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ABSTRACT

Efflux systems belonging to the resistance-nodulation-cell division, or RND, family are 

prevalent in pseudomonads where they contribute to the resistance of these bacteria to a 

wide range of toxic, hydrophobic compounds, including antibiotics and solvents. Studies 

with the poly cyclic aromatic hydrocarbon-degrading bacterium Pseudomonas fluorescens 

cLP6a demonstrated that the non-toxic aromatic hydrocarbons phenanthrene, anthracene 

and fluoranthene were substrates of an active efflux system. An RND efflux system 

designated EmhABC for efflux of multicyclic hydrocarbons, which showed high 

homology to antibiotic and solvent efflux pumps, was identified in P. fluorescens and 

was responsible for the efflux of polycyclic aromatic hydrocarbons. The EmhABC efflux 

system consists of a periplasmic membrane fusion protein (EmhA), an inner membrane 

RND pump (EmhB) and an outer membrane factor protein (EmhC). These proteins are 

predicted to form a complex spanning the inner and outer membrane and to expel 

substrates directly to the extracellular medium. In addition to phenanthrene, anthracene 

and fluoranthene, the EmhABC efflux system recognizes and exports a number of 

structurally diverse antibiotics, including tetracycline, chloramphenicol, nalidixic acid, 

rhodamine 6G, dequalinium, ciprofloxacin, and erythromycin, as well as the 

monoaromatic solvent toluene. Although the EmhABC efflux system is expressed 

constitutively in P. fluorescens, emhABC gene expression is inducible by tetracycline and 

chloramphenicol, but not by other substrates of the efflux pump, suggesting that there is a 

complex relationship between pump substrates and expression. Site-directed mutagenesis 

experiments were designed to elucidate the mechanism for the broad substrate specificity 

of the RND efflux pump EmhB. These studies highlighted the roles of several key
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structural features of the pump protein, including the central cavity and a putative 

hydrophobic substrate access channel, in substrate binding and translocation. A model 

for substrate transport through RND efflux pumps is proposed. Finally, polycyclic 

aromatic hydrocarbon efflux was observed in clinical and environmental strains of 

several gram-negative bacteria, indicating that the specificity of the EmhABC efflux 

system for aromatic hydrocarbons is not unique. The studies with the P. fluorescens 

EmhABC system have provided insight into the evolution and function of this transporter 

family.
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1

1. INTRODUCTION
Polycyclic aromatic hydrocarbons are prevalent and persistent environmental 

contaminants. Found in petroleum, polycyclic aromatic hydrocarbons are also produced 

by incomplete combustion of organic compounds in fuels (Johnsen et al. 2005). 

Contamination of soil and water with these pollutants is a health concern due to their 

classification as carcinogens. Microorganisms able to degrade polycyclic aromatic 

hydrocarbons have been isolated, and the degradation pathways have been studied 

extensively and have been reviewed by Cemiglia (1992) and van Hamme et al. (2003). 

The chemical and physical properties of polycyclic aromatic hydrocarbons, including the 

number of fused aromatic rings and their low aqueous solubility, limit the bioavailablity 

of these compounds for microorganisms (Johnsen et al. 2005). The principal factor 

affecting the bioavailability of hydrocarbons is transport, which includes the movement 

of the contaminant to the microbial cell and its subsequent transfer into the cell. Due to 

their hydrophobic nature, hydrocarbons readily partition into cell membranes and this 

may result in toxic effects.

In this chapter, adaptations that allow bacteria to survive in the presence of toxic, 

hydrophobic compounds are discussed, with an emphasis on transport systems involved 

in active efflux of hydrophobic compounds. The three-component efflux systems 

responsible for solvent tolerance and multidrug resistance in gram-negative bacteria are 

reviewed. These efflux systems are broadly specific for hydrophobic compounds and are 

controlled by diverse regulatory mechanisms, which include regulatory proteins that 

directly interact with hydrophobic substrates. The structural basis for the regulation of 

efflux systems by hydrophobic compounds, as well as structural studies on the efflux 

pump proteins, are described to provide a better understanding of the mechanism by 

which these proteins achieve their broad specificity. Recent studies showing the 

widespread occurrence of efflux systems in hydrocarbon-contaminated environments are 

presented, and the presence of an efflux system for polycyclic aromatic hydrocarbons in 

the hydrocarbon-degrading bacterium Pseudomonas fluorescens LP6a, which was 

discovered previously by Bugg et al. (2000), is described. The research presented in the 

following chapters of the thesis describes the efflux system in P. fluorescens LP6a, its 

regulation and substrate specificity.

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .



1.1. Interactions of hydrophobic compounds with biological membranes

1.1.1. The cell membrane acts as a solvent for hydrophobic compounds

The gram-negative bacterial cell envelope is composed of a bilayer of 

lipopolysaccharide and phospholipid in the outer membrane and by a phospholipid 

bilayer in the inner, or cytoplasmic, membrane. Although small molecules, such as 

gases, can diffuse through the lipid bilayers, the cell envelope presents a permeability 

barrier to the diffusion of larger, hydrophilic molecules. A variety of membrane-bound 

proteins, including porins in the outer membrane and passive or active transporters in the 

inner membrane, facilitate the transport of compounds across the cell envelope. Passive 

transport is an energy-independent process that uses a membrane-bound protein to 

mediate the movement of a molecule down its concentration gradient until equilibrium 

across the membrane is attained. In contrast, active transport is an energy-dependent 

process that uses inner membrane proteins to move molecules against their concentration 

gradient, from an area of low concentration to an area of higher concentration. Primary 

active transporters utilize a primary energy source, such as ATP hydrolysis, light 

absorption or electrical energy, while secondary active transporters utilize energy stored 

in ion gradients, such as the proton gradient across bacterial inner membranes.

Although hydrophilic solutes do not pass readily through biological membranes, 

the hydrophobic interior of the lipid bilayer acts as a solvent for hydrophobic compounds. 

Sikkema et al. (1994) observed a greater accumulation of nonpolar hydrobarbons, 

including naphthalene and phenanthrene, in phospholipid bilayers compared to polar 

compounds, such as 4-toluenesulfonic acid and 4-chlorobenzoic acid. The octanol-water 

partition coefficient, Kow, describes the relative hydrophobicity of a compound and is 

defined as

^ aq

where Coct and Caq are the equilibrium concentrations in the octanol and aqueous phases, 

respectively. The partition coefficients of various hydrocarbons are presented in Table

1.1. Sikkema et al. (1994) found that the membrane accumulation of aromatic 

hydrocarbons, including toluene, naphthalene and phenanthrene, correlated with the 

compound’s octanol-water partition coefficient and, thus, its hydrophobicity.
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Table 1.1. Physical properties of aromatic hydrocarbons'2

3

Chemical 
Compound formula Structure

W ater Octanol-water
solubility partition
(mg L '1)6 coefficient (log/^OK,)

Toluene C7H8 r i i 579 2.65

Naphthalene CioHg 30.6 3.35

Phenanthrene C14H10 1.18 4.57

Anthracene C14H10 0.0731 4.54

Fluoranthene C16H10 0.263 5.22

22 Data from Eastcott et al. (1988). 

b Water solubilities were measured at 25°C.
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1.1.2. Hydrophobic compounds disrupt cell membranes

The partitioning of hydrophobic compounds into biological membranes results in 

a number of deleterious effects on the cell membrane. Dissolution of hydrophobic 

compounds into lipid bilayers alters membrane structure, resulting in expansion of the 

bilayer and an increase in membrane fluidity (Sikkema et al. 1994, Sikkema et al. 1995). 

Coupled with these changes to membrane structure, hydrophobic compounds increase 

membrane permeability and dissipate the proton gradient and electrical potential across 

the membrane, thereby disrupting membrane function (Sikkema et al. 1994).

The toxicity of hydrocarbons towards bacterial cells is related to their octanol- 

water partition coefficient. Compounds with logKow values between 1.5 and 3 are highly 

toxic, causing an increase in membrane fluidity and an increase in membrane 

permeability (Sikkema et al. 1995, Weber and de Bont 1996). Thus, it was surprising 

when bacteria were isolated that were able to grow in the presence of high concentrations 

of toluene, whose logKow of 2.65 is within the toxic range. Pseudomonas putida S12 

was isolated due to its ability to grow in a two-phase styrene-water system and 

subsequently was found to tolerate, but not to metabolize, high levels of toluene (Weber 

et al. 1993). Similarly, P. putida DOT-T1E was isolated from wastewater, and, in 

addition to its ability to metabolize toluene, the strain is able to grow in the presence of 

normally toxic concentrations of toluene (Mosqueda et al. 1999). Several adaptations 

may contribute to the unusual ability of microorganisms, including P. putida S12 and P. 

putida DOT-T1E, to tolerate high concentrations of toxic solvents (Segura et al. 1999): 

an increased rate of degradation of the compound; a decrease in the permeability of the 

cell envelope to hydrophobic compounds; and the presence of a transport system that 

removes the compound from the cell. Since P. putida S12 does not metabolize toluene 

(Weber et al. 1993), the latter two mechanisms were explored to elucidate their roles in 

solvent tolerance.

1.1.3. Cell membranes adapt to the presence of hydrophobic compounds

Because hydrocarbons affect biological membranes, studies with solvent-tolerant 

bacteria initially focused on adaptations to the cell envelope to explain this phenotype. 

Comparison of the outer membrane compositions of solvent-tolerant and solvent-
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sensitive bacteria revealed differences in the amount of lipopolysaccharide present, with 

the solvent-tolerant bacterium having a lower cell surface hydrophobicity due to higher 

amounts of lipopolysaccharide (Aono and Kobayashi 1997). As well, higher proportions 

of frans-unsaturated fatty acids, primarily palmitoleic acid (C16:1) and oleic acid 

(C18:l), were present in the inner membranes of the solvent-tolerant P. putida S12 grown 

in the presence of toluene compared to cultures grown in the absence of solvent (Weber 

et al. 1994). In addition to the cis-trans fatty acid isomerization, an increase in the 

synthesis of saturated fatty acids and a change in the phospholipid headgroup 

composition occurred in bacteria exposed to solvents (Segura et al. 1999). These 

adaptations decrease the fluidity of the membrane and counteract the fluidizing effects of 

solvents on the membrane (Segura et al. 1999).

Solvent-sensitive P. putida strains also underwent similar changes in membrane 

composition upon brief exposure to solvents, although these bacteria cannot thrive in the 

presence of solvents (Pinkart and White 1997, Ramos et al. 1997). These adaptations in 

solvent-sensitive bacteria suggest that the changes to membrane composition upon 

exposure to organic solvents represent a stress response and are not specific to the 

solvent-tolerant phenotype (de Bont 1998, Segura et al. 1999). Furthermore, membrane 

adaptations are believed to be an immediate response to organic solvents (Segura et al. 

1999), since levels of trans-fatty acids in P. putida liquid cultures increased within the 

first five minutes after addition of 0.3% (vol/vol) toluene (Ramos et al. 1997). Changes 

to the cell envelope, however, do not eliminate the partitioning and toxic effects of 

solvents in the membrane. Accordingly, active removal of hydrophobic compounds from 

the membrane using a membrane-bound protein transport system would provide a better 

defense against the toxic effects of solvents. Numerous examples of active transport 

systems that expel toxic substances from cells, including the multidrug transporters in 

eukaryotic and prokaryotic organisms (Saier et al. 1998), serve as precedents for the 

involvement of an efflux mechanism in solvent tolerance.
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1.2. Active efflux as a mechanism of resistance

1.2.1. Overview of efflux systems

Five superfamilies of transport proteins, the ATP-binding cassette superfamily, 

the major facilitator superfamily, the drug-metabolite transporter superfamily, the multi

antimicrobial exclusion family, and the resistance-nodulation-division (RND) 

superfamily, contain members that are involved in multidrug efflux (Saier and Paulsen 

2001). A common feature of the multidrug efflux pumps within these superfamilies is 

their unusually broad substrate specificity. Multidrug efflux pumps recognize and expel 

a wide range of structurally diverse hydrophobic compounds and, thus, are the principal 

contributor to drug resistance in a variety of organisms (Saier and Paulsen 2001). 

Examples of multidrug efflux pumps include the ATP-binding cassette transporter P- 

glycoprotein, which exports doxorubicin, taxol and other chemotherapy drugs in 

mammalian cancer cells (Loo and Clarke 1999), the major facilitator superfamily 

transporter Bmr, which exports hydrophobic drugs in Bacillus subtilis (Neyfakh et a l 

1991), the drug-metabolite transporter EmrE, which exports ethidium and other lipophilic 

cations in Escherichia coli (Schuldiner et a l 1997), the multi-antimicrobial exclusion 

family transporter VmrA, which exports ethidium and acriflavin in Vibrio 

parahaemolyticus (Chen et a l  2002), and the RND efflux pump AcrB, which exports 

acriflavin and other hydrophobic antibiotics in E. coli (Nikaido 1996). While members 

of the ATP-binding cassette transporter, the major facilitator, the drug-metabolite 

transporter and the multi-antimicrobial exclusion families are involved in uptake as well 

as efflux, RND transporters are involved exclusively in efflux (Saier and Paulsen 2001) 

and are partly responsible for the increased prevalence of antibiotic resistance among 

bacteria.

RND efflux pumps are secondary active transporters that catalyze 

proton: substrate antiport. Within the RND superfamily, five families are present in 

Prokaryotes, one family is present in Eukaryotes and one family is found in Archaea 

(Saier and Paulsen 2001). Members of the RND superfamily include the SecDF protein 

translocation system found in B. subtilis, the Niemann-Pick C l disease protein implicated 

in cholesterol transport in mammals and several putative efflux pumps found in 

Methanococcus jannaschii and other Archaea (Tseng et a l  1999). In addition to these
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examples, the largest number of RND efflux pumps that have been identified and 

characterized functionally is found in gram-negative bacteria (Tseng et al. 1999). The 

gram-negative RND transporters include the heavy metal efflux family, the putative 

nodulation factor exporter family, and the hydrophobe-amphiphile efflux-1 family, which 

includes the multidrug efflux pumps AcrB in E. coli and MexB in Pseudomonas 

aeruginosa (Tseng et al. 1999).

The gram-negative bacterial cell envelope presents a challenging situation with 

regard to transport, as substrates must cross both the inner and outer membranes. To 

expel substrates efficiently into the extracellular medium, gram-negative efflux pumps 

form a complex with two accessory proteins. These proteins belong to the outer 

membrane factor family and the periplasmic membrane fusion protein family (Paulsen et 

al. 1996) and, together with the inner membrane pump, prevent accumulation of 

compounds in the cell (Figure 1.1). The best-studied three-component RND efflux 

systems are the multidrug exporters MexAB-OprM in P. aeruginosa and AcrAB-TolC in 

E. coli, where MexB and AcrB are the inner membrane RND pumps, MexA and AcrA 

are the periplasmic membrane fusion proteins, and OprM and TolC are the outer 

membrane proteins.

1.2.2. Active efflux systems contribute to multidrug resistance in gram-negative bacteria

The MexAB-OprM efflux system is expressed constitutively in P. aeruginosa and 

is responsible for the intrinsic resistance of this organism to a wide range of hydrophobic 

antibiotics (Nikaido 1996). Tetracycline, chloramphenicol, norfloxacin and (3-lactam 

antibiotics were shown to be substrates of the MexAB-OprM efflux pump, and 

overexpression of the mexAB-oprM genes enhanced bacterial resistance to these drugs (Li 

et al. 1995). The three genes, mexA encoding the membrane fusion protein, mexB 

encoding the RND efflux protein, and oprM encoding the outer membrane protein, are 

located within an operon on the chromosome of P. aeruginosa. In addition to MexAB- 

OprM, genome sequencing has identified ten other genetically distinct RND efflux 

systems in P. aeruginosa PA01 (Stover et al. 2000). The roles of several of these 

systems, designated MexCD-OprJ (Poole et al. 1996a), MexEF-OprN (Kohler et al. 

1997), MexJK-OprM (Chuanchuen et al. 2002), MexXY-OprM (Aires et al. 1999) and
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Outer membraneOuter membrane

Periplasm

Inner membrane

Figure 1.1. Schematic of a  three-component RND efflux system. The inner 
membrane RND pump interacts with the periplasmic membrane fusion protein and the 
outer membrane factor protein. This three-component protein complex is believed to 
expel hydrophobic compounds from the inner membrane or periplasm directly into the 
extracellular medium.
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MexVW-OprM (Li et al. 2003), in multidrug efflux have been confirmed. These RND 

efflux systems show a high degree of homology to MexAB-OprM and are believed to 

play an important role in the adaptability of P. aeruginosa to the presence of many 

antibiotics. For example, Llanes et al. (2004) reported the presence of MexAB-OprM 

and MexXY-OprM in antibiotic-resistant clinical isolates of P. aeruginosa, and Beinlich 

et al. (2001) observed increased expression of MexAB-OprM and MexEF-OprN in P. 

aeruginosa strains isolated from canine infections.

Several three-component efflux systems homologous to MexAB-OprM are also 

encoded on the E. coli chromosome, with the most notable being AcrAB-TolC. The 

membrane fusion protein AcrA and the RND efflux pump AcrB, which are encoded in 

the acrAB operon, function with the outer membrane channel TolC to increase antibiotic 

resistance to a wide range of compounds, including acriflavin, tetracycline, 

chloramphenicol, fluoroquinolones and (3-lactams (Nikaido 1996). In addition to P. 

aeruginosa and E. coli, RND efflux systems involved in the export of hydrophobic 

antibiotics have been identified in Burkholderia cepacia, Campylobacter jejuni and 

Neisseria meningitidis (Poole 2004).

1.2.3. Active efflux systems contribute to solvent tolerance

Isken and de Bont (1996) reported the first evidence for the involvement of an 

active efflux mechanism contributing to solvent tolerance in P. putida S12. When grown 

in the presence of toluene, P. putida S12 cells accumulated twice the level of radiolabeled 

toluene upon addition of the energy inhibitors cyanide and carbonyl cyanide m- 

chlorophenylhydrazone compared to uninhibited cells (Isken and de Bont 1996). The 

increased cellular accumulation of toluene after addition of cyanide and carbonyl cyanide 

m-chlorophenylhydrazone, which both act to dissipate the proton gradient across the 

inner membrane, indicates inhibition of an active efflux system. Genetic analysis of a 

solvent-sensitive mutant of P. putida S12 identified three genes within an operon, 

designated srpABC for solvent resistance pump, responsible for toluene tolerance in the 

parental organism (Kieboom et al. 1998a). The srpA, srpB and srpC genes encode 

proteins that are homologous to members of the membrane fusion protein family, the
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RND family of transport proteins and the outer membrane factor family, respectively 

(Kieboom et al. 1998a).

Homologous efflux systems were subsequently found in the toluene-tolerant 

bacterium P. putida DOT-T1E. Three RND efflux systems were identified in P. putida 

DOT-T1E and were labeled ttgABC, ttgDEF and ttgGHI for toluene tolerance genes 

(Ramos et al. 1998, Mosqueda and Ramos 2000, Rojas et al. 2001). Both the ttgABC and 

ttgGHI efflux systems are able to export toluene, styrene, nz-xylene, propylbenzene and 

ethylbenzene, as well as hydrophobic antibiotics, from the cell (Ramos et al. 1998, 

Mosqueda and Ramos 2000, Rojas et al. 2001). The ttgDEF efflux system, in contrast, 

recognizes toluene and styrene but not other aromatic hydrocarbons or hydrophobic 

antibiotics (Rojas et al. 2001). The narrow substrate specificity observed for TtgDEF in 

P. putida DOT-T1E represents an unusual property of this toluene efflux pump compared 

to other RND homologues, and its significance is not known.

1.3. Substrate specificities of antibiotic and solvent efflux systems

A distinguishing feature of multidrug efflux systems compared to other transport 

proteins is their ability to recognize and export a variety of structurally diverse 

compounds. The list of compounds recognized and transported by members of the RND 

hydrophobe-amphiphile efflux-1 family is extensive and includes hydrophobic dyes, 

detergents, fatty acids, bile salts and homoserine lactones, in addition to organic solvents 

and antibiotics (Poole 2004). For example, the E. coli AcrAB system conveys resistance 

to neutral hydrophobic compounds such as erythromycin and chloramphenicol, cationic 

hydrophobic compounds such as acriflavin and ethidium, and anionic hydrophobic 

compounds such as sodium dodecyl sulfate (Nikaido 1996). The only common 

characteristic among the efflux pump substrates is their hydrophobic nature.

Notwithstanding their classification as broad specificity efflux pumps, individual 

RND pumps have been shown to display an unusual degree of substrate selectivity. 

Masuda et al. (2000) compared the antibiotic resistance profiles of the P. aeruginosa 

efflux pumps MexAB-OprM, MexCD-OprJ and MexXY-OprM. Interestingly, the three 

efflux systems, MexAB-OprM, MexCD-OprJ and MexXY-OprM, had overlapping yet 

distinct substrate specificities. All three of the efflux systems contributed to resistance to
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chloramphenicol, quinolones, macrolides and tetracyclines, whereas acquired resistance 

to aminoglycosides was mediated solely by MexXY-OprM (Masuda et al. 2000). Among 

the P-lactam antibiotics tested, none of the efflux systems conferred resistance to the 

carbapenems (Masuda et al. 2000). Furthermore, MexCD-OprJ and MexXY-OprM 

showed specificity for penicillin-G and cloxacillin but not for carbenicillin, while the P. 

aeruginosa strain expressing MexAB-OprM was resistant to all three of these 3-lactams 

(Masuda et al. 2000). These efflux pumps, therefore, must possess a level of substrate 

recognition beyond hydrophobicity.

Analysis of the substrate specificities of the solvent efflux systems in P. putida 

strains supported the hypothesis for a mechanism of substrate recognition provided by the 

efflux system proteins. In the toluene-tolerant bacterium P. putida S12, the SrpABC 

efflux pump is specific for organic solvents (Isken and de Bont 1996), and a second 

efflux system, designated AipABC for antibiotic resistance pump, was responsible for 

antibiotic resistance (Kieboom and de Bont 2001). Similarly, the toluene efflux pumps in 

P. putida DOT-T1E showed an unusual selectivity; TtgABC and TtgGHI exported both 

solvents and antibiotics, whereas TtgDEF showed specificity for organic solvents only 

(Rojas et al. 2001). In view of these findings, Kieboom and de Bont (2001) proposed 

defining three types of efflux systems based on selectivity -  solvent-specific, antibiotic- 

specific, and nonspecific solvent and antibiotic pumps. Table 1.2 summarizes the RND 

efflux systems discussed throughout this thesis and their substrate specificities.

1.4. Regulation of efflux pumps

1.4.1. Regulation of expression of solvent efflux pump genes in P. putida

Corresponding with their substrate specificity profiles, the toluene efflux genes in 

P. putida DOT-T1E are expressed under different conditions. The TtgABC efflux pump 

is expressed constitutively, while the TtgDEF efflux pump is only expressed when the 

bacterium is grown in the presence of toluene (Mosqueda and Ramos 2000). Toluene 

also induces expression of the TtgGHI efflux system, which is constitutively produced at 

low levels in cells grown in the absence of toluene (Rojas et al. 2003). The differential 

expression of the three toluene efflux pumps in P. putida DOT-T1E offers a convenient 

opportunity to study the regulation of RND efflux systems.
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Table 1.2. Comparison of substrate specificities of selected RND efflux systems

Efflux system Phenotype Substrate specificity"

P. aeruginosa

MexAB-OprM antibiotic resistance tetracyclines, chloramphenicol, 
macrolides, quinolones, (3-lactams 

(except carbapenems)

MexCD-OprJ antibiotic resistance tetracyclines, chloramphenicol, 
macrolides, quinolones, (3-lactams 

(except carbapenems and carbenicillin)

MexXY-OprM antibiotic resistance tetracyclines, chloramphenicol, 
macrolides, quinolones, (3-lactams 

(except carbapenems and carbenicillin), 
aminoglycosides

P. putida S12

SrpABC solvent resistance toluene, p-xylene, ethylbenzene

Arp ABC antibiotic resistance tetracycline, chloramphenicol, 
macrolides, (3-lactams

P. putida DOT-T1E

TtgABC antibiotic, solvent 
resistance

tetracycline, chloramphenicol, (3-lactams, 
toluene, styrene, m-xylene, ethylbenzene, 

propylbenzene

TtgDEF solvent resistance toluene, styrene

TtgGHI solvent, antibiotic 
resistance

toluene, styrene, m-xylene, ethylbenzene, 
propylbenzene, tetracycline, 
chloramphenicol, (3-lactams

E. coli

AcrAB-TolC antibiotic resistance tetracycline, chloramphenicol, 
macrolides, fluoroquinolones, 

(3-lactams, detergents

a Data from Masuda et <31(2000), Kieboom et al. (1998a), Kieboom and de Bont (2001), 

Rojas et a l (2001) and Nikaido (1996).
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Duque et al. (2001) identified the ttgR gene, encoding a protein belonging to the 

tetracycline repressor (TetR) family of transcriptional regulators, upstream of the 

constitutively expressed TtgABC toluene efflux pump in P. putida DOT-T1E. TetR-like 

proteins are characterized by a helix-tum-helix DNA-binding motif, and TetR acts by 

binding to operator sites in the DNA, thereby preventing transcription of the tetA efflux 

pump gene (Berens and Hillen 2003). Gene regulation by TetR family proteins is an 

inducible system; when inducers bind to the TetR repressor protein, a conformational 

change in the protein causes it to dissociate from the DNA and allows transcription of the 

tetA gene (Berens and Hillen 2003). Consistent with its classification as a TetR 

transcriptional regulator, TtgR was shown to repress expression of the ttgABC operon as 

well as its own expression (Duque et al. 2001). Interestingly, toluene did not affect 

expression of the ttgABC genes (Duque et al. 2001), but the antibiotics chloramphenicol 

and tetracycline, which are also substrates of TtgABC, induced efflux pump gene 

expression by three- to four-fold compared to normal levels (Teran et al. 2003).

Toluene is an inducer for the TtgDEF and TtgGHI efflux systems in P. putida 

DOT-T1E. Expression of the ttgGHI operon, while constitutive at low levels in the 

absence of toluene, increases three- to four-fold in the presence of toluene (Rojas et al.

2001) and is controlled by the gene products from the ttgVW operon (Rojas et al. 2003). 

TtgV shows homology to the isocitrate lyase regulator (IclR) family of transcriptional 

repressors. Other members of the IclR family include IclR, which regulates the 

glyoxylate shunt biochemical pathway in E. coli (Sunnarborg et al. 1990), and PcaR and 

CatR, which regulate the protocatechuate and catechol branches in the biochemical 

pathway for aromatic hydrocarbon degradation (Romero-Steiner et al. 1994, Eulberg and 

Schlomann 1998). In P. putida DOT-T1E, the IclR-type regulator TtgV binds to the 

operator site and represses expression of the TtgGHI efflux system (Guazzaroni et al. 

2004). Repression of the ttgGHI operon was alleviated by efflux pump substrates, 

including the aromatic hydrocarbons toluene and styrene (Guazzaroni et al. 2004). The 

TtgW protein, encoded in the ttgVW operon located upstream of the ttgGHI genes, shows 

homology to a TetR family transcriptional repressor; however, the role of TtgW in the 

regulation of the TtgGHI efflux system is unknown.
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The mechanism by which expression of the TtgDEF efflux system is regulated by 

toluene in P. putida DOT-T1E is less understood. An additional regulatory factor 

belonging to the leucine-responsive regulatory protein (Lrp) family was identified in P. 

putida DOT-T1E, and TtgDEF was not expressed in the absence of this Lrp-like gene in 

P. putida DOT-T1E cells grown in the presence of toluene (Duque et al. 2001). Proteins 

in the Lrp family are global regulators that affect the expression of many genes 

(Brinkman et al. 2003). These studies with the toluene efflux pumps in P. putida DOT- 

T1E reveal a wide diversity and complexity of regulatory mechanisms involved in 

controlling the expression of RND efflux systems.

1.4.2. Regulation of expression of RND multidrug efflux pump genes

The regulation of multidrug efflux systems in gram-negative bacteria is also 

varied and multifaceted. In E. coli, expression of the RND efflux system AcrAB-TolC is 

induced by antibiotics as well as by general stress conditions, such as ethanol and high 

salt concentrations (Grkovic et al. 2001). The acrAB operon is regulated by global 

regulatory mechanisms, including the multiple antibiotic resistance marRAB operon, and 

by a local repressor AcrR, belonging to the TetR family of transcriptional regulators 

(Grkovic et al. 2001). Induction of the acrAB operon in response to antibiotics and stress 

conditions is mediated by the marRAB operon, where MarR is a repressor of the marRAB 

operon, MarA is a global transcriptional activator and MarB is a protein of unknown 

function (Grkovic et al. 2001). Under inducing conditions, repression of the marRAB 

operon by the MarR protein is alleviated, allowing expression of the MarA protein, which 

activates a number of genes including acrAB (Grkovic et al. 2001). Regulation of the 

acrAB operon by the local repressor AcrR is not affected by antibiotics or general stress 

conditions (Grkovic et al. 2001). The AcrR repressor is believed to prevent excessive 

expression of the AcrAB proteins under normal growth conditions (Grkovic et al. 2001).

Local transcriptional regulators have also been identified adjacent to the mex 

operons in P. aeruginosa. MexR is a MarR family transcriptional repressor that regulates 

expression of the MexAB-OprM efflux system (Poole et al. 19966), MexT is a LysR 

family transcriptional activator that regulates expression of the MexEF-OprN efflux 

system (Kohler et al. 1997), and MexZ is a TetR family transcriptional repressor that
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regulates expression of the MexXY efflux system (Matsuo et al. 2004). As yet, a direct 

interaction between the Mex regulatory proteins and the antibiotic substrates of their 

corresponding efflux systems has not been established. Teran et al. (2003), however, 

demonstrated that the TtgR repressor protein directly binds antibiotic substrates of the 

multidrug and solvent efflux system TtgABC in P. putida DOT-T1E.

From these examples of the regulation of solvent and multidrug efflux pump 

genes, it is evident that the expression of RND efflux systems is controlled by a complex 

network of local and global regulatory mechanisms. Furthermore, gram-negative bacteria 

that have multiple RND efflux systems possess mechanisms to regulate the number and 

type of efflux systems expressed. In P. aeruginosa, for example, MexAB-OprM is 

constitutively expressed, while MexCD-OprJ is not normally expressed; however, in a 

MexAB-OprM-deficient mutant, MexCD-OprJ is expressed to compensate for the lack of 

MexAB-OprM (Li et al. 2000). Microarray analyses may provide a more comprehensive 

approach for studying the influence of local and global regulatory mechanisms on the 

transcription of RND efflux pump genes.

Understanding the regulatory mechanisms affecting RND efflux pump expression 

is important from a clinical perspective, since mutations in regulatory elements often give 

rise to enhanced multidrug resistance due to overexpression of efflux pump genes. As 

well, identification of inducers or repressors of efflux pump gene expression may provide 

clues to the physiological role of the efflux system. For instance, both the TtgABC and 

TtgGHI efflux systems contribute to antibiotic resistance and solvent tolerance in P. 

putida DOT-T1E (Rojas et al. 2001). Yet, the regulation of ttgABC gene expression by 

antibiotics and the regulation of ttgGHI gene expression by solvents suggest that TtgABC 

may be more important for antibiotic resistance, while the primary role of the TtgGHI 

system is solvent tolerance. The finding that the P. fluorescens DOT-T1E TtgR repressor 

protein binds antibiotic substrates of the TtgABC efflux system (Teran et al. 2003) 

indicates that the regulatory protein and the efflux pump proteins share a common ability 

to recognize and bind structurally diverse hydrophobic compounds. Structural studies 

examining the substrate-binding capacity of the transcriptional regulators may provide 

insight into the mechanism for the broad specificity of RND efflux systems.
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1.4.3. Structural basis for the regulation of multidrug efflux systems by hydrophobic 

compounds

Regulatory proteins for other efflux pump families have also been shown to bind 

hydrophobic substrates. BmrR and QacR are transcriptional regulators of the major 

facilitator superfamily multidrug efflux pumps Bmr in B. subtilis and QacA in 

Staphylococcus aureus (Saier and Paulsen 2001), and both bind hydrophobic compounds. 

The crystal structure of the B. subtilis BmrR transcriptional activator revealed a drug- 

binding pocket that accommodated a hydrophobic ligand (Zheleznova et al. 1999). 

Nonpolar and aromatic amino acids lined the drug-binding pocket and formed van der 

Waals and aromatic stacking interactions with the ligand. The large size of the substrate- 

binding site, coupled with the relatively nonspecific interactions between the protein and 

the ligand, contributed to the broad substrate specificity of the BmrR regulator 

(Zheleznova et al. 1999).

Similarly, crystal structures of the QacR transcriptional repressor in S. aureus 

were solved in the presence of two hydrophobic compounds, ethidium and proflavin 

(Schumacher et al. 2004). As in BmrR, the drag-binding pocket of QacR contains 

nonpolar and aromatic amino acids. Within the large binding region, several smaller 

pockets identified in QacR were postulated to bind different compounds, allowing the 

regulator to interact with structurally diverse drags. The QacR drag-binding pocket 

accommodated both ethidium and proflavin molecules simultaneously, providing 

evidence of a flexible drag-binding site that establishes multiple interactions with 

substrates (Schumacher et al. 2004).

The structural studies with BmrR and QacR provided valuable clues regarding the 

ability of proteins to recognize and bind a wide range of structurally diverse hydrophobic 

compounds. Similar studies with the local regulators of RND efflux pumps, such as the 

antibiotic-binding TtgR and solvent-binding TtgV repressors, may provide additional 

information on the regulation of these systems by hydrophobic compounds. Because 

regulatory proteins are soluble, they are more amenable to protein crystallography than 

the efflux pump proteins and, as a result, may be easier for studying the structural basis of 

multidrag and solvent recognition. Recent structural and functional studies of the efflux
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system proteins, however, have provided further insight into the mechanism for their 

unusually broad substrate specificity.

1.5. Structure and function of RND efflux systems

The clinical importance of the multidrug efflux systems in P. aeruginosa and E. 

coli has prompted numerous structural and functional studies of the protein components. 

The best-studied RND efflux systems are MexAB-OprM in P. aeruginosa and AcrAB- 

TolC in E. coli, where MexB and AcrB are the inner membrane RND pumps, MexA and 

AcrA are the periplasmic membrane fusion proteins, and OprM and TolC are the outer 

membrane components. Crystal structures of all three components have been solved and 

have provided a greater understanding of how the proteins interact with each other and 

with their substrates.

1.5.1. The outer membrane factor protein

The outer membrane components of the multidrug efflux systems in gram- 

negative bacteria were believed to be porins; however, the three-dimensional crystal 

structure of the E. coli TolC protein (Koronakis et al. 2000) indicated that these proteins 

have unique features (Figure 1.2). The functional TolC form is a homotrimer consisting 

of three domains -  a (3-barrel domain, an a-helical domain and a mixed cc,(3-domain 

(Koronakis et al. 2000). Each TolC monomer provides four membrane-spanning 13- 

strands to form a 12-stranded (3-barrel in the outer membrane, comparable to other porins. 

Unlike other porins, the a-helical domain also forms a long 12-stranded cylinder, which 

extends into the periplasmic space and is closed at the tip (Koronakis et al. 2000). The 

mixed a , (3-domain links the (3-barrel to the a-helices (Koronakis et al. 2000). The 

distinguishing a-helical domain is believed to be important for the interaction between 

TolC and the inner membrane transporters and may form a tunnel through which 

substrates pass (Koronakis et al. 2000). TolC acts not only with the AcrAB efflux system 

for hydrophobic antibiotics but also with the ABC transporter HlyB in the secretion 

system for hemolysin in E. coli (Nikaido 2000). Probably due to its involvement in 

multiple efflux systems, the tolC gene is distinct from the acrAB operon (Nikaido 1996).
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Figure 1.2. Three-dimensional structure of the E. coli outer membrane factor 
protein TolC. The functional homotrimer is shown, and the predicted boundary of the 
outer membrane is indicated. The structure was redrawn from the Protein Data Bank 
(PDB) entry 1EK9 (Koronakis et al. 2000).

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



In contrast to TolC, the oprM gene is located within the mexAB-oprM operon in 

the P. aeruginosa genome (Li et al. 1995). Also, OprM is a lipoprotein (Li and Poole

2001), predicted to have a thioether-linked diacylglyceryl moiety and an N-acyl fatty acid 

attached to the N-terminal cysteine residue. The N-terminal lipid modification in OprM 

was believed to help stabilize the protein in the outer membrane (Akama et al. 2004), 

although Li and Poole (2001) demonstrated that OprM lacking the lipid modification was 

functional for antibiotic efflux with the membrane fusion protein MexA and the RND 

efflux pump MexB. The crystal structure of OprM, solved by Akama et al. (2004), 

established that OprM has the same overall structure as TolC and suggested a similar 

mechanism as a conduit that accepts substrates from the inner membrane efflux pump 

and facilitates substrate transport across the outer membrane. Further studies are required 

to elucidate the interactions between the outer membrane protein and the periplasmic and 

inner membrane components of the efflux complex, as well as the mechanism by which 

the funnel-shaped periplasmic domain of the outer membrane protein opens to allow 

substrate entry.

1.5.2. The periplasmic membrane fusion protein

The periplasmic components of the efflux complexes, AcrA in E. coli and MexA 

in P. aeruginosa, have a lipoyl-biotinyl and coiled-coil motif characteristic of the 

paramyxoviral membrane fusion protein family (Zgurskaya and Nikaido 2000a). Subunit 

swapping experiments conducted by Yoneyama et al. (1998) showed that the periplasmic 

membrane fusion proteins were not functionally interchangeable among different efflux 

systems. Recently, MexA was crystallized (Figure 1.3) and shown to be an elongated 

protein with a (3-barrel domain, a lipoyl domain and an a-helical hairpin (Higgins et al. 

2004). The (3-barrel domain, containing both the N- and C-termini of the protein, likely 

interacts with the inner membrane pump since mutations in this region prevented 

interaction between MexA and MexB (Nehme et al. 2004). The membrane fusion 

proteins are lipoproteins (Zgurskaya and Nikaido 1999), and Higgins et al. (2004) 

postulated that nine MexA monomers form a ring anchored in the inner membrane by the 

N-terminal lipid modification and enclose the periplasmic a-helical barrel of the outer 

membrane protein. The quaternary structure of MexA, however, was unclear from the
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a-helical hairpin

(3-barrel domain

lipoyl domain

Figure 1.3. Three-dimensional structure of the P. aeruginosa membrane fusion 
protein MexA. The (3-barrel domain, lipoyl domain and a-helical hairpin are indicated. 
The structure was redrawn from the PDB entry 1T5E (Higgins et al. 2004).
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crystallography data (Higgins et a l  2004), and additional research is needed to clarify the 

role of the membrane fusion protein in the efflux system and its assembly with the outer 

membrane protein and the inner membrane RND efflux pump.

1.5.3. The inner membrane RND efflux pump

The inner membrane RND protein is the energy-dependent pump and functions as 

a protomdrug antiporter (Nikaido 1996). Membrane topology analyses identified the 

presence of 12 transmembrane segments (TMS) and two large periplasmic domains 

located between TMS1 and 2 and TMS7 and 8, which are a unique feature of the RND 

family compared to other families of multidrug exporters (Paulsen et al. 1996). The 

crystal structure of the E. coli RND protein AcrB (Figure 1.4) showed that the pump 

exists as a homotrimer and confirmed the presence of a large periplasmic region 

extending 70 A above the transmembrane domain (Murakami et al. 2002). The top of the 

periplasmic headpiece forms a funnel believed to interact with the outer membrane 

channel, TolC, while three a-helices, one from each AcrB monomer, form a pore at the 

centre of the headpiece (Murakami et al. 2002). Channels, or vestibules, extending from 

the exterior of the protein lead into a central cavity at the bottom of the pore, above the 

transmembrane domain (Murakami et al. 2002). The structure of AcrB has implications 

for its function in both proton translocation and drug transport.

A previous study with the AcrB homologue, MexB, in P. aeruginosa identified 

three conserved amino acids, D407 and D408 in TMS4 and K939 in TMS 10, whose 

charged side chains were essential for antibiotic resistance to negatively charged and 

neutral drugs (Guan and Nakae 2001). Guan and Nakae (2001) speculated that the 

aspartate and lysine residues form a channel for proton translocation. The 

crystallography data, showing the proximity of these residues in AcrB (Murakami et al.

2002), supports this hypothesis. Furthermore, the aspartate residue D408 is conserved in 

the RND pump CzcA, which is responsible for divalent metal cation efflux in Ralstonia 

sp. (Goldberg et al. 1999). Mutation of the aspartate to a neutral amino acid resulted in a 

mutant CzcA protein that was able to promote facilitated diffusion of metal cations, but 

did not exhibit proton:metal antiport (Goldberg et al. 1999). The conserved aspartate 

residues played the same role in the antibiotic efflux pumps and metal efflux pumps,
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Figure 1.4. Three-dimensional structure of the E. coli RND efflux pump AcrB. The
protein exists as a trimer, and the individual subunits are coloured in different shades of 
gray. The predicted boundary of the inner membrane is indicated. The structure was 
redrawn from PDB entry 1IWG (Murakami et al. 2002).
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suggesting the presence of two distinct channels, a proton-conducting channel formed by 

TMS4 and TMS 10 and a substrate-conducting channel, in RND proteins.

The AcrB crystal structure provides two possible mechanisms for substrate 

transport (Murakami et al. 2002). Drug substrates may enter the RND pump through the 

membrane and traverse through the central cavity and pore in the periplasmic domain to 

reach the outer membrane channel (Murakami et al. 2002). Alternatively, substrates may 

enter the pump from the periplasmic space through the vestibules, which lead into the 

central cavity and pore (Murakami et al. 2002). These models suggest that substrate- 

protein interactions occur in the periplasmic domain encompassing the central cavity, 

pore-forming helices and, possibly, the vestibule region.

Evidence for the involvement of the central cavity in substrate binding was 

provided by the crystallization of AcrB in the presence of drug substrates (Yu et al. 

2003a). The four structurally dissimilar compounds (rhodamine 6G, ethidium, 

dequalinium and ciprofloxacin) were located in the central cavity region of the AcrB 

pump and interacted primarily with hydrophobic amino acids (Yu et al. 2003a). Each 

compound bound to a different set of amino acids within the central cavity, prompting Yu 

et al. (2003a) to propose that the wide substrate range of RND efflux pumps is due to the 

presence of a large binding pocket that can form hydrophobic interactions with different 

substrates.

The role of the pore-forming helices was studied by using cysteine-scanning 

mutagenesis of AcrB (Murakami et al. 2004). Mutations at several residues (D101, 

V105, N109, Q112 and PI 16) located on the inner face of the pore yielded a pump with 

reduced activity for a number of antibiotics. Cross-linking studies revealed that the pore 

is normally closed and indicated that a conformational change of the pore is required for 

substrate translocation (Murakami et al. 2004). Although direct passage of substrates 

through the central pore was not demonstrated, the pore presents a feasible pathway for 

substrate translocation from the central cavity to the upper funnel domain of the RND 

pump.

The structural and mutational studies by Yu et al. (2003a) and Murakami et al. 

(2004) implicated the central cavity and pore regions of the RND pump in substrate 

binding and transport, yet other interactions between the substrates and the protein likely
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occur and influence substrate selectivity. Two studies using chimeric constructs of the E. 

coli AcrB and AcrD efflux pumps (Elkins and Nikaido 2002) and of the E. coli AcrB and 

P. aeruginosa MexB efflux pumps (Tikhonova et al. 2002) exploited the differing 

substrate specificities of these efflux pumps and demonstrated the involvement of the 

periplasmic domains in determining substrate specificity. Replacement of both 

periplasmic loops of AcrD, which does not pump the AcrB substrates ciprofloxacin, 

chloramphenicol, erythromycin and tetracycline, with the corresponding loops from AcrB 

yielded a chimeric efflux pump with an AcrB-like substrate range (Elkins and Nikaido

2002). However, the substrate specificity of AcrD was preserved in a chimeric construct 

that replaced the transmembrane domains of AcrD with the AcrB transmembrane 

domains, indicating that the periplasmic loops, and not the transmembrane domains, 

influenced substrate specificity (Elkins and Nikaido 2002). Chimeras of the AcrB and 

MexB efflux pumps constructed by Tikhonova et al. (2002) further implicated the 

involvement of the second periplasmic loop between TMS7 and 8 in substrate specificity 

for ethidium and macrolide antibiotics, while the first periplasmic loop between TMS1 

and 2 was suggested to play a role in interactions with other drug substrates. However, 

misfolding of the chimeric pumps could not be discounted as an explanation for the 

observed effects on transport activity (Tikhonova et al. 2002).

In addition to the chimeric studies, Middlemiss and Poole (2004) used random 

mutagenesis of the P. aeruginosa MexB pump to isolate mutants that showed selective 

activity for one or more of the antibiotics chloramphenicol, carbenicillin, nalidixic acid 

and novobiocin. For example, P. aeruginosa expressing a T60I mutation in MexB 

showed a decrease in antibiotic resistance for chloramphenicol only, while a G754D 

mutation affected antibiotic resistance for nalidixic acid only (Middlemiss and Poole 

2004). The T60I and G754D mutations, as well as several others identified in the study, 

mapped to regions predicted to be involved in protein-protein interactions between the 

MexB subunits and were not believed to interact directly with the substrates (Middlemiss 

and Poole 2004). However, the basis for the selectivity displayed by mutations affecting 

pump assembly is unclear.

Despite the recent crystallization and mutagenesis studies, the substrate transport 

pathway through RND efflux pumps remains largely unclear. The avenue through which
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the substrates enter the central cavity has not been elucidated and may involve the 

vestibules leading into the cavity from the periplasm. Moreover, while the drug-bound 

AcrB crystal structures demonstrated how the pump accommodates structurally diverse 

compounds, the mechanism by which these pumps achieve their unusual substrate 

selectivity is still unknown.

1.6. RND efflux systems in the environment

1.6.1. Solvent efflux systems are prevalent in the environment

Whereas the MexAB-OprM and AcrAB-TolC efflux systems in P. aeruginosa 

and E. coli are significant from a medical viewpoint, the solvent efflux pumps, such as 

the SrpABC and Ttg systems in P. putida, may be valuable for their application in 

bioremediation of contaminated environments. Assessment of the occurrence of solvent 

efflux systems in bacteria present in toxic environments is important to predict the 

successful outcome of bioremediation. Segura et al. (2003) probed the genomes of 

solvent-tolerant and solvent-sensitive P. putida strains for homologues of the P. putida 

DOT-T1E toluene efflux pumps. Only the highly solvent-tolerant strains possessed 

homologues of the toluene-inducible TtgGHI pump, suggesting that this pump is the 

primary resistance mechanism. However, RND efflux pump genes homologous to the 

nonspecific solvent and antibiotic efflux pump TtgABC were found in all of the P. putida 

strains, regardless of their level of solvent tolerance (Segura et al. 2003). The authors did 

not correlate the antibiotic resistance profiles of the various P. putida strains with the 

presence of the efflux pump homologues, which may have provided a better indication of 

the role of the TtgABC system. Also, expression of the efflux pump genes in these P. 

putida strains was not determined, and, therefore, a direct involvement of the efflux 

pumps in solvent tolerance cannot be confirmed. The study by Segura et al. (2003), 

nevertheless, demonstrated the prevalence of RND efflux systems in environmental 

isolates.

Genome sequencing projects have also identified RND efflux systems in a 

number of other environmental isolates. For example, putative RND efflux systems are 

found in the genomes of Agrobacterium tumefaciens, Thiobacillus denitrificans and 

Geobacter species. The roles of these efflux systems have not been characterized, and
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the significance of the apparent ubiquity of RND efflux systems in gram-negative 

bacteria is unclear.

1.6.2. An efflux system for polycyclic aromatic hydrocarbons is present in an

environmental isolate

Recently, an efflux mechanism for polycyclic aromatic hydrocarbons was 

observed in P. fluorescens LP6a (Bugg et al. 2000). P. fluorescens LP6a was isolated 

from petroleum-contaminated soil for its ability to degrade naphthalene, as well as the 

polycyclic aromatic hydrocarbons phenanthrene and anthracene (Foght and Westlake 

1996), which makes it an ideal candidate for studying the transport of hydrocarbons 

across the cell envelope. Bugg et al. (2000) noted the presence of an active efflux 

mechanism in P. fluorescens LP6a for the polycyclic aromatic hydrocarbons 

phenanthrene, anthracene and fluoranthene. Surprisingly, toluene and naphthalene were 

not exported from the cell. The discovery of this transport system and its unexpected 

selectivity prompted further examination of the polycyclic aromatic hydrocarbon efflux 

pump in P. fluorescens LP6a.

1.7. Objectives

Given the prevalence of RND efflux systems in gram-negative bacteria and their 

involvement in the transport of hydrophobic compounds, it was hypothesized that the 

efflux mechanism for polycyclic aromatic hydrocarbons in P. fluorescens LP6a was an 

RND family pump. Accordingly, the objectives of this thesis were as follows:

(1) To identify a gene, or genes, encoding an RND efflux pump in P. fluorescens 

LP6a, and to determine the role of the gene product in polycyclic aromatic hydrocarbon 

efflux by using gene disruption techniques to create an efflux-deficient mutant;

(2) To characterize further the substrate specificity of the efflux system by 

comparing the antibiotic resistance profiles of the wild-type and efflux-deficient mutant;

(3) To examine the regulation of the efflux pump in response to various 

conditions, including growth phase, the presence of aromatic hydrocarbons, and 

antibiotics, by using a promoter-reporter system;
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(4) To investigate the roles of the central cavity, pore and vestibule regions of 

RND efflux pumps in determining substrate specificity by generating site-directed 

mutants of the polycyclic aromatic hydrocarbon efflux pump and analyzing the ability of 

the mutant pumps to export hydrocarbons and antibiotics; and

(5) To survey the prevalence of polycyclic aromatic hydrocarbon efflux in other 

gram-negative bacteria.

The efflux genes identified in P. fluorescens LP6a in the course of this study were 

designated emhABC for efflux of /nulticyclic hydrocarbons. The overall aim of this study 

was to gain a better understanding of both the role of transport processes in hydrocarbon 

metabolism by P. fluorescens LP6a and the mechanism of action of RND efflux systems 

in gram-negative bacteria.
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2. MATERIALS AND METHODS1

2.1. Chemicals

Phenanthrene (98% pure), anthracene (99% pure), fluoranthene (98% pure) and 

naphthalene (99% pure) were purchased from Aldrich Chemical Co. (Milwaukee, 

Wisconsin). Toluene (99.8% pure) was obtained from Fisher Scientific (Nepean, 

Ontario). For the transport assays, the following radiolabeled compounds were used: [9- 

14C]phenanthrene (96.5% radiochemical purity; 19.3 mCi mmol'1; Amersham, Arlington 

Heights, Illinois), [side ring U-14C]anthracene (98% pure; 45 mCi mmol'1; Amersham), 

[3-14C]fluoranthene (97% pure; 45 mCi mmol'1; Sigma Chemical Co., St. Louis, 

Missouri); and [U-14C]naphthalene (49.8 mCi mmol'1; Sigma Chemical Co.). The 

compounds used in the antibiotic sensitivity assays were tetracycline, chloramphenicol, 

erythromycin, nalidixic acid, dequalinium chloride, rhodamine 6G and streptomycin from 

Sigma Chemical Co. and ciprofloxacin from Fisher Scientific (Nepean, Ontario). All 

other chemicals used were reagent or molecular biology grade.

2.2. Bacterial strains, plasmids and growth conditions

The bacterial strains and plasmids used are listed in Table 2.1, and many of the 

bacterial strains and plasmids, as well as their growth conditions, have been described 

previously. The cured strain P. fluorescens cLP6a, which lacks the 63-kb catabolic 

plasmid pLP6a carrying the polycyclic aromatic hydrocarbon degradation genes found in 

the parental strain P. fluorescens LP6a (Foght and Westlake 1996), was used to facilitate 

analysis of hydrocarbon transport in the absence of metabolism. P. fluorescens, P. 

aeruginosa, P. putida and B. cepacia strains were maintained on plate count agar (Difco 

Laboratories, Detroit, Michigan) or Luria-Bertani agar supplemented with the appropriate 

antibiotics. Liquid cultures of the P. fluorescens, P. aeruginosa, P. putida and B. cepacia 

strains used in the hydrocarbon transport and antibiotic sensitivity assays were grown 

from a 0.5% (vol/vol) inoculum of an overnight, 10-mL seed culture in 200 mL tryptic 

soy broth (TSB, Difco Laboratories), containing the appropriate antibiotic, at 28°C with

1 Portions of this section have been published previously by Hearn et al. (2003).
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Table 2.1. Bacterial strains and plasmids used in this study

Strains and plasmids Characteristics" Reference or Source
P. fluorescens strains
LP6a (pLP6a) Wild-type containing pLP6a Foght and Westlake (1996)
cLP6a Wild-type derivative lacking pLP6a Foght and Westlake (1996)
cLP6a-l Kmr, EmhABC This study
LP6a-Dl Kmr, LP6a with transposon insertion in nahB on pLP6a J. Foght, University of Alberta
LP6a-8 Kmr, LP6a with transposon insertion in nahC on pLP6a J. Foght, University of Alberta
LP6a-21-41 Kmr, LP6a with transposon insertion in nahE on pLP6a J. Foght, University of Alberta

P. putida strains
S12 Solvent tolerant, Srp+ Arp+ Weber et al. (1993)
G7 Naphthalene degrader carrying plasmid NAH7 Dunn and Gunsalus (1973)
mt-2 Toluene degrader carrying TOL plasmid pWWO Williams and Murray (1974)
KT2440 mt-2 derivative lacking pWWO Bagdasarian et al. (1981)

P. aeruginosa strains
PAOl Type strain Holloway (1969)
Strain A Clinical isolate from cystic fibrosis patient LCDCft
Strain B Clinical isolate from cystic fibrosis patient LCDC6

B. cepacia strains
DB01 Soil isolate Walsh and Ballou (1983)
K56-2 Clinical isolate Mahenthiralingam et al. (2000)

A. vinelandii UW Wild-type W. Page, University of Alberta
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Table 2.1. Continued

Strains and plasmids Characteristics" Reference or Source
E. coli strains

DH5a F  <j)80d/acZAM15 A(lacZYA-argF)U169 deoR recAl endAl 
hsdR17 (rK'mK) supE44 X~ thi-1 gyrA96 relAl

Sambrook et al. (1989)

TOPI OF F  {lacf, Tn70(Tcr)} mcrA A(mrr-hsdRMS-mcrBC) <J>80lacZAM15 
AlacX74 recAl deoR araD139 A(ara-leu)7697 galU galK rpsL 
(Strr) endAl nupG

Invitrogen Canada

XLlOGold Tcr A(mcrA)183 A(mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1 
recAl gyrA96 relAl lac Hte [F proAB lacfZAM IS TnlO (Tcr) 
Amy Chlr]a

Stratagene

Plasmids
pUC19 Apr lacZa, cloning vector Sambrook etal. (1989)
pCR2.1 Apr Kmr lacZa, cloning vector for PCR products Invitrogen Canada
pUCP26 Tcr lacZa, broad-host range vector West et al. (1994)
p34S-Sm3 Strr, plasmid carrying a streptomycin resistance cassette, used to 

construct the pTZllO plasmids
J J . Dennis, University of Alberta

pCR17 Apr Kmr, pCR2.1 with 2.2-kb emhB fragment This study
p251 Apr, pUC19 with 9.6-kb BamUl insert of cLP6a DNA This study
pBH5 Tcr, pUCP26 with 6.8-kb BamHl insert encompassing the emit 

genes and promoter region from p251
This study

pBH5-EmhBhis Tcr, pBH5 with a hexahistidine tag inserted in-frame into the 3'-end 
of the emhB gene

This study
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Table 2.1. Continued

Strains and plasmids Characteristics" Reference or Source
pTZllO Apr, broad-host range, promoterless lacZ operon fusion vector Schweizer and Chuanchuen (2001)

pTZl 10-PemhA Strr, pTZllO with 290-bp region upstream of the emhA gene 
inserted into the BamHI-Hindlll sites adjacent to the lacZ gene and 
with the streptomycin resistance cassette from p34S-Sm3 inserted 
into the Pstl site

This study

pTZl 10-PemhR Strf, pTZllO with 290-bp region upstream of the emhR gene 
inserted into the BamHI-Hindlll sites adjacent to the lacZ gene and 
with the streptomycin resistance cassette from p34S-Sm3 inserted 
into the Pstl site

This study

pTZ110-str Strr, pTZllO with the streptomycin resistance cassette from p34S- 
Sm3 inserted into the Pstl site

This study

pBHIO Kmr, pCR2.1 with a 3.8-kb fragment of the emhA and emhB genes 
used for site-directed mutagenesis

This study

pJD105 Gmr, broad-host range plasmid carrying the srpABC operon from P. 
putida S12

J.J. Dennis, University of Alberta

pBH63-srp Tcr, pUCP26 with 6.5-kb Sacl insert encompassing the srpABC 
operon from pJD105

This study

pBH64-arp Tcr, pUCP26 with 6.5-kb Hindlll insert encompassing the arpABC 
operon from P. putida S12

This study

a Kmr, kanamycin resistance; Tcr, tetracycline resistance; Apr, ampicillin resistance; Chlr, chloramphenicol resistance; Strr, 

streptomycin resistance; Gmr, gentamycin resistance. 

b LCDC, Laboratory Centre for Disease Control, Health Canada.
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shaking (200 rpm). Azotobacter vinelandii UW was grown at 28°C in Burke's buffer 

with glucose and nitrogen, which contained 0.2 g L '1 KH2PO4, 0.8 g L '1 K2HPO4 , 0.2 g 

L '1 MgS04-7H20, 0.1 g L*1 CaS04-2H20 , 5 mg L '1 FeS04-7H20 , 0.25 mg U 1 

NaMo0 4 -2 H2 0 , 10 g L '1 glucose and 1.1 g L'1 ammonium acetate as described previously 

(Bugg et al. 2000). E. coli strains were cultured in LB medium at 37°C. Ampicillin 

(100 pg mL'1), kanamycin (50 pg mL'1 for E. coli and 25 pg mL'1 for P. fluorescens), 

tetracycline (10 pg mL'1), streptomycin (25 pg mL"1) and gentamycin (10 pg mL'1) were 

added as required.

2.3. Phenotypic analysis of efflux ability

2.3.1. Polycyclic aromatic hydrocarbon transport assays

The accumulation of radiolabeled hydrocarbon substrate in the various strains was 

measured by using the rapid centrifugation method described by Bugg et al. (2000). For 

all transport experiments, cultures were grown to an OD600 ~4 in 200 mL TSB, harvested 

by centrifugation at 8000 x g and 4°C in a Sorvall RC-5B refrigerated superspeed 

centrifuge (Dupont Instruments, Newtown, Connecticut), washed twice in 0.1 M 

potassium phosphate buffer (pH 7.2) and resuspended to a final optical density (OD600) of 

1 in the same buffer. Glassware was treated with chromic acid to reduce absorption of 

the hydrocarbon to the glass (Bugg et al. 2000). For phenanthrene, anthracene and 

fluoranthene, transport assays with 20 mL of cell suspension were carried out in 250-mL 

shake flasks. The radiolabeled hydrocarbon substrates were mixed with unlabeled 

compound and added to the cell suspensions at final concentrations of 6.4 pM for 

phenanthrene, 0.26 pM for anthracene and 1.2 pM for fluoranthene, which corresponded 

to 90% of the aqueous solubility limit for these compounds. For naphthalene, transport 

assays with 20 mL cell suspension were conducted in 35-mL serum bottles sealed with 

Teflon stoppers, and sampling was done via syringe. Naphthalene was routinely used at 

final concentrations of 5.7 pM or 50 pM, which corresponded to 2.5% and 22% of its 

aqueous solubility limit. To determine the accumulation of radiolabeled substrate in the 

cells, 1-mL samples of the cell suspension were removed to 1.5-mL microcentrifuge 

tubes and centrifuged at 16 000 x  g in a microcentrifuge for 20 s. The amount of
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radioactivity in the aqueous phase was measured by placing a 0.5-mL aliquot of the 

supernatant in 10 mL of aqueous scintillation fluor (ACS; Amersham) and counting using 

a Beckman LS3801 liquid scintillation counter. The remaining supernatant was removed, 

and the cell pellet was resuspended in 1 mL of 0.1 M potassium phosphate buffer (pH 

7.2). The radioactivity in a 0.5-mL aliquot of the remaining cell suspension was 

measured by liquid scintillation counting. Time course experiments were performed in 

which the accumulation of substrate in the cells was followed before and after addition of 

sodium azide to a final concentration of 30 mM to inhibit active transport processes. For 

steady-state measurements, samples taken in duplicate were analyzed after the transport 

process had reached steady-state following addition of the substrate to the cell suspension 

(approximately 10 min) and following addition of 30 mM sodium azide (approximately 

10 min). The time periods required to reach steady-state were based on the results of 

time course experiments. All transport assays were conducted at room temperature.

2.3.2. Determination of toluene tolerance

Growth on solid media in the presence of vapour-phase toluene (Kieboom et al. 

1998a) was used to assess toluene tolerance resulting from the presence or absence of the 

EmhABC efflux system. Toluene (about 5 mL) was placed in a glass Petri dish in the 

bottom of a sealed container and incubated at 28°C overnight to allow the air in the 

container to become saturated with toluene.- The test strains were streaked onto LB agar 

containing the appropriate antibiotics, placed inside the toluene-saturated container and 

incubated at 28°C. As a control, duplicate plates were incubated in the absence of 

toluene. After 4 days, the plates were removed from the toluene container, scored for 

growth and further incubated for 4 days in the absence of toluene to assess the viability of 

the cultures.

2.3.3. Antibiotic sensitivity assays

The minimum inhibitory concentrations (MICs) of tetracycline, chloramphenicol, 

nalidixic acid, rhodamine 6G, dequalinium chloride, ciprofloxacin, erythromycin and 

streptomycin were determined for the P. fluorescens strains in TSB by the microtiter 

broth dilution method (Jorgensen et al. 1999). In microtiter plates, two-fold serial
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dilutions of the test antibiotics were prepared in TSB to give the following maximum 

concentrations: 32 pg mL'1 tetracycline; 256 pg mL'1 chloramphenicol; 512 pg mL'1 

nalidixic acid; 128 pg mL'1 rhodamine 6G; 32 pg mL'1 dequalinium chloride; 1 pg mL'1 

ciprofloxacin; 1024 pg mL'1 erythromycin; and 64 pg mL'1 streptomycin. Cell cultures 

were grown to a density of 108 colony-forming units (cfu) mL'1 or ODeoo ~ 0.3, diluted 

100-fold in fresh TSB and inoculated into an equal volume of medium containing 

antibiotic in the microtiter plates to yield an inoculum of 5 x  105 cfu mL'1 per well. The 

microtiter plates were incubated at 28°C for 24 h. The OD600 of the microtiter cultures 

was measured by using a SpectraMax Plus384 microplate reader (Molecular Devices 

Corporation, Sunnyvale, California) and compared to a positive control grown in the 

absence of antibiotic. The MIC was defined as the lowest concentration of antibiotic that 

inhibited growth by more than 50% compared with a control grown in the absence of 

antibiotic.

2.4. DNA techniques

2.4.1. DNA isolation, cloning and transformation

Genomic DNA was prepared using the phenohchloroform method as described by 

Maloy (1990). Plasmid DNA was isolated either by the alkaline lysis method (Sambrook 

et al. 1989) or with a QIAprep Spin Miniprep kit (Qiagen, Mississauga, Ontario). 

Restriction digestion and ligation reactions were performed according to the supplier's 

directions (Roche Applied Science, Laval, Quebec). DNA fragments separated on 

agarose gels were purified by using a QIAquick gel extraction kit (Qiagen) for DNA 

fragments less than 6 kb long and a QIAEX II gel extraction kit (Qiagen) for DNA 

fragments more than 6 kb long. Plasmid DNA was introduced into competent E. coli by 

heat shock at 42°C and into electrocompetent P. fluorescens by electroporation with a 

Gene Pulser by using a resistance of 200 £2, an electric charge of 25 pF, and a voltage of 

2.5 kV across a 0.2-cm cuvette (Bio-Rad Laboratories, Mississauga, Ontario). 

Competent E. coli DH5a cells were prepared by using the 18°C procedure described by 

Inoue et al. (1990), while competent E. coli TOP10F and XLIO-Gold cells were 

purchased from Invitrogen Canada (Burlington, Ontario) and Stratagene (La Jolla,
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California). Cultures for preparation of electrocompetent P. fluorescens cells were grown 

with shaking in TSB at 28° to an OD600 of 0.4-0.6, harvested at 4°C by centrifugation at 

3000 x g, washed twice in cold 10% (vol/vol) glycerol, and finally concentrated 50-fold 

in 10% (vol/vol) glycerol. Electrocompetent cells were stored at -80°C.

2.4.2. Polymerase chain reaction

The polymerase chain reaction (PCR) was performed with either a Flexigene 

thermal cycler (Techne, Princeton, New Jersey) or an Eppendorf Mastercycler (Fisher 

Scientific, Nepean, Ontario). Oligonucleotide primers used for adding the histidine tag to 

the emhB gene and for site-directed mutagenesis were synthesized by Invitrogen Canada, 

while all other primers were synthesized by the Molecular Biology Services Unit at the 

University of Alberta (Edmonton, Alberta). Unless otherwise specified, PCR reactions 

(20 pL) contained 10-50 ng template DNA, 200mM Tris-HCl (pH 8.8), 20 mM MgS0 4 , 

100 mM KC1, 100 mM (NHLO2SO4 , 1% (vol/vol) TritonX-100, 1 mg mL' 1 bovine serum 

albumin (nuclease free, non-acetylated; Roche Applied Science), 0.2 mM of each 

deoxynucleoside triphosphate (Roche Applied Science), 0.6 pM of each primer, and 5 U 

Taq DNA polymerase. For high-fidelity PCR, 2 U Pfu polymerase was used in the 

reaction instead of the Taq polymerase. When required, PCR products were cloned into 

E. coli TOP10F by using a TOPO TA cloning kit (Invitrogen Canada).

2.4.3. DNA sequencing

Nucleotide sequencing reactions were performed with either a DYEnamic ET 

Terminator Cycle Sequencing kit (Amersham Biosciences) or a BigDye® Terminator 

Cycle Sequencing kit (Applied Biosystems Inc., Foster City, California), and the results 

were analyzed with a model 373A automated DNA sequencer (Applied Biosystems Inc.) 

by the Molecular Biology Services Unit (University of Alberta, Edmonton, Alberta). 

Sequence data were analyzed with the GeneTool 1.0 software package (BioTools Inc., 

Edmonton, Alberta).
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2.4.4. Sequence analysis

The BLAST program (Altschul et a l 1990) was used for sequence homology 

searches in the National Center for Biotechnology Information GenBank database 

(http://www.ncbi.nlm.nih.gov/). Nucleotide and protein sequence alignments were 

generated with the ClustalX program (Thompson et al. 1997). Phylogenetic trees were 

constructed by using the Jones-Taylor-Thomton distance matrix and neighbor-joining 

methods in the Phylip programs (Felsenstein 2004) and were drawn with the Treeview 

program (Page 1996). Percent sequence identities and similarities were determined by 

using the Sequence Manipulation Suite version 2 (Stothard 2000). Protein secondary 

structure was predicted by using the Proteus Structure Prediction Server on the Canadian 

Bioinformatics Help Desk website (http://129.128.185.59/~scott/ proteus/index.shtml).

2.5. Identification of the emhABC genes

2.5.1. Detection and inactivation of emh

PCR was performed with P. fluorescens cLP6a genomic DNA by using the 

following degenerate oligonucleotide primers corresponding to conserved regions of 

RND efflux pumps: forward primer BHN6, 5'-CGGA(C/T)GG(C/T)TCICAGGT(A/G) 

CG-3', and reverse primer BHN7, 5'-A(A/G)G(A/G)TGAAIGC(G/C)AGIGAGGTC-3', 

where the nucleotides in parentheses represent degenerate sites and I represents inosine. 

The PCR mixture (100 pL) contained 500 ng of genomic DNA from P. fluorescens 

cLP6a, 75 mM Tris-HCl, 20 mM (NH^SCL, 2 mM MgCl2, 0.1% (vol/vol) Tween 20, 

0.2 mM of each deoxynucleoside triphosphate, 0.6 pM of each primer, and 5 U Taq 

polymerase. The PCR program consisted of an initial denaturation at 95°C for 5 min, 

followed by 25 cycles of 95°C for 30 s, 50°C for 30 s, and 72°C for 90 s, and a final 

extension step at 72°C for 5 min. A 2.2-kb PCR product was isolated and cloned into 

pCR2.1 by TA cloning, producing plasmid pCR17 (Table 2.1). The 2.2-kb insert in 

pCR17 was sequenced to verify its identity as a putative RND efflux pump gene. The 

plasmid pCR17 was introduced into P. fluorescens cLP6a by electroporation, and 

transformants in which the plasmid was integrated into the chromosome by homologous 

recombination were selected on Luria-Bertani agar containing kanamycin. One 

transformant, designated P. fluorescens cLP6a-l, was selected for further study.
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Insertion of pCR17 into the emhB gene in P. fluorescens cLP6a-l was confirmed 

by Southern blotting and hybridization. For Southern blotting and hybridization, DNA 

from agarose gels was transferred to Hybond N membranes (Amersham Biosciences, 

Baie D'Urfe, Quebec), and hybridization was performed according to the manufacturer's 

protocol (Amersham Biosciences). The 2.2-kb efflux gene fragment and plasmid pCR2.1 

were used as probes and labeled with [a-32P]dCTP (3000 Ci mmol'1; Amersham 

Biosciences) by random primer labeling (Roche Applied Science).

2.5.2. Sequencing the emh genes

To locate the chromosomal region containing the efflux pump gene, restriction 

digests of P. fluorescens cLP6a genomic DNA were analyzed by Southern blotting and 

hybridization using the 2.2-kb emhB gene fragment as a probe. The emhB gene 

hybridized to a 9.7-kb BamHL fragment. Genomic DNA from P. fluorescens cLP6a was 

digested with BamHL, and the 7- to 14-kb fragments were ligated to BamHI-linearized 

pUC19 and transformed into E. coli DH5a. About 300 ampicillin-resistant transformants 

were screened by colony PCR using primers specific for the emhB gene sequence (BHN 

10 5'-CTTGCTCTGTGCCGCCATG-3' and BHN11 5-ACCGTGGCGTCAAAAGC 

TAC). One positive colony, harbouring plasmid p251 carrying a 9653-bp insert, was 

identified, and the nucleotide sequence of the insert was determined.

2.5.3. Nucleotide accession number

The nucleotide sequence of the 9653-bp insert of plasmid p251 containing the 

emhABC genes has been deposited in the GenBank database under accession number 

AY349612.

2.5.4. Complementation of emhABC in P. fluorescens cLP6a-1

A 6789-bp fragment containing the emhABC genes and their upstream region was 

amplified from p251 using the Expand Long Template PCR system (Roche Applied 

Science). The forward primer BHN49,5'-TTACAGGATCCCGGCTTTTGTAACGATG 

TGGG-3', corresponding to nucleotide positions 767 to 787 in the nucleotide sequence 

(accession number AY349612), and reverse primer BHN50, 5’-GTTCAGGATCCCACC
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CTTTCCCGCAGCCAAC-3', corresponding to positions 6731 to 6751 in the nucleotide 

sequence, contained BamHL sites (underlined) for cloning the PCR product into the 

broad-host-range vector pUCP26. The resulting plasmid pBH5 contained the emhABC 

genes in the opposite orientation as the lacZ promoter (Figure 2.1). Plasmid pBH5 was 

introduced into P. fluorescens cLP6a-l by electroporation, and one transformant, 

designated P. fluorescens cLP6a-l(pBH5), was selected for analysis. As a vector control, 

pUCP26 was electroporated into P. fluorescens cLP6a-l to obtain P. fluorescens cLP6a- 

l(pUCP26).

2.6. Regulation of the emhABC  efflux system

2.6.1. Construction of emh promoter-reporter plasmids

The intergenic region between emhR and emhA genes was amplified from p251 

by PCR by using primers BHN55 (5'-TAAGACGAAGCTTGGCAGTACAACCTCAAT 

CAGGGTGC-3', with the HindUI site underlined) and BHN56 (5'-CCAGAGGGATCC 

AGCTGGCTTGAATTGCATGAAA-3', with the BamHL site underlined) corresponding 

to positions 656 to 680 and positions 919 to 940 in the nucleotide sequence (accession 

number AY349612). The PCR product was cloned upstream of the promoterless lacZ 

gene in plasmid pTZllO, and the streptomycin resistance cassette from plasmid p34S- 

Sm3 was inserted into the ampicillin resistance gene on plasmid pTZllO at the unique 

Pstl site to generate the promoter-reporter plasmid pTZl 10-PemhA (Figure 2.2A). A 

reporter plasmid in which the intergenic region between the emhA and emhR genes was 

oriented in the opposite direction was constructed in a similar fashion by using primers 

BHN72 (5'-TAAGACTAAGCTTCAGCTGGCTTGAATTGCATGA-3', with the HindLLl 

site underlined) and BHN73 (5-TCACATGGATCCGGCAGTACAACCTCAATCAG- 

3', with the BamHL site underlined) corresponding to positions 920 to 940 and positions 

656 to 675 in the nucleotide sequence (accession number AY349612). The resulting 

plasmid, pTZ110-PemhR, has the intergenic region in the same orientation as the emhR 

gene (Figure 2.2B). A control plasmid, pTZllO-str, was constructed by inserting the 

streptomycin resistance cassette into the Pstl site of pTZllO. The reporter plasmids and 

the control plasmid were electroporated into P. fluorescens cLP6a to generate strains 

cLP6a(pTZl 10-PemhA), cLP6a(pTZ110-PemhR) and cLP6a(pTZ110-str).
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BamVtt

lacZct

Xho\

pBH5

BamH\

EcoR\

EcoRL BsiW l

Figure 2.1. Schematic of plasmid pBH5 containing the emhABC  genes. Plasmid 
pBH5 was constructed by cloning the emhABC genes into the BamHL site on the broad- 
host-range vector pUCP26. The emhABC genes were inserted in the opposite orientation 
of the lacZa gene on the vector. The tetracycline resistance marker (7c) and the 
locations of the BamHL, EcoBl, BsIWl and Xhol restriction sites are indicated.
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HincRW BamH\
P s H

emhR emhA

PTZ110-P emhA

HindW BamhU
Psn

emhA emhR
PsH

PTZ110-P emhR

Figure 2.2. Schematic of the promoter-reporter transcriptional fusion plasmids.
The emhA-emhR intergenic region was fused upstream of the promoterless 'lacZ gene on 
plasmid pTZllO. Plasmid pTZ110-PemhA (A) was constructed with the emhA-emhR 
intergenic region inserted such that the emhA and lacZ genes are in the same direction. In 
plasmid pTZ110-PemhR (B), the intergenic region was inserted such that the emhR and 
lacZ genes are in the same direction. The directions of the emhA and emhR genes are 
indicated. The streptomycin resistance marker (str) and the HindDI, BamHL and Pstl 
restriction sites are indicated.
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2.6.2. Determination of emh promoter activity

2.6.2.1. Growth phase dependence

Growth curves were generated for P. fluorescens strains cLP6a(pTZl 10 -P emhAX 

cLP6a(pTZ110-PemhR) and cLP6a(pTZ110-str) grown at 28°C in 500-mL flasks 

containing 200 mL TSB with shaking (200 rpm) and in test tubes containing 10 mL TSB 

with aeration on a tube roller. At various time intervals, samples were removed for 

ODeoo and {3-galactosidase activity measurements (section 2.6.3). For consistency, the 

same mass of cells, which corresponded to an ODeoo ~0.5 in a 1-mL volume, was 

removed at each time point.

2.6.2.2. Effect of hydrocarbons and metabolites

To determine the effects of various hydrocarbons on expression of the lacZ 

reporter gene, P. fluorescens strains cLP6a(pTZl 10-PemhA), cLP6a(pTZ110-PemhR) and 

cLP6a(pTZ110-str) were grown in 10 mL TSB in the presence of 0.5 g L '1 of 

phenanthrene, 0.5 g L '1 of anthracene, 0.5 g L '1 fluoranthene, 0.5 g L '1 naphthalene or 

0.02% (vol/vol) toluene to an OD<5oo of -2.5. A mass of cells corresponding to an OD600 

-0.5 in a 1-mL volume was harvested for measurement of (3-galactosidase activity.

Metabolites of phenanthrene degradation were also tested to determine their effect 

on the regulation of the emh genes. Crude metabolite samples were prepared from the P. 

fluorescens LP6a strains D l, 8 and 21-41, which have the 1,2-dihydroxy-1,2- 

dihydronaphthalene dehydrogenase (nahB), 1,2-dihydroxy naphthalene dioxygenase 

(nahQ  and tamr-o-hydroxybenzylidene pyruvate hydratase-aldolase (nahE) genes on 

plasmid pLP6a disrupted by transposon mutagenesis (Table 2.1). The genes for 

polycyclic aromatic hydrocarbon degradation were induced by addition of 0.5 mM 

salicylate to P. fluorescens LP6a strains, which had been grown in 100 mL TSB to an 

ODgoo ~4. After 4 h of induction at 28°C, the cells were washed in 0.1 M potassium 

phosphate buffer (pH 7.2), resuspended in 100 mL of the same buffer, and 50 pL of a 1M 

phenanthrene solution in dimethyl formamide was added to yield a final concentration of 

0.5 mM. The cell suspensions were incubated at 28°C for 16 h to allow for metabolism 

of the phenanthrene. Cells were removed by centrifugation, and the supernatant was
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collected. The presence of metabolites in the supernatants was confirmed by measuring 

the absorbance from 200 nm to 400 nm using a Philips PU8740 ultraviolet-visible 

scanning spectrophotometer (Fisher Scientific). The supernatants were diluted 2-fold in 

2x TSB containing 25 jxg mL'1 streptomycin to which was added a 0.5% (vol/vol) 

inoculum of P. fluorescens cLP6a(pTZl 10-PemhA), cLP6a(pTZ110-PemhR) or 

cLP6a(pTZ110-str). Salicylate and 2-aminobenzoate at concentrations of 2 mM in 10 

mL TSB were also tested with the reporter strains. The reporter strains were grown to an 

ODeoo of -2.5, and a mass of cells corresponding to an ODeoo ~0.5 in a 1-mL volume was 

harvested for measurement of (3-galactosidase activity.

2.6.2.3. Effect of antibiotics

The reporter strains P. fluorescens cLP6a(pTZl 10-PemhA), cLP6a(pTZ110-PemhR) 

and cLP6a(pTZ110-str) were grown in the presence of tetracycline, chloramphenicol, 

erythromycin, and nalidixic acid at concentrations of !4xMIC (section 2.3.3) to an OD600 

-2.5 to determine the effect of these compounds on the expression of the emh genes. A 

mass of cells corresponding to an ODeoo -0.5 in a 1-mL volume was harvested for 

measurement of (3-galactosidase activity.

2.6.3. Measurement of (3-galactosidase activity

The p-galactosidase activities of the samples were determined by permeabilizing 

the cells according to the Miller assay method (Miller 1972) and measuring the 

hydrolysis of o-nitrophenyl-(3-D-galactosidase (ONPG, Sigma) using the microplate assay 

method described by Griffith and Wolf (2002). The harvested cells were resuspended in 

0.85% (wt/vol) sodium chloride, and an aliquot was removed to determine the OD600 

using a SpectraMax Plus384 microplate reader (Molecular Devices Corporation). To 

measure the enzyme activity, the resuspended cells were diluted 10-fold in Z-buffer 

containing 60 mM Na2HPC>4, 40 mM NalLPCL, 10 mM KC1, ImM MgSCV 7 H2O and 50 

mM P-mercaptoethanol. Cells were permeabilized in the Z-buffer by addition of sodium 

dodecylsulfate (SDS) and chloroform to final concentrations of 0.002% (wt/vol) and 

0.04% (vol/vol), respectively. Aliquots (100 pL) of the permeabilized cells were placed
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in triplicate into a 96-well microplate, and 20 pL of ONPG was added to a final 

concentration of 0.67 mg mL'1. After 15 min, the reaction was quenched by addition of 

50 p.L Na2CC>3 to a final concentration of 0.3 M. The absorbance at 420 nm (A420) and 

the absorbance at 550 nm (A 550) were measured, and the specific activity of (3- 

galactosidase was calculated according to equation [2]:

p-galactosidase activity = 1000 x (A420-  1.75Asso) [2]

t (min) x V (ml) x ODqoo 

where t is the assay time in minutes and V is the volume of cells used in the assay in mL 

(Griffith and Wolf 2002).

2.7. Site-directed mutagenesis of EmhB

2.7.1. Construction of histidine-tagged EmhB

An oligonucleotide encoding a six-histidine tag was introduced in-frame at the 3'- 

end of the emhB gene using the overlap extension PCR method (Horton et al. 1989) such 

that the histidines will be located on the cytoplasmic C-terminus of the EmhB protein. A 

1-kb fragment at the 3'-end of the emhB gene was amplified from pBH5 by PCR with the 

forward primer EMH1, 5'-GGACTGAACGACGAGCCGCAATAT-3', corresponding to 

positions 4234 to 4257 in the nucleotide sequence (accession number AY349612), and 

the reverse primer EMH2, 5,-ATTAGTGATGGTGATGGTGGTGGCCAGCCTCTTT 

AGAAGGTTCAATAGC-3', corresponding to positions 5200 to 5229 in the nucleotide 

sequence (accession number AY349612) with the additional codons for the six-histidine 

tag underlined. Similarly, a 1.6-kb fragment at the 5'-end of the emhC gene was 

amplified from pBH5 by PCR with the forward primer EMH3,5-GGCCACCACCATCA 

CCATCACTAATGAGCAAGTCGCTACTCTCCATCG-3', corresponding to positions 

5227 to 5253 in the nucleotide sequence (accession number AY349612) with the 

additional codons for the six-histidine tag underlined, and the reverse primer EMH4, 5'- 

CAGGAAACAGCTATGACCATGATTACGA-3'. In the overlap PCR step, the 1-kb 

and 1.6-kb PCR products were mixed in equimolar amounts without additional primers 

and subjected to the following PCR cycles: an initial denaturation at 94°C for 2 min, five 

cycles of 94°C for 30 s, 50°C for 3 min and 72°C for 2.5 min, and a final extension at 

72°C for 5 min. The extension PCR step contained 5 pL of the overlap PCR mixture and
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the forward and reverse primers EMH1 and EMH4. The extension PCR consisted of an 

initial denaturation at 94°C for 2 min, 25 cycles of 94°C for 30 s, 55°C for 30 s and 72°C 

for 2.5 min, and a final extension at 72°C for 5 min. The resulting 2.6-kb PCR product 

was digested with EcoRI, and the 1.8-kb £coRI fragment was ligated into EcoRI-digested 

pBH5 to replace the corresponding region in the plasmid. The new plasmid carrying the 

histidine-tagged emhB gene was designated pBH5-EmhBhiS and was transformed into P. 

fluorescens cLP6a-l by electroporation. Nucleotide sequencing of the 1.8-kb EcoRI 

region in plasmid pBH5-EmhBhiS confirmed the in-frame addition of six histidines at the 

3'-end of the emhB gene and the absence PCR-introduced errors or other mutations.

2.7.2. Construction of site-directed mutations in EmhBhis

Mutations in the emhBhis gene were introduced by PCR using the QuikChange® 

II XL Site-directed Mutagenesis kit (Stratagene). To facilitate the QuikChange reaction, 

a 3.8-kb fragment of the emhA and emhB genes spanning the unique BsiWl and Xhol 

restriction sites was amplified from pBH5-EmhBhiS by PCR with primers BHN20 5'-GG 

TCGACGAACAGGCGGTGAG-3' and BHN38 5'-CCCAGAAGATCGCCAGAACC-3', 

corresponding to positions 1287 to 1307 and 5118 to 5137 in the nucleotide sequence 

(accession number AY349612). The 3.8-kb PCR product was cloned into pCR2.1 by TA 

cloning, and the resulting plasmid, pBHIO, was used as the template in the QuikChange 

reaction. The QuikChange reaction (50pL) contained 20 or 100 ng of pBHIO template 

DNA, lxQuikChange buffer, 3 pL Quiksolution, 1 pL dNTP mix, 1 pL P/wUltra, and 

forward and reverse primers at a concentration of 12 pM each. The PCR cycles consisted 

of an initial denaturation at 95°C for 1 min, 18 cycles of 95°C for 50 s, 60°C for 50 s, and 

68°C for 8 min, and a final extension at 68°C for 7 min. Following the PCR, the parental 

plasmids were digested with Dpril, and the mutated pBHIO plasmids were transformed 

into E. coli DH5a. To replace the wild-type emhBhis gene on plasmid pBH5-EmhBhiS, the 

3-kb BsiWL-Xhol fragments from the mutated pBHIO plasmids were ligated into BszWI- 

Xhol digested pBH5-EmhBhiS. The resulting plasmids, carrying the mutated emhBhis 

genes, were transformed into P. fluorescens cLP6a-l by electroporation. Twenty-one 

mutations were introduced into the emhBhis gene in this manner (Table 2.2), and one
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Table 2.2. List of EmhB mutations generated by site-directed mutagenesis

Mutation Plasmid Mutagenic prim er sequence0
F386A pBH13 GGCATCCTCGCGGCGGCCGGTTTCAGCATCAACACC

GGTGTTGATGCTGAAACCGGCCGCCGCGAGGATGCC
A385Y pBH14 CGTTCGGCATCCTCGCGTACTTCGGTTTCAGCATC

GATGCTGAAACCGAAGTACGCGAGGATGCCGAACG
A384P pBH16 TGGGTACGTTCGGCATCCTCCCGGCGTTCGGTTTCAGCATCAA

TTGATGCTGAAACCGAACGCCGGGAGGATGCCGAACGTACCCA
A384P/A385Y pBH18 ACGTTCGGCATCCTCCCGTACTTCGGTTTCAGCATCAA

TTGATGCTGAAACCGAAGTACGGGAGGATGCCGAACGT
F458A pBH20 ATTGCTGCCGATGGCGGCCTTCAGTGGCTCCACGGGTGT

ACACCCGTGGAGCCACTGAAGGCCGCCATCGGCAGCAAT
F459A pBH22 ATTGCTGCCGATGGCGTTCGCCAGTGGCTCCACGGGTGT

ACACCCGTGGAGCCACTGGCGAACGCCATCGGCAGCAAT
N99A pBH24 CGAGCAAGGCACCGCCTCCGATACCGCG

CGCGGTATCGGAGGCGGTGCCTTGCTCG
D101A pBH26 TCGAGCAAGGCACCAACTCCGCTACCGCGCAGGTCCAGGTCCA

GGACCTGGACCTGCGCGGTAGCGGAGTTGGTGCCTTGCTCGA
N112A pBH28 GGTCCAGAACAAGCTGGCCCTGGCCACCCCGCTGCT

GCAGCGGGGTGGCCAGGGCCAGCTTGTTCTGGACC
Y157A pBH32 ACCTGTCCAACGCCATCGTGTCGAACATG

GCATGTTCGACACGATGGCGTTGGACAGGTC
F281A pBH36 ATCAACGCTCAGGCCAACGGTGCACCGGCTTCC

CGGAAGCCGGTGCACCGTTGGCCTGAGCGTTGA
F316A pBH38 CATTAACACGCTCAAGCCAGCCTTCCCGCAAG

CTTGCGGGAAGGCTGGCTTGAGCGTGTTAATG
F682A pBH40 TTTCGATGTGGCCCTGCAAGACCGCGCCGG

GGCGCGGTCTTGCAGGGCCACATCGAAAC
F325A pBH44 GGGATGGAAGTGGTGGCCCCGTATGACACCAC

GTGGTGTCATACGGGGCCACCACTTCCATCCC
S608A pBH46 GCGCCGTGGCGGCGGTGTTTACCG

CGGTAAACACCGCCGCCACGGCGC
N282A pBH48 TCAACGCTCAGTTCGCCGGTGCACCGGC

GCCGGTGCACCGGCGAACTGAGCGTTGA
Q104A pBH50 CTCCGATACCGCGGCGGTCCAGGTCCAG

CTGGACCTGGACCGCCGCGGTATCGGAG
K131A pBH52 CGTGACCAAGTCAGTGGCGAACTTCCTGCTGGTG

CACCAGCAGGAAGTTCGCCACTGACTTGGTCACG
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Mutation Plasmid Mutagenic prim er sequence"

D101E pBH56 TCGAGCAAGGCACCAACTCCGAAACCGCGCAGGTCCAGGTCCA
GGACCTGGACCTGCGCGGTTTCGGAGTTGGTGCCTTGCTCGA

D101N pBH58 TCGAGCAAGGCACCAACTCCAATACCGCGCAGGTCCAGGTCCA
GGACCTGGACCTGCGCGGTATTGGAGTTGGTGCCTTGCTCGA

F317A pBH60 CGCTCAAGCCATTCGCCCCGCAAGGGATGG
CCATCCCTTGCGGGGCGAATGGCTTGAGCG

a Primer sequences are shown in 5' to 3' direction, and the mutated codon is underlined.
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mutation (A206S) was generated by a PCR-introduced error. Nucleotide sequencing 

confirmed the successful introduction of the mutations.

2.7.3. SDS-polyacrylamide gel'electrophoresis and western immunoblotting

To confirm expression of the mutated EmhBhis proteins in P. fluorescens cLP6a-l, 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and western immunblotting was 

performed on whole cell extracts. Cultures were grown in 200 mL TSB from a 0.5% 

(vol/vol) inoculum of an overnight 10-mL pre-culture, and two 100-p.L aliquots were 

harvested by centrifugation. One sample was used to measure the total protein content 

with the BCA protein assay kit (Pierce Chemical Co., Rockford, Illinois). Cells in the 

second sample were resuspended in 100 pL SDS-PAGE gel loading buffer, which 

contained 0.225 M Tris-HCl (pH 6.8), 5% (wt/vol) SDS, 0.05% (wt/vol) bromophenol 

blue, 0.25 M dithiothreitol and 50% (vol/vol) glycerol, and were heated for 10 min at 

95°C to lyse the cells. Samples containing 10 jig of total cell protein were analyzed by 

SDS-PAGE as described by Sambrook et al. (1989). The stacking and resolving gels 

consisted of 4% and 6% (wt/vol) acrylamide (29:1 acrylamide: N,N’-methylene 

bisacrylamide; Bio-Rad Laboratories), respectively. Electrophoresis was performed in a 

Bio-Rad Mini-Protein HI cell (Bio-Rad Laboratories) containing SDS-PAGE running 

buffer (50 mM Tris-HCl (pH 8.3), 384 mM glycine and 0.1% (wt/vol) SDS). Following 

electrophoresis, the proteins were transferred to Hybond-P membranes (Amersham 

Biosciences) by electroblotting using a Mini-Protean 3 Electrophoretic Transfer cell (Bio- 

Rad Laboratories). The electroblotting transfer buffer contained 25 mM Tris-HCl (pH 

8.3), 192 mM glycine and 20% (vol/vol) methanol and the transfer was conducted at 

100V and 350 mA for 1-2 h at 4°C. Immunoblotting with the Penta-His™ HRP 

conjugate (Qiagen) was performed according to the manufacturer's protocols, and 

detection was carried out using the ECL chemiluminescence kit (Amersham 

Biosciences). A 6xHis protein ladder (Qiagen) was included on the SDS-PAGE gels as a 

molecular weight marker for visualization on the western immunoblots.
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2.7.4. Chemical cross-linking of EmhBhis protein complexes

In vivo cross-linking of the EmhBhis protein in P. fluorescens cLP6a-l strains 

carrying the emhBhis wild-type and mutated genes was performed as described by 

Zgurskaya and Nikaido (2000&). Cultures were grown to an OD600 ~ 4 in TSB containing 

10 jxg mL'1 tetracycline, and 100 pL of cells were harvested by centrifugation at 16 000 x 

g for 2 min. The cells were washed in 0.1 M potassium phosphate buffer (pH 7.2), 

collected by centrifugation and resuspended in the same buffer to a final volume of 500 

jjL. The cell suspensions were split, and the cross-linking reagent dithiobis(succinimidyl 

propionate) (DSP; Sigma) was added to one-half of the cell suspension at a final 

concentration of 0.4 mM. The cells were incubated for 30 min at room temperature 

before terminating the cross-linking reaction by addition of Tris-HCl (pH 7.5) to a final 

concentration of 100 mM. Cross-linked and control cells were harvested and 

resuspended in SDS-PAGE gel loading buffer with or without 0.25 M dithiothreitol. 

Samples were heated at 95°C for 10 min prior to electrophoresis on SDS-PAGE gels and 

western immunoblotting with an anti-His6 antibody was performed on the cross-linked 

samples as described above (section 2.7.3).

2.7.5. Protein modeling

The SWISS-MODEL protein structure homology-modeling server (Guex and 

Peitsch 1997) was used to predict the three-dimensional structure of EmhB by homology 

modeling with AcrB (Murakami et al. 2002) (Protein Data Bank (PDB) entry 1IWG 

(http:www.pdb.org)). Structural representations of proteins were generated by using the 

DS ViewerPro version 6.0 software (Accelrys, San Diego, California).

2.8. Complementation of srpABC and arpABC in P. fluorescens cLP6a-l

To characterize the substrate specificities of the SrpABC and ArpABC efflux 

systems for polycyclic aromatic hydrocarbons, toluene and antibiotics, these efflux 

proteins were expressed in the efflux-deficient mutant P. fluorescens cLP6a-l. Plasmid 

pJD105 containing the srpABC operon was digested with Sad, and the 6.5-kb SacI 

restriction fragment carrying the srpABC operon was cloned into pUCP26. The resulting 

plasmid pBH63-srp, which has the srpABC operon in the same orientation as the lacZ
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promoter in pUCP26 (Figure 2.3A), was introduced by electroporation into P. fluorescens 

cLP6a-l. The arpABC operon, plus 137 nucleotides upstream of the arpA gene, was 

amplified by PCR from P. putida S12 genomic DNA by using the primers ARP-F2 5'- 

TTACTAAGCTTCAGCAGTATTTACAAACAACCATGA-3' and ARP-R2 5- 

GTTC AAAGCTTAGGGTGGGCTTGTGCTGTAAC-3where the added Hindlll 

restriction sites are indicated in bold. The PCR reaction consisted of an initial 

denaturation at 95°C for 5 min, 25 cycles of 95°C for 50 s, 55°C for 50s and 72°C for 5 

min, and a final extension of 72°C for 7 min. The PCR product was cloned into the 

HindUI sites in pUCP26, and the resulting plasmid pBH64-arp, which has the arpABC 

operon in the opposite orientation as the lacZ promoter (Figure 2.3B), was introduced 

into P. fluorescens cLP6a-l by electroporation.

2.9. Measurement of growth rates of P. fluorescens cLP6a and cLP6a-l

Growth rates of P. fluorescens cLP6a and cLP6a-l were determined in TSB 

cultures containing 50 mg mL"1 phenanthrene or in the absence of phenanthrene. The 

ODeoo was used to monitor growth, and plate counts were done by spreading 0.1-mL 

aliquots of ten-fold dilutions on Luria-Bertani agar plates in triplicate.
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pBH63-srp
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Figure 2.3. Schematic of plasmids pBH63-srp and pBH64-arp. Plasmid pBH63-srp 
(A) was constructed by cloning srpABC operon into the S a d  restriction site in the broad- 
host-range plasmid pUCP26. The srpABC genes were inserted in the same orientation as 
the lacZa  peptide gene. Plasmid pBH64-arp (B) was constructed by cloning the arpABC 
operon into the HindUl restriction site in pUCP26. The arpABC genes were inserted in 
the opposite orientation as the lacZa peptide gene. The tetracycline resistance marker 
(7c) on plasmid pUCP26 is indicated.
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3. RESULTS AND DISCUSSION
The discovery of an active efflux mechanism for polycyclic aromatic 

hydrocarbons in P. fluorescens cLP6a (Bugg et al. 2000) prompted the identification and 

characterization of the RND efflux system EmhABC reported herein. Following 

identification of the genes encoding the hydrocarbon efflux system, the objectives of this 

thesis included further characterization of the substrate specificity of the efflux pump, 

investigation of the regulation of efflux pump expression in P. fluorescens, exploration of 

the mechanism for substrate recognition and translocation through the efflux pump 

protein, and a survey of the prevalence of polycyclic aromatic hydrocarbon efflux in 

gram-negative bacteria. The results of these studies are discussed with respect to the 

significance of an efflux system for polycyclic aromatic hydrocarbons in P. fluorescens.

3.1. Identification of the EmhABC efflux system in Pseudomonas fluorescens

cLP6a2

3.1.1. Detection and insertional inactivation of the efflux pump gene

In order to identify the genes encoding the efflux system for polycyclic aromatic 

hydrocarbons observed by Bugg et al. (2000) in P. fluorescens LP6a, it was hypothesized 

that the transport protein was homologous to efflux pumps belonging to the RND family. 

Degenerate PCR primers were designed from conserved sequences in the antibiotic efflux 

pump MexB from P. aeruginosa and in the toluene efflux pumps TtgB and TtgE from P. 

putida DOT-T1E and SrpB from P. putida S12 (Figure 3.1) and were used to amplify 

homologous genes from P. fluorescens cLP6a genomic DNA (Figure 3.2). The PCR 

product corresponding to the expected size (2.2 kb) was cloned, and 6 of 20 recombinant 

plasmids were selected randomly for partial DNA sequencing. The partial sequences of 

the six inserts were identical indicating that only one pump gene in P. fluorescens cLP6a 

had been amplified. A BLAST search of the translated sequence revealed a high degree 

of identity (60 to 80%) to gram-negative bacterial RND pumps in the GenBank database.

2 Portions of this section have been published previously by Hearn et al. (2003).
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MexB 2 5 0  E L m e W M  ^ L K |V A D V G  ... L g g v fL A I S T  9 9 2
T tgB  2 5 0  fl|VK§VGRAE ... g g j lg jB jg S g jl  L^V pLTIA S 9 9 1
T tgE  2 5 0  jv ^ S tA i l i l  ^ V k | l D R W  ...
SrpB 2 5 0  f^LGEjVAQVG ...

 ►

|T FggLgM ARAT 9 9 4  
9 9 2

5 ' -CGGA(C/T) GG (C/T)TCICAGGT (A/G) -3  ' 3 ' -TGGAGIGA (G/C) CGIAAGT (A/G) G (A/G) A -5 '

Forward primer Reverse primer

Figure 3.1. Alignment of conserved regions in RND efflux pump proteins. The
proteins are MexB from P. aeruginosa PA01 (accession number NP_249117), TtgB from 
P. putida DOT-T1E (AAC38671), TtgE from P. putida DOT-T1E (CAB72259), and 
SrpB from P. putida S12 (AAD12176). The arrows indicate the conserved regions used 
to design primers for PCR amplification of homologous efflux pumps in P. fluorescens 
cLP6a, and the primer sequences are indicated with degenerate sites given in parentheses.
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Figure 3.2. Amplification of efflux pump genes from P. fluorescens cLP6a genomic 
DNA. Degenerate PCR primers were used to amplify genes homologous to RND efflux 
pumps in P. fluorescens cLP6a-l genomic DNA. Lane 1, X DNA BstEII digest (size of 
fragments in kb is indicated); lane 2, PCR products from P. fluorescens cLP6a genomic 
DNA as template; lane 3, PCR product from plasmid pJD105, which carries the srpB 
gene; lane 4, PCR negative control.
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Plasmid pCR17, containing the 2.2-kb PCR product, was introduced into P. 

fluorescens cLP6a by electroporation such that integration of the plasmid into the 

chromosome by homologous recombination would disrupt the efflux pump gene. A 

disruption mutant, P. fluorescens cLP6a-l, was obtained, and the presence of the 

insertion was confirmed by Southern blotting and hybridization by using the 2.2-kb 

efflux gene fragment and the plasmid pCR2.1 as probes (Figure 3.3). The efflux gene 

fragment hybridized to a 8 to 10-kb BamHL fragment, a 4.6-kb EcdPl fragment, a 3-kb 

Pstl fragment and a 5-kb Sail fragment of the wild-type P. fluorescens cLP6a genomic 

DNA. The hybridization pattern of the mutant P. fluorescens cLP6a-l genomic DNA 

with the efflux gene probe was different from the wild-type pattern and corresponded to 

insertion of the plasmid pCR2.1 within the efflux gene. DNA fragments from the mutant 

P. fluorescens cLP6a-l, but not from the wild-type cLP6a, hybridized to the pCR2.1 

probe, indicating the correct insertion of the plasmid into the efflux pump gene.

To test the role of the gene product in the efflux of polycyclic aromatic 

hydrocarbons, the cellular accumulation of [14C]phenanthrene by P. fluorescens cLP6a 

and by the disruption mutant P. fluorescens cLP6a-l was measured before and after 

addition of the energy inhibitor azide (Figure 3.4). The cellular accumulation, which 

represented both the intracellular and membrane-associated hydrocarbon, was the amount 

of phenanthrene in the cell pellet after centrifugation and was expressed as the fractional 

amount of the total 14C added. For P. fluorescens cLP6a, the fractional amount of 

[14C]phenanthrene in the cells rapidly reached a steady-state level of 0.12 ± 0.07 in the 

absence of azide. Upon addition of the energy inhibitor azide, the fraction of 

phenanthrene in the cells increased to 0.32 ± 0.01. This significant increase (P < 0.005) 

is consistent with inhibition of an active efflux process. In contrast, the disruption mutant 

P. fluorescens cLP6a-l displayed a significantly higher steady-state level of 

phenanthrene (0.29 ± 0.02; P  < 0.01) prior to azide addition than the wild-type P. 

fluorescens cLP6a strain. The fraction of phenanthrene in the mutant cells did not 

increase significantly above the steady-state level when azide was added and was 

equivalent to the final cellular level in the azide-treated wild-type strain. These results 

indicate that the gene for polycyclic aromatic hydrocarbon efflux had been disrupted. 

This gene was designated emhB.
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Figure 3.3. Confirmation of the efflux pump gene disruption in P. fluorescens cLP6a-l by Southern blotting and 
hybridization. Restriction digests of P. fluorescens cLP6a or cLP6a-l genomic DNA were run on a 0.8% (wt/vol) agarose gel at 30V 
in Tris-acetate-EDTA running buffer and transferred to nylon membrane by Southern blotting. Membranes were probed with the 2.2- 
kb efflux pump gene fragment (gel A) or the plasmid pCR2.1 (gel B). Lane 1, A, DNA //mr/III/EcoRI double digest (size of fragments 
in kb is indicated at left); lane 2, cLP6a BamEl digest; lane 3, cLP6a-l BamHl digest; lane 4, cLP6a EcoRl digest; lane 5, cLP6a-l 
EcoRl digest; lane 6, cLP6a Pstl digest; lane 7, cLP6a-l Pstl digest; lane 8, cLP6a Sail digest; lane 9, cLP6a-l Sail digest; lane 10, 
2.2-kb efflux pump gene fragment; lane 11, pCR2.1 EcoRl digest; lane 12, A DNA flj/EII digest (size of fragments in kb is indicated 
at right).
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Figure 3.4. Accumulation of [9-14C]phenanthrene in cell pellets of P. fluorescens 
cLP6a (closed circles) and the emhB disruption m utant cLP6a-l (open circles) over 
time. The fractional amount of radiolabeled phenanthrene in the cells was measured by 
using the rapid centrifugation method (Bugg et al. 2000). The dashed line indicates the 
time at which 30 mM azide was added. The data points are the means of three 
independent experiments, and the error bars indicate one standard deviation. Taken from 
Hearn et al. (2003).
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3.1.2. Cloning and sequence analysis of the Emh efflux system

The 8 to 10-kb BamHl fragment of P. fluorescens cLP6a genomic DNA, which 

hybridized to the emhB gene fragment (Figure 3.3), was cloned into pUC19, and its 

nucleotide sequence, which was 9.7 kb in length, revealed seven complete open reading 

frames (ORFs) (Figure 3.5). ORF3 (nucleotides 2083 to 5229) corresponded to the emhB 

gene, whose deduced protein sequence showed a close phylogenetic relationship to RND 

pumps in P. fluorescens PfO-1, P. putida, P. aeruginosa and E. coli (Figure 3.6). 

Interestingly, EmhB clustered phylogenetically with the known antibiotic and toluene 

efflux pump TtgB in P. putida DOT-T1E, as well as with the antibiotic efflux pumps 

ArpB and MexB in P. putida S12 and P. aeruginosa PA01, respectively. The solvent 

efflux pumps SepB, TtgE, SrpB and TtgH that have been characterized in various P. 

putida strains formed a distinct clade on the phylogenetic tree (Figure 3.6).

Adjacent to emhB (Figure 3.5), ORF2 (nucleotides 922 to 2079) and ORF4 

(nucleotides 5229 to 6689) encoded the putative membrane fusion protein and the outer 

membrane factor protein, respectively, of the efflux system; these genes were designated 

emhA and emhC, which is consistent with the nomenclature for three-component efflux 

systems. The deduced protein sequences encoded by the emhA and emhC genes showed 

high homology to their counterparts in RND three-component efflux systems identified in 

other pseudomonads and in E. coli (Table 3.1). Consistent with the phylogenetic analysis 

of EmhB (Figure 3.6), the EmhABC system in P. fluorescens cLP6a exhibited a high 

degree of identity to the TtgABC, ArpABC and MexAB-OprM three-component efflux 

systems, which have been demonstrated to be involved in antibiotic resistance in P. 

putida and P. aeruginosa strains (Rojas et al. 2001, Kieboom and de Bont 2001, Li et al.

1995). The solvent efflux systems SrpABC, TtgDEF and TtgGHI showed lower degrees 

of identity to EmhABC, but were more similar than the MexCD-OprJ and MexXY efflux 

systems in P. aeruginosa PA01. Finally, the E. coli A ct A  and AcrB proteins showed 

high homology to the EmhA and EmhB proteins, although the outer membrane factor 

proteins TolC and EmhC were less similar.

An additional ORF was located on the 9.7-kb fragment upstream of the emhABC 

genes but in the opposite orientation (Figure 3.5). The deduced amino acid sequence 

encoded by ORF1 (nucleotides 23 to 655) exhibited homology to sequences of
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Figure 3.5. Schematic representation of the emh gene cluster in P. fluorescens 
cLP6a and cLP6a-l. In pCR17, the sequence of plasmid pCR2.1, which confers 
kanamycin resistance (KmR), is cross-hatched, while the flanking regions homologous to 
emhB are not. Taken from Hearn et al. (2003).
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100
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100

65

100

' EmhB P. fluorescens cLP6a-l

Hypothetical protein P. fluorescens Pf0-1

100
TtgB P. putida DOT-T1E

ArpB P. putida S12

MexB P. aeruginosa PA01

100

100

100

SepB P. putida FI

TtgE P. putida DOT-T1E

SrpB P. putida S12

TtgH P. putida DOT-T1E

' AcrB E. coli K12

MexD P. aeruginosa PA01

0.1
' MexY P. aeruginosa PA01

Figure 3.6. Phylogenetic relationship of EmhB to other RND efflux pumps. The tree 
was generated by using the Jones-Taylor-Thomton distance matrix and the neighbour- 
joining methods in PHYLIP (Felsenstein 2004) and was drawn by using Treeview (Page
1996). The tree was rooted with MexY as the outgroup, and the scale bar represents 0.1 
substitutions per amino acid. Bootstrapping was carried out using PHYLIP (Felsenstein 
2004), and the bootstrap values, indicating the number of times the partitioning of the 
sequences occurred out of 100 trees, are shown at the nodes. The accession numbers are 
as follows: EmhB, AAQ92181; hypothetical protein P. fluorescens Pf0-1, ZP_00266637; 
TtgB, AAC38671; AipB, AAF73832 ; MexB, NP_249117; SepB, AA049779; TtgE, 
CAB72259; SrpB, AAD12176; TtgH, AAK69564; AcrB, NP_414995; MexD, 
NP_253288; and MexY, NP_250708.
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Table 3.1. Comparison of the P. fluorescens cLP6a EmhABC efflux proteins with

other three-component RND efflux systems

Organism Protein Function

% Protein identity" 

EmhA* EmhB* EmhC6

P. fluorescens Pf0-lc MFP
RND
OMC

unknown 95
92

95
P. putida DOT-T1E TtgA

TtgB
TtgC

antibiotic,
solvent

resistance

78
86

76
P. putida S12 ArpA

ArpB
ArpC

antibiotic
resistance

74
86

76
P. aeruginosa PA01 MexA

MexB
OprM

antibiotic
resistance

67
80

69
P. putida S12 SrpA

SrpB
SrpC

solvent
tolerance

57
63

54
P. putida DOT-T1E TtgG

TtgH
Ttgl

solvent,
antibiotic
resistance

55
63

53
P. putida DOT-T1E TtgD

TtgE
TtgF

solvent
tolerance

54
62

54
E. coli K12 AcrA

AcrB
TolC

antibiotic
resistance

52
67

16
P. aeruginosa PA01 MexC

MexD
OprJ

antibiotic
resistance

40
50

44
P. aeruginosa PA01 MexX

MexY
antibiotic
resistance

31
48

a Percent identities were calculated by using the Sequence Manipulation Suite version 2 

(Stothard 2000).
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b In P. fluorescens cLP6a, EmhA is the membrane fusion protein, EmhB is the RND 

efflux pump and EmhC is the outer membrane component

c Hypothetical membrane fusion protein (MFP; accession number ZP_00266638), RND 

efflux pump (accession number ZP_00266637) and outer membrane channel (OMC; 

accession number ZP_00266636) based on the genome sequence of P. fluorescens PfO-1.
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transcriptional repressors belonging to the TetR family, including TtgR (71% identity) in 

P. putida DOT-T1E and ArpR (71% identity) in P. putida S12. Although the role of 

ORF1 has not been determined, the gene product is believed to regulate the emhABC 

genes and has been designated emhR.

Downstream of the emhABC genes, three ORFs were identified on the 9.7-kb 

BamHL fragment (Figure 3.5). The deduced protein encoded by ORF5 (nucleotides 7041 

to 8300) showed homology to porins that are selective for specific substrates, such as 

BenF (44% identical to ORF5) involved in benzoate uptake (Cowles et al. 2000) and 

PhaK (38% identical to ORF5) required for phenylacetic acid uptake (Olivera et al. 

1998). ORF6 (nucleotides 8368 to 8760) and ORF7 (nucleotides 8772 to 9458) encode 

putative proteins similar to carboxymuconolactone decarboxylases and 3-oxoadipate 

enol-lactone hydrolases involved in the P-ketoadipate pathway for metabolism of 

catechol and protocatechuate (Harwood and Parales 1996), which are intermediates in the 

degradation of aromatic compounds. Genes similar to ORF5, ORF6, and ORF7 are 

located in the same arrangement adjacent to the antibiotic and solvent efflux operon 

ttgABC (nucleotide accession number AF031417) in P. putida DOT-T1E.

3.1.3. Phenanthrene efflux is restored by complementation

To confirm the role of the Emh efflux system, the emhABC genes and their 

upstream putative promoter region were ligated into the broad-host-range vector 

pUCP26, and the resulting plasmid, pBH5, was transformed into P. fluorescens cLP6a-l. 

The transformant, P. fluorescens cLP6a-l(pBH5), accumulated levels of phenanthrene 

similar to the levels accumulated by the wild-type strain in both the absence and the 

presence of azide (Figure 3.7). As a control, pUCP26 was transformed into P. 

fluorescens cLP6a-l to ensure that the tetracycline resistance gene for tetracycline efflux 

on the vector did not affect the complementation results. There was no change in the 

amount of cell-associated phenanthrene in P. fluorescens cLP6a-l(pUCP26) after azide 

addition (Figure 3.7), and the levels of phenanthrene were comparable to those in mutant 

P. fluorescens cLP6a-l, within the error typically observed for the assay. Thus, the 

increased accumulation of phenanthrene observed in P. fluorescens cLP6a-l(pBH5) upon 

azide addition resulted from inhibition of the restored EmhABC efflux system.
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Figure 3.7. Distribution of radiolabeled substrates in the cell pellets of P. 
fluorescens cLP6a strains at steady state before (open bars) and after (solid bars) 
addition of 30 mM azide. The fractional amounts of phenanthrene, anthracene and 
fluoranthene in the cells were measured by the rapid centrifugation method (Bugg et al. 
2000). P. fluorescens cLP6a is the wild-type strain, cLP6a-l is the emhB disruption 
mutant, cLP6a-l(pBH5) is the disruption mutant complemented with the emhABC genes, 
and cLP6a-l(pUCP26) is the vector negative control. The bars indicate the means of 
three independent experiments, and the error bars indicate one standard deviation. Taken 
from Hearn et al. (2003).
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3.1.4. The EmhABC efflux system transports polycyclic aromatic hydrocarbons.

Since it was shown previously that anthracene and fluoranthene are also subject to 

active efflux in P. fluorescens cLP6a (Bugg et al. 2000), the involvement of the emhABC 

genes in the efflux of these polycyclic aromatic hydrocarbons was investigated. 

Transport assays were performed by using radiolabeled anthracene or fluoranthene and P. 

fluorescens cLP6a, cLP6a-l, cLP6a-l(pBH5), and cLP6a-l(pUCP26). Figure 3.7 

compares the steady-state levels of these substrates for the four strains in the absence and 

in the presence of azide. As observed with phenanthrene, disruption of the emhB gene in 

P. fluorescens cLP6a-l caused accumulation of cellular levels of anthracene and 

fluoranthene before azide addition that were higher than the levels in the wild-type P. 

fluorescens cLP6a strain (P < 0.025). However, the fractional amounts of anthracene and 

fluoranthene increased significantly after azide treatment of cLP6a-l cells, suggesting 

that there may be additional efflux mechanisms for these hydrocarbons. 

Complementation of the emhB insertion mutant with pBH5 restored the level of 

accumulated hydrocarbon to the levels in the unmodified strain cLP6a. As a control, 

transport of anthracene and fluoranthene was measured in P. fluorescens cLP6a- 

l(pUCP26) and, as expected, was comparable to transport in the mutant cLP6a-l. 

Although the fractional amounts of anthracene and fluoranthene after azide addition were 

similar for the two strains, a higher level of hydrocarbon accumulated prior to azide 

addition in the vector control cLP6a-l(pUCP26) than in cLP6a-l (Figure 3.7). The 

presence of plasmid pUCP26 seemed to affect the residual anthracene and fluoranthene 

efflux activity observed in mutant cLP6a-l. Possibly, expression of the tetracycline 

resistance gene on pUCP26, which encodes an inner membrane tetracycline-specific 

efflux pump, affected the expression of other efflux systems in P. fluorescens cLP6a-l. 

However, these results do not contradict the hypothesis that EmhABC is involved in 

anthracene and fluoranthene efflux, as indicated by the data obtained with P. fluorescens 

cLP6a-l and cLP6a-l(pBH5).

3.1.5. Comparison of the emhABC genes with other RND efflux systems

The emhABC gene cluster encoding a three-component RND efflux system was 

identified in P. fluorescens cLP6a and proved to be responsible for the proton-dependent
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efflux of phenanthrene (Figure 3.4). The EmhABC system also is involved in the active 

efflux of anthracene and fluoranthene, although additional active efflux systems may be 

present in P. fluorescens cLP6a to transport these hydrocarbons since disruption of emhB 

did not completely eliminate their efflux (Figure 3.7). Eleven RND efflux pump genes 

have been identified in the genome of P. fluorescens PfO-1 (http://genome.jgi- 

psf.org/draft_microbes/psefl/psefl.home.html) and in P. aeruginosa PA01 (Stover et al. 

2001); therefore, P. fluorescens cLP6a likely possesses more than one efflux system.

Since gram-negative bacteria commonly possess multiple RND efflux systems, it 

was surprising that only one RND efflux pump gene was amplified by using PCR with 

degenerate primers in P. fluorescens cLP6a. The PCR primers were designed based on 

conserved regions in only four RND proteins, MexB, TtgB, TtgE and SrpB (Figure 3.1). 

The regions selected for primer design are not as highly conserved among other RND 

pumps. Thus, the PCR was likely biased for the detection of the closest homologue of 

MexB, TtgB, TtgE and SrpB. As expected, the protein sequence of EmhB was closely 

related to these efflux pumps (Table 3.1 and Figure 3.6).

The deduced protein sequences encoded by the emhA, emhB and emhC genes 

showed a high degree of homology to membrane fusion proteins, RND efflux pumps and 

outer membrane factor proteins of three-component efflux systems (Figure 3.6). 

Although it has not been verified, the homology of the emh genes to the ttgABC and 

mexAB-oprM efflux operons strongly suggests that the emhA, emhB and emhC genes 

form an operon. EmhB is closely related to a putative RND efflux pump in P. 

fluorescens PfO-1, a strain which was isolated from soil (Compeau et al. 1998), to the 

TtgB efflux pump, which transports antibiotics and solvents in P. putida DOT-T1E 

(Ramos et al. 1998), to the ArpB antibiotic efflux pump in P. putida S12 (Kieboom and 

de Bont 2001), and to the MexB antibiotic efflux pump in P. aeruginosa (Li et al. 1995). 

Accordingly, the EmhABC efflux system may share a functional relationship with these 

antibiotic efflux systems. Interestingly, the efflux pumps SepB, TtgE, SrpB and TtgH, 

which are implicated in high solvent tolerance levels in P. putida strains, clustered 

phylogenetically in a clade distinct from the EmhB, ArpB, TtgB and MexB group (Figure 

3.6). Both the sepABC and ttgABC toluene efflux pump operons in P. putida FI and P. 

putida DOT-T1E are located adjacent to the chromosomal tod operons, which encode
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genes for toluene metabolism, and are only expressed in the presence of toluene (Phoenix 

et al. 2003, Mosqueda and Ramos 2000). In contrast, the srpABC and ttgGHI efflux 

operons are not linked to toluene metabolism genes, but are responsible for the high level 

of solvent tolerance observed in P. putida S12 and P. putida DOT-T1E (Kieboom et al. 

1998a, Rojas et al. 2001). Although more distantly related, EmhB and the E. coli 

antibiotic efflux pump AcrB share significant protein sequence identity (Table 3.1). 

Finally, EmhB showed the least homology to the antibiotic efflux pumps MexD, which is 

not expressed normally in P. aeruginosa (Poole et al. 1996a), and MexY, which shows 

specificity for aminoglycosides in P. aeruginosa (Aires et al. 1999). In the following 

section, the substrate specificity of the EmhABC efflux system for antibiotics and 

solvents is investigated and discussed further with respect to the phylogenetic 

relationship of the RND efflux pumps.

Interestingly, three genes (ORF5, 6 and 7), whose deduced protein sequences 

show similarity to proteins implicated in the uptake and degradation of aromatic 

compounds, were identified downstream of the emhABC efflux genes on the 9.7-kb 

BamEl fragment (Figure 3.5). ORF6 and ORF7 putatively encode enzymes of the (3- 

ketoadipate pathway for the metabolism of aromatic compounds. As reviewed by 

Harwood and Parales (1996), the P-ketoadipate pathway is chromosomally encoded in a 

wide variety of soil bacteria and fungi and converts the aromatic compounds catechol and 

protocatechuate to tricarboxylic acid cycle intermediates. The p-ketoadipate pathway can 

be involved in the degradation of environmental contaminants, such as aromatic 

hydrocarbons; however, its primary function is the metabolism of naturally-occurring 

aromatic compounds such as lignin and other plant-derived material (Harwood and 

Parales 1996). Although catechol is an intermediate in naphthalene and phenanthrene 

degradation, the parental strain P. fluorescens LP6a carries plasmid-encoded genes for 

catechol degradation via the meta-cleavage pathway (Foght and Westlake 1996), and the 

chromosomally-encoded P-ketoadipate pathway likely is not involved in aromatic 

hydrocarbon degradation in P. fluorescens LP6a. It is unclear whether there is a 

significant relationship between the efflux genes and the P-ketoadipate pathway; 

however, the efflux pump and P-ketoadipate pathway may be involved in a general 

mechanism for the detoxification of aromatic compounds.
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The presence of genes similar to ORF5, 6 and 7 downstream of the ttgABC 

operon in P. putida DOT-T1E (nucleotide accession number AF031417) lends support to 

the hypothesis that EmhABC represents the corresponding efflux system in P. 

fluorescens cLP6a. Moreover, the putative regulatory protein EmhR encoded by ORF1 

upstream of the emhABC genes (Figure 3.5) showed high homology to the transcriptional 

repressor encoded by the ttgR gene adjacent to the ttgABC operon in P. putida DOT-T1E. 

The presence of the emhR gene suggests that the EmhABC efflux system is regulated in 

P. fluorescens cLP6a. In the following sections, the EmhABC efflux system in P. 

fluorescens cLP6a is characterized further with respect to its substrate specificity and 

regulation.

3.2. Substrate specificity of the EmhABC efflux system

Given the protein sequence similarities between the EmhABC efflux system in P. 

fluorescens cLP6a and the well-characterized antibiotic and solvent efflux pumps in P. 

putida and P. aeruginosa, the substrate specificity of EmhABC with respect to 

hydrophobic antibiotics and toluene was explored further.

The assays employed to study the substrate specificity of the EmhABC efflux 

system in P. fluorescens cLP6a can be classified into two categories: the transport assays 

as in Figure 3.4, which directly measure the amount of substrate accumulation in the 

cells, and growth-based assays, which indirectly measure the effect of cellular substrate 

accumulation on growth. The in vivo transport assay requires the use of, and thus is 

dependent upon the availability of, radiolabeled substrates. Growth-based assays are 

limited to substrates that are toxic to bacterial cells, and the presence of an active efflux 

system reduces the intracellular substrate concentration sufficiently to allow growth in 

the presence of normally toxic concentrations. Identification of the genes encoding the 

efflux system and subsequent construction of the EmhB-deficient P. fluorescens cLP6a-l 

strain enabled a more comprehensive analysis of the substrate specificity of the EmhABC 

efflux system by comparing the antibiotic resistant and toluene tolerant phenotypes of the 

wild-type and mutant strains using growth-based assays.
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3.2.1. EmhABC is involved in antibiotic resistance

Growth-based assays are commonly employed to assess the role of an efflux 

system in antibiotic efflux. A four-fold or greater reduction in the antibiotic resistance, or 

MIC, of a mutant strain lacking an efflux pump compared to that of the wild-type strain 

expressing the pump is considered as an indication of active efflux. For example, Li et 

al. (1995) observed a 16-fold reduction in tetracycline resistance, a four-fold reduction in 

chloramphenicol resistance and a 20-fold reduction in ciprofloxacin resistance in a 

MexAB-OprM-deficient P. aeruginosa strain compared to the wild-type and concluded, 

on this basis, that all three antibiotics were substrates of the MexAB-OprM efflux system. 

To corroborate their conclusions, in vivo transport assays using radiolabeled tetracycline 

and chloramphenicol, similar to the transport assay used to determine polycyclic aromatic 

hydrocarbon efflux in P. fluorescens cLP6a, demonstrated the MexAB-OprM-mediated 

active efflux of these antibiotics (Li et al. 1995). In the transport assay, the cellular 

accumulation of tetracycline increased only three-fold, compared to the observed 16-fold 

reduction in tetracycline resistance, in the MexAB-OprM-deficient strain over the wild- 

type levels (Li et al. 1995). Since the MIC is influenced by the intracellular 

concentration of the drug, small changes in the total cellular accumulation of the drug 

may have large effects on growth inhibition. Nonetheless, antibiotic sensitivity assays 

provide an indication of substrates transported by an efflux system.

The substrate specificity of the EmhABC system for antibiotics, which are known 

substrates of other RND efflux systems, was evaluated by comparing the antibiotic 

susceptibilities of the P. fluorescens cLP6a, cLP6a-l and complemented strains. Table

3.2 shows that sensitivity to tetracycline, chloramphenicol, nalidixic acid, rhodamine 6G, 

dequalinium, ciprofloxacin and erythromycin was affected by disruption of the emhB 

gene in P. fluorescens cLP6a-l, since the MICs were at least eight-fold higher for P. 

fluorescens cLP6a than for the mutant cLP6a-l. In contrast, MICs of streptomycin for P. 

fluorescens cLP6a and cLP6a-l were comparable. These data indicate that the EmhABC 

efflux system recognizes tetracycline, chloramphenicol, nalidixic acid, rhodamine 6G, 

dequalinium, ciprofloxacin and erythromycin, but not streptomycin.

Complementation of the EmhABC efflux system in P. fluorescens cLP6a- 

l(pBH5) restored resistance to chloramphenicol, nalidixic acid, rhodamine 6G,
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Table 3.2. Antibiotic sensitivities of P. fluorescens strains expressing the EmhABC, 

Arp ABC or SrpABC RND efflux systems

P. fluorescens strain®
M IC (jig mL*1) of:6

Tc Chi Nal R6G Dq Cip Ery Str

cLP6a 1 16 16 >128 4 0.031 32 8

cLP6a-l 0.125 2 1 4 0.5 0.004 4 4

cLP6a-l(pBH5) NDC 32 128 >128 8 0.063 16 1

cLP6a-1 (pUCP26) NDC 0.5 1 8 1 0.004 4 1

cLP6a-1 (pBH64-arp) NDC 8 32 >128 16 0.031 16 2

cLP6a-1 (pBH63-srp) NDC 32 16 >128 8 0.031 16 2

a The strains tested were the wild-type cLP6a, the emhB disruption mutant cLP6a-l, the 

mutant complemented with the emhABC genes cLP6a-l(pBH5), the vector negative 

control cLP6a-l(pUCP26), and the mutant complemented with either the arpABC genes 

cLP6a-l(pBH64-arp) or the srpABC genes cLP6a-l(pBH63-srp). 

b Abbreviations: Tc, tetracycline; Chi, chloramphenicol; Nal, nalidixic acid; R6G, 

rhodamine 6G; Dq, dequalinium; Cip, ciprofloxacin; Ery, erythromycin; and Str, 

streptomycin.

c ND, not determined due to tetracycline resistance gene encoded on vector pUCP26.
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dequalinium, ciprofloxacin and erythromycin, confirming that these antibiotics are 

substrates of the pump. For chloramphenicol, nalidixic acid, dequalinium and 

ciprofloxacin resistance was enhanced by complementation of the EmhABC system on 

plasmid pBH5 compared to the wild-type P. fluorescens cLP6a. MICs for the vector 

control, P. fluorescens cLP6a-l(pUCP26), were comparable to the disruption mutant 

cLP6a-l, indicating that the tetracycline resistance gene encoding a tetracycline-specific 

efflux pump on the vector did not interfere with the assay. Possibly, the efflux genes 

were expressed at higher levels from the multi-copy plasmid pBH5 than from the 

chromosome in the wild-type P. fluorescens cLP6a, and increased expression of the 

pump may have led to enhanced antibiotic resistance in the complemented mutant. 

Similarly, Li et al. (1995) observed two- to eight-fold increases in MICs for a P. 

aeruginosa strain overexpressing MexAB-OprM compared to the wild-type.

Although the complemented mutant P. fluorescens cLP6a-l(pBH5) exhibited 

enhanced antibiotic resistance compared to the wild-type P. fluorescens cLP6a (Table

3.2), the complemented mutant and the wild-type displayed the same steady-state levels 

of polycyclic aromatic hydrocarbon accumulation in the cells (Figure 3.7). Since 

antibiotic resistance is influenced by the intracellular concentration of the drug, small 

changes in the total cellular accumulation of the drug may have large effects on growth 

inhibition. For example, a 16-fold reduction in tetracycline resistance corresponded to 

only a three-fold increase in the cellular accumulation of tetracycline in a MexAB-OprM 

deficient P. aeruginosa strain compared to the wild-type (Li et al. 1995). The increased 

antibiotic resistance of P. fluorescens cLP6a-l(pBH5) compared to the wild-type P. 

fluorescens cLP6a (Table 3.2) may reflect a small decrease in the total cellular 

accumulation of antibiotics, possibly due to higher expression of the EmhABC efflux 

system from the plasmid pBH5. The transport assay employed with the polycyclic 

aromatic hydrocarbons is unable to detect small changes in cellular accumulation within 

the experimental error associated with the rapid centrifugation method. Consequently, 

the: wild-type P. fluorescens cLP6a and the complemented mutant P. fluorescens cLP6a- 

l(pBH5) showed no significant difference in polycyclic aromatic hydrocarbon 

accumulation, while the antibiotic resistance levels were different.
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To compare the substrate specificity of EmhABC for antibiotics with other RND 

efflux systems, MICs were determined for the P. fluorescens cLP6a-l mutant 

complemented with plasmids carrying either the arpABC genes or the srpABC genes 

encoding the antibiotic and solvent efflux systems from P. putida S12 (Kieboom and de 

Bont 2001, Kieboom et al. 1998a). The presence of either the ArpABC or the SrpABC 

efflux systems significantly increased antibiotic resistance for chloramphenicol, nalidixic 

acid, rhodamine 6G, dequalinium, ciprofloxacin and erythromycin compared to the 

vector control P. fluorescens cLP6a-l(pUCP26) (Table 3.2). The MICs for streptomycin 

were comparable among the strains expressing ArpABC and SrpABC and the vector 

control (Table 3.2), indicating that the ArpABC and SrpABC efflux systems do not 

recognize streptomycin. Thus, EmhABC, ArpABC and SrpABC exhibited identical 

substrate specificities for antibiotics.

3.2.2. EmhABC is required for survival in the presence of toluene

Bugg et al. (2000) reported that P. fluorescens cLP6a did not possess an active 

efflux mechanism for naphthalene; however, the transport assay with toluene was 

hampered by the low specific activity of the radiolabeled hydrocarbon. Thus, the 

limitations of the transport assay with toluene precluded a definitive conclusion regarding 

the active efflux of toluene.

Like antibiotic efflux, toluene efflux is typically assessed by measuring toluene 

tolerance with growth-based assays. One method for determining the role of toluene 

efflux pumps in solvent tolerance measures bacterial survival under solvent shock 

conditions, in which the cells are exposed to toluene for a short period (Ramos et al. 

1998, Rojas et al. 2001). However, membrane adaptations, such as increased fatty acid 

biosynthesis and cis-trans fatty acid isomerization, occur quickly after solvent exposure 

(Pinkart et al. 1996, Segura et al. 1999) and may be more likely to affect bacterial 

survival to solvent shock than efflux pumps. For this reason, measuring growth as a 

whole in the presence of toluene may provide a better indication of the role of efflux 

pumps in solvent tolerance. For example, Kieboom et al. (1998a) observed that the 

solvent-sensitive P. putida PPO200 was unable to grow on solid medium in the presence 

of vapour-phase toluene, whereas introduction of a plasmid carrying the srpABC efflux
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pump genes into P. putida PPO200 enabled growth in the presence of toluene vapours. 

Thus, analysis of growth in the presence of vapour-phase toluene was the method chosen 

to assess toluene tolerance, mediated by an efflux system, in this study.

The toluene tolerance of P. fluorescens cLP6a, cLP6a-l, cLP6a-l(pBH5) and 

cLP6a-l(pUCP26) were assessed by monitoring growth on solid medium in the presence 

of vapour-phase toluene (Table 3.3). As a positive control, growth in the presence of 

toluene was observed for the known solvent-tolerant bacterium P. putida S12, which 

possesses the SrpABC toluene efflux pump. P. fluorescens cLP6a was unable to grow oh 

solid medium in the presence of vapour-phase toluene. However, upon removal from the 

toluene environment and further incubation, growth of P. fluorescens cLP6a recovered, 

suggesting that the solvent limits growth but is not lethal to the bacterium. The emhB 

disruption mutant P. fluorescens cLP6a-l also did not grow in the presence of toluene 

vapours. In contrast to the wild-type P. fluorescens cLP6a, toluene was lethal to the 

EmhB-deficient mutant strain cLP6a-l, which did not recover upon removal of the 

toluene. These data imply that, although the EmhABC efflux system does not confer 

toluene tolerance to P. fluorescens cLP6a, it does play a role in the ability of P. 

fluorescens cLP6a to remain viable in the presence of toluene. Toluene is, therefore, a 

substrate of the EmhABC efflux system.

Surprisingly, P. fluorescens cLP6a-l complemented with the EmhABC efflux 

system on plasmid pBH5 was able to grow in the presence of toluene (Table 3.3). 

Consistent with the increased antibiotic resistance of the complemented mutant (Table

3.2), the enhanced ability of P. fluorescens cLP6a(pBH5) to tolerate toluene may have 

been due to increased expression of the efflux genes from the multi-copy plasmid. The 

strain carrying the vector control, P. fluorescens cLP6a-l(pUCP26), showed the same 

growth pattern on toluene as the disruption mutant P. fluorescens cLP6a-l, verifying that 

the observed toluene tolerance in P. fluorescens cLP6a-l(pBH5) was due to the emhABC 

genes and was not an artifact due to the presence of the plasmid pUCP26.

Complementation of the efflux pump-deficient mutant P. fluorescens cLP6a-l 

with the P. putida S12 ArpABC antibiotic efflux system resulted in enhanced survival 

upon removal of the toluene vapours (Table 3.3), similar to the EmhABC efflux system, 

indicating that ArpABC is also involved in toluene efflux. As expected, P. fluorescens
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Table 3.3. Toluene tolerance of P. fluorescens strains expressing the EmhABC, 

ArpABC or SrpABC RND efflux systems

Strain" Efflux system
Toluene tolerance* 

Growth Survival

P. fluorescens strain 
cLP6a EmhABC+ +
cLP6a-l EmhABC" - —

cLP6a-l(pBH5) EmhABC+ + NA
cLP6a-l(pUCP26) EmhABC" - -

cLP6a-l(pBH64-arp) ArpABC+ - +
cLP6a-1 (pBH63-srp) SrpABC1" + NA

P. putida S12 ArpABC1", SrpABC"1" + NA

a The following P. fluorescens strains were tested: the wild-type cLP6a, the emhB 

disruption mutant cLP6a-l, the mutant complemented with either the emhABC genes 

cLP6a-l(pBH5), the vector negative control cLP6a-l(pUCP26), and the mutant 

complemented with either the arpABC genes cLP6a-l(pBH64-arp) or the srpABC genes 

cLP6a-l(pBH63-srp). P. putida S12 was included as a positive control. 

b Toluene tolerance was assessed by monitoring growth on agar plates in the presence of 

vapour-phase toluene. Growth in the presence of toluene was scored as + (positive for 

growth) or -  (negative for growth). After four days of incubation in the presence of 

toluene, the plates were removed and incubated for an additional four days in the absence 

of toluene to assess the ability of the strains to survive toluene exposure. Survival was 

scored as + (growth upon removal of toluene), -  (no growth upon removal of toluene) or 

NA (not applicable, as these strains were able to grow in the presence of toluene). Two 

independent experiments were done.
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cLP6a-l became toluene tolerant when complemented with the solvent efflux pump 

SrpABC (Table 3.3).

3.2.3. EmhABC is not involved in naphthalene transport

As mentioned above, Bugg et al. (2000) did not observe an active efflux system 

for naphthalene in P. fluorescens LP6a. Given that the tricyclic aromatic hydrocarbons 

phenanthrene, anthracene and fluoranthene and the monocyclic toluene were shown to be 

substrates of the EmhABC efflux system in P. fluorescens (Figure 3.7and Table 3.3) the 

inability to observe active efflux of bicyclic naphthalene was curious. To confirm that 

the EmhABC efflux system in P. fluorescens cLP6a does not pump naphthalene, 

transport assays using radiolabeled naphthalene were performed with the efflux-pump 

deficient mutant P. fluorescens cLP6a-l complemented either with the plasmid pBH5 

carrying the emhABC genes or with the vector negative control pUCP26. In P. 

fluorescens cLP6a-l(pBH5) expressing the EmhABC efflux system, the fraction of 

naphthalene that accumulated in the cells was 0.059 ± 0.002 (n = 2) in the absence of the 

energy inhibitor azide and increased only slightly to 0.070 ± 0.008 (n = 2) in the presence 

of azide (Table 3.4). The cellular accumulation of naphthalene in P. fluorescens cLP6a- 

l(pUCP26), which does not express a functional EmhB efflux pump, was constant in the 

absence and in the presence of azide (Table 3.4). The failure to observe a significant 

increase in the cellular accumulation of naphthalene upon addition of the energy inhibitor 

to the P. fluorescens strain expressing the EmhABC efflux system, as well as the similar 

naphthalene accumulation profile in the mutant strain lacking EmhB, confirms that 

naphthalene is not a substrate of the efflux system.

The concentration of naphthalene used in the transport assays (5.66 jimol L'1) 

corresponded to 2.5% of its aqueous solubility (240 jxmol L*1) and was chosen to ensure 

rapid dissolution of the substrate in the aqueous cell suspension (Bugg et al. 2000). 

Phenanthrene, for comparison, was used at a concentration of 6.36 jxmol L '1, or 90% of 

its aqueous solubility (7 pmol L '1). Although the concentrations of naphthalene and 

phenanthrene were comparable, the Kow for naphthalene is approximately an order of 

magnitude lower than that of phenanthrene (Table 1.1). Thus, the cellular accumulation 

of naphthalene is expected to be significantly lower than that of phenanthrene, and the
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Table 3.4. Accumulation of naphthalene in P. fluorescens and P. putida strains 

before and after azide addition, as a  test for efflux

Strain
Efflux
system

Naphthalene
concentration

(pM)

Accumulation of naphthalene"

Uninhibited Inhibited 
(before azide) (after azide)

P. fluorescens strain
cLP6a-l(pBH5) EmhABC 5.66 0.059 ±0.002 0.070 ±0.008
cLP6a-l(pUCP26) EmhABC 5.66 0.07 ±0.01 0.07 ±0.01
cLP6a EmhABC 50 0.06 0.06

P. putida S12 ArpABC
SrpABC+

50 0.04 0.05

a The fractional amount of radiolabeled naphthalene was measured at steady state for 

both the uninhibited cells (before azide addition) and inhibited cells (after azide addition). 

For P. fluorescens cLP6a-l(pBH5) and cLP6a-l(pUCP26) the fractional amounts 

reported are the averages ± standard deviations of two independent experiments. For P. 

fluorescens cLP6a and P. putida S12, the fractional amounts reported are from single 

experiments.
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effect of the naphthalene concentration on the ability to detect active transport was 

investigated by measuring the partitioning of the hydrocarbon into P. fluorescens cLP6a 

over a range of aqueous concentrations (Figure 3.8). As expected from the Kow values, 

the cellular accumulation of naphthalene was 10-fold lower than the cellular 

accumulation of phenanthrene in the absence of active transport in azide-inhibited P. 

fluorescens cLP6a cells (Figure 3.8). In uninhibited P. fluorescens cLP6a cells, which 

have an active EmhABC efflux system, the accumulation of phenanthrene was lower than 

in the inhibited cells, whereas the cellular accumulation of naphthalene was unchanged 

for all aqueous concentrations tested (Figure 3.8). The partitioning data confirm the 

presence of an active efflux system for phenanthrene but not for naphthalene.

To test the involvement of other efflux systems in naphthalene transport, the 

transport assay was performed with P. putida S12 using an initial naphthalene 

concentration of 50 pM  (Table 3.4). As with the transport assay with P. fluorescens 

cLP6a and 50 pM  naphthalene, only a small fraction of the naphthalene accumulated in 

the P. putida S12 cells, and this amount did not change significantly upon addition of the 

energy inhibitor azide (Table 3.4).

3.2.4. Comparison of the substrate specificity of EmhABC with other RND efflux

systems

The P. fluorescens EmhABC efflux system was shown to be broadly specific for a 

number of structurally dissimilar, hydrophobic antibiotics, including tetracycline, 

chloramphenicol, rhodamine 6G, the quinolone antibiotics nalidixic acid, ciprofloxacin 

and dequalinium, and the macrolide erythromycin, whose structures are given in Figure 

3.9. Tetracycline, chloramphenicol, nalidixic acid, ciprofloxacin and erythromycin are 

also substrates of the P. aeruginosa MexAB-OprM, MexCD-OprJ and MexXY-OprM 

efflux systems (Masuda et al. 2000), and the E. coli AcrAB-TolC system enhanced 

resistance for these antibiotics as well as for rhodamine 6G (Murakami et al. 2004). 

Additionally, rhodamine 6G and dequalinium were shown to bind to the E. coli RND 

efflux pump AcrB (Yu et al. 2003a), indicating that these compounds are substrates of 

the AcrAB-TolC efflux system. The TtgABC efflux system in P. putida DOT-T1E and 

the ArpABC efflux system in P. putida S12 expel tetracycline and chloramphenicol as
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Figure 3.8. Partitioning of phenanthrene (squares) and naphthalene (circles) 
between P. fluorescens cLP6a cells and the aqueous phase. Radiolabeled 
phenanthrene or naphthalene was added to a cell suspension of P. fluorescens cLP6a, 
which were either preinhibited with 30 mM azide (open symbols) or uninhibited (closed 
symbols). Samples were removed after the system reached steady-state, and the amount 
of radiolabeled hydrocarbon in P. fluorescens cLP6a cells and in the aqueous supernatant 
was measured by using the rapid centrifugation method over a range of initial 
phenanthrene and naphthalene concentrations.
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Figure 3.9. Chemical structures of the antibiotics tested for resistance in P. 
fluorescens cLP6a and the efflux m utant cLP6a-l. Tetracycline (Tc), chloramphenicol 
(Chi), nalidixic acid (Nal), rhodamine 6G (R6G), dequalinium (Dq), ciprofloxacin (Cip) 
and erythromycin (Ery) were shown to be substrates of the EmhABC efflux system. 
Streptomycin (Str) was not a substrate of the EmhABC efflux system.

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



7 9

well as other hydrophobic antibiotics (Rojas et al. 2001, Kieboom and de Bont 2001). 

The role of the ArpABC efflux system in antibiotic resistance was confirmed in the P. 

fluorescens cLP6a-l mutant background (Table 3.2). Like EmhABC, ArpABC pumps 

chloramphenicol, nalidixic acid, rhodamine 6G, ciprofloxacin, dequalinium and 

erythromycin.

The SrpABC efflux system from P. putida S12 also showed the same substrate 

specificity for hydrophobic antibiotics as EmhABC and ArpABC when expressed in the 

emhB disruption mutant P. fluorescens cLP6a-l (Table 3.2). A previous study suggested 

that SrpABC was not involved in antibiotic efflux, because an ^ -negative  mutant and 

the wild-type P. putida S12 showed comparable antibiotic resistance levels (Isken and de 

Bont 2000). At that time, however, the arpABC operon in P. putida S12 had not been 

discovered, and the presence of the ArpABC system in the srp-negative mutant likely 

masked the contribution of SrpABC to antibiotic resistance. Comparable to SrpABC, the 

closely related efflux system TtgGHI also was involved in the active efflux of 

tetracycline, chloramphenicol and nalidixic acid in P. putida DOT-T1E (Rojas et al 

2001). Despite the lower protein sequence identity between the P. fluorescens EmhABC 

proteins and the P. putida SrpABC and TtgGHI proteins (Table 3.1), these efflux systems 

seem to share a similar substrate specificity for antibiotics.

Streptomycin, an aminoglycoside, was the only antibiotic tested that was not 

found to be a substrate of the EmhABC, ArpABC or SrpABC efflux systems (Table 3.2). 

Compared to other RND efflux pump substrates, aminoglycosides are considered 

hydrophilic and do not partition into lipid bilayers (Rosenberg et al. 2000, Aires and 

Nikaido 2005). In P. aeruginosa, the MexXY-OprM efflux system showed specificity 

for aminoglycoside antibiotics as well as for hydrophobic antibiotics (Aires et al. 1999, 

Masuda et al. 2000), whereas the MexAB-OprM and MexCD-OprJ efflux systems do not 

transport aminoglycosides (Masuda et al. 2000). Similarly, in E. coli, the RND efflux 

pump AcrD is specific for aminoglycosides, while AcrB is unable to transport these 

antibiotics (Rosenberg et al. 2000). A recent study indicated that RND efflux pumps 

transport hydrophilic aminoglycosides from the periplasm (Aires and Nikaido 2005) 

rather than from the inner membrane as predicted for hydrophobic substrates. The MexY 

and AcrD efflux pumps likely have distinct regions within their periplasmic domains to
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recognize and expel aminoglycosides compared to the RND efflux pumps that strictly 

transport hydrophobic compounds. Replacement of the periplasmic loops of AcrB with 

the loops of AcrD yielded a chimeric efflux pump with an AcrD-like substrate profile 

(Elkins and Nikaido 2002), demonstrating that the periplasmic loops are involved in 

determining substrate specificity. However, the nature of the aminoglycoside binding 

site within the periplasmic domains of either AcrD or MexY has not been determined. 

Morevoer, little is known about the structural determinants influencing the specificity for 

hydrophobic antibiotics displayed by AcrB, MexB and their homologues. The P. 

aeruginosa MexY efflux pump was distantly related to the other RND efflux pumps 

(Figure 3.6), including EmhB, ArpB, MexB and SrpB, which do not transport 

streptomycin. Thus, the protein sequence of an RND efflux pump may have a limited 

ability to predict its substrate specificity, at least for pumps that have an unusual 

selectivity for aminoglycosides.

Also evident from the phylogenetic relationship of the RND efflux pumps (Figure 

3.6), the SrpB, TtgE, TtgH and SepB proteins, which are present in the highly solvent 

tolerant P. putida strains, formed a clade distinct from EmhB and the antibiotic efflux 

pumps MexB, ArpB and TtgB. Segura et a l (2003) correlated solvent tolerance to the 

types of RND efflux pumps present in several Pseudomonas species and found that 

highly toluene tolerant strains possessed homologues of the TtgGHI efflux pump, while 

the more sensitive strains possessed only a homologue to the TtgABC efflux system. 

Based on the close phylogenetic relationship between the EmhB and TtgB proteins, and 

their more distant relationship to TtgH, it was anticipated that the EmhABC efflux system 

would not play a significant role in toluene efflux in P. fluorescens cLP6a. Not 

surprisingly, P. fluorescens cLP6a is solvent-sensitive as shown by its inability to grow in 

the presence of toluene vapours (Table 3.3). The EmhABC efflux system, however, is 

essential for the recovery of P. fluorescens cLP6a from toluene exposure (Table 3.3) and, 

thus, is involved in toluene efflux.

Of the TtgABC, ArpABC and MexAB-OprM efflux systems, which show high 

homology to EmhABC (Table 3.1), only TtgABC in P. putida DOT-T1E has been 

reported in the literature to be involved in toluene efflux (Ramos et al. 1998, Rojas et al. 

2001). Expression of TtgABC alone supported growth of P. putida DOT-T1E in the
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presence of vapour-phase toluene, although the cells were unable to survive a sudden 

toluene shock when the solvent was added directly to liquid cultures (Rojas et al. 2001). 

In contrast, the P. putida DOT-T1E expressing the TtgGHI efflux system showed 

enhanced survival to toluene shock conditions when the cells were previously exposed to 

the solvent (Rojas et a l 2001), confirming that expression of TtgGHI is the principal 

efflux mechanism responsible for the solvent tolerant phenotype of this organism. Like 

the P. fluorescens EmhABC efflux system, TtgABC likely contributes to a basal level of 

solvent tolerance, although expression of TtgABC in P. putida DOT-T1E supported 

growth in the presence of vapour-phase toluene (Rojas et al. 2001). P. putida DOT-T1E 

possesses additional solvent tolerance mechanisms that may account for its enhanced 

toluene tolerance compared to P. fluorescens cLP6a. P. putida DOT-T1E undergoes 

membrane adaptations in the presence of toluene, including cis-trans fatty acid 

isomerization and an increased rate of fatty acid biosynthesis (Segura et al. 2004), which 

may contribute to its solvent-tolerant phenotype. Pinkart and White (1997) also showed 

that solvent-tolerant P. putida strains had higher rates of phospholipid biosynthesis than 

solvent-sensitive strains. The presence of additional solvent tolerance mechanisms 

involving membrane adaptations may make it difficult to assess the contribution of efflux 

pumps to solvent tolerance. Membrane adaptations in response to solvent exposure have 

not been examined in P. fluorescens cLP6a. However, the reported ability of P. putida 

DOT-T1E expressing only the TtgABC efflux system to grow in the presence of vapour- 

phase toluene (Rojas et al. 2001), whereas P. fluorescens cLP6a is unable to grow in 

similar conditions, suggests that P. putida DOT-T1E possesses more effective solvent 

tolerance mechanisms. P. putida DOT-T1E may undergo more effective membrane 

adaptations in response to toluene than P. fluorescens cLP6a, or the TtgABC system may 

be more efficient at toluene efflux than the P. fluorescens EmhABC system. Expression 

of the TtgABC efflux system in the efflux pump-deficient P. fluorescens cLP6a-l would 

provide a better background for comparison of toluene tolerance mediated by these efflux 

pumps.

The P. putida S12 ArpABC proteins are nearly identical to the TtgABC 

components (Kieboom and de Bont 2001); in fact, the ArpB and TtgB proteins differ by 

only one amino acid, an alanine to glycine substitution at position 544. Hence,
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expression of the ArpABC efflux system in P. fluorescens cLP6a-l is likely to yield the 

same result as expression of the TtgABC system in P. fluorescens cLP6a-l. Introduction 

of the arpABC operon into P. fluorescens cLP6a-l demonstrated that the ArpABC and 

EmhABC efflux systems share the same substrate specificity for toluene. As with the 

wild-type P. fluorescens cLP6a expressing EmhABC, the P. fluorescens cLP6a-l mutant 

expressing ArpABC was unable to grow in the presence of toluene vapours but was able 

to recover upon removal of the toluene (Table 3.3). Previous characterization of the 

substrate specificity of the ArpABC efflux system in P. putida S12 indicated that 

ArpABC was not involved in toluene efflux, because a mutant expressing only ArpABC 

was sensitive to solvents when grown in a two-phase liquid culture (Kieboom and de 

Bont 2001). Similarly, P. aeruginosa was sensitive to toluene when the solvent was 

supplied as an overlay on solid media, suggesting that the MexAB-OprM efflux system 

did not pump toluene (Li et al. 1998). However, the use of growth in the presence of 

liquid phase toluene as an indicator of solvent efflux may have been too stringent to 

detect a minimal contribution of ArpABC or MexAB-OprM to toluene tolerance. In this 

study, toluene was shown to be a substrate of the ArpABC efflux system by using the 

ability to recover from exposure to vapour-phase toluene as an indicator of solvent efflux. 

The results of the antibiotic sensitivity and toluene tolerance assays presented here (Table

3.2 and Table 3.3) demonstrate that EmhABC and ArpABC, and, likely, TtgABC and 

MexAB-OprM share a functional similarity for antibiotic and toluene efflux, consistent 

with their high protein sequence identities (Table 3.1). Although the substrate ranges of 

these efflux systems are comparable, the affinities and efflux rates of the EmhABC, 

ArpABC, TtgABC and MexAB-OprM systems for various substrates may differ. A more 

detailed comparison of substrate specificities would require quantitation of substrate 

binding and rate constants for these efflux systems.

Kieboom and de Bont (2001) proposed that RND efflux systems could be 

classified on the basis of substrate specificity into three categories: antibiotic efflux 

pumps, solvent efflux pumps, and combined antibiotic and solvent efflux pumps. 

However, hydrophobic antibiotics and toluene appear to be common substrates for many 

RND efflux systems, including EmhABC, TtgABC, ArpABC, SrpABC and TtgGHI, 

making such a classification system ambiguous. It may be possible, however, to
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categorize the efflux systems as multidrug or solvent pumps based on an inferred 

physiological function. For example, SrpABC and TtgGHI are essential for solvent 

tolerance, whereas EmhABC, TtgABC and ArpABC contribute nominally to solvent 

tolerance. The physiological basis for this difference, though, is unclear. One possibility 

is that the EmhABC efflux system, for example, may have a lower affinity or a lower 

pumping rate for toluene than the SrpABC and TtgGHI pumps. Alternatively, the 

EmhABC efflux system may not be expressed at high enough levels in P. fluorescens 

cLP6a to support the high rate of toluene transport that would be required to achieve 

solvent tolerance. The latter possibility is supported by the observation that the mutant P. 

fluorescens cLP6a-l complemented with the emhABC genes, which presumably had 

increased expression of the efflux pump due to the multi-copy nature of the plasmid, 

displayed enhanced toluene tolerance (Table 3.3). As well, the P. putida SrpABC and 

TtgGHI efflux systems are induced by toluene (Kieboom et al. 1998b, Guazzaroni et al. 

2005), and the increased expression of these pumps in the presence of toluene may result 

in higher levels of solvent tolerance. To confirm the hypothesis that the pump expression 

level dictates solvent tolerance, the toluene tolerance of strains expressing equivalent 

numbers of the EmhABC and SrpABC efflux systems need to be compared. Until the 

expression levels are determined, the first possibility that the EmhABC efflux pump has a 

reduced ability to transport toluene, compared to the solvent efflux systems, cannot be 

discounted.

The efflux system in P. fluorescens LP6a was reported to have an unusual 

selectivity for polycyclic aromatic hydrocarbons; phenanthrene, anthracene and 

fluoranthene with three aromatic rings were substrates of the efflux system, whereas 

naphthalene with two aromatic rings was not actively expelled from the cell (Bugg et al. 

2000). Transport assays performed with P. fluorescens cLP6a-l strains in the presence or 

absence of the EmhABC efflux system confirmed that naphthalene is not a substrate of 

the EmhABC efflux system (Table 3.4). Given that the monoaromatic hydrocarbon 

toluene and three-ring polycyclic aromatic hydrocarbons are substrates of EmhABC, the 

selectivity against naphthalene is remarkable, but not unprecedented for RND efflux 

pumps. By comparing the tolerance levels of the wild-type strain and a strain only 

expressing the TtgDEF system, Rojas et al. (2001) suggested that the TtgDEF efflux
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system in P. putida D0T-T1E pumps toluene and styrene, but not m-xylene, 

ethylbenzene and propylbenzene. To date, naphthalene transport by other RND efflux 

pumps has not been examined in the literature. As in P. fluorescens cLP6a, naphthalene 

accumulation in P. putida S12, which possesses the ArpABC and SrpABC efflux 

systems, was unaffected by the energy inhibitor azide (Table 3.4). This finding indicates 

that naphthalene selectivity is not unique to the EmhABC efflux system.

Nevertheless, the substrate specificity of the polycyclic aromatic hydrocarbon 

efflux system, EmhABC, in P. fluorescens cLP6a has now been broadened to include a 

wide variety of hydrophobic antibiotics as well as toluene. Studies on the substrate 

specificities .of RND efflux pumps in other gram-negative bacteria are often hampered by 

the presence of multiple efflux systems or multiple mechanisms of resistance. For 

example, membrane adaptations and efflux systems both contribute to toluene tolerance 

in P. putida DOT-T1E (Segura et a l 2004, Rojas et al. 2001), making it difficult to 

distinguish clearly the role of efflux pumps in solvent tolerance. The phenotype of the 

EmhB-deficient mutant P. fluorescens cLP6a-l compared with the wild-type cLP6a 

strain suggests that additional resistance mechanisms are not significant in P. fluorescens 

cLP6a. Thus, P. fluorescens cLP6a-l may provide a useful background for the 

characterization of other RND efflux systems.

The wide substrate specificity of EmhABC was exploited to address the 

remaining objectives of this thesis. The regulation of efflux pump expression in response 

to the presence of pump substrates was examined (Section 3.3). As well, the mechanism 

by which substrates interact with and are transported through the efflux pump was 

investigated (Section 3.4).
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3.3. Regulation of the EmhABC efflux system in P. fluorescens cLP6a

The presence of a putative transcriptional regulator located upstream of the 

emhABC genes (Figure 3.5) prompted an investigation into the regulatory mechanisms 

controlling expression of the EmhABC efflux system in P. fluorescens cLP6a. Promoter- 

reporter transcriptional fusions were constructed to determine the effects of efflux pump 

substrates and other compounds on the expression of the genes.

3.3.1. Sequence analysis of EmhR

The EmhR protein showed homology to members of the TetR family of 

transcriptional repressors (Figure 3.10 and Table 3.5). As with the EmhABC proteins, 

the closest homologues of EmhR are a hypothetical transcriptional repressor located 

upstream of a putative RND efflux system in P. fluorescens Pf0-1, the TtgR repressor 

protein of the TtgABC efflux system in P. putida DOT-T1E, and the ArpR repressor 

protein of the ArpABC efflux system in P. putida S12. More distantly related to EmhR 

are the AcrR regulator of the AcrAB operon in E. coli as well as the TetR-family 

repressors SrpR and TtgW located upstream of the toluene efflux pumps SrpABC in P. 

putida S12 and TtgGHI in P. putida DOT-T1E, respectively.

Secondary structure analysis of EmhR revealed the presence of an N-terminal 

helix-tum-helix DNA binding motif characteristic of TetR-family proteins (Figure 3.10). 

The C-terminal region of TetR-family proteins is the ligand-binding domain. Not 

surprisingly, the N-terminal region of EmhR and its homologues in P. putida DOT-T1E 

and S12 and in E. coli was highly conserved with protein identities ranging from 98 to 

54%, while the C-terminal domain was much less conserved with protein identities 

ranging from 89 to 18% (Table 3.5). The C-terminal domains of the putative TetR- 

family repressor in P. fluorescens Pf0-1, TtgR in P. putida DOT-T1E and ArpR in P. 

putida S12 showed the highest similarity (80 to 94% similar) to EmhR, suggesting that 

these transcriptional regulators and their respective efflux systems are controlled by 

similar mechanisms.
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TtgW gHSgQSKQFS ET@IYQG--L DESGLIHNRM VQ§§DRFLQY ERQVlRHA^T 142

EmhR HGOlPDNEgT ARM i SLKSY; ^ I p Q ^ .  A l l g ----------------------------FQ|H 188
P f 0 - 1  RG'dffSADgDT AftgglSIHggg QriSGffi^GWSS ABD§  FEIy  188
T tgR  ^ H G E ^ A  EgggVAMFlg Vj p S lR RWjEj LgP S   V D gl 188
ArpR R g Q ^ GEBEjV EIpMVAMFAY V E ^ IG rWS!! Lj p g   V D lg 188
A crR  AKMEPADBmT RR^IIM RGS g S ^ M E N ^ F  A^Q§  FDEK 188
SrpR qge| ^ i n § dl  q t sig v f k g l  S-t gEEyegI r  SKEQQAQIIK VALGSFWAll 192
TtgW q@eE | i n ^ l  h t s ig v f k g l  I t S IIIyegI r  skS q q t q iik  VALGSFLAlf 192

----------- OasasmgsssaBsjssgsagstBftfeŝ ^
EmhR TEAE'BMffiiAA SlSlL'BLIS'gS i  g g  210
P f 0 - 1  AEAE R feB TG gBMgRlfsgs g  g g  210
T tgR  GDVBKftfigaTG ^OaRila'SPAg  US 210
ArpR GDVEK^QTG M ------------ 210
A crR KgARDYgAIL 1 eMYL|c | t |  RNPATNE 215
SrpR RiPPgFLLCE EAQIKQVKSF E---------------213
TtgW RlPPgFLLCE EAQIKQAKPF E---------------213

Figure 3.10. Alignment of TetR-family regulatory proteins involved in the 
regulation of RND efflux systems. The proteins are EmhR from P. fluorescens cLP6a, 
a hypothetical regulator from P. fluorescens Pf0-1 (ZP_00266639), TtgR from P. putida 
DOT-T1E (AAK15050), ArpR from P. putida S12 (AAF73830), AcrR from E. coli K12 
(NP_414997), SrpR from P. putida S12 (AAF16682), and TtgW from P. putida DOT- 
T1E (AAK69561). Amino acids that are identical in at least four of the seven sequences 
are shaded. Secondary structure was predicted by using the Proteus Structure Prediction 
Server on the Canadian Bioinformatics Help Desk website (http://129.128.185.59/~scott/ 
proteus/index.shtml), and the cylinders indicate the location of predicted a-helices. The 
first 50 amino acids constitute the putative helix-tum-helix DNA binding motif.
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Table 3.5. Comparison of the putative efflux pump regulator Em hR from P. 

fluorescens cLP6a with homologous TetR-family repressors

Organism Protein
Operon

regulated

% Protein identity to EmhR 
(%  similarity)3

Overall N-terminus C-terminus

P. fluorescens Pf0-1 Pf0-1* Putative* 91 (95) 98 (98) 89 (94)

P. putida DOT-T1E TtgR TtgABC 71 (83) 90 (94) 64 (80)

P. putida S12 ArpR Arp ABC 71 (83) 90 (94) 65 (80)

E. coli K12 AcrR AcrAB 41 (61) 60 (84) 35 (53)

P. putida S12 SrpR SrpABC 28 (47) 54 (70) 18 (40)

P. putida DOT-T1E TtgW TtgGHI 28 (46) 54 (68) 18 (40)

a Percent identities and percent similarities (given in parentheses) were calculated by 

using the Sequence Manipulation Suite version 2 (Stothard 2000) for the full-length 

proteins (overall), the first 50 amino acids (N-terminus) and the subsequent amino acids 

(C-terminus).

b A putative TetR-family repressor (accession number ZP_00266639) was identified in 

the genome sequence of P. fluorescens Pf0-1 and is located upstream of a putative three- 

component RND efflux system.
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3.3.2. Identification of regulatory elements in the emhR-emhA intergenic region

To support the hypothesis that EmhABC, TtgABC, ArpABC and the homologous 

putative RND efflux system in P. fluorescens PfO-1 are regulated in a similar fashion, the 

DNA sequences of the intergenic region between the regulatory gene and the membrane 

fusion protein gene were aligned for the four efflux systems (Figure 3.11). The 

alignment revealed several highly conserved regions in all four DNA sequences, 

particularly a 55-nucleotide segment corresponding to positions 148 to 202 in the emhR- 

emhA intergenic region (Figure 3.11).

For the ttgR-ttgA intergenic region, Duque et al. (2001) mapped the transcription 

initiation sites for ttgR and ttgABC by using primer extension analysis. Figure 3.12 

shows the alignment of the ttgR-ttgA and emhR-emhA intergenic regions with the 

transcription initiation sites for ttgR and ttgABC and the corresponding putative 

transcription initiation sites for emhR and emhABC indicated. The predicted -10 and -35 

regions of the putative promoters are also shown (Figure 3.12). The TtgR DNA-binding 

sites were determined by using DNasel footprint analysis (Teran et al. 2003) and are also 

shown in Figure 3.12. Both the transcription intitiation sites and the repressor protein 

binding sites are located within the highly conserved region between positions 148 and 

202 in the emhR-emhA sequence. The similarity of the intergenic regions provides 

additional evidence that expression of the EmhABC and TtgABC, as well as of the 

homologous ArpABC and P. fluorescens Pf0-1 efflux systems, is regulated by the same 

mechanisms.

The predicted -10 and -35 regions of the emhA promoter show homology to the
<7 r t

consensus sequence for the E. coli a  -dependent RNA polymerase. The consensus 

sequences for the -10 and -35 regions of a 70 promoters are TATAAT and TTGACA, 

respectively (Paget and Helmann 2003), and the corresponding sequences in the emhA 

promoter region (Figure 3.12), TATAtT and TTtACA, differ from the consensus by only 

one nucleotide (indicated in lower case). As well, the emhR promoter region shows some 

homology to the a 70 consensus sequence at the -10 (TATAcT) and -35 (TgGAtA) 

regions (Figure 3.12). The a 70 factor of the RNA polymerase is responsible for 

transcription initiation in exponentially growing cells (Paget and Helmann 2003).
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emhR-A  
P fO -1  
t tg R - A  
a rp R -A

emhR-A
P fO -1
t tg R - A
a rp R -A

emhR-A
P fO -1
t tg R - A
axpR -A

emhR-A
P fO -1
t tg R - A
a rp R -A

emhR-A
P fO -1
t tg R - A
a rp R -A

emhR-A
P fO -1
t tg R - A
a rp R -A

.TCAGGGTGC1 CGATGCCTGAAC§GGCG 50,1WI, ***** fe” teS tf§ p* S'S
^ -^ g A AACAGGATGTT^AjgGGAT^GCTGAATATigCjG 50

 gGTGGCCCGAACGCGCAGG-p 38Sjffl K H ts ra ga >K £GTGGCCCGAACGCGC2?GG-G 38M I** imU -*>• W

gTGAATAAA§GT§GGGCGAACGgTiTTGGGTGTCGT|GClGGfCTgCA§T 100

|GTGCGGGG|AC|CTCClGGGGSA|CTCTGCCGGGGegTgT-lGGiTAgG 8 7 
|GGGCGGGG|Ac|cTCc|AGGG|T|cTGTGCCGGGGgGTgT-|GGlTGlG 8 7

150
TTCAGACCTT§CGACgACTTTT!^^AlAGGG5gGA S ^ 'GACG§CAAGGgBG 150
CT--AATCAAgCGCTgAGGCT-g^d------- ffi6AGj^CACC§AGCAGJGA 130
CT- -AATCAA|CGCT|AGGG--G^CG------- g-GAG^SGAACTGAGCAG3?A 129

200
B?̂ 3?AGA!!A£eAAGG^TG^CGgAAG!lATA^T^(3^ArG 0AAG (iP^C^^fg^ 200

180  
179

240
^CCGGTAACCCOIEgSEgiTA------------------- I C ^ g C ^ C A C T ^ ^ ^ T g g g  240

g^ ga^ CCAGATCAAGATlT^^C^TTACjigffiiigA gig 230
229

&TTAGAAAG3

Ŝ TCAGCGCACAgjKEE-TiTA--------------- !

MW . w GAeeeGAGGAfECT---------SD-pTTTTCgNse! W

TlTCCCTG’GTGCAGC^^^^^^^CC ©IISRS 262

Figure 3.11. Sequence comparison of the emhR-emhA intergenic region. The
following sequences were compared to the emhR-emhA intergenic region: the intergenic 
region between a putative repressor and RND efflux system in P. fluorescens Pf0-1; the 
intergenic region between the ttgR and ttgABC genes in P. putida DOT-T1E; and the 
intergenic region between the arpR and arpABC genes in P. putida S12. The start codons 
of the genes are indicated in bold-face. Nucleotides conserved in all four sequences are 
indicated by shading.
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------------------- ^T^jGCCCpjAACgCGi ^ g i -^iGTGCGGGGgACgCTCPPGGGBSbvicBfcTiCCGC^ 7 3
----------------- ^A |cG GG|TTG|G C^^-i^CA CGCCCciTG lG AG^CCC|^TiG iG A|GG CC|
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emhR-emhABC  5 ' T |lc |G G |C T lc ^ T T C G A iC C T T T |A A A C lG C T T |T P U A lG A T G ^ G |lg iG C A G lC A A G l^ S 5 ® iS ^ ^ ^ ^ M c i 170
-35
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3

ttgR+1 <

T.@®GT
emhR - emhABC  5 ' M M M M S Z CATTEgBBSTgSg-gAAT 244GGJPAC aAGTCAGCGCACAQ

>emhABC+1
► t t gABC+1

ffSlttgR-ttgABC  5 ^|CCAGATCAAGAT|T|^c||TTAC^^ i A|^TpTCC 235
IaSagg

- 1 0

emhR-emhABC  5 ‘

ttgR-ttgABC  5 '  
3 '

A^lCiCGGAi 
T0" 272**Mn**<44aX!

|emhA

|tfcgA * 
BCCGGATCCfflfMS 269

Figure 3.12, Comparison of the emhR-emhABC and ttgR-ttgABC intergenic regions. Conserved nucleotides are shaded. The 
start codons for the emhR, emhA, ttgR and ttgA genes are indicated with arrows. For the ttgR-ttgABC intergenic region, the 
transcription initiation sites ttgR+1 and ttgABC+1 determined by primer extension analysis are bold-faced with the direction of 
transcription indicated by the arrowheads, and the -10 and -35 regions are indicated on the corresponding strand (Duque et al. 2001). 
The TtgR DNA-binding sites determined by DNase I footprint analysis are designated by the lines on each strand (Teran et al. 2003). 
The putative transcription initiation sites emhR+1 and emhABC+1 and their -10 and -35 regions are indicated.

VOO
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3.3.3. Transcription of the emhABC and emhR genes is growth-phase dependent

Promoter-reporter plasmids were constructed to examine the growth-phase 

dependence of emhABC gene expression, as well as to investigate the effects of 

hydrophobic compounds on efflux pump gene expression. To measure emhABC gene 

transcription, a Pem/^::'lacZ transcriptional fusion was constructed on plasmid pTZllO- 

PemhA by cloning the emhR-emhA intergenic region in the same orientation as the emhA 

gene upstream of the promoterless ’lacZ gene. Similarly, a Pemh R ’lacZ transcriptional 

fusion was constructed on plasmid pTZ110-PemhR by cloning the emhR-emhA intergenic 

region in the opposite orientation as the emhA gene and was used as a measure of emhR 

gene transcription. (3-galactosidase activity from the promoter-reporter plasmids, as well 

as from the negative control plasmid pTZllO-str, was measured in P. fluorescens cLP6a 

grown in various conditions.

Transcription of the emhABC and emhR genes was monitored throughout the 

growth phases in P. fluorescens cLP6a strains carrying the promoter-reporter plasmids. 

A 0.5% (vol/vol) inoculum of the P. fluorescens cLP6a cultures was prepared in 200 mL 

TSB to reflect the growth conditions used for the hydrocarbon transport assays, and (3- 

galactosidase activity was measured at specified time intervals (Figure 3.13). Both the 

PemhA~''lo.eZ and the PemhR::'lacZ transcriptional fusions showed an initial, rapid decline in 

(3-galactosidase activity, which suggests that expression of both the emhABC genes and 

the emhR genes was repressed when the cultures were diluted to a low cell density. An 

increase in (3-galactosidase activity was observed in both cultures during mid-exponential 

phase, followed by a decline in activity to a steady level as the cultures moved into 

stationary phase. The growth-phase dependent trend shown in Figure 3.13 was observed 

repeatedly in three independent experiments. The (3-galactosidase activity from the 

PemhR::'lacZ transcriptional fusion was two-fold higher than the activity from the 

PemhA-'lacZ fusion until mid-exponential phase, when the activities of both putative 

promoter regions reached approximately equivalent levels. The higher activity from the 

emhR transcriptional fusion suggests that the EmhR transcriptional regulator has a higher 

affinity for the emhA operator site than for the emhR operator site.

The identical (3-galactosidase expression patterns from the emhR and emhABC 

promoters (Figure 3.13) are consistent with the role of the emhR gene product as a
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Figure 3.13. Growth phase dependence on expression of (3-galactosidase from the 
PemhA-’lacZ and PemhR::'lacZ transcriptional fusions. Cultures of P. fluorescens 
cLP6a(pTZl 10-PemhA) (circles), P. fluorescens cLP6a(pTZ110-PemhR) (squares), and P. 
fluorescens cLP6a(pTZ110-str) (triangles) were grown in 200 mL of TSB with 
streptomycin, and the ODeoo was monitored (open symbols). 3-galactosidase activity 
(closed symbols) was measured in permeabilized cells by the method described by 
Griffith and Wolf (2002). Three independent growth curves were done. Representative 
data from one experiment are shown.
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repressor of its own transcription as well as that of the emhABC genes. The EmhR 

protein was predicted to bind to the emhR-emhA intergenic region in an area overlapping 

the emhR and emhABC promoters (Figure 3.12). Thus, in the absence of an inducer, 

EmhR is predicted to bind to the two promoters, thereby preventing the binding of the 

RNA polymerase, and represses transcription of both the emhR and emhABC genes. 

Other proteins belonging to the TetR family of transcriptional regulators are known to 

repress their own transcription. These include the TtgR regulator of the TtgABC efflux 

system in P. putida DOT-T1E (Teran et al. 2003), the SmeT regulator of the SmeDEF 

efflux system in Stenotrophomonas maltophilia (Sanchez et al. 2002a), and the TetR 

regulator of the TetA efflux pump in E. coli (Hillen and Berens 1994).

The growth-phase dependent expression of the P. fluorescens EmhABC efflux 

system (Figure 3.13) was similar to the trend observed for the P. aeruginosa MexAB- 

OprM efflux system (Maseda et al. 2004). By using a mexAB-oprM promoter-reporter 

plasmid, Maseda et al. (2004) observed a decrease in expression upon dilution of the P. 

aeruginosa preculture into fresh medium. Expression from the mexAB-oprM promoter 

increased during exponential phase and subsequently declined after the onset of 

stationary phase (Maseda et al. 2004), comparable to the expression pattern observed 

from the emhABC promoter (Figure 3.13). As well, Northern analysis demonstrated that 

transcription of the mexR gene, which is located adjacent to the mexAB-oprM operon in 

P. aeruginosa and encodes a MarR family transcriptional repressor, was greatest during 

the mid-exponential growth phase and declined as the culture progressed into stationary 

phase (Sanchez et al. 2002b), similar to the expression pattern observed from the emhR 

promoter (Figure 3.13). Thus, expression of the EmhABC efflux system in P. 

fluorescens cLP6a and of the MexAB-OprM efflux system in P. aeruginosa appear to be 

controlled by similar growth-dependent mechanisms, although the EmhR and MexR 

proteins belong to different families of transcriptional regulators and the promoter 

regions are dissimilar.

The growth-phase dependent expression of the (3-galactosidase reporter gene from 

the emhABC and emhR promoters (Figure 3.13) suggests that expression of the emhABC 

and emhR genes is dependent either upon the metabolic state of the culture or upon the 

cell density. At low cell densities, such as upon dilution of a stationary-phase inoculum
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into fresh medium, expression of the emhABC and emhR genes is repressed. Likely, a 

compound, as yet unidentified, accumulates in the cultures during growth, or as the cell 

density increases, which relieves the repression of the emhABC and emhR genes during 

exponential phase. Acylhomoserine lactones, which are autoinducers controlling 

quorum-sensing mechanisms in P. aeruginosa, accumulate during growth and induce the 

expression of cell density-dependent factors, including rhamnolipid biosynthesis and 

exotoxin production (Hardman et al. 1998). Moreover, Maseda et al. (2004) found that 

the autoinducer iV-butyl-L-homoserine lactone enhanced expression of the MexAB-OprM 

efflux system in P. aeruginosa and suggested that accumulation of /V-butyl-L-homoserine 

lactone was responsible for the increased expression of the MexAB-OprM efflux system 

as the cell density increased from mid- to late-exponential phase. Further work 

demonstrated that the autoinducer enhanced expression of MexAB-OprM in the absence 

of the MexR repressor protein (Sawada et al. 2004). Thus, there are likely global 

regulatory mechanisms, possibly mediated by quorum sensing systems, which affect the 

expression of RND efflux pumps. Further research into the regulation of the P. 

fluorescens EmhABC efflux system is required to determine if the expression is cell- 

density dependent and if quorum sensing may be involved.

The culture conditions used to generate the growth curves in Figure 3.13 were 

identical to those used to prepare the P. fluorescens cLP6a strains for the polycyclic 

aromatic hydrocarbon transport assays. For the transport assays, the cultures were 

harvested at 24 h, corresponding to late exponential phase and a low level of EmhABC 

expression. Although the level of EmhABC expression is not maximal at this time point, 

clearly there is sufficient expression of the efflux system to observe active transport of 

polycyclic aromatic hydrocarbons (Figure 3.7). The possibility that aromatic 

hydrocarbons, which are substrates of the efflux system, induce expression of the 

emhABC genes was explored using the promoter-reporter systems.

A series of P. fluorescens cLP6a cultures with the promoter-reporter plasmids 

were tested to screen the effect of aromatic hydrocarbons and other compounds on the 

expression of the emhABC and emhR genes. For the screening, smaller (10-mL) cultures 

were employed, and the growth curves were repeated with a 0.5% (vol/vol) inoculum of 

the P. fluorescens cLP6a reporter strains to determine the optimum sampling point. The
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growth curves and |3-galactosidase activities for the PemhA::'lacZ  and P emhR::'lacZ 

transcriptional fusions in the smaller cultures followed the same trends as in the larger 

200-mL cultures (data not shown). The (3-galactosidase activity reached a steady level in 

both cultures at an ODgoo of 2-2.5. This range was chosen as the optimum cell density to 

monitor (3-galactosidase activity with the test compounds, in order that changes in 

activity would reflect the effect of the compound and not fluctuations due to growth state 

or cell density.

3.3.4. Transcription of the emhABC and emhR genes is not induced by aromatic 

hydrocarbons or by metabolites of hydrocarbon degradation 

To determine if the emhABC genes or the emhR gene are induced by aromatic 

hydrocarbons, P. fluorescens  cLP6a strains carrying the promoter-reporter plasmids 

pTZl 10-PemhA or pTZl 1 0 -P emhR were grown in the presence of phenanthrene, anthracene, 

fluoranthene, naphthalene or toluene. (3-galactosidase activities for the negative control 

P. fluorescens  cLP6a(pTZl 10-str), which has the promoterless lacZ  gene, were less than 

10% of the values for the strains carrying the promoter-reporter plasmids and were 

unaffected by the presence of hydrocarbon (data not shown). Therefore, any observed 

changes in (3-galactosidase activity for the strains carrying p T Z 1 1 0 -P emhA or pTZl 1 0 -  

PemhR could be attributed to the presence of the putative promoter sequences. Figure 3.14 

shows that there was no significant change in the expression level of the lacZ  reporter 

gene in the P emhA-:'lacZ or PemhR::'lacZ transcriptional fusions by any of the aromatic 

hydrocarbons tested (P values > 0.2) compared to the control cells grown in the absence 

of hydrocarbon. Thus, expression of the EmhABC efflux system and of the putative 

repressor protein, EmhR, is not affected by aromatic hydrocarbons.

Since the wild-type P. fluorescens LP6a possesses plasmid-encoded genes for the 

degradation of polycyclic aromatic hydrocarbons including naphthalene, phenanthrene 

and anthracene (Foght and Westlake 1996), the possible role of intermediates of 

phenanthrene degradation in the expression of the emhABC and emhR genes was 

explored. Mutants of P. fluorescens LP6a blocked at different stages in the phenanthrene 

degradation pathway were used to prepare crude metabolite extracts. The P. fluorescens
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1.5 i

Figure 3.14. Effect of hydrocarbons on expression of (3-galactosidase from the 
PemhA-'lacZ (open bars) and PemhR::'lacZ (solid bars) transcriptional fusions. P.
fluorescens cLP6a(pTZ110-PemhA) and P. fluorescens cLP6a(pTZ110-PemhR) cells were 
grown to an OD600 ~ 2 in TSB with streptomycin in the absence of hydrocarbon (control) 
or in the presence of 0.5 g L '1 phenanthrene, 0.5 g L'1 anthracene, 0.5 g L '1 fluoranthene, 
0.5 g L '1 naphthalene or 0.02% (vol/vol) toluene. (3-galactosidase activity was measured 
in permeabilized cells by the method described by Griffith and Wolf (2002). The relative 
(3-galactosidase activity represents the activity in the presence of hydrocarbon relative to 
the control (in the absence of hydrocarbon). The values are the means ± standard 
deviations for three independent experiments.
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strains used and the corresponding intermediate compounds present in the crude 

metabolite extract are shown in Figure 3.15 and were as follows: P. fluorescens cLP6a, 

which does not carry the pLP6a degradation plasmid, contained phenanthrene; P. 

fluorescens LP6a strain D l, which is blocked at the 1,2-dihydroxy-1,2- 

dihydronaphthalene dehyrdogenase (nahB) reaction, accumulated cis-3,4-dihydroxy-3,4- 

dihydrophenanthrene; P. fluorescens LP6a strain 8, which is blocked at the 1,2- 

dihydroxynaphthalene dioxygenase (nahC) reaction, accumulated 3,4-

dihydroxyphenanthrene; and P. fluorescens LP6a strain 21-41, which is blocked at the 

rrans-o-hydroxybenzylidene pyruvate hydratase-aldolase (nahE) reaction, accumulated 

tran5-4-(r-hydroxynaphth-2'-yl)-2-oxobut-3-enoate. The promoter-reporter strains P. 

fluorescens cLP6a(pTZ110-PemhA) and cLP6a(pTZ110-PemhR) were grown in the presence 

of the culture supernatants to determine the effect of phenanthrene metabolites on 

expression of the lacZ gene from the emhABC and emhR promoters.

Figure 3.15 shows that there was no significant change in the expression level of 

the lacZ reporter gene in the P emhA or P emhR transcriptional fusions by the metabolites 

tested (P values > 0.2) compared to the control cells grown in the absence of 

hydrocarbon. Salicylate, which is both an intermediate in the degradation pathway 

(Foght and Westlake 1996) and an inducer of the degradation genes (Barnsley 1975), and 

2-aminobenzoate, which is a non-metabolized gratuitous inducer of the degradation genes 

(Barnsley 1975), were also tested with the promoter-reporter strains. Neither salicylate 

nor 2-aminobenzoate produced a significant change in the expression level of the lacZ 

reporter gene (P values > 0.2; Figure 3.15). Thus, expression of the EmhABC efflux 

system and of its regulator EmhR is not affected by metabolites of phenanthrene 

degradation or by inducers of the hydrocarbon degradation genes in P. fluorescens 

cLP6a.

3.3.5. Transcription of the emhABC and emhR genes is induced by some antibiotics

The EmhABC efflux system in P. fluorescens cLP6a-l exports hydrophobic 

antibiotics as well as polycyclic aromatic hydrocarbons (Table 3.2). To investigate the 

possible role of these antibiotics in the regulation of pump expression, the promoter- 

reporter strains P. fluorescens cLP6a(pTZ110-PemhA) and cLP6a(pTZ110-PemhR) were

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

dioxygenase dehydrogenase dioxygenase hydratase-aldolase
(nahB) (nahC)

c o n t r o l  c L P 6 a  L P 6 a - D  1 L P 6 a - 8  L P 6 a - 2 1 - 4 1  s a l i c y l a t e  2 - a m i n o 
b e n z o a t e

Figure 3.15. Effect of metabolites from phenanthrene degradation on expression of (3-galactosidase from the PemhA-‘‘ 'lacZ 
(open bars) and PemhR::'lacZ (solid bars) transcriptional fusions. P. fluorescens cLP6a(pTZl 10-P emhA) and P. fluorescens 
cLP6a(pTZl 10-PemhR) cells were grown without treatment (control), with culture supernatants from P. fluorescens cLP6a, LP6a-Dl, 
LP6a-8 or LP6a-21-41 grown on TSB with phenanthrene, or with 2 mM salicylate or 2-aminobenzoate. The chemical structures 
shown above the bars are the major compounds present and are as follows: A, phenanthrene; B, cA-3,4-dihydroxy-3,4- 
dihydrophenanthrene; C, 3,4-dihydroxyphenanthrene; D, trans-4-( 1 '-hydroxynaphth-2'-yl)-2-oxobut-3-enoate; E, salicylate; and F, 2- 
aminobenzoate. The relative (3-galactosidase activities represent the activity in the treated samples relative to the control and are the 
means ± standard deviations for three independent experiments.
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grown in the presence of tetracycline, chloramphenicol, nalidixic acid or erythromycin. 

The antibiotic concentrations used were Va, x  MIC, which corresponded to 0.25 p.g mL'1 

tetracycline, 4 pg mL"1 chloramphenicol, 4 pg mL'1 nalidixic acid and 8 pg mL'1 

erythromycin, to minimize any effects on expression due to growth inhibition. (3- 

galactosidase activities of the lacZ reporter were measured for the promoter-reporter 

strains grown in the presence of antibiotic and compared to the control strains grown in 

the absence of antibiotic (Figure 3.16). Expression of the lacZ reporter from the emhABC 

promoter showed a significant 2.5-fold induction in the presence of tetracycline (0.005 > 

P  > 0.001) and a 1.5-fold induction in the presence of chloramphenicol (0.01 > P > 

0.005). Tetracycline also induced expression from the emhR promoter (0.01 > P >0.005), 

although to a lesser extent (1.4-fold). Chloramphenicol, however, did not significantly 

induce expression from the emhR promoter (P > 0.2) at the concentration of 4 pg mL'1 

tested. Neither nalidixic acid nor erythromycin affected expression of the lacZ reporter 

from either the emhABC promoter or the emhR promoter at the concentrations tested. 

Thus, the EmhABC efflux system and its regulator are induced by pump substrates, but 

the induction is selective.

3.3.6. Comparison of the regulation of the EmhABC efflux system with other RND

systems

To study the regulation of the P. fluoresecens EmhABC efflux system, promoter- 

reporter plasmids were constructed by transcriptional fusion of the intergenic region 

between the emhR and emhABC genes to a promoterless lacZ gene. Unlike translational 

fusions, which measure the rates of transcription and translation, expression of the 

reporter gene from a transcriptional fusion reflects the rate of transcription only (Pessi et 

al. 2001). Thus, the PemhR::'lacZ and PemhA:: 'lacZ transcriptional fusions constructed in 

this study were employed to evaluate the emhR and emhABC promoter strengths and to 

analyze the effects of hydrophobic compounds on the regulation of the promoters.

Promoter-reporter transcriptional fusions can be introduced into the bacterium 

either on a replicative plasmid, as was the case in this study, or by integration into the 

chromosome. Both methods may not provide an accurate representation of the 

transcriptional rate depending on the site of the fusion (Pessi et al. 2001). Plasmid-based
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control Tc Chi Nal Ery

Figure 3.16. Effect of antibiotics on expression of (3-galactosidase from the 
jF*emiiA" 'lacZ (open bars) and PemhR::’lacZ (solid bars) transcriptional fusions. P.
fluorescens cLP6a(pTZ110-PemhA) and P. fluorescens cLP6a(pTZl 10-PemhR) cells were 
grown to an OD600 ~  2.5 in TSB in the absence of antibiotic (control) or in the presence 
of 0.25 jig mL'1 tetracycline (Tc), 4 jig mL'1 chloramphenicol (Chi), 4 jig mL'1 nalidixic 
acid (Nal), or 8 pg mL"1 erythromycin (Ery). (3-galactosidase activity was measured in 
permeabilized cells by the method described by Griffith and Wolf (2002). The relative (3- 
galactosidase activity represents the activity in the presence of antibiotic relative to the 
control (in the absence of antibiotic). The values are the means ± standard deviations for 
six independent experiments.

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



101

promoter-reporter systems suffer from additional drawbacks, including high background 

levels and artificially higher levels of transcription due to the presence of the reporter 

gene on a multi-copy plasmid rather than a single copy on the chromosome (Schweizer

2001). To minimize the problems associated with plasmid-based promoter-reporter 

systems, the low copy number, broad-host range plasmid pTZllO, which has a low 

background of |3-galactosidase activity (Schweizer and Chuanchuen 2001), was used to 

construct the emhR and emhABC transcriptional fusions. The P. fluorescens cLP6a 

strains carrying the promoter-reporter plasmids provided a simple and rapid method for 

assessing transcriptional levels and were amenable to high through-put screening for 

analyzing a variety of growth conditions.

The promoter sequences for the emhABC and emhR genes showed homology to 

the consensus sequence for the a 70-dependent E. coli RNA polymerase. Consistent with 

the role of the a 70 factor in the initiation of transcription during exponential phase, 

transcription from the emhABC and emhR promoters increased during exponential phase 

(Figure 3.13). Studies with the MexAB-OprM efflux system in P. aeruginosa (Maseda et 

al. 2004, Sawada et al. 2004) suggested that the accumulation of an rV-acylhomoserine 

lactone autoinducer was responsible for the increased expression of the efflux pump in 

exponential phase. A similar global mechanism involving the quorum sensing system 

may regulate the EmhABC efflux system in P. fluorescens cLP6a. Interestingly, the N- 

butyl-L-homoserine lactone autoinducer that was shown to increase MexAB-OprM 

expression in P. aeruginosa (Maseda et al. 2004) was not a substrate of the efflux system 

(Pearson et al. 1999). Another autoinducer molecule produced by P. aeruginosa, N-(3- 

oxododecanoyl)-L-homoserine lactone, did not affect MexAB-OprM expression (Maseda 

et al. 2004), but was demonstrated to be a substrate of the efflux system (Pearson et al. 

1999). This example with the MexAB-OprM system illustrates that regulators of the 

efflux pump expression cannot be predicted based on the pump specificity.

The dichotomy between efflux pump substrates and inducers of the pump was 

demonstrated further by examination of the roles of EmhABC substrates on the 

expression of the efflux system in P. fluorescens cLP6a. Aromatic hydrocarbons, 

including phenanthrene, anthracene, fluoranthene, naphthalene and toluene did not affect 

transcription from the emhABC or emhR promoters (Figure 3.14). Furthermore,
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metabolites of phenanthrene degradation and inducers of the degradation genes did not 

affect the expression of the EmhABC efflux system or of the EmhR regulator protein 

(Figure 3.15). These data contrast several reports of the induction of solvent efflux 

pumps by aromatic hydrocarbons. The SrpABC efflux pump for toluene in P. putida S12 

was induced by the aromatic solvents toluene, styrene and xylene as well as by aliphatic 

and aromatic alcohols (Kieboom et al. 1998&). Recently, expression of the solvent efflux 

system TtgGHI in P. putida DOT-T1E was shown to be induced two- to four-fold by 

toluene, xylene, naphthalene and the naphthalene degradation product 2,3- 

dihydroxynaphthalene (Guazzaroni et al. 2005). Guazzaroni et al. (2005) demonstrated a 

direct binding of these compounds to the TtgV repressor protein by using isothermal 

titration calorimetry. In addition, electrophoretic mobility shift assays showed that 

binding of the inducers to TtgV released the TtgV protein from the operator region of the 

DNA, thereby alleviating repression of the TtgGHI efflux system (Guazzaroni et al. 

2005).

Not surprisingly, expression of the EmhABC efflux system in P. fluorescens 

cLP6a was not affected by the presence of aromatic hydrocarbons, while the solvent 

efflux systems SrpABC and TtgGHI are induced by solvents, given that the regulators of 

these efflux systems are quite dissimilar. The EmhR protein showed homology to the 

TetR family of transcriptional repressors, whereas the SrpS and TtgV proteins, which are 

the local regulators of the SrpABC and TtgGHI systems, respectively, belong to the IclR 

family of transcriptional repressors (Wery et al. 2001, Rojas et al. 2003). Furthermore, 

both SrpS and TtgV are located in operons with a downstream gene, SrpR or TtgW, 

encoding a TetR-family transcriptional repressor whose function in the regulation of the 

solvent efflux system is unknown (Wery et al. 2001, Rojas et al. 2003).. The SrpR and 

TtgW proteins showed low homology to EmhR (28% protein sequence identity), 

particularly in the C-terminal ligand-binding domain (18% protein sequence identity; 

Table 3.5), and these proteins likely recognize different effectors. Therefore, the 

regulation of the solvent efflux systems SrpABC and TtgGHI in P. putida S12 and P. 

putida DOT-T1E is distinct from that of the EmhABC efflux system in P. fluorescens 

cLP6a. The induction of the SrpABC and TtgGHI by toluene could explain the enhanced 

toluene tolerance of P. putida S12 and DOT-T1E compared to P. fluorescens cLP6a.
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Although aromatic hydrocarbons did not affect expression of the EmhABC efflux 

system, the hydrophobic antibiotics tetracycline and chloramphenicol were shown to 

induce gene expression from the emhABC promoter (Figure 3.16). Teran et al. (2003) 

also showed that tetracycline and chloramphenicol induced expression of the P. putida 

DOT-T1E TtgABC efflux system by two- to four-fold. The induction of the TtgABC 

system by chloramphenicol and tetracycline was shown to involve the direct binding of 

these antibiotics to the TtgR transcriptional repressor (Teran et al. 2003), which shows 

high homology to the EmhR protein (Table 3.5). Nalidixic acid and carbenicillin, which 

are also substrates of the TtgABC efflux system, did not induce the efflux pump (Teran et 

al. 2003), nor did nalidixic acid and erythromycin induce the EmhABC efflux system 

(Figure 3.16). Like RND efflux pumps, the repressor proteins are capable of recognizing 

and binding structurally dissimilar hydrophobic compounds. However, the substrate 

specificity of the repressor protein appears to be more selective than that of the efflux 

system, and there does not appear to be a clear relationship between the substrate 

specificities of the efflux pump and its local regulator. The regulator's specificity may 

provide a better indication of the physiological role of the efflux system.

The promoter-reporter system employed to study the regulation of the EmhABC 

efflux system can be adapted easily for high through-put screening of potential inducer 

compounds. However, the search for additional inducers of the EmhABC efflux system 

is not promising due to the inability to predict which compounds might induce the efflux 

system. Furthermore, identifying inducers of the efflux system in P. fluorescens cLP6a 

may be insignificant since the constitutive level of expression appears to be sufficient for 

polycyclic aromatic hydrocarbon transport (Figure 3.7), for antibiotic resistance (Table 

3.2) and for maintaining viability in the presence of toluene (Table 3.3). It would be of 

interest, however, to explore further the relationship between the level of efflux pump 

expression and solvent tolerance. For example, it would be useful to evaluate the toluene 

tolerance of P. fluorescens cLP6a-l expressing the EmhABC or the SrpABC efflux 

systems under control of the emhABC promoter, such that equivalent levels of pump 

expression could be compared. Such studies would address the question of whether the 

toluene sensitivity of P. fluorescens cLP6a is due to a lower level of EmhABC expression 

or to a lower affinity of the EmhABC efflux system for toluene compared to SrpABC.
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Future work to investigate the structure of the repressor protein and its ligand- 

binding domain may be valuable to understand how these proteins have adapted to bind 

structurally diverse, hydrophobic compounds. Structural studies with transcriptional 

regulators of multidrug efflux systems in B. subtilis and S. aureus have identified 

hydrophobic substrate-binding pockets capable of accommodating diverse substrates 

(Zheleznova et al. 1999, Schumacher et al. 2004). Similar studies with the EmhR protein 

as well as with the TtgV protein, which has a broader substrate specificity for aromatic 

hydrocarbons (Guazzaroni et al. 2005), may provide a better understanding of how 

hydrophobic compounds interact with the repressor proteins and may provide insight into 

the interactions between hydrophobic compounds and the RND efflux pump.

3.4. Evidence for a substrate translocation pathway in EmhB3

The recent crystallization of an RND efflux pump, the AcrB protein from E. coli, 

by Murakami et al. (2002) was a major advancement in the field of multidrug efflux 

pumps. The structure of the AcrB trimer provided insights into the possible roles of the 

various protein domains in intermolecular interactions with the periplasmic and outer 

membrane proteins and in substrate recognition and translocation. Yet, more detailed 

structure-fimction analyses are required to identify the path taken by substrates through 

the pump and to understand the structural basis for the substrate selectivity of these efflux 

systems. One approach that can be employed to study structure-function relationships is 

mutagenesis, and this strategy was applied to the EmhB protein from P. fluorescens 

cLP6a to fulfill the fourth objective of this thesis.

In this section, the rationale used to design the site-directed mutations in EmhB is 

discussed along with the results of the mutagenesis studies and their implications. The 

data were used to develop a model describing the mechanism of substrate binding and 

translocation in RND efflux pumps. The results from other studies with RND efflux 

pumps are discussed in the context of the proposed model.

3 Portions of this section have been submitted for publication.
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3.4.1. Homology modeling of the EmhB efflux pump

The three-dimensional structure of the EmhB efflux protein was predicted by 

homology modeling with the known crystal structure of the E. coli RND efflux pump 

AcrB (PDB entry 1IWG, Murakami et al. 2002) using the SWISS-MODEL protein 

structure homology-modeling server (Guex and Peitsch 1997). Because EmhB and AcrB 

share 67% protein sequence identity (Table 3.1), homology modeling of the EmhB 

protein sequence onto the AcrB crystal structure provided a reliable estimation of the 

EmhB structure. Like other RND proteins, the EmhB monomeric subunit, shown in 

Figure 3.17, is predicted to have 12 a-helical transmembrane segments (TMS) and a 

large periplasmic domain formed by the loops between TMS1 and 2 and TMS7 and 8.

The functional RND efflux pump has been shown to be a trimer (Murakami et al. 

2002), and the trimeric form of EmhB was modeled (Figure 3.18). By comparison to the 

published structure of AcrB (Murakami et al. 2002), three domains were identified in the 

EmhB trimer: the transmembrane domain, which is comprised of the 12 TMS from each 

monomer; the pore domain, which is located in the periplasm and is a mixture of (3- 

strands and a-helices; and the putative outer membrane channel docking domain, which 

is a mixed (3-sheet structure located at the top of the trimer. The transmembrane domain 

anchors the protein in the inner membrane and has been implicated in proton 

translocation (Guan and Nakae 2001, Aires et al. 2002). A cavity that has been 

implicated in substrate binding in AcrB (Yu et al. 2003) is evident between the 

transmembrane domain and the pore domain in the center of the molecule. When viewed 

from a perspective perpendicular to the plane of the membrane, a pore is observed 

through the center of the trimer (Figure 3.18A). Three a-helices (one contributed by 

each monomer) are visible in the center of the pore and are located in the periplasmic 

pore domain. This pore connects the central cavity to the outer membrane protein 

docking domain.

Murakami et al. (2002) proposed a model in which substrates pass through 

channels in the periplasmic pore domain to reach the central cavity and are then pumped 

through the pore to the outer membrane protein. The exact details of the substrate 

translocation pathway through the RND efflux pump, however, have not been 

determined. Mutations were introduced into the central cavity, the central pore, the
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Figure 3.17. Homology model of the EmhB monomer. The EmhB pump was modeled 
using the known crystal structure of the E. coli AcrB pump (PDB entry 1IWG; Murakami 
et al. 2002). The putative boundary of the inner membrane is indicated by the dashed 
lines. This figure and all subsequent protein models were drawn using the DS ViewerPro 
version 6.0 software (Accelrys).
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Figure 3.18. Homology model of the EmhB trimer. The EmhB pump was modeled 
using the known crystal structure of the E. coli pump AcrB (PDB entry 1IWG, Murakami 
et al. 2002). (A) The view of the predicted EmhB trimer from above the plane of the 
inner membrane shows the presence of a pore extending through the pump. (B) The 
transmembrane domain, pore domain and outer membrane protein docking domain are 
indicated on the side view of the EmhB trimer, with the rear monomer removed to 
facilitate viewing. A central cavity is evident at the center of the pump above the 
transmembrane domain.
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periplasmic pore domain and the outer membrane protein docking domain of the P. 

fluorescens EmhB efflux pump to elucidate the roles of these domains on efflux activity. 

Data from the crystal structure of the E. coli AcrB pump with and without bound 

substrates (Yu et al. 2003a, Murakami et al. 2002) were considered in the construction of 

several mutations. In addition to the structural analyses, sequence alignments of the 

homologous antibiotic and solvent efflux pumps, including ArpB and SrpB from P. 

putida S12, TtgB, TtgE and TtgH from P. putida DOT-T1E, MexB from P. aeruginosa 

PA01, and AcrB from E. coli, aided in the design of the mutations.

3.4.2. Construction of site-directed mutants in EmhBhis

Twenty-two mutations were constructed in the histidine-tagged EmhBhis protein 

by using site-directed mutagenesis. The mutations were confirmed by DNA sequencing 

and were as follows: nine single mutations (A384P, A385Y, F386A, F458A, F459A, 

N99A, D101A, D101N and D101E) and one double mutation (A384P/A385Y) were 

introduced in the central cavity region; three mutations (Q104A, N112A, K131A) were 

introduced in the central pore; and eight mutations (Y157A, F316A, F317A, F682A, 

F281A, F325A, N282A and S608A) were constructed in the periplasmic pore domain 

(excluding the pore-forming helix). One mutation (A206S) in the outer membrane 

protein docking domain of EmhBhis was obtained by a PCR-introduced error. The 

mutations were constructed in a histidine-tagged EmhBhis to facilitate analysis of their 

expression in the emhB disruption mutant P. fluorescens cLP6a-l. The mutated emhBhis 

genes were introduced with the emhA and emhC genes on the complementation plasmid 

pBH5 into P. fluorescens cLP6a-l.

Western immunoblotting using an antibody specific for the histidine tag was 

performed on the membrane fractions obtained from the P. fluorescens cLP6a-l strains 

carrying the mutated emhBhis genes to assess the expression levels of the mutated pump 

proteins (Figure 3.19). EmhBhis migrated on the SDS-PAGE gel with an estimated 

molecular weight of 105 kDa, which is comparable to the size predicted by the amino 

acid sequence and to the size of the MexB efflux pump (Middlemiss and Poole 2004). 

Two mutant proteins, A385Y in the central cavity (Figure 3.19) and Q104A (data not 

shown) in the central pore, were not expressed in P. fluorescens cLP6a-l. Expression of
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Figure 3.19. Expression of mutant EmhBhis proteins in P. fluorescens cLP6a-l. P.
fluorescens cLP6a-l cells were harvested, and samples containing 10 jig of protein were 
separated by SDS-PAGE using a 6% resolving gel. The SDS-PAGE gels were subjected 
to western immunoblotting using an anti-His antibody. The size of the molecular weight 
marker in kDa is indicated.
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the Y157A mutant pump was significantly lower than that of the control EmhBhis, while 

all other mutant pumps were expressed at levels comparable to EmhBhis (Figure 3.19). 

The N112A and K131A mutants are not shown in Figure 3.19, but their expression was 

comparable to that of EmhBhis.

3.4.3. The histidine-tagged EmhBhis is functional in P. fluorescens cLP6a-l

Before analyzing the activity of the mutant proteins, the activity of the histidine- 

tagged EmhBhis pump was compared with the wild-type EmhB in P. fluorescens cLP6a-l 

to ensure that the histidine tag did not affect efflux pump function (Table 3.6). In Table

3.6, the ability to transport the polycyclic aromatic hydrocarbons phenanthrene and 

anthracene is reported as the ratio of the amounts of hydrocarbon accumulated in the cells 

prior to (uninhibited) and after (inhibited) addition of the energy inhibitor azide. 

Previous data (Figure 3.7) indicated that cells possessing an active efflux system for 

polycyclic aromatic hydrocarbons accumulated approximately two-fold less hydrocarbon 

in the absence of azide than in the presence of the inhibitor and, thus, have a ratio of 

uninhibited/inhibited of about 0.5. In contrast, cells that do not have an active efflux 

system for hydrocarbons showed no change in the cellular accumulation of hydrocarbon 

in the absence or presence of azide and, thus, have a ratio of uninhibited/inhibited of 1. 

As expected, the strains expressing both EmhB and EmhBhis showed active efflux of 

phenanthrene and anthracene, while the negative control, which did not express EmhB, 

did not (Table 3.6).

The ability of EmhB and EmhBhis to pump antibiotics was also compared by 

measuring MICs for a suite of antibiotics. As shown previously (Table 3.2), 

chloramphenicol, nalidixic acid, rhodamine 6G, dequalinium, ciprofloxacin and 

erythromycin are substrates of the EmhABC efflux system. Although the MICs for 

chloramphenicol and nalidixic acid were lower for the P. fluorescens cLP6a-l strain 

expressing EmhBhis compared to the wild-type EmhB, the MICs were still significantly 

higher than the negative control (Table 3.6). The MICs for rhodamine 6G, dequalinium, 

ciprofloxacin and erythromycin were comparable for the strains expressing the EmhBhis 

and EmhB pumps (Table 3.6). Streptomycin was not a substrate of either the EmhB 

efflux pump, as previously demonstrated (Table 3.2), or the EmhBhis efflux pump
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Table 3.6. Effect of mutations on the function of the efflux protein EmhB for polycyclic aromatic hydrocarbon transport,

toluene tolerance and antibiotic sensitivity

Hydrocarbon transport 
(Ratio of uninhibited/inhibited)6

Antibiotic sensitivity 
(MIC, pg mL’V Toluene tolerance^

Mutation" Phenanthrene Anthracene Chi Nal R6G Dq Cip Ery Str Growth Survival

EmhBhis 0.53 ± 0.07 (9) 0.48 ±0.13 (6) 8 32 128 8 0.031 16 2 - +
EmhB 0.56 ± 0.08 (3) 0.56 ± 0.07 (3) 32 128 >128 8 0.063 16 1 + NA
Negative control 1.06 ±0.05 (9) 0.90 ±0.11 (6) 0.5 1 8 1 0.004 4 1 - -

Central cavity 
Lower boundary

A384P 0.60 0.59 8 16 32 2 0.016 8 1 - +
A384P/A385Y 0.61 0.67 4 16 32 2 0.016 8 2 - +
F386A 0.52 0.50 8 32 >128 2 0.016 16 1 - +
F458A 0.55 0.56 8 16 64 4 0.016 8 1 - +
F459A 0.60 0.56 8 16 64 4 0.016 8 1 - +

Upper boundary
N99A 0.53 0.49 4 32 64 2 0.031 16 1 - +
D101A 0.84 0.96 1 16 16 1 0.016 4 2 - +
D101N 0.80 0.70 2 16 32 2 0.016 8 1 - +
D101E 0.50 0.47 8 32 >128 4 0.016 16 4 - +

Central pore
N112A 0.52 0.46 8 32 >128 4 0.031 8 1 - +
K131A 0.47 0.41 16 16 >128 8 0.031 16 2 - +
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Table 3.6. Continued

Hydrocarbon transport 
(Ratio of uninhibited/inhibited)*

Antibiotic sensitivity 
(M IC jpgm L -y Toluene tolerance^

M utation Phenanthrene Anthracene Chi Nal R6G Dq Cip Ery Str Growth Survival

Periplasmic pore domain 
Vestibule

Y157A 0.62 0.58 4 16 16 4 0.008 8 4 - -
F316A 0.52 0.50 16 32 32 4 0.008 8 1 - +
F317A 0.46 0.48 4 16 64 4 0.016 8 2 - +

Substrate pathway
F682A 0.46 0.44 8 32 >128 4 0.008 16 2 - +
F281A 0.90 0.83 <0.5 8 32 2 0.016 8 4 - -
F325A 0.88 0.76 2 8 16 2 0.016 8 2 - -
N282A 0.71 0.74 1 8 32 2 0.016 4 4 -  . +
S608A 0.61 0.55 8 16 64 4 0.016 16 1 - +

O uter membrane protein docking domain 
A206S 0.48 0.53 32 128 >128 16 0.125 64 2 + NA

a Mutations were introduced into the gene encoding EmhBhis protein by site-directed mutagenesis as described in Materials and 

Methods. The mutated emhB genes, along with the emhA and emhC genes, were introduced into the efflux-deficient mutant P. 

fluorescens cLP6a-l on the broad-host range plasmid pUCP26. The negative control was P. fluorescens cLP6a-l carrying the vector 

(pUCP26) only.
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b Polycyclic aromatic hydrocarbon transport was measured using the rapid centrifugation method as described in Materials and 

Methods. The fractional amount of radiolabeled phenanthrene or anthracene was determined in uninhibited cells and in cells inhibited 

with 30 mM azide. Values represent the ratio of the fractional amounts of hydrocarbon in the uninhibited and inhibited cells. For the 

strains expressing the EmhBhis and EmhB proteins and for the negative control strain, the number in parentheses indicates the number 

of independent experiments performed. All other transport data are the averages of duplicate samples taken from single experiments. 

c MICs were determined using the microtiter broth dilution method as described in Materials and Methods. Two independent 

experiments were done, and representative data are shown. Abbreviations: Chi, chloramphenicol; Nal, nalidixic acid; R6G, 

rhodamine 6G; Dq, dequalinium chloride; Cip, ciprofloxacin; Ery, erythromycin; and Str, streptomycin.

d Toluene tolerance was assessed by monitoring growth on agar plates in the presence of vapour-phase toluene as described in the 

Materials and Methods. Growth in the presence of toluene was scored as + (positive for growth) or -  (negative for growth). After 

four days of incubation in the presence of toluene, the plates were removed and further incubated for four days in the absence of 

toluene to assess the ability of the strains to survive toluene exposure. Survival was scored as + (growth upon removal of toluene), -  

(no growth upon removal of toluene) or NA (not applicable, as these strains were able to grow in the presence of toluene). Two 

independent experiments were done.
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(Table 3.6). Thus the presence of the histidine tag did not alter the specificity of the 

efflux pump for the antibiotics tested.

Toluene tolerance was also assessed for P. fluorescens cLP6a-l expressing 

EmhBhis- Unlike the strain expressing EmhB, P. fluorescens cLP6a-l expressing EmhBhis 

was unable to grow in the presence of toluene vapours, although it did recover upon 

removal of the toluene (Table 3.6) similar to P. fluorescens cLP6a (Table 3.3). The 

difference in toluene tolerance, as well as in the antibiotic resistance levels, between 

EmhB and EmhBhis may be the result of a lower level of expression of EmhBhis due to the 

presence of the histidine tag compared to the wild-type EmhB. Alternatively, insertion of 

the codons for the histidine tag may have had a downstream polar effect on transcription 

of the emhC gene encoding the outer membrane protein, which may have resulted in the 

expression of fewer functional efflux pump complexes. This latter possibility is likely 

given the overlap between the start and stop codons of the emhC and emhB genes (Figure 

3.20). Nevertheless, the ability of the strain expressing EmhBhis to grow upon removal of 

the toluene vapours indicated that the histidine-tagged pump was functional for toluene 

efflux.

Despite the minor differences in efflux activity for antibiotics and toluene, the 

histidine-tagged EmhBhis was shown to be functional for the efflux of polycyclic aromatic 

hydrocarbons, hydrophobic antibiotics and toluene. In the subsequent sections, the 

activity of the mutant pumps for polycyclic aromatic hydrocarbons, antibiotics and 

toluene was compared relative to the activity of EmhBhis (Table 3.6). It should be noted 

that, although the phenanthrene and anthracene transport experiments were performed 

only once for each mutant, the data for the two hydrocarbons correspond and serve as 

pseudo-replicates.

3.4.4. The central cavity provides a flexible binding pocket for substrates during

transport

The three-dimensional structure of the E. coli AcrB efflux pump identified a 

cavity between the transmembrane domain and the periplasmic domain (Murakami et al.

2002), and co-crystallization of AcrB with bound drugs demonstrated the importance of 

this region in substrate binding (Yu et al. 2003a). Accordingly, the central cavity area of
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CACCACCATCACCATCAC 
his tag

..TCTAAAGAGGCTGGCTAATGAGCAAGTCGCTA...

--------------------n
emhB |__________________ ►

emhC

Figure 3.20. Insertion of histidine tag into emhB. The codons for the hexahistidine tag 
were inserted at the 3' end of the emhB gene. The stop codon of the emhB gene is 
indicated in bold-face, and the start codon of the emhC is indicated in italics.
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the EmhB pump in P. fluorescens cLP6a was investigated by site-directed mutagenesis to 

determine its role in aromatic hydrocarbon and antibiotic efflux.

A closer view of the central cavity region of the EmhB model is given in Figure 

3.21. The cavity is bounded on the bottom (closest to the inner membrane) by residues 

A384, A385, F386, F458 and F459, which are located at the periplasmic ends of TMS3 

and TMS5, and on the top (farthest from the inner membrane) by residues N99 and D101 

from the N-terminal ends of the pore-forming helices. Comparison of the protein 

sequence of EmhB with its closest homologues from Figure 3.6 revealed that F458, F459 

and D101 are highly conserved, while A384, A385, F386 and N99 are less well- 

conserved (Table 3.7). Mutations in EmhBhis were designed to target these residues 

lining the central cavity.

Crystallization studies of the E. coli AcrB pump with bound ligands showed that 

the A385, F386, F458 and F459 residues are involved in the binding of ciprofloxacin, 

rhodamine 6G and dequalinium (Yu et al. 2003a). Hence, these residues were chosen for 

site-directed mutagenesis in EmhBhis- The phenylalanines were mutated to alanines, 

while A385 was mutated to tyrosine to correspond with the SrpB, TtgH and TtgE 

sequences. Because the A385Y mutant protein was not expressed in P. fluorescens 

cLP6a-l (Figure 3.19), a double mutant, A384P/A385Y, and an additional single mutant, 

A384P, were constructed. Likely, the EmhB protein could not accommodate introduction 

of the large, aromatic side chain in the A385Y single mutation; however, simultaneous 

mutation of the adjacent A384 residue to proline enabled the A385Y substitution to be 

accommodated.

The five mutations targeted to the lower boundary of the central cavity region, 

A384P, A384P/A385Y, F386A, F458A and F459A, did not affect polycyclic aromatic 

hydrocarbon transport or toluene tolerance (Table 3.6). Variations in antibiotic 

sensitivity for some substrates, however, were observed (Table 3.6). Not surprisingly, 

significant four-fold changes in MICs for rhodamine 6G and dequalinium were observed 

for the A384P, A384P/A385Y, F386A, F458A and F459A mutations in the central cavity 

of EmhBhis (Table 3.6), as expected from the structural studies with AcrB (Yu et al. 

2003a).
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Figure 3.21. Predicted model of the central cavity in EmhB. (A) A side view of the 
central cavity, with the front monomer removed, shows the positions of the N99, D101, 
F386, F458 and F459 residues. The A384 and A385 residues adjacent to F386 are not 
shown for ease of viewing. (B) The top view of the central cavity shows a ring formed 
by the aromatic side chains of residues F386, F458 and F459.
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Table 3.7. Conservation of amino acids in the central cavity among RND multidrug

and solvent efflux pumps0

Efflux 
pumpc ■

M utated residue in EmhB6

Lower boundary Upper boundary

A384 A385 F386 F458 F459 N99 D101

ArpB A A A F F N D

TtgB A A A F F N D

MexB A A F F F D D

SrpB P Y F F F D- D

TtgH P Y F F F D D

TtgE P Y F F F N D

AcrB A A F F F D D

MexD Y L L F M D D

MexY L G L F F N D

0 Protein sequences were aligned by using ClustalX (Thompson et al. 1997). 

b Residues that are identical to the EmhB sequence are indicated in boldface type. 

c The efflux pumps compared to EmhB were ArpB (accession number AAF73832) and 

SrpB (AAD12176) from P. putida S12, TtgB (AAC38671), TtgH (AAK69564) and TtgE 

(CAB72259) from P. putida DOT-T1E, MexB (NP_249117), MexD (NP_253288) and 

MexY (NP_250708) from P. aeruginosa, and AcrB (NP_414995) from E. coli.
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The crystal structure of the E. coli AcrB efflux pump with rhodamine 6G bound 

in the central cavity identified substrate interactions with A385, F386, L25, K29 and 

V382 (Yu et al. 2003a). With the exception of lysine at position 29, these amino acids 

have hydrophobic side chains, and van der Waals and hydrophobic interactions were 

predicted to stabilize the binding of rhodamine 6G (Yu et al. 2003a). Investigation of 

homologous residues in EmhBhis corroborated the involvement of A385, and its 

neighbour A384, in the rhodamine 6G binding site. Both the A384P and A384P/A385Y 

EmhBhis mutants showed four-fold reductions in rhodamine 6G resistance (Table 3.6) 

when expressed in P. fluorescens cLP6a-l, indicating that these mutations affected the 

ability of the pump to transport the substrate. Introduction of the bulkier proline and 

tyrosine side chains would cause localized disruption of the central cavity structure 

(Figure 3.21) making the rhodamine 6G binding unfavourable. In the E. coli AcrB 

protein, Yu et al. (2003a) showed that the aromatic side chain of F386 is adjacent to the 

alkyl tail of rhodamine 6G (Figure 3.9); however, mutation of the corresponding residue 

in EmhBhis did not decrease resistance to this substrate (Table 3.6). The F386A mutation 

may have enhanced the ability of EmhBhis to pump rhodamine 6G, because the MIC for 

P. fluorescens cLP6a-l expressing this mutated pump was greater than that for the non

mutated EmhBhis pump. Although the MIC data do not conclusively indicate a 

significant increase in rhodamine 6G resistance in the F386A mutant, it is possible that 

removal of the aromatic side chain created a ligand-binding domain that better 

accommodated the alkyl group on rhodamine 6G, thereby improving the activity of 

EmhBhis for this substrate.

The F386A mutation in EmhBhis decreased the resistance of P. fluorescens cLP6a- 

1 expressing the mutant pump to dequalinium (Table 3.6). The X-ray crystal structure of 

the E. coli AcrB pump with bound dequalinium (Yu et al. 2003a) revealed an interaction, 

likely hydrophobic, between the aromatic side chain of F386 and the quinolinium group 

at one end of the dequalinium molecule (Figure 3.9). Thus, the experimental evidence 

presented here supports the role of F386 in dequalinium binding.

Ciprofloxacin was also shown to interact with amino acids in the lower part of the 

central cavity in the AcrB crystal structure (Yu et al. 2003a). The crystal structure of 

AcrB with bound ciprofloxacin showed the drug in proximity to A385, F458, F459, L25
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and K29 (Yu et al. 2003). However, the ciprofloxacin MICs for the A384P, 

A384P/A385Y, F458A and F459A mutations in EmhBhis were comparable to those 

observed when the normal EmhBhis protein was expressed in P. fluorescens cLP6a-l 

(Table 3.6). Surprisingly, the F458A and F459A mutations did not compromise 

ciprofloxacin resistance, although the phenylalanine side chains were shown to interact 

with the cyclopropyl group of ciprofloxacin (Figure 3.9) in the E. coli AcrB structure (Yu 

et al. 2003a). The failure to observe a significant change in ciprofloxacin resistance for 

the F458A and F459A single mutations suggests that mutation of only one of the

phenylalanines was not sufficient to disrupt the binding of ciprofloxacin, and the

unchanged phenylalanine was able to maintain ciprofloxacin binding. Likely, both 

phenylalanines need to be disrupted simultaneously to observe an effect on ciprofloxacin 

resistance.

The ligand-bound crystal structures of the E. coli AcrB efflux pump determined

by Yu et al. (2003a) showed the binding of rhodamine 6G, dequalinium and

ciprofloxacin to amino acids lining the bottom of the central cavity. The site-directed 

mutagenesis data with the P. fluorescens cLP6a EmhBhis efflux pump presented here 

demonstrated the involvement of these residues for pump activity towards rhodamine 6G 

and dequalinium. Other substrates of the EmhABC efflux system, including polycyclic 

aromatic hydrocarbons, toluene and the antibiotics chloramphenicol, nalidixic acid and 

erythromycin were not affected by mutations in the lower part of the central cavity (Table

3.6). Possibly, these substrates also interact with the amino acids lining the bottom of the 

central cavity. As suggested for the failure to observe changes in ciprofloxacin resistance 

in the F458A and F459A mutants, mutation of single residues may not be sufficient to 

disrupt substrate-binding for polycyclic aromatic hydrocarbons, toluene, 

chloramphenicol, nalidixic acid and erythromycin. Consequently, efflux activity for 

these substrates was comparable in the mutated pumps and the EmhBhis control (Table

3.6). Site-directed mutagenesis of the residues lining the upper boundary of the central 

cavity, however, revealed the importance of two amino acids, an asparagine at position 

99 and an aspartate at position 101 in EmhB, on the activity of the efflux pump.

Both the N99A and D101A mutations in EmhBhis affected dequalinium resistance 

in P. fluorescens cLP6a-l expressing the mutant proteins (Table 3.6). Yu et al. (2003a)
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previously demonstrated that dequalinium bridges the lower and upper regions of the 

central cavity in AcrB and interacts with the residues at positions 99 and 101. In AcrB, 

the residue at position 99 is an aspartate, which has a negatively charged carboxylic acid 

side chain, whereas the corresponding residue in EmhB is an asparagine, which has an 

amino group (Table 3.7). From the crystal structure of AcrB (Yu et al. 2003a), it appears 

that the aspartate side chain points away from the dequalinium molecule. Therefore, the 

aliphatic chain, rather than the charged functional group, on the amino acid at position 99 

must be important for stabilizing dequalinium binding in both AcrB and EmhBhis. The 

carboxylic acid group of D101 is adjacent to the quinolinium moiety of dequalinium in 

the crystal structure of AcrB (Yu et a l 2003a), and, as expected, the D101A mutation in 

EmhBhis diminished antibiotic resistance for dequalinium in P. fluorescens cLP6a-l.

Compared to position 99, the aspartate residue at position 101 is highly conserved 

in RND efflux pumps (Table 3.7). The D101 residue is located at the N-terminal end of 

the central pore, which extends into the periplasmic domain, and, thus bounds both the 

central cavity and pore. In addition to its effect on dequalinium resistance, the D101A 

mutation in EmhBhis resulted in significant (more than four-fold) decreases in antibiotic 

resistance for chloramphenicol, rhodamine 6G, ciprofloxacin and erythromycin, a two

fold decrease in nalidixic acid resistance, and greatly reduced the ability of the efflux 

pump to transport the polycyclic aromatic hydrocarbons phenanthrene and anthracene 

(Table 3.6). Mutation of D101 to asparagine also inhibited the function of the EmhBhis 

efflux pump for these substrates. However, conservation of the carboxyl group on the 

amino acid side chain by mutation to glutamate (D101E) restored function of the efflux 

pump. Cysteine-scanning mutagenesis studies with the AcrB pump in E. coli also 

demonstrated the importance of D 101 in antibiotic resistance for chloramphenicol, 

nalidixic acid and erythromycin as well as for tetracycline and acriflavin (Murakami et al.

2004). Neither the rhodamine 6G nor the ciprofloxacin binding sites were shown to 

involve the D101 residue (Yu et al. 2003a); yet, mutation of D101 in EmhBhis to alanine 

or asparagine compromised efflux activity for these antibiotics, as well as for all other 

EmhB substrates except toluene. The results of the mutations at position D101 suggest 

that the carboxyl side chain may be involved in stabilizing protein-protein interactions 

between the pump subunits or may play a role in the opening of the central pore.

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



122

The crystal structure of the E. coli AcrB efflux pump with bound ligands (Yu et 

al. 2003a) combined with the cysteine-scanning mutagenesis data of the AcrB pump 

(Murakami et al. 2004) and the site-directed mutagenesis data presented here for the P. 

fluorescens cLP6a-l EmhB efflux pump demonstrate the importance of the central cavity 

region of RND efflux pumps in the binding of structurally diverse substrates and in efflux 

activity. The central cavity appears to be a common residence for substrates during the 

translocation process. Because of its size and the generally nonspecific hydrophobic 

interactions with ligands, the central cavity is able to accommodate the structurally 

diverse substrates transported by these efflux pumps. Although mutations in the EmhB 

central cavity altered the substrate specificity of the efflux pump, substrate selectivity 

likely is not dictated solely by the central cavity. Substrates must interact with other 

areas of the protein prior to reaching the central cavity, and these other interactions likely 

influence substrate selectivity.

3.4.5. The periplasmic pore domain

RND efflux pumps have a large periplasmic domain, which is distinct from other 

families of multidrug transporters. Other studies have implicated the periplasmic domain 

in substrate recognition and specificity, as well as in the interaction between the efflux 

pump and the membrane fusion protein (Elkins and Nikaido 2002, Tikhonova et al. 2002, 

Mao et al. 2002, Eda et al. 2003). The crystal structure of the E. coli AcrB efflux pump 

(Murakami et al. 2002) and the EmhB model (Figure 3.18) showed two distinct 

periplasmic domains, which were classified as the pore domain and the outer membrane 

protein docking domain. Based on the structure of AcrB, Murakami et al. (2002) 

predicted that efflux pump substrates likely passed through the pore domain to reach the 

central cavity. Thus, the pore domain of EmhB was investigated by site-directed 

mutagenesis to investigate its role in substrate translocation and selectivity.

Figure 3.22 shows the predicted model for the pore domain of EmhB based on the 

AcrB crystal structure. Murakami et al. (2002) identified three main regions within the 

AcrB pore domain located above the central cavity: a central pore bounded by an a-helix
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F316, F317 F281, F325, 
N282, S608

vestibule

F682

vestibule

pore
Q104, N112, 
K131

vestibule

Figure 3.22. Predicted structure of the pore domain of EmhB. The pore domain, 
viewed from the top of the protein, shows the positions of the central pore, vestibules and 
clefts. The location of the residues targeted for mutagenesis are indicated.
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from each subunit; three channels, or vestibules, located between the subunits; and three 

clefts in the center of each subunit. Mutations were made in the pore and vestibule 

regions as well as in other areas of the pore domain to determine the roles of these 

residues in substrate translocation. The amino acids targeted for mutation in EmhBhis are 

compared to the corresponding residues in other multidrug and solvent efflux pumps in 

Table 3.8.

3.4.5.1. Mutations in the central pore did not affect efflux activity

Two mutations, Q104A and N112A, were constructed in the pore-forming a- 

helix, and an additional mutation, K131A, adjacent to the bottom of the pore was 

constructed. The Q104A mutant EmhBhis pump was not expressed in P. fluorescens 

cLP6a-l. This residue is located on the external face of the pore-forming helix and may 

stabilize the position of the helix in the pore domain. Thus, the Q104A mutant protein 

likely was unstable and may not have been expressed properly in the inner membrane.

The N112A and K131A mutant EmhBhis pumps were expressed, but neither 

affected the activity of the efflux pump for any of the substrates tested (Table 3.6). Since 

N112 faces the center of the pore, it was anticipated that the N112A mutation would 

affect transport of the EmhB substrates. Murakami et al. (2004) observed decreased 

antibiotic resistance upon mutation of the corresponding Q112 residue to cysteine in the 

E. coli AcrB pump. Possibly, the choice of substitution (alanine versus cysteine) at 

position 112 may have an effect on the preservation of pump function.

3.4.5.2. Amino acids linihg the vestibules in the pore domain affect efflux 

activity

The presence of three vestibules leading into the central cavity suggested that 

these are involved in substrate recognition and transport (Murakami et al. 2002). 

Compared with the central cavity (Table 3.7) and central pore (Table 3.8), the amino 

acids lining the vestibules are less conserved (Table 3.8). To examine the role of the 

vestibules in substrate selectivity, three residues, Y157, F316 and F317, located at the 

entrance of the channel (Figure 3.23) were targeted for site-directed mutagenesis in

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

Table 3.8. Conservation of amino acid residues targeted for mutation in the pore domain of EmhB"

Efflux
pum pc

M utated residue in EmhB*

Central pore Vestibule Pore domain

Q104 N112 K131 Y157 F316 F317 F682 F281 F325 N282 S608

ArpB Q N K Y F F F F F N S

TtgB Q N K Y F F F F F N s

MexB Q Q K Y F M F F Y N s

SrpB Q Q K L Y L Y Y Y K H

TtgH Q Q K L Y L Y Y Y K H

TtgE Q Q K L Y L Y Y Y R H

AcrB Q Q K Y F F E F Y N S

MexD Q K Q Y F F R L V N S

MexY A K K I Y F R V I N Y

" Protein sequences were aligned by using ClustalX (Thompson et al. 1997).

* Residues that are identical to the EmhB sequence are indicated in boldface type. 

c The efflux pumps compared to EmhB were as listed for Table 3.7.



Figure 3.23. The vestibule region of EmhB. A section of the periplasmic domain, 
viewed from the top of the protein, shows the vestibule between two EmhB subunits. The 
side chains of the residues F316, F317 and Y157, which were targeted for site-directed 
mutagenesis, are shown.
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EmhBhis- P- fluorescens cLP6a-l expressing the Y157A mutant EmhBhis pump showed 

eight-fold and four-fold decreases in resistance to rhodamine 6G and ciprofloxacin, 

respectively, and was unable to survive in the presence of vapour-phase toluene 

compared to the control expressing EmhBhis (Table 3.6). Resistance to chloramphenicol, 

nalidixic acid, dequalinium and erythromycin decreased only two-fold and polycyclic 

aromatic hydrocarbon transport appeared to be unaffected by the Y157A mutation. As 

noted earlier, a lower level of expression was obtained for the Y157A mutant pump 

compared to EmhBhis (Figure 3.19). Thus, the decreased antibiotic resistance and toluene 

tolerance caused by the Y157A mutation were likely due to decreased expression of the 

mutant efflux pump.

Both the F316A and F317A mutant pumps were expressed at levels comparable to 

EmhBhis (Figure 3.19). The F316A mutant EmhBhis pump showed significant (four-fold) 

decreases in resistance to rhodamine 6G and ciprofloxacin and small (two-fold) decreases 

in resistance to dequalinium and erythromycin compared to the normal EmhBhis (Table

3.6). The F317A mutant pump showed small (two-fold) decreases in antibiotic resistance 

for all antibiotic substrates (Table 3.6). Neither the F316A nor the F317A mutations 

affected polycyclic aromatic hydrocarbon transport or toluene tolerance. The 

observations that the F316 side chain points into the vestibule (Figure 3.23) and that the 

activity of the F316A mutant pump was less active towards rhodamine 6G and 

ciprofloxacin (Table 3.6) may suggest that this mutation produces a greater 

conformational change at the rhodamine 6G and ciprofloxacin binding sites than does the 

F317A mutation. However, without direct binding evidence, speculations about the 

effect of the mutations on substrate binding are unsubstantiated. Because F316 and F317 

are located at the interface between EmhB monomers (Figure 3.23), mutation of these 

residues more likely disrupted the structure of the EmhB trimer, thereby reducing efflux 

activity for a number of substrates. Similarly, Middlemiss and Poole (2004) attributed 

the loss of efflux activity for two mutations in the MexB vestibule region, S462F and 

E864K, to alterations in the tertiary structure of the pump. Crystallographic analyses of 

the EmhB F316A and F317A mutant pumps, and other vestibule mutations, are required 

to assess the impact of the mutations on the structure of the efflux pump. Further studies
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of the vestibules demonstrating substrate-binding in EmhB and other RND efflux pumps 

may provide better evidence linking this region to substrate selectivity.

3.4.53. Evidence for a phenylalanine-lined substrate access pathway in the 

EmhB pore domain

In addition to the vestibule region, other areas of the EmhB pore domain were 

investigated by site-directed mutagenesis. Because EmhB pumps polycyclic aromatic 

hydrocarbons, it was hypothesized that amino acids with aromatic side chains may be 

involved in hydrocarbon recognition and binding. Consequently, two phenylalanine 

residues (F682 and F281) located near the vestibules were mutated to alanines in EmhBhis 

(Figure 3.22), and the activity of these mutant pumps for EmhB substrates was assessed. 

One phenylalanine (F682) did not affect the transport of polycyclic aromatic 

hydrocarbons, antibiotics or toluene (Table 3.6). However, mutation of F281 in EmhBhis 

disrupted efflux activity not only for phenanthrene and anthracene but also for toluene 

and all of the antibiotics tested, except for streptomycin, which is not a substrate of 

EmhB (Table 3.6). Mutation of the neighbouring F325 residue also inhibited EmhBhis 

activity for all substrates, and mutation of the neighbouring N282 residue inhibited 

activity for all substrates except toluene (Table 3.6). Yet, mutation of the adjacent S608 

residue yielded a mutant pump that was fully functional for all substrates (Table 3.6).

One possible explanation for the inhibition of the EmhBhis pump by the F281A 

and F325A mutations is that these residues, which are located near the surface of the pore 

domain, may be involved in intermolecular protein interactions with the membrane fusion 

protein EmhA. To address this possibility, chemical cross-linking with the cleavable 

cross-linker dithiobis(succinimidyl propionate), which specifically reacts with the amino 

group on lysine and has a 12 A spacer (Zgurskaya and Nikaido 20006), demonstrated the 

in vivo formation of higher molecular weight complexes for EmhBhis and mutant proteins 

(Figure 3.24). Several major limitations of the cross-linking experiment, however, 

restricted its usefulness. An inherent problem with cross-linking is the tendency for 

excessive cross-linking to occur between proteins that do not necessarily interact with 

each other in vivo. The size of the EmhBhis protein complex and the identity of the 

proteins in the complex were not determined. As well, cross-linking does not indicate
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DSP ^"+ + v ^  + +~Y_— +
DTT + -  -  + -  -  +

100 kDa

75 kDa

Figure 3.24. Cross-linking of EmhB in intact cells. P. fluorescens cLP6a-l cells 
expressing EmhBhis, EmhBhiS(F281A) or EmhBhiS(F325A) were treated with or without 
the chemical cross-linker DSP as described in Materials and Methods. Following 
termination of the cross-linking reaction by addition of Tris'HCl (pH 7.5) to a final 
concentration of 100 mM, cells were harvested, resuspended in SDS-PAGE loading 
buffer with or without dithiothreitol, and heated to 95°C for 10 min. Samples were run 
on SDS-PAGE gels using a 6% resolving gel and subjected to western immunoblotting 
using an anti-His antibody. The sizes of the molecular weight markers are indicated.
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that a functional complex has formed. Thus, the in vivo cross-linking results with the 

F281A and F325A mutant pumps are alone insufficient to discount an effect of the 

mutations on protein-protein interactions.

The protein-protein interactions between the components of the E. coli AcrAB- 

TolC efflux system were modeled recently using the known crystal structures of the AcrB 

and TolC proteins and a predicted structure of AcrA generated from the MexA crystal 

structure (Femandez-Recio et al. 2004). In the model, the membrane fusion protein 

AcrA was predicted to interact with the efflux pump between the AcrB subunits, which 

corresponds to the vestibule region in the upper part of the pore domain (Femandez- 

Recio et a l 2004). The region of AcrB corresponding to the location of the F281 and 

F325 residues in EmhB did not appear to be involved in the AcrA-AcrB interaction. 

However, precise details of the interaction between RND efflux pumps and their 

membrane fusion proteins are still unknown, and the possibility that mutation of F281 

and F325 in EmhB affected interaction with the membrane fusion protein cannot be 

discounted.

The F281A and F325A mutations may have caused an indirect effect on the 

folding of the efflux pump, which resulted in the observed disruption of efflux activity. 

Notably, the mutant pumps showed intermediate levels of activity between the normal 

EmhBhis and the negative control for some substrates. For the F281A mutant, for 

example, the MICs for nalidixic acid and rhodamine 6G, while four-fold lower than the 

positive control EmhBhis, were significantly (four-fold) greater than the negative control, 

whereas the MICs for chloramphenicol and dequalinium were comparable to the negative 

control (Table 3.6). Additionally, transport of phenanthrene and anthracene by the 

F325A mutant pump was not completely inhibited (Table 3.6). These data indicate that 

efflux activity was significantly reduced, but not eliminated, for various substrates in the 

mutant pumps compared to the normal EmhBhis. Therefore, if indirect structural changes 

induced by the mutations were responsible for the reduced activity, the changes were not 

severe enough to cause complete inactivation of the pump. Without crystallographic 

analyses to determine the structures of the mutant proteins, the possibility of indirect 

structural effects cannot be excluded definitely.
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The reduced efflux activity for all substrates by mutation of F281 and F325 in 

EmhBhis strongly suggests protein misfolding or disruption of protein-protein 

interactions. However, the possibility that these residues may be implicated in substrate 

translocation through the periplasmic pore domain warrants further investigation. A 

closer inspection of the EmhB pore domain revealed the presence of several additional 

phenylalanine residues leading from F325 and F281 at the surface of the periplasmic 

domain towards the central pore (Figure 3.25). These phenylalanine residues may form a 

common channel through which substrates reach the central cavity.

The hypothesis that the phenylalanine cluster in EmhB forms a substrate access 

channel is supported by examples of similar pathways in enzymes that bind hydrophobic 

compounds. Cytochrome P450 monooxygenases are responsible for the biodegradation 

of many xenobiotic compounds, drug metabolism, and the biosynthesis of steroids and 

lipids in prokaryotic and eukaryotic cells. Like multidrug efflux pumps, cytochrome 

P450 enzymes have a broad substrate specificity for hydrophobic compounds. For 

example, cytochrome P450cam, a cytosolic enzyme in P. putida, catalyzes the oxidation 

of camphor, its natural substrate, as well as camphor derivatives such as thiocamphor and 

adamantane, benzene derivatives, styrene and chlorinated aliphatics (Ragg and Poulos 

1991, Bell et al. 2003). Cytochrome P450cam has been crystallized with various 

substrates, and the heme-containing active site has been characterized (Schlicting et al.

2000). A tyrosine residue (Y96) in the active site was shown to interact via hydrogen 

bonding with the bound camphor substrate (Schlicting et al. 2000). More recently, 

molecular wires, which are substrate analogues linked to a probe molecule via an alkyl 

chain, have been employed to characterize the substrate access pathway of cytochrome 

P450cam (Dunn et al. 2001, Hays et al. 2004). Crystallization of cytochrome P450cam 

with the molecular wires revealed the substrate analogue moiety in the active site of the 

enzyme with the alkyl chain and probe molecule extending from the active site into the 

substrate access pathway. The amino acids identified in the channel (Figure 3.26), which 

terminated at Y96 in the active site, were F87, F98 and F193 (Dunn et al. 2001, Hays et 

al. 2004). Residues adjacent to the phenylalanines in the access channel were involved in 

stabilizing the interaction with the substrates (Hays et al. 2004). By using a variety of
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Figure 3.25. Putative substrate translocation pathway in the periplasmic pore 
domain of EmhB. A segment of the periplasmic domain is viewed from the top of the 
protein. The position of the phenylalanine residues predicted to be involved in the 
putative substrate access pathway are shown.

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



133

B

F 220

F 304

F 219

Figure 3.26. Phenylalanine clusters predicted to be involved in substrate access 
pathways in cytochrome P450 monooxygenases. (A) In cytochrome P450cam 
(redrawn from PDB entry 1PHC; Poulos et al. 1986), the phenylalanine cluster, 
comprised of F87, F98 and F193, has been shown to be involved in a substrate access 
pathway leading into the active site residue Y96 (Dunn et al. 2001, Hays et al. 2004). 
(B) In cytochrome P450 3A4 (redrawn from PDB entry 1W0E; Williams et al. 2004), the 
phenylanine cluster, comprised of F108, F215, F219, F220, F213, F241 and F304, is 
predicted to form a substrate access pathway leading into the active site.
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molecular wire compounds, Hays et al. (2004) demonstrated the flexibility of the 

substrate access pathway to accommodate diverse substrates.

A phenylalanine cluster was also observed in the crystal structure of the human 

cytochrome P450 3A4 isozyme (Williams et al. 2004). Cytochrome P450 3A4, a 

membrane-bound enzyme prevalent in the liver, oxidizes over 100 substrates including 

estradiol, taxol, lidocaine, cyclosporin A and erythromycin (Josephy 1997). In the 

cytochrome P450 3A4 structure (Figure 3.26), the aromatic side chains of the 

phenylalanines (F108, F213, F215, F219, F220, F241 and F304) point towards each other 

to form a hydrophobic channel leading to the active site (Williams et al. 2004). Williams 

et al. (2004) suggested that an initial substrate recognition event on the external surface 

of cytochrome P450 3A4 triggers a conformational change, widening the phenylalanine 

channel and allowing substrate passage to the active site.

The presence of phenylalanine clusters in the EmhB efflux pump and in 

cytochrome P450 monooxygenases suggests that there is a common theme among these 

broad specificity proteins. The aromatic side chains of the phenylalanine residues likely 

provide a flexible access channel, whereby a wide variety of hydrophobic compounds can 

be accommodated by relatively non-specific interactions. Neighbouring amino acid 

residues may play a role in stabilizing substrate binding in the hydrophobic channel. For 

example, mutation of the N282 residue, which is adjacent to F281 and F325 in EmhB 

(Figure 3.22), also reduced the transport of all substrates except toluene (Table 3.6). 

Mutation of the S608 residue, which is also near F281 and F325 (Figure 3.22), did not 

affect efflux activity (Table 3.6), perhaps because the serine to alanine substitution did 

not significantly alter the substrate binding affinity of the EmhBhis pump.

Interestingly, of the nine phenylalanine residues identified in the putative 

substrate access pathway in EmhB (Figure 3.25), only F136, F178, F615 and F617 are 

highly conserved among the multidrug and solvent efflux pumps (Table 3.9). These four 

residues lie along one surface of the putative channel and lead into the central cavity 

(Figure 3.26). The residues corresponding to positions 573, 610 and 628 in EmhB are 

less conserved. In the toluene efflux pumps SrpB, TtgH and TtgE, the residues 

corresponding to positions 573, 610 and 628 in EmhB, which are positioned along the 

side of the putative channel, are methionine or leucine residues rather than phenylalanine
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Table 3.9. Conservation of phenylalanine residues in RND multidrug and solvent 

efflux pumps corresponding to the putative substrate access pathway in EmhB“

Efflux Residue in  EmhBc
pump F136 F178 F28T* F325rf F573 F610 F615 F617 F628

ArpB F F F F F F F F F

TtgB F F F F F F F F F

MexB F F F Y F F F F F

SrpB F F Y Y M M F F L

TtgH F F Y Y M M F F L

TtgD F F Y Y M M F F L

AcrB F F F Y M F F F F

MexD F F L V V F F F F

MexY I W V I M Y F L F

a Protein sequences were aligned by using ClustalX (Thompson et a l 1997). 

b The efflux pumps compared to EmhB were as listed for Table 3.7. 

c Residues that are conserved in EmhB are indicated in boldface type. 

d The F281 and F325 residues in EmhB were shown by site-directed mutagenesis to be 

essential for the efflux of polycyclic aromatic hydrocarbons, antibiotics and toluene 

(Table 3.6).
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(Table 3.9). These residues were not targeted for site-directed mutagenesis in EmhB, 

and, as a result, their function in the putative substrate access path is unknown. One 

hypothesis is that the amino acids at positions 573, 610 and 628 may be implicated in 

substrate selectivity. Alternatively, these residues may not be involved in the putative 

substrate access channel. Additional site-directed mutations in EmhB, as well as 

mutagenesis studies with other multidrug and solvent efflux pumps, will help to clarify 

the roles of F573, F610 and F628. The amino acids at positions 281 and 325 on the 

surface of the EmhB pore domain are the least conserved among the residues identified in 

the putative substrate access channel (Table 3.9). These residues may play a role in 

substrate specificity. Notably, in the toluene efflux pumps SrpB, TtgH and TtgE, 

tyrosine residues replace the phenylalanines at positions 281 and 325 in EmhB (Table 

3.9). The tyrosine substitutions in SrpB, TtgH and TtgE may enhance binding of more 

polar hydrocarbons, such as toluene, enabling these proteins to be more efficient solvent 

efflux pumps. Analysis of F281Y and F325Y single and double mutations in EmhB, 

particularly with respect to toluene tolerance, may clarify their function in substrate 

recognition and translocation.

The residues lining the putative substrate access pathway (Table 3.9), with the 

exception of the amino acids on the surface of the protein, are hydrophobic in the EmhB 

homologues as well as in the P. aeruginosa MexD and MexY pumps, which are more 

distantly related to EmhB (Figure 3.6). The similarity of these amino acids among RND 

efflux pumps lends support to the hypothesis that this region forms a hydrophobic 

substrate-binding pocket, which, like the central cavity, is able to accommodate 

structurally diverse compounds. Based on protein sequence alignments and homology 

modeling, however, the location of these residues is difficult to know precisely. Thus, 

further studies are required to confirm the hypothesis that these residues form a 

hydrophobic substrate access channel leading into the central cavity in RND pumps.

3.4.6. A mutation in the outer membrane protein docking domain enhances efflux

activity

One EmhBhis mutant protein (A206S) exhibited enhanced efflux activity for 

antibiotics and toluene. Antibiotic resistance of P. fluorescens cLP6a-l expressing
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EmhBhis(A206S) was significantly greater (four-fold) compared to the normal EmhBhis 

for all of the antibiotics tested, except for the non-substrate streptomycin (Table 3.6). 

Most notably, P. fluorescens cLP6a-l expressing EmhBhis with the A206S mutation 

became toluene tolerant as indicated by its ability to grow in the presence of vapour- 

phase toluene (Table 3.6). The transport of phenanthrene or anthracene, however, 

appeared to be unaffected by the mutation (Table 3.6). A small decrease in the steady- 

state levels of hydrocarbon may be undetectable due to the lack of sensitivity of the rapid 

centrifugation method used to measure the cellular accumulation of phenanthrene and 

anthracene. Small changes in the cellular accumulation of the antibiotics or toluene, 

however, have large measurable effects on the growth-based assays used to assess the 

transport of these substrates.

The A206S mutation responsible for the enhanced efflux activity mapped to the 

outer membrane protein docking domain of the efflux pump (Figure 3.27), and this 

residue is highly conserved among the ArpB, SrpB, TtgB, TtgE, TtgH, MexB and AcrB 

multidrug and toluene efflux pumps (Table 3.10). The outer membrane protein docking 

domain of RND efflux pumps has been proposed to act as a funnel, which interacts with 

the outer membrane protein and opens to allow substrates entry into the outer membrane 

channel (Murakami et al. 2002). In the RND pump structure, A206 is located at the 

interface between the EmhB subunits (Figure 3.27) and may be involved in the funnel 

structure and function. One possibility is that the A206S mutation may maintain the 

funnel in a more open state, thus facilitating passage of substrates from the RND pump to 

the outer membrane channel. Alternatively, the A206S mutation may cause 

conformational changes in the efflux pump that enhance the interaction between the RND 

pump and the outer membrane protein, thereby creating a more efficient efflux complex. 

The two possibilities may not be mutually exclusive; that is, locking the RND funnel in 

an open state may stabilize the interaction with the open conformation of the outer 

membrane protein.

Middlemiss and Poole (2004) also identified mutations in the outer membrane 

protein docking domain of the MexB pump in P. aeruginosa that affected efflux activity. 

A G220S mutation reduced antibiotic resistance levels for all drugs tested (Middlemiss 

and Poole 2004). The G220 residue is located on the protruding arm of the MexB
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Figure 3.27. Predicted structure of the outer membrane protein docking domain of 
EmhB. The domain is viewed from the top of the protein perpendicular to the plane of 
the membrane in (A) and from the side of the protein with the rear monomer removed in 
(B). The location of the A206, V203 and G220 residues are indicated.
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Table 3.10. Conservation of amino acid residues in the outer membrane protein 

docking domain of RND efflux pumps“

Efflux pump* Residue in EmhBc

A206 G220 Y203

ArpB A G V
TtgB A G V
MexB A G V
SrpB A G V
TtgH A G V
TtgD A G Y
AcrB A G V
MexD A G V
MexY A G L

a Protein sequences were aligned by using ClustalX (Thompson et al. 1997). 

b The efflux pumps compared to EmhB were as listed for Table 3.7. 

c Residues that are conserved in EmhB are indicated in boldface type.
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subunit, which inserts into a pocket in the neighbouring subunit, and is conserved among 

RND efflux pumps (Table 3.10). Middlemiss and Poole (2004) attributed the lack of 

efflux activity observed for the G220S mutation to an inability of the MexB subunits to 

assemble into trimers. Alternatively, the protruding arm of the efflux pump may be 

involved in opening and closing the funnel, and the G220S mutation may lock the efflux 

pump in a closed state. Several second-site suppressor mutations that restored antibiotic 

efflux in the G220S mutant pump were isolated and mapped to the outer membrane 

protein docking domain (Middlemiss and Poole 2004). In particular, a V203M/G581D 

double mutation restored antibiotic resistance of the G220S mutant pump to wild-type 

levels (Middlemiss and Poole 2004). Like A206 in EmhB, V203 is highly conserved in 

RND efflux pumps (Table 3.10), and the V203M mutation may maintain the MexB pump 

in an open state or enhance the interaction with the outer membrane protein, 

compensating for the G220S mutation.

The results for the A206S mutation in EmhB presented here, as well as the G220S 

mutation in MexB reported by Middlemiss and Poole (2004), provide evidence for the 

role of the outer membrane protein docking domain in the function of RND efflux 

pumps. Further examination of this region will provide valuable information regarding 

the mechanism by which the efflux pump opens to allow substrates to enter the outer 

membrane protein. Since the mechanism is likely a universal feature of RND efflux 

pumps, the outer membrane protein docking domain provides an excellent target for 

pump inhibitors. An inhibitor that locks the funnel in a closed state could successfully 

eliminate efflux pump-mediated antibiotic resistance.

3.4.7. A model for substrate translocation by RND efflux pumps that describes substrate 

selectivity and capture from the periplasm or inner membrane 

Previous models of RND efflux pumps predicted that substrates are captured from 

the outer leaflet of the inner membrane (Murakami et al. 2002, Yu et al. 2003b), while a 

recent study of aminoglycoside transport by the E. coli pump AcrD demonstrated 

substrate capture from the periplasm (Aires and Nikaido 2005). Here, a model for the 

transport of substrates through RND efflux pumps, which supports both types of substrate 

capture is proposed (Figure 3.28) based on the results of the mutagenesis studies with
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Figure 3.28. Proposed model for substrate translocation in RND efflux pumps.
Substrates in the periplasm or in the inner membrane interact with the periplasmic 
domain of the RND pump and enter a common hydrophobic substrate access pathway, 
possibly comprised of a phenylalanine cluster in EmhB. From the hydrophobic substrate 
access pathway, substrates enter a cavity located at the center of the trimer above the 
inner membrane. Substrates then pass through the central pore, which is formed by three 
a-helices in the periplasmic domain. The final step involves substrate translocation 
through the funnel-shaped outer membrane protein docking domain into the outer 
membrane protein.
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EmhB. In this model, substrates are initially recognized at the external surface of the 

efflux pump pore domain. After the initial recognition event, substrates enter a common 

access pathway, which may be provided by the phenylalanine cluster in the pore domain 

leading to the central cavity. The efflux pump likely undergoes a conformational change, 

induced either by the initial substrate binding or by proton translocation, to open the 

phenylalanine cluster and facilitate substrate passage. Following residence in the central 

cavity, substrates are expelled through the central pore into the outer membrane protein 

docking domain. Another conformational change opens the funnel-shaped outer 

membrane protein docking domain, resulting in substrate translocation directly to the 

outer membrane channel.

The initial step of substrate recognition by the efflux pump remains unclear in the 

proposed model. Several studies have established that the periplasmic domain of RND 

efflux pumps determines substrate specificity. Chimeric analyses of the E. coli AcrB and 

AcrD efflux pumps (Elkins and Nikaido 2002) and of the P. aeruginosa MexB and 

MexY efflux pumps (Eda et al. 2003) showed that the periplasmic loops dictated 

substrate specificity. Also using chimeric constructs of the E. coli AcrB pump and the P. 

aeruginosa MexB pump, Tikhonova et al. (2002) demonstrated that the second 

periplasmic loop conferred specificity for macrolide antibiotics. Moreover, random 

mutagenesis of MexB identified several amino acids throughout the pore domain, 

including S462 and E864 in the vestibules and T578, A618 and R716 within the 

periplasmic cleft, that altered the activity arid substrate selectivity of the efflux pump 

(Middlemiss and Poole 2004). These data suggest that different substrates initially 

interact with the pump at distinct sites in the pore domain.

Once the initial substrate binding has occurred, the model (Figure 3.28) proposes 

that substrates reach the central cavity via a hydrophobic channel, possibly lined by 

phenylalanine residues in EmhB (Figure 3.25), in the pore domain. The proposed 

substrate access pathway through the pore domain contradicts previous models of 

substrate entry in RND efflux pumps (Murakami et al. 2002, Yu et al. 2003b). The 

presence of vestibules extending from the surface of the pore domain into the central 

cavity in the crystal structure of AcrB prompted the hypothesis that substrates enter the 

pump through these channels (Murakami et al. 2002, Yu et al. 2003b). To date,
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experimental evidence has been lacking to confirm the role of the vestibules in a substrate 

access pathway. Mutational analysis of the EmhB efflux pump, however, demonstrated 

the importance of F281 and F325 in the efflux of all substrates (Table 3.6) and suggested 

the existence of a common pathway leading from these residues into the central cavity 

(Figure 3.28). The presence of similar phenylalanine channels in cytochrome P450 

monooxygenases, which also bind hydrophobic compounds (Dunn et al. 2001, Hays et al. 

2004, Williams et al. 2004), supports the hypothesis of such a substrate access pathway 

in RND efflux pumps. Further analyses with EmhB are required to confirm the 

involvement of the putative phenylalanine cluster in substrate access.

Strong evidence for the involvement of the central cavity in the proposed 

substrate translocation model was provided by the co-crystallization studies of the E. coli 

AcrB efflux pump with several drug substrates (Yu et al. (2003a). The results from the 

site-directed mutagenesis of the EmhB central cavity presented here confirmed the 

importance of several central cavity residues (A384, A385 and F386) for efflux activity. 

Further, the D101 residue, which bounds the cavity and the central pore, was shown to be 

essential for efflux activity. Mutagenesis of the D101 residue in EmhB, as well as the 

cysteine-scanning mutagenesis of other central pore residues by Murakami et al. (2004), 

strongly demonstrated the involvement of the pore in efflux activity.

The final step in the proposed model of substrate translocation through RND 

efflux pumps is passage through the outer membrane protein docking domain (Figure 

3.28). The A206S mutation in the outer membrane protein docking domain of EmhB 

(Table 3.6), as well as the G220S mutation in MexB (Middlemiss and Poole 2004), 

demonstrated the involvement of this domain in substrate transport. Substrates may not 

interact directly with amino acid residues in the outer membrane protein docking domain, 

but rather this funnel-shaped domain may simply open to expel substrates from the 

central pore to the outer membrane channel. The mechanism by which the funnel opens 

likely involves movement of the protruding arm of the pump subunit, which interacts 

with the neighbouring subunit (Figure 3.27). Structural studies using X-ray 

crystallography will confirm the model proposed for the opening of the outer membrane 

protein docking domain by comparing the diameter of the funnel in the wild-type EmhB 

and the A206S mutant.
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While the initial substrate recognition event may be distinct for individual 

substrates, the remaining steps in the transport model proposed for RND efflux pumps 

(Figure 3.28) are likely common to all substrates. Thus, these proteins have evolved a 

number of adaptations to accommodate structurally diverse ligands. As discussed earlier, 

the central cavity is unusually large, compared to enzyme active sites, and is lined by 

hydrophobic amino acids, which enables it to accommodate a wide variety of substrates. 

Like the central cavity, the proposed substrate access channel, involving the 

phenylalanine cluster identified in EmhB, likely provides a flexible pathway that 

facilitates passage of the different substrates.

It has been proposed that substrates enter the RND efflux pump from either the 

inner membrane or the periplasm (Murakami et al. 2002, Yu et al. 2003b). The model 

described here, based on the mutagenesis studies with EmhB, supports both types of 

substrate capture (Figure 3.28). Highly hydrophobic substrates, such as polycyclic 

aromatic hydrocarbons, may interact with the amino acid residues adjacent to the 

membrane and gain access to the efflux pump through the membrane. Periplasmic 

capture may also occur for certain substrates through other sites in the pore domain. 

Experimental evidence demonstrated periplasmic capture of the hydrophilic 

aminoglycoside substrates of the E. coli AcrD efflux pump (Aires and Nikaido 2005). It 

should be noted that Aires and Nikaido (2005) also demonstrated the AcrD-mediated 

transport of aminoglycosides directly from the cytoplasm. However, this route was not 

investigated in the present study, and the significance of cytoplasmic capture of efflux 

pump substrates remains unclear. Further studies are required to confirm the proposed 

model for RND efflux pumps, as well as to elucidate the roles of the membrane fusion 

protein and the outer membrane protein in substrate transport across the gram-negative 

cell envelope.

3.4.8. Comparison of the model for transport in RND efflux pumps to other families of

multidrug efflux pumps

Multidrug efflux pumps that, like RND efflux pumps, have a broad specificity for 

hydrophobic substrates are found in several other protein families, including the ATP- 

binding cassette superfamily and the major facilitator superfamily (Saier and Paulsen
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2001). Members of the ATP-binding cassette superfamily and major facilitator 

superfamily are responsible for multidrug resistance in eukaryotes and gram-positive 

bacteria. Thus, proteins belonging to these other families of multidrug transporters do 

not have large extracellular domains, like the periplasmic domain characteristic of RND 

efflux pumps. Despite their structural dissimilarities, studies with the ATP-binding 

cassette transporter P-glycoprotein, which is responsible for multidrug resistance to a 

wide array of hydrophobic chemotherapy drugs in mammalian cells, suggest that these 

proteins share common features with RND efflux pumps for recognizing and transporting 

hydrophobic compounds.

Detailed structural data for multidrug efflux pumps belonging to the ATP-binding 

cassette superfamily are lacking due to the absence of X-ray crystal structures for P- 

glycoprotein. However, crystal structures of other solute transporters belonging to the 

ATP-binding cassette superfamily, as well as biochemical structural studies, have 

provided insight into the structure of P-glycoprotein. The 12 transmembrane a-helices of 

P-glycoprotein are predicted to form a funnel in the cytoplasmic membrane that, in one 

conformation, is narrow at the cytoplasmic side and open at the extracellular side (Loo et 

al. 2004). The amino acid sequence of P-glycoprotein predicted two homologous halves 

of the protein, with TMS1-6 and TMS7-12 forming symmetrical halves of the funnel. 

Cysteine-scanning mutagenesis studies of P-glycoprotein identified a number of 

hydrophobic amino acids in the transmembrane segments that contributed to a common 

drug-binding pocket capable of accommodating two structurally different drugs 

simultaneously (Loo and Clarke 2000, Loo et al. 2003a). These hydrophobic amino 

acids line the interior of the funnel-shaped protein and, like the central cavity within 

RND efflux pumps, provide a large and flexible substrate-binding pocket.

Unlike the dual mode of substrate capture from the inner membrane and from the 

periplasm that is proposed for RND efflux pumps, P-glycoprotein and other multidrug 

transporters belonging to the ATP-binding cassette and major facilitator superfamilies are 

believed to capture substrates solely from the membrane. Loo and Clarke (2005) 

suggested that substrates gain access to the drug-binding pocket of P-glycoprotein 

through gates formed between adjacent transmembrane segments. Site-directed 

mutagenesis of hydrophobic amino acid residues on the exterior surfaces of TMS2,
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TMS5, TMS8 and TMS11 inhibited drug transport by P-glycoprotein (Loo and Clarke

2005). In the three-dimensional model of P-glycoprotein, TMS2 and TMS11 are adjacent 

to each other and opposite to TMS5 and TMS8. Thus, the hydrophobic amino acids 

lining the TMS2/11 and TMS5/8 interfaces were predicted to form gates on opposite 

sides of the funnel leading into the central drug-binding pocket (Loo and Clarke 2005). 

Photoaffinity labeling studies with P-glycoprotein confirmed that the initial substrate 

interaction likely occurs at the transmembrane domain interfaces between the two halves 

of the transporter (Pleban et al. 2005). The hydrophobic nature of the proposed gates 

represents another adaptation enabling P-glycoprotein to recognize and transport 

structurally diverse hydrophobic compounds.

The site-directed mutagenesis studies with the RND efflux pump EmhB presented 

in this study also demonstrated the importance of domain interfaces in substrate 

recognition and translocation. The central cavity of RND proteins is located at the 

interface between the membrane and periplasmic domains of the pump. As well, the 

F281 and F325 residues are located near the surface of the periplasmic domain and were 

proposed to be involved in a hydrophobic substrate access channel in EmhB (Figure 

3.25). The presence of similar hydrophobic gates leading to the central drug-binding 

pocket in P-glycoprotein lends support to the proposed model for substrate recognition 

and translocation by RND efflux pumps (Figure 3.28). Binding of substrates at domain 

interfaces through hydrophobic interactions may represent a universal feature of 

multidrug efflux pumps that accounts for their broad substrate specificity.

3.4.9. Future work to elucidate the substrate translocation pathway in RND efflux

pumps

While X-ray crystallography of the EmhB pump would be beneficial to confirm 

the effects of site-directed mutations on protein structure, the use of crystallography alone 

is unlikely to yield significant information on the transport cycle of RND efflux pumps. 

Co-crystallization studies of the E. coli AcrB pump with substrates (Yu et al. 2003a) 

likely revealed the most stable complex with drugs bound in the central cavity. To detect 

transient substrate-protein complexes, other methods are required. The biochemical 

studies used to elucidate the drug-binding domain of P-glycoprotein can be applied to the
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EmhB transporter and combined with structural analyses to provide valuable insights into 

the mechanism of action of RND efflux pumps.

To identify residues involved in the drug-binding domain of P-glycoprotein, 

cysteine-scanning mutagenesis was coupled with cross-linking analysis using thiol- 

reactive substrate analogues (Loo and Clarke 2002, Loo et al. 2003a, b). If a residue is 

involved in substrate binding, mutation to cysteine and cross-linking with a thiol-reactive 

substrate analogue will inhibit the transport activity of the pump by preventing the 

binding of additional substrates. For example, methanethiosulfate-rhodamine was used to 

identify the rhodamine-binding site in P-glycoprotein (Loo and Clarke 2002). Similarly, 

copper phenanthroline, a zero-length cross-linker, was used to probe the structure of P- 

glycoprotein (Loo et al. 2003b). Cysteine-scanning mutagenesis coupled with the use of 

thiol-reactive substrate analogues, such as methanethiosulfate-rhodamine and copper 

phenanthroline, could be used to study the role of the phenylalanines in the proposed 

hydrophobic substrate access pathway in EmhB.

In this study, the broad substrate specificity of the EmhB pump for polycyclic 

aromatic hydrocarbons, toluene and hydrophobic antibiotics was exploited effectively to 

identify site-directed mutations affecting the substrate specificity and transport activity of 

the efflux pump. The growth-based assays employed to assess toluene and antibiotic 

efflux are amenable to high through-put screening and, thus, could be used to screen 

mutant pumps generated by random mutagenesis. As indicated by the A206S mutant 

pump, which was created by a PCR-introduced error, random mutagenesis has the 

potential to identify important amino acids that might be overlooked using a site-directed 

mutagenesis strategy. Understanding the mechanism of action of RND efflux pumps will 

aid in the design of pump inhibitors for clinical applications.
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3.5. Prevalence and significance of polycyclic aromatic hydrocarbon efflux4

The protein sequence and functional similarities between the P. fluorescens 

EmhABC efflux system and the antibiotic and solvent efflux systems suggested that 

polycyclic aromatic hydrocarbon efflux might not be unique to P. fluorescens cLP6a. To 

investigate this hypothesis, several gram-negative bacteria, including environmental 

isolates and clinical strains, were investigated for their ability to transport phenanthrene. 

As well, the substrate specificities of the P. putida S12 antibiotic efflux system Arp ABC 

and solvent efflux system SrpABC for phenanthrene were investigated. The significance 

of polycyclic aromatic hydrocarbon efflux is discussed.

3.5.1. Phenanthrene efflux is found in other bacteria

Table 3.11 shows that the ability to transport phenanthrene with an active efflux 

system is not unique to P. fluorescens cLP6a. Several P. putida strains, including P. 

putida G7, which harbours the NAH7 plasmid encoding naphthalene degradation genes, 

P. putida mt-2, which carries the TOL plasmid pWWO encoding toluene degradation 

genes, P. putida KT2440, a cured derivative of P. putida mt-2 lacking the TOL plasmid, 

and P. putida S12, a solvent-tolerant strain, showed increased cellular accumulation of 

phenanthrene upon inhibition of an active efflux process. Three P. aeruginosa strains, 

including the type strain PA01 and two clinical isolates, and two B. cepacia strains, an 

environmental isolate and a clinical isolate, also have mechanisms for phenanthrene 

efflux (Table 3.11). The MexAB-OprM efflux system in P. aeruginosa and the ArpABC 

and SrpABC efflux systems in P. putida S12 showed high homology to and shared 

similar substrate specificities with the EmhABC system, as discussed in sections 3.1 and

3.2. Hence, MexAB-OprM and ArpABC, and possibly SrpABC, likely are responsible 

for the observed phenanthrene efflux in P. aeruginosa and P. putida S12. A number of 

RND efflux systems have been identified by genome sequencing in other P. putida 

strains and B. cepacia. Likely, phenanthrene efflux in the P. putida, P. aeruginosa and B. 

cepacia strains is mediated by RND efflux pumps homologous to the EmhABC system.

4 Portions of tins section were published previously by Hearn et al. (2003).
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Table 3.11. Accumulation of phenanthrene in bacterial strains before and after

azide addition, as a  test for efflux*

Strain

Accumulation of phenanthrene6

Uninhibited 
(before azide addition)

Inhibited 
(after azide addition)

P. fluorescens strains
cLP6a 0.12 ± 0.07 (3) 0.32 ± 0.01 (3)
cLP6a-l 0.29 ± 0.02 (3) 0.33 ± 0.01 (3)

P. putida strains
G7 0.04 0.22
mt-2 0.09 0.25
KT2440 0.07 0.32
S12 0.07 0.34

P. aeruginosa strains
PA01 0.08 0.36
A 0.11 0.33
B 0.10 0.27

B. cepacia strains
DB101 0.09 0.21
K56-2 0.07 0.25

A. vinelandii UW 0.27 0.26

* Table taken from Hearn et al. 2003.

b The fractional amount of radiolabeled phenanthrene was measured at steady-state for 

both the uninhibited cells (before azide addition) and inhibited cells (after addition of 30 

mM azide). For the P. fluorescens strains, the fractional amounts given are the averages 

± standard deviations for three independent experiments. For all other strains, the data 

represent single experiments.
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Only A. vinelandii did not show evidence of an active efflux mechanism for 

phenanthrene when it was grown in Burke's buffer under iron-rich conditions (Table 

3.11), in Burke's buffer under iron-limited conditions, or in TSB (data not shown). 

Interestingly, genome sequencing of A. vinelandii revealed the presence of an RND 

efflux pump (GenPept accession number ZP_00089531) whose protein sequence is 77% 

identical to that of EmhB. The efflux system in A. vinelandii may recognize a different 

spectrum of substrates than EmhABC, or it may not have been expressed in A. vinelandii 

under the growth conditions tested. Since the efflux system and its regulation in A. 

vinelandii have not been characterized, conclusions about the lack of observed 

phenanthrene efflux in A. vinelandii cannot be made.

3.5.2. Specificity of the ArpABC and SrpABC efflux systems for phenanthrene

Of the two RND efflux pumps in P. putida S12, the ArpABC proteins show 

greater homology to the EmhABC efflux system than SrpABC (Table 3.1). EmhABC, 

ArpABC and SrpABC exhibited the same substrate specificity for hydrophobic 

antibiotics (Table 3.2), and all three efflux systems pump toluene (Table 3.3), although 

SrpABC is a more efficient toluene efflux system. It was, therefore, of interest to 

determine which of the efflux systems, ArpABC, SrpABC or both, are responsible for the 

observed phenanthrene efflux in P. putida S12.

The EmhB-disruption mutant P. fluorescens cLP6a-l was complemented with 

either the arpABC operon or the srpABC operon, and the ratios of phenanthrene 

accumulation in the uninhibited and inhibited cells is given in Table 3.12 for the various 

strains. The ArpABC efflux system pumped phenanthrene as efficiently as the EmhABC 

efflux system in P. fluorescens cLP6a-l, as indicated by the cellular accumulation levels 

of phenanthrene in the uninhibited and inhibited cells (Table 3.12). This result was not 

surprising given the high protein sequence identities of the EmhABC and ArpABC 

components (Table 3.1).

In contrast to ArpABC, P. fluorescens cLP6a-l cells expressing the SrpABC 

efflux system exhibited a reduced ability to transport phenanthrene (Table 3.12). The 

SrpB efflux pump appears to have a lower affinity for phenanthrene than the EmhB and 

ArpB efflux pumps. As discussed in section 3.4.5, the amino acid differences in the
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Table 3.12. Specificity of the ArpABC and SrpABC efflux systems for phenanthrene

P. fluorescens 
strain" Efflux pump

Phenanthrene transport 
(Ratio of uninhibited/inhibited)6

cLP6a-l(pBH5) EmhABC+ 0.56 ± 0.08 (3)
cLP6a-1 (pUCP26) EmhABC” 1.06 ± 0.05 (9)
cLP6a-1 (pBH64-arp) ArpABC+ 0.58 (1)
cLP6a-l(pBH63-srp) SrpABC+ 0.85 ± 0.01 (2)

“ The following P. fluorescens strains were tested: the wild-type cLP6a, the emhB 

disruption mutant cLP6a-l, the mutant complemented with either the emhABC genes 

cLP6a-l(pBH5), the vector negative control cLP6a-l(pUCP26), and the mutant 

complemented with either the arpABC genes cLP6a-l(pBH64-arp) or the srpABC genes 

cLP6a-l(pBH63-srp).

b The fractional amount of radiolabeled phenanthrene was determined in uninhibited 

cells and in cells inhibited with 30 mM azide. Values represent the ratio of the fractional 

amounts of hydrocarbon in the uninhibited and inhibited cells. When given, the values 

are the averages ± standard deviations with the number in parentheses indicating the 

number of independent experiments performed.
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protein sequences of EmhB and SrpB are predicted to influence the substrate specificity 

of the efflux pumps. In particular, the phenylalanines at positions 281 and 325 in EmhB 

and in ArpB, which inhibited phenanthrene efflux when mutated to alanines in EmhBhis, 

correspond to tyrosine residues in the SrpB sequence (Table 3.9). The presence of 

tyrosine residues at these positions, which was suggested to improve toluene binding, 

may reduce the affinity of the SrpB efflux pump for phenanthrene compared to EmhB. 

Analysis of F281Y and F325Y single and double mutations in the EmhB pump will help 

to clarify the roles of these residues in polycyclic aromatic hydrocarbon efflux, as well as 

toluene efflux.

3.5.3. Significance of polycyclic aromatic hydrocarbon efflux in P. fluorescens

The polycyclic aromatic hydrocarbons phenanthrene, anthracene and fluoranthene 

recognized by the EmhABC efflux system differ from the compounds typically exported 

by multidrug and solvent efflux pumps in that they are not toxic to bacterial cells and are 

growth substrates for the parental strain P. fluorescens LP6a. Comparable growth rates 

in TSB were measured for the wild-type P. fluorescens cLP6a and the efflux pump- 

deficient mutant cLP6a-l in the presence and absence of saturating amounts of 

phenanthrene (Figure 3.29). The growth rates confirmed that phenanthrene is not toxic to 

P. jfluorescens cLP6a and, therefore, the EmhABC efflux system is not essential for 

growth in the presence of polycyclic aromatic hydrocarbons.

Although polycyclic aromatic hydrocarbons are not toxic to bacteria, metabolites 

formed during aromatic hydrocarbon degradation have a higher toxicity. Studies of 

naphthalene degradation by a P. putida strain demonstrated that the accumulation of 

catechol and other metabolites resulted in decreased cell viability (Park et al. 2004). 

Catechol was shown to accumulate in the culture medium during naphthalene 

degradation, reaching a maximum concentration near the onset of stationary phase (Park 

et al. 2004). The study by Park et al. (2004) did not address the mechanism by which the 

catechol was extruded from the cell. Given the prevalence of broad specificity RND 

efflux pumps in P. putida strains and their role in the transport of toluene and polycyclic 

aromatic hydrocarbons, an RND efflux pump may be responsible for the catechol export 

observed by Park et al. (2004). Interestingly, the growth-phase dependent expression
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Figure 3.29. Comparison of growth rates of P. fluorescens cLP6a (circles) and the 
EmhB-disruption m utant cLP6a-l (squares) in the presence of phenanthrene. The
strains were grown in TSB in the presence (open symbols) and in the absence (closed 
symbols) of saturating amounts of phenanthrene. The ODeoo (solid lines) and number of 
colony forming units (cfu mL'1) (dashed lines) were measured at various time intervals. 
Error bars (where visible) represent ± one standard deviation.
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profile of the EmhABC efflux pump (Figure 3.13), which showed a maximum at mid

exponential phase, is consistent with the growth-phase dependent excretion of catechol 

into the medium in the naphthalene-degrading P. putida strain. Further studies 

examining the specificity of the EmhABC system for metabolites of aromatic 

hydrocarbon degradation and comparing the rates of phenanthrene degradation by P. 

fluorescens LP6a with and without the EmhABC efflux system are required to resolve the 

role of the efflux system in hydrocarbon degradation in this organism.

3.5.4. Significance of the EmhABC efflux system in P. fluorescens

The function of the EmhABC efflux system in P. fluorescens LP6a likely is not 

solely the removal of toxic metabolites formed during aromatic hydrocarbon degradation, 

and this hypothesis is supported by several lines of evidence. Phenanthrene efflux is 

independent of the ability to degrade hydrocarbons, since it was observed in non

degrading species, as well as in toluene and polycyclic aromatic hydrocarbon degraders 

(Table 3.11). The location of the emhABC genes on the chromosome, rather than on the 

plasmid carrying the hydrocarbon degradation genes in P. fluorescens LP6a, strengthens 

the argument that hydrocarbon efflux and degradation are not linked. Moreover, the 

efflux genes were not induced either by aromatic hydrocarbons or by inducers of the 

degradation genes (Figure 3.14 and Figure 3.15).

The EmhABC efflux system, and its homologues in P. putida and P. aeruginosa, 

may be part of a general detoxification mechanism for aromatic compounds that is 

utilized by gram-negative bacteria in the environment. The location of the efflux genes 

adjacent to genes putatively involved in the P-ketoadipate pathway (Figure 3.5), which 

catabolizes catechol and protocatechuate to tricarboxylic acid cycle intermediates, 

supports this hypothesis. In soil, bacteria are exposed to a variety of phenolic compounds 

secreted by plants and from the degradation of lignin, and the p-ketoadipate pathway is 

involved in the detoxification of these compounds (Harwood and Parales 1996). The 

RND efflux system may play a role in this detoxification process by preventing the 

accumulation of high levels of catechol and other toxic aromatic substrates, thereby 

maintaining a balance between the uptake of these toxic substrates into the cell and 

catabolism via the P-ketoadipate pathway. Such a detoxification system would provide
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bacteria with a selective advantage in the environment, which may explain the prevalence 

of RND efflux systems in gram-negative bacteria.

The broad specificity of the EmhABC and homologous RND efflux pumps may 

also provide a selective advantage to bacteria in environments contaminated with 

petroleum hydrocarbons or industrially produced toxic solvents. P. fluorescens LP6a was 

isolated from petroleum condensate-contaminated soil (Foght and Westlake 1996), and 

thus the EmhABC efflux system may have contributed to the survival of P. fluorescens 

LP6a in that environment. Both P. putida S12 and P. putida DOT-T1E were isolated 

from solvent-contaminated wastewater (Weber etal. 1993, Mosqueda et al. 1999). Thus, 

the evolution of specialized RND pumps for solvent efflux in these P. putida strains is 

not surprising.

While the acquisition of efflux pump-mediated antibiotic resistance by bacteria is 

detrimental from a clinical perspective, the broad specificity of the EmhABC and other 

RND efflux pumps for antibiotics may be beneficial for bacterial survival in the 

environment. A variety of soil bacteria produce antibiotics, and the presence of 

antibiotics in the environment may create a selection pressure for bacteria that possess 

these efflux pumps. Additionally, the presence of multidrug efflux pumps in gram- 

negative bacteria may be advantageous for their survival in the environment given the 

current trend to incorporate antimicrobial agents in consumer products, which have been 

identified as contaminants in the water system (Halden and Pauli 2005). Thus, RND 

efflux pumps may be essential for the survival of beneficial bacteria in the environment, 

as well as contributing to multridrug resistance in pathogenic bacteria.
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4. CONCLUSIONS AND FUTURE WORK
The identification and characterization of the EmhABC efflux system in P. 

fluorescens cLP6a provided insight into the evolution and function of RND efflux pumps. 

Characteristic of RND pumps, EmhABC has a broad substrate specificity for polycyclic 

aromatic hydrocarbons, toluene and hydrophobic antibiotics. The EmhB pump showed 

high homology to the P. putida and P. aeruginosa ArpB, TtgB and MexB multidrug and 

solvent efflux pumps, as well as to the E. coli multidrug efflux pump AcrB. EmhABC 

also showed homology to the solvent efflux systems SrpABC and TtgGHI that are 

responsible for high levels of toluene tolerance in P. putida. Although EmhABC pumps 

toluene, it does not confer toluene tolerance to the wild-type P. fluorescens cLP6a. 

Unlike the SrpABC and TtgGHI solvent efflux systems, expression of EmhABC is not 

induced by aromatic hydrocarbons but is induced by the hydrophobic antibiotics 

tetracycline and chloramphenicol. The similarities in protein sequence and substrate 

specificity between the P. fluorescens EmhABC system and the multidrug and solvent 

efflux systems in P. putida, P. aeruginosa and E. coli suggest a common evolutionary 

origin for these RND efflux systems. The regulation of RND efflux pump expression, 

however, is more divergent, and the regulatory mechanisms may be related to the 

physiological significance of the efflux system.

The site-directed mutagenesis studies of the EmhB efflux pump presented here 

represent a preliminary attempt to characterize the mechanism of action of RND efflux 

pumps. The efflux pump is able to accommodate structurally diverse substrates in a large 

central cavity through nonspecific interactions with phenylalanine, alanine and aspartate 

residues. As well, substrates are predicted to enter the central cavity through a 

hydrophobic channel leading from two phenylalanine residues (F281 and F325) on the 

periplasmic surface of the protein and exit the pump through the funnel-shaped outer 

membrane protein docking domain.

The success of the mutagenesis approach in identifying amino acids in EmhB that 

are involved in determining substrate specificity and efflux activity demonstrated the 

effectiveness of the method for probing the structure-function relationships of the efflux 

pump. Other methods, such as random mutagenesis, cysteine-scanning mutagenesis 

coupled with the use of thiol-reactive substrate analogues, and X-ray crystallography with
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bound substrates, will help to clarify the steps in the proposed model for substrate 

translocation in RND efflux pumps. The steps in the proposed model of substrate 

translocation in RND pumps that require further elucidation include confirmation of the 

hydrophobic substrate access channel leading into the central cavity, additional 

characterization of the pathway leading from the central cavity to the outer membrane 

protein, and investigation of the mechanism by which energy is transferred from proton 

translocation to substrate efflux. As well, the interactions between the RND efflux pump, 

the outer membrane channel and the membrane fusion protein need to be characterized 

further to understand how substrates are expelled efficiently to the extracellular 

environment. These structure-function studies with the RND efflux complex will aid in 

the design of pump inhibitors that will help to counteract the prevalence of efflux pump- 

mediated multidrug resistance in clinically important gram-negative bacteria.

In addition to the clinical significance, RND efflux pumps may have valuable 

applications in biocatalysis. Since many enzymatic reactions occur intracellularly, efflux 

systems may provide a useful mechanism to separate the desired product from the cells 

and, thereby, facilitate recycling of the biocatalyst. Future studies examining the role of 

the EmhABC efflux system on the transport of metabolites from aromatic hydrocarbon 

degradation will help to elucidate the role of the efflux system in biodegradataion, as well 

as expand the potential of the system for biocatalysis applications. The ability to alter the 

substrate specificity of the EmhB efflux pump by mutation of single residues suggests 

that the selectivity of the pump can be optimized for selective separations. Gene 

shuffling between RND efflux pump genes may generate efflux pumps with novel 

substrate specificities that may be useful for biocatalysis.

The studies with the P. fluorescens EmhABC efflux system presented here, as 

well as future studies to understand the mechanism of action and the regulation of RND 

efflux systems in gram-negative bacteria, are significant from a clinical perspective and 

for biocatalysis applications.
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