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ABSTRACT 

Drug efflux is a major mechanism of resistance to 

drugs in both cancer cells and pathogenic microorganisms. 

Consequently, there is an urgent need to understand the 

structure, function, and expression of the multidrug 

resistance pumps involved so that inhibitors can be 

designed to block drug extrusion. One of the most 

frequently employed resistance strategies in both 

prokaryotes and eukaryotes is the use of protein efflux 

pumps, reducing the intracellular drug concentration to 

sub-toxic levels. The plant signaling molecule salicylate 

has been shown to increase levels of resistance for several 

antibiotics and induce expression of multiple genes 

involved in antibiotic resistance. 

In this study using Erwinia chrysanthemi 3937 DE, 

salicylate increased antibiotic resistance of novobiocin 

and naladixic acid but had no affect on the detergents 

deoxycholate and sodium dodecyl sulfate resistance levels. 

Northern hybridization revealed that deoxycholate, sodium 

dodecyl sulfate, and salicylate increased emr, acr, yceE, 

and tolC expression while showing no increase for the 

antibiotics novobiocin and naladixic acid. This represents 



the first time efflux pump expression and native antibiotic 

resistance levels have been observed in E. chrysanthemi. 

This data will help in the further research of efflux pumps 

and their involvement in plant pathogenesis of E. 

chrysanthemi. 
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CHAPTER I 

INTRODUCTION 

Background and Historical Significance 

Drug efflux is a major mechanism of resistance to 

drugs in both cancer cells and pathogenic microorganisms. 

Consequently, there is an urgent need to understand the 

structure, function, and expression of the multidrug 

resistance pumps involved so that inhibitors can be 

designed to block drug extrusion (Borges-Walmsley and 

Walmsley, 2001). Humans face the sobering possibility that 

many, if not all, pathogenic bacteria that affect human 

health will soon be resistant to all known antibiotics 

(Saier et al., 1998). It is now observed that plant and 

animal pathogens utilize similar strategies to infect their 

hosts. These include virulence-associated mechanisms for 

obtaining iron and conserved systems for deploying 

virulence proteins (Alfano and Collmer, 1996). The 

observed resistance to clinically important antibiotics 

appears to reflect an overlap with broad-ranged adaptive 

responses by free-living bacteria to noxious plant 

materials in their natural environment (Miller and Sulavik, 

1996). 



One of the most frequently employed resistance 

strategies in both prokaryotes and eukaryotes is the trans­

membrane protein-catalyzed extrusion of drugs from the 

cell, with these proteins acting as pumps, reducing the 

intracellular drug concentration to sub-toxic levels 

(Nikaido, 1996; Borges-Walmsley and Walmsley, 2001). Many 

membrane transport systems have been demonstrated to play 

an important role in both bacteria and eukaryotes by 

conferring resistance to toxic compounds. For instance, in 

human cancer cells, the P-glycoprotein efflux pump commonly 

mediates resistance to anti-tumor chemotherapeutic agents 

(Gottesman and Pastan, 1993), and, in bacterial pathogens, 

resistance to antibiotics and antiseptics is due to 

extrusion of the drug (Paulson et al., 1996) 

Pumps are utilized to extrude a variety of chemicals, 

including antibiotics, antiseptics, dyes, detergents, and 

solvents (Borges-Walmsley and Walmsley, 2001; Miller and 

Sulavik, 1996; Nikaido, 1996). A majority of Gram-negative 

bacterial multidrug resistance (MDR) efflux pumps are 

constructed in that they traverse both the cytoplasmic and 

outer membranes by utilizing three protein components 

(Fralick 1996; Nikaido, 1996). In all these systems, the 

transporter protein located in the cytoplasmic membrane is 



thought to be brought into apposition with an outer 

membrane channel through a linker protein that belongs to 

the membrane fusion protein (MFP) family (Miller and 

Sulavik, 1996; Nikaido, 1996). Such pumps can confer 

resistance to either a single drug such as the Escherichia 

coli TetA or several unrelated drugs such as E. coli AcrAB 

(Borges-Walmsley and Walmsley, 2001). 

Gram-negative bacteria such as E. coli are known to be 

intrinsically resistant to bile salts and fatty acids. 

Traditionally, this resistance was primarily attributed to 

the outer membrane, which is the major barrier for the 

entry of hydrophobic molecules into the cell. Narrow porin 

channels slow down the penetration of even small 

hydrophilic solutes, and low fluidity of the 

lipopolysaccharide (LPS) decreases the rate of trans­

membrane diffusion of lipophilic solutes (Nikaido, 1996). 

However, studies have shown that the outer membrane of 

Gram-negative bacteria can only slow down the influx of 

hydrophobic molecules, and the equilibration time for many 

hydrophobic inhibitors across the outer membrane is shorter 

than the doubling time of the bacteria (Ma et al., 1995; 

Nikaido, 1989). 



Many bacteria carry genes specifying MDR proteins, and 

some of them play an important role in conferring 

antibiotic resistance in pathogens such as Pseudomonas 

aeruginosa, Staphylococcus aureus, Candida albicans, and 

Plasmodium falciparum (Lewis, 1997). The fact that 

pathogenic and nonpathogenic bacteria exhibit comparable 

numbers of chromosomally encoded MDR pumps argues against 

the theory that these systems have arisen recently in 

pathogens as a result of extensive exposure to medically 

relevant drugs. Instead they may play important 

physiological roles in the extrusion of naturally occurring 

toxic substances (Saier, 1998). Generally, the efflux 

systems comprise an inner-membrane transporter, an MFP, and 

an outer membrane porin-like protein. The inner membrane 

transporter and the MFP are invariably encoded by the same 

operon, an example being the multidrug transport system Emr 

from E. coli (Lomovskaya et al., 1995). Bacterial drug 

efflux pumps occur in four families. Two of these families 

are large and ancient superfamilies known as the ABC 

superfamily and the major facilitator superfamily (MFS). 

The other two are smaller families, the small multidrug 

resistance (SMR) family, and the resistance-nodulation-cell 

division (RND) family (Saier, 1998). Each of the four 



permease families possess only one subfamily with 

recognized members that catalyze drug efflux. Other 

subfamilies function in other transport capacities, usually 

either bringing nutrients into the cell or exporting 

biosynthetic macromolecules (Saier, 1998). In prokaryotes, 

MDR pumps are members not only of ABC and MFS permease 

families, but also of SMR and RND families, whereas 

eukaryotic MDR pumps are only found in the ABC and MFS 

families (Saier, 1998), Proton-driven anti-porters clearly 

predominate in prokaryotes; for example, E. coli is 

predicted to have 17, three, and six drug transporters 

belonging to the MFS, SMR, and RND families, respectively, 

but only three belonging to the ABC transporter family 

(Borges-Walmsley and Walmsley, 2001). All MDR pumps share 

the unique functional property of discriminating between a 

fairly broad array of chemically unrelated antimicrobials 

and cellular substrates (Lewis, 1997). 

Permease Families 

The first observed MDR pumps were found in mammalian 

cells in the P-glycoprotein, responsible for the multidrug 

resistance of many cancer tumors in humans. Human P-

glycoprotein belongs to the ABC family of transporters 



using the hydrolysis of ATP molecules while expelling 

chemically unrelated toxins from cells, rendering 

chemotherapy ineffective (Gottesman and Pastan, 1993). The 

chemical nature of the substrates handled by ABC 

transporters is extremely diverse-from inorganic ions to 

sugars and large polypeptides-yet ABC transporters are 

highly conserved (Higgins and Linton, 2001). The ABC family 

is divided into four clusters, with each cluster being 

specific for a different type of substrate. All members of 

cluster A catalyze polysaccharide export; members of 

cluster B catalyze lipopolysaccharide export; cluster C 

proteins catalyze lipooligosaccharide export; and members 

of cluster D apparently catalyze drug-specific efflux 

(Saier, 1998). Mutations in the genes encoding many of the 

48 or so ABC transporters of human cells are associated 

with diseases such as cystic fibrosis, adrenoleuko-

dystrophy, Tangier disease, and obstetric cholestasis 

(Higgins and Linton, 2001). Overexpression of certain ABC 

transporters is the most frequent cause of resistance to 

cytotoxic agents including antibiotics, antifungals, 

herbicides, and anticancer drugs (Higgins and Linton, 

2001). Drug resistance apparently evolved only once during 

early evolution of the ABC subfamily, and all members of 



the family that catalyze drug resistance was therefore 

probably derived from a single, primordial permease (Saier, 

1998). 

The MFS family is an ancient superfamily that probably 

dates back through evolutionary time more than 3 billion 

years. It consists of more than 300 sequenced proteins that 

fall into 17 currently recognized, distantly related 

families, each with general specificity for a different 

type of solute (Pao et al., 1998; Saier, 1998). These 17 

families include four families specific for various types 

of sugars, a fifth that catalyzes uptake of phosphorylated 

glycolytic intermediates, a sixth that catalyzes uptake of 

Krebs cycle intermediates and other metabolites, two 

families that catalyze drug efflux, and several that 

transport organic and inorganic anions (Saier, 1998). The 

two large drug-resistance families within the MFS are 

topologically distinguishable in that one possesses 12 

putative or established transmembrane-spanning domains, 

whereas the others possess 14 spanners (Saier, 1998). First 

evidence of efflux of antimicrobials across the entire cell 

envelope by a MFS member was demonstrated by EmrAB, the E. 

coli MDR, that protects the cell from uncouplers of 

oxidative phosphorylation (Lomovskaya et al., 1995). 



Uncouplers act by shuttling back and forth across the inner 

membrane, bringing protons into the cell and disrupting the 

proton motive force. Using an MDR transporter just to 

extrude a protonophore across the cytoplasmic membrane 

would be counterproductive (Lewis, 1997). The EmrAB 

proteins provide a continuous pathway across the bacterial 

membranes by operating in conjunction with an outer 

membrane porin-like protein, such as TolC (Borges-Walmsley 

and Walmsley, 2001). By pumping across the entire 

envelope, thereby extruding the toxins across the outer 

membrane. Gram-negative cells can overcome this problem of 

counterproductivity- The EmrAB pump also protects the cells 

against other antimicrobial agents, including nalidixic 

acid, proton uncoupler carbonylcyanide m-

chlorophenylhydrazone (CCCP) and thiolactomycin (TLM), an 

antibiotic that inhibits fatty acid synthesis (Furukawa et 

al., 1993; Lomovskaya et al., 1995). Homologues of EmrAB 

have been found in human pathogenic bacteria such as Vibrio 

cholera, Haemophilus influenze, and Neisseria gonorrhoeae 

(Borges-Walmsley and Walmsley, 2001). The emrAB operon 

starts with the regulatory gene emrR, encoding a regulatory 

protein that is a small 19-kDa transcriptional repressor 

that forms a dimer, with several drugs inducing its 
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expression (Lomovskaya et al., 1995). EmrR acts as a 

negative repressor of the MDR pump. Overexpression of emrR 

increases the sensitivity of cells to CCCP, while a 

mutation in the repressor increases resistance to CCCP and 

TLM. EmrR is homologous to PecS, a protein controlling 

pectinase and cellulase production in Erwinia chrysanthemi 

(Reverchon et al,, 1994) and homologous to MarR, the 

repressor of the E. coli mar locus conferring multiple 

antibiotic resistance (Cohen et al., 1993; Gambino et al., 

1993), The emrA gene encodes a 47-kDa peptide containing a 

single hydrophobic domain and a large C-terminal 

hydrophilic domain (Lomovskaya and Lewis, 1992). EmrA, a 

member of the MFP family, is anchored to the cytoplasmic 

membrane by a single a-helix domain, with its large 

periplasmic domain apparently linking the cytoplasmic 

membrane and the outer membrane. 

A novel drug resistance gene, yceE, is also a member 

of the MFS family. The YceE pump confers 2-fold resistance 

to deoxycholate in the presence of IPTG in E. coli (Nishino 

and Yamaguchi, 2001). This novel efflux pump has also been 

reported to be up regulated upon infection in planta in 

Erwinia chrysanthemi (Okinaka et al. 2002). 



In the SMR family, subunits of these presumed homo-

oligomeric permeases are unusually small. Their polypeptide 

chains are 100 to 110 amino acids in length, and they span 

the membrane four times as putative a-helices. Their native 

state in the membrane is probably that of a homotrimer 

(Saier, 1998). Only ten members of SMR have been sequenced, 

and all are from bacteria. 

The RND family is a small, bacterial-specific family, 

some members of which catalyze drug:H+ antiport. Subunits 

of RND permeases are large proteins, generally of more than 

1000 amino-acyl residues (Saier, 1998). Phylogenetic 

analyses of RND family members revealed that these proteins 

fall into three subfamilies that cluster in accordance with 

function. Thus, members of one subfamily are specific for 

divalent heavy metal ions; the second specific for 

lipooligo-saccharides, the third subfamily catalyzes efflux 

of multiple drugs (Saier, 1998). The RND-type MDR pumps are 

important in drug-resistance mechanisms in isolates of 

Pseudomonas aeruginosa (Poole et al., 1993). The well-

known "high intrinsic resistance" of P- aeruginosa is 

apparently the result of a concerted action of an outer-

membrane barrier and the MexAB/Opr pumps that transport 

10 



erythromycin, chloroamphenicol, tetracycline, quinolones, 

and other antimicrobials across the cell envelope 

(Chuanchuen et al., 2002). A surprise was finding that P. 

aeruginosa MDR pumps protect cells against p-lactam 

antibiotics whose targets are in the periplasm and do not 

need to penetrate the cytoplasmic men±)rane to the cytoplasm 

(Poole et al., 1993). The RND type of MDR pumps is 

responsible for another well-known clinical phenomenon: 

resistance of clinical isolates of N. gonorrhoeae to 

"hydrophobic agents," such as erythromycin and neomycin 

(Lewis, 1997). A representative member of the RND family is 

the acrAB pump initially identified in E. coli (Ma et al., 

1993). AcrAB/TolC mutations produce the "acridine-

sensitivity phenotype" and lead to susceptibility to many 

antimicrobials: erythromycin, negatively charged linear 

detergent molecules such as sodium dodecylsulfate (SDS), 

and positively charged aromatics such as ethidium bromide 

(Fralick, 1996). The gene acrA encodes a periplasmic 

lipoprotein whose amino terminus is anchored to the 

cytoplasmic membrane, and the acrB gene encodes a 1000-kDa 

integral cytoplasmic membrane protein with 12 transmembrane 

segments (Ma et al., 1993). The periplasmic lipoprotein 
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