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Serratia marcescens is a prominent opportunistic pathogen in clinical settings,

responsible for serious infections in immunocompromised individuals. This organism

has been shown to be resistant to several classes of antibiotics, making the treatment of

infections very difficult. Recently, S. marcescenshas been shown to be resistant to

fluoroquinolone, a relatively new group of antibiotics. The major mechanism for

fluoroquinolone resistance in various Gram-negative pathogens is the active efflux of the

antibiotic molecule mediated by inner membrane efflux pumps belonging to the

Resistance-Nodulation-Cell Division (RND) family. RND pumps work in conjunction

with a periplasmic protein and an outer membrane protein in Gram-negative organisms.

In order to design effective chemotherapy to cure S. marcescens infections, identif,rcation

and characterization of efflux pump(s) in this organism is essential. This thesis

establishes active efflux as a resistance mechanism in S. marcescens, and presents

molecular characterization of two different efflux pumps in this organism. Clinical

isolates of S. marcescens were examined, and results established active efflux as a

mechanism of resistance in S. marcescens. Two RND pump-encoding genes were

identified by using the PCR targeting conserved motifs found within RND pump-

encoding genes. To clone the complete genes of these two putative RND complexes, a S.

marcescens genomic DNA library was constructed and screened with DNA probes

synthesized from the PCR products. Both operons were isolated and sequenced.

Sequence analysis revealed that both operons contained RND complex-encoding genes.

The operons were named sdeAB and sdeCDE (sde, $erratia !ruggfflux). Functional

analysis of the sdeAB and sdeCDE gene products revealed that SdeAB is in fact a
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multidrug efflux pump with a wide range of substrates. The sdeAB locus was also found

to be over-expressed in laboratory-derived fluoroquinolone resistant mutants, suggesting

that it is a major pump in S. marcescens. Substrate specificity could not be ascertained

for SdeCDE, as it was not found to efflux any of the compounds tested. A gene encoding

the outer-membrane component was also identified, cloned, and characterized.

Functional analysis of the outer-membrane component revealed that it is involved in

energy-dependent efflux of antimicrobial agents, and could therefore be acting in

conjunction with the active efflux pump(s) in S. marcescens. A MarA homolog was also

identified upstream of the sdeAB locus and the gene was named sdeR. SdeR may be

involved in the over-expression of sdeA,B in multidrug resistant isolates of S. marcescens.

A putative binding site for SdeR upstream of sdeAB was identified.
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1.1. Introduction

fluoroquinolone resistance in Seruatia marcescens The majority of studies describe

target mutation as the mechanism of resistance to fluoroquinolones; however, with

active efflux now being recognized as the major mechanism of resistance to

fluoroquinolones, it is highly likely that such a mechanism is also present in S.

marcescens. Identification of active efflux as a resistance mechanism in this

organism will contribute to a better understanding of the intrinsic resistance

To date very little has been reported on the mechanisms involving

mechanisms of 
^S. 

marcescens. The seqllences of RND pumps obtained in this thesis

will contribute to the RND pump sequences data from other organisms and will be

helpful to determine regions that contribute to the assembly and function of these

complexes, which is still not very well understood.

In addition, identification of regulatory region(s) that play a role in the over-

expression of these pumps and possible interactions of regulatory protein(s) with

antibiotics in S. marcescens will help in a better understanding of the role of

antibiotics in the generation of MDR phenotype.

1.2. Serratis marcescens

Enterobacteriaceae family. It is found in various ecological niches, including soil,

water, air, plants, and animals and is defined as an oxidase-negative Gram-negative

bacillus producing DNAse (Grimont & Grimont, 1984). It is motile by peritrichous

flagella.

Serratia marcescens is a Gram-negative bacillus belonging to the



3

S. marcescen.ç was considered a non-pathogenic aquatic saprophytic organism

until late in the 20th century. Although the first instance of its pathogenicity to

humans was reported in l913 (Woodward & Clarke, 1913), it was not until a

nosocomial outbreak by this organism in 1951 that S. marcescens was identified as a

threat in clinical settings (Wheat et al, 1951). Since then, infections caused by this

organism have been frequently reported in a variety of clinical settings, and ,S.

marcescens is now considered to be a prominent opportunistic pathogen. Presently it

is implicated in respiratory- and urinary tract infections, septicemia, meningitis, and

endocarditis. It is commonly isolated from the urine of patients with indwelling

catheters, patients with serious underlying diseases, especially neonates, patients

requiring treatments in intensive care units, neutropenic patients, and those with

disseminated malignancies (Johnson et al, 1998). Different environmental sources

have been identifìed as reservoirs for this organism, including disinfectants

(Archibald et al,1997; Vigeant et al, 1998), pressure transducers (Beck-Sague &

Jarvis, 1989), bronchoscopes (Vandenbroucke-Grauls e/ al,1993), and airconditioner

ducts (Uduman et aL,2002). S. marcescens çan be transmitted to neonates through

feeding, use of soaps (Archibald et al,1997), contaminated antiseptics (Bosi et al,

1996), breast pumps (Gransden et al, 1986), and via contact with other patients. One

recent study reported that neonatal lower respiratory tract infections were caused

most often by S. marcescens (Albers et al,200l).

S. marcescers has also been implicated as a major cause of lower respiratory

tract infection in elderly patients (Byrne et aL,2000). Bacteraemia as a result of ,S.

marcescens infection occurs in surgical patients or those in intensive care units, while
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endocarditis is particularly common in intravenous drug users (Brouqui & Raoult,

2001). Although S. marcescens does not form the normal conjuctival flora, its

capability to survive in contact lens solutions can lead to a variety of ocular

infections, including purulent conjunctivitis, keratitis, corneal ulcers, and

endophthalmitis (Atlee et al, 1970; Duffey, 1.995; Johns on et al, 1992).

Environmental isolates of S. marcescens are typically red in color due to the

production of the pigment prodigiosin (2-methyl-3-pentyl-6-methoxyprodigiosin) and

early methods for identifìcation of S. marcescens were based on pigment production

by the isolates. However, clinical isolates of S. marcescens are usually unpigmented,

which has led to many instances of misdiagnosis of the causative agent for different

infections. In addition, it has been observed that non-pigmented isolates are more

resistant to antibiotics (Gargallo-Viola, 1989) than pigmented isolates.

Treatment of infections caused by S. marcescens is difficult due to high

resistance shown by this organism to a variety of antibiotics. It is intrinsically

resistant to ampicillin, cefuroxime, and tetracycline (Lambert & O'Grady, 1992).

Acquired resistance follows closely the patterns of the usage of new antibiotics. For

example, the introduction of third-generation cephalosporins and quinolones led to

the reduction in the use of aminoglycosides and penicillìns, explaining the lower

frequency of strains resistant to latter two antibiotics in 198911990 than in 1980

(Aucken & Pitt, 1998). Resistance to quinolones \¡/as reported in S. marcescens

almost immediately after they came into use (Fujimaki et al, 1989). At present,

resistance has been reported in S. marcescens to all major classes of antibiotics used,

including p-lactams, aminoglycosides, and quinolones.



1.3. Antibiotic Resistance in S. marcescens

1.3.1. p-lactam Resistance

1.3.1.1. B-lactamases

marcescens infections. Penicillin was the first p-lactam to be used clinically with

new varieties still being evolved today. Resistance to B-lactams is caused primarily

by B-lactamases, enzymes that cleave the B-lactam ring of the antibiotic molecule. ,S.

marcescens is known to produce a variety of B-lactamases belonging to three broad

categories: metallo-p-lactamases, extended spectrum B-lactamases (ESBLs), and

other B-lactamases.

p-lactams are the most widely used antibiotics for the treatment of S.

S. marcesce¡¿s has been shown to have metallo-B-lactamases and ESBLs.

Metallo-B-lactamase enzymes contain two zinc atoms at the active site and are

distinguished by EDTA-mediated inhibitions. The presence of metallo-B-lactamases

has been investigated in S. msrcescens (ITo et al, 1995), and bla¡¡,7p-like (imipenem

degrading B-lactamases) metallo-p-lactamases were found to be encoded by plasmids.

The bla¡¡,1p-encoded metallo-p-lactamase can efficiently hydrolyze both carbapenems

and cephalosporins. Chromosomally encoded serine-based B-lactamases, SME-1 and

SME-2, have also been reported in ,S. marcescens Q.{aas et al, 1994; Queenan et al,

2000). These enzymes are known to confer resistance to carbepenems, aztreonam,

cefamandole, and cephalothin.

Extended-spectrum p-lactamases (ESBLs), variants of B-lactamase initially

reported as a result of increased use of oxyimino-cephalosporins in the 1980s, found

in different species of members of the family Enterobacteriaceae, P. aeruginosa,
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Haemophilus influenzae, and Neisseria gonomhoeae (Bradford,2007), have also been

reported in S. marcescens (Luzzaro et al, 1998). This group of B-lactamases is

characterized by inhibition by clavulanic acid (Bush et aL,7995).

1.3.1.2. Outer Membrane Permeability

Penicillins and cephalosporins are the most commonly used classes of p-

lactam antibiotics against S. marcescens infections. For B-lactam antibiotics to be

effective in Gram-negative bacteria, they must penetrate the outer membrane. The

Gram-negative outer membrane is a semipermeable lipid bilayer that acts like a

molecular sieve to allow the passage of small hydrophilic molecules such as nutrients,

waste products, and B-lactam antibiotics Qllikaido & Nakae, 1979) into and out of the

cell. The degree of permeability of this membrane depends on the presence of pore-

forming proteins called porins. Porins are membrane-spanning molecules that form

water-filled channels. Although very few porins have strong amino acid homologies,

most have strikingly similar physical features. Porins generally form a trimer of

identicalmonomers. A major structuralfeature of porins is the high degree of B-sheet

structure thatzigzags through the membrane to form the stable pore-forming structure

(Jeanteur et al,l991). Crystal structures for porins of Rhodobacter capsulatus and E.

coli (Fig.l.1) reveal a conserved I 6-strand anti-parallel B-barrel structure for each

monomer (Cowan et al,1992; Garavito et al,1983; Walian &. Jap,l990; Weiss &

Schulz, 1992), implicating the role of a long loop, or eyelet region,



Fig. 1.1. Three-dimensional structure of the OmpF porin of E. coli (lrtreuwald et al,

1995). (A) B-barrelstructure of the OmpF porin. (B) Porin trimer as seen from the

top. Arrows indicate the eyelet loop (Loop 3) that is responsible for the forming the

constricting zone in the channel.
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which extends into the porin channel directing the channel size and ion selectivity

(Cowan et a|,7992; Struyve et al,1993).

Porins are classified as either non-specifìc or specific. Non-specific porins act

as general diffusion pores, while specific porins possess binding sites for specific

solutes (Hancock, 1991:Nikaido, 1992). In general, it is usually the non-specifìc

porins that are involved in the passage of B-lactam antibiotics (eg. E. coli OmpF/C

(Zimmermann, 1980), OprF of Pseudomonas aeruginosa (Angus et al,1982) and

changes in porin copy number, size, selectivity, or function can alter the rate of

diffusion of hydrophilic p-lactam antibiotics Q.Jikaido & Rosenberg, l98l).

The role of porins in B-lactam resistance is well known in a variety of Gram-

negative organisms. E. coli produces two non-specific porins, OmpF and OmpC,

which are synthesized in differing amounts in response to osmolarity (Kawaji et al,

1979). OmpF has the wider pore diameter and thus, a higher rate of permeability to

B-lactams (Nikaido & Rosenberg, 1983). Mutant strains deficient in OmpF are more

resistant to B-lactam antibiotics due to slower penetration through the narrower

OmpC channel. The slower rate of entry also enhances the ability of the

periplasmically-located p-lactamases to hydrolyze antibiotics, while in the wild-type

strains, B-lactam entry is too fast for effective degradation (l..likaido, 1988). The role

of porins in p-lactam resistance in the other members of the Enterobacteriaceae

family has also been reported. These include, for example, Klebsiella pneumoniae

(Hernandez-Alles et al,1999), Enterobacter aerogenes (De et al,200l), Proteus

mirabilis, Proteus vulgaris, Morganella morganii, Providencia rettgeri, and

Providencia alcalifaciens (Mitsuyama et al, 1987). Non-specifìc diffusion porins
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have been identified in many other Gram-negative organisms (Hancock, 1986), some

of which have been shown, in vitro, to allow the diffusion of B-lactams (egs.

Campylobacter coli and Campylobacter jejuni (Page et al, 1989), and Salmonella

typhimurium (Oppezzo et al,l99l).

1.3.1.3. Serratiø marcescens Porins

Two porins, OmpC and OmpF (named due to their similarity to E. coli

porins), have been identified in the outer membrane of S. marcescens (Hutsul &

Worobec, 1994; Hutsul & Worobec,1997), and their role in antibiotic resistance of

organism has also been recently demonstrated (Ruiz et aL,2003). OmpC has a

molecular weight of 40 kDa while OmpF is a 4l-kDa protein. The PEFGG(D) motif

is conserved in enterobacterial porins and forms a turn at the tip of the third external

loop (Cowan et aL,1992; Jeanteur et al,199l). This loop forms the eyelet region,

which is responsible for pore size and selectivity. Although, the OmpC porin of S.

marcescens is approximately 60%o amino acid homology to the enterobacter porins, a

notable difference was found in the its eyelet region, which instead has the sequence

PEFDIl2GMlla. With this in mind, Dr12 and Ml'o were selected for individual

alteration to glycine (G) and aspartic acid (D), respectively, to reflect the

enterobacterial consensus sequence (Hutsul, 1996). The relative permeability of 
^S.

marcescens wild-type OmpF and OmpC and the mutant S. marcescens OmpC porins

to cephaloridine, cephalothin, cefotaxime and glucose was tested using the liposome

swelling assay. Results of liposome swelling assays demonstrated that the ,S.

marcescens the OmpC porin with the 112 residue changed allowed more rapid

diffusion of uncharged solutes than wild type OmpC porin. This mutation appeared
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to increase the permeability of OmpC to that detected for enterobacterial porins with

the consensus eyelet sequence (Hutsul, 1996). Similar results have been reported for

Enterobacter aerogenes (De et al,200l) and E. coli (Simonet et aL,2000). However,

there was no signifìcant difference in the rate of penetration of larger solutes,

suggesting that the amino acid at position 712 may play an important role in pore

constriction but not selection. No change in the permeability of the porin resulted

from the change of methionine to aspartate at I l4 position, therefore the signifìcance

of MrraD substitution in the eyelet region remains unclear in S. marcescens.

1.3.2. Aminoglycoside Resistance

Common aminoglycosides used to treat bacterial infections are gentamicin,

tobramycin, amikacin, and streptomycin. These antibiotics act against both Gram-

positive and Gram-negative organisms by interfering with protein synthesis as a result

of ribosome binding. Resistance to aminoglycosides is widespread, with more than

50 aminoglycoside-modifying enzymes identified to date (Fluit er al,200l). These

enzymes confer resistance to aminoglycosides by modifying their structures in a way

to prevent ribosome binding. Depending on the type of modification offered by these

enzymes, they are classified as aminoglycoside acetyltransferases (AAC),

aminoglycoside nucleotidyltransferases (ANT), or aminoglycoside

phosphotransferases (APH). A number following the name with or without either a

prime or double prime indicates the position of the modification on the substrate.

Several aminoglycoside-modifying enzymes have been reported in S. marcescens and

include AAC(3)-V (conferring resistance to gentamycin) (Barg, 1988) and AAC(6')-l

which is found exclusively in S. marcescens (Snelling et al, 1993).



1.3.3. Quinolone Resistance

DNA gyrase is the major target for quinolone antibiotics in Gram-negative

organisms. DNA gyrase is a type II topoisomerase that relieves the supercoiling of

DNA during the replication process. The enzyme alters the topological state of the

DNA molecule by cleaving both strands, passing a double strand of DNA through the

gap and resealing the ends (Champoux ,2001). DNA gyrase has an A2B2 structure,

with the A and B subunits encoded by gyrA and g,,rB respectively. The GyrA subunit

of the DNA gyrase consists of residues responsible for DNA binding and cleavage

and also the Quinolone Resistance Determining Region (QRDR), while the GyrB

subunit is responsible for ATP hydrolysis and capturing of the DNA strand (Heddle

& Maxwell,2002). Resistance to quinolones generally arises from various mutations

in the QRDR of gyrA (Yoshida et al, 1990a). In E. coli, mutations affecting Ser-83

and Asp-87 codons have been found in a vast majority of quinolone resistant clinical

isolates (Yila et al, 1994).

DNA gyrase-mediated resistance to quinolones has also been reported in S.

marcescens (Fujimaki et aL,7989). Among the Enterobacteriaceae, fluoroquinolone-

resistant clinical isolates of S. marcescens have been shown to be displaying the

greatest diversity of mutations in the gyrA gene. Three mutations in gyrA have been

identifìed in this organism: GJy-81 to Cys, Ser-83 to Ile or Arg, and Asp-87 to Asn

(Weigel et al,1998).

Another mechanism of quinolone resistance observed in various organisms is

the active efflux of antibiotic.

l2



1.4. Active Drug Efflux

Emergence of multidrug resistant bacteria is one of the most challenging

problems faced by antibiotic therapy today. The term multi{rug resistance (mdr) is

used to describe intrinsic mechanisms of resistance mediated by genes that are apart

of the normal genome of the cell. MDR mediated by drug efflux pumps was first

described by Levy and coworkers in 1980 (McMurry et a|,1980), when they showed

that energy-dependent efflux was responsible for tetracycline resistance in E. coli.

Antibiotic efflux is associated with the over-expression of transporters that

pump out a broad range of structurally unrelated compounds from the cells in an

energy-dependent manner, without any alteration or degradation of the drug. The

ability of bacterial cells to pump out drugs is a complex phenomenon involving a

combination of reduced influx and increased efflux within the cell envelope.

Analysis of various available genome sequences has shown that known and putative

drug efflux transporters constitute from 6%oto lSYo ofall bacterial transporters

(Paulsen et al,1998). The most alarming aspect of this phenomenon is that the most

advanced type of antibacterial agents, including the fluoroquinolone group of drugs

like ciprofloxacin, are the compounds which seem to be selecting for multidrug

resistant mutant strains capable of over-producing these multi-specific efflux pumps.

Bacterial antimicrobial efflux transporters are now classified into five families

(Fig.1 .2): l) the major facilitator quperfamily (MFS) (Marger & Saier, 1993); 2) the

ATP-binding cassette (ABC) superfamily (van Veen & Konings, 1998); 3) the qmall

13



Fig.l.2. Diagrammatic representation of multidrug efflux pumps belonging to 5

different families with their representatives (adapted from Paulsen, 2003).

IM, inner membrane; OM, outer membrane.
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multidrug ¡esistance (SMR) family (Paulsen et al, 1996b);4) the ¡esistance-

nodulation-cell division (RND) superfamily (Saier et a|,7994); and 5) the multidrug

4nd loxic compound extrusion (MATE) family (Brown et al,1999).

These pumps can also be classifìed based on the number of components they have,

either as single component transporters pumping out drug molecules across the inner

membrane, or as multiple-component systems that contain the inner membrane

transporters, along with an outer membrane factor (OMF) and a periplasmic

membrane fusion protein (MFP), that pump out drug molecules across the inner and

the outer membranes of Gram-negative bacteria.

1.4.1.. Major Facilitator Superfamily (MFS)

The MFS is an ancient, large, and diverse superfamily that includes more than

a thousand sequenced members. Members of this family calalyze uniport,

solute:cation (H* or Na*) sympoft, solute:H* antiport, or solute:solute antiport. This

superfamily of transporters consists of proteins involved in transport of sugars,

metabolites, anions, and drugs, and are driven by the proton-motive force. Six

families of the MFS are known to export drugs, two of which are bacterial specific,

two are eukaryotic specifìc, and two are ubiquitous (Saier & Paulsen, 2001). These

transporters usually function as single-component pumps such as NorA pump of

Staphylococcus aureus (Yoshida et al,l990b), but in Gram-negative bacteria they

function with the MFP and OMP components, an example being the EmrAB-TolC

pump of E. coli (Lomovskaya & Lewis, 1992). Drug pumps belonging to this

superfamily usually belong to families of proteins that consist of 12- or l4-

transmembrane spanners (TMS) (Pao et al,1998). The MFS proteins that catalyze
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drug efflux are from three subfamilies, drug:H* antiporter (DHA) 1 (eg. Bmr of

Bacillus subtilis),DHA2 (eg. QacA of StaphylococcLts aureus), and DHA 3 (eg.

MefA of Streptococcus pyogenes). The DHAI and DHA2 family proteins are

ubiquitous and are known to efflux a very broad range of structurally distinct drugs.

DHAI members are also known to export sugars, polyamines, uncouplers,

monoamines, acetylcholine, paraquat, and methylglyoxal. DHA2 family members

have more restricted substrate specificity, but they are known to tranport bile salts and

dyes. The DHA3 family is restricted to prokaryotes, and is known to efflux

antibiotics including macrolides and tetracycline.

1.4.2. ATP-Binding Cassette (ABC) Superfamily

ABC transporters contain both uptake and efflux transport systems, and use

ATP hydrolysis to transport a variety of substances including sugars, amino acids,

ions, drugs, polysaccharides, and proteins (Fath & Kolter, 1993; Higgins, 1992). The

transporters of the ABC superfamily consist of two integral membrane

domains/proteins and two cytoplasmic domains/proteins. The bacterial ABC

transporters generally consist of 6 transmembrane spanners and an ATP binding

subunit localized on the cytoplasmic side of the inner membrane. Both the integral

membrane channel constituent(s) and the cytoplasmic ATP hydrolyzing constituent(s)

may be present as homodimers or heterodimers. Drug efflux pumps belonging to the

ABC-superfamily are not very common in bacteria, althor,rgh LmrA pump of

Lactococcus lactis is one example (Bolhuis et al, 1996). The current ABC

superfamily includes 21 procaryotic efflux systems (Saier & Paulsen, 2001).

t7



1.4.3. Small Multidrug Resistance (SMR) Family

Transpofters belonging to the SMR family contain only about I l0 amino acid

residues and 4 TMSs. These transporters utilize the proton-motive force as an energy

source. Due to the small size of the proteins, they were believed to be functioning as

trimers (Paulsen et al,l996a); however, a recent study has shown that these proteins

actually exist as tetramers (Ma & Chang, 2004). Some of the well-characterized

pumps of this family include the Smr pump of S. aureus (Grinius et al, 1992), and

EmrE pump of E. coli (Schuldiner et al, 1997) that are known to efflux dyes, drugs,

and cations.

1.4.4. Resistance-Nodulation-Cell Division (RND) Superfamily

Proteins belonging to the RND superfamily were initially thought be present

only in bacteria; however, they have now been reported in eukaryotes and archaea as

well (Tseng et al, 1999). RND drug transporters are typically chromosomally-

encoded, although one plasmid-encoded RND drug transporter has recently been

reported (Droge et aL,2000). All characterized members of the RND family calalyze

substrate efflux via an H+ antiport mechanism. RND pumps play an important role in

acquired and intrinsic resistance of Gram-negative bacteria to a variety of

antimicrobials. All RND pumps known to date are multidrug transporters.

RND pumps function by forming complexes with a MFP and OMP in Gram-

negative organisms, and consist of l2 TMSs. The characteristic feature of the

topology is the presence of 2 large periplasmic loops between TMSs I and 2 and

TMSs 7 and 8 (Fig. 1.3). N-terminalhalves of RND family proteins are homologous

to the C-terminal halves, and thus these proteins are believed to have risen from an

l8



Fig. 1.3. Membrane topology of the AcrB protein of E. coli showing 12

transmembrane spanners (TMSs) and two large periplasmic loops between TMSs I

and2, and 7 and 8 (Fujihira et aL,2002).
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intragenic tandem duplication event that occurred in the primordial system before the

divergence of the family members. There is, however, one example of an RND

homologue from Mycobacterium jannaschii that has only 6 TMSs, and no internal

duplication. It is possible that this protein associates with another component and

functions as a homo or heterodimer. The best-studied members of these pumps are

the AcrAB-TolC system of E. coli (Ma et al,l993;Ma et al,1995), and the MexAB-

OprM system of Pseudomonas aeruginosa (Poole et al, 1993) that are known to

efflux antibiotics, heavy metals, dyes, detergents etc.

1.4.5. Multidrug and Toxic Compound Extrusion (MATE) Family

Previously thought be members of the MF superfamily, the proteins belonging to the

MATE family are now classified into a separate family of transporters as, in spite of

similar membrane topology, they show no sequence homology to members of MFS.

Examples of proteins belonging to this family include NorM of Vibrio

parahaemolyticus and YdhE of E. coli (Morita et al, 1998). These are of about 450

amino acyl residues in length and contain 72 putative TMS. Proteins belonging to

this family use the Na* gradient as the energy source to pump out cationic dyes and

fluoroquinolones (Morita et al, 1998).

1.5. General Features of the RND Superfamily

Efflux pumps belonging to the RND superfamily are most prevalent in Gram-

negative bacteria, and are responsible for resistance of these organisms to various

groups of antibiotics including quinolones, aminoglycosides, and B-lactams. This

thesis describes two different novel RND pumps in ,S. marcescens and thus, the

reminder of this review will focus on the RND family.
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Three major criteria (energy source, phylogenetic relationship, and substrate

specificity) were used to divide the RND superfamily into seven families, namely the

Heavy Metal Efflux (HME) family, the Hydrophobe/Amphiphile Efflux-l (HAE-I)

family, the Nodulation Factor Exporter (NFE) family, the SecDF family, the HAE-2

family, the Eukaryotic Sterol Transporter (EST) family, and the HAE-3 family (for

details see, http://wwr,v.bioloqy.ucsd.edu/-msaier/ transport/). All seven members of

this superfamily function via substrate:proton antiport (ltJies & Silver, 1995).

Proteins belonging to the HME family export heavy metals (Rensing e/ a/,

1997). These proteins have been found only in Gram-negative bacteria thus far, and

are known to efflux heavy metals including Ni2*, Co2*, Zn2*, Cdz*, and Ag2*.

Members of the HAE-l family show specificity for drugs (egs. AcrB, AcrD pumps of

E. coli, and MexB of P. aeruginosa), bile salts (e.g. MtrD of Neisseria gonorrhoeae),

and other hydrophobic compounds (Saier et al,1998). NFE family proteins are

believed to secrete lipooligosaccharides that function as signaling molecules in

rhizobial nodulations in leguminous plants (Gottfert, 1993). The SecDF family is

comprised of bacterial and archeal proteins that function together as auxillary

consitituents of the universal (Type II) secretory pathway (Bolhuis et a|,7998). The

HAE-Z family includes about 20 proteins that are exclusive to Gram-positive bacteria

(e.g. ActII3 of Streptomyces coelicolor exports the antibiotic actinorhodin, which it

produces) (Fernandez-Moreno et al,l99l). The EST family is, as the name suggests,

exclusive to eukaryotic cells and includes the human Niemann-Pick C disease protein

(NPC), believed to be playing a role in cholesterol homoestasis (Loftus et al,1997).

A homolog of NPC identified in the yeast Saccharomyces cerevisiae,YI|;IP



23

(YPL006w), is -30o/o identical to NPC, with identities spread throughout the length of

the protein Qlielissen et al,1997). The last family, HAE-3, includes proteins from

archaea and spirochetes (Tseng et aL,1999). These proteins have not yet been

functionally characterized.

1.5.1. RND pumps in E. coli

Analysis of the E. coli genome has revealed the presence of seven putative

and known RND transporters Qllishino & Yamaguchi, 2001). The AcrAB-TolC

system has been identified as the predominant drug efflux pump of this organism, and

it is the best-characterized RND pump to date. This system demonstrates a very

broad substrate specificity, that includes acriflavine, B-lactams, bile salts,

chloramphenicol, crystal violet, ethidium bromide, fatty acids, macrolides, organic

solvents, fluoroquinolones, and SDS. Other pumps belonging to the RND family in

E. coli include AcrEF, AcrD, YhiUV, and MdtABC that use a variety of

antimicrobials as their substrates. All E. coli RND pumps studied use TolC as the

outer-membrane component. Knock-out experiments with acrEF, yhiUV, and

mdtABCD did not change drug susceptibilities of the wild-type E. coli cells,

suggesting that these pumps do not play a significant role in the antimicrobial

resistance of this organism (Sulavik et al,200l). The AcrD pump is believed to

function as a single component pump to efflux aminoglycosides (Rosenberg et al,

2000); however it was shown to require AcrA and TolC to efflux bile salts and

novobiocin (Elkins & Nikaido, 2002). When overexpressed, YhiUV-TolC pump is

responsible for resistance to doxorubicin, erythromycin, deoxycholate, and crytal

violet, while MdtABC system confers resistance to bile salts and novobiocin
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(Baranova & Nikaido, 2002; Nagakubo et a|,2002). Interestingly, the MdtABC

system contains two different RND transporters, MdtB and MdtC, and both are

required for drug extrusion. Interestingly, an MFS transporter gene, mdtD, has been

found downstream of the mdtABC operon. However, it does not appear to play any

role in the antibiotic resistance (Baranova & Nikaido, 2002).

1.5.2. RND pumps of P. aeruginosa

P. aeruginosa is notorious for causing a variety of infections, particularly in

immuno-compromised individuals. This organism shows a high degree of intrinsic

resistance to different antibiotics, making effective drug therapy very difficult. One

of the major contributing factors to antibiotic resistance of this organism is low outer

membrane permeability. However, with the discovery of efflux pumps in P.

aeruginosa, active efflux is now considered a very important mechanism of antibiotic

resistance. The fìrst efflux pump to be reported in this organism is the MexAB-

OprM, an RND-type pump (Poole et a|,1993). To date, seven RND-type drug efflux

pumps have been found in this organism: MexAB-OprM, MexCD-OprJ (Poole et al,

1996a), MexEF-OprN (Kohler et aL,7997), MexXY-OprM (Mine et al,1999),

MexJK-OprM (Chuanchuen et aL,2002), MexGHI-OpmD (Aendekerk et a|,2002),

and MexVW-OprM (Li et a1,2003). Unlike E. coli, where only one outer membrane

protein component has been found to be working in conjunction with different

pumps, at least l7 homologs of OprM are known to be expressed in P. aeruginosa (Jo

et a|,2003).



1.5.2.1. MexAB-OprM

The MexAB-OprM system of P. aeruginosa is responsible for intrinsic

resistance of this organism, as it has been shown to be responsible for antimicrobial

resistance of even the wild-type cells. The MexAB-OprM system has the broadest

range of substrate specificity amongst all known efflux pumps of P. aeruginosa.

Substrates of this system include B-lactams, quinolones, macrolides, tetracyclines,

chloramphenicol, novobiocin, sulfonamides, trimethoprim, and thiolactomycin

(Kohler et al, 1996;Li et al, 1994a;Li et al, 1994b;Li et al, 1995), as well as non-

antibiotic compounds including dyes, detergents, triclosan, and organic solvents (Li et

al, 1998; Schweizer, 1998; Srikumar et al, 1998).

The export of B-lactams by MexAB-OprM system is intriguing, as efflux-

mediated resistance to this group of antibiotics in not very common. In some

instances it has been shown to play a more important role than the AmpC B-lactamase

of P. aeruginosa (Masuda et aL,1999;Nakae et a|,1999). Of the B-lactams, only

carbapenems appear to be poor substrates for MexAB-OprM.

OprM can function with various efflux pumps. It not only operates with

MexAB, but also MexXY (Mine et al,l999;Mao et al,200l), MexJK (Chuanchuen

et aL,2002), and MexVW (Li et a|,2003). It has also been shown to complement

OprJ of MexCD-OprJ (Gotoh et al,1998) and OprN of MexEF-OprN systems

(Maseda et a|,2000). This replacement of the native outer-membrane component by

OprM does not affect the substrate specificity of the RND pump.

It has been suggested that MexAB-OprM system is responsible for efflux of

physiological compounds synthesized inside the cells, as it has been shown to efflux

25
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homoserine lactone from P. aeruginosa cells (Pesci et al, 7999). However, this

seems to be a controversial topic as another group has shown that a mexAB-oprM

overexpressing strain of P. aeruginosa was not able to produce a quorum-sensing

response (Evans et aL,1998). Another study has shown that MexAB-OprM system is

required for the invasiveness of P. aeruginosa in mice models (Hirakata et a\,2002).

1.5.2.2. MexCD-OprJ

MexCD-OprJ is not expressed in wild-type P. aeruginosa (Poole et al,l996a).

Overexpression of this system in strains carrying mutations in nfxB results in

resistance to quinolones, tetracycline, chloramphenicol, acriflavine, ethidium

bromide, triclosan, and organic solvents (Poole et al,l996a; Chuanchuen et al,200l;

Li et al, 1998). P. aeruginosa nfxB mutants can be classified in two categories, A and

B. A{ype mutants are resistant to ofloxacin, erythromycin and some new

cephalosporins, and type B mutants are resistant to tetracycline and chloramphenicol

as well, in addition to the agents mentioned for type A mutants. However, type B

mutants are four to eight times more susceptible to many penicillins, carbapenems,

and aminoglycosides than the wild-type strain of P. aeruginosa (Masuda et aL,7996).

This could be due to the down-regulation of the MexAB-OprM system (Li et al,

2000b) and AmpC B-lactamase (Masuda et al,200l) in MexCD-OprJ-overexpressing

mutants.

1.5.2.3. MexEF-OprN

The MexEF-Op.N

aerugino s a under normal

oprN genes does not alter

system is not expressed in wild-type strains of P.

laboratory growth conditions, and disruption of the mexEF-

the antibacterial susceptibility of this organism (Kohler er



al,1997). This system is overexpressed in nfxC-type multidrug resistant strains,

where it is responsible for resistance to fluoroquinolones, tetracycline,

chloramphenicol, and trimethoprim (Kohler et al, 1997). The nfxC mutants also show

resistance to imipenem, although this is known to be due to a decrease in the number

of molecules of the outer membrane protein OprD (Ochs et a\,7999). The

hypersusceptibility of nfxC strains to B-lactams and aminoglycosides (Fukuda et al,

1990) may result from decreased expression of MexAB-OprM and MexXY-OprM, as

suggested for the nfxB mutants. Upregulation of MexEF-OprN system has also been

shown to play a role quorum sensing in P. aeruginosa by affecting the intracellular

levels of PQS (þeudomonas guinolone gignal) (Kohler et al,200l).

1.5.2.4. MexXY-OprM

In contrast to the MexAB-OprM, MexCD-OprJ, and MexEF-Op.N systems,

the mexXY operon does not have a linked gene for an outer membrane component

(Mine et al,1999). MexXY system utilizes OprM as its outer membrane component

(Aires et al,7999,Mine et al,1999). Deletion of mexXY genes results in increased

susceptibility of P. aeruginosa strains to aminoglycosides, tetracycline, and

erythromycin (Aires et al,1999). Interestingly, when mexXY is expressed in E. coli,

it promotes resistance to fluoroquinolones, although this efflux system does not

contribute to intrinsic resistance to these agents in P. aeruginosa (Aires et al, 1999;

Mine et al,1999). It appears that fluoroquinolones are not able to induce MexXY

expression in wild-type P. aeruginosa, although mutants hyperexpressing MexXY

demonstrate enhanced fl uoroquinolone resistance (Masud a et al, 2000).

Overexpression of the MexXY-OprM pump has been observed in several
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impermeability type aminoglycoside-resistant strains of P. aerugínosa, and deletion

of mexY compromises this resistance, thus confirming the role of MexXY-OprM

system in the aminoglycoside resistance of these mutants (Wesbrock-Wadman et al,

1e99)

1.5.2.5. MexJK-OprM

aerugínosa (Chuanchuen et aL,2002). One interesting feature of this pump, in strains

overexpressing this system, is that it has been shown to require OprM for extruding

ciprofloxacin, erythromycin, and tetracycline, but functions independently of OprM

for triclosan resistance (Chuanchuen et a|,2002).

1.5.2.6. MexGHI-OpmD

The MexJK pump is not expressed in wild-type strains of P.

The MexGHI-OpmD system contains an MFP, MexH, an RND transporter

(MexI) and an OM channel (OpmD). This pump also contains a small integral

membrane protein of unknown function, MexG (Aendekerk et aL,2002). This system

is active in the wild-type cells and is responsible for resistance to vanadium

(Aendekerk et a|,2002). Interestingly, deletion mutants of mexGHl-ompD exhibit an

increase in the resistance to tetracycline, netilmicin, and ticarcillin. It is suspected

that this could be due to the overexpression of other pumps (Aendekerk et a|,2002)

(Li et aL,2000a).

1.6. Structure of RND efflux pumps

In Gram-negative bacteria, RND efflux pumps form a three-component

complex traversing both the inner and outer membranes (Lomovskaya & Watkins,

2001b). The tripartite complex consists of the RND protein as the inner membrane
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pump; a periplasmic protein, also referred to as the ¡qembrane fusion protein (MFP);

and an outer membrane component called the quter membrane factor (OMF). The

presence of a three-component membrane-traversing structure facilitates direct

passage of the substrate from the cytoplasm into the external medium. All three

components of RND efflux pumps can either be encoded by one gene cluster, e.g.

MexAB-OprM of P. aeruginosa (Poole et al, 1993) or, in other cases, including the

AcrAB pump of E. coli (Ma et al,1993) and the MexXY pump of P. aeruginosa

(Mine et al, 1999} the gene encoding the outer membrane component is not present

in the gene cluster encoding these pumps. AcrAB, identified as the dominant efflux

pump in E. coli (Sulavik et al,200l} uses TolC as the outer membrane component

(Fralick, 1996), while MexXY is known to share OprM of MexAB as the outer

membrane component (Aires et al,1999).

1.6.1. Inner membrane pump components

The inner membrane component of RND efflux pumps is responsible for the

identif,rcation of the molecule to be effluxed (i.e. the drug molecule) (Zgurskaya &.

Nikaido, 1999). Two of the best-studied RND transporters, AcrB of E coli and

MexB of P. aeruginosa, pump out lipophilic and amphiphilic compounds (Nikaido,

1996) and can recognize avariery of substrates. However, an extensive study has

shown that all substrates have a hydrophobic domain capable of insertion into the

phospholipid bilayer (Nikaido, 1996). Inner membrane pumps consist of l2

transmembrane spanners (TMSs) connected by cytoplasmic and periplasmic loops.

The periplasmic loops present between TMSs I and2, and TMSs 7 and 8 are very

large, consisting of about 300 amino acid residues each (Fujihira et a|,2002). Recent
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studies on the MexD pump of P. aeruginosa and AcrB and AcrD pumps of E. coli

suggest that the large periplasmic loops have a role in substrate specificity (Elkins &

Nikaido, 2002;Mao et aL,2002).

The recently-published crystal structure of the inner membrane component

AcrB at 3.5 Ä. resolution (Murakami et a\,2002) shows that the AcrB protein is

arranged as a homotrimer forming a jelly fish like structure (Fig.1.4). Each protomer

is composed of a 50 Ä. thick transmembrane region and a70 Ä. protruding headpiece

which can be divided into two parts: TolC docking domain (30 ,Å) and the pore

domain (40 Å).

The headpiece is formed by two large periplasmic loops, with the loops from

one protomer interacting with loops of the other two protomers to form a trimer. The

inter-monomeric interaction is also mediated by TMS 1 and TMS 8. The top of the

headpiece is shaped like a funnel. The cavity present at the center of this funnel-

shaped headpiece has three vestibules leading into the periplasm. This structure

suggests that the substrates translocated from the cytoplasm or the periplasm are

collected in the central cavity and from there they are actively transported through the

pore into the channel formed by TolC in the outer membrane. It is expected that

many other RND exporters would share a similar structure, as there is very high

amino acid sequence similarity among RND transporters. The folding topology of

MexB and MexD pumps of P. aeruginosa was found to be similar to that of E. coli

AcrB, containing 12 TMS with two very large periplasmic loops between TMS i and

2 and also TMS 7 and 8 (Gotoh et aL,1999; Guan et a|,1999).



Fig. 1.4. Three-dimensional structure of the AcrB trimer at3.5 Ä. (Murakami et al,

2002).
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The inner membrane transporter is responsible for the identification of

substrates. This has been shown by various studies that combined different

components of the tripartite system. For example, the hybrid system MexAB-OprJ

still retains the drug specificity of the MexAB-OprM system (Srikr,rmar et al,1999).

Some recent studies have conclusively shown that the two large periplasmic loops of

the RND pumps are responsible for substrate recognition (Mao e/ a|,2002;Eda et al,

2003; Tikhonova et aL,2002; Elkins & Nikaido, 2002). These studies were

performed using chimeric constructs of different RND pump proteins from E. coli

and P. aeruginosa. It was observed that the chimeric protein containing the

periplasmic loops of one protein retained the substrate specificity of that particular

protein. This is consistent with the crystal structure of AcrB, where the vestibules

between the periplasmic domains of the neighbouring protomers are believed to be

the site of entry and possibly the recognition of substrates (Fig. 1.4) (Murakami et al,

2002). This mechanism might also explain the efflux of B-lactams and

aminoglycosides by AcrD and MexY pumps, as these drugs are known not to enter

the cytoplasm by spontaneous diffusion.

Recent developments in understanding the functional properties of RND

pumps are the crystal structures of the AcrB protein bound with different substrates,

namely ethidium bromide, rhodamine 6G, dequalinium, and ciprofloxacin (Yu et al,

2003). The structures show that multiple molecules of ligands bind simultaneously to

the extremely large central cavity of 5000 cubic Å, primarily by hydrophobic,

aromatic stacking and van der Waals interactions. Different substrates were found

bound at different binding sites within the cavity. It was also observed that the drug
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molecules are bound to the walls of the large internal cavity, and are located roughly

at the level of the outer layer of the inner membrane bilayer, suggesting that the drug

molecules diffuse through the vestibules between the AcrB monomers. Interestingly,

there are no negatively charged amino acid residues near the substrate binding sites,

leading to the hypothesis that the positive charges of the substrates are neutralizedby

the anionic head groups of the phospholipids in the cavity (Yu et aL,2003). This

means that the substrate binding sites in the AcrB are composed of phospholipids

from the outer layer of the inner membrane bilayer and protein side-chains.

Highly conserved amino acid residues have been identified in the

transmembrane region of RND transporters (Tseng et al, 7999), for example Asp 407,

Asp408 in the TMS4, and Lys940 in the TMSI0 of AcrB pump. Replacement of

these amino acids through site-specific mutagenesis renders these pumps non-

functional. It is possible that these three residues, shown to form ion pairs (Murakami

et a|,2002), function in proton translocation.

1.6.2. Periplasmic pump components

The periplasmic proteins of the RND multidrug complex belong to the

membrane fusion protein (MFP) family (Dinh et al,1994). These proteins are quite

common in Gram-negative transport systems and have not been identified in Gram-

positive bacteria, archaea, or eukaryotes, with one exception reported in B. subtilis

(Johnson & Church, 1999). MFPs are generally of uniform size (about 380-480

amino acyl residues) and contain two hydrophobic domains, each near the N- and C-

termini, which are believed to interact with the inner and outer membrane
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components of the RND complexes (Zgurskaya & Nikaido, 2000a), thus facilitating

the transfer of substrates across the periplasm.

The best-studied periplasmic component protein, AcrA of the E. coli AcrAB

pump, is a highly asymmetric molecule approximately 20 nm in length (Zgurskaya &.

Nikaido, 2000a). AcrA consists of two regions of coiled-coils separated by a short

stretch of amino acid residues with the coiled-coilregion flanked by two lipoyl arms.

The N-terminal region has a covalently linked lipid extension, while the C-terminal

region is found to have a B-domain, which seems to be conserved in proteins

belonging to the MFP family. Presence of the B-domain on the C-terminal end has

led to speculations that perhaps this end is inserted in the outer membrane in a porin-

like fashion. However, the recently-solved crystal structures of MexA failto show

this kind of arrangement (Akama et a|,2004; Higgins et aL,2004). Instead the

structure by Higgins and colleagues shows that the C-terminus of MexA is positioned

in close proximity to the N-terminus.

The periplasmic components of RND pumps are exclusive for each inner

membrane component and cannot be interchanged among the inner membrane

pumps, even when two inner membrane pumps are highly homologous (Yoneyama e/

al, 1998). However, one study has shown that the AcrD pump of E. coli can function

with the AcrA protein of the AcrAB complex (Elkins & Nikaido, 2002). The study

showed that the efflux of amphiphilic substrates like bile acids and novobiocin by

AcrD was completely dependent on AcrA.



1.6.3. Outer membrane components

Outer membrane components are required in order to export drug molecules

directly into the external medium. These components are of fairly similar size

ranging from approximately 400 to 500 amino acyl residues. In some instances, a

single outer-membrane protein has been shown to function with different pumps

(Zgurskaya & Nikaido, 2000b). For example, TolC, the outer membrane component

of the AcrAB pump can also function with the protein transporter HylB (Holland et

al,1990). Being the only functional outer-membrane component identified so far,

TolC is believed to work with all drug efflux systems in E. coli that require an OMF.

TolC has also been shown to act with the MexCD and MexXY pumps of P.

aeruginosa when they are expressed in E coli (Srikumar et a|,1998).

Two of the best-studied examples of outer membrane components of RND

pumps are TolC and OprM. TolC is a trimeric outer membrane protein (Koronakis e/

al, 1997) . The crystal structure of the protein (Koronakis et al, 2000) reveals the

presence of an o-helìcal barrel which forms a -100 ,,4, long tunnel, through the

periplasm. This barel is anchored by the contiguous l2-stranded outer membrane B-

banelpart of the protein (Fig.l.5). OprM has also been found to have a similar

structure with both s-helical and B-banels present (Wong et al,200l).
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It is proposed that both the TolC and OprM proteins have amphipathic p-

strands with hydrophobic residues in the B-barrel facing the hydrophobic core of the

bilayer. A ring of aromatic residues at the lipid-water interface is present between the

outer membrane B-barrel and the periplasmic u-helical barrel (Wong et al,200l).



Fig. 1.5. Three-dimensional structure of the outer membrane component, TolC, of

the AcrAB-TolC efflux pump of E. coli at2.1 Ã(Koronakis et a\,2000).
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This arrangement of aromatic amino acids is found on the periplasmic side of all

known outer membrane B-barrels.

The TolC homotrimer is 140 ,,4. in length, with the periplasmic o-helical barrel

100 Å, and the outer membrane B-barrel 40 ,Ä.. The a-barrel consists of 12 o-helices

packed in an antiparallel arrangement to form a hollow cylinder. Karonakis and

coworkers (2000) propose that the u-helical baruel of the TolC protein is virtually

uniform in diameter near the B-barrel; however, the long helices are tapered at the

proximal end (Koronakis el aL,2000). At this end, helices are arianged in inner and

outer pairs, with inner pair helices forming an antiparallel coiled-coil. It is believed

that the opening of the channel is achieved by inner coils re-aligning themselves with

the outer coils, thus enlarging the channel opening (Andersen et aL,2002a). This

"channel-tunnel" structure is long enough to span both the outer-membrane and the

periplasm. When the end of the TolC tunnel contacts the top of the periplasmic

domain of AcrB, a 170 Ãlong channel is created which is long enough to cover the

entire periplasmic depth, allowing the substrate molecule to pass through directly into

the external medium (Koronakis et aL,2000).

In addition to TolC, genes of three other homologs (yjcP, yohG, and ylcB)

have been found in the E coli genome, although none are genetically linked to genes

for efflux pumps. Knock-out experiments with these three genes have indicated that

it is unlikely that the coresponding proteins are involved in drug efflux (Sulavik er

a|,2001).

In contrast to E. coli, in which TolC seems to be the only OM component

involved in drug efflux, P. aeruginosa has been found to have 17 homologs of OprM
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(Jo et a1,2003). Of these 17 proteins, OmpG and OmpH were shown to complement

the OprM deficiency in the MexAB-OprM system. This finding also suggests that the

outer membrane proteins of RND systems share the same structure and mechanism of

action for efflux of various substrates even when they might share very low identity at

the amino acid level.

Reconstitution studies with TolC and OprM in the black lipid bilayer system

or proteoliposomes revealed only weak pore-forming activities (Benz et al,1993;

Yoshihara et aL,2002). This is consistent with the closed channel found in the crystal

structure of TolC, where it is believed that the channel-tunnel structure remains

closed under normal conditions, and opening is likely triggered by interaction with

the inner membrane pump (Koronakis et aL,2000).

1.7. Natural Function of RND Pumps

The natural function of RND pumps is still a topic of debate. It was originally

believed that these pumps were developed by Gram-negative pathogens as a defense

mechanism to counter the increasing antibiotic concentrations in their environment.

However, with phylogenetic studies pointing to the presence of RND pump homologs

in Gram-positive bacteria, archaea, and even humans, it has been established that

proteins belonging to RND pumps are paft of an ancient family of proteins with

representation in all major kingdoms (Tseng et aL,1999).

The AcrAB pump of E. coli was found to have the highest affinity for bile

salts, as shown by the hypersusceptiblilty of genetically-constructed AcrAB knock-

out strains to bile salts (Thanassi et al, 1997). The natural habitat of E. coli is the

enteric tract (which is rich in bile salts) so the presence of this type of protective
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mechanism is feasible. Similarly, a protective function has been attributed to the

MtTCDE system, which provides resistance to faecal lipids in rectal isolates of N.

gonorrhoeae (Shafer et aL,1995). Additional natural functions suggested for efflux

pumps include: removal of toxins, removal of end products of metabolism (e.g.

fermentation end products and toxins directed towards other organisms) and buffering

the organisms against infrequent surges in pools of potentially toxic metabolites

(Helling et a|,2002).

It has been suggested that the natural function of RND pumps might also

include efflux of quorum-sensing signalmolecules required for cell-to-cell signaling

(Rahmati et aL,2002). P. aeruginosahas been shown to secrete a quinolone,

designated PQS (Pseudomonas guinolone gignal), which acts as a quorum signal

(Pesci et aL,1999). This is indeed a very interesting fìnding as quinolones constitute

a widely used group of antimicrobials and are substrates for RND pumps. Another

study on the newly characterized MexGHI-OmpD pump of P. aeruginosa suggests

that it is involved in the homeostasis of the quorum sensing regulatory molecule, N-

acyl-homoserine lactone (Aendekerk et a|,2002).In addition, it has also been

reported that SdiA, a quorum-sensing regulator from E coli, also controls multidrug

resistance by positively regulating the AcrAB pump (Rahmati et a|,2002). One can

easily envision the efflux of certain antibiotics that structurally resemble these

signaling molecules.

One study has recently suggested a correlation between the presence of

AcrAB pump in E. coli and calcium transport (Jones et a|,2003). It is suspected that
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components to the membrane in E. coli.

1.8. Mechanism of Action of RND Efflux Pumps

The generalized transport reaction catalyzed by functionally-characterized

RND proteins is:

Substrate¡n * nH+out ) Substrateou¡ * nH*;n

In spite of extensive research, the basic mechanism of multidrug transporters

is not well understood. It is still not known how the driving force of these pumps is

coupled to the export process. RND-type transporters are very versatile as far as

substrate recognition is concerned, as they can pump out hydrophobic cations,

neutral, zwitteronic, and negatively charged compounds. A common feature of allof

these substrates seems to be large hydrophobic domains which ensure the partition of

drug molecules into the phospholipid bilayer, favoring the notion that substrate

binding occurs in the membrane environment. Direct evidence for binding within the

membrane was obtained in reconstitution studies of purifìed AcrB (Zgurskaya &

Nikaido, 1999), and subsequent crystal structures of the AcrB pump (Murakami et al,

2002;Yu et a|,2003) has established this as a fact.
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The structure of AcrB suggests two possible pathways for the entry of

substrates. Substrate molecules from the periplasm or the outer leaflet of the

membrane could come in through the vestibules opening into the periplasm, while

substrates from the cytoplasm or the inner leaflet could be transported through the

transmembrane groove at the periphery of each transmembrane domain (Zgurskaya &.

Nikaido, 2000a). It appears that the substrates are collected in the central cavity and



they are actively transported through the pore in TolC. The ion pairs between Lys

940, Asp 407, and Asp 408 are the likely candidates for the transmembrane proton

translocation site.

Two models have been proposed to describe interaction of three components

(IM-MFP-OMF) of these pumps. One model suggests that all three components form

a closed channel by oligomerizafion, while a second model suggests that the

periplasmic components simply bring the outer and inner membranes together

facilitating a tighter interaction of the outer and inner membrane components.

Studies on the AcrA protein revealed that it can be cross-linked to monomeric AcrB,

and support the latter model (Zgurskaya & Nikaido, 2000a). However, from the

crystal structures of AcrB and TolC it can be deduced that the closing of the gap

between the two membranes might not be required, even though there might still be

some interaction between these two components.

A mechanical model for the functioning of these pumps has been

hypothesized (Zgurskaya & Nikaido,2000a) based on the crystal structures of AcrB

and TolC proteins of E. coli. The a-helical tail of the TolC protein is long enough to

traverse through the periplasm and thus could physically reach the AcrB protein

located in the inner membrane, forming a continuous channel through the periplasm

with the opening present towards the extracellular side. This interaction could be

facilitated by the AcrA protein, which is anchored to the cytoplasmic membrane

through its N-terminal lipid extension. The C-terminal region of AcrA, due to the

presence of a conserved B-domain, is believed to be embedded in the outer membrane

in the form of B-barrels in a fashion similar to outer membrane porin proteins. This
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model predicts that the interaction of the substrate with AcrB results in

conformational changes in the protein, which in turn causes folding back of the AcrA

protein upon itself to bring the two membranes close to each other. This could result

in the interaction of the s-helical tail of TolC with the funnel shaped headpiece of

AcrB, which may serve as a signal for the opening of the TolC channel. Given that

the diameter of the top of the headpiece of AcrB (-40 Ä,) is almost equal to the

diameter of the helical tail of TolC, these two proteins might form a continuous

channel once TolC is brought together with AcrB. Further, it has been shown that

there is a ring of aspartate residues present in the channel opening of the TolC protein

on the periplasmic side that play a role in the cation binding of the protein (Andersen

et aL,2002b). This suggests that, once TolC interacts with the AcrB, the substrate is

somehow translocated from the cavity of AcrB to TolC channel, then TolC guides the

substrate to the extracellular medium.

The crystal structures of MexA of P. aeruginosa (Akama et aL,2004; Higgins

et aL,2004) do not support the above model of mechanism but they do shed some

light on the role of the periplasmic protein in the functioning of the RND complex.

Both crystal structures suggest that MexA winds around the MexB-OprM interaction

site, and that 13 MexA molecules might be needed to wind around a MexB-OprM

trimer. Both structures further show that 13 monomers of MexA form a complex

cylinder resulting from two arcs of 6 and I molecules respectively. However, the

interior space of the sleeve appears to be too small to accommodate the MexB and

OprM junction. Higgins and coworkers (Higgins et aL,2004) further suggest that this

kind of arrangement is unlikely in vivo and that probably MexA molecules form a
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ring of 9 monomers, and this ring is sufficiently large to form a sheath around MexB-

OprM trimer and provide a seal to stabilize the complex (Fig.1.6). From available

crystal structures it is clear that the MFP plays a role in the stabilization of the RND-

OMF complex, but the actual mechanism still remains elusive.

With the identification of MFP protein homologues in Gram-positive bacterra

(Harley et aL,2000), there could be a more complex function for these proteins

beyond bringing the two membranes together in Gram-negative bacteria. This is also

in agreement with the close phylogenetic relationships of these proteins with the inner

membrane component proteins (Dinh et aL,1994).

One feature of RND pumps that continues to amaze investigators is the broad

substrate specificity. Interesting insights regarding substrate recognition came from

the crystal structures of the regulatory proteins BmrR of B. subtilis (regulator of an

MFS protein-encoding gene) (Zheleznova et al,1999) and QacR of S. aureus

(regulator of QacA pump) (Grkovic et al, 1998), which revealed the presence of a

very large substrate- binding pocket, flexible binding sites, and the role of

hydrophobic interactions. In addition, elucidation of the crystal structures of AcrB

with different ligands has also provided a great deal of information regarding the

mechanism of substrate binding by this protein (Yu et a|,2003). Yu and coworkers

have crystallized the AcrB protein bound to rhodamine 6G, ethidium, dequalinium,

and ciprofloxacin. The resulting structures suggest that different ligands bind to

different positions within the central cavity via a different subset of residues. The

ligand-binding cavity is very large with an area of approximately 5000



Fig. 1.6. Possible interaction of three components of the MexAB-OprM pump of P.

aeruginosa (Higgins et a|,2004). It is suggested that 9 MexA molecules wrap around the

complex formed by the MexB and the OprM proteins, stabilizing the interaction. The

ring of 9 MexF molecules is shown in blue, the outer membrane protein (in open state) is

shown in green, and the inner membrane pump is shown in white. OM, outer membrane;

IM, inner membrane.
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,4.t. tt e upper part consists of many hydrophobic residues, suggesting that the

substrate binding is primarily of hydrophobic nature.

While the details of substrate binding by AcrB are similar to those observed

for BmrR and QacR, there are several salient features observed in the study of AcrB

(Yu el a|,2003). Firstly, there can be severalmolecules of substrate bound to the

central cavity simultaneously. There was no major change in the substrate-binding

cavity size observed upon binding of substrate, as seen in the case of the QacR

protein. Electrostatic interactions do not seem to play a major role in the substrate

binding, again as seen for QacR protein, with substrate binding involving

hydrophobic, aromatic, and van der Waal interactions. It was also observed that

binding of substrate to the central cavity induces a rotation of 1o in each subunit, and

that this motion enlarges the diameter of the periplasmic domain by -2.5 Å. this

rotation could be responsible for interaction of AcrB with AcrA, and the

conformational changes in AcrA, which may be responsible for efflux of drug

molecules through the u-helical tunnel of TolC. It is believed that the route of drug

efflux is through the central pore formed by the pore helix in the periplasmic domain.

The residues from each subunit interact at the center of the pore resulting in the pore

being closed. It is proposed that the proton flux following the drug binding produces

a large conformational change in AcrB that could lead to the opening of the pore and

extrusion of the drug (Yu et aL,2003).

Recent elucidation of the crystal structure of the EmrE pump of E. colí (Ma &

Chang, 2004) has also provided important insights about the mechanism of efflux

pumps. The EmrE pump belongs to the SMR family, and is a small 12kDa protein
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v/ith 1 10 amino acids and four predicted o-helices. It is a hydrophobic protein with

only eight charged residues, including Glu-14, which is conserved throughout the

SMR family and absolutely required for drug transport (Yerushalmi & Schuldiner,

2000). The structure of EmrE reveals a tetramer composed of two conformational

heterodimers. One of the unusual features of the EmrE structure is the inverted

orientation of polypeptides forming the conformational heterodimers (Ma &. Chang,

2004). This conformation supports possible gene-fusion events producing

transporters of other families such as drug/metabolite transporters, whose

homologous subunits are thought to be inverted in the lipid bilayer (Jack et aL,2001).

Based on the crystal structure of the EmrE protein, a general mechanism for

the efflux of cationic hydrophobic substrates has been proposed. It is believed that

Glu-14 not only plays an important role in the binding of the cationic hydrophobic

substrates, but also couples the proton-transport during the substrate translocation.

The crystal structure shows two pairs of Glu-14 residues, one set near the proposed

drug-binding pathway at the interface between structural heterodimers, and a second

set located near the exterior of the protein close to the outer membrane side (Ma &

Chang, 2004). In the high-aff,rnity state, the drug-binding Glu-14 residues are

negatively charged, and can bind cationic hydrophobic substrates from either the

cytoplasm or from the inner membrane leaflet side of the cell membrane.

Neighboring residues may form hydrophobic interactions with the drug molecule to

stabilize the binding. In the presence of an electromotive force, the Glu- l4s near the

cell surface are protonated, resulting in conformational changes that are propogated

through the heterodimer. This movement presents the substrate to the periplasmic
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side of the cell membrane and forms a closed juncture, preventing the substrate from

travelling back into the cytoplasm. The release of protons results in the transition to

the low-affinity drug-binding state, resulting in the release of the drug molecule in the

periplasm and return of EmrE to its high-affinity drug-binding state (Ma & Chang,

2004). The exact mechanism of proton passage through EmrE to the cytoplasm is not

yet clear.

1.9. Regulation of RND Pump Gene Expression

Understanding the regulation of RND pump gene expression is very important

for tackling the problem of multidrug resistance. Extensive progress has been made

towards the understanding of the mechanisms of the regulatory pathways that govern

the expression of drug transporters. The antimicrobial pumps known to be subject to

regulatory controls typically belong to the MFS and RND superfamilies. The

requirement for regulatory controls is required to prevent excessive production of the

inner membrane component of pumps, as overexpression of these pumps has been

shown to have a deleterious effect on cells. In fact, overexpression of the AcrAB

pump was found to be toxic for E. coli (Ma et al,1993), and a similar observation

was reported upon overexpression of the TetA pump in E. coli (Lee & Edlin, 1985).

This toxicity likely explains why there is an elaborate mechanism for regulation for

the expression of many of these pumps. An exception to this is the members of the

SMR family, which do not appear to be subject to any regulatory controls that can

alter the level at which these proteins are synthesized.

Among the bacterial drug efflux genes that are inducible, there are only a few

known examples in which translational controls have been shown to be the primary
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level at which expression is controlled (e.g. TetA regulation) (Speer et al,1992). The

expression of the majority of bacterial drug transporter genes is controlled by

transcriptional regulatory proteins. These regulatory proteins consist of repressors

and activators ofthe target gene, and function at local and/or global levels.

1.9.1. Local Regulators

Local regulators, mostly repressors, are known to control the expression of

many multidrug pumps. For example, acrR of E. coli, transcribed divergently from

acrAB genes, encodes a repressor of the TetR repressor family, as it possesses a helix-

turn-helix (HTH) DNA binding domain. TetR, the regulatory protein of the Tet

pump, binds as a homodimer to its target operator, and represses the production of

TetA (Orth et aL,2000). The repression by TetR persists until it is bound by

tetracycline (Orth d a|,2000). This mechanism of inducible tetA expression suggests

that other pumps that are repressed by TetR-like repressor also possess the same

mechanism of expression. This was confirmed with the observation that MexXY

(Masuda et a|,2000) and TtgABC (Duque et al,200l) pump expression is induced by

the substrates they pump out.

AcrR is known to repress both its own and acrAB transcription. It appears

that the primary function of AcrR is to modulate acrAB expression, thus preventing

excessive production of the AcrAB pump. Another example of a local repressor

belonging to the TetR family is AcrS, that regulates the expression of the AcrEF

pump and is encoded divergently from acrEF (Ma et al, 7994). There are several

other examples of local repressors of multidrug efflux pumps that belong to the TetR
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family, e.g. MexL (Chuanchuen et a|,2002),MexZ (Wesbrock-Wadman et al, 1999),

and SmeT (Zhanget a|,2001).

Allof the RND multidrug efflux systems of P. aeruginosathat have been

studied are regulated by a linked regulatory gene, coding for either a repressor or an

activator. The mexAB-oprM operon has the divergently transcribed gene, mexR

located upstream. MexR encodes a transcriptional repressor of the MarR family (Li

et al,1995). Inactivation of mexR results in the overexpression of MexAB-OprM

system (Poole et aL,1996b). Strains that overexpress the MexAB-OprM system often

carry mutations in the mexR gene (Adewoye et a|,2002; Saito ef al,1999). MexR

has been shown to bind to the promoter regions of mexAB-oprM and mexR (Evans et

a|,2007). The crystal structure of the MexR protein (Lim et a\,2002) revealed that

four MexR dimers in the asymmetric unit can be found in multiple conformations.

This high degree of flexibility in MexR is different from a rather rigid MarR protein,

which suggests that it could have a different mechanism of repression. To date,

efforts to identify potential ligands that may act as inducers and bind MexR have been

unsuccessful.

MexCD-OprJ of P. aerugìnosa is regulated by the NfxB repressor encoded by

a gene located upstream of the mexCD-oprJ operon (Poole et al, 1996a). Based on

sequence similarity, the NfxB protein appears to belong to the LacI-GalR repressor

family (Weickert & Adhya, 1992). NfxB binds to the upstream region of nfxB,

indicating that it is involved in negative autoregulation of the nfxB gene (Shlba et al,

1995). Expression of the mexXY operon is controlled by MexZ, a protein belonging
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to the TetR family. It is encoded upstream of the operon in the opposite direction

(Aires et al, 1999) and represses the operon expression.

MexT, a member of the LysR family of transcriptional regulators, is an

activator of mexEF-oprN (Kohler et al, 1999). This type of regulator is unique when

campared to other RND operons of P. aeruginosa, which are negatively regulated.

The mexT gene is located upstream of the operon and is transcribed in the same

direction as the mexEF-oprN genes. Overexpression of mex induces the expression

of mexEF-oprN, and decreases the expression of outer membrane protein encoding

oprD (Masuda et al,200l).

1.9.2. Two-component regulatory systems

Some efflux pumps are known to be regulated by two-component systems.

These systems are found extensively in bacteria and allow them to react to changes in

their environment. These systems consist of a sensor kinase and a response regulator.

In response to the environmental stimuli, the sensor kinase phosphorylates the

response regulator, which in turn activates or represses the target genes (Stock et al,

2000). Examples of the two-component systems that are known to regulate RND

pumps are BaeSR for the MdtABC pump of E. coli (Baranova & Nikaido, 2002;

Nagakubo et a|,2002), EvgAS for the YhiUV pump of E. coli Q.{ishino &

Yamaguchi,2002), and SmeSR for the SmeABC pump of S. maltophilia (Li et al,

2002). In these systems, the genes encoding two-component systems are located in

very close proximity to the efflux pump gene operons and their products function as

activators.
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A recent investigation has revealed that the EvgAS system is actually

responsible for upregulation of a variety of drug effux genes:. emrKY, yhiUV, acrAB,

mdfA, as well as tolC (Eguchi et aL,2003). This is further evidence in support of the

suggestion that expression of MDR systems is controlled by a complex regulatory

nefwork. The expression of tolC was also shown to be positively regulated by yet

another two-component system, PhoPQ (Eguchi et aL,2003).

1.9.3. Global regulators

The role of globalregulators in the expression of efflux pumps is best-studied

for the E. coli AcrAB-TolC system (Fig.l .7). So far, four global transcriptional

activators, MarA, SoxS, Rob, and SdiA, have been recognized to be regulating the

expression of this system. The mar (4qultiple 4ntibiotic ¡esistance) locus consists of

the marRAB operon and the divergently transcribed marC, both being expressed from

a central operatorþromoter region, marO (Alekshun &.Levy, 1997). MarR is a

repressor and MarA is an activator, while the functions of MarB and MarC remain

unknown.

MarA is a member of the AraC family of transcriptional activators, and

activates its own transcription as well as a large number of other genes by binding to

20-bp DNA sequences known as'marboxes'that are located in the vicinity of the

promoters for the target genes. A marbox is found next to the acrAB promoter region

(Alekshun &.Levy,1991), and MarA has been shown to bind this region and activate

transcription of the operon. The globalnature of MarA has been demonstrated using

gene array analysis, in which the protein was shown to regulate the expression of over



Fig. 1.7. Schematic representation of the regulation of the acrAB locus by AcrR and

MarA. AcrR represses (-) transcription of the acrRAB genes, while MarA up-

regulates (+) the expression of the acrAB genes. The expression of the marMB

operon is repressed by MarR, encoded by marR. However, anionic compounds, like

salicylate, interact with MarR to prevent (X) its binding to DNA. This results in

constitutive expression of the marA gene, thus up-regulating the acrAB operon

(Schumacher & Brenn an, 2002).
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60 E. coli genes (Barbosa &.Levy,2000). One well-documented example of MarA

activity is activation of transcription of micF, which produces an antisense RNA that

downregulates the expression of ompF, a gene encoding an outer membrane protein

that is responsible for entry of various antibiotics (Delihas & Forst, 2001). Reduction

in the expression of ompF, the site for drug entry, combined with overexpression of

acrABlolC, represents a highly effective mechanism by which MarA can coordinate

a response to the presence of toxic antimicrobials.

The crystal structure of MarA bound to the marRAB operon has been solved

(Rhee et al, 1998) (Fig.l.8). MarA binds to the DNA as a monomer and possesses

two separate HTH DNA-binding domains linked by a long u-helix. An operator

sequence typically consists of 11-12 bp for a DNA-binding protein to recognize it. As

a typical HTH motif is capable of recognizing only 6 bp, the presence of 2 HTH

motifs in a single polypeptide chain of MarA explains how this protein can function

as a monomer.

The MarR repressor is the product of the first gene of the marRAB

operon. MarR controls the intracellular levels of MarA and thus plays a crucial role

in the marA-mediated activation of mar regulon promoters. MarR also binds to the

marO region, but at a site distinct from the MarA binding site. MarR represses

transcription of the marRAB operon by binding as a dimer to two distinct regions in

marO, referred to as site I and site II. Binding of MarR to site I, located between the -

35 and -10 boxes of the marRAB operon, is necessary for repression (Martin &

Rosner, 1995). MarR-DNA interactions can be inhibited by several anionic



Fig. 1.8. Crystal structure of MarA bound to DNA (Rhee et a|,1998). Helix-turn-

helix motifs that bind to the DNA are indicated by arrows.
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compounds, including 2,4-dinitrophenol, plumbagin, menadione, and salicylate

(Alekshun &.Levy,1999), though the mechanism of inhibition is not yet known.

The crystal structure of MarR in association with salicylate shows that it

contains a DNA-binding domain belonging to the winged-helix family (Alekshun er

al,200l), as observed for the MexR protein of P. aeruginosa (Lim et a|,2002). Each

subunit of the MarR dimer is an crlB protein and can be divided into two domains: the

N/C-terminal domain, responsible for dimerization, and the central domain,

containing the winged-helix DNA-binding motif. The structure shows two binding

sites for salicylate, both within the DNA-binding motif, leading to speculations about

the physiological role of salicylate in the induction of multidrug resistance phenotype.

Overall, MarA activates expression of the mar regulon, including acrAB, tolC, and

marRAB, while MarR acts by repressing the synthesis of MarA.

Some homologs of MarA have also been shown to increase the transcription

of marRAB by binding to marO in E. coli. These are SoxS, the effector of the sox,RS

global superoxide response (sox) regulon, and Rob, that binds to the E. coli

chromosomalorigin of replication (White et a|,1997). Elevated levels of SoxS and

Rob have been shown increase the transcription of acrAB.

For SoxS to have an effect on acrAB-tolC transcription in wild-type cells, the

expression of the sox,S gene has to be activated by superoxide-generating agents via

the conversion of SoxR, a divergently transcribed local transcriptional activator, into

an active form (Martin & Rosner,1997; Nunoshiba et al,1992). In contrast to MarA

and SoxS, Rob is twice as large and is involved in the regulation of acrA,B operon.

Unlike MarA and SoxS, it is synthesized constitutively. Recently, the transcriptional
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activation of mar-sox regulon genes by Rob was shown to occur through the binding

of inducers like medium-chain fatty acids and bile salts (Rosenberget a|,2003).

Also recently, SdiA, an E. coli protein that is homologous to the receptor of

acyl homoserine lactone quorom-sensing signal family was found to positively

regulate AcrAB expression (Rahmati et a\,2002). Although the physiological role of

SdiA in E. coli is not clear as E. coli K-12 lacks the genes for the production of acyl

homoserine lactone.

1.10. Synergism between efflux pumps and other resistance mechanisms

Widespread use of antimicrobial agents has given rise to a variety of

resistance mechanisms in bacteria. Broadly these various mechanisms can be

classified into the following categories:

l. Alteration of the target site

2. Decrease in the concentration of drug reaching the target site by altered rates

of entry or removal of the drug

a

4.

Degradation/modif,rcation of the antibiotic

Synthesis of resistant, or alternate pathways that are no longer susceptible to

the antibiotic

5. Failure of the cell to metabolize the drug to its active state

Crosstalk between various mechanisms can result in increased resistance to a

particular antibiotic.



1.10.1. fnteraction between efflux pumps

Multiple efflux pumps in a cell that have overlapping substrate specificity

increase the efflux capability of that cell, hence producing higher levels of resistance.

A mathematical model for synergism between different efflux pumps was derived by

Lee and colleagues (Lee et a\,2000), in which they showed that if two pumps in the

same organism operate by the same mechanism (either single-component pumps that

pump substrate into periplasm, or multicomponent pumps that pump substrate into the

external medium) the net effect is additive. However, if there are two different kinds

of pumps (a single-component and a multi-component type) working together, the

effect is multiplicative. This model also explains how overexpression of the Tet

pump (a single-component pump) can result in extremely high resistance to

tetracycline in Gram-negative bacteria. As these pumps are single-component pumps,

they are only able to pump antibiotics into the periplasm and there is always the

possibility of the antibiotic diffusing back into the cytoplasm. However, multi-

component pumps that are expressed constitutively expressed can perhaps synergize

with Tet pumps and make the pumping more effective.
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1.10.2. Relationship between outer membrane permeability and efflux pumps

Interaction between the outer membrane permeability and efflux pumps is also

of a multiplicative nature. Decrease or loss of porins results in reduced antibiotic

uptake, leading to resistance. However, in the presence of drug efflux, the resistance

is amplified multiplicatively. This effect has been shown in P. aeruginosa (Li et al,

2000b), where either inactivation of the MexAB-OprM pumps or permeabilisation of



the outer membrane alone resulted in a very drastic, but similar decrease in the

antibiotic resistance of this organism.

1.10.3. Relationship between antibacterial-inactivating enzymes and efflux

pumps

Relationship between enzymes that degrade antibiotics and efflux pumps is

additive in nature as both these mechanisms work in parallel to lower the antibiotic

concentration. In ,E coli, î. was shown that strains lacking either the AcrAB pump or

the p-lactamase enzyme had similar MIC values for B-lactams (Mazzariol et al,

2000a).

1.10.4. Interaction between antibacterial target alterations and efflux pumps

This interaction has been very welldocumented in case of quinolone

resistance. DNA gyrase and topoisomerase are the target enzymes for this group of

antibiotics. Mutations in the target genes (gyrA/B and parClE) have been reported in

various organisms that overexpress efflux pumps. A study in E. coli showed that

about90Yo of the clinical isolates resistant to ciprofloxacin overexpressed the AcrAB

pump, in addition to the presence of target mutations (Mazzariol et a|,2000b). In P.

aeruginosa, it has also been shown that strains that overexpress an efflux pump and

also have mutations in DNA gyrase are more resistant to quinolones than those

carrying only one of these resistance mechanisms (Lomovskaya et al,1999;, Nakajima

et a|,2002)
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1.11. Potential methods for inhibition of efflux pumps in bacteria

Studies have shown that inactivating efflux pumps in different organisms

makes them highly susceptible to a variety of antibiotics. As such, this makes efflux
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pumps potentially very effective antibacterial targets. There are various theoretical

approaches being employed to find efflux pump inhibitors (EPIs) and they are

summarized as follows:

1. to identify an inhibitor against a specific pump known to be responsible

for efflux of a specific agent or class

2. to identify a "broad spectrum" pump inhibitor that affects multiple related

or unrelated pumps and/or multiple antibiotics

3. to identify an inhibitor that counters efflux by compensatory changes in

influx of an antibacterial agent

4. to identify a non-target based inhibitor that perturbs the bacterial cell

wall/membrane, thus rendering efflux less effìcient.

5. to modify a single antibacterial agent to make it a poor substrate for efflux

pumps

Inhibition of Tet pumps has been studied for many years Qllels on et al, 1993).

The most potent inhibitor found so far, l3-cyclopentylthio-5-OH tetracycline (13-

CPTC), a derivative of doxycycline that is a competitive inhibitor of the TetB protein.

The combination of l3-CPTC with doxycycline had either a synergistic or an additive

effect (depending on the Gram-type), reducing the MIC values of doxycycline by

four- to ten-fold (Nelson &.Levy,1999). Some natural compounds like ginsenosides

(from gensin) have also been identified as potential inhibitors of the TekK or TetC

pump Q.,lelson,2002).

Microcide Pharmaceuticals has reported EPIs that potentiated the activity of

levofloxacin by as much as 64-fold in MexAB-expressing strains of P. aeruginosa,
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while not affecting the levofloxacin MIC in strains in which the MexAB pump was

inactivated (Lomovskaya & Watkins, 2001a). These EPIs led to an increase in the

accumulation of the antibiotic inside the cell without disrupting the proton-gradient.

The first compound reported by Microcide was MC-207,110, a low molecular weight

dipeptide amide (phenylalanylarginyl-B-naphthylamide). This compound lacks

antibacterial activity of its own but, at a concentration of l0 pglml, potentiates the

activity of levofloxacin by 8-fold. (Lomovskaya et aL,2001). Further chemical

modifications of MC-207,7101ed to other peptides that showed potentiation activity

for P. aeruginosa sffains producing MexAB-OprM, MexCD-OprJ, and MexEF-OprN

pumps, and E. coli strains producing AcrAB-TolC pumps. EPIs of this category are

specific for RND pumps only, and do not inhibit any other pumps.

These EPIs have been tested in animal models of P. aeruginosa infection

(Griffith et aL,2000) and have been confirmed to potentiate the activity of

levofloxacin. It was found that infection of animal models with strains resistant to

levofloxacin (MIC values of up to 64 pglml),levofloxacin was effective when used in

combination with the EPI, while, when used alone, it was ineffective. These studies

clearly indicate the usefulness of EPIs as combinational agents along with antibiotics.

However, the need to combine EPIs with antibiotics of similar pharmacokinetic

characteristics makes their clinical use very complicated.



1.12. Hypothesis and Objectives

Hypothesis: Proton gradient-dependent efflux of fluoroquinolones by the means of

RND family pumps contributes to the resistance of S. marcescens to this group ol

antibiotics.

Specifìc Objectives:

l. To identify proton gradient-dependent efflux of fluoroquinolones as a resistance

mechanism in S. marcescens.

2. To identify, clone, and sequence the RND pump-encoding gene(s) of ,S.

marcescens.

J.

4.

To study the structure and function of ,S. marcescens RND pump(s).

To assess the effect of clinical settings on the expression of S. marcescens RND

pump-encoding gene(s) by studying the regulation of pump gene(s).
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2.1. Bacterial strains, plasmids, and growth conditions

All bacterial strains and plasmids used in this study are listed in Tables 2.1

and2.2, respectively. Setatia marcescensUOC-67 ATCC 13880 was the source of

the sdeAB and sdeCDE operons. All S. marcescens strains were maintained on T-soy

medium (Difco) at2ïoc or 37oC. All ¿. coli strains were maintained on Luria-

Bertani (LB) medium (Difco) at37oC. Freezer stocks of bacterial cultures were

prepared by addition of dimethyl sulfoxide (DMSO) to a final concentration of 7%o

(v/v) to the mid-log phase cultures. Transformed bacterial cultures were maintained

in the presence of appropriate antibiotics. Ampicillin (100 pglml), kanamycin (40

prglml), streptomycin (40 pglml), and tetracycline (5 ¡rglml) were added to E. coli

strains transformed with plasmids or cosmids carrying Ap', Km', Sm', and Tc'

markers.

Mutant strains of S. marcescens, UOC-67WL, UOC-67WLN, and UOC-

67WLO were derived by serially passaging the wild-type strain UOC-67 in T-soy

broth medium supplemented with ciprofloxacin, norfloxacin, or ofloxacin,
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respectively. For generation of mutant strains, UOC-67 was first grown in T-soy

broth containing 0.2 pg/ml of the appropriate antibiotic and then subcultured in broth

supplemented with 2-fold increments of the appropriate antibiotic up to 16 pglml

with overnight incubation at 37oC with shaking.

2.2. Antibiotic susceptibility assay

Susceptibilities of the bacterial strains to different antibiotics were tested

using the two-fold dilution method with an inoculum of 10 cfu (BSAC, 1991).



Strain

S. marcescens UOC-67

S. marcescens T-849

S. marcescers T-850

S. marcescens T-851

S. marcescens T-852

S. marcescens T-853

S. marcescens T-854

S. marcescerus T-855

S. marcescer¿s T-856

S. marcescens T-857

S. marcescerzs T-858

S. marcesce¡¿s T-859

S. marcescezs T-860

S. marcescens T-861

S. marcescens UOC-67WL

Table 2.1. Bacterial strains used in this study

Characteristic

Type strain

Clinical isolate

Clinical isolate

Clinical isolate

Clinical isolate

Clinical isolate

Clinical isolate

Clinical isolate

Clinical isolate

Clinical isolate

Clinical isolate

Clinical isolate

Clinical isolate

Clinical isolate

Source/Reference

ATCC 13880

D. Hoban,
Health Sciences Centre,
University of Manitoba
D. Hoban

D. Hoban

D. Hoban

D. Hoban

D. Hoban

D. Hoban

D. Hoban

D. Hoban

D. Hoban

D. Hoban

D. Hoban

D. Hoban

This study
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S. marcescens UOC-67WLN

Fluoroquinolone resistant
mutant derived from
serial passaging of ,S.

marcescens UOC-67 on
media supplemented with
ciprofloxacin

Fluoroquinolone resistant
mutant derived from
serialpassaging of S.

marcescens UOC-67 on
media supplemented with
norfloxacin

This study



S. marcescens UOC-67WLO

E. coli NM522

E. coli EZ cells

Fluoroquinolone resistant This study
mutant derived from
serial passaging of ,S.

marcescens UOC-67 on
media supplemented with
ofloxacin

E. coli HS832

E. coli AG102MB

E. coli HNCEIa

E. coliBL923

E. coli LBBI136

SupE rhi\ (lac-proAB)
hsd5 F' þroAB* lacf
lacZLMl5l

F'::TnL7(Tc') proA*B*
lacfz¿ML5 recAl lac
glnV44 thi-1 9,,rA96
relAl
acrAB::kan

marRl acrB::kan

marRl acrB::kan LacrD

recA- A,tolC

LacrA, tolC::Tnl0
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E. coli LBB I 135

E. colíL81175

E. coliVCSzsT

Promega

Qiagen

E. coli MT6l6

E. coli CCl l8 l.-pir

Sulavik et al,200I

Elkins & Nikaido, 2002

Elkins & Nikaido, 2002

Thanabalu et al,1998

J. Fralick, Texas Tech.
University Health Sciences
Centre

J. Fralick

J. Fralick

Stratagene

LacrA

tolC::Tnl0

supE44, supF58, hsdS3
(r n, m-a), dapD\, lacYL,
glnV44, L(gal-wrB)47,
tyrTs 8, g,,rA2 9, LthyA 5 7

MT607 (pro-82 thi-l
hsdRl7 supE44):pRK600

E. colí CC 1 18

lysogenized with pir
transducing 1, phage

Finan et al,1986

T. Charles, University of
Waterloo



Plasmid/Cosmid Characteristics Source/Reference

pKS (-) ColEl replicon, Ap', lacZ Stratagene

pUCl S ColEl replicon, Ap', lacZ Invitrogen

pDrive Phage Fl origin, Ap',Km', lacZ Qiagen

pRK7813 Cosmid vector,IncP replicon, Tc' Jones & Gutterson, 1987

pUC4-kixx ColEl replicon, lacZ, Ap',Km' Pharmacia
cassette within a 1.4 kb SmaI
fragment

pRK600 ColEl replicon with RK2 transfer Finan et al,1986
gene, Cm'

pKNGl0l Suicide vector, pir oriRíK mobRK2 Kaniga et al,1997
sac.B Sm'

pRKO37 pRK78l3 containing sdeAB genes This study
within 2l kb 

^S. 
marcescens genomic

insert
pUCAB pUCl8 containing S. marcescens This study

sdeAB genes within a 5 kb.EcoRV
fragment from pRKO37

pClone63 pDrive with 630 bp PCR product This study
from within sdeB

pKS17 pKSC) with 1.7 kb PCR product This study
from within sd¿B

pKSl7:Km pKS17 with I .4kb Smal Km' This study
cassette cloned in 1.7 kb PCR
product îrom sdeB gene

pSO421 pKNG101 containing 2.1 kb insert This study
(s de B :Km') from pKS 1 7 :Km

pRKHl0 pRK7813 containing sdeCDE genes This study
within 15 kb S. marcescens genomic
insert

pRKC5l pRK78l3 containing sdeCDE genes This study
within 40 kb,S. marcescens genomic
insert

Table 2.2. Plasmids/Cosmids used in this study
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pUCCDE pUC18 containing S. marcescens This study
sdeCDE genes within a 12 kb
EcoRl/KpnI fragment

pUCCD pUClS containing sdeCD genes This study
within a 5 kb Ncol-digested
fragment from pRKC5i

pClonelT pDrive with 1.7 kb PCR product This study
from within sdsD

pK423 423 bp EcoP.llPstl fragment of sdeD This study
cloned in pKS

pKl000 I kb fragment from 1.7 kb PCR This study
product of sdeD with -700 bp
deleted from the middle

pKNG1000 I kb deletion fragment from This study
pK1000 cloned in pKNGl0l

pUCHF hasF gene cloned in pUC18 This study

pUCRI -750bp upstream region of sdeAB This study
gene containing sdeR cloned in
PUCIS
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Results were reported as the MIC, the minimum concentration of antibiotic that

inhibited visible growth determined by absence of turbidity in the broth after l8 hrs of

incubation (without shaking) at37oC. Susceptibilities of various strains to SDS and

ethidium bromide were tested by the same method.

2.3. Ethidium bromide (EtBr) accumulation assay

Accumulation of ethidium bromide by allthirteen clinicalisolates, the mutant

UOC-67WL, and the wildtype strain UOC-67 was measured using a modification of

a previously-described method Qlleyfakh et al,199l). Cells were grown ovemight in

T-soy broth, harvested, and resuspended to an A6ee : 0.2 in 50 mM sodium phosphate

buffer, pH 7.0. Ethidium bromide was added to a final concentration of 2 pg/ml.

Fluorescence of the samples was measured every 30 s for a period of 10 min at

excitation and emission wavelengths of 530 nm and 600 nm, respectively, using a

Shimadzu RF-1501 spectrofluorophotometer. Proton gradient uncoupler carbonyl

cyanide m-chlorophenylhydrozone (CCCP) (100mM in DMSO) was added to a final

concentration of 100 pM after 5 min. Cells equilibrated with 50 mM sodium

phosphate buffer without ethidium bromide were used as blanks.

2.4. Fluoroquinolone accumulation assays

Accumulation of ciprofloxacin, ofloxacin, and norfloxacin was performed

following a method previously described by Mortimer and Piddock (Mortimer &

Piddock, 1991) with some modifications. Cells were grown to late log phase at37oC

in T-soy broth, harvested by centrifugation, washed once with 50 mM sodium

phosphate buffer (pH 7.0), resuspended in the same buffer to an A66s: 20.0, and

equilibrated for l0 min at 37oC. The antibiotic to be tested was added to a final
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concentration of 10 pglml, and 0.5 ml of culture was removed every 30 s for a period

of l0 min, and immediately diluted in 1 ml of ice-cold 50 mM sodium phosphate

buffer (pH 7.0). Carbonyl cyanide m-chlorophenylhydrozone (CCCP) was added to a

final concentration of 100 pM 5 min after the addition of antibiotic. The samples

were centrifuged at 19,600 x g for 10 min. The pellet was washed with I ml of 50

mM sodium phosphate buffer, resuspended in I ml of 0.1 M glycine hydrochloride

(pH 3.0), and incubated for at least 15 h at room temperature. The samples were then

centrifuged at 19,600 x g for l0 min. Fluorescence of the supernatant was measured

using a Shimadzu RF-1501 spectrofluorometer as follows: ciprofloxacin at excitation

and emission wavelengths of 279 nm and 447 nm norfloxacin a|28l nm and 440 nm;

and ofloxacin at292 nm and 496 nm, respectively. The concentration of the

antibiotics in the supernatant was calculated using a standard curve for the respective

antibiotic (concentration ranging from 100-1000 ng) in 0.1 M glycine hydrochloride,

pH 3.0. The results were expressed as nanogram of antibiotic incorporated per

milligram (dry weight) of bacteria.

2.5. DNA isolation

Plasmid and genomic DNA isolation, restriction enzyme digestion, agarose

gel electrophoresis, DNA fragment purification, and DNA ligation were all performed

by standard techniques (Ausubel, 1989). A rapid plasmid isolation method described

by Kado and Liu (Kado & Liu, l98l) was used for the screening of potential

transformants, with some modifications. Bacterial colonìes were scraped with a

sterile toothpick and resuspended thoroughly in a microfuge tube containing 40 ¡^Ll of

STE buffer (100 mM NaCl, 20 mM Tris-Cl, pH7.5,10 mM EDTA). Twenty
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microlitres of Phenol:Chloroform:Isoamyl alcohol::25:24:7 was added and vortexed

for 1 min to emulsify the solution. The top layer was collected and microfugedfor 2

min. The supernatant was placed in a microfuge tube containing 1 pl of RNase (1

mg/ml). Samples were loaded on 0.8% agarose gel and the rate of migration was

compared with that of vector without the insert.

2.6. Preparation of competent cells and transformation

Competent cells were prepared using the CaClztreatment method (Ausubel,

1989). Log phase cultures (2.5 to 3 hours incubation at37oC) were harvested by

centrifugation at 1000X g for 5 min at 4oC. The cells were resuspended in 1/10 of the

original culture volume of ice-cold 0.1 M CaCl¡ and incubated on ice for 30 min.

Cells were centrifuged again for 5 min at 1000 x g at 4oC and resuspended in 1125

volume of ice cold 0.1 M CaClz. Glycerol was added to a fìnal concentration of 23o/o,

cells were aliquoted, and stored at -7\oC. Occasionally, competent cells were also

prepared on a small scale by spinning down 5 ml of log phase culture, and

resuspending the cells in 500 pl of ice cold 0.1 M CaClz. Cells were incubated on ice

for 30 minutes and transformed immediately.

For transformation, 100 pl of competent cells were mixed with 10 ng to I pg

DNA in a l0 pl volume, and kept on ice for 30 min. Cells were then heat shocked for

3 min aT 42oC and cooled on ice for another 5 min. One ml of LB broth was added

and cells were incubated for 50 min for transformation with Ap'plasmids or 90 min

for plasmids carrying Sm', Km', or Tc'markers before plating on LB-agar

supplemented with appropriate antibiotics.



2.7. Triparental mating

Triparental mating of E. coli strains was performed using the method

described by Goldberg and Ohman (Goldberg & Ohman, 1984). Briefly, 0.1 ml of

overnight cultures of the donor, recipient and helper strains, incubated at37oC,42oC,

and 28oC respectively, and mixed in 2 ml of L-broth. The mixture was filtered using

a 0.45 pm Nalgene filter unit, the filter was then removed and placed (cell side up) on

an LB-agar plate. The plate was incubated overnight at}8oC. The following day,

bacteria from the filter were resuspended in 2-5 ml of saline (0.85% NaCl) and the

suspension was diluted to I :100 in saline. One hundred pl of undiluted and I :100

dilution suspension was spread plated on selective plates containing appropriate

antibiotics and the plates were incubated at 37oC until distinct colonies appeared. E.

coli lllT616 (Finan et al, 7986) was used as the helper strain.

2.8. Southern blotting

Detection of nucleic acid by Southern blotting was performed using the non-

radioactive digoxigenin (DIG) DNA labeling and detection kit (Roche Diagnostics,

Mannheim, Germany). Restriction fragment and PCR product probes were random-

primed labeled with DIG-11-dUTP provided with the DIG labeling kit using

manufacturer's instructions.

Plasmid, cosmid, or genomic DNA was resolved on 0.8 Yo agarose gel, and

washed twice in denaturation buffer (1.5 M NaCl, 0.5 M NaOH) for l5 min each,

followed by two washes for 15 min each in neutralization buffer (1.5 M NaCl, I M

Tris, pH 8.0). DNA was transfemed onto Hybond-N nylon membrane (Amersham)

overnight using 20X SSC buffer (3 M NaCl, 300 mM sodium citrate, pH 7.0). DNA
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was fixed on the membrane by cross-linking under UV light on a transilluminator for

3 min. DNA-bound membranes were incubated for I hr in l5 mlof pre-hybridization

solution [5X SSC, 0.1% (wlv) N-lauroylsarcosine, 0.02% (w/v) SDS, l% (wlv)

blocking reagent] at 58oC. Subsequently, the DNA probe was denatured at 100 
oC for

l0 min and added to l0 ml of standard hybridization buffer [5X SSC, 0.1% (w/v) N-

laurylsarcosine and 1% (wlv) blocking reagent (Roche, Canada)] to a final

concentration of 5 fo 25 nglmL The hybridization reaction was performed overnight

at 64oC in a hybridization oven with constant agitation. After hybridization was

complete, two low-stringency washes (2X SSC, 0.1% SDS) were performed at room

temperature for 5 min each, and two high-stringency washes (0.1X SSC, 0.1% SDS)

were performed at 68oC.

For chemilumìnescent detection following the post-hybridization washes,

membranes were equilibrated in maleic acid buffer (100 mM maleic acid, 150 mM

NaCl, pH 7 .5) for i min and then washed in the blocking solution ll% (wlv) blocking

reagent (Roche, Canada) in maleic acid buffer] for 30 min with gentle agitation. The

membrane was subsequently incubated in a solution of I :10,000 dilution of Anti-

DIG-alkaline phosphatase Fab fragments (Roche, Canada) in blocking solution for 30

min. The membrane was then washed twice in washing buffer 10.3% (w/v) Tween@

20 in maleic acid buffer Al for l5 min each, followedby 2 min wash in the detection

buffer (100 mM Tris-HCl, pH 9.5; 100 mM NaCl). Membranes were then coated

with 250 ¡-rl of a I :100 dilution of CDP- &afM (Roche, Canada) in the detection

buffer and placed between two acetate sheets. The membranes were then exposed to
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Kodak X-Omat X-ray film (East Kodak Co., Rochester, New York) for 10 min to I hr

to detect the chemiluminescent reaction.

Following detection, membranes were stripped of probes by rinsing in water

for 2 min followed by two l5 min washes in the probe stripping solution (0.2 M

NaOH, 0.1% SDS). Membranes were then washed 2 times in 2X SSC and stored at

4 oC in 2X SSC until ready for another detection.

2.9. PCR and DNA sequencing

PRC primers used in this study are listed in the Table 2.3. PCR for

identification of RND pump genes was carried out by using two primers, ACRB1236

and ACRB2954 (Gibco BRL) to amplify a-1.7 Kb region from the genome of,S.

marcescens UOC-67.

Sequences of primers were derived from two signature sequences of RND

proteins, as described by Tseng and coworkers (Tseng et aL,1999). These two PCR

products were cloned in the pDrive vector using the Qiagen PCR cloning kit

following the manufacturer's instructions.

PCR of QRDR regions of the gyrA and parC genes was performed using

primers GYRAF and GYRAR; and PARCF and PARCR, respectively. Template

DNA for the QRDR regions was prepared by boiling an overnight culture of the

appropriate strain of S. marcescens for l0 min, and spinning the samples for 2 min at

19,600X g. Two pl of the supernatant was used as the template for a 50 pl PCR

reaction.



Name

ACRB1236

ACRB2954

Table 2.3. PCR primers used in this study

EACRB1236

BACRB2954

GTGGATGACGCCATCGTTGTG

GGTCATCAGGATCGGACGTAA

Sequence (5') 3')

Gg44EgC GTGGATGAC GCAATC GTTGTG

GAagatctTCGCGACAGGC CTCCAGC GC C G

GYRAF

GYRAR

PARCF

PARCR

CCCGTAAAGCGTGCTTTGTG

CTTCGGTATAACGCATCGCC

YEGF

SDECR

GACTCATGACGGTGTAGAGCG

AC GAACTCGAGCAGGTCATC G
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SDEDF

YEGR

1.7 kb region between
conserved motifs of
RND pump proteins

Target

TTGATCCGCCGTCCAGCC GAAC

TCACCTGCATCAGGACTTCCTC

SDEFl

SDEA

1.7 kb region within
sdeB,with,ÐcoRI and
BgIII restriction sites
engineered in the 5'
end (shown as

underlined bases in
lower case)

GAGGAAGTCCTGATGCAGGTGA

CGCCACCGAGGACGCCATGGTT

SDEB

SDERI

CCAGACAGCGCTTACTTATC GG

GTCAGAAGTCTCGGCTGGGAGC

QRDR (-350 bp) of
S. marcescens gtrA

TOCF

TOLCR

GCTCCCAGCCGAGACTTCTGAC

GTCGGGCAATGCCCGACCTTT

QRDR (-s00 bp) of
S. marcescens parC

MARE

C CGCAGACTCTGCTAGAATCGGCA

GCTGTGAG GC GGTG GGCAGAAGTG

sdeC of S.

marcescens sdeCDE

CGg4aüqATGCCTGCGTTCGGCGGAA G

sdeD of S.

marcescens sdeCDE

sdeA of S. marcescens
sdeAB

sdeB of S. marcescens
sdeAB

S. marcescens tolC

750 bp region
unstream of sdeAB



MARB

HISE

HISB

CGeeatcc CACTGCCCAACCGATCAG

TGeaattcATGTGCATCG GGCAGAGGGT

CGeeatçscCAGTGGTGGTGGTGGTGGT-
GCGTGCATCTCACCG

sdeR with engineered
EcoRI and BamHI
sites (shown as

underlined bases in
lower case), and His
codons added as

overhangs are shown
as bold bases, while
His codons already
present the 3' terminal
ofthe target sequence
are underlined.
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DNA sequencing was carried out at the automated sequencing facility of the

National Research Council/Plant Biotechnology Institute, Saskatoon, Saskatchewan,

Canada.

2.10. Cloning of PCR products

Two strategies were used to clone PCR products into cloning vectors, when

the Qiagen PCR cloning kit was not used. The first strategy involved designing

primers containing restriction enzyme sites in the 5' end as mismatched sequences.

After amplification of the target DNA sequence, the PCR product was purified using

the Ultra Clean DNA purification kit (BioCan, Canada) following manufacturer's

instructions and then digested using the appropriate restriction enzyme. The purified

PCR product was then cloned in cloning vector digested with the same set of

restriction enzymes. The second strategy involved purifying the PCR product from

the agarose gel as described above, and then treating 5-10 pg of purified DNA with 5-

l0 units of T4 DNA polymerase supplemented with 100 pM dNTPs and lX T4 DNA

polymerase reaction buffer (l.trew England Biolabs) for 30 min at 12oC. Reaction was

stopped by heating at the reaction mix at75oC for 20 min. The PCR product was then

cloned in a cloning vector using blunt-end ligation.

2.11. Preparation of RNA

RNA was prepared as described by Ausubel et. al. (Ausubel, 1989) with slight

modifications. A l0 ml overnight bacterial culture was harvested by centrifugation at

12,000X g, and resuspended in 10 ml of protoplast buffer (15 mM Tris-HCl, pH 8.0,

0.45 M sucrose, 8 mM EDTA) and 50 ¡rl of 50 mg/ml lysozyme, followed by

incubation on ice for 10 min. Protoplasts were collected by centrifuging for 5 min in
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an SS-34 rotor at 5,900X g and resuspended in 0.5 ml of Gram-negative lysing buffer

[10 mM Tris-HCl, pH 8.0, 10 mM NaCl, 1 mM sodium citrate, 1.5% (wlv) SDS].

After 5 min incubation on ice,250 pl of saturated NaCl was added and the sample

was centrifuged at high speed. Phenol:Chloroform:Isoamyl alcohol::25:24:7 was

used to precipitate protein contaminants and RNA was precipitated using ice-cold

absolute ethanol at -60oC for 2 hours. Precipitated RNA was washed once with 70olo

ethanol and the pellet was resuspended in i00 pl of diethylpyrocarbonate (DEPC)

treated water. Ten microlitres of RNase Out (Invitrogen) were added to the

resuspended RNA sample and stored at -70oC.

All solutions used in the preparation of RNA samples were prepared in

DEPC- treated water. DEPC treatment was performed by addin g 0.2 ml of DEPC to

100 ml of water followed by vigorous shaking. The solution was left overnight at

room temperature and then autoclaved to inactivate the remaining DEPC.

2.12. Northern blotting

Five to ten ¡^tg of RNA samples were treated with 5-10 units of DNase

(Bio/Can Canada), and diluted to concentrations of lpg/pl. One pl of each sample

was spotted onto nitrocellulose membrane (Hybond NX, Amersham Biosciences).

RNA probes for detection were constructed using the PCR products cloned in the

pDrive vector (pClone17 and pClone63) using the T7 RNA polymerase and DIG-

UTP. Northern dot blots were performed using the DIG labeling kit (Roche

Biochemicals, Canada) following manufacturer's instructions. The density of

individual spots was measured using FluorChem 2.01 software (Alpha Innotech

Corp.).
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2.13. Construction and screening of genomic library of S. msrcescens UOC-67

A cosmid library of S. marcescensUOC-67 was constructed in the low-copy

number cosmid vector pRK78l3 (Jones & Gutterson,1987). Chromosomal DNA

was isolated from 
^S. 

marcescens using the method described by Hancock (Hancock,

2000) and partially digested with EcoRI. Digested DNA was size-fractionated on a

continuous sucrose gradient [10-40% (v/v)] by spinning the samples af 25,000 rpm in

a SW-27 rotor. Inserts ranging from 9- to 23-kb were collected, ethanol-precipitated,

and resuspended in TE buffer (10 mM Tris-HCl, I mM EDTA, pH 8) to a total of 100

pl. The cosmid vector pRK78l3 was digested with EcoRI and treated with sheep

intestinal alkaline phosphatase (USB Corp., USA) to prevent self-ligation. Ligation

of vector to genomic inserts was performed with insert:vector ratio of 1:1 and 1:2

using T4 DNA ligase [NEB) at a total DNA concentration of 1pg/¡"11. The ligation

reactions were incubated at the room temperature overnight. The ligated product was

packaged with Gigapack II Gold packaging extract (Stratagene) following the

manufacturer's instructions. One-four plof ligated DNA (0.1-1.0 pg) was added to

the packaging extract and mixed by pipetting. The tube was incubated at room

temperature for 2 hrs. Five hundred prl of SM buffer [100 mM NaCl; 8 mM

MgSOa.THzO; 50 mM Tris-HCl, pH 8.0, 0.005% (w/v) gelatinl was added to the

tube, followedby 20 prl of chloroform. The tube was spun briefly to sediment the

debris and the supernatant containing phage was stored at 4oC until ready for titration.

E. coli VCS257 was used as the host strain for the titration and amplifìcation of the

library. One hundred prl of 1 :1 0 dilution of the library was added to 200 pl of ODooo :

0.5 of E coliYCS25T cultured in LB medium supplemented with 0.2% (wlv) maltose
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and 10 mM MgSO4, afid incubated at room temperature for 30 min without shaking.

Eight hundred ¡rl of LB broth was added to the mixture followed by another

incubation at37oC, shaking the tube gently by inversion every l5 min to allow for

expression of the resistance gene. Cells were pelleted by spinning briefly and

resuspended in 200 plof LB broth, and spread on LB-tetracyline plates and incubated

ovemight at37oC.

To screen the cosmid clones, colonies were inoculated in pools of 10 in LB

broth supplemented with 10 pglml of tetracycline and incubated overnight at37oC

with shaking. Cosmids were prepared using the method described above for the

isolation of plasmids, and screened by Southern blotting using the DIG-labeled DNA

probes constructed from pClone63 and pClonel7. Positive cosmid pools were

checked again by preparing individual cosmid clones and screening by Southern

detection. Approximately 7200 colonies were screened by this method. Freezer

stock cosmid bank was prepared in DMSO by freezing the cosmid clones in pools of

l0 clones.

2.14. SDs-Polyacrylamide gel electrophoresis

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

was performed using the method described by Lugtenberg and coworkers

(Lugtenberg etal,l975) atapolyacrylamideconcentrationof lZYo(w/v). Protein

samples were solubilized with a buffer containing 12 mM Tris-HCl, pH 6.8,0.4%o

(w/v) SDS, 2% (vlv) glycerol, 0.0125% bromophenol blue, and l%o (v/v) p-

mercaptoethanol. Samples were heated at 90-100oC for 3-5 min prior to loading.

Electrophoresis was conducted at 100-200 V with a 3o/o acrylamide stacking gel over
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the separating gel. Prestained broad range molecular weight marker (New England

Biolabs) was used for the determination of molecular weights. Protein bands were

stained for t hour using Coomassie Blue staining solution 130% (vlv) ethanol, 10olo

(v/v) acetic acid, 0.05olo (w/v) Coomassie Blue R-250]. Destaining of gels was

performed using destaining solution [5% (v/v) methanol and 7% (v/v) glacial acetic

acid] for I hr and then overnight with fresh destaining solution.

2.15. Whole cell lysis

Whole cell lysis was performed for rapid examination of gene expression

(Hitchcock & Brown, 1983). A 1.5 ml aliquot of an overnight culture of the bacterial

strain was centrifuged atl2,000X g for I min and cells were resuspended in 100 prl of

cell lysis buffer 12% (wlv) SDS, 4% (w/v) dithiothreitol (DTT), 10% (vlv) glycerol

and I M Tris-HCl, pH 6.8]. The resulting cell lysate was quantified using the

Ultrospec 4000 UV/visible spectrophotometer. Protein samples (50-100 pg) were

boiled for 3-5 minutes and resolved on 12%o polyacrylamide gel.

2.16. Cell envelope preparation

Cell envelope proteins were isolated by using the method described by

Lugtenberg and colleagues (Lugtenberg et al, 1975) from a 50 ml overnight bacterial

culture. Cells were harvested by centrifugation at 5,000X g for l0 min in a Sorvall

centrifuge, and resuspended in 20 mlof 50 mM Tris-HCl, 2mM EDTA, pH 8.5.

Cells were lysed by passage through a French press twice at 18,000 psi. Unlysed

cells and debris was separated by centrifugation at 1,200X g for 10 min. The

supernatant was centrifuged at 100,000X g for t hr at 4oC.



2.17. Separation of outer and inner membranes

Separation of inner and outer membranes was performed using the method

described by Hancock and Nikaido (Hancock & Nikaido, 1978) with slight

modifìcations. An overnight bacterial culture was subcultured in 2 L of LB broth,

supplemented with appropriate antibiotic, and grown to an ODooo: 0.8-1.0. Cells

were harvested by spinning at 7000 rpm in a Sorvall-SS34 rotor for l0 min, and

resuspended in 50 mM Tris and? mM EDTA, pH 8.0. Cells were then lysed by

passing twice through a French Press pressure cell at 15,000 psi. Cell debris was

removed by centrifuging the samples at 3000 rpm for 10 min, at 4oC.

Membranes were collected by a two-stage (9 ml70% sucrose and 12 ml 18o/o

sucrose) density gradient centrifugation by layering l0 ml of samples on top of the

sucrose gradient and spinnin g at23,000 rpm for 2 hrs. at 4oC in a SW27 rotor.

Membranes were collected from the band at the junction of l8%o and7}o/o sÍeps and2

ml of sample was loaded on a 4-step sucrose gradient (3 ml70%o,8 ml 64%, 8 ml

58Yo, and 8 ml 52%o sucrose). The samples were then centrifuged overnight at23,000

rpm at 4oC. The inner (upper band) and the outer membranes (lower band) were

collected and diluted with at least2 volumes of distilled HzO to dilute the sucrose to

below 20Yo. Samples were centrifuged once again at 47,000 rpm in a 60Ti rotor for I

hr at 4oC. Resulting pellet was resuspended in approximately 0.5 ml of 50 mM Tris,

pH 8.0, and resolved on an 8o/o or 13% SDS-PAGE gel.

2.18. Western fmmunoblotting

Following SDS-PAGE described above, protein samples were transferred

overnight to the Immobilon-P nitrocellulose membrane (Millipore) using a Bio-Rad

86
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Trans-Blot Cell containing glycine transfer buffer [150 mM glycine, 20% (v/v)

methanol, 20 mM Tris-HCl, pH 8.3] at 10 mA constant curuent as described by

Burnette (Burnette, 1981). Immunodetection of proteins was conducted as described

by Towbin and coworkers (Towbin et al,1979). The blotted membrane was

incubated at room temperature in phosphate buffered saline (PBS) buffer (137 mM

NaCl, 1.5 mM KHzPO+,16.6 mM KzHPO¿, 5.4 mM KCl, pH 7.4) containing l% skim

milk for I hour, rinsed with PBS without the skim milk, and then immunostained for

2 hours using PBS-diluted rabbit anti-AcrA antibody (1:10,000) (H. Nikaido,

University of California, Berkeley, CA, USA). A secondary affinity isolated

antibody, goat-anti-rabbit IgG conjugated to horseradish peroxidase (l:1000)

(Sigma), was added to the membrane and incubated for 2 hours. Detection of protein

bands was performed using the colorimetric method in the presence of 50 ml PBS

containing 0.0125 (v/v) of hydrogen peroxide (Fisher Scientif,rc) and l0 ml of 0.3Yo

(w/v) 4-chloro- I -naphthol (Sigma).

2.19. Computer Analysis of DNA and amino acid sequences sequences

Computer analysis of DNA and von-Heijne transmembrane plots for RND

proteins were performed using the OMIGA 2.0 software of Oxford Moleculars.

PSIPRED protein structure prediction server (www.psipred.net) was used to predict

amino acid residues forming transmembrane helices (McGuffìn et a|,2000).

Phylogenetic trees were constructed using the online server of Kyoto University

B ioinformatics Center (http ://clustalw. genome jp).
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2.20. Thr ee-dim ensional stru ctu re pred ictions

Three-dimensional structure predictions were performed using the Conserved

Domain Database (CDD) soffware of NCBI.
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3.1. Abstract

Thirteen clinical isolates of S. marcescens were tested for their susceptibilities

to a variety of fluoroquinolones, with the ATCC strain UOC-67 used as a control.

Two clinical isolates, T-860 and T-861, displayed significantly higher resistances

than all other strains to nalidixic acid, ciprofloxacin, norfloxacin, and ofloxacin.

In order to determine if proton gradient-dependent efflux could be

contributing to fluoroquinolone resistance, ethidium bromide accumulation assays

were carried out for all strains. Similar results were obtained for all strains, with a

rapid increase in levels of accumulated ethidium bromide upon the addition of the

proton gradient uncoupler CCCP, indicating that proton gradient-dependent efflux

mechanism was active in all of the strains.

To further investigate the extent of proton gradient-dependent efflux, strains

with MIC values of >2 pglml for fluoroquinolone antibiotics were subjected to

fluoroquinolone accumulation assays. Of the strains tested, the clinical isolate T-861

tested positive for increased accumulation of all fluoroquinolones tested

90

(ciprofloxacin, norfloxacin, and ofloxacin) upon CCCP addition, indicating that only

this isolate is capable of proton-dependent efflux of these drugs.

This study was followed by Western immunoblot experiments using the anti-

AcrA antibody, for E. coli AcrA protein of AcrAB efflux pump. Results indicated

that clinical isolate T-861 was expressing an AcrA-like protein.

Laboratory derived flr.roroquinolone-resistant mutant strains were isolated by

serialpassaging of the wild-type strain UOC-67 in media supplemented with
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ciprofloxacin, norfloxacin, or ofloxacin respectively. These strains were capable of

effluxing one or more of fluoroquinolones tested.

Mutations in genes encoding the target enzymes for fluoroquinolones, DNA

gyrase and topoisomerase, are responsible for fluoroquinolone resistance of different

organisms. V/ith this in mind, S. marcescens strains resistant to fluoroquinolones

were tested for the presence of target mutations in the genes encoding DNA gyrase

and topoisomerase. An S83)R mutation was found to be presentinthe g,,rA

sequence of fluoroquinolone resistant strains.

In combination, these results established proton gradient-dependent efflux of

fluoroquinolones to be a mechanism of resistance in S. marcescens, and indicated that

active efflux, along with target mutations, contribute to the fluoroquinolone resistance

of this organism.

3.2. Antibiotic susceptibilities of S. mørcesc¿zs strains

Thirteen clinical isolates of S. marcescens (Table 2.1) were tested for their

susceptibilities to different antimicrobials, namely, ciprofloxacin, norfloxacin,

ofloxacin, nalidixic acid, ampicillin, kanamycin, and ethidium bromide. The wild-

type strain, UOC-67, was used as the control. Results of MIC experiments for the

clinical isolates and UOC-67 are summarized in Table 3.1. All strains tested were

highly resistant to ampicillin, exhibiting MICs of >16 pglml Interestingly,UOC-67

had the highest MIC for ampicillin. All strains had an MIC of >l pglml for

kanamycin except for



Table 3.1. Minimum Inhibitory Concentration values (ptg -l-t) of S. marcescens
strains

Strain
T-849
T-850
T-851

Cio

T-8s2

0.5

T-853

0.12s

T-854

Nor

0.5

T-855

0.2s

0.5

T-8s6

0.5

T-857

1

0.2s

0.25

Ofx

T-858

0.125

0.02s

0.25

T-8s9

0.25

2

T-860

2

Nal

0.5

T-861

I

0.064

0.5

uoc-67

l6

1

0.064

Cip, ciprofloxacin, Nor, norfloxacin; Ofx, ofloxacin;Nal, nalidixic acid; Ap,
ampicillin; Km, kanamycin; Cb, carbenicillin; EtBr, ethidium bromide.

l6

4

An

I

0.5

4

4

1

32

0.5

0.5

l6

4

0.032

64

0.25

92

Km

8

2

t25

0.125

8

I

2

64

0.125

32

I

0.125

Cb

0.125

l6

32

2

32

l6

2

4

4

64

4

EtBr

2

4

4

t6

I

0.5

2

2

t28

32

16

st2

256

4

32

st2

2

256

1

64

4

4

5

2

64

16

2

5

2

64

4

2

5

250

2

4

2

5

2

4

0.5

2

1024

32

2s6

2

32

512

16

256

I

256
256
256



T-861, where the MIC was determined to be only 0.5 pglml. The clinical isolate T-

853 was most susceptible to carbenicillin with an MIC of 2 p,glml while all other

strains tested had MICs of >4 p,glml. All strains were highly resistant to ethidium

bromide with MIC of >128 pglml.

With respect to quinolones, all strains exhibited very high resistance to

nalidixic acid with an MIC of >2 ptglml, with the clinical isolates T-860 and T-861

being most resistant with MICs of 512 pglml each. T-860 and T-861 were most

resistant to the three fluoroquinolones tested (ciprofloxacin, norfloxacin, and

ofloxacin), with MIC values ranging from 4 to 32 pglml.

3.3. Ethidium bromide accumulation assays

Ethidium bromide accumulation assays were performed to ascertain the

presence of a proton-gradient efflux mechanism. Results of assays using all strains

are shown in Fig. 3.1. All strains, including the wild-typeUOC-67, maintained low

constant intracellular levels of ethidium bromide but upon addition of CCCP, 5 min

after the addition of ethidium bromide, they all showed a rapid increase in the

accumulation of ethidium bromide. Interestingly, the wild-type strain UOC-67

accumulated more ethidium bromide than any of the clinical isolates before the

addition of CCCP, and even after the addition of CCCP, the amount of ethidium

bromide accumulated by UOC-67 was the highest when compared to all clinical

isolates.
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Fig. 3.1. Ethidium bromide accumulation by UOC-67 and 13 clinical isolates of ,S.

marcescens. Accumulation of ethidium bromide was monitored for l0 min and

CCCP was added 5 min after incubation (shown by the arow). Fluorescence of

ethidium bromide was measured at 530 (excitation) and 600 (emission) nm. Data

presented is a representative ofthat obtained from three independent assays

performed on three independent cultures.
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3.4. Fluoroquinolone accumulation assays

fluoroquinolones were considered resistant and tested for the accumulation of that

particular fluoroquinolone. The clinical isolate, T-853 with an MIC of 2 pglml for

norfloxacin, was tested for norfloxacin accumulation. It accumulated norfloxacin in a

linear fashion with time and there was no effect of addition of CCCP, proving that

this strain does not efflux the antibiotic (Fig. 3.2a). T-856 had an MIC of 2 pglml for

both ciprofloxacin and ofloxacin and that of 4 pglml for norfloxacin. This strain was

not found to efflux any of the three antibiotics in a proton gradient-dependent manner,

as it accumulated the antibiotics with time with no effect of CCCP addition (Fig.

3.2b).

The clinical isolate T-860 had an MIC of 4 pglml for ciprofloxacin and

ofloxacin, and 8 pglml for norfloxacin. Interestingly, it was also not found to efflux

any of the antibiotic tested inspite of high MICs (Fig. 3.2c). T-861 was another

clinical isolate that exhibited high MIC values for allthree fluoroquinolones with

values o14 pglml,32 p,glml, and 4 pglml for ciprofloxacin, norfloxacin, and

ofloxacin, respectively. This strain showed low constant intracellular levels of all

three antibiotics but once CCCP was added there was a rapid accumulation of all

three antibiotics suggesting that T-861 was effluxing allthree fluoroquinolones (Fig.

3.2d).

The wild-type strain UOC-67 was not found to efflux any of the three

fl uoroquinolones (Fig. 3.2e).

Strains that exhibited an MIC of >2 pg/ml for any of the three
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Fig.3.2. Fluoroquinolone accumulation by clinical isolates T-853, T-856, T-860, T-

861, and the wild-type UOC-67. T-853 (a) was measured for the accumulation of

norfloxacin (Nor); and T-856 (b), T-860 (c), T-861 (d), and UOC-67 (e) were tested

for accumulation of norfloxacin (Nor), ciprofloxacin (Cip), and ofloxacin (Ofx).

CCCP was added 5 min after addition of the antibiotic (shown by the arrow). Results

are expressed as ng of antibiotic accumulated per mg (dry weight) of cells. Data

presented is a representative ofthat obtained from three independent assays

performed on three independent cultures.
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Fig.3.2a. T-853
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Fig.3.2b. T-856
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Fig.3.2c. T-860
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Fig.3.2d. T-861
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Fig.3.2e. AOC-67
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3.5. Western Immunoblot

The Western immunoblot from the SDS-PAGE urea gel of the whole cell

lysate of UOC-67 (wild-type), and T-861 (the clinical isolate capable of effluxing

fluoroquinolones) showed a positive reaction with antibodies for AcrA protein of E

coli AcrAB pump (Fig. 3.3). Two protein bands were visualized, with the intensity of

one of the bands higher for T-861 than that of UOC-67, suggesting the presence of

two different, yet related, RND pump proteins.

3.6. Isolation and characterization of mutant strains of S. marcescens

Isolation of three different mutant strains was performed by serialpassaging

UOC-67 in media supplemented with ciprofloxacin, norfloxacin, or ofloxacin.

Strains were named UOC-67WL, UOC-67WLN, and UOC-67WLO, respectively.

All three mutant strains were tested for their susceptibilities to ciprofloxacin,

norfloxacin, ofloxacin, and nalidixic acid. The results of antibiotic susceptibility

testing are summarizedin Table 3.2. AII mutant strains showed at least a 16-fold

increase in their resistance to all four antibiotics when compared to the parent strain.

Results from MIC assays for the mutant strains showed that growth of the

wild-type strain UOC-67 in media supplemented with different fluoroquinolones can

result in a drastic increase in its resistance to these antibiotics. To determine if

energy-dependent efflux was playing a role in the increased flouroquinolone

resistance of the mutant strains, fluoroquinolone accumulation assays were performed

for UOC-67WL, UOC-67WLN, and UOC-67WLO. UOC-67WL, the mutant strain

isolated from ciprofloxacin-supplemented media, showed a drastic increase in the

accumulation of ciprofloxacin and norfloxacin upon addition of CCCP, and to some
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Table 3.2. Minimum Inhibitory Concentration values (pg *l-t) and relative
resistance for quinolones for mutant strains of S. marcescens

Strain

uoc-67wL

UOC-67WLN

cip

MIC

uoc-67wl-o

32

RRU

u relative resistance, the number denotes the MIC of the mutant strain divided

by the MIC of the parent strain, UOC-67.

UOC-67WL, isolated from ciprofl oxacin-supplemented media

UOC-67WLN, isolated from norfl oxacin-supplemented media

UOC-67WLO, isolated from ofloxacin-supplemented media

Cip, ciprofloxacin; Nor, norfloxacin; Ofx, ofloxacin; Nal, nalidixic acid

8

1024

Nor

MIC

4

256

64

RR

128

32

st2

Ofx

t04

MIC

t6

2s6

32

RR

128

l6

64

Nal

MIC

8

32

t28

RR

l6

>1024

32

256

>256

64



Fig.3.3. Immunoblot analysis of AcrA-like protein(s) from T-861 (l) and UOC-67

(2). Protein (150 ¡"Lg) from the whole cell lysate of each strain was resolved on SDS-

PAGE and immunodetection was performed using anti-AcrA antibody (1:4000). The

arrow points to the protein-band (-42 kDa) being over expressed in T-861.
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extent, ofloxacin, suggesting that this strain was effluxing both ciprofloxacin and

norfloxacin, and also ofloxacin to some extent (Fig 3.4a). UOC-67WLN, the mutant

strain isolated from media supplemented with norfloxacin, also showed similar

accumulation patterns as UOC-67'WL, with efflux of ciprofloxacin and norfloxacin

and also to some extent ofloxacin (Fig. 3.ab). UOC-67WLO, the strain isolated from

ofloxacin-supplemented media, did not show any signs of efflux of ciprofloxacin or

norfloxacin (Fig. 3.4c).

There was some increase in the accumulation of ofloxacin, suggesting that

UOC-67WLO was, probably, able to efflux very small amounts of this antibiotic.

3.7. Target mutation analysis

Sequencing of the Quinolone Resistance Determining Regions (QRDRs) of

the g,,rA and parC genes was performed for the clinical isolates T-856, T-860 and T-

861, and the mutant strains UOC-67WL, UOC-67WLN, and UOC-67WLO, along

with the wild-type UOC-67. The QRDR of gyrA showed a Ser83)Arg mutation in

T-860, T-861, UOC-67WL, and UOC-67WLN (Fig 3.5a). No mutations were seen in

the QRDR region of parC gene in any of the strains (Fig. 3.5b).

3.8. n-hexane tolerance assay

Resistance to organic solvents is an indication of active efflux. With this in mind, the

n-hexane tolerance assay was performed for the clinical isolate T-861, and mutant

strains UOC-67WL, UOC-67WLN, and UOC-67WLO. UOC-67 was used as the

control strain. While S. marcescens T-861, UOC-67WL,UOC-67WLN, and UOC-

67WLO were found to be resistant to n-hexane,UOC-67 was found to be susceptible

(Fig. 3.6).



Fig. 3.4. Fluoroquinolone accumulation by mutant strains of S. marcescens. UOC-

67WL (a), UOC-67WLN (b), and UOC-67WLO (c) are the mutant strains of 
^S.

marcescens derived from UOC-67 selected on media supplemented by ciprofloxacin,

norfloxacin, and ofloxacin, respectively. CCCP was added 5 min after addition of the

antibiotic (shown by the arrow) and results were expressed as nanogram of antibiotic

accumulated per mg (dry weight) of cells. Data presented are a representative of

those obtained from three independent assays performed on three independent

cultures.
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Fig.3.4a. UOC-67WL
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Fig.3.4b. UOC-67WLN
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Fig.3.4c. UOC-67WLO
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Fig.3.5. Alignment of deduced amino acid residues of the QRDRs of gyrA (a) and

parC (b) genes of S. marcescens sîains. UOC-67 is the wild-type, T-856, T-860, and

T-861 are clinical isolates, and UOC-67WL, UOC-67WLN, and UOC-67WLO are

mutant strains isolated by serialpassaging of UOC-67 in media supplemented with

ciprofloxacin, norfloxacin, or ofloxacin, respectively. Amino residues indicated in

bold letters (in shaded boxes) indicate the known point mutation sites responsible for

fluoroquinolone resistance in E. coli. Amino acid residues altered are underlined.
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Fig.3.5a
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Fig. 3.6. Organic solvent (n-hexane) tolerance of various S. marcescens strains: UOC-67

(1), T-861 (2), UOC-67WL (3), UOC-67WLN (4), and UOC-67WLO (5). Five

microliters of equilibrated mid-logarithmic-phase culture (108 cfu/ml) of each strain was

spotted on LB-agar and allowed to dry. The plate was flooded with n-hexane to a depth

of 2-3 mm, sealed, and incubatedat3ToC for l6-20 hrs. Growth at spots indicates

resistance to n-hexane.
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3.9. Discussion

Screening of S. marcescens clinical isolates for resistance to fluoroquinolones

resulted in the identification of 4 isolates with MICs of > 2 pglpl for one or more

fluoroquinolones. Ethidium bromide accumulation assays were performed to screen the

clinical isolates for the presence of proton gradient-dependent efflux. Ethidium bromide,

a substrate for efflux pumps (Paulsen et al,l996a), can be used to examine for the

presence of an efflux mechanism in an organism by measuring the fluorescence of the

cells. The fluorescence of ethidium bromide increases dramatically once it is

incorporated into cellular DNA. As a result, if ethidium bromide is a substrate for an

efflux pump that is inhìbited, the intracellular fluorescence should increase as more

ethidium bromide enters the cells. Efflux pumps that utilize the proton gradient as the

source energy can be inhibited by an uncoupler, such as CCCP. The fluorescence of

ethidium bromide before the addition of CCCP for all l3 clinical isolates was similar,

whereas the wild-type strain showed a higher fluorescence before the CCCP was added

(Fig. 3.1). This may be explained by a lower efflux rate or higher influx rate of ethidium

bromide in UOC-67, as compared to the clinical isolates. This hypothesis is further

supported by the fact that greater accumulation of ethidium bromide was achieved when

studying the wild-type strain. The ethidium bromide studies point strongly to the

presence ofproton gradient-dependent efflux in S. marcescens.
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Fluoroquionolone accumulation assays were performed for 4 clinical isolates that

demonstrated high resistance to these antibiotics: T-853, T-856, T-860, and T-861, in

order to screen them for efflux of fluoroquinolones and to determine if there is a role of

proton gradient-dependent efflux in the fluoroquinolone resistance of these isolates.
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Three of the clinical isolates, T-853 (Fig.3.2a), T-856 (Fig. 3.2b), and T-860 (Fig. 3.2c)

did not show any increase in the accumulation of relevant antibiotic upon the addition of

CCCP. Moreover, the accumulation patterns of these strains were found to be very

similar to that of the wild-type strain, UOC-67 (Fig. 3.2e). T-861, however, showed

increased accumulation of all three fluoroquinolones tested (Fig. 3.2d) upon addition of

CCCP suggesting that once CCCP disrupted the proton gradient, more fluoroquinonolone

accumulated inside the cells as a result of inhibition of efflux. Comparison of

accumulation curves of T-861 and UOC-67 for these drugs revealed that while the wild-

type strain continued to accumulate the drug before the addition of CCCP, T-861

maintained constant low intracellular levels of the drug until CCCP was added. This was

strong evidence that T-861 was capable of effluxing ciprofloxacin, norfloxacin, and

ofloxacin in an energy dependent manner.

fluoroquinolone-effluxing clinical isolate, T-861 using .8. coli anti-AcrA antibody.

Following blot development, 2 bands were observed, representing proteins of a size

similar to that of MFPs, with one of the proteins being overproduced in T-861 (Fig. 3.3).

These results suggest that the clinical isolate T-861 overexpresses an RND pump MFP-

like protein.

Three different fluoroquinolone resistant mutant strains of S. marcescens wete

isolated by the serialpassaging of UOC-67 in media supplemented with ciprofloxacin,

norfloxacin, or ofloxacin, respectively, in an attempt to isolate pump-overexpressing

strains. When tested for their susceptibilities for fluoroquinolones, all strains showed a

marked increase in the resistance to these antibiotics (Table 3.2). UOC-67WL and UOC-

Western immunoblot detection was performed on UOC-67 andthe
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67WLN were effluxing both ciprofloxacin and no¡floxacin and, to some extent ofloxacin

(Figs. 3.4a and 3.4b). In fact, the accumulation pattern was very similar to that seen for

the clinical isolate T-861 (Fig. 3.2d). UOC-67WLO, however, did not exhibit any efflux

of ciprofloxacin and norfloxacin, although, it did appear to efflux ofloxacin to some

extent (Fig. 3.4c). Accumulation data for the 3 mutant strains suggest that UOC-67WL

and UOC-67WLN were overexpressing proton gradient-dependent pumps capable of

pumping out norfloxacin and ciprofloxacin, and perhaps ofloxacin. These results further

indicate that the presence of ciprofloxacin and norfloxacin results in up-regulation of

either the same pump or two different pumps in S. marcescens. As far as UOC-67WLO

is concerned, it appears that ofloxacin was not able to up-regulate any proton gradient-

dependent pump. However, there is a definite decrease in the uptake of ofloxacin in this

strain, as it showed very low intracellular amounts of the antibiotic before as well as after

the addition of CCCP, suggesting that the major mechanism of resistance to ofloxacin is

reduced uptake.

All clinical isolates and the mutant strains were screened for the presence of the

target gene mutations. It is well known that in E. coli mutations in the QRDR of grA

and parC and energy-dependent efflux, either together or independently, are responsible

for resistance to fluoroquinolones. ln E. colí, gyrA mutafions in codons 67 , 81, 82, 83,

84, 87 , and 106 have been documented to be responsible for the development of

quinolone resistance (Cambau et al, 1993; Conrad et a|,1996;Everelt et a\,1996; Ruiz,

2003; Tavio et al,1999; Troung et al, 1997;Yila et al, 1994). Recently, alterations in

position 51, a codon outside the QRDR, have also been reported to confer resistance

(Friedman et al,200l). In E. coli, the presence of a single mutation in any of the above
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codons can confer a high degree of resistance to nalidixic acid, however, for higher

resistance to fluoroquinolones, additional mutation(s) in gtrA and/or in another target,

such as parC, is required (Ruiz, 2003). Inthe parC gene of ,E coli,Íhe most common

mutations are observed in codons 78, 80, and 84 (Heisig, 1996) and, as such, this enzyme

is now recognized as a second ary targetin E. coli for quinolone antibiotics.

In S. marcescens, much diversity has been documented in gtrA mutations, with

mutations present in codons 81, 83, and 87 (Weigel et aL,7998). However, no double

mutations have been reported inthe gtrA QRDR (Kim e/ al,1998; Weigel et al,1998).

Findings from the gvrl QRDR analysis in this study are consistent with this, as only a

Ser83-+Arg (AGC+AGA) mutation was found in T-861, UOC-67WL, and UOC-

67WLN (Fig. 3.5a). There were no other mutations present in the gurl QRDR in spite of

the fact that these strains exhibited high MIC values for all fluoroquinolones tested.

Interestingly, there was no mutation present in the QRDR of theparC gene for any of

these strains (Fig. 3.5b).

UOC-67WLO was found to be unique in that, while exhibiting high MIC values

(> 4 þglml) for all antibiotics tested, there were no mutations in either the gltrA or the

parC gene. Among the strains with the Ser-83 mutation, the MIC values varied up to l6-

fold for different antibiotics. UOC-67WLO had similar MIC values for ciprofloxacin,

norfloxacin, and ofloxacin. In spite of the comparable MIC values, UOC-67WLO

appears to be lacking mutations that could confer resistance to quinolones. From this

data it can be infered that a Ser-83 mutation inthe gltrA QRDR is likely to be the most

important point mutation responsible for fluoroquinolone resistance of ,S. marcescens. lt

is interesting that the serial passaging of UOC-67 in ciprofloxacin as well as norfloxacin-



t20

sLlpplemented media resulted in the same mutation as seen in the highly resistant clinical

isolate, T-861.

Although there were no mutations present in the QRDR of theparC gene, a Thr-

59+Asn mutation was found in T-861 and UOC-67WL (Fig. 3.5b). The significance of

this mutation is unclear, as it was not found in any of the other strains tested that were

resistant to fluoroquinolones, and is not documented for any species elsewhere.

However, as this mutation was present in UOC-67WL, it is likely a result of the

ciprofloxacin pressure imposed on UOC-67 and thus may be contributing to

fl uoroquinolone resistance.

Hexane tolerance was assayed for T-861 and the 3 mutant strains, and indicated

that all are resistant to hexane, in contrast to the wild-type UOC-67 (Fig. 3.6). As active

efflux is the major mechanism of resistance to organic solvents, the data for hexane

tolerance suggests that all of the above strains are over-expressing one or more efflux

pumps.

In summary, the above data demonstrate that active efflux of fluoroquinolones,

along with target mutation(s), is established as a resistance mechanism in S. marcescens.
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4.1. Abstract

marcescens by PCR, using primers for two conserved motifs of RND proteins. To clone,

sequence, and characterize the complete gene sequence, a genomic bank of S- marcescens

was created and screened by Southern blot analysis. One cosmid clone tested positive,

and a 5 kb,EcoRV fragment from the cosmid clone was subcloned into the cloning vector

pUC18.

The partial sequence of a mexF-like RND pump gene was identified in ,S.

Sequencing of the subclone revealed the presence of an MFP- and a RND pump-

encoding gene in an operon. The locus was named sdeAB (gerratia drug gfflux).

Expression of the sdeB gene was measured in fluoroquinolone-resistant clinical isolate

and laboratory-derived mutant strains by Northem blot analysis, and was found to be

over-expressed in two of the three mutant strains.

The sdeAB locus, cloned in pUC18, was introduced in an AcrB-deficient strain of

E. coli, and susceptibility to various antimicrobials was measured. Results show that the

SdeAB pump of S. marcescens is a multidrug efflux pump that can be upregulated by

norfloxacin and ciprofloxacin, and is responsible for resistance to fluoroquinolones,

detergent, and organic solvents.
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4.2. Identification of the sdeABlocus

PCR of the wild+ype S. marcescens UOC-67 genomic DNA using primers for

conserved motifs for RND pumps resulted in a 1.7 kb product. Sequencing of this PCR

product revealed a very high degree of DNA homology (-60%) with the mexF gene of P.

aeruginosa and subsequent amino acid prediction revealed the presence of conserved

motifs found in RND pump proteins. RND protein signature sequences were also



123

identified (Fig. a.l). This PCR product was named sdeB (gerratiaD.4ug Efflux) and

cloned in the cloning vector pBluescript KS(1. A DIG-labeled probe was synthesized

using the cloned PCR product.

4.3. Cloning of the sdeAB locus

A genomic bank of ,S. marcescens UOC-67 was constructed in the cosmid

pRK78l3 and screened for the sdeAB operon using the DlG-labeled probe constructed

from the cloned 1.7 kb sdeB fragment cloned in pKS(-). One cosmid clone, pRKO37,

was identified to be harboring the sdeB gene (Fig. 4.2) within a2l kb insert. A 5 kb

.ÐcoRV fragment was subcloned into the cloning vector pUCl8 to construct the plasmid

pUCAB, and sequenced. Sequencing of this 5 kb EcoRY cosmid-derived fragment and

its further analysis using the OMIGA 2.0 software revealed the presence of 2 open

reading frames (ORFs) of 1 185 bp and 3140 bp, respectively (Fig. 4.3a). Based on the

sequence similarity, the I 185 bp ORF was identif,ied as a gene encoding the putative

MFP, while the 3140 bp ORF is homologous to RND efflux pump-encoding genes. This

locus was named sdeAB, with sdeA being the gene for the MFP, and sdeB for the RND

pump gene (Fig. 4.3b). The sequence of this operon has been submitted to GenBank

under the Accession No. AY168756.

Transmembrane helices in the SdeB protein were calculated using OMIGA 2.0

software, and results revealed the presence of 12 transmembrane helices with 2 long

loops between helices I and2, and 6 and 7 (Fig. 4.4), a characteristic of RND proteins.

Phylogenetic analysis of SdeB with RND pump proteins from,Ð. coli and P.

aeruginosa esbalished that it is closely related to the MexF protein fo P. aeruginosa

insead of any of the E. coli pumps (Fig. a.5).



Fig. 4.1. Alignment predicted amino acid sequence of the 1.7 kb S. marcescens sdeB

fragment and known RND efflux pumps of E. colí (AcrB, AcrF, and MdtC) and P.

aeruginosa (MexB, MexD, MexY, and MexF). Alignment was performed using OMIGA

2.0 software. Amino acid residues shaded in gray represent the conserved amino acid

residues in RND family pumps. Numbers indicate positions of amino acids in each

protein.
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Fig. 4.2. Southern blot detection of the sdeB gene in the 
^S. 

marcescens cosmid clone

pRKO37 after restriction-enzyme digestion. Lane l, EcoRI;Lane2, Smal; and Lane 3,

XbaI. Numbers indicate the size of HindIII-digested À-DNA molecular weight markers.
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Fig.4.3a. Nucleotide sequence of the sdeAB locus of ,S. marcescensUOC-67. Initiation

codons lor sdeA and sdeB are shown in bold. Shaded nucleotides represent sdeA and sdeB

open reading frames.
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Fig. 4.3b. Predicted amino acid sequences of S. marcescens SdeA and SdeB proteins.

Sequences were derived using OMIGA 2.0 software. Conserved amino acid residues

from MFP (Dinh et aL,1994) and RND (Tseng et al,l999) families are shown in bold

and are underlined. Transmembrane spanner predictions for SdeB were performed using

the PSIPRED protein structure prediction server (McGuffin et aL,2000) and are shown as

overlined residues.
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Fig. 4.4. von Heijne transmembrane helices in S. marcescezs SdeB. Transmembrane

helices were plotted using OMIGA 2.0 software, plotting hydrophobicity as positive and

hydrophilicity as negative. Each predicted transmembrane helix is numbered on the plot.
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Fig. 4.5. Rooted distance tree based on alignement of SdeB protein of S. marcescens

with RND pump proteins of E. coli and P. aeruginosa. The phylogenetic tree for SdeB

and different RND pumps of E. coli (AcrB, AcrD, MdtC, and MdtD), P. aeruginosa

(MexB, MexD, MexF, and MexY), and SdeY of S. marcescens (Chen et a|,2003) was

prepared using the online server of Kyoto University Bioinformatics Center

(http ://cl ustalw. genome j p).
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4.4. Comparison of expression levels of sdeB in the clinical isolate and mutant ,S.

marcescens strains

fluoroquinolones namely, the clinical isolate T-861, and the mutant strains UOC-67WL,

UOC-67WLN, and UOC-67WLO. The wild-type strain UOC-67 was used as the control.

Northern blotting results revealed over-expression of the sdeB gene in mutant strains

UOC-67WL (2-fold) and UOC-67WLN (3-fold), as compared to wild-type UOC-67 (Fig.

4.6). The clinical isolate T-861 was also found to over-express sdeB to some extent (l.5-

fold). No difference was seen in the expression levels of sdeB in UOC-67 and UOC-

67WLO.

Expression of sdeB was measured in strains that were found to efflux

4.5. Three-dimensional structure prediction of SdeB protein

The amino acid sequence of sdeAB gene products was deduced using OMIGA 2.0

software. The SdeA protein was found to consist of 395 amino acid residues with a

predicted molecular weight of 42.8 kDa, while SdeB consists of 1047 amino acid

residues with a predicted molecular weight of 112.5 kDa. Three-dimensional structure

prediction of the SdeB protein was performed using the CDD software of NCBI,

revealing a very similar structure to that of the AcrB protein of E coli (Fig. 4.7).

4.6. Antibiotic susceptibilify of E. coli AGl02MB expressing the SdeAB pump

The plasmid pUCAB containing sdeLB genes was transformed into the AcrB-

deficient strain of E coli, AGI12MB, and the antibiotic resistance profile compared with

the parent strain without the plasmid. The results are summarized in the Table 4.1.
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Fig. 4.6. Northern blot analysis of various S. marcescens strains for expression of sdeB

gene. Expression levels of sdeB was measured in 
^S. 

marcescensUOC-67 (l), T-861 (2),

UOC-67WL (3), UOC-67WLN (4), and UOC-67WLO (5). Total RNA (1pg) was

spotted and hybridization was performed using DlG-labeled mRNA probe for sdeB gene.

Intensity of each spot was measured using FluorChem 2.0.
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Fig. 4.7. Model of the three-dimensional structure of the S. marcescens SdeB protein

using CDD software, revealing similiarity to E. coli AcrB. Residues shown in red are

similar/identical to those in AcrB, while those shown in pink are different from AcrB.

140





142

Table 4.1. Antibiotic susceptibility of E. coli AG102MB expressing the S. marcescens

SdeAB efflux pump.

AGl O2MB

Strain

AGl02MB/pUC18

AGlO2MB/pUCAB

cip

Relative MIC^

Cip, Ciprofloxacin;Nor, norfloxacin; Ofx, ofloxacin; Chl, chloramphenicol;Nov,

novobiocin; SDS, sodium dodecyl sulfate; EtBr, ethidium bromide.

pUCAB contains the sdeAB locus as cloned in the cloning vector pUCl8.

urelative MIC is the MIC value obtained for the test strain divided by the MIC

value of .E coli AG102MB

1

Nor

I

I

>64

Ofx

I

1

16

cht

1

I

Nov

16

I

SDS

I

>64

I

EtBr

I

I

I

I

64
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Introduction of the sdeAB genes to E. coli AGi02MB resulted in a >64-fold

increase in resistance to ciprofloxacin and chloramphenicol, and a l6-fold increase in

resistance to norfloxacin and ofloxacin. Resistance to SDS increased by 8-fold and that

to ethidium bromide increased by 64-fold. These results prove that SdeAB pump of ,9.

marcescens is responsible for efflux of ciprofloxacin, norfloxacin, ofloxacin,

chloramphenicol, SDS, and ethidium bromide.

4.7. n-hexane tolerance of E. colí AG102MB expressing SdeAB pump

E. coli AGl02MB was found to be resistant to n-hexane only when it was

supplemented with pUCAB containing the S. marcescens sdeAB locus. The host strain

was unable to grow on n-hexane plates by itself or when supplemented with the cloning

vector pUC18 (Fig. a.8).



Fig. 4.8. Organic solvent (n-hexane) tolerance of various E. coli AGl02MB strains. E

coli AGI}2MB (l) and E. coli AG|}2MB expressing .9. marcescens SdeAB (3) efflux

pump were tested for tolerance to n-hexane. E. coli AG102MB:pUC18 (2) was used as

control. E. coli AG102MB is the AcrB deletion strain (Elkins & Nikaido,2002), E. coli

AG102MB:pUCAB is expressing the,S. marcescens SdeAB efflux pump. Five

microliters of equilibrated (0.5 MacFarland standard) mid-logarithmic-phase culture (108

cfu/ml) of each strain was spotted on LB-agar and allowed to dry. The plate was flooded

with n-hexane to a depth of 2-3 mm, sealed, and incubated af 37"C for 16-20 hrs. Growth

at spots indicates resistance to n-hexane.
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4.8. Discussion

Once active efflux was identified as a resistance mechanism in S. marcescens, the

next aim was to identify the efflux pump(s) in this organism. Since RND pumps are most

prevalent in Gram-negative organisms, primers were designed for conserved motifs in

RND proteins to identify such proteins. PCR from the S. marcescens \JOC-67 genome

resulted in a product similar (-60%) to the mexF gene of P. aeruginosa. Following this,

a cosmid genomic bank of ,S. marcescens UOC-67 was constructed in an effort to identify

and clone the entire operon containing genes for the MFP component, RND pump, as

well as the outer membrane component, if present. Screening of the cosmid bank was

performed using the 1.7 kb mexF-like fragment as a probe.

One cosmid clone containing the mexF-like fragment was identified. Subcloning

and subsequent sequencing of the complete locus revealed the presence of MFP- and

RND pump-encoding genes, based on the presence of conserved amino acid residues

(Fig. a.3b). There was no gene found for the outer-membrane component. This operon

was named sdeAB,with sdeA being the gene for the MFP, and sdeB the gene for the RND

pump. Three-dimensional structure prediction and transmembrane spanner plots further

established sdeB as a gene encoding an RND pump (Figs. 4.4 and 4.7). Phylogenetic

analysis of SdeB with different RND pumps from E coli and P. aeruginosa revealed that

SdeB was indeed more closely related to MexF of P. aeruginosathan any of the E. coli

pumps (Fig. a.5).
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Northem blot analysis was performed to compare the transcript levels of sdeB

gene in different isolates of S. marcescens found to be effluxing fluoroquinolones.

Results showed UOC-67WL and UOC-67WLN were over-expressing sdeB when
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compared to the wild-type strain, UOC-67 (Fig. a.6). Incidently, these two strains had

very similar patterns of accumulation for fluoroquinolones, with efflux of ciprofloxacin

and norfloxacin, and to some extent ofloxacin. UOC-67WL and UOC-67WLN were

isolated by serial passaging of UOC-67 in media supplemented with ciprofloxacin and

norfloxacin, respectively. This suggests that the presence of either ciprofloxacin or

norfloxacin can lead to up-regulation of sdeB. UOC-67WLO, which was isolated from

media supplemented with ofloxacin, had expression levels of sdeB were similar to that

for the wild-type UOC-67 , indicating that ofloxacin is not capable of up-regulating this

particular pump. MIC data for UOC-67WL and UOC-67WLN, however suggests that,

even though ofloxacin cannot up-regulate the SdeB pump, it is definitely a substrate for

this pump (Table 4.2). There was only a minimal increase in the expression of sdeB in

the clinical isolate T-861 in comparison to UOC-67. However, the accumulation data of

T-861 was very similar to that of UOC-67WL and UOC-67WLN (Figs. 4.2e,4.3a, and

4.3b), suggesting that there might be an additional pump in this isolate that could be

effluxing fluoroquinolones in a proton gradient-dependent manner.

An AcrB-deficient mutant, E. coli AG102MB, was complemented with sdeAB to

study the function of SdeAB pump. Upon introduction of the SdeAB pump, E. colÌ

AG102MB showed a remarkable increase in the resistance to ciprofloxacin, norfloxacin,

ofloxacin, chloramphenicol, SDS, ethidium bromide, and n-hexane (Table 4.1 and Fig.

4.8). This data also further establishes the fact that ofloxacin is a substrate for SdeAB

pump as suggested above.

In summary, results presented in this chapter identify SdeAB as an efflux pump in

S. marcescens with a very broad substrate specificity, being able to pump out a variety of



substrates including fluoroquinolones, chloramphenicol, detergents, dyes, and organlc

solvents.
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5.1. Abstract

marcescens by PCR, using primers for two conserved motifs of RND proteins. To clone,

sequence, and characterize the complete gene sequence, the genomic bank of 
^L

marcescens was screened by Southern blot analysis. A -5 kb NcoI fragment from the

cosmid clone was subcloned in pUCl S cloning vector and sequenced.

Sequencing of the subclone revealed the presence of an MFP- and a RND pump-

encoding gene in an operon. The locus was named sdeCD. This clone was introduced in

the AcrB-deficient strain of E coli and susceptibility to various antimicrobials was

measured. No change was observed in the susceptibility of the E. coli strain upon

introduction of the sdeCD locus. Further analysis of the region downstream of the sdeD

gene revealed presence of another RND pump gene and called sdeE. A 12kb

EcoRllKpnI fragment from the cosmid clone was subcloned in pUClS and the entire

sdeCDE locus introduced in the E. coli AcrB-mutant. However, there was still no change

in the antimicrobial susceptibility of the E. colí strain

Northern blot analysis showed minimal expression of the sdeD gene in S.

marcescens strains that were resistant to fluoroquinolone. Results indicate that the

sdeCDE locus is a multimeric RND pump-encoding locus; however, it is not responsible

for resistance to fluoroquinolones, detergent, and organic solvents and that

fluoroquinolones cannot upregulate the expression of this locus.

5.2. Identification of the sdeCDE locus

Close analysis of the 1.7 kb PCR product described in the previous section

revealed that there was another product besides the sdeB gene fragment. Sequencing of

The partial sequence of ayegO-like RND pump gene was identifìed in,S.
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1st

this PCR product showed that it was homologous (-60%) to the mdtB gene of E. coli and

contained RND protein signature sequences (Fig. 5.1). This parlial gene fragment was

named as sdeD and cloned into the cloning vector pDrive and a DlG-labeled probe

synthesized.

5.3. Clonin g of sdeCDE locus

The genomic bank of S. marcescens was screened for the presence of sdeD gene

using the DlG-labeled probe described above. Two different cosmid clones were

identified, pRKC5l (containing a -40 kb genomic insert) (Fig. 5.2), and pRKHl0

(containing a l5 kb insert) that harboredthe sdeD gene. A 5 kbNcoI pRKC5l-derived

fragment was cloned in the vector pUCl S to construct the plasmid pUCCD. Sequencing

of the insert revealed the presence of 2 ORFs of 1350 bp and 3108 bp, respectively. The

1350 bp ORF, named sdeC, was identified as an MFP encoding gene, and the 3108 bp

ORF, named sdeD, was identified as a RND-pump encoding gene. However, analysis of

the partial sequence downstream of the sdeD gene revealed possible presence of another

ORF homologous to the RND pump-encoding genes. To clone this entire locus with all3

ORFs, a l2kb EcoRIlKpnI fragment was subcloned from the cosmid clone pRKC5l into

pUC18 to construct the plasmid pUCCDE. Sequencing of the third ORF downstream of

the sdeD gene did indeed reveal the presence of another RND pump-encoding gene of

3063 bp which was named sdeE (Fig.5.3a). The sequence of the entire sdeCDE locus

has been submitted to GenBank under the Accession No. AY168757.



Fig. 5.1. Alignment of the predicted amino acid sequence of portions of the 1.7-kb S.

marcescens sdeD fragment and known RND efflux pumps of E. coli (AcrB, AcrF, and

MdtC) and P. aeruginosa (MexB, MexD, MexY, and MexF). Alignment was performed

using OMIGA 2.0 software. Amino acid residues shaded in gray represent the conserved

amino acid residues in RND family pumps.
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Fig.5.2. Southern blot detection of the S. marcescens sdeD gene in the cosmid clone

pRKC5l afterrestriction-enzyme digestion, Lane l, BamHI;LaneZ,.EcoRI; Lane3,

EcoRV; Lane 4, HindIII; Lane 5, KpnI;Lane 6, SmaI. Numbers indicate molecular

weights of Hindlll-digested À-DNA fragments.
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Fig. 5.3a. Nucleotide sequence of the sdeCDE locus of ^L marcescens. Initiation codons

for sdeC, sdeD, and sdeÛ are shown in bold. Shaded nucleotides represent sdeC, sdeD,

and sdeÛ open reading frames. No obvious -10, -35, or ribosome binding sites were

found in the upstream region of sdeCDE locus.
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Fig. 5.3b. Predicted amino acid sequences of ,S. marcescens SdeC, SdeD, and SdeE

proteins. Sequences were derived using OMIGA 2.0 software. Conserved amino acid

residues from MFP (Dinh et al, 7994) and RND (Tseng et al, 7999) families are shown in

bold underlined letters. Transmembrane spanner predictions for SdeD and SdeD were

performed using the PSIPRED protein structure prediction server (McGuff,rn et a|,2000)

and are shown as overlined residues.
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Transmembrane helices were calculated for SdeD and SdeE proteins using OMIGA 2.0

software and the results showed a similar topology as RND proteins (Fig. 5.a).

Phylogenetic analysis of SdeD and SdeE protein revealed that they are very

closely related to MdtC and MdtD proteins of E. coli (Fig. 5.5).

5.4. Measurement of expression levels of sdeD in clinical isolate and mutant strains

of S. mørcescens

Expression of sdeD was measured in the clinical isolate T-861, and the mutant

strains UOC-67WL, UOC-67WLN, and UOC-67WLO, with the wild-type UOC-67 used

as control. Results from Northern blotting showed an identical low level expression of

the sdeD gene in all the strains tested (Fig. 5.6).

5.5. Three-dimensional structure prediction of SdeD and SdeE proteins

The amino acid sequence of sdeCDE gene products revealed that SdeC was a 450

amino acid residues long with a predicted molecular weight of 47 .8 kDa, SdeD consisted

of 1036 amino acid residues with a predicted molecular weight of I 1 1.5 kDa, while SdeE

had a predicted molecular weight of I l0 kDa with 1021 amino acids. Three-dimensional

structures were predicted for both SdeD and SdeE proteins using CDD software and both

proteins showed a structure similar to that of AcrB protein of E. coli (Fig. 5.7).

5.6. Antibiotic susceptibilify of E. coli AG102MB expressing the SdeCDE pump

E. coli AGl02MB was supplemented with plasmids pUCCD (expressing sdeCD

genes) and pUCCDE (expressing sdeCDE genes) and antibiotic resistance profile

compared with the non-supplemented parent strain. The results are summarized in the

Table 5.1. There was no increase in the resistance to any of the antimicrobial agent tested

upon introduction of pUCCD or pUCCDE plasmids, suggesting that SdeCDE pump was

not effluxing any these agents.

Tolerance to hexane was also tested for E. coli AG102MB supplemented with

pUCCD and pUCCDE. Neither of the two plasmids increased tolerance of the E. coli

strain to n-hexane.



Fig. 5.4. von Heijne transmembrane helices in (a) .9. marcescens SdeD and (b) S.

marcescens SdeE proteins. Transmembrane helices were plotted using OMIGA 2.0

software. Hydrophobicity is indicated by positive numbers while hydrophilicity is

indicated by negative numbers. Each predicted transmembrane helix is represented by

numbers of the plot.
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Fig.5.4(a). SdeD
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Fig.5.4(b). SdeE
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Fig. 5.5. Unrooted distance tree based on alignments of SdeD and SdeE proteins of ,S.

marcescens with RND pump proteins of E. coli and P. aeruginosa. The phylogenetic

tree for SdeB and different RND pumps of ,Ð. coli (AcrB, AcrD, MdtC, and MdtD), P.

aeruginosa (MexB, MexD, MexF, and MexY), and SdeY of S. marcescens (Chen et al,

2003) was constructed using the online server of Kyoto University Bioinformatics Center

(http ://clustalw. genome j p).
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Fig.5.6. Northern blot analysis of various S. marcescens strains for expression of sdeD.

Expression levels of sdeD was measured in S. marcescens UOC-67 ( I ), T-86 I (2), UOC-

67WL (3), UOC-67WLN (4), and UOC-67WLO (5). TotalRNA (1pg) was spotted and

hybridization was performed usìng DlG-labeled mRNA probe for sdeD gene. Intensity

of spots \¡/as measured using FluorChem 2.0.
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Fig. 5.7. Three-dimensional structure prediction of S. marcescezs SdeD (a) and SdeE (b)

proteins using CDD software, revealing similarity ro E. coli AcrB. Residues shown in

red are similar/identicalto E. coli AcrB while those shown in pink are different from

AcrB.
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Table 5.1. Antibiotic susceptibility of E. coli AG102MB expressing the S.

marcescens SdeCDE efflux pump

AGlO2MB

Strain

AGlO2MB/pUC18

AGlO2MB/pUCCD

AG102MB/pUCCDE

cip

Relative MIC"

Nor

Cip, Ciprofloxacin; Nor, norfloxacin; Ofx, ofloxacin; Chl, chloramphenicol; Nov,

novobiocin; SDS, sodium dodecyl sulfate; EtBr, ethidium bromide.

PUCCD contains the sdeCD locus as cloned in the cloning vector pUCl S

pUCCDE contains the sdeCDE locus as cloned in the cloning vector pUCl S

orelative MIC is the MIC value obtained for the test strain divided by the MIC

value of E coli AGL}2}i4B

1

I

Ofx
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5.7. Discussion

In addition to the sdeB gene fragment, PCR from the genomic DNA of S.

marcescensUOC-67 resulted in a second product of 1.7 kb. Sequencing of this PCR

product revealed its high homology (-60%) to the mdtB gene of the E. coli MdtABC

system, a multicomponent RND system of E. coli that contains two different RND pump

proteins instead of one. This PCR product was cloned , and a DlG-labeled probe

constructed. The cosmid bank of ,S. marcescensUOC-67 was screened, and two different

clones, pRKC51 and pRKH10, were found to be carrying the mdtB-like gene. PRKC5l,

containing alarger insert, was selected for further analysis. Subcloning and subsequent

sequencing revealed the presence of MFP- and RND pump-encoding genes, based on the

presence of conserved amino acid residues (Fig. 5.3b). This locus was named sdeCD.

Further examination of the predicted amino acid residues from sdeD usingthe von-Heijne

transmembrane helices plot (Fig. 5.4a) and 3-dimensional structure predictions (Fig. 5.7a)

established SdeD as an RND pump protein.

Expression levels of sdeD were examined in S. marcescens UOC-67, T-861,

UOC-67WL, UOC-67WLN, and UOC-67WLO. There was no apparent difference in the

expression of sdeD in any of the strains, with all strains showing minimal expression of

the gene (Fig. 5.6). Data from Northern blot analysis showed that none of the

fluoroquinolone resistant strains were over-expressing sdeD, and that none of the

fluoroquinolones tested (ciprofloxacin, norfloxacin, and ofloxacin) up-regulated the

expression of this gene in S. marcescens mutants, UOC-67WL, UOC-67WLN, or UOC-

67WLO.

t76

To further analyze the gene products of the sdeCD locus, a plasmid carrying it

was introduced into The acrB-deletion mutant E. coli AG102MB. No change in the
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susceptibility of the host strain to various antimicrobials was observed as a result (Table

5.1), suggesting that either the gene products of sdeCD do not recognize

fluoroquinolones, detergents, or dyes as their substrates, or that the pump is simply not

functional.

The MdtABC system is unique in that, in addition to genes encoding the MFP and

the RND pump proteins, it has an extra RND pump-encoding gene, mdtC (Baranova &

Nikaido, 2002; Nagakubo et a|,2002). Both RND proteins have been shown to be

required for the activity of the pump complex. Since introduction of sdeCD in E. coli

AG102MB did not give any indication that the pump might be functioning, the region

downstream of sdeD was examined for the presence of another RND pump-encoding

gene that might be required for the functioning of this pump. Analysis of few hundred

nucleotides present downstream of sdeD in pUCCD vector did in fact reveal the presence

of an additional RND pump gene. A -12-kb fragment was subcloned from pRKC5l into

pUCl8 to clone this second RND pump gene along with sdeCD. Sequencing of this third

gene and subsequent analysis revealed that it was indeed an RND pump-encoding gene,

based on the presence ofsequence homologies and the presence ofsignature sequences

(Fig. 5.3b). This gene has been named sdeÛ. Itwas further confirmed to be a RND

pump-encoding gene by von-Heijne transmembrane helices plot (Fig. 5.4b) and 3-

dimensional structure predictions (Fig. 5.7b). Phylogenetic analysis of SdeD and SdeE

proteins with RND proteins of E. coli and P. aeruginosa also revealed that both these

proteins were very closely related to MdtB and MdtC proteins of E. coli.

The entire sdeCDE operon was introduced into E. coli AGl02MB by triparental

mating, and susceptibility of the host strain was tested for fluoroquinolones,
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chloramphenicol, SDS, and ethidium bromide in order to examine if there was any

change in the resistance profile when both RND pump genes were presentin E. coli

AG102MB (Table 5.1). However, the data showed that SdeCDE pump was not effluxing

any of the agents tested. Finally, susceptibility to novobiocin was tested for E. coli

AGl02MB supplemented with sdeCDE, as the MdtABC system has been shown to efflux

novobiocin (Nagakubo et a1,2002). The SdeCDE pump was found not to efflux this drug

either.

From the data above, it appears that sdeCDE could be encoding a multicomponent

RND pump of S. marcescens, the first of its kind identified in this organism. However it

not clear what compounds constitute the substrates for this pump, or even if the pump is

active.
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6.1. Abstract

A tolc-like gene was identified in S. marcescens upon scanning the incomplete

database of the S. marcescens genome sequencing project

(http://www.sanger.ac.uk/Projects/S_marcescens/). The gene was identified and

amplified using PCR and cloned in the pUC18 vector. Sequencing revealed about 80%

amino acid similarity with the E. coli tolc.

Introduction of the S. marcescens tolC gene in an E. coli strain deficient in TolC

resulted in an increase in resistance to SDS and ethidium bromide. To confirm if the

increase in resistance to ethidium bromide was the result of proton gradient-dependent

efflux, ethidium bromide accumulation assays were performed, with results proving the

involvement of 
^S. 

marcescens TolC in proton gradient-dependent efflux.

6.2. Identification, cloning, and sequencing of TolC homolog of S. marcescens

The incomplete database of the S. marcescens genome sequencing project at the

University of Cambridge (http.,llw\ /w.sanger.ac.uVProjects/S_marcescens/) was screened

for the presence of a tolC-like gene using the E. coli /o/C sequence as the reference.

Primers were designed with EcoRT and BamHl restriction sites engineered in their 5'-

ends and PCR product was cloned in the pUCl S vector to construct the plasmid pUCHF

and the sequence analyzed (Fig. 6.1). The sequence has been submitted to GenBank

under the Accession No. AY631047.

6.3. Three-dimensional structure prediction of .9. marcescens TolC protein

The amino acid sequence of the ORF was deduced (Fig.6.2a) and was found to

be -80% similar to the TolC protein of ,E colí (Fig.6.2b). The amino acid sequence of S.

marcescens TolC revealed that it contained 505 amino acid residues with a predicted
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molecular weight of 54 kDa. The predicted 3-dimensional structure of S. marcescens

TolC (Fig. 6.3) showed a structure very similar to that of E. coli TolC with presence of

the p-barrel pore and c¿-helical tail.

6.4. Antibiotic susceptibility of E. coli BL923 expressing S. murcescens TolC

E. coliBL923,a TolC-deficient strain, was transformed with pUCHF and

expression of the S. marcescens TolC protein confirmed by resolution of outer membrane

proteins by SDS-PAGE (Fig. 6.4). Antibiotic resistance profiles of E. coli 8L923 with

and without pUCHF were compared. Results are summarized in the Table 6.1.

Expression of the S. marcescens tolC in E. coli 8L923 resulted in a 64-fold increase in

the resistance to ethidium bromide and a>3Z-fold increase in the resistance to SDS,

although there was no change in the resistance to any other antimicrobial tested.



Fig. 6.1. Nucleotide sequence of the S. marcescens tolC. The initiation codon is shown

in bold. Shaded nucleotides represent S. marcescens tolC open reading frame. Target

sequences for TOCF and TOLCR primers are underlined.
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Fig.6.2a. Amino acid sequence of the S. marcescens TolC, as derived using

OMIGA 2.0.
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Fig.6.2a
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KSAADRDAAF

SKWRQLTLQE

QTTQRFTWGL

DRFSTQRPEA

TKYNGSNTGG

SHRSVVQTVR

LYNAKRQLSD

AYADGYQDNA

EKTNEARSPL 6O

KTAGISDVTE 720

VAITDVQNAR 1BO

VNNLLKEAEA 240

ANAÀRYSDSD 3OO

SSFNNVNVST 360

ARYTYLINQL 420

PMQQTAAPAP 4BO

505



Fig. 6.2b. Amino acid alignment of 
^S. 

marcescens TolC and E. coli TolC. Alignment

was performed using OMIGA 2.0 software. Identical amino acids are indicated by dot (.)

and gaps are indicated by dash (-).
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Fig.6.2b.

1 50
EcTolC MKKLLPILIG LSLSGFSSLS QAENLMQVYQ QARLSNPELR KSAADRDAAF
SmTolC ......L... ...G...4M. .....L...K ...E...D..
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Fig. 6.3. Three-dimensional structure prediction of S. marcescensTolC using CDD

software. The structure shows similarity with that of E. coli TolC. Residues shown in

red are similar/identical to the E. coli TolC, while those shown in pink are different from

TolC protein of E. coli.
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Fig. 6.4. Expression of S. marcescensTolC (indicated by the aruow) in E. coli TolC-

deficient strain 8L923. Fifty ¡rg of cell envelope preparation was resolved on 12% SDS-

PAGE. Lane 1, E. coliBL923;Lane2, E. coliBL923:ptJClS; Lane 3, E. coli

8L923:pUCHF. Numbers indicate the weight of molecular weight markers.
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Fig. 6.4.
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Table 6.1. Antibiotic susceptibility of E. colí 8L923 expressing the ,S.

marcescens TolC

E. coliBL923

Strain

E. coliBL923 /pUCl8

E. coliBL923|pUCHF

cip

Relative MICs^

Cip, Ciprofloxacin; Nor, norfloxacin; Ofx, ofloxacin; Chl, chloramphenicol; SDS,

sodium dodecyl sulfate; EtBr, ethidium bromide.

pUCHF contains the S. marcescens tolC cloned in the cloning vector pUC18.

urelative MIC is the MIC value obtained for the test strain divided by the MIC

value of E coliBL923

I

Nor

1

Ofx

I

I

I

t92

chr

1

SDS

I

I

I

EtBr

I

>32

I

1

64



6.5. Ethidium bromide accumulation by E. coliBL923 expressing S. marcescens

TolC

Accumulation of ethidium bromide was monitored in for E. coliBL923 strains

expressing the S. marcescens TolC. It was observed that E. coli 8L923 showed a steady

increase in the intracellular ethidium bromide and addition of CCCP did not cause any

increase in the amount of ethidium bromide inside cells. However, when supplemented

with the S. marcescens tolC gene, cells maintained a constant level of intracellular

ethidium bromide until CCCP was added, after which the intracellular amounts of

ethidium bromide increased dramatically. This indicates that E. coli 8L923 did not

efflux ethidium bromide but when supplemented with S. marcescens tolC,the bacterium

was able to efflux ethidium bromide in proton gradient-dependent fashion.
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Fig. 6.5. Accumulation of ethidium bromide by E. coliBL923l-) and E. coli

8L923/pUCHF (++; in real time. Accumulation was monitored for a total of 10 min, and

CCCP was added 5 min after incubation (shown by the amow). Fluorescence of ethidium

bromide was measured at 530 (excitation) and 600 (emission) nm (a.u., arbitrary unit)
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6.6. Discussion

Since no outer membrane component-encoding gene was present in the operons

encoding the SdeAB and SdeCDE pumps, the incomplete database of ,S. marcescens

genomic sequencing proj ect (http://www.sanger.ac.uk/Projects/S marcescensl) was

searched for the presence of an E. coli tolC-like gene. One such gene was identified.

This gene was amplified using PCR primers and cloned in the cloning vector pUCl8 to

construct the plasmid pUCHF. Sequencing of this S. marcescens tolC-homolog and

subsequent amino acid sequence determination revealed about 80% amino acid homology

(Fig. 6.2b) to the E. coli counterpart with very similar 3-dimensional structures (Fig. 6.3).

It was found that this gene was previously reported as the outer membrane component of

an ABC-iron transport system in S. marcescens (Binet & Wandersman, 1996), although

the authors had not investigated its possible role in proton gradient-dependent efflux.

Functional analysis of S. marcescens tolC was carried out in an E. colí tolC-

deficient strainBL923. Introduction of the S. marcescens tolC gene resulted in up to 64-

fold increase in resistance to SDS and ethidium bromide (Table 6.1). There was no

change in the susceptibility to fluoroquinolones or chloramphenicol indicating that the

pumps present in E. coli 8L923 were not effluxing these antibiotics. To find out whether

the resistance conferred by the S. marcescens tolC-homolog was a result of active efflux,

ethidium bromide accumulation assays were performed. It was observed that E. coli

8L923 accumulated ethidium bromide with time, and that there was no effect of addition

of the inhibitor CCCP. However, when E coliBL923 was complemented with,S.

marcescens tolC-homolog, it showed low constant levels of intracellular ethidium

bromide but r-rpon addition of CCCP, there was exponential increase with time in the
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intracellular levels of the compound (Fig. 6.5). Ethidium bromide accumulation

established the role of S. marcescens tolC in active efflux.

Since there was no other homolog of E. coli tolc was found in the genome search

of S. marcescens, it is likely that the gene product of ,S. marcescens tolC is the only efflux

pump associated outer membrane component present in this organism. This is similar to

E. coli, where TolC is so far the only functional outer membrane component known to be

acting in conjunction with different efflux pumps.
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7.1. Introduction

Most of the efflux pumps characterized to date have a regulatory protein-encoding

gene in the upstream region of the pump encoding genes. With this in mind, upstream

region of the sdeAB locus was analyzed for the presence of a gene encoding regulatory

protein. A 405-bp ORF (sdeR) was identifìed, which was transcribed in the opposite

direction of sdeAB. The deduced amino acid sequence \ /as found to be about 40 %

similar to the MarA protein of E. coli, a transcriptional activator of AraC/XylS family.

The intragenic region between the sdeR and sdeA was analyzed for S. marcesce¡¿s strains

resistant to fluoroquinolones, in an effort to identify a possible binding site(s) for SdeR.

7.2. ldentification, cloning, and sequencing of sdeR

A -700-bp region upstream of the sdeAB locus was sequenced and analyzed from

the cosmid clone pRK037 and primers were designed to amplify the region. The product

was cloned in the pUC18 vector to construct the plasmid pUCRl. The cloned product

was then sequenced and analyzed for ORFs (Fig. 7.1). One ORF of 405 bp was

identified having about 50% DNA homology to the marA gene of .8. coli, and named

sdeR. The sequence of the sdeR gene was submitted to the GenBank under the Accession

No. 4Y623 r33 (Fis. 7 .2).
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7.3. Three-dimensional structure prediction of SdeR

The amino acid sequence of SdeR was deduced using OMIGA 2.0 software (Fig.

7.3), and the predicted molecular weight was found to be -15 kDa. The amino acid

sequence of SdeR was found to be -40o/o similar to that of the MarA protein of E. coli

(Fig.7 .Ð. Expression of SdeR from the plasmid pUCRI was monitored in E. coli

NM522 cells using SDS-PAGE (Fig. 7.5). The 3-dimensional structure of SdeR was
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predicted using the CDD software of NCBI. The structure was found to be very similar

to that of the MarA, with the presence of putative DNA binding helices (Fig. 7.6)

7.4. Alignment of the predicted amino acid sequence of SdeR from different,S.

marcescens strains

The 405 bp sdeR gene was amplified from the S. marcescer¡s clinical isolate, T-

861, and mutant strains UOC-67WL, UOC-67WLN, and UOC-67WLO. PCR products

from all 4 strains were sequenced and amino acid sequences were deduced. The

predicted amino acid sequences were aligned with that of S. marcescens UOC-67 SdeR

using OMIGA2.0 and all four sequences were found to be identicalto that of UOC-67.

7.5. Analysis of the intergenic region between sdeA and sdeR from different strains

of S. mørcescens

The intergenic region between sdeA and sdeRwas amplified from,S. marcescens

T-861, and the mutant strains UOC-67WL, UOC-67WLN, and UOC-67WLO. PCR

products were sequenced and aligned with the intergenic region between sdeA and sdeR

of S. marcescens UOC-67 (Fig.7 .7). Although no obvious -10 or ribosome binding sites

were found ,2 putative -35 sites were found. T-861 and UOC-67WL had 9 mutations

within the putative SdeR binding site fdetermined based on similarity to 'marbox'

sequences from E coli (Alekshun & Levy, 1997)l when compared to the UOC-67

sequence. There were also some mutations found in these two strains outside the putative

binding site. Interestingly, T-861 and UOC-67WL had identical base substitutions.

Surprisingly, there was no change in the intergenic region of UOC-67WLN, the strain

overexpressing sdeB.



Fig. 7.1. Analysis of the -700-bp upstream region of sdeAB for open reading frames.

ORF search was performed using OMIGA 2.0 software. Dots represent initiation codons,

while arrow heads represent the stop codons. The sdeR ORF is shown with the solid

arow while other potential ORFs are represented with broken arrows.
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Fig. 7 .2. The nucleotide sequence of the sdeR gene from UOC- 67 . The initiation codon

is shown in bold.

203



Fig.7.2.

1 aÈgtgcatcg

61 ggctttatta
12L aacaccgLgg
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tcaaccgcag
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cttcaaacgc
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gacaacaatc

aaatggcatc
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agcgtggcga

cagttcggcc
tgcacgcacc

204

gcatctgcat
tggaagagaa

tgcagcgcat
aactgaaagt

tctcgctcgg
aaacgccggg

ac

gaacactacg

actggatatc
gttcaaacgc
gtcggcgqag

cttcgactca
cgactggcgc



Fig. 7.3. Amino acid sequence of SdeR protein, deduced using OMIGA 2.0 software.
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Fig.7.3.
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Fig.7.4. Amino acid alignment of MarA and SdeR. Mismatches and gaps are shown as

(x), while shaded $) represent amino acid with similar chemical properties. DNA

binding helices of MarA are shown by bars.
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Fig.7.4.

1 50
MarA ------MTMS RRN----TDA ITIHSILDWI EDNLESPLSL TKVSERSGYS
SdeR MCIGQRVTLP NDGS]CMNTT GFITDLKAWI DNNLEEKLD] NTVADRÄGYS

Consensus xxxxxxxTxx xxxxxxxxxx ixlxxxxxWl xbNlExxlxi xxVxxRxGYS

5r_ 100
MATA KWHLORMFKK ETGHSLGQYT RSRKMTEIAQ KLKESNEPTL YLAERYGFES
SdeR KWHLQRMFKR QTGYALGEY] RMQKLKVSAE RLANSGEPTV SVAISLGFDS

consensus KWLLQRMFK# zTGxxLGzYr RxxKxxxxAz ilLxxsxEprä xüaxxxcFës

101 13 9
MaTA QQTLTRTFKN YFDVPPHKYR MTNMQGESRtr LHPLNHYNS
SdeR QQSFNRSFKR QFGQTPGDhIR RALAQPAS-- VRCTHH---

Consensus OOfixxnlrXx xFxxxPxxiR xxxxQxxexx äixxxHxxx
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Fig. 7.5. Expression of SdeR (indicated by the arrow) in E. coli NM522. Fifty pg of cell

envelope preparation was resolve d on l5o/o SDS-PAGE. Lane l, E. coli NM522; Lane 2,

E. coli NM522:pUC18; Lane 3, E. coli NM522:pUCR1; Lane 4, Molecular weight

markers. Numbers indicate the weight of molecular weight markers in kDa.
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Fig. 7.6. Three-dimensional structure prediction of SdeR using CDD software. The

structure shows similarity with that of the MarA protein of the AraC/)(ylS family of

transcriptional activators. Residues shown in red are similar/identical to the MarA

while those shown in pink are different from MarA protein. Barrels indicate the

helices in the structure. Predicted DNA binding helices are indicated by arrows.
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Fig.7.7. Alignment of the intergenic region of sdeA and sdeR from different 
^9.

marcescens strains. Identical bases are shown by dots (.). A putative binding site for

SdeR is highlighted. Initiation codons for sdeA and sdeR genes are shown in bold,

amows indicate the direction of transcription. Two putative -35 sites are shown by

arrows.
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Fig.7.7.
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7.6. Discussion

Since sdeAB exhibited a differential expression in various strains of S.

marcescens, it was decided fo analyze its upstream region in order to fìnd a possible

regulatory protein-encoding gene. A 405-bp ORF was identified that is divergently

transcribed. Sequencing of this ORF revealed a -50o/o DNA similarity with the marA

gene of E. coli. Amino acid prediction and subsequent 3-dimensional structural

prediction also showed similarity with the MarA protein of E. coli with a high degree

of conservation of the DNA binding helices (Fig. 7.6). MarA is an AraC/XylS family

global regulator and is known to transcriptionally regulate about 60 different genes in

E. coli (Barbosa &.Levy,2000) by binding to a site (marbox) overlapping or

upstream of the -35 signal. Activation of the marA regulon renders the cell resistant

to various antibiotics, superoxides, and organic solvents. The MarA protein consists

of 2 DNA binding domains which were found to be highly conserved in the sequence

of SdeR (Fig.7.Ð.

Sequence of SdeR from different strains of S. marcescens was analyzed in

order to find any base change that could affect its binding to the DNA resulting in

differential expression of sdeAB in these strains. However, no differences \¡/ere found

inthe sdeR sequence in any of the strains. Since MarA is known to bind to promoter

regions of different genes, including its own, the intergenic sdeA-sdeR region, that

contains both the sdeAB and sdeR promoters, was examined from different,S.

marcescens strains to find any possible mutation that could be linked to the

overexpression of sdeAB in UOC-67WL and UOC-67WLN (Fig. 7.7). UOC-67WL

did show a significant number of sequence alterations in the putative SdeR binding
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site as well as outside this box, but no change was observed in the sdeA-sdeR

intergenic region of UOC-67WLN. However, even though the clinical isolate T-861

exhibited only a minimal overexpression of sdeAB, its sdeA-sdeR inrergenic region

had the same mutations as seen for UOC-67WL. Further experimentation is required

to establish the role of SdeR in the expression of sd¿1,8. As for UOC-67WLN, since

neither the sdeR nor sdeA-sdeR intergenic region had any mutations, it appears that

there is at least one more regulatory protein involved. This could be similar to what

is seen for the AcrAB-TolC pump of E. coli, where the expression of acrAB and tolC

genes is not only under the control of a local repressor, AcrR, but also a global

regulator MarA (Grkovic et al,200l).
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Prior to this work, it was not known if active efflux is a mechanism of

antibiotic resistance in S. marcescens. The objective of this thesis was to identify

active efflux as a resistance mechanism in this organism, and to characterize the

efflux pump(s) responsible for the MDR phenotype of S. marcescens.

Objective 1: To identify proton gradient-dependent efflux of fluoroquinolones as

a resistance mechanism in ,S. marcescens

fluoroquinolones, and the presence ofenergy-dependent efflux offluoroquinolones

by these strains was examined using ethidium bromide accumulation assays (Chapter

3). Once clinical isolate was found to exhibit proton gradient-dependent efflux of

fluoroquinolones. Lab-derived mutants, capable of effluxing fluoroquinolones, were

isolated by culturing the wild-type (found to be a non-fluoroquinolone effluxing

strain) in the presence of fluoroquinolones in the culture media. This data establishes

that clinical isolates of S. marcescens utilize active efflux as a resistance mechanism

to fluoroquinolones, and that exposure to this group of antibiotics can lead to

conversion of an efflux-negative strain to an efflux-positive strain.

Fluoroquiolone resistant strains were also analyzed for target gene mutations,

with the results indicating that both active efflux and target gene mutations are

responsible for the fluoroquinolone resistant phenotype of ,9. marcescens.

One intriguing outcome from this section is that exposure to one type of

fluoroquinolone antibiotic can lead to resistance of S. marcescens to a wide variety of

Clinical isolates of S. marcescens were screened for resistance to
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antimicrobials, as evident from the antimicrobial resistance profile of the lab-derived

mutant strains.

Objective 2: To identify, clone, and sequence the RND pump-encoding gene(s) of

S. marcescens

To identify, clone, and sequence the RND pump-encoding gene(s) of S.

marcescens, PCR primers were designed for two conserved motifs (approximately

600 amino acid residues apart) within the RND protein, and the PCR reaction was

performed on the S. marcescens wild-type DNA (Chapters 4 and 5). The reaction

resulted in two different products, with sequence homology studies revealing that

both of these products were likely to be a part of RND pump-encoding genes. Using

the two PCR products as DNA probes, a genomic library of S. marcescens was

screened for the complete gene sequences. Two different RND pump complex-

encoding operons were identified, subcloned, and sequenced. One operon was found

to be encoding an MFP and RND pump and was named sdeAB, with the predicted

molecular weight of SdeA 42.8 kDa, and that of SdeB 112-5 l<Da. Phylogenetic

analysis revealed that SdeB is more closely related to the MexF protein of P.

aeruginosa than to any of the E. coli pumps. The other operon identified was found

to encode an MFP and two different RND pumps and was named sdeCDE with

predicted molecular weights of SdeC, SdeD, and SdeE 47 .8 kDa, I I I .5 kDa, and I l0

kDa, respectively. Phylogenetic analysis demonstrated that SdeD and SdeE are very

closely related to MdtB and MdtC proteins of E. coli and thus the SdeCDE is most

likely a homolog of MdtABC system of E. coli.
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Since no outer membrane component gene was found linked to either of the

loci, the incomplete database of the S. marcescens genome sequencing project

(Sanger Institute) was searched for the presence of a tolC-like gene. Once such gene

was identified, primers were designed to PCR amplify the gene from 
^9. 

marcescens,

and the gene was cloned and sequenced (Chapter 6). The deduced amino acid

sequence from the gene was found to be approximately 80% homologous to the,E

coli tolC with a predicted molecular weight of 54 kDa.

Objective 3: To study the structure and function of S. marcesc¿ns RND pump(s)

Computer-aided structural analysis of the S. marcesce¡¿s RND pumps \ /as

performed (Chapters 4 and 5). Transmembrane helices in SdeB, SdeD, and SdeE

proteins were predicted using the PSIPRED server and von Heijne plots. Results

showed atypical RND protein topology for all three RND pump proteins with the

presence of 12 transmembrane helices with characteristically large periplasmic loops

between helices I and2, and 7 and 8.

Three-dimensional modeling of all three S. marcescens RND pump proteins

was performed by using the CDD software of NCBI, with the structures showing a

very high degree of homology to that of AcrB of E. coli.

Functional analysis of SdeAB and SdeCDE pumps was performed in an acrB-

deletion mutant strain of E. coli, AG102MB (Chapters 4 and 5). It was observed that,

upon introduction of the sdeAB locus, E. coli AGi02MB demonstrated increased

resistance not only to fluoroquinolones, but also to chloramphenicol, SDS, ethidium



bromide, and hexane. This established SdeAB as a multidrug efflux pump of S.

marcescens.

Introduction of the sdeCDE locus to E. coli AGl02MB, however, failed to

confer resistance to any of the compounds tested, suggesting that either the SdeCDE

pump does not efflux compounds tested or not expressed .

Structural analysis of the S. marcescensTolC, revealed a very similar

structure to that of E. coli TolC (Chapter 6). To functionally characterize the ,S.

marcescens TolC, it was introduced in a tolC-deletion mutant of E. coli,BL923. This

resulted in an increase in resistance of E. coliBL923 to SDS and ethidium bromide.

To examine whether the increase in resistance to ethidium bromide was a function of

active efflux, ethidium bromide accumulation assays were performed. Data obtained

established the role of S. marcescens TolC in proton gradient-dependent efflux. Since

no other tolC homolog was found in the search of 
^9. 

marcescens genome, ,S.

marcescens TolC is most likely the outer membrane component of all functional

RND pumps of this organism.
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Objective 4: To assess the effect of clinical settings on the expression of S.

msrcescens RND pump-encoding gene(s) by studying the regulation of pump

gene(s) expression

To assess the effect of clinical settings, i.e. the presence of antibiotics in the

growth environment, on the emergence of MDR phenotype, Northern blot analysis

was performed to measure the expression of sdeAB and sdeCDE in the

fluoroquinolone-effluxing clinical isolate and lab-derived mutants of ,S. marcescens.
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Results demonstrated that SdeAB was being over-expressed in two of the three

mutant strains and also to some extent in the clinical isolate (Chapter 4). The data

established that one or more RND pump-encoding genes are over-expressed if cells

are exposed to antibiotics in their environment. While no over-expression of sdeCDE

was observed in any of the strains tested, its over-expression in response to some

other antimicrobial agent cannot be ruled out.

Since the sdeAB locus was found to be over-expressed in response to the

presence of fluoroquinolones in the bacterial environment, the region upstream of this

locus was examined for the presence of a regulatory gene. One such gene was

identified, cloned, and sequenced (Chapter 7). The gene product was found to be

approximately 40%o similar to the MarA protein of E. coli that belongs to the

AraCl)(ylS family of transcriptional activators, and was named SdeR. The sequence

of sdeR was analyzed from strains of S. marcescens ovetexpressing sdeAB, but no

changes were found. The intergenic region between sdeA and sdeRwas also analyzed

from different strains of S. marcescens. The clinical isolate T-861, and the mutant

strain UOC-67WLhave27 different base pair changes within this region, 9 of which

were within the putative SdeR binding region. However, UOC-67WLN, the other

mutant overexpressing sdeAB, did not have of any mutations in this region,

suggesting presence of an alternate regulatory protein, as seen in AcrAB-TolC pump

of E. coli, expression of which is under the control of not only a local repressor AcrR

but also a global regulator MarA (Grkovic et al,200l).
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In summary, work done in this thesis identifies two different RND proteins,

SdeAB and SdeCDE in,S. marcescens. SdeAB pump is characterized as a multidrug

efflux pump. A TolC-like outer membrane component was also identified and

characterized. Furthermore, a putative E. coli MarA-like regulator was also reported.

Results obtained in this work will contribute to a better understanding of the

multidrug resistance phenomenon in 
^9. 

marcescens.
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This thesis describes the characterization of two different RND pumps in,S.

marcescens, SdeAB and SdeCDE along with a TolC-like outer membrane protein. A

putative regulator of efflux pumps, SdeR, was also identified. This work has

provided the groundwork needed to further characterize the role of efflux in the

overall antibiotic resistance of S. marcescens.

9.1. Construction of S. mørcescens sdeAB and sdeCDE knock-out strains

Deletion mutants of S. marcescens for SdeAB and SdeCDE pumps should be

constructed using the technique of homologous recombination. My attempts to

construct the deletion mutants were not successful because of various problems with

the excision of suicide vector after its co-integration in the S. marcescens genome.

Suicide vectors to knock out both of these pumps were created during the course of

this work and are listed in Table 2.2. These vectors can be introduced in,9.

marcescens strains either by tri-parental mating or electroporation and a suitable

culture media can be used to promote excision. The construction of SdeAB pump

knock-out mutants would provide conclusive evidence as to the importance of this

pump in S. marcescens. In order to meet this objective, SdeAB knock-outs should be

constructed in at least one of the sde4B-overexpressing mutant and the clinical isolate

T-861, as it would be then possible to determine the effect of the knock out on the

fluoroquinolone resistant strains of S. marcescens. These experiments may also

provide evidence for a different kind of active pump in the clinical isolate, as

suggested by fluoroquinolone accumulation assays and the Northem blot

experiments. SdeCDE knock-out mutants should be constructed in order to provide a

means of determining the potential substrates for this pump in S. marcescens.



9.2. Characterization of the SdeCDE pump

The SdeCDE pump is a multicomponent RND efflux pump. Its counterpart

in E. coli, the MdtABC pump, has been shown to require both RND pumps (MdtB

and MdtC) to be active. However, SdeCDE pump was not found to efflux any of the

compounds tested in this work, suggesting that the pump may be inactive in the

strains tested. Analysis of few hundred bases downstream of sdeE revealed that there

may be a MFS pump-encoding gene present. Such a gene is present downstream of

mdtABC locus as well, however it is not required for the functioning of pump. It will

be interesting to investigate the role of MFS protein in the functioning of SdeCDE

pump. Cosmid clones of S. marcescens, that contain the sdeCDE locus, can be

screened for the presence of complete MFS-encoding gene sequence. If these

attempts are not successful then the cosmid bank of 
^S. 

marcescens can be screened

for the MFS-encoding gene.

To understand the functioning of the SdeCDE pump, it is necessary to

overexpress this pump as it seems to be expressed at a minimal level in,9.

marcescens. This can be done by growing S. marcescens UOC-67 in the presence of

bile salts, as bile salts have been shown to be a substrate for MdtABC pump, it might

result in the overexpression of sdeCDE Expression can then be monitored by

Northern blot. Once the pump is overexpressed, substrates for this pump can be

determined by doing MIC experiments. The MdtABC system has been shown to be

controlled by an adjacently encoded two-component system, and thus presence of a

similar gene should be investigated close to the sdeCDE locus as well in order to

understand the regulatory mechanism for this pump.
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Once the substrates for this pump are determined, site-specific mutants can be

created in order to understand the mechanism of functioning of multicomponent RND

pumps. Candidates for site-directed mutagenesis can selected by the doing an

alignment search between, MdtB, MdtC, SdeD, and SdeE, residues that are conserved

between these four proteins but not in other RND pumps can be selected for these

experiments. Results from such experiments will not only help in characterization of

SdeCDE pump in S. marcescens but also other multicomponent pumps from other

organisms.

9.3. Construction of the S. marcescens tolC-deletion mutant

characterization of the gene product, and will also help in determining if it is the only

outer membrane component of this organism, as suggested by the S. marcescens

genome sequencing project. Deletion mutants should be constructed using the

homologous recombination technique. Once the knock-outs are constructed,

susceptibility of the strain to different antibiotics, particularly fluoroquinolones, can

be measured by MICs and compared with that of strains with sdeAB knock-out

strains. A comparable susceptibility of these two different knock-out strains will

demonstrate whether or not S. marcescens TolC is the only outer membrane

component of efflux pumps in this organism. Accumulation of ethidium bromide in

real time can also be measured for the S. marcescens tolC-deletion and the parent

strain. Complete abolition of efflux would indicate that it is the only outer-membrane

component in S. marcescens.

Construction of S. marcescens tolC-delelion mutant will aid in further



9.4. Characterization of SdeR

Identification of SdeR is an important step in understanding the regulation of

SdeAB pump. Since I was able to isolate sdeAB over-expressing mutants, these

strains can be used to study the role of SdeR in the expression of sdeAB. Data from

sequence analysis shows that it is most likely a transcriptional activator of sdeAB. A

putative binding site of the protein was also identified, however this must be

experimentally confirmed by nuclease protection assays. A His-tag clone of sd¿.R

was constructed during the course of this work and it should be used to purify the

SdeR protein, to be used for the nuclease protection assay. These assays will help

identify the binding site for SdeR within the intergenic region of sdeA and sdeR.

Although the sequence analysis revealed presence of only one putative binding site, it

is highly likely that there are two binding sites present, one each for sdeA and sdeR

genes. These sites can be determined accurately by using nuclease protection assays.

The plasmid pUCRl, containing sdeR, can be introduced in,S. marcescens

UOC-67 and its susceptibility to antibiotics measured and compared to that antibiotic

susceptibility profrle of S. marcescensUOC-67 without pUCRl. If UOC-67 confers

an MDR phenotype upon over-expression of sdeR, as a result of introduction of the

gene on a multicopy vector, the hypothesis that SdeR acts as an MDR activator can be

confirmed. Further, Northem blot experiments should be performed for sdeAB from

UOC-67 in absence and presence of pUCRl, this would confirm if SdeR is an

activator of the SdeAB pump.
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Once SdeR is confirmed to be an activator of MDR systems in S. marcescens,

expression of porin genes should also be monitored upon over-expression of sdeRin

order to confìrm the possible global nature of this protein.
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