
from the 131st to 224th bp). The first bp of each fragment used in EMSAs is indicated
by a filled arrow head and the last bp is indicated by a bent arrow. (B-D) EMSAs in
which 40 ng of various mexT-mexE intergenic regions were incubated without MexT
(lane 1) or with 100 ng (lanes 2 & 6), 200 ng (lanes 3 & 7), 300 ng (lanes 4 & 8) and
400 ng (lanes 5 & 9) of purified his-tagged MexT protein and 100 ng (lanes 6-9) of
sonicated salmon sperm (S.S.) DNA as competitor. The mexT-mexE intergenic
regions include: (B) Fragment II carrying all 3 putative MexT-binding sites. (C)
Fragment III carrying sites 2 and 3 putative binding sites and (D) Fragment IV
carrying site 3. (E-F) EMSAs in which 40 ng of (E) fragment I (65 bp; from the 1st to
65thth bp) or (F) fragment V (94 bp; from the 131st to 224th bp) were incubated
without (lane 1) or with 100 ng (lane 2), 200 ng (lane 3), 300 ng (lane 4) and 400 ng
(lane 5) of purified his-tagged MexT protein.
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DNA fragment containing the 2 bp mutation suggesting that mexE-proximal heptameric
sequence is not involved in MexT binding (Figure 15, lanes 2-5).
Since the DNA fragment containing the putative MexT binding site 3 showed
binding to MexT, the DNA region containing that heptameric sequence has been further
studied. It has been reported that the LysR-family member NodD has a degree of
similarity to MexT (30% amino acid identity) (119). It has also been reported that NodD
binds a nod box having the sequence ATC (N9) GAT located upstream of its target genes
(75, 119). Two nod boxes were identified upstream of mexE, one (nod 2) in a region that
we have already shown did not bind to MexT (Figure 14A, underlined &italicized) and a
second (nod 1) that is very close to the mexE-proximal heptameric sequence described
above (Figure 14A, underlined). To test the hypothesis that this nod 1 box is the MexT
binding site, the two 3 bp sequences ATC and GAT, were individually changed to GCT
and TGT, respectively. After mutations were confirmed, the DNA regions (fragment III)
containing the desired mutations were amplified and each was used in EMSAs.
Mutations in either of the 2 sites significantly reduced MexT binding (Figure 16A & 16B,
lanes 7-10). This result confirms that the nod box proximal to the mexEF-oprN operon is
the binding site of MexT. This result also suggests that MexT requires both the ATC and
GAT sequences to bind to the mexEF-oprN promoter region.

Consistent with this,

fragment V containing only the GAT sequence did not bind to MexT (Figure 14F).
3.4.3 MexT does not bind to chloramphenicol and GSNO.
Chloramphenicol induces mexEF-oprN expression with as little as 15 min
exposure and is a good substrate for MexEF-OprN suggesting that chloramphenicol may
mimic a natural inducer of MexT. GSNO also rapidly induces mexEF-oprN expression
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Figure 15. Mutations in the putative heptameric MexT binding sites do not alter
MexT binding.
EMSA in which 40 ng of the mutated version of fragment IV (lanes 1-5), in which GT at
126 bp downstream of mexT were replaced with CG), was incubated without MexT (lane
1) or with 100 ng (lane 2), 200 ng (lane 3), 300 ng (lane 4) and 400 ng (lane 5) of purified
his-tagged MexT protein.
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Figure 16. Mutations in the distal nod box reduces MexT binding.
(A) EMSAs in which 40 ng of mexT-mexE intergenic fragment III carrying wild type nod
1 box (lanes 1-5) and the mutated version, in which ATC at 129 bp was changed to GCT
(lanes 6-10), were incubated without MexT (lanes 1& 6) or with 100 ng (lanes 2 & 7),
200 ng (lanes 3 & 8), 300 ng (lanes 4 & 9) and 400 ng (lanes 5 & 10) of purified histagged MexT protein. (B) EMSAs in which 40 ng of fragment III carrying wild type nod
1 box (lanes 1-5) and the mutated version, in which GA at 141 bp were changed to TG
(lanes 6-10), were incubated without MexT (lanes 1& 6) or with 100 ng (lanes 2 & 7),
200 ng (lanes 3 & 8), 300 ng (lanes 4 & 9) and 400 ng (lanes 5 & 10) of purified histagged MexT protein.
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(55) suggesting that MexT/MexEF-OprN may recognize it directly although, in vivo,
GSNO rapidly interacts with and modifies intracellular molecules and biological targets
(205) such that it is possible that nitrosation products may also be inducers/substrates. To
assess whether chloramphenicol or GSNO are inducers that bind to MexT in promoting
mexEF-oprN expression, MexT was purified, and binding to chloramphenicol and GSNO
was tested using fluorimetric analysis and ITC (Dept. of Biochemistry, Queen’s
Univesrity, Kingston). In addition, since one product of nitrosative stress is nitrotyrosine
(175), which resembles chloramphenicol (Figure 17), and, so, may be an intended
inducer/substrate, nitrotyrosine binding to purifed MexT was also tested.
Based on the MexT amino acid sequence, MexT contains two tryptophan and four
tyrosine residues. The four tyrosine amino acids are scattered throughout the middle of
the MexT amino acid sequence and the C-terminus of the protein while the two
tryptophan amino acids are located at the C-terminus. Since both amino acids fluoresce
when excited, fluorimetric analysis was used to determine MexT binding to
chloramphenicol, GSNO and nitrotyrosine. Interaction of MexT with these compounds is
expected to change the local environment of the tryptophan and tyrosine residues
resulting in a change in the emission peak wavelength of MexT. Fluorimetric scanning
was initially performed for MexT, chloramphenicol, GSNO or nitrotyrosine alone to
determine the peak excitation and emission wavelengths for each and to make sure that
none of the chemicals used emits at the same wavelength of tyrosine and tryptophan (in
MexT). MexT was then excited in the absence or presence of chloramphenicol, GSNO or
nitrotyrosine at 295 nm and 282 nm, the wavelengths that excite mainly tryptophan and
tryptophan and tyrosine, respectively. No change in the emission peak wavelength was
100

Figure 17. Chemical structures of chloramphenicol (A) and nitrotyrosine (B).
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observed in the emission spectra of MexT (2 µM) only compared with MexT with
chloramphenicol, GSNO or nitrotyrosine (140 µM) at excitation wavelengths 282 nm
(Figure 18A) and 295 nm (Figure 18B). These results suggest that there is no binding
between MexT and any of the chemicals, or the binding might have taken place in a
region that does not include tryptophan and tyrosine residues.
To address this possibility, ITC was used to determine the possible binding of
these compounds to MexT. Chloramphenicol, GSNO or nitrotyrosine were titrated into a
cuvette containing MexT and the heat of reaction was measured. Results showed no
evidence of binding between MexT and chloramphenicol, GSNO or nitrotyrosine (data
not shown). These results suggest the possibility that other products that occur inside of
chloramphenicol- or GSNO-exposed cells might be the actual inducer of MexT resulting
in its activation and MexEF-OprN induction. To test this hypothesis, P. aeruginosa
strain K2153 cultures were grown to mid-log phase, exposed to either chloramphenicol or
GSNO and the soluble whole cell extract was prepared and used in ITC experiments.
Again, however, no evidence for any interactions with MexT was obtained.
It has been reported that regulatory protein binding to their inducers often results
in conformational changes in the protein, which can then be a measure of inducer
binding. One way to assess conformational changes is protection from digestion by
trypsin (88). This approach was also used here to further test binding of chloramphenicol
and GSNO to MexT. First, MexT was incubated with trypsin at 37°C and it was found
that after 30 min incubation with trypsin, complete digestion of MexT was achieved.
MexT protein was then incubated with chloramphenicol at concentrations ranging from
2-20X chloramphenicol MIC (chloramphenicol MIC = 128 µg/ml) or 1-2X GSNO MIC
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Figure 18. Emission spectra of MexT at 282nm and 295nm excitation wavelengths.
Emission spectra of MexT without or with chloramphenicol (CAM), GSNO or
nitrotyrosine (NT) at excitation wavelengths (A) 282nm and (B) 295 nm.
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(GSNO MIC= 12.5 mM) for 30 min and results show that MexT was fully digested
confirming that MexT does not bind to chloramphenicol or GSNO.
3.4.4 Interaction of MexT and RNAP.
LysR-family of regulators typically interact with the C-terminal domain of the
RNAP α-subunit (102), suggesting that MexT binds the RNAP α-subunit in promoting
expression of its target genes. In order to assess this hypothesis, the LexA 2-hybrid
system was used (43) whereby the mexT and rpoA (encoding the RNAP α-subunit) genes
were cloned in frame to coding sequences for the DNA-binding domain of LexA on
plasmids pMS604 and pDP804, respectively, and introduced into E. coli SU202 carrying
a chromosomal lacZ gene under the control of a LexA operator. LexA binding to its
operator and subsequent repression of lacZ in this strain requires prior dimerization of the
LexA-binding domains encoded by pDP804 and pMS604, necessitating interaction of the
MexT and RpoA sequences fused to the LexA DNA-binding domains of these vectors.
As such, lack of β-galactosidase activity is a measure of MexT-RpoA interaction. The 2hybrid vectors also contain sequences encoding Jun and Fos zipper motifs (known to
interact) fused to lexA, such that E. coli SU202 carrying these vectors demonstrates
substantial repression of lacZ. The unaltered vectors thus provide a positive control for
the system, although the Jun and Fos zipper-encoding sequences will be disrupted upon
cloning rpoA and mexT sequences, making lacZ repression dependent upon MexT-RpoA
interaction (210). First, a Western immunoblot was carried out to confirm production of
both MexT and RpoA from these vectors (Figure 19). In this case RpoA was fused to the
mutant DNA-binding domain LexA1-87408 and MexT was fused to the wild type LexA
DNA-binding domain. Plasmids were transferred into E. coli SU202 strain and MexT106

Figure 19. Western immunoblot of whole cell extracts of E. coli SU202.
A Western immunoblot of E. coli SU202 cell extracts carrying pMS604 and pDP804
(lane 1), pMS604 and pDP804::rpoA (Lane 2), pMS604::mexT and pDP804 (lane 3) and
pMS604::mexT and pDP804::rpoA (lane 4) detected with anti-LexA antibody. RpoA
(open arrow) and MexT (closed arrow) are indicated.
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RpoA interaction was assessed using β-galactosidase assay. No repression was observed,
suggesting the absence of an interaction between MexT and RpoA (Figure 20A).
Despite this result, and given that it is the C-terminal region of the α-subunit of
the RNAP that interacts with LysR regulators (140), the C-terminal region of the rpoAencoded P. aeruginosa RNAP α-subunit (RpoAc) was cloned into pDP804 and its
interaction with MexT was tested. A 2-fold reduction in the β-galactosidase activity was
observed in the strain having both pDP804::rpoAc and pMS604::mexT plasmids when
compared to the strains having only one plasmid with a cloned fragment (Figure 20B).
This suggests absence of interaction between MexT and the C-terminal region of the
RpoA.
3.4.5 Identification of the inducer-binding domain of MexT.
It has been shown by many studies of LysR-type regulators that mutations in the
inducer recognition/response domain cause alterations in the conformation of these
regulators and results in inducer-independent phenotypes, whereby target genes are
activated constitutively, in the absence of inducers (101, 155). Thus, to identify the
inducer-binding region of MexT, the cloned gene was subjected to mutagenesis and
screened for mutations that promote mexEF-oprN overexpression in the absence of
mexEF-oprN inducers (i.e., chloramphenicol or GSNO).
Chemical mutagenesis using hydroxylamine has been previously reported in P.
aeruginosa (176, 177) and was used here. First, mexT was cloned on the chromosomeintegrating mini-CTX vector (95) and was introduced into the K2153 ΔmexT strain to
verify that it restores a wild type phenotype (i.e. restores resistance to antimicrobials that
is lost in the ΔmexT strain).

As seen in Table 4, chromosomal mini-CTX::mexT
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Figure 20. Assessing interaction between MexT and RpoA or RpoAc.
(A) β-galactosidase activity of E.coli SU202 strains carrying plasmids pMS604 and
pDP804 (1), pMS604 and pDP804::rpoA (2), pMS604::mexT and pDP804 (3) and
pMS604::mexT and pDP804::rpoA (4). (B) β-galactosidase activity of E.coli SU202
strains carrying plasmids pMS604 and pDP804 (1), pMS604 and pDP804::rpoAc (2),
pMS604::mexT and pDP804 (3) and pMS604::mexT and pDP804:: rpoAc (4).
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Table 4. Influence of mexT deletion or mutation on antimicrobial resistance
Strain

CAM

NAL

TMP

(µg/ml)

K2153

128

256

256

K2153 ∆mexT

32-48

128

128

128

128

128

1024

512

1024

1024

512

1024

K2153 ∆mexT
(mini-CTX::mexT)
K2153 ∆mexT
(mini-CTX::mexTmut-1)
K2153 ∆mexT
(mini-CTX::mexTmut-2)
a

CAM, chloramphenicol; NAL, nalidixic acid; TMP, trimethoprim
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complements the mexT deletion with respect to antimicrobial resistance (multicopy
plasmid-encoded mexT enhances mexEF-oprN expression in the absence of inducer and
as such most plasmids that exist extrachromosomally are unsuitable for studies looking at
inducer-independent mutations in mexT that promote mexEF-oprN expression).
Subsequently, chemically mutagenized mexT (on mini-CTX) was introduced into
the chromosome of K2153 ΔmexT and screened for increased resistance to nalidixic acid,
trimethoprim and chloramphenicol. However no mutants resistant to nalidixic acid or
trimethoprim were isolated. Given the 2-fold reduction in the antimicrobial resistance to
nalidixic acid and trimethoprim when the mexT gene is deleted, it is possible that mutants
resistant to these two antimicrobials may have been missed due to the low fold change.
Since chloramphenicol resistance in the ΔmexT mutant, compared to wild type,
shows a higher fold reduction (Table 4), screening for resistance to chloramphenicol was
carried out. Since chloramphenicol is the best antimicrobial substrate for MexEF-OprN, it
should be the best indicator of mexEF-oprN expression and while it is a inducer, we
would anticipate that mexT mutations mimicking inducer binding might be more effective
than the inducer itself. Seven thousand K2153 ΔmexT colonies carrying chromosomal
inserts of mutagenized miniCTX::mexT were screened on agar plates for increased
resistance to chloramphenicol (at 1-2X MIC). Two chloramphenicol-resistant isolates
were recovered and tested for increased resistance to chloramphenicol, nalidixic acid and
trimethoprim and as shown in Table 4, increased resistance to the tested antimicrobials
was observed for both isolates.

One mutant was also tested for overexpression of

mexEF-oprN using RT-PCR. As expected, mexE expression (as an indicator of mexEFoprN) was enhanced in this chloramphenicol-resistant mutant as compared with K2153
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ΔmexT carrying the wild type mexT gene (Figure 21). The mexT gene of the
chloramphenicol/multidrug-resistant mutants overexpressing mexEF-oprN was amplified
using PCR and sequenced to identify the mutations in mexT responsible for its activation.
Surprisingly, the two mexT genes sequenced showed no mutations within the gene.
PCR-based random mutagenesis has also been used in studies to introduce
mutations into cloned genes (210). This approach was carried out and PCR-randomly
mutated mexT gene was cloned into the mini-CTX plasmid and was introduced into
K2153 ΔmexT. Again, screening for antibiotic-resistant mutants was performed on
chloramphenicol, nalidixic acid and trimethoprim. Approximately, 3000 colonies were
screened and no resistant mutants were recovered.
3.4.6 Screening for residues involved in MexT activity.
MexT is a LysR-type regulator with DNA binding domain, therefore, it must have
residues that are involved in DNA binding, effector binding and possibly RNAP
interactions. Mutations in any of these domains would probably compromise its activity
and result in loss of chloramphenicol-dependent induction of mexEF-oprN and
chloramphenicol resistance. Because many MexT-inactivating mutations will truncate or
yield an unstable protein, it was necessary to screen for products of mexT mutagenesis to
be sure that the gene product was being produced. Thus, the mexT gene was engineered
with a 6 his-tag residue to allow its detection in a Western-blot and the plasmid encoding
the his-tagged mexT was subjected to hydroxylamine mutagenesis and was introduced
into K2153 ΔmexT. Nine thousand colonies were screened for increased susceptibility to
chloramphenicol on agar plates, and 200 putative mutants were recovered. Of these, only
8 showed a 2-fold reduction in chloramphenicol resistance in liquid antibiotic
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Figure 21. Influence of mexT mutation on mexEF-oprN expression.
Expression of mexE (as a measure of mexEF-oprN) and rpsL in P. aeruginosa strains
K2520 (miniCTX1::mexT) (lane 1) and K2520 (miniCTX1::mexTmut-1) (lane 2) was
assessed using RT-PCR. The PCR portion of the reactions was carried out for, mexE, 27
(top panel) or 30 (bottom panel) cycles and rpsL, 19 (top panel) or 21 (bottom panel)
cycles.
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susceptibility assays. However, when mexT was sequenced, no mutations were observed
in mexT in any of these isolates.

3.5 DISCUSSION
MexT positively regulates the expression of mexEF-oprN (119), and results
presented here confirm that it does so by binding to mexEF-oprN promoter region.
Direct regulation of other efflux systems in P. aeruginosa by the products of the genes
located upstream of these systems has also been reported. For example, the MexR
repressor protein, encoded by the mexR gene and located upstream of mexAB-oprM (204)
binds to the mexA-mexR intergenic region encompassing the overlapping promoters for
mexR and mexA (49). NfxB negatively regulates mexCD-oprJ expression by binding to
the nfxB-mexC intergenic region (201, 273) and MexZ binds to the mexZ-mexX intergenic
region and negatively regulates mexXY expression (153). These data show that efflux
genes in P. aeruginosa are regulated by local transcriptional regulators.
First, it was thought that MexT binds to the three heptameric sequences upstream
of mexEF-oprN and site-directed mutagenesis experiments that were carried out showed
that they were not involved in MexT binding. It has been reported that the LysR-family
member NodD has a degree of similarity to MexT (30% amino acid identity) and that
NodD binds a nod box having the sequence ATC (N9) GAT located upstream of its target
genes (75, 119). Two nod boxes ATC (N9) GAT have been observed in the promoter
region upstream of mexEF-oprN. In this study, we have confirmed, using site-directed
mutagenesis studies, that the distal nod 1 box is the binding site for MexT upstream of
mexEF-oprN. Additionally, based on the identified transcription start site, nod 2 box is
too close to this start for there to be room for the RNAP to bind and initiate transcription.
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However, nod 1 box that is located further upstream of the suggested nod 2 box would
provide more space for RNAP to bind the mexEF-oprN promoter region. These results
ruled out a previous suggestion that the MexT binding site is the mexE-proximal nod 2
box (254). This was also consistent with EMSAs that were carried out and failed to show
binding of MexT to the DNA fragments containing this nod box.
It has been reported that LysR regulators have domains that bind to their inducers
which ‘activate’ these regulators to promote target gene expression (224).
Chloramphenicol resembles nitrotyrosine, a product of nitrosative stress (175) and is a
good substrate of MexEF-OprN (122). We have previously shown that chloramphenicol
induces mexEF-oprN expression with as little as 15 min exposure suggesting that this
induction could be mediated through binding to MexT. To test this hypothesis, binding
of chloramphenicol or nitrotyrosine to MexT was assessed but no evidence of binding
was observed. GSNO also rapidly induces mexEF-oprN expression in as little as 5 min
exposure (55) and could also bind to MexT, so, MexT binding to GSNO, was also tested
but again no evidence of binding was observed. It is possible that treatment of cells with
these compounds may generate products in the cells that bind MexT and induce mexEFoprN expression. However, chloramphenicol- or GSNO-treated purified cell extracts did
not show any binding to MexT. It is possible that chloramphenicol or GSNO treatments
generate products that in intact cells bind MexT and promote mexEF-oprN expression;
however, the concentration of these products may be very low and their interaction with
MexT was not detected in the in vitro assay. Alternatively, failure of chloramphenicol- or
GSNO-treated cell extracts to show binding to MexT may be related to the complex
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nature of the extracts used in the in vitro assay and possible interference by other
components of the extract or instability of the inducing components.
Based on previous studies that LysR-family of regulators interact with the Cterminal domain of the RNAP α-subunit in order to activate transcription of regulated
genes (102), it was of interest to determine whether or not MexT binds RNAP in
promoting expression of its target genes. Previously using 2-hybrid assays, interaction
of regulatory proteins have been shown [(38) and (A. Purssell and K. Poole, personal
communication)]. However using 2-hybrid assays, no interaction between MexT and
full-length RpoA was seen although very minimal interaction between MexT and the Cterminal region of RpoA was observed. It is possible that MexT does not interact with
RpoA in order to activate mexEF-oprN expression.
In this study, attempts were carried out using PCR- and hydroxylamine-based
random mutagenesis to identify the inducer-binding domain of MexT. However, no
mutants that constitutively overexpress mexEF-oprN and carrying mutations in MexT
have been identified. It is possible that no mutation(s) will provide for constitutivelyactive, inducer-independent activation of mexEF-oprN by MexT. MIC measurements of
nalidixic acid and trimethoprim show a 2-fold decrease in antimicrobial resistance, upon
deletion of the mexT gene in the K2153, when compared to the K2153 wild type cells. It
is possible that failure to identify nalidixic acid and trimethoprim resistance mutants can
be related to the 2-fold reduction in antimicrobial resistance to these two antibiotics in the
∆mexT mutant that it could not be detected using MIC measurements. However, ∆ mexT
mutant show higher fold reduction with respect to chloramphenicol resistance using MIC
measurements (Table 4). So, screening for resistance to chloramphenicol was also carried
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out and again, no resistant mutants were identified. It is possible that mutations that will
constitutively activate MexEF-OprN may not provide more resistance than what
chloramphenicol already provides when it induces the MexEF-OprN efflux pump.
However, mutations in the mexS gene resulted in a higher level of resistance than that
provided by chloramphenicol induction (240).
Efforts were also made to identify functionally important residues in MexT by
isolating mutations that inactivate MexT and, hence, block induction of mexEF-oprN by
chloramphenicol and reduce resistance. However, mutations that inactivate mexT were
not identified in this study. It is possible that mutagenesis was not sufficiently robust and
resulted in low mutation frequency.

Adding to problems of identifying MexT

inactivating mutations, mutagenized mexT had to be introduced into the chromosome via
a chromosomal insertion vector that would reduce the chances of identifying mutations.
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Chapter 4
The LysR-family regulator MexT: Role in global regulation and
nitrosative stress response in Pseudomonas aeruginosa
4.1 ABSTRACT
MexEF-OprN is a multidrug efflux pump that exports chloramphenicol,
fluoroquinolones and trimethoprim. This system is positively regulated by MexT, a
product of the mexT gene that is located upstream of and transcribed in the same direction
as mexEF-oprN.

MexT also positively regulates the mexS gene that encodes an

oxidoreductase of unknown function and whose loss increases expression of mexEFoprN. In this study, we identify a 3-gene operon PA2813-2812-2811, that encodes a
probable ATP-binding cassette (ABC) family exporter and whose expression was also
increased upon loss of mexS, dependent on MexT.

However, this putative ABC

transporter did not contribute to chloramphenicol resistance. MexT-regulated genes have
been shown to respond to nitrosative stress. S-nitrosoglutathione (GSNO) was used as a
source of nitrosative stress and induction of the PA2813-2812-2811 operon was observed
but only in a mutant lacking MexEF-OprN, and this was partially dependent on MexT.
Expression of the oprD gene, encoding an outer membrane porin that facilitates the entry
of carbapenems, is also regulated by MexT and its expression decreases in the ∆mexS
mutant dependent on MexT.

So, the impact of nitrosative stress/GSNO on oprD

expression was assessed. oprD expression was reduced in response to GSNO, although,
surprisingly, this was independent of MexT. During the course of these studies, MexT
was seen to negatively impact resistance to carbenicillin. MexT direct regulation of
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mexAB-oprM was assessed here using DNA shift assays and MexT showed binding to the
promoter region upstream of mexAB-oprM.
4.2 INTRODUCTION
Pseudomonas aeruginosa is a highly multidrug resistant microorganism and this
can be related to its having a multitude of resistance mechanisms, both endogenous and
acquired (127). P. aeruginosa possesses a highly impermeable outer membrane that
forms a barrier against the penetration of antibiotics into the cells. This impermeability is
even higher than other Gram-negative bacteria (44, 83). In fact, it has been reported that
P. aeruginosa is up to 100 times more impermeable than Escherichia coli (83). Another
mechanism that contributes to the organism’s multidrug resistance is efflux systems that
export antimicrobials outside of bacterial cells, of which 4 clinically-relevant efflux
pumps (i.e., MexAB-OprM, MexXY-OprM, MexCD-OprJ and MexEF-OprN) have been
described in P. aeruginosa (195).

The MexEF-OprN efflux system which confers

resistance to chloramphenicol, fluoroquinolones, and trimethoprim (122), is minimally
expressed in wild type cells although increased expression is seen in nfxC-type mutants
that have mutations in the regulatory gene, mexT (122).
MexT is a LysR family transcriptional regulator that positively regulates
expression of mexEF-oprN (119).

The MexEF-OprN pump is the only RND-type

antimicrobial efflux system that is known to be positively regulated in P. aeruginosa
(119). nfxC-type mutants overexpressing mexEF-oprN operon also showed increased
resistance to the carbapenem imipenem although this agent is not exported by MexEFOprN (65). This cross-resistance to imepenem is a result of the decreased production of
an outer membrane porin protein, OprD, which normally facilitates the entry of
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carbapenems into this organism (257) and is inversely coregulated with MexEF-OprN by
MexT (119). nfxC-type mutants are also hypersusceptible to β-lactams and
aminoglycosides as a result of reduced expression of mexAB-oprM (147). Overexpression
of MexEF-OprN efflux system has also been seen in ΔmexS mutants of P. aeruginosa
(240). MexS is a homologue of a family of quinone oxidoreductases identified in P.
aeruginosa whose function has not yet been determined (119). MexS is encoded by the
mexS gene that is located upstream of the mexT gene and is coregulated with mexEFoprN by MexT (119). One reason for the overexpression of the MexEF-OprN system in
the absence of the mexS gene may be that MexS is involved in the breakdown/turnover of
in vivo-generated products/metabolites that are also substrates for the MexEF-OprN
system such that their accumulation in the absence of MexS induces the pump (195). A
MexT regulon has also been identified (254), where 36 genes were induced as a result of
overexpression of mexT on a plasmid and a well-conserved DNA motif, that they
reported to be a MexT binding site, was identified upstream of nine of these genes (254).
It has been reported that mexEF-oprN is induced by the nitric oxide (NO)
generator GSNO (55). This induction was also found to be dependent on MexT, as loss
of GSNO induction was observed in P. aeruginosa ΔmexT mutants (55). P. aeruginosa
is a denitrifying bacterium that is capable of utilizing oxidized nitrogen compounds as an
electron acceptor for energy production and, thus, it generates NO as an obligate
intermediate in the reduction of nitrate to nitrous oxide (16, 285). Production of NO can
lead to damage to proteins and DNA in bacterial cells and can result in bacterial death
(212). On the other hand, P. aeruginosa possess two enzymes; flavohaemoglobin and
nitric oxide reductase that detoxify nitrosative stress (56). In this study, we identify
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another operon, PA2813-2812-2811, that is also coregulated with mexEF-oprN by MexT
and also responds to nitrosative stress, in a manner that is partially dependent on MexT.
We also show that oprD negatively responds to nitrosative stress, independent of MexT
and we identify that MexT negative regulation of mexAB-oprM identified previously
could be directly mediated by MexT through binding to mexAB-oprM promoter region.
4.3 MATERIALS AND METHODS
4.3.1 Bacterial strains, plasmids and growth conditions.
Bacterial strains and plasmids used in this study are listed in Table 5. Bacteria
were cultivated at 37°C in Luria broth (LB) as before (35) supplemented with ampicillin
(100 μg/ml, Escherichia coli) (for plasmid pET23a and derivatives) and tetracycline (10
μg/ml, Escherichia coli; 75 μg/ml, P. aeruginosa) (for plasmid

pEX18Tc and

derivatives) to maintain plasmids as needed.
4.3.2 DNA protocols.
Standard protocols were used for restriction endonuclease digestions, ligations,
transformation, plasmid isolation, and agarose gel electrophoresis, as described by
Sambrook and Russell (44).

Plasmid DNA was also prepared from E. coli or P.

aeruginosa using a GeneJet Plasmid Miniprep Kit (Fermentas) or QIAfilter Plasmid Midi
Kit (Qiagen Inc., Mississauga, Ontario, Canada) according to protocols provided by the
manufacturers. Genomic DNA of P. aeruginosa was extracted following the protocol of
Barcak et al (4). DNA fragments or PCR products used for cloning were purified
(directly or from agarose gels as warranted) using the Wizard SV Gel and PCR Clean-Up
System (Promega Corp. Madison, WI, USA).
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The preparation of competent P.

Table 5. Bacterial strains and plasmids.
Strain or

Relevant characteristicsa

Reference

plasmid
E. coli
DH5α

80dlacZ ΔM15 endA1 recA1 hsdR17 (rK–mK+)

(2)

supE44 thi-1 gyrA96 relA1 F– Δ(lacZYA-argF)U169
S17-1

thi pro hsdR recA Tra+

(46)

K113

BL21 (DE3) (pLysS)

(248)

NovaBlue

recA- endA- lacIq

Novagen

K2153

Clinical isolate

(47)

K2376

K2153 ΔmexS

(55)

K3126

K2153 ΔPA2811

This study

K3127

K2153 ΔmexF ΔPA2811

This study

K2946

K2153 ΔmexS ΔmexF

(55)

K2520

K2153 ΔmexT

(55)

K2942

K2153 ΔmexS ΔmexT

(55)

K2892

K2153 ΔmexF

(55)

K2945

K2153 ΔmexF ΔmexT

(55)

K3129

K2153 ΔPA0873

This study

Expression vector; Apr

Novagen

P. aeruginosa

Plasmids
pET23a
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Table 5 (continued)
plasmids

Relevant characteristicsa

Reference

pHF005

pET23a::mexT

This study

pEX18Tc

Broad-host-range gene replacement vector; sacB Tcr

(17)

pHF017

pEX18Tc::ΔPA2811

This study

pHF018

pEX18Tc:: ∆PA0873

This study

a

Apr, ampicillin resistance; Tcr, tetracycline resistance.
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aeruginosa (6) and E. coli (44) has been described. Plasmid pEX18Tc and its derivatives
were mobilized into P. aeruginosa from E. coli S17-1 via conjugation as described (47),
with plasmid-carrying P. aeruginosa selected on tetracycline (75 μg/ml) and
chloramphenicol (5 μg/ml; to counterselect E. coli).
4.3.3 RT-PCR.
Total bacterial RNA was isolated from log-phase P. aeruginosa L-broth cultures
using the Ribopure Bacteria kit (Ambion) and TURBOTM DNase (Ambion) according to
a protocol provided by the manufacturer. In some instances, log phase cultures were
exposed to chloramphenicol (32 μg/ml or 12 μg/ml), S-nitrosoglutathione (GSNO; 5
mM), or diethylamine triamine NONOate (DETA; also known as Z)-1-[N-(2aminoethyl)-N-(2-ammonioethyl)amino]diazen-1-ium-1,2-diolate) (5 mM) for various
times periods prior to RNA extraction. The reverse transcription (RT)-PCR reaction was
performed with ca. 500 ng RNA using the Qiagen One Step RT-PCR Kit according to a
protocol provided by the manufacturer. Primer pairs mexE-F (5’-GCGGGTGTCGGGCTACATC-3’) and mexE-R (5’-CGGCGTCGAAGTAGGCGTAG-3’), oprD-F (5’CCGCAGGTAGCACTCAGTTC-3’) and oprD-R (5’-CCACTTCAGCATGGTCTTGG3’) and PA2811-F (5’-CCATCGTCTACCGCG-AGGTG-3’) and PA2811-R (5’CACGAAGGTCGGGA-TGATC-3’), were used to assess expression of the mexE (as a
measure of mexEF-oprN), oprD and PA2811 genes, respectively. The reaction mixtures
were incubated for 30 min at 50oC, followed by 15 min at 95oC and various cycles (see
figures for details) of 0.5 min at 95oC, 0.5 min at 60oC (mexE, oprD) or 63oC (PA2811)
and 1 min (mexE, oprD and PA2811) at 72oC, before finishing with a final 10 min
elongation at 72oC. Primers and reaction conditions for assessing rpsL expression have
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been described previously (59).
4.3.4 Antimicrobial susceptibility testing.
The antimicrobial susceptibilities of P. aeruginosa strains were assessed using the
twofold serial microtiter broth dilution method described previously (109) with an
inoculum of 5 x 105 cells per ml. MICs were recorded as the lowest concentration of
antibiotic inhibiting visible growth after 18-hr incubation at 37°C.
4.3.5 Construction of ∆PA2811 mutants.
To introduce an in-frame PA2881 gene deletion into K2153 strain, a deletion
construct was first prepared in plasmid pEX18Tc by cloning PCR-amplified 1-kb DNA
fragments corresponding to the regions upstream and downstream, respectively, of the
gene sequences to be deleted. These fragments were amplified from the chromosome of
P. aeruginosa strain K767 as a template using primers PA2881-UF (5’-GACTGAATTCCGCGGTAATGACCGAACTG -3'; EcoRI site underlined) and PA2811-UR (5’GACTGGATCCCACCTCGCGGTAGACGATG-3'; BamHI site underlined) for the
upstream region and primers PA2811-DF (5’-GACTGGATCCGCGGTGCTCTATCTCGGCTG-3'; BamHI site underlined) and PA2811-DR (5’- GACTAAGCTTGCGACTCACCGTGATCCTCG -3'; HindIII site underlined) for the downstream region.
The 50 µl reaction contained 1 ug of P. aeruginosa K767 chromosomal DNA as a
template, 2 U of Vent DNA polymerase (New England Biolabs), 30 pmol each primer,
0.2 mM each dNTP, 1X Thermopol buffer and 5% (vol/vol) DMSO. The PCR reactions
were heated at 94°C for 2 min followed by 30 cycles of 1 min at 94°C, 1 min at 65°C and
1 min 15 sec at 72°C before finishing with a final 10 min at 72°C. Both PCR products
were gel purified and then digested with EcoRI and BamHI or BamHI and HindIII as
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appropriate and separately cloned into EcoRI- BamHI or BamHI-HindIII -digested
pEX18Tc, where they were sequenced to verify the absence of PCR-introduced
mutations. The upstream fragment was excised from pEX18Tc by digestion with EcoRI
and BamHI and cloned into EcoRI- BamHI digested plasmid containing the downstream
fragment resulting in plasmid pHF017 (pEX18Tc::∆PA2811). This plasmid was then
transformed into E. coli S17-1 and mobilized into strain K2153, K2376 (∆mexS
derivative of K2153) and K2892 (∆mexF derivative of K2153). Strains carrying the
chromosome-integrated plasmid were selected on L-broth plates supplemented with
tetracycline (75 μg/ml) and chloramphenicol (5 μg/ml) to counter-select donor E. coli and
then streaked on 10% (wt/vol) sucrose plates. To verify the in-frame deletion of PA2811
in these strains, colony PCR (211) was performed with primers PA2811-UF and PA2811DR on colonies selected from sucrose plates using above described parameters and an
extension time of 3 min.
4.3.6 Construction of the ∆PA0873 mutant.
To introduce an in-frame PA0873 (phhR) gene deletion into the K2153 strain, a
deletion construct was first prepared in plasmid pEX18Tc by cloning PCR-amplified 1-kb
DNA fragments corresponding to the regions upstream and downstream, respectively, of
the gene sequences to be deleted. These fragments were amplified from the chromosome
of P. aeruginosa strain K767 as a template using primers PA0873-UF (5’-GACTGAATTCCCAGCGCCATGATGTCTTCC-3'; EcoRI site underlined) and PA0873-UR
(5’-GACTGGTACCCAGCAGGTTGAGGATGTCGC-3'; KpnI site underlined) for the
upstream region and primers PA0873-DF (5’-GACTGGTACCGCCTCGGCGTT
TCGCATA-3';

KpnI

site

underlined)

and
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PA0873-DR

(5’-GACTAAGCTTG-

TTCCTGGTGCTGGAGGTCG -3'; HindIII site underlined) for the downstream region.
The 50 µl reaction contained 1 ug of P. aeruginosa K767 chromosomal DNA as a
template, 1 µM of each primer, 0.3 mM of each dNTp, 1X Exact buffer and 2.5 U Exact
DNA polymerase (5 PRIME Inter Medico, Markham, Ontario). Both PCR reactions were
heated at 95°C for 5 min followed by 40 cycles of 45 sec at 95°C, 45 sec at 62.5°C and 1
min at 72°C. Both PCR products were gel purified, then digested with EcoRI and KpnI
or KpnI and HindIII as appropriate and separately cloned into EcoRI-KpnI or KpnIHindIII digested pEX18Tc, where they were sequenced to verify the absence of PCRintroduced mutations. The upstream fragment was excised from pEX18Tc by digestion
with EcoRI and KpnI and cloned into EcoRI-KpnI digested plasmid containing the
downstream fragment resulting in plasmid pHF018 (pEX18Tc:: ∆PA0873). This plasmid
was then transformed into E. coli S17-1 and mobilized into strain K2153. Transformants
carrying the chromosome-integrated plasmid were selected on L-broth plates
supplemented with tetracycline (75 μg/ml) and chloramphenicol (5 μg/ml) to counterselect donor E. coli and then streaked on 10% (wt/vol) sucrose plates. To verify the inframe deletion of PA0873, colony PCR (211) was performed on colonies selected from
sucrose plates with primers PA0873 UF and PA0873 DR using the above parameters and
an extension time of 3 min.
4.3.7 Expression and purification of polyhistidine (His)-Tagged MexT protein.
To assess binding of MexT to the mexS, mexAB-oprM and PA4354-PA4355-xenB
promoter regions, a polyhistidine His-tagged MexT protein was generated and used in
electrophoretic mobility shift assays (EMSAs). The mexT gene was amplified via PCR
using primers mexT-NdeI-Fwd- (5’-GACTCATATGAACCGAAACGACCTGCGCC -3;
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NdeI

site

underlined)

and

mexT-xhoI-Rev

(5’-GACTCTCGAGGAGACTG-

TCCGGATC-GCCG-3’; xhoI site underlined). The PCR mixture (50 μl) contained 1 μg
chromosomal P. aeruginosa K2153 DNA as template, 2 U of Vent DNA polymerase
(New England Biolabs), 30 pmol each primer, 0.2 mM each deoxynucleoside
triphosphate (dNTP), 1X Thermopol buffer and 5% (vol/vol) DMSO. The PCR reaction
was heated at 94°C for 2 min followed by 30 cycles of 1 min at 94°C, 1 min at 62°C and
1 min 15 sec at 72°C before finishing with a final 10 min at 72°C. PCR products were
purified and digested with NdeI and XhoI and cloned into NdeI-XhoI digested pET23a
(Novagen, Madison, Wisconsin, USA) to yield plasmid pHF005, which encodes a MexT
protein with a C-terminal His tag.

Following nucleotide sequencing to ensure the

absence of mutations, pHF005 was then transformed into the E. coli BL21 (DE3)
expression strain carrying the pLysS plasmid (strain K113).

An overnight culture

(containing 100 μg/ml ampicillin) of K113 carrying plasmid pHF005 was diluted 1:50 in
LB (50 ml) and incubated at 37°C until an optical density of 0.5-0.6 at 600 nm was
reached, at which time MexT-His expression was induced with 1mM isopropyl-β-D-1thiogalactopyranoside (IPTG) for 2 hr as described previously (244).

Cells were

harvested by centrifugation for 10 min at 10000xg at 4°C and pellets were resuspended in
6 ml buffer A (0.3 M NaCl, 50 mM Na2HPO4) containing 5mM imidazole and sonicated
(three sonic bursts of 30 sec, power 40 with a VibraCell Sonicator (Sonics & Material
Inc., Danbury, Connecticut, USA). After centrifugation for 60 min at 16000xg, the
supernatant was applied to 500 μl Ni-NTA Agarose resin (Qiagen, Inc.) equilibrated with
10 ml buffer A containing 5 mM imidazole. The supernatant and resin were washed twice
with 10ml buffer A containing 5 mM imidazole, once with 2 ml buffer A containing 5
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mM imidazole, then washed sequentially with 500 μl buffer A containing increasing
amounts of imidazole (50, 100, 150, 200, 250 mM) for 10 min with shaking at room
temperature and centrifuged for 3 min at 3000xg after each wash step. The MexT-His
protein was eluted with buffer A containing 250 mM imidazole and stored at -20°C in
20% (vol/vol) glycerol. Protein concentration was determined using the BCA Protein
Assay Kit (Pierce, Illinois, USA) and yield was approximately 500 μg/ml of ~95% pure
protein.
4.3.8 Electrophoretic mobility shift assays.
Electrophoretic mobility shift assays (EMSAs) were used to assess the binding of
MexT to the promoter region upstream of the PA4354-4355-xenB and mexAB-oprM
operons and of the mexS gene. The promoter regions were amplified via PCR from P.
aeruginosa

K767

chromosomal

DNA

using

primers

PxenB-Fwd

(5’-GC

GGGCTAGCTTACCCCAGGG-3’) and PxenB-Rev (5’-GGCGGTGGTCCGTTGGC-3’)
for the PA4354-4355-xenB promoter region, primers PmexA-Fwd (5’-GTTTGGCCGAGTA-AACCTAATG-3’) and PmexA-Rev (5’-GTTGTCCTCATGAGCGAAAG-3’) for
the mexAB-oprM promoter region and primers PmexS-Fwd (5’-CGCAAACCTCTGCAGTGCATC-3’) and PmexS-Rev (5’-GGCGTTCCTCGTTTCCAGG-3’) for mexS
promoter region. The PCR mixture (50 μl) contained 1 μg chromosomal P. aeruginosa
K767 DNA as template, 2 U of Vent DNA polymerase (New England Biolabs), 30 pmol
each primer, 0.2 mM each dNTP, 1X Thermopol buffer and 5% (vol/vol) DMSO. The
PCR reaction was heated at 94°C for 3 min followed by 30 cycles of 1 min at 94°C, 45
sec at 52°C (PA4354-4355-xenB) and 54°C (mexS) and 45 sec at 72°C before finishing
with a final 10 min at 72°C. For amplification of mexAB-oprM promoter region, the PCR
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reaction was heated at 94°C for 3 min followed by 30 cycles of 1 min at 94°C, 1 min at
54°C and 1 min at 72°C before finishing with a final 10 min at 72°C. For amplification
of the rpsL DNA fragment, the PCR mixture was set up as above except the primers used
were rpsL-F (5’-GCAACTATCAACCAGCTG-3’) and rpsL-R (5’-GCTGTGCTCTTGCAGGTTGTG-3’) were used. The PCR reaction was heated at 94°C for 3 min followed by
30 cycles of 30 sec at 94°C, 30 sec at 55°C and 54°C 30 sec at 72°C before finishing with
a final 5 min at 72°C. PCR products were gel purified using the Wizard® SV Gel and
PCR Clean-Up System kit (Promega) and used in the EMSAs which were carried out
using an EMSA kit (Molecular Probes, Inc., Invitrogen, Burlington, Ontario) and a
protocol provided by the manufacturer. The EMSAs were carried out as follows: 40 ng of
DNA was incubated with increasing amounts of his-tagged MexT protein (100 to 400 ng)
for 20 min at room temperature in 10 μl reaction mixtures containing 1X binding buffer
(750 mM KCl, 0.5 mM dithiothreitol, 0.5 mM EDTA, 50 mM Tris, pH 7.4). EMSA gelloading solution (1X; Molecular Probes) was added to the mixture and bands were
separated by electrophoresis on a non-denaturing polyacrylamide gel (10% wt/vol) in
0.5X TBE buffer (89 mM Tris base, 89 mM Boric acid, 1 mM EDTA, pH 8.0) and
stained with 1X SYBR green nucleic acid stain (Molecular Probes). For competitor
experiments, 100 ng salmon sperm DNA was added to the reaction mixtures prior to the
addition of protein. DNA was then visualized using digital photography with an S6656
SYPRO photographic filter.
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4.4 RESULTS
4.4.1 PA2811 hyperexpression in ΔmexS strain K2376 is MexT-dependent.
In a microarray assay, a number of genes showed overexpression in the ΔmexS
mutant strain K2376 including the PA2813-2812-2811 operon. This operon encodes a
glutathione S-transferase (GST) (PA2813), an ATP binding protein (PA2812) and an
ABC transporter system (PA2811).

In agreement with the K2153 ΔmexS DNA

microarray data, RT-PCR confirmed the increased expression of the PA2813-2812-2811
in the K2376 strain (Figure 22, lane 2, cf lane 1). In order to assess whether the increased
expression of the PA2813-2812-2811 operon was a result of mexS deletion and not due to
increased expression of mexEF-oprN, [since expression of this efflux system has been
shown to compromise quorum-sensing (QS) signaling and affect expression of QSregulated genes (124)] the level of expression of the ABC transporter was assessed in a
ΔmexF derivative of K2376 strain, K2946, and increased expression was still observed
(Figure 22, lane 3). Increased expression of PA2813-2812-2811 observed in K2946 was
lost up on deletion of mexT (Figure 23, lanes 2 & 3) indicating that this increased
expression was MexT-dependent. It has been reported that GSTs are involved in the
detoxification of noxious compounds by tagging them for export out of cells (232). The
presence of an ABC-type efflux system and a GST enzyme coregulated with MexEFOprN system by MexT suggests a common function in detoxification.
4.4.2 PA2811 inducibility by GSNO.
The PA2813-2812-2811 operon is coregulated with the mexEF-oprN system by
MexT in a ∆mexS strain and mexEF-oprN expression is induced by GSNO, dependent on
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Figure 22. Influence of mexS mutation on PA2811 expression.
Expression of PA2811 and rpsL in P. aeruginosa strains K2153 (wild type; lane 1),
K2376 (MexS-; lane 2) and K2946 (MexS- MexF-; lane 3) was assessed using RT-PCR.
The rpsL reaction served as an internal control that ensured equal amounts of RNA were
employed in all of the RT-PCRs shown. The PCR portion of the reactions was carried out
for, PA2811, 27 (top panel) or 30 (bottom panel) cycles and, rpsL, 23 (top panel) or 25
(bottom panel) cycles. Data are representative of at least 2 independent experiments.
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Figure 23. PA2813-2812-2811 overexpression in a ΔmexS P. aeruginosa mutant is
MexT-dependent.
Expression of PA2811 and rpsL in P. aeruginosa strains K2153 (wild type; lane 1),
K2376 (MexS-; lane 2) and K2492 (MexS- MexT-, lane 3) was assessed using RT-PCR.
The PCR portion of the reactions was carried out for, PA2811, 24 (top panel) or 27
(bottom panel) cycles and rpsL, 21 (top panel) or 24 (bottom panel) cycles. Data are
representative of at least 2 independent experiments.
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MexT (55). So, it is possible that PA2813-2812-2811 is also induced by GSNO. To
assess this, PA2813-2812-2811 expression was assessed in the presence of GSNO in
K2153 wild type cells and no induction was observed (Figure 24, lane 2).

However,

GSNO treatment induced PA2811 (as a measure of the PA2813-2812-2811 operon)
expression in the K2153 ΔmexF mutant (Figure 24, lane 4, cf lane 3). Moreover, this
induction was partially dependent on MexT, being significantly reduced in the absence of
MexT (K2945; Figure 24 lane 6, cf lane 4). This is reminiscent of the PA4354-43554356 operon, (which includes a gene that encodes a probable xenobiotic reductase,
PA4356, a.k.a. XenB) that was induced by nitrosative stress (i.e., in the presence of
GSNO), but only in the absence of the MexEF-oprN pump (55). However, this induction
was dependent on MexT. These observations are consistent with XenB, PA2813-28122811 and MexEF-OprN playing a common role in a nitrosative stress response in P.
aeruginosa.
4.4.3 Impact of PA2811 deletion on chloramphenicol resistance and mexEF-oprN
expression.
It has been demonstrated that the RND efflux systems select and export their
substrates only from the periplasm (46). Given PA2813-2812-2811 coregulation with
mexEF-oprN by MexT (119), it is possible that both MexEF-OprN and PA2811 efflux
systems operate in parallel to accommodate the same substrate (e.g. chloramphenicol). To
assess this, the PA2811 gene was deleted from strain K2153 and resistance to
chloramphenicol was assessed.

Deletion of PA2811 gene had no impact on

chloramphenicol resistance (Table 6), suggesting lack of contribution of PA2811encoded ABC system to chloramphenicol resistance.
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To confirm these results,

Figure 24. Influence of nitrosative stress on PA2811 expression.
Expression of PA2811 and rpsL in P. aeruginosa strains K2153 (wild type; lanes 1 and
2), K2892 (MexF-; lanes 3 and 4) and K2945 (MexF- MexT-; lanes 5 and 6) without or
with GSNO (5 mM, 30 min) exposure was assessed using RT-PCR. The PCR portions of
the PA2811 reactions were carried out for 26 (top panel) or 28 (bottom panel) cycles
(lanes 1 & 2), or 24 (top panel) or 26 (bottom panel) cycles (lanes 3-6).

The PCR

portions of the rpsL reactions was carried out for 19 (top panel) or 21 (bottom panel)
cycles (lanes 1 & 2), or 17 (top panel) or 20 (bottom panel) cycles (lanes 3-6). Data are
representative of at least 2 independent experiments.
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Table 6. Effect of mutations on antimicrobial resistance.
Relevant

MIC (μg/ml)

genotype

of CAMa:

K2153

Wild type

128

K3126

ΔPA2811

128

K2892

ΔmexF

48

K3128

ΔmexF ΔPA2811

48

Strain

a

CAM, chloramphenicol.
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expression of PA2811 was assessed in K2153 using RT-PCR in the absence or presence
of chloramphenicol and no induction was observed (data not shown).
Expression of mexEF-oprN was also tested in a ΔPA2811 mutant and no change in
expression was observed (data not shown). In agreement with this result, no change was
also observed in chloramphenicol resistance in the ΔmexF ΔPA2811 double mutant when
compared to the ΔmexF mutant (Table 6). Despite coregulation of the PA2813-28122811-encoded ABC transport system with MexEF-OprN, it does not play a role in export
of chloramphenicol either with or independent of MexEF-OprN.

4.4.4 Influence of MexT and nitrosative stress on oprD expression.
OprD, the main portal of entry for basic amino acids and basic amino acidscontaining peptides, is also the main portal of entry for carbapenems (257) and loss of
this outer membrane porin, thus, results in increased resistance to the carbapenem,
imipenem (138, 220). OprD is coregulated with MexEF-OprN by MexT that acts as a
repressor for oprD expression (119). Since we have shown that mexEF-oprN, xenB (55)
and PA2811 are induced by nitrosative stress it was of interest to test the effect of GSNO
on oprD expression. A reduction in oprD expression was observed in K2153 wild type
cells exposed to GSNO (Figure 25, lane 2). This was, however, independent of MexT
(Figure 25, lane 4). Chloramphenicol is a nitro-containing compound that is a good
substrate (122) and an inducer of the mexEF-oprN system (55) and since mexEF-oprN
and oprD are inversely coregulated by MexT (119), the effect of chloramphenicol on
oprD expression was also assessed using RT-PCR and no change in oprD expression was
observed (data not shown).
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Figure 25. Influence of nitrosative stress on oprD expression.
Expression of oprD and rpsL in P. aeruginosa strains K2153 (wild type; lanes 1 and 2)
and K2520 (MexT-; lanes 3 and 4) without or with GSNO (5 mM, 30 min) exposure was
assessed using RT-PCR. The PCR portions of the oprD reactions were carried out for 23
(top panel) or 26 (bottom panel) cycles. The PCR portions of the rpsL reactions was
carried out for 18 (top panel) or 21 (bottom panel) cycles. Data are representative of at
least 2 independent experiments.
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4.4.5 MexT directly regulates mexS, PA4354-PA4355-xenB and mexAB-oprM.
MexT was previously shown to regulate PA4354-PA4355-xenB (55, 254),
mexEF-oprN (119) and mexS (119) and in the case of mexEF-oprN, by binding to its
promoter region (Chapter 3). So, to assess binding of MexT to mexS and PA4354PA4355-xenB promoter regions, EMSAs were carried out, and MexT was shown to bind
the DNA fragments upstream of mexS (Figure 26A, lanes 2-5) and PA4354-PA4355xenB (Figure 26B, lanes 2-5). MexT binding to both promoter regions was also shown to
be specific since DNA shifts were not blocked by the presence of excess salmon sperm
DNA (Figure 26A & B, lanes 7-9).
Since MexT showed specific binding to the promoter regions of mexEF-oprN,
mexS and PA4354-PA4355-xenB, it was important to define a DNA fragment to which
MexT does not bind (negative control). So, the promoter region upstream of mexABoprM was amplified and EMSAs were carried out. Interestingly, MexT showed some
binding (less striking than that seen with mexEF-oprN promoter region, Chapter 3) to the
mexAB-oprM upstream DNA fragment (Figure 26C, lanes 2-5). Moreover, MexT binding
to mexAB-oprM promoter region was also shown to be specific since DNA shifts were
not blocked by the presence of excess salmon sperm DNA (Figure 26C, lanes 7-9). It has
been reported that in P. aeruginosa, increased mexEF-oprN expression in nfxC-type
mutants was associated with decreased mexAB-oprM expression and increased
susceptibility to β-lactams (79), and this was related to negative regulation by MexT
(147). In light of the above results, MexT may impact mexAB-oprM expression through
direct binding to its promoter region. As a negative control, a DNA fragment of the rpsL
gene was amplified and used in EMSA. As seen in figure 26 (lanes 2-4), MexT
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Figure 26. MexT binds to the mexS, xenB and mexA promoter regions-containing
fragments
EMSAs in which 40 ng of mexS (A), PA4354-PA4355-xenB (B) and mexAB-oprM (C)
promoter regions were incubated without MexT (lane 1) or with 100 ng (lanes 2 & 6),
200 ng (lanes 3 &7), 300 ng (lanes 4 & 8) and 400 ng (lanes 5 & 9) of purified Histagged MexT protein and 100 ng (lane 6-9) of sonicated salmon sperm (S.S.) DNA as
competitor. (D) EMSAs in which 40 ng of rpsL DNA fragment was incubated without
MexT (lane 1) or with 100 ng (lanes 2 & 5), 200 ng (lanes 3 &6) and 300 ng (lanes 4 &
7) of purified his-tagged MexT protein and 100 ng (lane 6-9) of sonicated salmon sperm
(S.S.) DNA as competitor.
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showed binding to this DNA fragment, however, in the presence of 100 ng salmon sperm
DNA, MexT binding was blocked (Figure 26, lanes 5-7). This result shows that MexT
binding to this DNA fragment was non specific and confirming that MexT binding to
other tested DNA fragments was specific.
4.4.6 Testing involvement of phhR (PA0873) in mexEF-oprN gene expression.
In P. putida, the PhhR protein is a transcriptional regulator required for the
activation of genes essential for phenylalanine metabolism (91). It has also been reported
that PhhR was required for mexEF-oprN expression in P. putida, since deletion of the
phhR gene resulted in reduced expression of mexEF-oprN (91). So, it is possible that the
homologue of this gene (PA0873) in P. aeruginosa is required for mexEF-oprN induction
by its identified inducers chloramphenicol, DETA-nonoate or GSNO. Thus, PA0873 was
deleted from the wild type strain, K2153, and the impact on induction by
chloramphenicol, GSNO and DETA-nonoate was determined. The deletion mutant
showed mexEF-oprN induction by all 3 compounds, indicating that PA0873 is not
required for ‘drug’ inducibility of mexEF-oprN (Figure 27).
4.5 DISCUSSION
MexT is known to positively regulate expression of mexEF-oprN, mexS (119) and
most recently the PA4354-PA4355-xenB operon (55, 254).

MexT also negatively

regulates oprD expression (119). In this study, we identify a MexT target, the PA28132812-2811 operon. This operon, like the mexEF-oprN and the PA4354-PA4355-xenB
operons, showed increased expression in the absence of the mexS gene, dependent on
MexT. A recent transcriptome profiling study has also identified 36 genes, including the
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Figure 27. Influence of PA0873 deletion on mexEF-oprN inducibility.
Expression of mexE and rpsL in P. aeruginosa strain K3129 ( (PA0873-) without or with
GSNO (5 mM, 30 min), DETA (5 mM, 30 min) or chloramphenicol (CAM; 32 µg/ml, 90
min) exposure was assessed using RT-PCR. The PCR portion of the reactions was carried
out for, mexE, 30 (top panel) or 32 (bottom panel) cycles and, rpsL, 20 (top panel) or 23
(bottom panel) cycles. Data are representative of at least 2 independent experiments.
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PA2813-2812-2811 operon, that are regulated by MexT and their expression increased in
response to mexT overexpression on a plasmid (254). All these data suggest that MexT
may play a role in regulating many functionally related genes in P.aeruginosa.
It has been shown previously that MexT positively regulates mexEF-oprN and the
PA4354-PA4355-xenB operon in response to nitrosative stress (55). Interestingly, 2
other genes of the MexT regulon, PA3229 and PA4881 (254), were also shown to be
induced by GSNO, however, their regulation by MexT was not tested (55). In this study,
PA2813-2812-2811 operon was only induced in the ΔmexF strain in response to GSNO
suggesting a role in a nitrosative stress response. This induction, however, was partially
dependent on MexT. The observation that the nitrosative stress induction of PA2811 by
GSNO, like PA4354-PA4355-xenB operon, was seen only for a ΔmexF strain lacking a
functional MexEF-OprN pump suggests that the inducer and/or substrate for XenB and
PA2811 may well be a substrate for MexEF-OprN and that only in the absence of this
efflux system does it accumulate sufficiently to induce the PA2813-2812-2811 operon.
It has been demonstrated that the RND efflux systems select and export their
substrates only from the periplasm (46). The presence of a cytoplasmic membrane ABCtype efflux system (PA2811) that is coregulated with the MexEF-OprN system suggests
that they might be working in parallel in exporting cytosolic substrates out of the cells
where the PA2813-2812-ABC system is pumping these substrates from the cytosol into
the periplasm to then be exported outside the cells by the MexEF-OprN efflux system.
However, this was not the case here, since the PA2811-encoded ABC system did not
contribute in chloramphenicol export and its expression was not induced by
chloramphenicol.
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Previously, it has been shown that nfxC-type mutants showed increased
expression of mexEF-oprN (122) and a decrease in oprD expression that resulted in
imipenem resistance (122). Additionally, in the ΔmexS mutants, mexEF-oprN expression
was increased and OprD production was reduced (240). Presumably, nfxC-type mutants
and deletion of the mexS gene produce some kind of a signal that results in increased
mexEF-oprN expression and the coordinate decrease of oprD that is dependent on MexT.
MexT mediates nitrosative stress induction of several genes (55) and it was possible that
it also reduces oprD expression in response to nitrosative stress. Interestingly, GSNO
reduced oprD expression, however, this was shown to be independent of MexT. These
results suggest that regulation of oprD is not dependent solely on MexT and other
regulators could be involved in its regulation. This is also consistent with previous
results that showed reduced expression of oprD in response to salicylate exposure was
also independent of MexT (180). However, the regulator that mediates this effect was not
identified.
Here, we also show that MexT binds to a variety of promoters consistent with a
role as a global regulator. Tian et al. also reported binding of MexT to the promoter
region upstream of PA4881 gene in P. aeruginosa (254). It has been reported that MexT
also positively regulates mexS expression (119). We demonstrated that MexT binds to
the promoter region upstream of mexS indicating that MexT directly regulates mexS
expression by binding to the mexS-mexT intergenic region. This is consistent with
previous reports that indicated that LysR-family members are divergently transcribed
from a promoter and usually overlap a promoter of a regulated target gene (224).
However, this is inconsistent with the previous study that reported an absence of binding
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of MexT to the mexS-mexT intergenic region (254). Since all available data suggest that
mexS is directly regulated by MexT, this was unclear and the authors suggested further
examination. We have also demonstrated that MexT binds the promoter region upstream
of the mexAB-oprM operon, consistent with a report that MexT negatively impacts
mexAB-oprM expression (147). These results suggest that MexT may have a repressor
activity with respect to mexAB-oprM expression.
MexT positive regulation of mexEF-oprN and negative regulation of mexABoprM suggests that P. aeruginosa cells might have a regulatory mechanism that ensures a
fixed net efflux activity. An increase in mexEF-oprN expression has, for example, been
observed in strains lacking mexAB-oprM and this increased expression was suggested to
be a compensatory mechanism by which P. aeruginosa maintains the net gene expression
of the efflux systems (132). Increased expression of mexCD-oprJ has also been observed
in mutants lacking mexAB-oprM (132). On the other hand, the reduction in mexAB-oprM
expression seen in nfxB mutants has been associated with an increased expression of
mexCD-oprJ (79). Efflux is also an energy consuming process and having a global
control of efflux activity will ensure a fixed efflux activity and can protect against
depletion of cellular products.
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Chapter 5
GENERAL DISCUSSION

The high antimicrobial resistance of Pseudomonas aeruginosa is related to it
having all known types of antibiotic resistance mechanisms such as enzymatic drug
inactivation, target alteration and exportation (i.e., efflux) of antibiotics (19).
Additionally, in P. aeruginosa, all of the different families of antimicrobial efflux pumps
have been identified (195). The most clinically-important pumps are the members of the
RND family of transporters, which confer resistance to a large number of clinically-used
antibiotics (197, 203). However, export of antimicrobials is not the intended function of
these multidrug efflux pumps and this is supported by many studies. In this study we
have identified that the MexEF-OprN system has a role in nitrosative stress response.
This was clear when mexEF-oprN expression was induced by DETA-nonoate and GSNO
but not by GSH that lacks the NO-generating activity. It was also hypothesized that the
nitro-containing antibiotic chloramphenicol not the ‘nitro-free’ florfenicol or other
antibiotics tested, mimics the inducer molecule that is produced as result of nitrosative
stress. It was subsequently demonstrated that it is the only antibiotic that induced mexEFoprN expression. Overexpression of the MexEF-OprN efflux system has been reported in
the absence of antibiotic selection where P. aeruginosa mutants overproducing the
MexEF-OprN efflux pump were isolated from an experimental model of rat pneumonia
without antibiotic exposure (110). A transcriptome analysis has also shown that after
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exposure of P. aeruginosa to airway epithelial cells, a substantial increase in the
expression of the mexEF-oprN genes was observed (62). All these studies suggest that
the MexEF-OprN efflux system’s main function is not antibiotic exportation and we
hypothesize that MexEF-OprN is involved in exportation of products generated inside
cells as a result of nitrosative stress such as nitrosated amino acids and peptides. This is
consistent with reduced expression of oprD in response to nitrosative stress. OprD may
be transporting molecules into the bacterium that lead to production of MexEF-OprN
substrates and in this case, its reduced expression would limit the production and
accumulation of nitrosative stress products.
Other clinically-relevant efflux systems have also been reported to respond to
different non-antibiotic agents. For example, MexAB-OprM exports dyes, organic
solvents and detergents (134, 135) and its hyperexpression is associated with reduced
fitness and reduced virulence (223). Additionally, the complex regulatory mechanism of
mexAB-oprM suggests that antimicrobial efflux is not the intended function (189).
mexAB-oprM expression increases in response to pentachlorophenol (PCP) [(172) and L.
Starr and K. Poole, personal communication], which causes membrane disruption and
affects membrane integrity (41). Additionally, it has also been reported that membrane
disruption can stress bacterial cells and result in activation of efflux pumps. For example,
the mexCD-oprJ operon has been shown to be induced in response to membrane
damaging agents such as solvents, detergents and biocides (59).
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Chlorhexidine, a

cationic antimicrobial that also disrupts membrane integrity was also shown to induce
mexCD-oprJ (59).
Besides the induction of mexEF-oprN expression by chloramphenicol identified
here, the mexXY operon was unique in being the only efflux system that is induced by
some of its substrate antimicrobials (108). Only ribosome-targeting antibiotics such as
aminoglycosides, tetracyclines and erythromycin have previously been found to induce
mexXY expression, suggesting that pump expression only occurs when ribosome
functions are impaired by ribosome-targeting antibiotics (108). The fact that mexXY
induction was mediated through ribosome-targeting antibiotics suggested a role for
MexXY in responding to the adverse effects of ribosome disruption, perhaps exportation
of aberrant peptides likely to be produced in the presence of ribosome-targeting
antibiotics (170). The CF patients’ lungs are known to be rich in reactive oxygen (39) and
P. aeruginosa strains isolated from those patients showed enhanced expression of mexXY
(241). More recently, it has also been shown that mexXY was induced in response to
peroxide treatment (60), thus, providing a link that the enhanced expression of mexXY
seen in those P. aeruginosa isolates could be a stress response to oxidative stresses
produced in CF patients lungs. All these studies provide evidence that RND efflux
systems of P. aeruginosa play a role in stress responses.
While the actual inducer molecule of the mexEF-oprN system was not identified,
we suggest that chloramphenicol and GSNO treatments produce other molecules inside
P. aeruginosa cells that are the actual substrates of this system. Chloramphenicol and
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GSNO did not bind to MexT although they induced expression of mexEF-oprN after 5
and 15 min exposure, respectively. Again, no interaction of MexT with other molecules
in the chloramphenicol- or GSNO-induced cell extracts was observed, probably due to
their low concentrations. GSNO induction of mexEF-oprN was MexT-dependent and we
have identified that the nod 1 box; but not the nod 2 box; is required for MexT binding to
mexEF-oprN promoter region. It is also possible that another mexEF-oprN regulator
binds to the nod 2 box and regulates its expression in response to some other signal. A
more recent study has also identified, down stream of both nod boxes, a LacI repressor
binding sequence in the 27 bp immediately upstream of the mexEF-oprN operon and
deletion of this region has resulted in increased expression of mexEF-oprN (148). It is
obvious that mexEF-oprN regulation is complicated and other unidentified regulators
play a role in its regulation.
MexT may play a more global role in regulating virulence factors in P.
aeruginosa and this has been shown in a study where MexT independently repressed
pyocyanin production and type three secretion system and significantly impaired initial
attachment to polystyrene ( as a measure of early attachment to host cells) (255) . MexT
was also shown to negatively affect expression of virulence genes hcnB, lasB and rhlA,
encoding encoding hydrogen cyanide synthase, elastase and rhamnosyltransferase
subunit, however, dependent on MexEF-OprN (255). In this study, we have shown that
nitrosative stress induction of mexEF-oprN and xenB was MexT-dependent. We have
also shown that the MexT-regulated PA2813-2812-2811 operon induction by GSNO was
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partly dependent on MexT. The 2 genes PA3229 and PA4881, previously defined as a
part of the MexT regulon (254), were also induced by GSNO. All these data confirm a
role that MexT plays in the nitrosative stress response of P. aeruginosa. Other regulators
have also been shown to play a role in nitrosative stress response in bacteria. The E. coli
FNR regulator (member of fumarate and nitrate reduction regulator family) enhances
expression of the hmp gene in response to NO. hmp encodes a flavohaemoglobin that has
a primary role in NO resistance (68). NorR of E. coli also activates, in reponse to NO, the
norVW genes encoding a flavorubredoxin system that reduces NO to N2O (69). In
Ralstonia eutropha, another homologue of NorR has also been found to activate the
norAB genes of which norB encodes a NO reductase (192). In P. aeruginosa, two
independent NO-responsive regulatory systems have been identified. The first system is
under the regulation of the FNR-family regulator DNR (dissimilatory nitrate respiration
regulator). DNR activates the norCB genes encoding the nitric oxide reductase in
response to NO (10, 11). The second system is regulated by FhpR (a NorR orthologue)
that activates the expression of the divergently transcribed fhp gene encoding a
flavohaemoglobin that is involved in the detoxification of NO (9). These data provide
evidence that more than one system is directly involved in the nitrosative stress response
through direct reduction or oxidation of NO. However, these studies did not provide any
data regarding how bacteria eliminate nitrosative stress products generated in vivo as a
result of NO exposure such as damaged proteins, lipids and DNA. It is possible that
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MexT controls a third system that is involved with chemical detoxification and
exportation of these products out of the cells.
Although a role for the MexEF-OprN efflux system in nitrosative stress response
was identified, its natural substrate has not been determined. Future studies may include
transposon mutagenesis to identify other genes whose disruption may enhance or reduce
mexEF-oprN expression. From the data presented in Chapter 2 (see Figure 10),
chloramphenicol induced mexEF-oprN expression. However, the increased expression of
mexEF-oprN in the∆ mexS mutants was 30 times greater than that seen with
chloramphenicol induction suggesting that deletion of mexS has resulted in accumulation
of an unknown molecule that could be a substrate for MexEF-OprN and possibly
chloramphenicol mimics this molecule, hence, less induction of the mexEF-oprN by
chloramphenicol is observed. Identification of mexS homologues of known functions in
other bacteria may offer guidance in understanding the function of MexS in P.aeruginosa
and provide an answer for the MexEF-OprN actual substrate. Disruption of genes that
encode proteins or enzymes that take part in the pathways that produce the actual
MexEF-OprN substrate(s) may also result in loss of induction by GSNO or
chloramphenicol. Similarly, identification of other genes whose disruption results in
accumulation of those substrates can result in enhanced expression of mexEF-oprN.
Identification of these genes and exploring their possible regulation by MexT can provide
insights about the natural function of MexEF-OprN. Besides MexEF-OprN’s role in the
nitrosative stress response, it is also possible that MexEF-OprN has other roles that are
160

mediated through another regulator that could be binding to the nod 2 box. Screening for
other compounds, without NO-generating activity that would induce mexEF-oprN
expression, independent of MexT, may provide some idea about other function(s)
MexEF-OprN might play.
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