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Abstract

Multidrug resistance (MDR) is the simultaneous acquisition of resistance by bacteria 

to a broad spectrum of structurally dissimilar compounds to which they have not 

been previously exposed. The principle cause of MDR has been identified as the 

efflux of antimicrobials from the cell by proteins which are integral membrane 

transporters. Escherichia coli MDR transporter, MdtM, is a previously 

uncharacterised, 410 amino acid residues protein from the ubiquitous major 

facilitator superfamily (MFS). This thesis focuses on the purification and 

characterisation of MdtM. Functional characterisation of MdtM using growth 

inhibition assays and whole cell transport assays revealed its role in intrinsic 

resistance of E. coli cells to a range of antimicrobial compounds. Functional assays 

also demonstrated that MdtM functions in alkaline phi homeostasis in E. coli.

Inverted vesicle transport assays illustrate the antiport activity of MdtM.

Site-directed mutagenesis studies of MdtM suggest that the residue D22 and 

the highly conserved residue R108 each play a role in proton recognition. MdtM 

was homologously overexpressed from a multicopy plasmid and purified to 

homogeneity in dodecyl-P-maltopyranoside (DDM) detergent solution. The 

oligomeric state and homogeneity of MdtM in a panel of detergent solutions was 

analysed using SE-HPLC; MdtM is stable and monomeric in DDM solution. 

Fluorescence based assays determined the apparent binding affinity of purified 
MdtM in DDM solution for its substrates.

This thesis indicates MdtM is an exceptionally versatile transporter, with a 

broad substrate range. This work provides a firm foundation for further biochemical 

and structural studies of this class of multidrug transporter protein.
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Chapter 1

1. Introduction

Introduction

1.1. Multidrug resistance

The simultaneous emergence of resistance in eukaryotic and prokaryotic cells to 

many structurally and chemically unrelated cytotoxic agents to which they have not 

previously been exposed is termed multidrug resistance (MDR) (Riordan et at,

1985; Juliano et at, 1976). MDR is the biggest challenge to the medical profession 

in the treatment of infectious diseases. Resistance has been reported not only 

against naturally occurring antibiotics, but also synthetic compounds, (Jayaraman et 

at, 2009). MDR is not a recent phenomenon; many resistance mechanisms predate 

the mainstream use of antibiotics (Neu, 1983). Since the discovery of penicillin in 

the early 20th century the rapid evolution of resistant bacteria has occurred 

(Abraham et at, 1940; Hansen and Bullen, 1967). Furthermore, the use of 

antibiotics has increased their concentration in the environment, creating a selective 

pressure which promotes antibiotic resistant microorganisms (George, 1996; Blaser, 

2011). Unfortunately, the development and discovery of new antibiotics has not kept 

up with the emergence of MDR bacteria, leading the World Health Organisation 

(WHO) to describe MDR as the most critical health issue of our time with a potential 

for dramatic financial and economic consequences (WHO, 2011). The fight against 

MDR infections is estimated to cost $1.6 billion each year with more than 6 million 

lives predicted to be lost between 2014 and 2016 (WHO, 2013).

1.2. Mechanisms of drug resistance

Bacteria employ a range of mechanisms to resist the toxic effects of antimicrobial 

compounds. These include chemical mechanisms such as the alteration of the 

antimicrobial target or the antimicrobial, innate physical features (for example the 

cell membrane which acts as a natural barrier to antimicrobials) or genetic features 

including horizontal gene transfer (HGT), vertical gene transfer (VGT) or increased 

expression of chromosomal resistance genes.

1.2.1. Alteration of antimicrobials in vivo

Some antimicrobials require activation in vivo in order to exert their biological toxicity 

(Sandgren et at, 2008). Activation commonly requires a reduction reaction; for 

example members of the nitrofuran family of antibiotics used to treat urinary tract 

infections require reduction by cellular reductases encoded by nfsA and nfsB genes 

before they exert their bactericidal effects (Barbosa et at, 2000), inhibition of these 

reactions can result in resistance to these antimicrobials.
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In contrast, in vivo alteration of other antimicrobials results in their 

deactivation, and bacteria which are capable of causing deactivating alterations can 

become resistant to these antimicrobials (Jayaraman, 2009). The production of 

penicillinase by pathogenic Escherichia co//which caused deactivation of penicillin is 

the first resistance mechanism recorded in literature (Abraham et al., 1940) and is 

an example of how bacteria can actively detoxify antimicrobial compounds through 

chemical modification. Penicillin and cephalosporin are lactam containing antibiotics 

susceptible to enzymatic degradation by the extended spectrum of lactamase 

enzymes (Bush et al., 1995; Jayaraman, 2009). The in vivo addition of glutathione 

to antibiotic molecules results can also result in the deactivation of their antimicrobial 

properties (Lai and Tan, 2002).

1.2.2. Alteration of the antimicrobial target

Another common antimicrobial resistance mechanism in bacteria is alterations in the 

targets which prevent the antimicrobials exerting their cytotoxic effects (Jayaraman, 

2009). This mechanism of antimicrobial resistance has been documented in 

clinically significant compounds such as penicillin and fluroquinolones (Andersson et 

al., 2003), the latter of which are used to combat serious clinical infections including 

pneumonia (Carrie et al., 2006). Fluorquinolones target DNA gyrase, preventing 

DNA unwinding and duplication. Mutations in the amino acid sequence of DNA 

gyrase and topoisomerase IV, specifically in subunits GyrA and GyrB, cause a 

decrease in the binding of fluoroquinones to the DNA-protein complex (Ruiz et al., 

2003). The overuse of fluroquinolones to treat minor infections has been blamed for 

encouraging the spread of multidrug resistant strains such as Clostridium difficile 

(Mittmann et al., 2002; Karageorgopoulos etal., 2008).

Penicillin inhibits the cross linking between stem peptides in the 

peptidoglycan backbone of the bacterial cell wall (Tynecka, 1970). The cross linking 

reaction is carried out by trans-peptidases (known as Penicillin binding proteins, 

PBP) and links the stem peptides to adjacent N-acetyl-muramic acid residues in the 

backbone. The trans-peptidases are known as penicillin binding proteins (PBPs) 

and form tight bonds to penicillin which resembles the backbone residue’s structure 

causing inhibition of the cross-linking reaction weakening the cell and causing cell 

lysis (Syrogiannopoulos et al., 2001). Mutations in the PBP lower their affinity for 

penicillin, preventing binding and eliminating the effect of penicillin, these mutations 

have been broadly reported in penicillin resistant bacteria (Zapun et al., 2008).
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1.2.3. Physical features that contribute to antimicrobial resistance in bacteria

Some species of bacteria are intrinsically resistant to specific classes of 

antimicrobial agents. Intrinsic resistance may involve a physical barrier such as the 

cell membrane which is the first line of defence to antimicrobials. It is an inherent 

feature of bacteria which separates the interior of the cell from the surrounding 

environment. This selectively permeable barrier controls the movement of 

substances both into and out of the cell. It is composed of a lipid bilayer with 

embedded proteins (Singer and Nicholson, 1971). It is described as a fluid mosaic 

within which the individual lipids and proteins are constantly moving, forming a 

continuously changing pattern (Singer and Nicholson, 1971). The proteins 

embedded within and attached to the cell membrane maintain its shape. Membrane 

proteins perform a variety of essential biological functions including enzymatic 

activity, transport and signal transduction.

In addition to the cell membrane the cell is also surrounded by a cell wall.

The cell wall provides the cells with structural support and protection and like the cell 

membrane it too acts as a filter (Tenover, 2006). The cell wall is primarily composed 

of peptidoglycan and bacteria can be grouped based on differences in their cell wall 

structure as either Gram-negative or Gram-positive. Gram-positive bacteria stain 

violet with Gram staining in contrast to Gram-negative species which cannot retain 

the violet stain and instead take up the counter stain appearing pink (Gram, 1884). 

Gram-positive bacteria retain the violet stain due to the high amount of 

peptidoglycan in their cell wall and the lack of an outer membrane to act as a barrier 

preventing penetration of the stain (Salton et al., 1963). Gram-negative bacteria 

have an inner membrane (IM) and an outer membrane (OM) with periplasmic space 

and peptidoglycan located in between Figure 1.1 (Higgins and Shockman, 1976; 

Salton et al., 1963). The OM provides a permeability barrier making Gram-negative 

bacteria innately resistant to many hydrophobic antimicrobials (Ding et al., 2004). It 

cannot shut out toxic compounds indefinitely, but can slow the rate of their influx. 

Porins are non-selective protein channels found in both Gram-negative and Gram

positive bacteria (Benz, 1988; Jap and Wallin, 1990). Porins enable nutrients to 

pass in and out of the cell by passive diffusions. These channels are exploited by 

lipophilic compounds, hydrophilic compounds and small antimicrobials which use 

them to enter the cell (Jap and Wallin, 1990; Nikaido, 1976). Mutational loss of 

major porins increases the resistance to hydrophilic antibiotics such as lactams.
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The OM has lipidpolysaccharides (LPS) attached to its outer surface (Ding et al., 

2004), LPS is negatively charged. Cationic antimicrobial agents such as 

aminoglycosides bind to negatively charged LPS and enter the cell via diffusion 

through the lipid bilayer (Nikaido, 2003). Decreasing the net negative charge of the 

OM provides resistance to such cationic antimicrobials.

cytoplasmic membrane

phospholipid

Figure 1.1: Schematic diagram of the structure of the Gram-negative cell membrane. The blue 

spheres represent the phosphate heads of the phospholipids, with the long hydrophobic tails 

represented by the green rectangles. The green spheres represent the outer layer of phospholipids 

with negative LPS attached on their outer surface. Yellow spheres indicate lipoproteins where the lipid 

bilayer is attached to the peptidoglycan cell wall. The peptidoglycan layer is represented by the red 

squares and salmon circles which denote the subunits N-acetylglucosamine and N-acetylmuramic acid, 

respectively connected by the black lines which represent the |3-(1,4)-glycosidic bonds between the 

subunits. Membrane proteins are represented by the purple shaded ovals and porin channels are 

coloured orange.

1.2.4. Genetic features that contribute to antimicrobial resistance in bacteria

Acquired resistance is where initially susceptible populations of bacteria become 

resistant to an antimicrobial agent, then proliferate and spread under the selective 

pressure and use of that reagent (Hawkey et al., 2009). The selective pressure 

placed on bacteria through the increased use of antimicrobials, in conjunction with 

social changes and the ease of global travel has enhanced the transmission of 

resistant organisms resulting in an increased frequency and spectrum of 

antimicrobial resistant infections (Hawkey et al., 2009).

In these cases resistance can occur by a mutational change or through the 

acceptance of resistance encoding genetic material transferred from other bacteria 

(Dzidic et a/.,2003) via horizontal gene transfer (HGT) (Boc et al., 2009; Harrison et
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a!., 2012). HGT can occur between taxonomically distinct lineages of bacteria and 

even between different kingdoms (Heineman et al., 1989; Delcour, 2009). HGT 

mechanisms include transformation, conjugation or transduction (Figure 1.2). 

Bacteria which acquire such mechanisms possess the necessary tools to reduce 

their vulnerability to antimicrobials.

A. Bacterial transformation

Donor cell

B. Bacterial transduction

DNA
released

Antibiotic
resistance
gene

Recipient cell

Donor cell- phage infected leased Recipient cell

C. Bacterial conjugation

O O
Transposon Donor cell Recipient cell

Figure 1.2: Horizontal gene transfer mechanisms exploited by bacteria to increase their antimicrobial 

resistance. (A) Transformation is the ability to pick up naked DNA from the environment; this can occur 

naturally in many bacteria (de Vries et at, 2004). Bacterial species which are not naturally 

transformable can be made competent via artificial means (Cohen et at, 1972). (B) Transduction 

involves bacteriophage-mediated gene transfer. Transduction has a limited host range but is described 

as being a significant factor in bacterial evolution (Balaban et al., 2000). (C) Conjugation is the transfer 

of DNA by direct cell-to-cell contact often mediated by conjugative plasmids (Harrison et at., 2012). 

Plasmids can encode beneficial traits including resistance to toxins such as antibiotics (Elewell et at, 

1980). Accepted plasmids can integrate into the bacterial genome leading to the display of the 

resistance phenotype (Stryer, 1995).

Spontaneous mutations that enable increased resistance to antibiotics are 

referred to as vertical gene transfer (Alvarez-Venegas et al., 2007). Such mutations 

are rare and occur with a frequency of approximately 1 per every 107-101° bacteria.

If they occur in the protein coding region such mutations can result in the 

development of resistance in formerly vulnerable strains (Zhang et al., 2009).
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1.2.4.1. Increased expression of chromosomal resistance genes

The mechanisms of multidrug resistance discussed above involve the modification 

of antimicrobials or their targets through mutation of resistance related proteins or 

enzymatic means (Jayaraman, 2009; Sandgren et ai, 2008). There are also 

chromosomally encoded proteins whose expression can be up-regulated to combat 

the deleterious effects of antimicrobials on the bacterial cell. The previously 

discussed penicillin binding proteins (PBP) and membrane bound transport proteins 

which carry out the efflux of antimicrobial reagents are both examples of 

chromosomally encoded proteins whose expression is increased to aid resistance 

(Zapun et al., 2008). The multidrug efflux pumps located in the inner cell membrane 

are a major feature of pathogenic bacteria. These efflux pumps form part of a 

system involving many proteins which recognises and removes a broad range of 

antimicrobial compounds from the cell forming the principle mechanism of MDR.

1.3. Efflux of antimicrobials from the bacterial cell- the focus of the work in 

this thesis

Antimicrobial efflux is now recognised as one of the most important causes of 

intrinsic antibiotic resistance in bacteria (Yin et al., 2013). It is the process by which 

membrane proteins actively transport antimicrobials out of the cell. Efflux 

transporters are found in both Gram-negative and Gram-positive bacteria 

(Bamebeke et al., 2000). These transporters may be specific for only one substrate 

or they can possess the capacity to transport a range of structurally dissimilar 

compounds (Weber et al., 2003). The latter are referred to as multidrug resistance 

transporters and are a major feature of clinically significant pathogenic bacteria 

(Pages et al., 2009).

1.3.1. Membrane protein overview

Genes encoding membrane proteins represent 20-30% of all genes within 

eukaryotic and prokaryotic genomes (Krogh et al., 2001). They carry-out vital roles 

including the transport of molecules into and out of the cell, catalyse reactions on 

the outer and inner membrane surfaces, energy production and signal transduction 

across the cell membrane making them essential for cells to survive (Almen et al., 

2009). Their importance to the cell is highlighted by the fact that they are the 

molecular target for approximately 60 % of all validated drugs (Yeh et al., 2006).
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There are three distinct types of membrane proteins distinguished by the intimacy of 

their relationship to the lipid bilayer; peripheral membrane proteins, lipid-anchored 

proteins and integral membrane proteins (IMPs) (Figure 1.3) (Kary, 2009).

lipid
anchored
membrane
proteins

peripheral
membrane
proteins

cytoplasm

integral
membrane
proteins

Figure 1.3: Cartoon illustrating the three distinct types of membrane proteins. The cell membrane is 

represented by the blue spheres and the green sticks. The blue spheres represent the phosphate 

heads of the phospholipids, with the long hydrophobic tails represented by the green rectangles. The 

lipid anchor of the lipid anchored proteins is shown as the yellow shapes; the proteins connected to the 

anchor are drawn as purple ovals. The red ovals represent the integral membrane proteins spanning 

the phospholipid bilayer. Peripheral membrane proteins are illustrated as burnt orange semi spheres 

loosely interacting with the membrane or other proteins.

Peripheral membrane proteins temporarily adhere to the cellular membrane 

through interactions with IMPs or with membrane phospholipids. Peripheral 

membrane proteins have many functions, for example they are regulatory protein 

subunits of many ion channels (Sanson et at., 2000) and transmembrane receptors 

(Cuatrecasas, 1974). They can be located on either side of the cell membrane 

surface, with many localised to either the inner or the outer surfaces to increase the 

probability of protein-protein interactions in the formation of multi-protein complexes 

(Morozova et al., 2011).

In contrast to integral membrane proteins which are embedded in the 

phospholipid bilayer (Wallin et al., 1998), lipid anchored membrane proteins are 

incorporated into the phospholipid bilayer through covalent interactions with 

phospholipids or glycolipids such as glycosylphosphatidylinositol (GPI) (Taylor et al 

2003).
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Most IMPs span the entire cellular membrane and are therefore termed 

transmembrane proteins. They are simultaneously exposed to the cell interior and 

exterior enabling them to play key roles in transport by providing hydrophilic 

channels through which molecules and ions can cross the plasma membrane 

(Johannessen et a!., 2011). IMPs can be divided into two groups based on how 

deeply they penetrate the membrane; they are either integral monotopic proteins 

which are permanently attached to the membrane from one side or integral polytopic 

proteins which span the entire membrane.

1.3.2. Transport proteins

The movement of compounds across the cell membrane into or out of the cell 

occurs through active or passive transport (Krulwich et al., 1983). In passive 

transport compounds move down their concentration gradient from areas of high 

concentration to areas of low concentration (Freeman et al., 2000). One example is 

passive diffusion in which small non charged or lipophilic molecules pass through 

the phospholipid bilayer down their concentration gradient (Figure 1.4). Another 

example is facilitated diffusion in which small charged or polar molecules which 

cannot pass between the phospholipids that make up the membrane move down 

their concentration gradient through protein channels (Figure 1.4) (Freeman et al., 

2000).

Facilitated diffusion passive diffusion

O
O O O
• • * ••••• high concentration

OO O o
o O o0 

OOqo OT,

Figure 1.4: Facilitated diffusion (left hand side (LHS)) is the movement of molecules down their 

concentration gradient across the membrane through protein channels. Passive diffusion (right hand 

side (RHS)) is the movement of molecules from an area of high concentration to an area low 

concentration by freely passing through the phospholipid bilayer. The diffusing compounds are 

represented by the red and yellow circles. The phospholipid bilayer is represented by the blue spheres
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and green sticks. The protein channel through which facilitated diffusion occurs is represented by the 

brown and orange rectangle.

1.3.3. Active transport

Active transport is the movement of substances across a cell membrane against 

their concentration gradient. Compounds may also be actively transported if they 

cannot otherwise permeate the membrane (NCBI, 2003). Unlike passive transport, 

active transport uses cellular energy and is mediated by membrane proteins 

(Shecter et a!., 1986). Transport proteins can be separated into two distinct groups 

based on the driving force of transport; they are primary active transporters or 

secondary active transporters (Shecter et al., 1986).

1.3.3.1. Primary active transport

Primary active transporters (also termed ATPases) use the energy released from 

ATP hydrolysis to ADP and Pi to drive the influx or efflux of substrates (Mitchel, 

1966; Harold, 1972). The largest and most diverse class of ATPases is the ATP- 

binding cassette (ABC) superfamily; these proteins share a common structure 

consisting of four core domains (Mossier and Rendi, 1970). Of the four domains two 

are transmembrane and form a passage across the membrane whilst the other two 

are cytosolic ATP binding domains (Figure 1.5) (Mossier and Rendi, 1970). Many 

ABC superfamily members are substrate specific, but others have been shown to 

transport multiple substrates and play a role in MDR (Boumendjel et al., 2009). ABC 

transporters associated with MDR translocate hydrophobic drugs and lipids from the 

inner to the outer leaflet of the cell membrane via a flipflop mechanism (Sharom, 

2011). ABC transporters have been implicated in MDR across all kingdoms. 

Important ABC family members include P-glycoprotein which causes failure of 

anticancer and antimicrobial chemotherapy (Kartner et al., 1983; Ling, 1986) and its 

homologues in bacteria Sav1866 from Staphylococcus aureus and MsbA from E. 

coll both of whose crystal structures have been solved (Dawson and Locher, 2006).
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Figure 1.5: Diagram showing the orientation of ABC transporters in the membrane The cell 

membrane is symbolised by the blue circles with green tails which represent the phospholipid heads 

and fatty acid tails respectively. The yellow ovals represent the two transmembrane domains which 

form a passage across the membrane, whilst the red ovals demonstrate the cytosolic ATP binding 

domains.

1.3.3.2. Secondary Active transport

Secondary active transport couples the energy stored in the transmembrane 

electrochemical potential of one solute to the transmembrane movement of another, 

leading to an uphill flux of the latter (Kaback et al., 1980;). It is deemed secondary 

with regard to its energy source as the electrochemical gradient must first be 

generated by the primary active transporters (Mitchell, 1952).

1.3.3.2.1. The electrochemical gradient

The electrochemical gradient (ApH+) is the driving force behind active 

transport in many bacterial systems (Hamilton, 1975; Harold, 1976; Kaback, 1976; 

Mitchell, 1973). It is comprised of two components; the chemical gradient (ApH) and 

the electrical component (AM-1) (Harold, 1972, 1976). The chemical component ApH 

is the chemical difference in the proton concentration across the membrane 

(Hamilton 1975; Mitchell, 1961, 1966, 1973; Schulinder ef a/., 1976). All particles 

including ions tend to diffuse from areas of high concentration to areas of lower 

concentration. The electrical component A'V represents the electrical potential 

across the membrane. It results as ions move across the cell membrane carrying 

charge which creates a potential difference and polarises the membrane. Ions have 

a tendency to move down their electrical gradient (Harold, 1972; Mitchell, 1961,
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1966, 1968). The potential energy stored across the membrane as a result of the 

electrochemical gradient is termed the proton-motive force (PMF).

1.3.3.2.2. Generation of the electrochemical gradient

The chemiosmotic hypothesis of Mitchell suggests that the oxidation of electron 

donors via a membrane bound respiratory chain or ATP hydrolysis by ion-stimulated 

ATPase complex results in the expulsion of ions such as protons, sodium and 

potassium across the membrane into the external medium, producing the 

electrochemical gradient (AphT) (Greville 1971; Mitchell, 1961, 1966, 1968, 1976).

1.3.3.2.3. Exploitation of ApH+

The potential energy stored in the electrochemical gradient is exploited by 

secondary active transporters which couple the energy released from the downhill 

movement of one ion to drive the uphill movement of another (Mitchell, 1973; 

Hamilton, 1975; Harold, 1976; Kaback, 1976, 1980). Depending upon the 

stoichiometry between substrate and ion secondary active transporters are 

described as either electroneutral or electrogenic (Padan and Schuldiner, 1987; 

Ramos and Kaback, 1977). Electrogenic transporters cause a net translocation of 

charge across the membrane. Electroneutral transporters have no net charge 

transported across the membrane per transport cycle (Ramos and Kaback, 1977).

1.3.3.2 4. Kinetic mechanisms of secondary active transporters

Secondary active transporters display one of three separate kinetic mechanisms; 

they function either as uniporters, symporters or antiporters (Figure 1.6). Uniporters 

transport a single substrate and are driven by the substrate gradient alone. 

Symporters (also termed co-transporters when found in eukaryotes) transport one or 

more substrates both in the same direction; they use the electrochemical gradient of 

one to drive the transport of both (Kaback et al., 2002). Antiporters transport two or 

more substrates across the membrane in opposite directions, using an 

electrochemical potential across the membrane to drive transport (Law et al., 2008).
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Unlport Symport Antiport

Figure 1.6: Illustration of the 3 types of kinetic mechanisms displayed in secondary active transport. 

Uniport is the movement of a single molecule down its concentration gradient, symport is the 

movement of two different molecules in the same direction and antiport is the movement of two 

different molecules in opposite directions across the membrane with one providing the driving force. 

The cell membrane phospholipid heads and fatty acid tails are represented by the blue circles and 

green sticks respectively. The secondary active transporters are represented by the purple ovals and 

the ions and substrates by the red and yellow circles.

1.4. Multidrug resistance transporters

1.4.1. Overview of multidrug resistance transporters

Multidrug resistance transporters are integral membrane proteins that catalyse the 

active efflux of antimicrobials from the cell cytoplasm, and they are believed to be 

the principle cause of MDR (Fasten and Gottesman 1991; Neyfakh et at., 1991).

The genes encoding MDR transporters may be an innate feature of the organism, 

have arisen due to spontaneous mutation or have been acquired from an 

exogenous source (Normark, 2002; Ouellette and Kundig, 1997; Watanabe, 1963). 

Acquisition of a single MDR transporter increases the resistance phenotype of the 

cell to a broad range of structurally and chemically unrelated antimicrobials.

Although these antimicrobials may differ from each other in structure, size or 

electrical charge, they can all be recognised and actively removed from the cell by 

the same transporter (Putman et at., 2000). The substrate promiscuity of MDR 

efflux transporters provides an essential survival strategy for the bacteria resulting in 

MDR mechanisms being widely distributed in both Gram-negative and Gram

positive bacteria.

1.4.2. MDR transporters

Bacterial multidrug efflux transporters can be separated into five individual families 

(Putman et at., 2000) (Figure 1.7): the Resistance Modulation Division superfamily
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(RND); the Multiple Antimicrobial Toxin Extrusion family (MATE); the Small 

Multidrug Resistance family (SMR); the Major Facilitator Superfamily (MFS) and the 

ATR-binding cassette (ABC). Generally superfamily members of the RND, MFS and 

SMR families are FT/ drug antiporters, superfamily members members of the MATE 

are NaV drug antiporters, while ATP hydrolysis is coupled to drug efflux in ABC 

transporters (Mirsa et at, 2009; Nishino, 2000).

outer drugs
membrane RND ^

Figure 1.7: Diagram illustrating the five structural families of multidrug efflux transporters found in 

bacterial membrane. ABC transporters are represented by the two red ovals indicating the two 

transmembrane domains. The MFS and MATE transporters are represented by single lilac hexagons, 

whilst two darker purple hexagons represent the two transmembrane domains of the SMR family. The 

tripartite structure of the RND family transverses both the inner and the outer membrane with its three 

separate protein components highlights in yellow, red and green. The inner cell membrane is 

symbolised by the blue circles with green tails which represent the phospholipid heads and fatty acid 

tails respectively. The outer membrane is represented by the blue circles and green tails on the inner 

side and the green circles with green tails on the outside.

RND transporters are the major contributors to the MDR phenotype in Gram

negative bacteria (Sulavik et at, 2001). They are typically assembled from three 

proteins an inner membrane protein which provides energy for transport, an outer 

membrane protein factor (OMF) which connects with the inner membrane protein to 

provide a continuous outlet to remove antimicrobials from the cytoplasm and into the 

surrounding media (Morelra et at, 2009), and an adapter protein termed the 

membrane fusion protein (MFP) which directly interacts with the OMF and inner 

membrane protein to stabilise the tripartite complex (Mirsa et at, 2009). Most of the
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current knowledge of tripartite MDR efflux systems comes from studies of AcrAB- 

TolC and MexAB-OprM from E. coli and P. aureus respectively (Sulavik et a!.,

2001). In these proteins AcrA and MexA are MFPs, AcrB and MexB are inner 

membrane proteins and TolC and OprM are OMFs.

The structures of all three components of each transporter have been solved 

(Mirsa et at, 2009; Murakami et at, 2006). These structures have shed light on the 

function of each component of the transporters. Within E. co//AcrAB-TolC has been 

shown to provide resistance to a broad spectrum of structurally unrelated 

xenobiotics (Poole et at, 2008). The tripartite systems exact mechanism of action is 

debatable as structures have revealed three different tunnels leading to/ from the 

drug binding cavity (Seegar et at, 2006). One of the tunnels is only available in the 

open conformation leading the drug outward to TolC so appears to be the extrusion 

channel (Murakami et at, 2002; Murakami et at, 2006). The other two channels 

allow access to the drug-binding cavity from the membrane leaflet indicating that 

there may be more than one access point into the extrusion system (Seegar et at, 

2006). Drugs may be able to access the system from the periplasmic space as well 

as the cytoplasm (Figure 1.8). This supports the theory that single component 

transporters help confer resistance by pumping compounds from the cytoplasm to 

the periplasm where they then diffuse out across the OM or are actively removed by 

tripartite systems (Nir et at, 2007). Single-component transporters are believed to 

have overlapping functionality, single mutations of these proteins in cells containing 

AcrAB-Tol C has only marginal effect on the resistance phenotype.
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TolC
docking
domain

Porter
domain

Trans
membrane
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Figure 1.8: Representation of AcrB viewed parallel to the membrane plane. The three separate 

promoters which comprise AcrB are coloured red, green and blue. The entrance for substrates into the 

AcrB molecule is marked with a star. The substrate enters at the periplasm before travelling through 

the translocation pore to the TolC docking domain where it passes to TolC for export across the outer 

membrane. (Adapted from Murakami et at, 2006). AcrA functions as a periplasmic adaptor keeping the 

three components together.

1.4.3. Overlapping specificity of E. coli MDR transporters

The essential role of multi-component envelope transporters such as AcrAB-TolC 

(Fralick, 1996) in MDR has been well documented (Sulavik et al., 2001). The 

contribution of single component transporters has however long been questioned 

(Bibi et al., 2008; Krulwich et al., 2002). The question has been raised that as 

AcrAB-TolC is so central to the resistance phenotype in £. co//why does the 

organism need all of the other transporters? Evidence does however now suggest 

that the role of other transporters in intrinsic resistance is more important than 

initially estimated (Tal et al., 2009).

Genomic analysis has found that most bacteria have a large number of 

intrinsic drug efflux genes. The capability of each potential MDR transporter (MDT) 

in £. coli to confer resistance to a broad spectrum of toxic compounds has been 

systematically tested through the generation of knockout strains (Sulavik et al.,
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2001; Yamaguchi et at, 2001). Nishino and Yamguchi (2001) tested the ability of 

each putative MDT to confer resistance to a variety of antimicrobials when 

expressed in a high copy number plasmid with its own promoter, these experiments 

identified 20 E. coli genes as conferring resistance to at least one of a series of 26 

antimicrobials (Nishino and Yamaguchi, 2001). AcrAB-TolC was confirmed as 

providing the major intrinsic resistance of the cells, with AcrAB null strains becoming 

more susceptible to 19 of 24 compounds tested (Nishino and Yamaguchi, 2001). 

Single-null mutations of MDTs other than AcrAB-TolC did not have a dramatic effect 

on sensitivity to certain compounds in comparison to wild type cells, suggesting that 

they play only a minor role in intrinsic resistance. Multiple null mutations of genes 

from the same family are not synergistic and redundancy in function which may 

provide backup does not always come from proteins of the same family (Tal et at, 

2009; Yang et at, 2003). High levels of redundancy were observed for certain 

compounds. Six different MDTs confer resistance to acriflavine and seven to 

ethidium bromide (Nishino and Yamaguchi, 2001; Tal et at, 2009). One possible 

explanation for null mutations in many transporters having only minor effects and the 

high redundancy in function, is that if the transporters having overlapping 

functionality they can compensate for the loss of one another.

In the absence of single component transporters which remove 

antimicrobials from the cytoplasm to the periplasm, AcrAB-TolC provides cells with 

only weak resistance (Lomovskaya et at, 2007; Nikaido, 1996; Nikaido, 1998; Yang 

et at, 2003). It has been suggested that multi-component envelope translocases 

like AcrAB-TolC uptake antimicrobials from the periplasm and from not the 

cytoplasm or membrane (Nikaido, 1996; Nikaido, 1998; Yang etat, 2003). AcrAB- 

TolC would therefore be reliant on the single component transporters to efflux 

antimicrobials from the cytoplasm to the periplasm for removal. Evidence to support 

this hypothesis has been provided by the high resolution structure of AcrB (Figure 

1.8) which shows access pathways from the periplasm and not the cytoplasm 

(Beggar et at, 2006; Murakami et at, 2006).

In certain cases the single component transporters act alone and are not 

dependent upon AcrAB-TolC to remove compounds pumped into the periplasm 

completely out of the cell (Tal and Schulinder, 2009). Certain hydrophilic 

compounds such as methyl viologen are substrates of single component 

transporters but not of AcrAB-TolC (Tal and Schulinder, 2009). A hypothesis for this 

is that hydrophilic compounds like methyl viologen diffuse from the periplasm to

17



Chapter 1 Introduction

outside the cell quicker than they leak back in. This means that no further 

mechanism for active removal is required (Lee et at, 2000).

The diverse nature of toxic compounds bacteria face requires them to have a 

robust survival system. The interactions displayed by MDTs suggest they are part 

of a robust survival mechanism provided by overlapping specificities of several 

MDTs. The versatility and redundancy of proteins reduces the interdependence of 

components, conferring robustness and flexibility in response to harmful chemicals. 

Expression of MDTs with partial overlapping specificities and functional interactions 

provides them with a method of doing so (Tal et at, 2009). MDTs are essential to 

bacterial survival in a broad range of environments in which they are exposed to so 

many diverse chemicals. Of the five structurally different families the MFS are 

amongst the most prevalent in microbial genomes and diverse in their substrate 

specifies. The MFS family members represent approximately 25% of all transport 

proteins within prokaryotes (Saier and Paulsen, 2001).

1.5. Major Facilitator Superfamily

1.5.1. MFS overview

The major facilitator superfamily (MFS) is the largest characterised superfamily of 

secondary active transporters (Milton et at, 1998). At the time of writing there are 

more than 10,000 sequenced members making up 76 families (Van et at, 2013). 

The function of 57 families is established (Van et at, 2013) with each family shown 

to transport a set of related compounds (Saier et at, 1999). Compounds 

transported by MFS families include: simple monosaccharides, oligosaccharides, 

amino acids, peptides, vitamins, enzyme cofactors, chromophores, nucleobases, 

nucleosides, nucleotides, iron chelates, inorganic and organic compounds and 

antimicrobials (Chen etat, 2008; Milton etat, 1998; Saier ef a/., 2001; Winnen et 

at, 2007; Yen et at, 2010;). Most MFS transporters are substrate specific; however 

there are six MFS families which contain multi-specific transporters (Saier et at,

1999; Saier and Paulsen, 2001). Of these six families the two which occur most 

frequently in bacteria are the 12 transmembrane (TM) Drug/ H+ antiporter 1 family 

(DHA-1) and the 14-TM DHA-2 family (Saier and Paulsen, 2001).

Generally MFS proteins consist of 400-600 amino acids and sequence 

analysis has revealed high sequence similarity between members of individual 

subfamilies (Pao et at, 1998). In contrast sequence similarity and identity between 

individual MFS proteins at the superfamily level are low united only by a pair of
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conserved sequences (Doolittle, 1986; Maiden eta/., 1987). The sequence 

DRXXRR is located in the N-terminal half of MFS transporters in the loop joining 

IMS 2 to TMS 3. It is also found in the corresponding position in the C-terminal 

domain in the loop connecting TMS8 to TMS9 (Maiden et a!., 1987; Law et al., 2008; 

Van, 2013). Despite the low sequence similarity, different substrate specificities, 

and distinct coupling mechanisms between the MFS subfamilies all the proteins 

share the same common structural fold, referred to as the MFS fold.

1.5.2. Predicted topology of MFS transporters

Topological studies carried out on the MFS suggested that 75% of family members 

possess 12 transmembrane spanning segments (TMS), connected by hydrophilic 

loops with cytoplasmic N-and C- termini (Figure 1.9) (Pao et al., 1998; Reddy et al., 

2012; Saierefa/., 1999; Saierefa/., 2003). MFS transporters with 12-TMS are 

most common but some family members have been predicted to have 6-TMS, 10- 

TMS, 14-TMS or 24-TMS (Pao et al., 1998; Saier et al., 2003). The TMS of MFS 

proteins are folded into two domains termed the N- and C- domains. In 

representatives that possess 12 TMS the domains are comprised of six consecutive 

TMS with the N-domain containing TMS 1 to TMS 6 and the C-domain containing 

TMS 7 to TMS 12 (Maiden et al., 1987). There is only weak sequence similarity 

between the two domains, but they do have pseudo two fold symmetry related by an 

axis perpendicular to the plane of the membrane (Maiden et al., 1987; Yin, 2013). 

The pseudo symmetry is such that the N-domain TM1 is reacted to the C-domain 

TM7 and TM2 to TMS and so on (Huang et al., 2003)

PERIPLASM

CYTOPLASM

Figure 1.9: Diagram showing the predicted topology of a MFS member with 12TMS. The 12 TMS are 

represented by the yellow cylinders, here they are illustrated as equal in size but they may however 

differ in length (Maiden et al., 1987). TMS are connected by hydrophilic loops which are depicted as 

squiggly black lines, which although shown here as being of equal size they may differ in length
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(Maiden et ai., 1987). There is a large loop between IMS 6 and IMS 7 which connected the two 

pseudo symmetrical domains. The cell membrane is represented by the blue balls and green sticks 

which represents the phospholipid heads and fatty acid tails respectively.

The two pseudo symmetrical a-helical bundle domains are thought to have 

arisen due to an intragenic multiplication of a triple helix bundle motif (Kaback et a!., 

2013). This has given rise to the popular hypothesis that each domain is comprised 

of two inverted STMS repeats. In the N-terminal domain TMS 1, 2 and 3 are related 

to TMS 4, 5 and 6 by -180° rotation around the axis parallel to the membrane 

bilayer (Figure 1.10). The same appears to be true for TMS 5, 6 and 7 and TMS 10, 

11 and 12 of the C-terminal (Yin, 2013). The 3TMS repeating segments which 

comprise the domains are believed to have similar structure and functional roles in 

all MFS members (Kaback etal., 2013; Saieref a/., 2003).

Figure 1.10: Diagram showing the canonical 12 TMS MFS fold contains four STMS repeats (Top row) 

Two inverted STMS repeats make up one domain (Middle row). The two domains in an MFS fold are 

related by an approximately 180° rotation around an axis that is perpendicular to the corresponding 

plane of the membrane (bottom row). The corresponding STMS units are coloured the same. TMS 1, 

4, 7 and 10 are blue, TMS 2, 5, 8 and 11 are white and TMS 3, 6, 9 and 12 are orange (adapted from 

Van, 2013).
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Kaback et al 2013 investigated the importance of the STMS inverted repeats 

with a view to exposing the evolutionary origin of MFS transporters. Their origin has 

long been questioned as despite having structural similarity MFS transporters have 

low sequence homology. The crystal structures of FucP (Shangyu et at., 2010) and 

LacY (Guan et al., 2006) were assessed for homology between the inverted STMS 

structural motifs rather than the transporter’s primary sequences. By rearranging 

the structural motifs of FucP a striking homology to LacY could be achieved (Kaback 

et al., 2013). The observed homology related to both primary sequence and the 

sugar binding sites of the transporters. The findings support the hypothesis that the 

STMS motifs are the building blocks of MFS transporters and that the transporters 

have evolved due to intragenic duplication of STMS (Hvroup and Saier, 2002; 

Kaback et al., 2013; Radestock eta!., 2012). Fusion of STMS motifs is likely to have 

occurred multiple times throughout MFS evolution. In combination with mutations 

rearrangement of the STMS motifs may have given rise to the low sequence 

similarity of the MFS despite similar structure and function of members (Kaback et 

al., 2013).

1.5.3. Overall structure of the MFS

Although the number of sequenced MFS transporters is large development in their 

structural study has been slow since the first two MFS structures LacY and GIpT 

were solved (Abramson et al., 2003; Huang et al., 2003).

At the time of writing high resolution 3D crystal structures are available for 

nine MFS transporters from eight distinct MFS subfamilies (Yan, 2013). These are 

the lactose:H+symporter LacY (PDB: 1PV7) (Abramson et al., 2003), the glycerol-3- 

phosphate:P, GIpT (PDB: 1PW4) (Huang et al., 2003), the multidrug:H+ antiporter 

EmrD (PDB: 2GFP) (Yin et al., 2006), the L-fructose:H+ symporter FucP (PDB: 

307Q) (Shangyu eta!., 2010), the oligopeptide:H+ symporter PepTsofrom 

Shewanella oneidesis (PDB: 2XUT) (Newstead et al., 2011) and PepTstfrom 

Streptococcus thermophilus(PDB: 4APS) (Solcan et al., 2012), the D-xylose:H+ 

symporter XylE (PDB: 4GBY, 4JA3, 47A4) (Sun et al., 2012), the phosphate:H+ 

transporter PipT from Piriformospora indica (PDB: 4J05)(Pederson et al., 2013), the 

nitrate/nitrite transporters NarU from E. coll (4IU9) (Yan et al., 2013)and NarK from 

E. co//(4JR9) (Zheng et al., 2013) (Figure 1.11). Lower resolution structures 

obtained through electron crystallography are also available for Oxalobacter 

formigenes oxalateTormate antiporter OxIT (Hirai et al., 2002).
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NarK
PDB: 4JR9

Inward facing

Figure 1.11: Structures of MFS transporters available at the time of writing. The N- and C- domains 

are coloured wheat and silver respectively and the intracellular domain unique to XylE is coloured blue

All nine of the solved MFS structures have 12 TMS arranged into N and C 

domains with a centrally located pore (Abramson et a!., 2003; Huang et a!., 2003;

Yin et a!., 2006; Shangyu eta!., 2010; Newstead etal., 2011; Solcan eta!., 2012; 

Sun et a!., 2012; Hirai etal., 2002; Yan et al., 2013). Each of the solved structures 

has eight TMS in contact with the inner pore TMS 1,4,7 and 10 are located at the 

centre of the transporters with TMS 2, 5, 8 and 11 slight to the sides but still facing 

inward and in contact with the pore (Abramson et al., 2003; Hirai et al., 2002; Huang 

et al., 2003; Newstead etal., 2011; Shangyu etal., 2010; Solcan et al., 2012; Sun et 

al., 2012; Yan et al., 2013 Yin et al., 2006). TMS 3, 6, 9 and 12 are positioned to the 

outside the inner eight TMS and face outwards, they have been described as vital 

for structural integrity (Law et al., 2008).

Figure 1.12: EmrD as viewed from the periplasmic side of the membrane The location of the 

3 TMS repeats can be seen, TMS 1, 4, 7 and 10 are coloured red and are located at the centre of the 

pore. TMS 2, 5, 8 and 11 are coloured blue and are located at the side of the pore. TMS 3, 6, 9 and 

12 are positioned outside and are coloured yellow.
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Residues located TMS 2, 5, 8 and 11 form most of the inter-domain 

contacts. They are involved in substrate binding and participate in co-transport 

coupling within the domains (Yin et at., 2006; Zhou et al., 2012). The central 

location of TMS 1,4,7 and 11 is vital as the possess most of the essential residues 

for substrate coordination and co-transport coupling (Huang et al., 2003; Law et al., 

2008; Van, 2013). The arrangement of the helices in STMS repeats in all nine 

solved structures gives further weight to the hypothesis that the 3TMS repeating 

segments are the basic unit of the MFS functional fold (Figure 1.12) (Kaback et al., 

2013; Yan et al., 2013; Abramson et al., 2003; Huang eta!., 2003; Yin et al., 2006; 

Shangyu et al., 2010; Newstead et al., 2011; Solcan eta!., 2012; Sun et al., 2012; 

Pederson et al., 2013; Hirai et al., 2002; Yan et al., 2013).

In all the solved structures the loop regions linking TMS 2 to TMS 3 and 

TMS8 to TMS9 are short in length which provides structural restraint preventing 

large relative motions of the attached TMS. In comparison the linking region which 

connects the N- and C- terminal domains of MFS transporters is much larger. This 

linker is an unstructured loop or a helix comprised of 30 to 100 amino acids (Figure 

1.13) (Abramson eta!., 2003; Huang eta!., 2003; Newstead et al., 2011; Shangyu et 

al., 2010; Solcan etal., 2012; Sun eta!., 2012; Yan et al., 2013; Yin et al., 2006).

The unorganised and flexible nature of this region enables large relative motions 

between the two domains during an alternating access cycle (Dang et al., 2010).

Long inter
domain 
linking loop

Short loop 
between TMS8 
and TMS 9

Figure 1.13: The structure of EmrD with the short connecting loops which cause conformational 

constraint between IMS 2 and TMS 3, and TMS 8 and TMS9 coloured blue. The long loop region 

which links the N- and C- termini is coloured red.

Periplasm

Short loop 
between TMS2 
and TMS 3

Cytoplasm
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1.5.4. Transport mechanism of MFS transporters

Over the course of membrane protein science many models of the transport 

mechanisms across the cell membrane have been hypothesised. Initially it was 

believed that passive diffusion was the mechanism by which compounds entered 

the cell. In 1947 Franck and Mayer put forward the idea of an osmotic diffusion 

pump to explain (Franck and Mayer, 1947). This idea was quickly followed by the 

carrier mechanism hypothesis of Widdas (Widdas, 1952). Crane’s co-transport 

gradient hypothesis followed in 1960 (Crane, 1960). Subsequently, many ideas and 

developments in the study of the mechanism of transport across the membrane 

have been put forward, evolving with each new transporter discovered.

Today the working mechanism of all membrane transporters is represented 

by a general alternating access model (Figure 1.14). Key to the success of 

transport and to prevent dissipation of the substrate down the electrochemical 

gradient is to ensure that the substrate binding site is only ever accessible from one 

side (Li et ai., 2012). In this model there are highly coordinated structural transitions 

between the major conformations of function to prevent the substrate binding site 

being exposed to both sides of the membrane simultaneously (Jardetzky et al.,

1966; Law et al., 2008; Li et al., 2012). MFS transporters are believed to employ an 

alternating accessibility model for the translocation of substrates across the 

membrane (Smirnvoa et al., 2011). To complete a transport cycle a transporter 

must undergo conformational shifts producing inward facing, occluded and outward 

facing conformations necessary to upload substrates at one side of the membrane 

and then release them at the other side.
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occluded, 
substrate bound

occluded

Figure 1.14: Alternating access of the MFS transporters. The cell membrane is represented by the 

blue spheres and green sticks. The MFS transporter domains are illustrated as red ovals with the 

flexible linker region between them demonstrated as a black line. The substrate is represented by a 

black sphere which is bound to a central cavity approximately halfway into the membrane and 

sandwiched by the N and C domains.

The alternating-access mechanism consists of three steps, substrate 

binding, interconversion of the substrate binding site and the release of the 

substrate to the other side of the membrane (Law et al 2008; Liemieux et al 2004; 

Smirnova et al., 2011), during which the substrate is never exposed simultaneously 

to both sides of the membrane (Law et al., 2008; Van, 2013). In the rocker-switch 

model the alternating access to the periplasm and cytoplasm is achieved by a rigid 

body rotation of the N- and C- terminal domains of the proteins relative to each. The 

model predicts three essential conformations: outward-open, occluded and inward 

open (Figure 1.15) (Forrest ef a/., 2011; Lawefa/., 2008; Van, 2013). The 

conformational changes involved in translocation require energy which is provided 

by Brownian motion (Law et al., 2007) and substrate binding (Abramson et al., 2003; 

Huang et al., 2003; Krupka etal., 1989). The movement of the helices required for 

the large scale conformational changes between is controlled by the breakage and 

formation of intra- and inter-domain salt bridges (Abramson et al., 2003; Law et al., 

2007; Radestock etal., 2011).
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Substrate-bound,
outward-facing, 
partially occluded

Outward open Occluded

EmrD C ^FucP

\r\ +~-
Ligand-bound 
Inward open

Inward open Inward occluded

Figure 1.15: Movement through the essential conformational states predicted by the rocker switch 

mechanism, depicted by the outward open conformation of FucP (PDB: 4GBY), the outward-facing 

partially occluded conformation of XylE (PDB: 4GBY), occluded conformation of MDR transporter 

EmrD (PDB: 2GFP), the inward occluded conformation of PepTSo (PDB: 2XUT), the ligand-bound 

inward open conformation of LacY (PDB: 1PV7) and the inward open conformation of GIpT (PBD:

1PW4). The N-terminal domain of each molecule is represented by the wheat colour and the C- 

terminal domain by the silver colour. (Adapted from Yen et at, 2013).

The rocker switch model is generally supported by the structural analyses of 

the MFS transporters although five distinct conformations have been revealed the 

inward open LacY (Abramson eta!., 2003; Guan eta!., 2007; Mirza et at., 2006), 

GIpT (Huang etal., 2003) and XylE (Quistgaard et al., 2013), the occluded EmrD 

(Yin et al., 2006). The outward open FucP (Dang et al., 2010), the outward facing, 

partially occluded XylE (Sun etal., 2012) and the inward-occluded PepTSo 

(Newstead et al., 2011) and PepTSt (Solcan et al., 2012) and XylE (Quistgaard et al., 

2013) Comparison of these solved structures shows that there is little difference 

between the N-terminal or the C-terminal domains, which fits with the canonical rigid 

body movement of the rocker switch model (Law et al., 2008). However, the crystal 

structure of the nitrate/ nitrite transporter NarU (Figure 1.11) does not support this 

theory of rigid body movement.

NarU is a member of the nitrate/ nitrite porter family (NNP) of the MFS, it has 

had its crystal structure solved by Yan ef a/to a resolution of 3.1 A. The NNP family
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of MFS proteins differ to the other families of solved MFS structures due to the 

presence of conserved glycine rich signature motifs. The glycine rich motifs are 

found in TMS5 and TMS11, with other conserved glycine residues located in TMS4, 

TMS7, TMS8 and TMS10 (Van eta!., 2013). The glycine residues constitute the 

core of the TMS surrounding the substrate binding domain. The conserved glycine 

residues provide the transporter with greater flexibility. As NarU transporter moves 

from one conformation to another there is bending of TMS10 and TMS11. This 

suggests a non canonical model whereby instead of rigid body movement of the N- 

terminal and C-terminal domains, there is bending of the transmembrane helices 

during substrate translocation (Van et al., 2013). The large scale movements may 

be favoured due to the small substrate size of nitrate, which has an ionic radius of ~

1.96 A (Masterton et al., 1971).

Observations in contrast to the rigid body movement of the rocker switch 

mechanism have been noted prior to NarU with the LacY mutant C154G (Smirnova 

et al., 2011). Molecular dynamic simulations using this mutant indicate that along 

with rotation of the domains local level structural arrangements also occur 

(Smirnova et al., 2011). Major structural movement in the cytoplasmic halves of 

TM7, TM10 and TM11 which undergo a hinge movement away from the N domain 

whilst opening the inner gate have been observed when PepTS0 which is in the 

inward occluded conformation is superimposed with PepTs, in the inward open 

(Solcan et al., 2012). The evidence taken from combined structural and biophysical 

studies indicates that the rocker switch model to achieve substrate up take, 

transport and release across the membrane maybe too simplified.

1.5.4.1. A slip in the integrity of the alternating access mechanism

The concept of the alternating access mechanism has been contradicted recently (Li 

et al., 2013) by experimental and molecular dynamic (MD) simulations. Alternating 

access mechanism relies on highly co-ordinated structural transitions between the 

major conformational states to prevent access from both side of the membrane at 

the same time to the substrate binding pocket (Smirnova et al., 2011). These 

investigations have indicated that transition from one state to the other may not be 

as perfect as thought, leaving the substrate binding pocket less than fully 

impermeable from both sides. The simulations have shown that in different transition 

states transporters can become channel like allowing the permeation of water. The 

transporters do however remain occluded to their primary substrate (Li et al., 2013).
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Transient formation of water conducting states has been seen in the MFS. 

The phenomenon has been well documented in the glucose transporters GLUT1 

and GLUT2 (Fischbarg eta!., 1990; Li eta!., 2013; Zeuthen et al., 2007;). A MD 

simulation of substrate bound inward facing GIpT showed huge volumes of water 

permeation events (Enkavi et al., 2010; Law et al., 2008; Li et al., 2013). The 

aqueous pathway through GIpT is through the substrate binding site. The radius of 

the pore formed through which water travel are narrower at their tightest point (the 

constriction point) than the size primary substrates but greater than that of water (Li 

et al., 2013). In order for water pores to form through GIpT a major conformational 

change event must occur. The pores only form following substrate binding and 

proton transfer, which events necessary to trigger conformational changes (Law et 

al., 2008). GIpT becomes permeable to water as the N and C domains rearrange 

with respect to each other, causing partial opening and closing of the extracellular 

and cytoplasmic halves forming an intermediate between the inward and outward 

facing conformations (Li et al., 2013). Water permeation highlights the imperfections 

in the two gated system of the alternating access mechanism. Despite this slight 

flaw the mechanism facilitates the transport of water without the dissipation of the 

primary substrate gradient thereby maintaining its integrity.

1.5.5. The kinetics MFS transport

Kinetic studies of GIpT has allowed the reaction cycle of MFS transporters to be 

described in terms of physical chemistry (Law et al., 2007). The completion rate of 

the cycle is reliant upon the conformational changes which occur within the protein 

(Klingenberg, 2005).

Antiporters including GIpT generally obey Michaelis-Menton kinetics and 

operate a ping pong mechanism (Law et al., 2009). The ping pong mechanism 

refers to the proteins movement back and forth from an immediate state to its 

standard state, therefore acting like a ping pong ball bouncing (West, 1997; Law et 

al., 2009). The process can be described in three distinct steps for binding, 

translocation and release of one substrate with another three steps describing the 

same process for the other substrate. This means that the total minimal number of 

steps in the antiport process is six (Law et al., 2007). The three steps for one 

substrate can be described by the following equation:
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Where (A) is the substrate (S) binding to the protein, (B) is moving from the 

substrate bound inward open (C,) conformation to the substrate bound occluded 

conformation (C0) enabling the pathway to move to face the other side of the 

membrane surface, this step is rate limiting and (C) is the release of the transported 

substrate into the periplasmic space.

When the antiporter is in the C, substrate free conformation it is in a low 

energy state, there is an energy barrier over which the antiporter must travel to 

move from the substrate free C, state to the substrate free C0 state. The journey 

across this barrier is slow compared to the journey of the substrate bound forms this 

enables the following equation to be derived:

(k^/k!)(k3+k 2+k2(^3^ -1))

(k3+k.2+k2)

Where Km is dependent on the ratio of kd (kd= (k.-,/^)) and (ks/k-O (kd being 

the dissociation constant). The intrinsic tryptophan fluorescence quenching 

experiments carried out to determine the affinity of GIpT for its substrate G3P give a 

value for the Kdapp of ~0.8 pM (Law et a!., 2007). The experiments also showed that 

the binding of G3P to GIpT is independent of temperature, as is the Km Transport 

assays showed that the next step (B) going from C,—S to C0-S where the substrate 

binding site is exposed to the opposite side of the membrane and includes the 

transition state is highly temperature dependent and is rate limiting (Fan and 

Maloney, 1998; Law et at, 2007). This suggests that the release of energy from 

substrate binding is alone is not capable of driving transport. The release of the 

bound substrate into the periplasmic state (C) and the presentation of the substrate 

binding site to allow the other substrate to bind and enabling the antiport reaction to 

occur is the step at which the energy to drive the whole antiport process is derived.

In the periplasm the transporter has very low affinity for Pi which allows it to be 

released and replaced by G3P (Auer et at, 2001; Hayashi et at, 1964), whereas the 

opposite is true in the cytoplasm where P, replaces G3P at the binding site as it has 

a much higher cytoplasmic concentration (Vink et at, 1984). It is this difference in
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the concentration of P, which drives the entire substrate antiport process (Law et a!., 

2007).

1.5.6. Substrate specificity within the MFS

The ubiquitous nature of MFS transporters has lead to the prediction that there is 

almost an individual MFS transporter for every biologically important hydrophilic 

molecule of small or medium size within the cell (Chen et al., 2008; Milton et a!., 

1998; Saierefa/., 2001; Winnen etal., 2007; Yen etal., 2010). Although some MFS 

transporters are capable of identifying specific substrates from large numbers of 

similar compounds and transporting them only, others have broad substrate 

specificity transporting a wide range of structurally and functionally unrelated 

compounds. The fact that most MFS transporters share the same simple 

architecture of symmetrical N- and C- terminal domains surrounding a substrate 

specific pathway, points to substrate specificity being determined by just a few 

amino acids at the substrate binding site.

MFS antiporter substrate specificity has been well studied in the E. coli 

hexose phosphate transporter UhpT (Flail eta/., 1999; Maloney and Hall, 2001; Flail 

and Maloney, 2005) and the glycerol-3-phosphate transporter GIpT (Law et al., 

2009). UhpT and GIpT catalyse the electroneutral accumulation of sugar 6- 

phosphate by exchange with internal inorganic phosphate (Hall and Maloney, 2005). 

TM11 of UhpT lines the substrate translocation pore, due to its position residues 

from it have been suggested to function as regulators and determinants of substrate 

binding (Hall et al., 1999; Law et al., 2008). TMS 11 contains an inter-helical salt 

bridge comprised of D388 and K391 which regulates substrate specificity of the 

transporter (Hall et al., 1999). Site directed mutagenesis to remove one but not both 

of these residues alters UhpT’s preference for organophosphate substrates.

Mutants which have uncompensated cationic charge at position 388 or 391 have a 

shift in substrate preference becoming strongly biased towards divalent 

phosophenolpyruvate which has one more negative charge than the monovalent 

hexosephosphates (Hall and Maloney, 2005). In contrast uncompensated anionic 

charge at position 388 results in an increased preference for monovalent rather than 

divalent sugar hexose phosphate. Similar changes in substrate specificity through 

point mutations have been observed with other MFS transporters including LacY, 

the lactose permease symporter from E. coli, whose specificity can be altered 

between maltose, malto-oligosacchrides, sucrose or arabinose (Brooker et al., 1985; 

King and Wilson, 1990; Olsen et al., 1993; Goswitz et al., 1993). Two positively
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charged arginine residues have also been implicated as important in substrate 

binding and specificity in UhpT these are R46 and R275. R46 and R275 are 

believed essential for function. Point mutations to convert the arginine residues to 

cysteine or lysine destroy UhpT ability to function (Fann et al., 1998). R46 and 

R275 are conserved amongst MFS transporters indicating that their presence is 

essential for function. The essential nature of the pair of arginine residues in 

substrate binding is seen in GIpT (Law et al., 2009). The crystal structure of GIpT 

shows basic residues R45 from TM1 and R269 from TM7 within the inner end of the 

substrate translocation pore spaced 9.9 A a part (Figure 1.16) (Huang et al., 2003).

Figure 1,16: Illustration showing the position of the essential arginine residues R45 and R269 in GIpT.

The location of these two conserved positively charged residues means that 

they can interact with substrates as central components of binding (Law et al., 2008; 

Law et al., 2009). It is thought that substrate binding draws TM1 and TM7 closer 

together moving the helices 1.4 A towards each other (Figure 1.17). This 

conformational change enables the formation of a hydrogen bond between their side 

chains and the negatively charged oxygen atoms of G3P or Pi (Huang et al., 2003). 

Functional studies have supported the importance of R45 and R269 as mutation of 

either residue to lysine prevents transport by GIpT in reconstituted proteoliposomes.
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Figure 1.17: Schematic diagram of the salt bridges formed upon the initial loose and subsequent tight 

binding of substrate to GIpT. Interhelical salt bridges can be seen on the left hand side between R45- 

D274 and K46 to-D274. On the right hand side R45 and R269 move closer together therefore pulling 

TM1 and TM7 closer to one another. The R45-D274 salt bridge breaks and a new interhelical salt 

bridge forms between R269 and E299. The D274-K46 salt bridge shortens in length becoming 

stronger enabling the molecule to form a more compact conformation following tighter binding of the 

substrate. (Adapted from Law etal., 2008).

Biochemical characterisation of MFS transporters including LacY (Kaback et 

at., 2001), GIpT (Huang et at, 2003), GalP (Patching et al., 2008), FucP (Dang et 

at, 2010);(Sugihare et at, 2012) and PepTs, (Solcan et at, 2012) have enabled the 

identification of residues and regions important in the recognition and binding of 

substrates. The importance of N domain residues in substrate binding is seen in 

LacY(Kaback et at, 2001; Zhou et at, 2012), , FucP (Dang et al., 2010; Sugihare et 

at, 2012) and PepTst (Solcan et at, 2012). In LacY E126 from TM4 and 

R144/W151 from TM5 directly co-ordinate substrate binding (Zhou et at, 2012). In 

FucP E135 from TM4 and Q162 from TM5 are essential for substrate binding 

(Sugihare et at, 2012). In PepTst Y29 and Y30 of TM1 and Y68 of TM2 are 

important to the affinity of peptide binding (Solcan et at, 2012). The recently 

published structure of XylE in complex with three different ligands has shed light 

upon the substrate co-ordination of MFS transporters.

Five separate crystal structures of XylE have been solved, three with 

different substrates bound (Quistgaard et at, 2013; Sun et at, 2012). XylE was 

crystallised with its native substrate D-xylose to a resolution of 2.8 A, its inhibitor D- 

glucose to a resolution of 2.9 A, a glucose derivative 6-Br-6-deoxy-D-glucose, with 

resolution of 2.6 A (Sun et at, 2012) all in the substrate bound outward facing
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conformation. It was also crystalised in the absence of substrates in the inward 

open conformation and the inward facing partly occluded conformation with crystals 

diffracting to 4.2 A and 3.8 A respectively (Quistgaard et at, 2013). Unlike LacY, 

FucP and PepTst, the ligands in XylE are primarily co-ordinated by C-terminal 

domain residues. The substrate binding site in XlyE is located similarly to the other 

MFS transporters, between the two domains and equidistant from the cytoplasm and 

periplasm (Sun et at, 2012). The interacting residues for substrate co-ordination 

mostly come from the kinked TM7. Substrates D-xylose and the inhibitor D-glucose 

have almost identical recognition interactions with XylE. Polar residues co-ordinate 

the substrate hydroxyl groups through hydrogen bonds and the substrate is 

surrounded by multiple hydrogen bonds (Sun et at, 2012; Yan, 2013).

1.6. Major facilitator superfamily multidrug transporters

1.6.1. Structure

At the time of wring the crystal structure of only one MFS MDR transporter has been 

solved, EmrD.

1.6.1.1. Structure of the MDR transporter EmrD

EmrD from E. coli is a proton dependent secondary active transporter from the MFS 

DHA1 family (Saier et at, 2006). It consists of 394 amino acids and has been shown 

through sequence alignment studies to be a close homologue of other MFS DHA1 

transporters (Paulsen et at,1996) including MdfA from E. co//with which it shares 

26% identity and 39% similarity to MdfA (Yin et at, 2006). Initially EmrD was 

identified as a transporter for uncouplers of the electron transport chain such as N’- 

(3-chlorophenyl) carbonohydrazonyl dicyanide (CCCP) (Figure 1.18a). Uncouplers 

are toxic to the cell as they rapidly deplete the proton gradient resulting in arrest of 

growth (Krulwich et at, 1990). EmrD has subsequently been shown to efflux a 

broad range of structurally and chemically unrelated compounds including the 

quaternary ammonium compound benzalkonium (Figure 1.18b) (Nishino et at,

2001).
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CCCP benzalkonium

Figure 1.18: Structures of (a) CCCP and (b) benzalkonium, both of which are effluxed from the cell by 

EmrD. The R group in benzalkonium is CnHWi where n= 8, 10, 12, 14, 16 or 18.

EmrD was crystallised in a compact occluded conformation (C0), its crystals 

diffracted to 3.5 A. The C0 conformation probably represents an intermediate state 

between the inwardly open and outwardly open states of EmrD (Figure 1.13) (Yin et 

al., 2006). EmrD shares the same topological arrangement as the other MFS 12 

TMS transporters. The TMS of EmrD are arranged in a compact structure which 

spans ~50 A in the plane of the lipid bilayer and ~45 A along the membrane normal. 

TM 4 and TM 5, and TM 10 and TM 11, along with their connecting loops comprise 

two long helical regions of EmrD which are arranged at the cytoplasmic side of the 

membrane, they extend farther into the cytoplasm and are much closer to the 

substrate translocation pore than the equivalents in the other solved structures 

(Figure 1.19) (Yin et al., 2006).

Figure 1.19: 3D crystal structure of EmrD, helices 4, 5, 11 and 10 along with their connecting 

loops are coloured yellow and can be seen projecting into the cytoplasm. The positive residues R118, 

R122, D123, E126, R127 and R131 which are grouped together in TMS 4 and TMS 5 are highlighted in 

blue. All other helices are coloured red.
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It is thought that these regions along with the positively charged residues at 

the tail of TM4 (Figure 1.19) act as a substrate specificity filter as discussed in 

greater detail in section 1.4.6.2 (Pao eta!., 1998; Yin etal., 2006). The N and C 

terminal domains of EmrD are less symmetrical than those of the other solved 

transporters (Figure 1.20) (Yin et al., 2006). The greatest structural asymmetry of 

EmrD is localised to the loop region on the periplasmic side where L3-4 (Residues 

94 to 99) is a bent helix whereas the corresponding 19-10 (residues 285-289) is a 

short loop.

EmrD
periplasm

V,

cytoplasm

Figure 1.20: The 3D crystal structure of EmrD (PDB: 2GFP). The N- and C- termini are coloured 

wheat and silver respectively.

The internal cavity of EmrD consists of mostly hydrophobic residues. This 

fits with its function as a transporter of lipophilic compounds and indicates a general 

pathway for the transport of a broad substrate range (Paulsen et a/.,2002). The 

pore is stacked with aromatic side chains which could enable multi substrate binding 

by forming stacking interactions with aromatic drugs. These stacking interactions 

could also balance the energy cost of the transport of charged amphipathic 

compounds (Paulsen et al., 2002).
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1.6.1.2 Homology model of the MFS MDR transporter MdfA

MdfA is a 410 residue long secondary multidrug transporter from E. coll. Cells 

expressing MdfA from a multi-copy plasmid exhibit resistance against a diverse 

range of toxic compounds (Sigal et a!., 2007). MdfA has also been shown to play a 

role in alkaline pH homeostasis through it Na+(K+)/ proton antiporter activity 

(Lewinson et al., 2004). MdfA has homologues in several pathogenic bacteria 

including Shigella flexerni (Jin et al., 2002), Salmonella enterica serovar Typhi 

(Parkhil eta!., 2001) and Yers/'n/'a pesf/s (Parkill et al., 2001). Currently (2013) no 

crystal structure of MdfA is available. Detailed 3D models of MdfA’s structure 

(Figure 1.21) based on the X-ray structures of LacY and GIpT, along with correlated 

mutational analysis available through experimental data (Sigal et al., 2005).

MdfA
periplasm

N cytoplasm C

Figure 1.21: The homology model of MdfA viewed parallel to the membrane. The N- and C- terminals 

are coloured wheat and silver respectively.

The 3D homology model of MdfA indicates that, like the ten proteins whose 

crystal structures have been solved, MdfA also consists of 12 TMS, arranged into 

two pseudo symmetrical domains of six helices with two STMS repeats (Figure 

1.12). Again in comparison to the solved crystal structures the MdfA model shows 

TMS 1, TMS 2, TMS 4, TMS 5, TMS 7, TMS 8, TM 10 and TM 11 form the central 

cavity with TM 3, TM 6, TM 9 and TM 12surrounding these helices and facing the 

membrane (Bibi et al., 2005). Models suggests that charge distribution of MdfA is 

such that periplasm is negative and the cytoplasmic side is positive (Edgar et al.,

37



Chapter 1 Introduction

1999);(Alder et a/., 2002). The internal cavity of MdfA is surrounded by the TMS 

from both halves of the protein. The cavity is decorated with acidic residues 

including E26 and D34 from TMS 1 (Figure 1.22). There is also an acidic 

contribution from cytoplasmic residue E132 found between TMS 4 and TMS 5. The 

acidic cavity forms a distinct hole in the majority basic cytoplasmic protein face 

(Sigel et a!., 2005). The acidic cavity is believed to be the putative MDR recognition 

pocket as E26, D34 and E132 have been implicated in substrate recognition (Alder 

et a!., 2004; Alder and Bibi, 2004; Edgar and Bibi, 1999; Sigal et al., 2005; Sigal et 

al., 2007). The presence of the negatively charged cavity might be required for 

electrostatic interactions with the cationic compounds which represent the majority 

of MdfA substrates.

TMS 1

D34

Figure 1.22: Cartoon structure of MdfA's TMS 1 with the acidic residues D34 and E26 highlighted in 

blue.

1.6.2. Substrate poly-specificity of MDR transporters

As previously stated in section 1.2 the selective pressure placed on organisms due 

to the broad range of antimicrobials in the environment means that they have 

developed a wide range of mechanisms, to enable them to cope with the diversity of 

the antimicrobials they come in contact with. Poly-specific MDR transporters such 

as those from the MFS are one means of doing so. MDR transporters recognise 

and actively remove a broad spectrum of compounds which differ in their structure,
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size or electrical charge (Hasdemir et al., 2007). The promiscuous nature of the 

MFS family MDR transporters mean they can provide an essential survival strategy 

for the cell (Tal et al., 2009).

1.6.2.1. Mechanism of polyspecific substrate binding of Em rD

The presence of a membrane embedded charge is believed essential for substrate 

recognition and transport by MFS transporters. MFS MDR transporters are no 

exception with the charged residue E26 from MdfA being implicated in substrate 

recognition (Braibant et al., 2005; Edgar et al., 1999; Sigal et al., 2005). The key to 

the ability of MFS MDR transporters poly-specificity may lie in the structure of their 

central cavity. The structure of EmrD shows notable differences between its internal 

cavity in comparison to GIpT and LacY. GIpT and LacY have hydrophilic interiors 

(Guan et al., 2006; Huang et al., 2003) in contrast the internal cavity of EmrD is 

mostly hydrophobic (Figure 1.23). This hydrophobic interior ties in with EmrD’s 

ability to transport lipophilic compounds. The aromatic residues lining the cavity 

include I28, Y52, Y56, 1217, F249 and Y300. The hydrophobic residues may dictate 

a level of drug specificity through steric or aromatic interactions. These residues are 

conserved in other MFS MDR transporters (Yin et al., 2006). EmrD’s hydrophobic 

core could provide a mechanism for the transport of a variety of different substrates 

(Paulsen et al., 2002). The pairs of stacked aromatic groups Y52/ Y56 and W300/ 

F249 have a key role in multi-substrate transport through their ability to stack with 

aromatic drugs (Yin et al., 2006). This type of aromatic interactions may compensate 

the cost of transporting charged amphipathic compounds (Paulsen et al 2002). The 

importance of aromatic residues is also seen in the Bacillus subtilis MDR transporter 

Bmr in which two phenylalanines F143 and F306 have been implicated in substrate 

specificity (Klyachko et al., 1997).
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Figure 1.23: The internal cavity of EmrD, which is lined by hydrophobic residues. The N and C 

terminal domains are coloured blue and orange respectively, with the hydrophobic residues from each 

region coloured blue and yellow accordingly (Adapted from Guan et at, 2003).

The long helical regions of TM4, L4-5, TM5 and TM10, 110-11, TM11 of 

EmrD are located on the cytoplasmic side of the protein and protrude further into the 

cytoplasm than their equivalents in LacY and GIpT (Yin et at., 2006). They are also 

believed to be involved in substrate specificity. The charged residues R118, R122, 

D123, E126, R127 and R131 of TM4’s cytoplasmic end define EmrD’s topology and 

are involved in substrate recognition (Pao et al., 1998). Residues from the 

cytoplasmic halves of TM4, TM5 and TM6 in MdfA are protected from NEM 

alkylation by substrate (Alder et al 2005). MDR can be abolished or significantly 

reduced by single residue mutations in the cytoplasmic halves of TM10, TM11 and 

L10-L11 of MdfA. Biochemical studies including systematic mutation of the protein 

followed by ethidium bromide (EtBr) transport assays and binding studies the of the 

Gram-positive Lactococcus lactis secondary MDR transporter LmrP has shown that 

there are huge conformational changes in the cytoplasmic region of the protein as 

helices move from a nonpolar to a polar environment upon substrate binding 

(Mazurkiewicz et al., 2002). Mutations in LmrP in positions which correspond to 133 

and 313 in EmrD show that negative charges are vital for drug recognition not 

transport (Figure 1.24) (Schaedler and van Veen, 2010).
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Periplasmicside

H10

Cytoplasmic side

Figure 1.24: The selectivity filter region of EmrD. The residues shown are believed to be involved in 

substrate recognition based on sequence homology with other MFS MDR transporters. Light blue and 

green residues correspond to those of MdfA. Yellow residues correspond to vital residues for 

recognition in LmrP. V17 marked in red corresponds to E26 from MdfA and D22 from MdtM.

1.6.2.2. Mechanism of poly-specific substrate binding of MdfA

In line with other characterised MFS transporters the binding domain of MdfA is 

believed to be flanked by the N- and C- domains and located almost at an equal 

distance from the cytoplasm and periplasm. MdfA confers resistance to neutral and 

cationic substrates. The importance of charged residues for the recognition of 

substrates by MFS transporters is illustrated by MdfA. E26, D34 and E132 are the 

only charged residues of MdfA predicted to lie within the membrane (Sigal et at, 

2009).

The negatively charged residue E26 is located in TMS 1 of MdfA, 

corresponding residues are found in other MDR transporters for example V17 of 

EmrD, D34 of FloR (Baribant et at, 2001) and D22 in MdtM a close homologue of 

MdfA. A conserved glutamic acid residue in TMS 1 has also been shown in the 

SMR family of MDR transporters. Mutation of E26 to a residue of different charged 

or size drastically changes the substrate recognition profile of MdfA (Figure 24). 

Conversion of E26 to aspartate a smaller residue with the negative charge 

preserved, maintains resistance to cationic drugs but not neutral compounds like 

chloramphenicol. Mutation E26A has only marginal chloramphenicol resistance but 

no cationic compound resistance. Replacement of E26 with a positive residue in 

E26K confers only chloramphenicol resistance (Edgar and Bibi, 1999). E26 must
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therefore be part of a recognition domain which directly interacts with lipophilic 

cations (Edgar and Bibi, 1999; Alder and Bibi, 2006). Recognition of neutral 

compounds such as chloramphenicol must not be charge sensitive instead being 

selected for by the size or the shape of the residue at position 26 (Edgar and Bibi, 

1999).

The substrate binding sites of MFS MDR proteins are believed to be large, 

involve many residues and be located on the cytoplasmic side of the proteins 

(Fluman et at., 2012). In MdfA a total of 20 residues have been identified as playing 

a role substrate recognition (Fluman et at., 2012). The residues form two clusters in 

separate regions of MdfA. Cluster 1 is comprised of residues from TMS 4 to TMS 6 

on the cytoplasmic side of the protein; these residues are thought to contribute to 

the initial interaction of MdfA with substrates. The position of cluster 1 supports the 

hypothesis that the initial interaction between MFS proteins and their substrates 

takes place within the cytoplasmic leaflet (Bolhuis et at., 1996). Cluster 2 is 

composed of residues from TMS 1 and TMS 2 and their connecting loop on the 

periplasmic side of the protein (Adler and Bibi, 2004). Cluster 2 may interact with 

the protein during the later steps of the transport process (Shapiro et at., 1997). The 

cluster 2 residues line the substrate binding pocket in the middle of the protein 

(Fluman and BiBi, 2009) and interact differently with different substrates (Adler and 

Bibi, 2004).

1.6.2.3. Overlapping specificity of MDR transporters

The level of overlapping specificity and redundancy for certain compounds is high 

with at least six MDTs conferring resistance to acriflavine and seven to ethidium 

bromide (Nishino et al., 2001). The major intrinsic resistance in E.coli cells is 

provided by the tripartite AcrAB-TolC. AcrAB knockout strains have increased 

susceptibility to a broad range of toxic compounds (Slavik ef a/., 2001). In addition to 

AcrAB-TolC 19 other genes within E.coli have been identified as encoding proteins 

which confer resistance (Tal et al., 2009). The central role of AcrAB-TolC in MDR 

has posed the question as to why other efflux proteins are required by organisms. 

Single null mutations of many transporters bar AcrAB-TolC have only minor effects 

on the resistance phenotype and multiple knockouts of genes from some families 

are not additive (Yang et al., 2003). A hypothesis for the minor effects of null 

mutations in numerous transporters is that transporters with overlapping functionality 

are capable over compensating for the loss of one another (Nah et al., 2009).

42



Chapter 1 Introduction

Compensation for the loss of function of one protein does not necessarily 

come from within the same family. In the SMR family there is no difference in 

resistance between multiple knockouts and the single knockout of EmrE (Tal and 

Schuldiner, 2009). Experiments carried out by Nah et al 2009 tested the effect on 

resistance phenotype of 3 resistance genes EmrE from the SMR, MdfA from the 

MFS and the RND protein AcrAB-TolC. The three proteins share specificity for the 

substrates acriflavine and ethidium bromide (EtBr) (Sulavik et al., 2001). The 

removal of genes catalysing the same reaction enables the functional interaction to 

be revealed. Single knockouts of the single component transporters MdfA and 

EmrE have a minor effect on resistance to ethidium bromide and Acriflavine.

Double null mutation of MdfA (AmdfA) and EmrE (AemrE) has a strong resistance 

phenotype and cells exhibit resistance to the substrates almost as low as that seen 

with AcrAB knocked out {AacraB) (Nah et al., 2009).

drugs
AcrAB-TolC A

outer
membrane

Figure 1.25: Diagram showing the location of the MDR transporters MdfA, EmrE and AcrAB-TolC in 

the cell membrane. MdfA and EmrE pick up antimicrobials at the cytoplasmic side of the membrane 

and transport them to the periplasmic space where they are then transported across the outer 

membrane by AcrAB-TolC. The inner cell membrane is symbolised by the blue circles with green tails 

which represent the phospholipid heads and fatty acid tails respectively. The outer membrane is 

represented by the blue circles and green tails on the inner side and the green circles with green tails 

on the outside. MdfA is represented by single lilac hexagon, whilst two darker purple hexagons 

represent the two transmembrane domains of the EmrE. The tripartite structure of AcrAB-TolC 

transverses both the inner and the outer membrane with its three separate protein components 

highlights in yellow, red and green.
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The high sensitivity of the double knockout mutant demonstrates that the 

proteins can compensate well for each other. The additive nature of the double null 

mutations indicates that EmrE and MdfA function at the same step in the efflux 

pathway (Nah et al., 2009). They are both stationed in the membrane and efflux 

compounds from the cytoplasm into the periplasm (Figure 1.25) (Bibi et al., 2001; 

Schuldiner et al., 2001). The double null mutation produces an additive effect as the 

rate at which the drugs are effluxed from the cell is reduced below the level required 

to prevent a toxic cytoplasmic concentration of drug forming (Nah et al., 2009). The 

additive effect is also seen when the null mutation of EmrE is combined with that of 

MdtM which also confers resistance to acriflavine and ethidium bromide. There is 

clearly an important role for single-component transporters in MDR in E. coll.

Nah et al 2009 also showed the AcrAB-TolC provides weak resistance only 

to both EtBr and acriflavine in the absence of the single component transporters 

which efflux the toxic compounds from the cytoplasm to the periplasm. High 

resolution crystal structures obtained for AcrB (Murakami et al., 2006; Seeger et al., 

2006) has only identified access pathways into the protein from the periplasm, not 

the cytoplasm. The AcrAB-TolC MDR transporter may only remove compounds 

from the periplasm space, not the cytoplasm (Lomovskaya et al., 2007). This 

indicates that AcrAB-TolC is dependent upon the activity of other MDTs, but the 

MDTs are also dependent upon it. If removal of toxic compounds from the 

periplasm does not occur quicker than the rate of drug leakage back into the 

cytoplasm the single component transporters are unable to deal with the load (Lee 

et al., 2000; Nah et al., 2009). The overlapping specificities of MDR transporters and 

the functional interactions between them provide robust strategy for bacterial 

survival. They enable organisms to remain flexible in their response to a vast 

spectrum of toxic compounds in their environment allowing them to evolve without 

lethal variation.

1.7. Multidrug transporter M (MdtM)

MdtM (previously termed YjiO) is the focus of the work in this thesis. It is a 410 

amino acid residue protein from E. coll which belongs to the MFS. MdtM is a 

putative 12-TMS drug/H+ antiporter which shares 41% sequence identity with MdfA 

(Edgar et al., 1997). MdtM has been suggested as playing a role in protecting 

bacterial cells from the effects of multiple compounds outlined in Table 1.1.
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Table 1.1: Table showing the substrates MdtM has been implicated in exporting along with the type of 

compound each substrate is and where it was implicated.

Substrate Type Reference

Chloramphenicol Antibiotic Nishino and Yamaguchi,

2001

Norflaxacin Antibiotic Nishino and Yamaguchi,

2001

Acriflavine Antibiotic/ Antifungal Nishino and Yamaguchi,

2001

Puromycin Antibiotic Soo et at, 2010

5-Nitro-2-furaldhyde Antibiotic Soo et at, 2010

Furaltadone Antibiotic Soo et at, 2010

Tinidazole Antiparasitic Soo et at, 2010

Tetraphenyphosphonium

(TPP)
Lipophilic cation Edgar and Bibi, 1997

Nishino and Yamaguchi,

2001

Ethidium Bromide (EtBr) Lipophilic cation Edgar and Bibi, 1997

Research carried out by Tal et at, on E. coli BW25113 cells showed that 

when MdtM is knocked out of the cell in a triple deletion along with MdfA and EmrD 

the resistance phenotype is reduced (Tal et at, 2009). The additive effect of the 

triple deletion on the resistance phenotype was shown to be slight in comparison to 

the effect of increasing from a single knockout of EmrD or MdfA to a double 

knockout of EmrD and MdfA. This implies that the rate of removal of toxic 

compounds from the cytoplasm is further reduced in the absence of all three 

transporters, but that lowering the rate to below the threshold level (at which the 

compound leaks back into the cell quicker than it is removed) has only a marginal 

effect on the resistance (Padan et at, 2009).

Nishino and Yamaguchi cloned 37 putative drug transporter genes from E. 

coli into plasmids including mdtM. They transformed the plasmids into the drug 

sensitive E. coli strain KAM3. The transformed bacteria were then grown on YT 

agar containing various compounds. Cells containing plasmidic were found to be 

less susceptible to chloramphenicol, norflaxacin, acriflavine and TTP then those 

harbouring an empty plasmid (Nishino and Yamaguchi, 2001).
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MdtM shares 41 % sequence identity with MdfA (Burland et al., 1995). A 

secondary structure prediction of MdfA shows its 12 IMS and the residues 

contained within them, as well as the presence of one net positive charge in the loop 

connecting IMS 2 to IMS 3 (Figure 1.26). MdfA has been shown to be very 

hydrophobic and possesses only a single charged residue inside their putative TMS. 

In MdfA this residue is E26, MdtM is also thought to contain an acidic residue at its 

corresponding position D22 (Edgar and Bibi, 1997).
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Figure 1.26: Secondary structure model of MdfA based on prediction of transmembrane helices by 

TMHMM server v. 2.0. Predicted transmembrane segments (TMS) are represented by three columns 

of residues and labelled with numbers. The MFS consensus sequence in the cytoplasmic loop between 

TMS II and TMS III, and elements of the antiporter motif C in TMS V are in bold font. The E26 residue 

located in TMS I is marked with a star.

As well as being a homologue of MdfA from E. coli, MdtM has homologues in 

clinically significant bacteria including Yersinia pestis. Due to the clinical 

significance of the organisms MFS MDR transporters are found in it is essential that 

they are characterised fully both functionally and structurally. As previously 

mentioned at the time of writing a 3 D crystal structure exists for only MDR MFS 

transporter EmrD. EmrD is however poorly characterised making relating structure 

to function difficult. MdfA has been extensively studied with regard to function and 

structure, but at present no crystal structure has been solved due to instability of 

crystals grown (Adler et al., 2004; Adler et al., 2005; Edgar et al., 1999; Lewinson et 

al., 2003; Sigal et al., 2005; Sigal et al., 2008; Tal et al., 2009). This thesis focuses 

on the biochemical characterisation on MdtM, but hopefully in the future this will help 

aid its structural study.
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1.8. Physiological role of MDR transporters

Resistance to antibiotics is the biggest challenge to life as we know it; it has been 

described as being as big threat to human life as terrorism (Davies, 2013). In 

principal any organism could develop antibiotic resistance (Jayaraman, 2009).

There are multiple MDR transporters found across all kingdoms in the presence and 

absence of antimicrobials. As antimicrobials have only been used in clinical settings 

for 70 years and many genes encoding for resistance mechanisms date back 

billions of years (Baltz et al., 2005) the question must be raised as to why MFS MDR 

efflux proteins persist in evolution of the bacterial genome without the selective 

pressure of antibiotics?

The use of antibiotics as therapeutics dates back to the early twentieth 

century, whereas antibiotic synthetic pathways have evolved over millions of years 

(Baltz et al., 2005; Wright, 2007). Certain antimicrobial enzymes such as (3- 

lactamases are predicted to be billions of years old (Hall et al., 2004). This along 

with the huge number of mainly non-specific efflux pumps, in many organisms, the 

demonstration of antibiotic resistance in non-clinical settings without prior exposure, 

the vast prevalence of resistance genes and enzymes in non-pathogens and non

antibiotic producers is yet another observation that has added weight to the 

hypothesis that antibiotics and their resistance mechanism must have biological 
roles other than what modern medicine has created for them (Aminov, 2013; 

Jayaraman, 2009).

The focus of MDR research has centred on pathogenic and clinically 

important organisms, but these categories only encompass a small number of the 

organisms which carry resistance genes (Jayaraman, 2009). In order to fully 

understand the phenomenon of MDR and the relationship bacteria have with 

antibiotics the full antibiotic resistome must be investigated. The antibiotic resistome 

encompasses all bacteria pathogenic and non-pathogenic, cryptic genes and 

precursor genes (Wright, 2007). Due to difficulties in culturing certain important 

sources of organisms have been over looked, one such category is soil bacteria.

A study carried out by D’Costa et al., 2006, sampled over 500 soil bacteria 

for resistance to 21 antibiotics, all exhibited resistance on average to 7 or 8 

antibiotics highlighting the point that even non-antibiotic producing and non- 

pathogenic bacteria harbour resistance genes (D’Costa et al., 2006). Many soil 

bacteria are antibiotic producers it has been suggested that they produce antibiotics 

to protect against competitive cultures sharing the same niche (Waksman, 1940).
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Bacteria neighbouring producers have evolved or received through HGT resistance 

mechanisms to prevent the dangers of the producers. Secreted antibiotics will inhibit 

competitive growth, but whether the concentration in the environment would reach 

inhibitory level has not been established (Aminov, 2013; Jayaraman, 2009). The 

antimicrobial properties of antibiotics have generally been investigated at 

concentrations above the minimal inhibitory concentrations (MIC) against target 

organism (Jayaraman, 2009). Investigations at low concentrations may yield 

different effects of the compounds. At lower concentrations antibiotics act as 

signalling molecules and cause the up or down regulation of certain genes. It is 

believed that antibiotics are in fact hormesis and have contrasting activities at low 

and high concentrations (Aminov, 2013; Linares et a!., 2006). The true role of 

antibiotic themselves may lie in transcription regulation or signalling and not as 

antimicrobial compounds (Blazquez et al., 2006).

Antimicrobial efflux pumps may also have a different true physiological role. 

There are vast numbers of efflux pumps in any organisms which do not transport 

antibiotics alone, many transport the same molecules with overlapping functionality 

(Piddock et al., 2006). The role of efflux transporters may in fact be general 

detoxification of the cell, efflux of toxic metabolic intermediates, waste, biocides or 

dyes, all to aid the cell in maintaining a constant environment (Kumar et al., 2005; 

Martinez et al., 2008). A study carried out by Fajardo et al to screen the Transposon 

of Pseudomonas aeruginosa in the presence of antibiotic stress revealed that 2% of 

the organism’s genome is involved in antibiotic sensitivity or resistance. Many of the 

genes highlighted are under the control of the complex network involving many loci 

which govern many normal physiological functions including transcription regulation 

and chemotaxis (Fajardo et al., 2008; Jayaraman, 2009). This suggests an answer 

to the question as to why efflux transporters persist in nature in the absence of 

antibiotic selective pressure. Many antibiotic resistant mechanisms may not merely 

have roles in resistance, they have evolved to carry out other functions which are 

integral to the cell function, but due to the selective pressure imposed upon them in 

laboratory settings and by modern medicine their resistance capabilities come to the 

forefront.
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1.9. Thesis aims and objectives

1.9.1. Aim of this thesis

The overall aim of thesis is to carry out the biochemical and biophysical 

characterisation of the Escherichia coli K12 multidrug resistance transporter M 

(MdtM), to aid future studies of its structure.

1.9.2. Objectives of each thesis chapter

The objective of chapter 2 is to determine a reproducible protocol for the 

overexpression and purification of functional MdtM in detergent solution, in 

quantities sufficient for functional studies.

The objective of chapter 3 is to carry out the initial biochemical characterisation of 

MdtM, through investigation of its role in MDR.

The objective of chapter 4 is to determine if MdtM is capable of protecting E. coli 

from the cytotoxic effects of quaternary ammonium compounds (QACs) when 

expressed from a multicopy plasmid.

The objective of chapter 5 is to investigate a potential role for MdtM in 

alkalitolerance, illustrating its Na+ (K+)/ IT antiport activity and determining its role in 

alkaline pH homeostasis across a defined pH range.

The objective of chapter 6 is to determine the contribution of MdtM to bile salt 

resistance in E. coli.
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Chapter 2 Overexpression and purification of functional MdtM

2. Overexpression and purification of functional MdtM

The objective of this chapter is to optimise a reliable protocol for the overexpression 
and purification of stable, functional MdtM in quantities sufficient enough for 
structural and functional studies.

2.1. Introduction to membrane protein overexpression and purification

2.1.1. Membrane protein overexpression

The determination of high resolution protein structures is essential to fully 

understand how membrane proteins function (Franklin et al., 2004). However, 

available structural information on membrane proteins is still limited (Nam et al., 

2009). X-ray diffraction is the most popular choice for determination of high 

resolution structure (Wuthrich, 2003), although electron microscopy has proved valid 

option (Hirai et al., 2002; Kuhlbrandt and Williams, 1999). At the time of writing 

(June 2013) there were 1864 known structures of membrane proteins reported in 

the Protein Data Bank of Transmembrane proteins (PDBTM); this accounts for 

approximately 0.02% of all known protein structures (Nam et al., 2009). The first 

protein structure was solved in 1960 (Kendrew et al., 1960) it was of a water-soluble 

protein, myoglobin. Membrane protein structural determination lagged behind with 

the first membrane protein structure being determined 25 years later in 1985 

(Deisenhofer et al., 1985). Membrane protein structural biology has remained 25 

years behind ever since; reasons for this include low endogenous expression, their 

hydrophobic nature requiring the presence of detergents and low stability once 

solubilised.

Structural studies of membrane proteins generally require relatively large 

(milligram) quantities of purified protein (Grisshammer and Tate, 1995). However, 

the majority of membrane proteins are found naturally in very small quantities 

(Wagner et al., 2006). Low yield from endogenous expression could be overcome 

by growing large quantities of cells (kg) to obtain high amounts of recombinant 

protein, but this is neither practical nor economical in the laboratory environment 

(Bass et al., 2002). Therefore it is essential to overexpress membrane proteins to 

obtain sufficient amounts for structural and functional studies (Katzen et al., 2009).

2.1.2. The bottle necks of membrane protein overexpression

Overexpression itself is a major bottleneck to structural and functional studies of 

membrane proteins (Szakonyi etal., 2007). Membrane proteins are much more 

difficult to overexpress than water soluble proteins and problems can arise in a
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number of areas such as; transcription due to codon bias, protein folding and 

insertion into the membrane (Fan et al., 2011).

2.1.2.1. Proper insertion into the membrane

Unlike soluble proteins membrane proteins must be successfully inserted 

into the membrane following expression; if they are not properly inserted into the 

membrane during overexpression they can end up in inclusion body formations 

(Wagner et al., 2006). p-barrel proteins can easily be refolded from inclusion bodies 

and used in further studies. This however is not the case for a-helical membrane 

proteins which are much more difficult to refold (von Heijne, 1999; Kiefer, 2003; 

Schulz, 2003). If overexpressed recombinant membrane proteins overcome the 

issue of inclusion body formation and are successfully inserted into the membrane 

they can prove toxic to their host cells. Toxicity may arise due to overexpressed 

recombinant membrane proteins changing the physical-chemical state of the 

membrane system or competition for cellular membrane space between the 

overexpressed protein and endogenous membrane proteins (Fan et al., 2011). The 

accumulation of large amounts of recombinant protein in the membrane of host cells 

can also induce stress responses from the host triggering proteolytic systems 

causing the degradation of the overexpressed protein (Lee et al., 2004).

2.1.2.2. Codon bias

Fleterologous overexpression can be hindered by codon bias in the host 

organism. Most amino acids are encoded for by more than one codon, however 

only a limited number of codons for each amino acid are present in any particular 

organism (Ikemura et al., 1981; Nishino, 2003). Therefore the tRNA levels within 

the organism reflect the proportion of the codons for each amino acid resulting in 

codon bias (Dong et al., 1996; Ikemura et al., 1981; Stoletzki and Eye-Walker 2006). 

This means that if heterologously expressed proteins are encoded for by rare 

codons their expression may be hampered simply by the tRNA population for certain 

amino acids (Goldman et al., 1995). If there are insufficient tRNAs overexpression 

can be hampered by; translation stalling, premature termination of translation, 

translational frame shift or amino acid miss-incorporation (Kurland and Grant, 1996; 

Stoletzki and Eyre-Walker, 2006).

2.1.2.3. Protein folding capacity

The folding of membrane proteins into their final tertiary conformation is an 

important and unsolved step in protein expression. The folding of many eukaryotic
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endoplasmic reticulum (ER) and bacterial cytoplasmic membrane proteins is 

catalysed by integral membrane chaperones (Kota et at, 2005; Wagner et at,

2006). In E. coli most inner membrane proteins are targeted and inserted into the 

membrane co-translationally using the signal recognition particle and Sec pathway 

(Berstein, 2000). The major components of the Sec pathway form a complex which 

is homologous to the Sec61 complex in the ER, both complexes function as 

aqueous channels for protein translocation (Muller et a/., 2001). The capacity of the 

chaperones may not be great enough to support the folding of overexpressed 

proteins resulting in improper folding (Kota et at, 2005; Wagner et a/., 2006). Some 

membrane proteins for example transporters have been shown to require specific 

chaperones for proper folding (Kota etal., 2005; Matsumoto etal., 1987; Nagamori 

et at, 2004). This means that in the heterologous overexpression of membrane 

proteins, the chaperones required to assist folding may not be present. The folding 

of the soluble domains of membrane proteins may require cytoplasmic and 

periplasmic or luminal chaperones. These chaperones may not always be present 

in sufficient amounts to support the folding of overexpressed proteins in addition to 

their endogenous substrates. The absence of specific chaperones, in sufficient 

quantities in host systems may prevent proper folding of the overexpressed protein.

2.1.3. Overcoming the bottlenecks of membrane protein overexpression

2.1.3.1. Expression from plasmid vectors

The use of high copy number plasmids for the overexpression of 

recombinant proteins can provide an efficient system for the production of large 

(milligram) amounts of functional protein (Wagner et at, 2006). The use of plasmid 

vectors enables the protein of interest to be placed under the control of a promoter 

whose activity is controlled by the addition of a specific inducer (Melkinov et a/., 

1977). The pBAD system is under the tight control of the araBAD operon allowing 

genes to be expressed only when the L-arabinose inducer has been added to the 

growth media. The level of expression of the protein of interest is proportional to the 

concentration of L-arabinose added, such that in the absence of the inducer the 

protein is not expressed (Guzman et al., 1995). However, other expression systems 

are not so robust and expression of the protein of interest from the multicopy 

plasmid can take place in the absence of inducer, this is referred to as leaky 

expression (Mertes et al., 1995). One well documented example of a plasmid vector 

from which leaky expression occurs is the T7 plasmid (Mertes et at, 1995). The T7 

vector places the gene of interest under the control of the T7 bacteriophage
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promoter, with expression induced by the addition of isopropyl 3-D-1- 

thiogalactopyranoside (IPTG); however expression in the absence of IPTG has been 

shown (Guzman et al., 1995). Overexpression of the protein of interest from a 

multicopy plasmid is also beneficial as it enables the genetic modification of proteins 

to improve their stability and facilitate their detection for purification (Arnold et al., 

1991).

2.1.3.2. Optimisation of growth conditions

To overcome the bottlenecks of overexpression it is essential to optimise the growth 

conditions. The conditions used to overexpress membrane proteins in a particular 

host can greatly influence protein yields (Wagner et al., 2006). Growth temperature 

has been highlighted many times as having a major impact on the quality and 

stability of the protein produced (Schein, 1989; Sorensen and; Vasina and Baneyx, 

1996). Temperatures which are best for growth and generate large amounts of 

biomass are not necessarily the best conditions for protein overexpression. 

Decreasing temperature to slow the rate of growth and translation can be beneficial 

to the overexpression of functional protein (Wagner et al., 2006). In the same way 

lowering inducer concentration or selecting weaker promoters can increase yield by 

slowing translation and limiting the strain on the host expression system (Mortensen, 

2005). Slowing translation by lowering inducer concentration or growth temperature 

has also been shown to increase the proper insertion of overexpressed protein into 
the membrane (Bonander et al., 2005).

2.1.3.3. Improving folding

Co-expression of molecular chaperones (Baneyx et al., 2004; Chen et al., 2003; 

Sorensen et al., 2005) or signal recognition particle pathway (SRP) targeting 

proteins (Lee and Bernstein, 2001) can increase the overexpression yield of 

challenging proteins and increase the probability of correct folding and proper 

insertion into the membrane (Economou, 1999). A successful example of co

expression of a molecular chaperone improving yield of functional protein is the 
E.coli Mg2+ transporter CorA whose expression is dramatically increased by co

expression of the DnaJ-DnaK chaperone system (Chen et al., 2003). Yields of 

functional protein can also be increased by the addition of ligands to the culture 

medium. Ligands can assist in the proper folding of the protein of interest and help 

maintain its stability (Andre et al., 2006; Weiss et al., 1998).
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2.1.4. The engineering of membrane proteins for overexpression 

2.1.4.1 Engineering the N-terminus

In both eukaryotes and prokaryotes there is a strong preference for the N-terminal 

tail of membrane proteins to be located in the cytoplasm (Daley et a!., 2005; Wagner 

et al., 2006). The translocation of the N-terminal tail is dependent upon; it remaining 

unfolded (which is easier if the tail is shorter), the number of positively charged 

residues in the tail, the charge difference and the overall hydrophobicity of the 

protein (Monne et al., 2005). Membrane protein overexpression can be hampered if 

the N-terminal tail is not correctly translocated. Genetic modification to truncate the 

N-terminal tail of the membrane protein can ensure it is successfully translocated 

(Monne et al., 2005). Genetic modification of the N-terminal of membrane proteins 

by the addition of soluble fusion proteins such as glutathione transferase and green 

fluorescent protein (GFP) has also been shown to improve overexpression of 

recombinant membrane proteins (Monne et al., 2005).

2.1.4.2. Engineering the C-terminus

As folding through the translocon is primarily one directional from the N- to the C- 

terminal, the C-terminal tails of membrane proteins can be threaded through either 

side of the membrane in an unfolded condition (Dalbey et al., 1995). This means 

that translocation of large extra-cytoplasmic C-terminal tails is easier than for N- 

terminal tails and attachment of large fusion proteins to the C-terminal is possible 

without effecting membrane insertion (Drew et al., 2002). The addition of soluble 

fusion proteins such as green fluorescent protein (GFP) or maltose binding protein 

(MBP) can also improve the yield of poorly expressed proteins and prevent 

proteolytic cleavage (Weiss and Grisshammer, 2002). The addition of C-terminal 

synthetic tags such as a poly-histidine tag, a strepavidin tag or a c-myc epitope can 

improve protein stability and aid purification (Tucker et al., 1996; Kashino, 2003).

2.1.5. Selection of hosts for membrane protein overexpression

The issue of tRNA population and codon bias is one of the reasons that host 

strain selection is important for protein overexpression. Plasmid stability is another 

important factor when selecting a host strain as control of expression from certain 

plasmids requires hosts to have specific phenotypes (Dumin-Seignovert et al., 2004; 

Wang et al., 2001). To overcome the issue of rare codons E. coli strains BL21 

CodonPlus (DE3)-RIL and Rosetta were developed, they contain extra copies of 

tRNA genes that are rare in E. coli but more common in other organisms
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(Gustafsson et al., 2004). The strains contain the T7 RNA polymerase expression 

system which is produced from the lysogenic A prophage DE3 and is under the 

control of the IPTG-inducible lac UV5 promoter (Studier et al., 1990). Expression 

from plasmids such as pBAD can be achieved through the use of the LMG194 host 

strain which is the default for pBAD expression (Wang et al., 2001). The E. coll 

strain LMG194 is geneotypically characterised by a disrupted araBAD operon which 

results in the bacteria being unable to metabolise arabinose used as the systems 

inducing reagent (Guzman et al., 1995).

2.1.6. Purification of Membrane Proteins

Following the successful overexpression of membrane proteins they must be 

separated and purified from the other cell material. Purification of membrane 

proteins is much more difficult than soluble protein purification as, membrane 

proteins have a tight association with the membrane which provides a scaffold to 

their natural structure (Grisshammer and Tate, 1995; Kashino, 2003). Membrane 

proteins are also extremely hydrophobic with single or several transmembrane units 

or are closely associated to the membrane, have functional states often composed 

of multi subunit complexes, can have complexes containing co-factors and lipids 

and their protein complexes can have peripheral proteins which are essential for 

function but are easily lost in the purification process (Kashino, 2003), all of which 

make membrane protein purification difficult. Despite the difficulties associated with 

membrane protein purification they can however be purified using most of the 

existing techniques available for soluble proteins.

The first step in the purification of membrane proteins is the extraction of the 

proteins from the phospholipid bilayer. Extraction requires disruption of the 

membrane phospholipid bilayer without the irreversible disruption of the target 

protein’s structure (Buenafe et al., 2012). Due to their hydrophobic nature 

membrane proteins require detergents for this process. Amphiphilic detergent 

molecules can mimic the stabilising properties of the cell membranes natural 

phospholipids (Gorzelle et al., 2002). Detergents are used throughout the 

membrane protein solubilisation and purification process to keep the proteins stable 

and in solution (Gennis et al., 1989).

There are two principal classes of detergents; ionic which includes cationic, 

anionic and zwitterionic, and non-ionic (de Lima Santos and Ciancaglini, 1999). 

When placed in water detergents form a monolayer at the water-air interface, the 

monolayer is in equilibrium with its monomers or the monomers of the aqueous
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phase (Helenius et al., 1975). If the concentration of detergent monomers is 

increased to a critical level at an appropriately high temperature detergent micelles 

will form. Detergent concentration above which micelles form is known as the 

critical micellar concentration (CMC) (Helenius et al., 1975). The CMC of a 

detergent depends upon the temperature, ionic strength and pH (Tanford et al., 

1976). Detergents solubilise membrane proteins by disrupting the lipid-lipid and 

lipid-protein interactions of the cell membrane, they then compete with the 

membrane lipids for occupation of the hydrophobic surfaces of the membrane 

proteins, forming detergent-lipid-protein micelle mixtures (Hjelmeland et al., 1990), 

solubilisation by detergents is optimal at concentrations equal to or above the CMC. 

Membrane solubilisation can be affected by temperature, ionic strength, pH, the 

presence of ions, co-existing salts, the membrane lipids and the protein molecules 

present (Le Maire et al., 1983). The fluidity and packing efficiency of the detergent 

monomers around the protein molecule will affect the stability of the protein 

(Musatov, et al., 2000).

The successful purification of membrane proteins in a native functional form 

hinges greatly on the detergent selection (Gravito et al., 2003). The selected 

detergent; should not deactivate the protein, will require a suitable buffer and pH 

system to maintain protein stability, should be capable of solubilisation at low 

concentrations and temperatures and not dramatically alter the protein structure (de 
Lima Santos and Ciancaglini, 1999). It is also important to consider what the 

purified protein is required for as the detergent may be a good solubilising agent but 

could be difficult to exchange later on (Silvius, 1992). Selection of the wrong 

detergent can cause protein aggregation and affect protein quaternary structure 

(Kashino, 2003). Often detergent selection is a matter of trial and error assays can 

be carried out to determine the stability of membrane proteins in a panel of various 

detergents. The most common method is the analysis of the peak shape and 

retention time in gel filtration chromatography (Kashino, 2003; Rumley et al., 1996; 

Wiener, 2004). Gel filtration chromatography gives clear information about protein 

aggregation and oligomerisation.
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2.2. Materials and Methods

2.2.1. Cloning and Plasmids

The expression vector containing the mdtM gene used in this thesis was already 

present in the lab and supplied by Dr. C.J. Law. The expression vector had been 

made using the polymerase chain reaction (PCR) using forward and reverse primers 

designed according to the EcoGene DNA sequence (EG 12576) were used to 

amplify the 1230 base pair (bp) region of the mdtM open reading frame from E. coli 

K-12 [F-, A(araD araB)567, AlacZ4787(::rrnB-3), K, rph-1, A(rhaD-rhaB)568, 

hsdR514] genomic DNA. To enable ligation into a modified pBAD/Myc-His A 

expression vector (Invitrogen) the primers engineered an Nco1 site at the 5’ end of 

the gene and an EcoR1 site at the 3’ end. The result was a construct encoding the 

410 amino acid residues of MdtM with a C-terminal myc-epitope and a hexahistidine 

tag to enable the purification process. The Nco1 restriction site caused a proline to 

glycine mutation at the second amino acid position of MdtM. The cleavage of the 

myc-His tag was enabled by a thrombin cleavage site. The plasmid produced was 

termed pMdtM (Figure 2.1) and placed mdtM under the control of the araBAD 

promoter (Guzman et at, 1995; Datsenko et al., 2000).

Figure 2.1: Diagram of the pMdtM vector construct. The 1230 bp region of the mdtM open reading 

frame from £. coli K-12 genomic DNA is inserted into pBAD vector for amplification. Due to the use of 

Nco1 there is a mutation at the second position of MdtM converting a proline residue to glycine. The 

rectangular box represents the individual components of the vector construct, which starts with the 

ATG start codon, followed by the 1230 bp sequence of mdtM, the myc epitope, the thrombin cleavage 

site (Thr), the hexahistidine tag and the TGA stop codon.
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2.2.1.2. Oligonucleotides

Oligonucleotides used in amplification of genes encoding MdtM mutants were 

designed using Stratagene online software.

Oligonucleotides used in amplification of gene encoding MdtM D22A mutant

(1) Forward primer

5’- g atgg cgttgattttgtatg cctttg ctg cgtatctgtc-3’

(2) Reverse primer

5’- gacagatacgcagcaaaggcatacaaaatcaacgccatc-3’

Oligonucleotides used in amplification of gene encoding MdtM R108K mutant

(1) Forward primer

5’- atgacacagtttcttatcgcgaaagcaattcagggcaccagtatc -3’

(2) Reverse primer

5’- gatactggtgccctgaattgctttcgcgataagaaactgtgtcat-3’

Site directed mutagenesis of the pMdtM plasmid was performed using the 

QuikChange Lightning site directed mutagenesis kit (Stratagene, Agilent 

Technologies, UK).

2.2.2. Bacterial strain selection

2.2.2.1. Plasmid propagating Escherichia coli strains

E. coli TOP 10 [F' mcrA A(mrr-hsdRMS-mcrBC) ijjSOIacZ AM 15 AlacX74 nupG 

recA1 araD139 A(ara-leu)7697, galE15 rpsL endA1 K] strain was used for the 

propagation of plasmid DNA.

2.2.2.2. Protein expressing Escherichia coli strains:

E. coli strain IMG 194 [F- A(laclPOZY)X74 galE galK thi rpsL deltaphoA ara714] 

was selected as the host cell for overexpression of MdtM for protein purification.

The pBAD vector expression system requires the host cell to be deficient in 

arabinose metabolism (Wang et al., 2001). The E. coli strain IMG 194 is 

geneotypically characterised by a disrupted araBAD operon which results in the 

bacteria being unable to metabolise arabinose used as the systems inducing 

reagent (Guzman et al., 1995). LMG 194 has been described by Wang et al., 2001 

as the default strain for use with the pBAD expression vector and has proved to be a 

successful vector host in the overexpression of transporters for functional and
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structural studies from pBAD plasmid before, including the MFS transporter GIpT 

(Huang et al., 2003; Wang eta!., 2003). IMG 194 was therefore selected as the 

host for the overexpression and purification of MdtM.

2.2.3. Purification of vector/plasmid

Purifications were preformed from 5 ml overnight cultures inoculated with a single 

colony of transformed E. co//TOP10 cells grown aerobically overnight at 37°C with 

shaking at 270 rpm in LB medium with 100 pg/ ml carbenicillin. The isolation and 

purification of the plasmid was performed with QIAprep Spin Miniprep Kit (Qiagen, 

Manchester, UK).

2.2.4. Transformation E. coli with pMdtM by heat shock

E. coli strains and plasmid were mixed in pre-chilled 14 ml BD Falcan tubes (BD 

Bioscience, USA) at a concentration of 1 pi of 100 ng/pl plasmid per 100 pi of 

competent cells, 50 pi of competent cells were used in each transformation. The 

plasmid and competent cell mixture was left to chill on ice at 4°C for 20 min. 

Subsequent to this the mixture was heat shocked for 45 seconds by placing the 

tubes in a 42°C water bath. The mixture was then placed on ice for 10 min. 800 pi 

of Luria-Bertani (LB) broth was added, and the cells placed in an incubator at 37°C 

with shaking at 270 rpm for 1 h. 200 pi of cell suspension was then plated onto LB 

agar in a 90 mm Petri dish containing 100 pg/ pi carbenicillin.

2.2.5. Overexpression of MdtM

Recombinant pMdtM plasmid was transformed into E. coli LMG 194 cells for 

overexpression studies. To test the expression conditions 100 ml LB media 

containing transformed E.coli cells were grown overnight for 15 h at 32°C under 

aeration at 250 rpm. The overnight cultures with OD60o between 3.0-3.3 were used 

to inoculate a 100 fold dilution of cells into fresh LB. The cells were then grown at 

32°C under aeration at 270 rpm until their OD6oo reached 0.6 or 1.0. At this point the 

cultures were induced with 0.2%, 0.02%, 0.002% or 0.0002% (w/v) L-arabinose, 

negative control cultures were induced with distilled water. Depending on the 

conditions being tested the temperature was either kept at 32°C or was reduced to 

25°C under aeration at 270 rpm. Cultures were then grown for a further 1 h, 2 h, 3 h 

or 4 h prior to harvest. Cells were harvested by centrifugation at 5000 x g at 4°C. 

Pilot experiments were carried out in 100 ml volumes. Western blot analysis was 

used to determine the relative success of overexpression at each condition.
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Subsequent scale-ups of successful conditions were performed using six 5 L 

unbaffled flasks containing 1 L of LB providing 6 L of cells for protein purification.

Table 2.1: Table showing the overexpression conditions tested with pMdtM transformed into E. coli 

LMG 194 cells.

Temperature 
prior to induction
(°C)

ODgoo 3t 
induction

[L-arabinose]
(%) (w/v)

Temperature 
post induction 
(°C)

Induction 
time (h)

32 0.6 0 32 2
32 0.6 0.0002 32 2
32 0.6 0.002 32 2
32 0.6 0.02 32 2
32 0.6 0.2 32 1
32 0.6 0.2 32 2
32 0.6 0.2 32 3
32 0.6 0.2 32 4

32 0.6 0 25 2
32 0.6 0.0002 25 2
32 0.6 0.002 25 2
32 0.6 0.02 25 2
32 0.6 0.2 25 1
32 0.6 0.2 25 2
32 0.6 0.2 25 3
32 0.6 0.2 25 4

32 1.0 0 32 2
32 1.0 0.0002 32 2
32 1.0 0.002 32 2
32 1.0 0.02 32 2
32 1.0 0.2 32 1
32 1.0 0.2 32 2
32 1.0 0.2 32 3
32 1.0 0.2 32 4

32 0.6 0 25 2
32 0.6 0.0002 25 2
32 0.6 0.002 25 2
32 0.6 0.02 25 2
32 0.6 0.2 25 1
32 0.6 0.2 25 2
32 0.6 0.2 25 3
32 0.6 0.2 25 4

61



Chapter 2 Overexpression and purification of functional MdtM

2.2.6. Membrane isolation and solubilisation

Harvested cell pellets were resuspended in 50 mM Tris-HCI pH 7.5, 100 mM NaCI 

containing 1 mM phenylmethanesulfonyl fluoride (PMSF), protease EDTA-free 

inhibitor cocktail tablets (Roche Diagnostics, UK) and 5 nM bovine DNase. To break 

the cells the suspension was passed three times through a chilled French pressure 

cell at 1000 psi. Unbroken cells and cell debris were removed by centrifugation at 

18,000 x g. Cell membranes were harvested by ultracentrifugation at 100,000 x g 

for 2.5 h. Membranes were resuspended in 15 ml of membrane solubilisation buffer 

(20 mM Tris-HCI pH 8.0, 500 mM NaCI, 10 mM Imidazole, 2 mM PMSF) per gram of 

membrane and solubilised by addition of dodecyl-P-D-maltopyranoside (DDM; 

Melford Laboratories Ltd., UK) to 1.2-1.5% (w/v) with stirring at 4°C.

2.2.7. Immobilised Metal Affinity Chromatography (IMAC) Purification

Cobalt (Co2+) affinity purification of MdtM was carried out using a protocol based on 

the successful purification of another MFS transporter GIpT (Auer et at., 2001). All 

steps were performed at 4°C unless otherwise stated. Solubilised membrane was 

incubated with 1 ml of 50 % Co2+-NTA agarose beads (providing a column volume of 

0.5 ml) for 3 h with end over end rotation. The mixture was then transferred to a 

Kontes column and unbound protein was allowed to flow through under gravity.

Two 10 ml (20 times column volume (CV) washes were preformed with 50 mM Tris 

pH 8.0, 100 mM NaCI, 20 % glycerol, 0.01 % DDM and 10 mM and 15 mM 

imidazole respectively. The protein was then eluted from the column in three steps 

with 1 column volume of (50 mM Tris pH 8.0, 100 mM NaCI, 20 % glycerol and 0.01 

% DDM) containing of 150 mM, 300 mM and 500 mM imidazole respectively. The 

total protein in each eluted fraction was quantified by a bicinchoninic acid assay 

(BCA) (Thermo Scientific Pierce, Rockford, IL) used in accordance with the 

manufacturer’s instructions. Protein fractions were then analysed for purity by 

Coomassie Blue-stained 12 % 8 M Urea SDS-PAGE or 12 % Bis-Tris SDS-PAGE.

Following the initial successful IMAC purification of MdtM using the above 

method trials were conducted to optimize the purification protocol to improve yield 

and purity. A broad range of Ni2+-affinity purification conditions were tested 

including different buffering conditions, incubation times and column volumes. 

Alterations were made to the purification protocol based on the information provided 

from the results of the previous purification process. The ultimate aim was to 

provide the greatest yield of purified MdtM with the fewest contaminants or higher 

order aggregates.
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Ni2+-affinity purification of MdtM was carried out at 4°C unless otherwise stated. 

Depending on the conditions being tested solubilised membranes were incubated 

with; 1 ml, 1.5 ml or 2ml of His-Pur Ni2+ affinity resin (Thermo Scientific Pierce, 

Rockford, II) for 3 h or 4 h. The mixture was then transferred to a Kontes column 

and unbound protein was allowed to flow through under gravity. The column was 

then washed with; 20 CV of two wash buffers (50 mM Tris pH 8.0, 100 mM NaCI, 20 

% glycerol and 0.01 % DDM) containing 10 mM and 15 mM imidazole respectively, 

or with 20 CV of two wash buffers (50 mM Tris pH 8.0, 100 mM NaCI, 20 % glycerol 

and 0.01 % DDM) containing 10 mM and 25 mM imidazole respectively, or 30 CV of 

one wash buffer (50 mM Tris pH 8.0, 100 mM NaCI, 20 % glycerol and 0.01 %

DDM) containing 30 mM imidazole. Incubation time with the wash buffer prior to 

flow through under gravity was 0 min, 2 min, 5 min or 10 min. The protein was 

eluted from the column in three steps with 1 times column volume of (50 mM Tris pH 

8.0, 100 mM NaCI, 20 % glycerol and 0.01 % DDM) containing of 150 mM, 300 mM 

and 500 mM imidazole respectively. Incubation time with the elution buffers prior to 

flow through under gravity was 0 min, 2 min or 5 min. The total protein in each 

eluted fraction was quantified by a bicinchoninic acid assay (BCA) (Thermo 

Scientific Pierce, Rockford, IL) used in accordance with the manufacturer's 

instructions. Protein fractions were then analysed for purity by Coomassie Blue- 

stained 12 % 8 M Urea SDS-PAGE or 12 % Bis-Tris SDS-PAGE.

2.2.8. Gel electrophoresis

Sodium Dodecyl Polyacrylamide Gel Electrophoresis (SDS-PAGE) was used to 

separate proteins according to their size as described by Laemmli 1970. 12 % SDS 

8M Urea gels or 12% Bis-Tris gels were used for protein purification experiments. 

After completed electrophoresis gels were stained with Coomassie blue staining 

solution (50 % methanol (v/v), 10 % acetic acid (v/v) and 0.05 % brilliant blue r-250 

(w/v)). 12 % Bis-Tris gels were used for western blot analysis.

2.2.9. Thrombin digestion

IMAC-purified protein fractions shown by SDS-PAGE analysis to contain purified 

MdtM were pooled and subjected to thrombin digestion to remove the hexahistidine 

tag from the target protein. 6 NIH units of thrombin per milligram of protein was 

added and the mixture was rotated gently end over end overnight at 4°C.
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2.2.10. Size-exclusion chromatography

Thrombin digested protein was concentrated to 0.5 ml by centrifugation in a Millipore 

spin column (Merck Millipore, Darmstadt, Germany). The concentrated protein was 

loaded on to a Superdex 200 5/150 GL gel filtration column (GE Healthcare) 

connected to an AKTA FRIG system. Initial buffering conditions for MdtM 

purification through SE-chromatography were 50 mM Tris-HCI pH 7.2, 120 mM NaCI 

and 0.05% (w/v) DDM.

To determine the optimum conditions of size exclusion chromatography with 

purified thrombin cleaved MdtM a buffer screen was carried out. The 

chromatography runs were performed at a flow-rate of 0.1 ml min"1 and the size and 

shape of the 280 nm UV absorbance peak produced under conditions of 50 mM 

sodium acetate pH 5.2 or 50 mM Tris-HCI pH 7.2 or 50 mM Tris-HCI pH 9.0, 0.05% 

DDM, 5 % Glycerol with 0.1 M, 0.3 M or 0.8 M NaCI present was monitored. The 

conditions which gave the greatest yield and a symmetrical peak were then used in 

a scale-up to produce pure protein for functional studies.

To provide FPLC analysed protein for functional studies thrombin digested 

protein was concentrated from 4 ml to 0.5 ml by centrifugation in a Millipore spin 

column (Merck Millipore, Darmstadt, Germany). The concentrated protein was 

immediately loaded onto a Superdex-200 10/300 GL gel filtration column (GE 

Healthcare) equilibrated with (50 mM Tris, pH 7.2, 300 mM NaCI, 0.075 % DDM, 5 

% Glycerol, 50 mM Imidazole and 1 mM DTT) connected to an AKTA FPLC system. 

The chromatography run was carried out at a flow-rate of 0.1 ml min'1. Protein was 

monitored by absorbance at 280 nm. Protein peak fractions were collected and 

quantified by BCA assay and their purity was analysed using SDS-PAGE.

2.2.11. Optimised purification protocol

• Sample incubated with 2 ml of Ni2+ resin solubilised membrane for 4 hours at 

4°C with end over end rotation

• Single wash of 30 column volumes of wash buffer (50 mM Tris pH 8.0, 100 

mM NaCI, 20 % glycerol, 0.01 % DDM and 30 mM imidazole) with a 10 

minute incubation

• 5 minute incubation with an increasing stepwise gradient of imidazole in 

three elution buffers (50 mM Tris pH 8.0, 100 mM NaCI, 20 % glycerol and 

0.01 % DDM) containing of 150 mM, 300 mM and 500 mM imidazole 
respectively
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• Pool together eluate fractions 1 and 2 and incubate overnight with 6 NIH 

units of thrombin at 4 °C, with end over end rotation to remove the 

hexahistidine tag

• Thrombin digested protein was concentrated to 0.5 ml by centrifugation in a 

Millipore spin column (Merck Millipore, Darmstadt, Germany)

• Concentrated protein was loaded on to a Superdex 200 5/150 GL gel 

filtration column (GE Healthcare) connected to an AKTA FPLC system

• FPLC size exclusion chromatography was carried out with the optimal buffer 

conditions of 50 mM Tris-HCI pH 7.2, 300 mM NaCI, 0.075% DDM, 5% 

glycerol, 50 mM Imidazole and 1 mM DTT with a Superdex-200 10/300 GL 

gel filtration column (GE Healthcare), with a flow rate 0.1 ml/ min'1

2.2.12. Western blot analysis

Harvested cells were resuspended in 1ml Tris-buffered Saline (TBS) (50mM Tris, 

pH8.0 and 400 mM NaCI, 1.2 % DDM) containing 2 pg/ ml DNase I, 1 EDTA-free 

protease inhibitor cocktail tablet (Roche) and 2 mM phenylmethanesulfonylfluoride 

(PMSF), the latter is included to inhibit protease activity. Cells were broken by 

sonication on ice in 1.5 ml eppendorf tubes and centrifuged at 18,000g for 15 

minutes at 4°C. 20 pi of sample was then incubated with 20 pi of loading buffer (50 

mM Tris-HCI pH 6.8, 20% (w/v) SDS, 10% (v/v) glycerol, 1% (v/v) (3- 

mercaptoethanol, 12.5 mM EDTA, 0.02% bromophenol blue) and incubated at 37°C 

for 20 min prior to loading on a 12 % Bis-Tris gel, the gel ran for 75 minutes in Bis- 

Tris running buffer (50 mM MOPS, 50 mM Tris, 1 mM EDTA, 0.1% SDS, 1 mM 

sodium bisulfite) before being transferred to a nitrocellulose membrane. 

Hexahistidine tagged MdtM was detected using HisProbe-HRP and SuperSignal 

West Pico Chemiluminescent Substrate (Pierce Thermo Scientific) according to 

manufacturer’s instructions.

Whole cell westerns were carried out by resuspending harvested cells in 100 

pi of loading buffer. Samples were placed in a sonicating water bath for 30 minutes 

prior to running on a on a 12 % Bis-Tris gel, the gel for 75 min in bis-Tris running 

buffer before being transferred to a nitrocellulose membrane. Hexahistidine tagged 

MdtM was detected using HisProbe-HRP and SuperSignal West Pico 

Chemiluminescent Substrate (Pierce Thermo Scientific) according to manufacturer’s 

instructions.
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Western blots on IMAC purified protein samples were carried out by adding 

20 pi of sample to 20pl of loading buffer and incubating at 37°C for 20 min prior to 

loading on a 12 % Bis-Tris gel, the gel ran for 75 minutes in Bis-Tris running buffer 

before being transferred to a nitrocellulose membrane. Hexahistidine tagged MdtM 

was detected using HisProbe-HRP and SuperSignal West Pico Chemiluminescent 

Substrate (Pierce Thermo Scientific) according to manufacturer’s instructions.

2.2.13. Mass spectrometry

Matrix assisted laser desorption ionization-time of flight (MALDI-TOF) mass 

spectrometry analysis of SE-chromatography purified MdtM taken from a 

Coomassie stained SDS-PAGE gel. MdtM was trypsin digested and the identity of 

the entire MdtM sequence was confirmed. The MALDI-TOF MS analysis was 

performed by the BMS Mass Spectrometry and Proteomics Facility, University of St. 

Andrews.

2.2.14. Determination of the stability, monodispersity and oligomeric state of MdtM

To test the stability, monodispersity and oligomeric state of purified, affinity tag- 

cleaved MdtM in 12 different detergents analytical size-exclusion High Performance 

Liquid Chromatography (SE-HPLC) was used. The system used was a SE-HPLC 

TSK-Gel GSOOOSWxl column (Tosoh Bioscience, Japan) connected to a Finnigan 

SpectraSYSTEM HPLC (Thermo Scientific). The Stokes radius of MdtM-DDM 

complex was determined by comparing its retention time to the retention time of 

standards consisting of soluble proteins of known Stokes radii and molecular mass 

including: cytochrome c (17 A, 12.4 kDA); carbonic anhydrase (23.6 A, 29 kDA); 

bovine serum albumin (BSA) (34 A, 66 kDa); alcohol dehydrogenase (45.5 A, 150 

kDa); and (3-amylase (50.4 A, 200 kDa) according to the protocol described by Auer 

et at., 2001. The SE-HPLC runs were carried out at a flow-rate of 1 ml min'1 at 25°C 

in a buffer consisting of 50 mM Tris-HCI pH 7.5, 200 mM NaS04, 0.05 % (w/v) DDM. 

Absorbance at 280 nm was used to monitor the protein.
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2.3. Results

2.3.1. Primary sequence of MdtM

The 1230 base pair coding region of the mdtM gene was altered by primers to 

include an Nco1 site at the 5’ end of the gene and an EcoR1 site at the 3’ end to 

allow ligation into the modified pBAD/Myc-His A expression vector (Invitrogen). The 

use of the NcoR1 restriction site caused a point mutation at the 5’ end of the protein 

at position two where proline was converted to glycine. The overall construct 

consist of a modified pBAD/Myc-His A expression vector with 410 amino acid 

residues of MdtM with a C-terminal hexahistidine tag to facilitate purification. The 

sequence of the construct was confirmed by DNA analysis (Macrogen, Netherlands, 

Europe). (See Appendix 1 Figure A1.0).

2.3.1.1. Site directed mutagenesis of the pMdtM construct

Site directed mutagenesis carried out on the construct using a QuikChange 

Lighthening kit resulted in the insertion of point mutations into the pMdtM construct, 

namely D22A and R108K. The success of the genetic manipulation was confirmed 

through sequence analysis of purified sample by Macrogen (Macrogen Laborties, 

Europe, Netherlands).

2.3.2. Overexpression of MdtM

In order to obtain large amounts of purified protein for structural and functional 

studies MdtM must be overexpressed. The successful growth conditions for another 

MFS transporter GIpT from E. coli were exploited to optimise MdtM expression 

(Auer et at, 2001). The pMdtM plasmid which is under tight control of the araBAD 

promoter was transformed into E. coli LMG194 cells and expression conditions 

tested (Guzman et at, 1995; Datsenko et at, 2000). To determine the concentration 

of L-arabinose inducer which produced the greatest amount of hexahistidine tagged 

protein growth cultures were set up and induced during mid log phase ODeoo3 0.6 

and at the end of the log phase OD6oo= 1 0 with 0%, 0.2%, 0.02%, 0.002% and 

0.0002% (w/v) L-arabinose. Induction took place for 2 h at either 25°C or 32°C and 

whole cell western blots carried out on the samples collected (Figure 2.2). Prior to 

induction all cultures were grown at 32°C.
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Figure 2.2: Whole cell Western blots showing the expression of MdtM in LMG194 cells, following 

induction with different concentrations of L-arabinose at ODeocF 0.6 or 1.0 for 2 hours at 25°C or 32°C. 

Lane 0= 0% (w/v) L-arabinose, lane 1= 0.2% (w/v) L-arabinose, lane 2= 0.002% (w/v) L-arabinose, 

lane 3= 0.002% (w/v) L-arabinose and lane 4= 0.0002% (w/v) L-arabinose. The top row shows the 

results achieved at 25°C with induction at ODeoo= 0.6 or 1.0 with the results at 32°C shown on the 

bottom row.

The results of the whole cell Western blot analysis of MdtM overexpression 

show the greatest amounts of hexahistidine tagged protein at both temperatures 

following induction at OD60o= 1.0 with the greatest concentration of inducer 0.2% 

(w/v) L-arabinose. Hexahistidine tagged MdtM is visualised on Western blots with 

an apparent molecular mass of ~37 kDa. This is approximately 25% smaller than 

the theoretical mass of the full length construct which is 48,435 kDa. Anomalous 

migration like this is a common phenomenon of membrane proteins and arises due 

to their extreme hydrophobicity (Rath etaf, 2009).

To determine the induction time which resulted in the greatest amount of 

protein being produced at 25°C or 32°C with 0.2% (w/v) L-arabinose whole cell 

Westerns were carried out on samples collected after induction for 1 hour, 2 hours, 

3 hours and 4 hours (Figure 2.3).
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Figure 2.3: Whole cell western blot of hexahistidine tagged MdtM overproduction in LMG194 cells in 

different conditions. Lane 0= 0 hours induction with 0.2% (w/v) L-arabinose, lane 1= 1 hour, lane 2= 

2hours, lane 3= 3 hours and lane 4= 4 hours.

The whole cell Western blots in Figures 2.2 and 2.3 illustrate that the best 

conditions tested for overexpression of MdtM are induction at OD6o0= 1 0 with 0.2% 

(w/v) L-arabinose at 25°C for 2 hours. Induction time longer than 2 hours actually 

sees a reduction in the amount of MdtM produced, this may be due to the protein 

being made and then broken down again as the cells continue to grow. The 

conditions of induction at OD600= 1.0 with 0.2% (w/v) L-arabinose at 25°C for 2 hours 

were used for scale up for protein purification.

The effectiveness of the selected cell culture conditions for overexpression of 

correctly folded and targeted MdtM was highlighted by Western blot analysis of 

DDM solubilised membranes and unsolubilised pellet fraction. The samples were 

taken from culture grown at the 32°C until their OD60o= 1.0, they were then induced 

with 0.2% (w/v) L-arabinose at 25°C for 2 hours. The western blot analysis showed 

that the overexpressed transporter was exclusively found in the cytoplasmic 

membrane portion rather than in an inclusion body formation (Figure 2.4)
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Figure 2.4: West Blot analysis of DDM solubilised membrane (lane 1) and unsolubilised pellet (lane 2), 

revealing that MdtM is located exclusively in the membrane fraction. There is also no evidence of In 

vivo proteolysis, which is to be expected as the construct was placed under the tight control of the 

araBAD promoter.

2.3.3. Purification of MdtM

2.3.3.1. Initial IMAC purification of MdtM

Homogenous MdtM was purified using a two step chromatography protocol; the first 

step was IMAC followed by size exclusion (SE) chromatography. Initial IMAC 

purification was based on protocols which had proved successful for another MFS 

transporter GIpT (Auer, et al., 2001). However, in contrast to the Auer protocol Co2+ 

-NTA agarose beads were used, as it was hoped they would provide protein with 

fewer contaminants. Samples were taken at each stage of the IMAC process and 
ran on a 12% Bis-Tris gel. The Co2+-affinity purified protein migrated as a single 

fuzzy band on the Coomassie stained gel (Figure 2.5) in the lanes containing eluate 

1, 2 and 3. The darkest band was seen in the lane of eluatel indicating that it had 

the greatest amount of MdtM present. The IMAC purified sample was free of any 

significant proteolysis products or higher molecular weight contaminants.

V)
&

Figure 2.5: Coomassie stained 12% Bis-Tris gel of the various stages of the IMAC purification process 

of hexahistidine tagged MdtM.
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2.3.3.2. Buffer screen for FPLC SE-Chromatography of I MAC purified MdtM

To establish the optimum pH and salt concentration for the SE-Chromatography of 

IMAC-purified MdtM, a buffer screen of tag cleaved purified protein was carried out. 

The screen was carried out by running 360 pg of tag-cleaved, IMAC-purified MdtM 

in various buffering conditions on a Superdex200 S/150 GL column. MdtM was 

eluted off the column at ~1.5 ml elution volume, the profile and size of the peak was 

used as an indication of the condition of the protein in each buffering system.

The chromatograms produced from the FPLC runs indicated that pH7.2 was 

the optimum pH for SE-Chromatography to tag cleaved MdtM (Figure 2.6). The 

traces shown in the middle row of Figure 2.6 are the FPLC chromatograms in pH 7.2 

buffer with NaCI concentration 0.1 M, 0.3M and 0.8M, all three traces show 

symmetrical peaks at ~1.5 ml with small pre-peaks prior to this at ~ 1 ml. The 

symmetry of the peaks and the absence of large aggregate peaks indicates MdtM is 

monodisperse under these conditions. The peaks are also larger at pH 7.2 than at 

pH 5.2 or 9.5 indicating that most of the sample present is in the form of 

monodisperse protein. The conditions selected for the scale up the SE 

chromatography stage of MdtM purification on the 24 ml column volume Superdex- 

200 10/300 GL gel filtration column were pH 7.2 with 0.3M NaCI.
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Figure 2.6: FPLC chromatograms of MdtM purification by size exclusion chromatography on Superdex 

S200 in buffer solution containing 0.1 M, 0.3 M or 0.8 M NaCI at pH 5.2, 7.2 or 9.5.

2.3.3.3. Optimisation of I MAC purification of MdtM

Homogenous MdtM was purified using a two step chromatography protocol; the first 

step was I MAC followed by size exclusion (SE) chromatography. The conditions for 

both IMAC and SE-chromatography had to be optimised to provide the large 

amounts of purified MdtM required for functional and structural studies, optimisation 

was carried out as described in section 2.2.7.

MdtM was purified using a protocol which had proved successful for GIpT 

(Auer, et at., 2001). The protocol used differed from the GIpT purification protocol 

with respect to the metal affinity resin used. Co2+ -NTA agarose beads were used 

instead of Ni2+ as it was hoped they would provide protein with fewer contaminants. 

Samples were taken at each stage of the IMAC process and ran on a 12% Bis-Tris 

gel. The Co2+-affinity purified protein migrated on the Coomassie stained gel as one 

fuzzy band (Figure 2.7 A) in the lanes containing eluate 1, 2 and 3. The darkest 

band was seen in the lane of eluatel indicating that it had the greatest amount of 

MdtM present. The IMAC purified sample was free of any significant proteolysis

72



Chapter 2 Overexpression and purification of functional MdtM

products or higher molecular weight contaminants. The lane containing the eluate 1 

sample has the darkest band which indicates the largest amount of MdtM in present 

in this sample. The gel also shows that the IMAC purified MdtM sample is free of 

any significant proteolysis products or higher molecular weight contaminants. After 

overnight thrombin digestion tag cleaved MdtM was further purified using an FPLC 

size exclusion column. Tag-cleaved MdtM was eluted from the column in three 

asymmetrical peaks (Figure 2.7 B), indicating that the protein was not pure or 

monodisperse. Figure 2.7 (B) peak (T) is believed to be higher order aggregates of 

MdtM; peak (2) is MdtM and peak (3)is low molecular weight contaminants such as 

the cleaved tag and lipids. Peak fractions were collected from across the 

chromatogram and Coomassie stained Bis-Tris-PAGE revealed the presence of 

small amounts of purified MdtM as well as higher order aggregates (Figure 2.7 C). 

The yield for this prep was 1.5 mg of MdtM from 6 L.

Elution volume (ml)

Peak fractions

KOa

70

50 

40
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Figure 2.7: (A) Coomassie stained bis-Tris-PAGE of the various stages in the IMAC purification 

process. (B) FPLC SE-chromatogram of tag-cleaved IMAC purified MdtM, the three peaks on the 

chromatogram represent from left to right aggregates of MdtM, monodisperse MdtM and cleaved tag or 

lipids (C) Coomassie stained bis-Tris-PAGE of peaks fractions from across the FPLC chromatogram.
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To increase the yield of purified MdtM the IMAC resin was changed from 

cobalt to His-Pur Ni2+ affinity resin (Thermo Scientific Pierce, Rockford, IL), as Ni2+ 

resin forms tighter bonds with poly histidine tagged proteins than Co2+ resin. All 

other IMAC conditions remained as before. The Ni2+ -affinity purified MdtM migrated 

on the Coomassie stained gel (Figure 2.8 A) as a fuzzy band with the darkest band 

seen in the eluate 1 column indicating it had the greatest amount of MdtM present.

In contrast the single fuzzy protein band seen in the eluate 1 column of the Co2+- 

affinity IMAC gel (Figure 2.7 A) the Ni2+-affinity purified IMAC gel showed the 

presence multiple bands indicating the formation of higher order aggregates of 

MdtM as well as other contaminants. Tag cleaved MdtM was further purified using 

FPLC SE-chromatography, the buffering conditions were the same as those for the 

first protein preparation (Figure 2.8 B). The chromatogram produced (Figure 2.8 B) 

had two large peaks. At around 8 ml elution there is a large peak of 1000 mAu, 

peak (T), it is asymmetrical and its location indicates it is too large to be the purified 

MdtM monomer and perhaps represents the protein aggregates and other 

contaminants seen on the IMAC gel. Peak (2), at elution volume 12.3 ml is larger 

than peak (I), it appears symmetrical and its location suggests it is tag cleaved 

MdtM. A Coomassie stained gel of the peak fractions collected across the 

chromatogram confirmed the presence of the higher order aggregates and 

contaminants. They can be seen as bands of molecular weight higher than that of 

MdtM in Figure 2.7 (C). Despite the presence of higher order aggregates and 

contaminants the use of the Ni2+ resin doubled the yield of MdtM from 1.5 mg from 

6 L of culture to 3 mg per 6 L of culture.
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Figure 2.8: Progression through the two stage purification process of MdtM (A) Coomassie stained 
Bis-Tris-PAGE of the various stages in the Ni2+ affinity purification process (B) FPLC SE- 

chromatogram of tag-cleaved IMAC purified MdtM. (C) Coomassie stained Bis-Tris-PAGE peaks 

fractions from across the FPLC chromatogram.

To reduce the presence of contaminants the IMAC column wash conditions 

were altered. The amount of imidazole present in the second wash buffer was 

increased from 15 mM to 25 mM ensure any material non-specifically bound to the 
Ni2+ resin was removed prior to elution of the target protein from the column. There 

was an increase in the amount of protein lost from the column during the washes, 

this is visualised on the Coomassie stained IMAC gel (Figure 2.9 A) by the presence 

of dark grey bands in the wash lanes. The Coomassie stained gel shows the Ni2+- 

affinity purified protein ran as a single dark band with fewer contaminants than with 

the conditions tested in Figure 2.8. The FPLC SB chromatography was carried out 

under the same buffering conditions as those used in Figures 2.7(B) and 2.8(B), the 

chromatogram of tagged cleaved IMAC purified protein produced had a single peak. 

The single symmetrical peak was located around 12.3 ml elution volume as
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expected for MdtM. The size of the peak was reduced in comparison to Figure 

2.8(B) however; it was more symmetrical and was not accompanied by a pre peak 

of protein aggregates, indicating that although the yield had no improved greatly the 

purity of the preparation had. The yield of this protein preparation was 3.5 mg from 

6 L.

Figure 2.9: Progression through the two stage purification process of MdtM (A) Coomassie stained 
bis-Tris-PAGE of the various stages in the Ni2+ affinity purification process. (B) FPLC SE- 

chromatogram of tag-cleaved IMAC purified MdtM. (C) Coomassie stained bis-Tris-PAGE of peaks 

fractions from across the FPLC chromatogram.

To address the issue of low yield the same IMAC column conditions were 

employed with an increase in the incubation of time of the solubilised protein sample 

with the Ni2+-affinity resin. The incubation time of the solubilised membrane sample 

with the resin was also increased to 4 hours. To increase purity of the sample by 

removing all material non-specifically bound to the resin incubation periods with 

wash buffers were introduced for two minutes prior to flow through under gravity.
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The Coomassie stained 12 % Bis-tris PAGE gel of the various IMAC purification 

stages showed that less target protein was lost in the wash following the increased 

incubation time (Figure 2.10 A). Despite less target protein being lost there was an 

increase in the amount of protein in the wash sample indicating that more impurities 

had been removed at this stage. Ni2+-affinity purified target protein migrated as a 

large black band with fuzzy edges (Figure 2.10 A). Fligher order aggregate bands 

were present but were not as dark as those for the monomeric target protein. The 

IMAC purified protein was thrombin digested overnight to remove the hexahistidine 

tag prior to further purification with SE chromatography. The SE chromatogram 

produced (Figure 2.10 B) had a small shoulder at ~11.5 ml elution volume on the 

trailing edge, followed by a large symmetrical peak of monodisperse MdtM at ~12.5 

ml. The peak was large with a maximum absorbance of ~ 1100 mAu. A 12% Bis- 

tris SDS PAGE gel of peak fractions showed the presence of higher order 

aggregates which were not seen on the FPLC chromatogram (Figure 2.10 C). The 

high molecular weight bands were perhaps as a result of the concentrated protein 

sample forming aggregates prior to loading on the gel. The change in protocol 

improved the protein yield by 6.3 mg, to 9.8 mg from 6 L of culture.
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Figure 2.10: Progression through the two stage purification process of MdtM following the increase in 
incubation time of the solubilised membrane sample with the Ni2* affinity resin (A) Coomassie stained 

Bis-Tris-PAGE of the various stages in the Ni2* affinity purification process (B) FPLC SE- 

chromatogram of tag-cleaved IMAC purified MdtM. (C) Coomassie stained Bis-Tris-PAGE peaks 

fractions from across the FPLC chromatogram.

To further improve upon the purity of the protein preparation the wash 

conditions were changed to a single wash of 30 CV of wash buffer containing 30 

mM imidazole. The wash was applied for 2 minutes before the sample was allowed 

to run through under gravity. To help improve upon yield the elution conditions were 

also altered, incubations with the elution buffers for 2 minutes before collecting the 

protein sample were introduced. All other conditions remained the same. The result 

was an increase in yield to 12 mg from 6 L of culture. However large amounts of 

impurities and higher order contaminants were present in the eluted protein fractions 
(Figure 2.11 A). The band for the Ni2+-affinity purified MdtM migrated as a thick 

smeary dark band, the bands thought to represent higher order aggregates of the 

protein were darker and thicker than those of the monodisperse protein indicating
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most of the protein produced had aggregated. The FPLC SE-chromatogram of the 

thrombin-cleaved, IMAC-purified sample did not however show the presence of 

large amounts of protein aggregate (Figure 2.11 B). The FPLC trace showed a 

large symmetrical peak at ~12.5 ml elution volume indicating that MdtM was in a 

pure monodisperse form. The peak had a slight shoulder on its trailing edge 

representing some aggregation product, but not as much as expected from the large 

bands present on the IMAC gel. Peak fractions collected from across the 

chromatogram revealed the presence of the aggregated protein bands again, the 

higher order protein bands were darker than those for monomeric MdtM indicating 

that most of the protein was present in higher order aggregate form, although this 

contradicted the FPLC trace. This may be as a result of increasing yield causing the 

concentrated sample to form aggregates in the sample tube prior to loading on the 

gel.

0 12 24
Elution volume (m!)

Peak fraction* 
I

Figure 2.11: Progression through the two stage purification process of MdtM following the increase in 
incubation time of the solubilised membrane sample with the Ni2+ affinity resin (A) Coomassie stained 

Bis-Tris-PAGE of the various stages in the Ni2+ affinity purification process. (B) FPLC SE-
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chromatogram of tag-cleaved IMAC purified MdtM. (C) Coomassie stained Bis-Tris-PAGE peaks 

fractions from across the FPLC chromatogram.

In Figure 2.11(A) the amount of protein present as dimmers or higher order 

aggregates is greater than the amount seen in the monomeric form at ~37 kDa on 

the IMAC gel. The presence of large amounts of aggregates has corresponded with 

an increase in yield of protein. To improve the purity of the protein preparation and 

reduce the aggregate formation the column volume was increased in size from 1 ml 

to 1.5 ml, the incubation time remained at 4 hours. The incubation time of the wash 

buffer was increased to 5 minutes, as was the incubation time with the elution 

buffers. Initially the IMAC purification samples were collected and ran on a 12% Bis- 

Tris gel (Figure 2.12 A). The gel showed large amounts of aggregated product, the 

bands at ~70 kDa representing dimer formation were greater than those at ~37 kDa 

of monomeric MdtM. Flowever, this was yet again not reflected in the FPLC 

chromatogram (Figure 2.12 C) which showed a large symmetrical peak of 

monodisperse MdtM eluting from the column at ~12.3 ml elution volume. The peak 

had a small shoulder on its left hand side at ~12 ml; this shoulder may represent 

aggregates but is considerably smaller than would be expected after observing the 

IMAC gel. The IMAC samples were then ran again on a 12% 8M urea gel to see if 

the phenomenon was a result of a gel issue (Figure 2.12 B). The urea gel showed 

the presence of aggregates as seen in Figure 2.12 (A) however the aggregate 

bands were smaller than those for monomeric MdtM, opposite to the Bis-Tris gel. 
The Ni2+-affinity purified protein ran as a clear, dark, oval shaped, well defined band. 

The differences in the migration of the protein in the two gels seems to indicate that 

MdtM is being purified as a monomer as the FPLC trace suggests, but due to the 

high concentration of protein present it is forming aggregates in the sample tubes 

prior to loading on the gel. The use of the urea gels and urea gel loading buffer 

which also contains 8M urea is separating the aggregates causing a return of the 

expected monomeric bands. A 12% 8M urea SDS-PAGE gel of the FPLC peak 

fractions (Figure 2.12 D) showed large, dark bands at ~ 37 kDa, small amounts of 

protein dimer at ~ 74 kDa were also present although the bands were a lot lighter 

than with the previous protein preparation protocol (Figure 2.11 C). The yield from 

the protein preparation was 14 mg from 6 L.

80



Chapter 2 Overexpression and purification of functional MdtM

Figure 2.12: Progression through the two stage purification process of MdtM following the increase in 

the column size and incubation time with the wash buffer and elution buffers. (A) Coomassie stained 
Bis-Tris-PAGE of the various stages in the Ni2+ affinity purification process. (B) Coomassie stained 

12% 8M urea SDS-PAGE gel of the various stages in the Ni2* affinity purification process. (C) FPLC 

SE-chromatogram of tag-cleaved IMAC purified MdtM. (D) Coomassie stained 12% 8M SDS-PAGE gel 

of the peaks fractions from across the FPLC chromatogram.

To remove the remaining aggregation products the column volume was 

further increased to 2 ml. The conditions of the wash were also changed as the 

imidazole concentration was increased to 30 mM. The incubation time with the 

wash buffer was increased to 10 minutes and the volume applied was increased to 

15 CV. The incubation time with the elution buffers was also increased to 5 

minutes. The 12% 8M urea SDS-PAGE gel of the different stage of the IMAC 

purification process (Figure 2.13 A) had fewer aggregation products in the eluate 1,

2 and 3 columns, the Ni2+-affinity purified MdtM ran as a thick dark solid band at ~37 

kDa, a dark band was also seen at ~72 kDa representing dimer formation although 

was much smaller in comparison to the monomer band. The FPLC SE-
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chromatography trace (Figure 2.13 B) of the tagged cleaved protein sample showed 

a large symmetrical peak at ~12.5 ml elution volume, this represents monodisperse 

MdtM. The peak has a slight shoulder on its left hand side at ~12 ml possibly 

representing the small amount of protein aggregate seen in the IMAC gel. A 12%

8M urea SDS-PAGE gel of fractions taken across the peak (Figure 2.13 C) shows 

dark protein bands at ~37 kDa representing MdtM. There are dimers bands in some 

of the peak fraction sample although these are feint in comparison to the monomer 

bands.

Elution volume (ml)

Figure 2.13: Progression through the two stage purification process of MdtM following the increase in 

the column size and incubation time with the wash buffer and elution buffers. (A) Coomassie stained 
12% 8M urea SDS-PAGE gel of the various stages in the Ni2* affinity purification process. (B) FPLC 

SE-chromatogram of tag-cleaved IMAC purified MdtM (C) Coomassie stained 12% 8M SDS-PAGE gel 

of the peaks fractions from across the FPLC chromatogram.
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2.3.4. Western blot analysis of I MAC purified MdtM

Western blot analysis of the various purification stages of Ni2+-affinity purification of 

MdtM was carried out to confirm the presence of hexahistidine tagged protein at 

each purification stage. Hexahistidine tagged protein was seen using the HRP 

probe at all stages apart from in the wash (Figure 2.14 lane 6) step. This is 

expected as only non-specifically bound protein should be removed at this stage.

~37 kDa

1 2 3 4 5 6 7 8 9

Figure 2.14: Western blot analysis of IMAC purification. Lane 1= molecular weight markers, lane 2= 

unsolubilised membranes, lane 3= DDM solubilised membranes, lane 4= IMAC load, lane 5= flow 

through, lane 6= wash (30 mM imidazole), lane 7= eluted MdtM (150 mM imidazole), lane 8= eluted 

MdtM (300 mM imidazole), lane 9= eluted MdtM (500 mM imidazole). 50 pg of protein was loaded in 

lanes 2, 3, 4 and 5 25 pg was loaded in lane 6 and 10 pg of protein was loaded in lane 7, 8 and 9. No 

hexahistidine tagged protein was visualized in lane 6.

2.3.5. Removal of the hexahistidine tag- Thrombin cleavage

The Ni2+ affinity purified protein was incubated overnight with thrombin as described 

in section 2.3.6. Western blot analysis of MdtM fractions from various stages of the 

purification process confirmed the successful removal of the hexahistidine tag upon 

thrombin digestion. Hexahistidine tagged protein was visualized in lane 1 which 

contained the IMAC purified MdtM sample, no protein was seen in lane 2 which 

contained a sample of IMAC purified MdtM which had been incubated overnight with 

thrombin again no hexahistidine tagged protein was seen in lane 3 which contained 

the FPLC SE-chromatography purified MdtM sample.

1 2 3

~37 kDa

Figure 2.15: Western blot of MdtM fractions at various stages of the protein purification process. Lane 
1= Ni2+-affinity purified MdtM, Lane 2= thrombin digested protein and Lane 3= size exclusion purified 

MdtM. 2 pg of protein was loaded onto each lane.

The removal of the hexahistidine tag was also shown on 12% 8M urea SDS- 

PAGE analysis of IMAC purified sample. A shift in the position the MdtM band
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migrated to indicated that the protein had reduced in size following overnight 

incubation with thrombin (Figure 2.16).

kDa

70

50

40

30

Figure 2.16: 12% 8M urea SDS-PAGE gel of Ni2+-affinity purified MdtM prior to incubation with 

thrombin and then subsequent to thrombin cleavage. The shift in the migration of the bands indicates 

that the protein has reduced in size suggesting that removal of the hexahistidine tag has occurred.

2.3.6. Purified MdtM is monomeric and stable in DDM detergent solution

2.3.6.1. The Stokes’ radius of MdtM

Investigations using SE-HPLC revealed the oligomeric state and stability of IMAC 

purified tag-cleaved MdtM. DDM solubilised MdtM eluted from the HPLC column as 

a sharp, symmetrical, single peak with a retention time of 13.5 min (Figure 2.17).

The Stokes’ radius of MdtM was then calculated by comparison with a set of soluble 

protein standards (section 2.2.14) to be 41 ± 6 A, which is similar to published 

values for other monomeric DDM solubilised MFS transporters with 12 IMS such as 

GIpT (Auer et al., 2001) indicating that MdtM is a monomer when solubilised in 

DDM. Further evidence that MdtM is monomeric comes by comparing the retention 

time of the protein-detergent complex in the SE-FIPLC to the retention times of the 

known standard proteins used to calculate the Stokes radius the apparent molecular 

mass of the MdtM-DDM complex could be calculated. The apparent molecular 

mass was calculated as 105 ± 11 kDa, this is a similar size to that calculated from 

the functional monomer MdfA in DDM solution (112 ± 6 kDa) (Sigal etal., 2007).The 

experimentally determined molecular mass of 105 ± 11 kDa is double that of the 

expected mass of MdtM of 43 kDa calculated from its primary sequence, this may 

be as a result of the proteins tight association with the detergent and phospholipid
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molecules. The mass of each molecule of DDM is estimated to be 0.5 kDa and the 

mass of each phospholipid is assumed to be 0.7 kDa (Sigal et al., 2005) so MdtM is 

like MdfA and binds 101 DDM molecules and 13 phospholipids molecules when 

purified in DDM (Sigal et al., 2007) then the mass of the MdtM-DDM-phospholipid 

complex would equal the experimentally determined value.

123 45

Retention time (minutes)

Figure 2.17: SE-HPLC analysis of MdtM in 0.05% (w/v) DDM solution showed that DDM is a 

monomer. The Stokes’ radius of 41 ± 6 A for MdtM was calculated by comparing its retention time to 

that of soluble proteins of whose Stokes’ radii are known: (1) b-amylase (50.4 A); (2) alcohol 

dehydrogenase (45.5 A); (3) BSA (34 A); (4) carbonic anhydrase (23.6 A); (5) cytochrome c 

(17 A).

2.3.6.2. Stability of MdtM in a panel of 12 detergents

In order to carry out functional and structural studies it is essential to identify the 

detergents which maintain the stability, monodispersity and activity of the protein 

under investigation (Ferre-D’Amare and Burley, 1994; Wagner et al., 2006). The 

stability and monodispersity of MdtM was tested in a panel of 12 detergents at pH 

8.0, using SE-HPLC. The 12 detergents have varying physiochemical properties, 

differing from one another with respect to charge, length of aliphatic chain, type and 

size of head group.

Observations made from the SE-HPLC of MdtM indicated that the protein is 

sensitive to the detergent properties with only a few of the tested detergents able to 

maintain MdtM in a fully monodisperse state under the employed conditions (Figure 

2.18). There were no clear physiochemical properties of the detergents which 

stabilised the protein in a monodisperse state. Out of the 12 detergents tested 

MdtM was most stable in DDM, producing a large symmetrical peak on the HPLC 

chromatogram indicating it was in a stable monodisperse state. Decylmaltoside
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(DM), nonylglucoside (NG) and MEGA-9 all also maintained MdtM in 

monodisperse form but did not produce the large symmetric peak seen with DDM 

(Figure 2.18). All of the other detergents tested caused partial or complete 

aggregation of MdtM including nonylmaltoside (NM) which is related to DDM. When 

incubated with octylglucoside (P-OG) MdtM precipitated out of solution. Upon 

incubation with the phospholipid like Fos-choline (FC) detergents FC-10 and FC-12 

MdtM eluted from the SE-HPLC as a single peak. In FC-10 MdtM formed higher 

order aggregates with shorter retention times than monodisperse MdtM in DDM, and 

eluted from the column as a large peak left of the expected position of MdtM. When 

incubated with FC-12-which has a longer chain than FC-10- more of the protein was 

maintained in the monomeric form. Like FC-12, incubation with FIEGA-10, Cymal-4 

or CFIAPS also resulted in the protein being in a mixture of monomeric and 

aggregated states.

DDMl. DM NM

A
NG P-OG C12E8

JL
HEGA-10 MEGA-9 CHAPS

CYMAL-4 FC-10

L.
FC-12

A
Retention time

Figure 2.18: Stability of MdtM in different detergents. The protein was most stable in DDM, followed by 

decylmaltoside (DM), nonylglucoside (NG) and MEGA-9. Incubation of MdtM with octylglucoside (OG) 

caused the protein to precipitate out of solution, whereas the Fos-choline detergent FC-10 forced the 

protein into a stable oligomeric state. The other detergents tested resulted in a mixture of different 

oligomeric states for MdtM. Approximately 25 mg of protein was used for each measurement. In each 

case the horizontal axis represents a retention time range of 0-30 min and the vertical axis represents 

the absorbance at 280 nm with a range of 0-75 mAU.
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2.4. Discussion

The work in this chapter shows the successful overexpression and purification of 

monodisperse MdtM in detergent solution which is a critical step towards 

biochemical and functional characterisation studies of a novel transporter from an 

important and clinically relevant family of multidrug resistance proteins (Gordan et 

at., 2008; Yin eta!., 2013).

To develop an overexpression system and purification protocol required 

extensive optimization. To achieve overexpression of wild-type MdtM protein the 

conditions which had proved successful for another MFS transporter GIpT the E. coli 

glycerol-3-phosphate transporter were used as a starting point (Auer et at, 2001). 

Like GIpT wild type MdtM was inserted into a pBAD vector placing it under the tight 

control of the araBAD operon; minimizing the risk of leaky expression which could 

interfere with subsequent growth assays (Guzman et at., 1995). The use of an Nco1 

restriction site to ligate mdtM into the pBAD vector resulted in the mutation of the 

proline residue at position two to a glycine residue however this did not effect the 

purification of functional MdtM (Holdsworth and Law, 2012). The addition of a C- 

terminal hexahistidine tag enabled purification and a thrombin cleavage site 

facilitated tag removal, the presence of the thrombin cleavage site also helped 

protect the protein core from further proteolysis. The presence of the Myc epitope 

and the hexahistidine tag enabled overexpression to be monitored by Western blot 

analysis using an HRP probe and facilitated subsequent purification.

The expression vector was transformed into E. coli LMG194 cells as this 

strain had proved successful in the overexpression of GIpT (Auer et at, 2001). E. 

coli LMG194 cells have a disrupted araBAD operon which prevents them from 

metabolizing the L-arabinose which is the inducer of the pBAD system, making them 

an ideal strain for overexpression of pMdtM (Guzman et at, 1995; Wang et a!.,

2003). Various parameters of cell culture were tested to maximize the expression of 

MdtM whilst minimizing the expression of proteolytic products, other contaminants 

and inclusion body formation (Von Heijne et al., 1999). Initial overexpression 

experiments were carried out to find which stage of cell growth and inducer 

concentrations produced the greatest amount of MdtM. The growth stages tested 

were mid-log phase ~ OD60o= 0.6 ad late log phase ~ OD6o0= 1.0. The log phase is 

favorable for protein overexpression as bacteria are still growing rapidly so are 

generating protein but the cell density is such that they are not competing for the 

same metabolites and can generate protein under minimal stress from surrounding
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organisms (Flick et a!., 2004). The experiments were carried out at 25°C and 32°C 

to determine the best growth temperatures as temperature has been highlighted 

time and again as an important factor in protein overexpression (Schein, 1989; 

Sorensen and; Vasina and Baneyx, 1996). The results indicate that the optimum 

inducer concentration (from those tested) for MdtM overproduction is 0.2 % (w/v) L- 

arabinose, induction at late log phase ~OD600= 1.0 produced more protein than at 

mid log phase with the optimum induction temperature seeming to be 25°C (Figure 

2.2); this is similar to the findings for GIpT (Auer et at., 2001). The optimum induction 

period was 2 hours (Figure 2.3). Optimal conditions for protein overexpression and 

membrane yields were obtained by cultivation in LB broth at 32°C until OD6oo= 10, 

the cells were then induced with 0.2% (w/v) L-arabinose for 2 hours at 25°C before 

harvesting through centrifugation. Western blot analysis on solubilised membranes 

and unsolubilised pellet fractions from cells overexpressing MdtM under the 

optimised conditions illustrated that the overexpression conditions were effective at 

producing correctly folded MdtM (Figure 2.4). The Western blot analysis showed 

that the overexpressed MdtM was exclusively located in the membrane and not in 

inclusion body formations.

The first stage in the isolation and purification of MdtM from all the other 

cellular components was immobilised metal affinity chromatography (IMAC). The 

presence of the hexahistidine tag at the C-terminal of MdtM facilitated IMAC 

purification (Hochuli et at., 1988) as proteins with a cluster of histidine residues are 

selectively retained on the porous chromatographic support. To optimise IMAC 

purification certain parameters were refined including the resin, incubation time, 

protein to resin ration, composition and volume of buffers. Despite GIpT purification 
being carried out with Ni2+-affinity resin (Auer et al., 2001) initial purification of MdtM 

was carried out using a Co2+-affinity resin as Co2+ has been shown to bind less 

contaminating proteins than Ni2+ (Jiang et al., 2004). Initial purification with Co2+ 

yielded only 1.5 mg of protein from 6 L of culture with large amounts of protein lost 
at the wash stage (Figure 2.5) so as Ni2+ has been shown to bind tighter to poly

histidine than Co2+ the transition to Ni2+ resin was made. This increased the yield to 

3 mg from 6 L of cell culture, however large amounts of contaminating proteins were 

observed on both the IMAC gel and the FPLC chromatogram appearing as a large 

peak at elution volume ~8 ml which is too large to be monodisperse MdtM (Figure 

2.8). Subsequent changes to the column volume, the wash conditions and elution 

conditions resulted in an increase in yield to 14 mg of purified protein from 6 L of cell 

culture. However the amount of protein on the SDS-PAGE IMAC purification gel
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(Figure 2.12 A) present as dimmers and higher order aggregates was greater than 

the amount of monomeric MdtM present. These observations did not match with the 

information from the corresponding FPLC-SE chromatogram (Figure 2.12 C) which 

showed a single large peak of monodisperse MdtM at -12.3 ml and no further peaks 

representing higher order aggregates, this suggested that the aggregate formation 

on the gel was not a true reflection of state of MdtM in the sample provided and 

perhaps protein aggregation was occurring in the sample tube during incubation with 

loading buffer due to the large concentration of protein present as a result of high 

yields. To confirm this the same samples were ran again on a 12% SDS-PAGE gel 

containing 8M urea (Figure 2.12 B), as expected this gel had a reduced number of 

higher order aggregates and more monomeric protein, urea gels were then used for 

all subsequent purification gels. The optimised purification protocol for MdtM 

(2.2.11) had reproducibility greater than five with a maximum protein yield of 16 mg 

from 6 L of bacterial culture.

Following IMAC purification the fractions of eluted protein were pooled 

together and incubated overnight with thrombin to remove the hexahistidine tag 

which could interfere with subsequent experiments. The efficient removal of the 

hexahistidine tag from IMAC purified MdtM was achieved through the overnight 
incubation of the pooled IMAC elution fractions with 6 NIH units of thrombin per 

milligram of protein. The successful removal of the tag has been demonstrated by 

both Western blot analysis (Figure 2.15) and Coomassie stained 12% 8M urea gel 

analysis of protein migration (Figure 2.16) where a shift in the migration can be seen 

as the tag cleaved protein runs further on the gel than the protein sample with the 

tag still intact.

A SE-chromatography step was used to separate the cleaved tags, thrombin 

protease and any other contaminants from the IMAC purified tag cleaved protein 

sample. An extensive screen of the buffering conditions for FPLC size exclusion 

chromatography was carried out to reveal the optimal buffer conditions for MdtM 

purification with a Superdex-200 10/300 GL gel filtration column (GE Healthcare). 

The pH and salt concentration was altered to achieve the greatest amounts of pure 

monodisperse MdtM. The screen (Figure 2.6) showed that the optimal conditions 

are 50 mM Tris-HCI pH 7.2, 300 mM NaCI, 0.075% DDM, 5% glycerol, 50 mM 

Imidazole and 1 mM DTT. Purification under these conditions yielded a large 

symmetrical peak of monodisperse monomeric MdtM. The large symmetrical peak 

confirmed the purity and monodispersity of the IMAC purified sample. However 

SDS-PAGE of peak fractions collected across the FPLC chromatogram showed
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bands at ~75 kDa twice the molecular weight of monomeric MdtM. As no such 

aggregates or contaminants where seen on the FPLC trace the bands are probably 

MdtM dimmers whose formation was promoted by SDS detergent used in the gel 

loading buffer. The use of 12% 8M urea gels reduced the presence of the higher 

order bands, this in combination with the lack of large oligomer peaks on the FPLC 

trace indicated towards the aggregate formation occurring in the sample tubes prior 

to loading on the gel and not MdtM being purified as an oligomer. MALDI-TOF mass 

spectrometry analysis of FPLC purified, trypsin-digested protein confirmed its 

identity and confirmed the first recorded successful MdtM purification.

SE-HPLC studies carried out on purified MdtM showed that MdtM is 

sensitive to the detergent used to maintain its solubility in aqueous buffers following 

its removal from the cytoplasmic membrane (Figure 2.18). The studies revealed 

that of the 12 detergents in the panel tested MdtM is at its most stable in DDM.

DDM was therefore used for the solubilisation of MdtM containing membranes, the 

extraction of the protein from other cell components and its purification by SE-FPLC 

(section 2.3). The detergent screen carried out in this chapter (Figure 2.18) may 

prove useful when looking towards crystalisation trials as experiments to determine 

which detergent to use for crystallisation can focus on those which are 

physiochemically similar to the detergents shown here to stabile MdtM and avoid 

wasting time and resources on detergents which clearly destabilise the protein. The 

SE-HPLC studies carried out indicate that MdtM is a monomer in DDM solution 

based on the calculation of its Stokes radius through comparison of protein 

standards whose mass and dimensions are known. This doesn’t however mean 

that MdtM does not exist as a higher order oligomer in the membrane environment; 

however as other closely related MFS transporters such as MdfA (Edgar and Bibi, 

1999), GIpT (Huang etaf, 2003), UhpT (Ambudkar ef a/., 1990) and LacY (Sahin- 

Toth et a!., 1994) act as monomers MdtM may too.
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3. Biochemical and biophysical characterisation of MdtM 

3.1. Introduction

The contribution of MDR transporters to the phenomenon of MDR is significant; they 

are the number one cause of MDR across all kingdoms (Fasten and Gottesman 

1991; Neyfakh et al., 1991). Their promiscuity is such that bacteria which obtain a 

single transporter can increase their resistance phenotype to a wide spectrum of 

structurally and chemically unrelated antimicrobials (Putman et al., 2000). Previous 

investigations have revealed that single component transporters have overlapping 

substrate polyspecificity and a high degree of functional redundancy with respect to 

drug efflux. Overlapping functionality is believed to enable transporters to 

compensate for the loss of one another providing a tough survival strategy (Tal and 

Schuldiner, 2009). The fact that MDR transporters are adding to the virulence of 

clinically significant pathogenic bacteria has heightened the necessity to gain a 

greater understanding of the structure and mechanisms of these proteins (Nishino et 

al., 2006). This chapter focuses on the functional and biochemical characterisation 

of the E. coll multidrug transporter MdtM from the MFS.

Currently (July 2013) the only crystal structure of a MFS MDR protein which 

has been solved is that of EmrD (Yin et al., 2006). As EmrD was crystallised in the 

absence of substrate and is poorly characterised it is difficult to form links between 

its structure and the functional mechanisms of MFS MDR transporters (Yin et al., 

2006). Contrastingly the archetypal MFS MDR transporter MdfA has been 

thoroughly characterised with many biochemical, biophysical and genetic studies 

carried out on the transporter (Edgar and Bibi, 1997), the information gleaned from 

these studies has aided in the construction of a 3D homology model of MdfA (Sigal 

et al., 2005). The structural and functional studies of MdfA have shed light on some 

of the mysteries of how MDR transporters function. However as no crystal structure 

has been solved for MdfA a great deal of essential questions relating to the function 

of MFS MDR transporters still need to be answered to clarify the structural basis of 

substrate recognition and polyspecificity, the involvement of conserved residues, the 

kinetic and structural mechanisms or MFS MDR transporters and how drug efflux 

and proton transport are coupled together still need to be answered (Fluman et al., 

2009). To answer all these questions it is essential that the complete functional and 

structural characterisation of one transporter take place. The biochemical studies of 

MdtM should reveal if it is a desirable option for structural studies in terms of its 

importance to MDR.
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The resistance phenotype of MdtM, formerly termed YjiO, has been noted in 

previous investigations (as discussed in section 1.6) (Edgar and Bibi, 1997; Nishino 

and Yamaguchi, 2001; Soo et at, 2010), however MdtM has not been isolated and 

characterised previously. The aim of the work in this chapter is to show that E. coli 

cells which overexpress MdtM from a multicopy plasmid are protected from the 

harmful effects of the neutral antimicrobial chloramphenicol and the cationic 

antimicrobial ethidium bromide. This work also shows the importance of an 

aspartate residue located in TMS 1 and a conserved arginine residue (Sigal et al., 

2005) in TMS 4 for protein function. Further evidence is also added to the argument 

that MDR transporters have overlapping substrate specificity so they can 

compensate for the loss of one another providing E. co//with a robust survival 

strategy (Tal and Schuldiner, 2009) as MdtM is shown to compensate for the loss of 

MdfA. The complete biochemical and biophysical characterisation of MdtM is an 

essential starting place on the road to crystalisation of the transporter. The more 

that is understood about a transporter the greater the likelihood of achieving 

diffraction quality crystals (Kilbilko et al., 2011; Seifert et al., 2001). The work in this 

chapter was published in Biochimie in 2012 (Holdsworth and Law, 2012).
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3.2. Materials and methods

All growth media, chemicals and antibiotics were purchased from Sigma-Aldrich 

(Poole, Dorset, UK) unless otherwise stated.

3.2.1. Bacterial strains and plasmids

Cloning and generation of all plasmids used was carried out as described in section

2.2.2. The propagation of plasmids was carried out in E. co//TOP10 cells (section 

2.2.2.1.). See section 2.2.2. E. co//LMG194 cells were used for the overproduction 

of MdtM (section 22.3.2). E. coli BW25113[F-, A(araD araB)567, A\acZ4787(::rrnB- 

3), K, rph-1, A(rhaD-rhaB)568, hsdR514] (Datsenko et al., 2000) and its single

deletion AmdtM and AmdfA mutants from the £. coli Keio collection were used in 

assays that tested the resistance to antimicrobials. E. coli UTL2 cells were used in 

whole cell ethidium bromide transport assays (Beja and Bibi, 1996).

3.2.2. Detergents

All detergents used where of high purity. n-Dodecyl-3-D-Maltopyranoside (DDM) 

was obtained from Melford Laboratories, UK. All others: n-Decyl-P-D- 

Maltopyranoside (DM), n-Nonyl-3-D-Maltoside (NM), n-Nonyl-P-D-Glucoside (NG), 

n-Octyl-P-Glucopyranoside (OG), C12E8, Decanoyl-N-hydroxyethylglucamide 

(HEGA-10), n-Nonanoyl-N-methyl-D-glucamine (MEGA-9), 3-[(3- 

Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), Cyclohexyl- 

hexyl-L-D-maltoside (CYMAL-4), Fos-Choline-10 (FC-10) and Fos-Choline-12 (FC- 

12) were obtained from Hampton Research, U.S.A.

3.2.3. Bioinformatics

In order to obtain a topology prediction of the transmembrane helices of MdtM from 

E. coli K12, the protein’s primary sequence was entered in to The Tied Mixture 

Hidden Markov Model (TMHMM). Sequence alignments were carried out between 

E.coli K12 MdtM (UniProt P36386) and Shigella boydii MdtM (UniProt Q31T05), 

Shigella Flexerni MdtM (UniProt E7T8Q2), Shigella dysenteriae MdtM (Q327P8), 

Salmonella typhimurium MdtM (UniProt F5ZYMZ), Klebsiella pneumonia MdtM 

(UniProt B5Y2E9) and Yersinia Pestis MdfA (D5B5U5), all sequence alignments 

were performed using ClustalW2 with default settings (Larkin et al., 2007).
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3.2.4. Resistance assays

To determine the contribution of MdtM to bacterial resistance against the 

antimicrobials chloramphenicol and ethidium bromide growth inhibition assays were 

carried out based on assays previously conducted by Tal and Schulinder (Tal and 

Schulinder, 2009). Growth inhibition assays were carried out in both solid and liquid 

media containing various concentrations of chloramphenicol or ethidium bromide.

To determine the contribution of chromosomal MdtM to the resistance phenotype of 

E. coli the assays were conducted with E. coli BW25113 wild-type (WT) cells and E. 

coli BW25113 single-deletion mutant cells AmdtM. To establish if expression of 

plasmidic MdtM could rescue or increase the resistance phenotype the assays were 

then carried out with E. coli BW25113 WT and E. coli BW25113 AmdtM both 

transformed with multicopy pMdtM. The effect of the mutations D22A and R108K 

upon MdtM’s ability to contribute to the resistance phenotype of E. coli was tested 

by carrying out assays with BW25113 AmdtM cells transformed with plasmidic MdtM 

containing the individual mutations, these plasmids are referred to as pD22A and 

pR108K respectively. The empty vector pBAD/Myc-His A (termed pBAD) was used 

as a control. To determine if MdtM can compensate for the lack of functional MdfA 

growth inhibition assays were carried out in both solid and liquid media containing 

various concentrations of ethidium bromide, using BW25113 AmdfA cells 

transformed with pMdtM.

In all assays BW25113 WT cell were grown in flasks with no antibiotics, 

single-deletion mutants were grown in media supplemented with 30 pg/ ml 

kanamycin and cells harbouring the plasmidic MdtM of pBAD vector were grown in 

media supplemented with 100 pg/ ml carbenicillin.

Liquid culture assays were carried out by inoculating LB media containing 

appropriate antibiotic with a single colony from a plate and grown overnight at 30°C 

under aeration at 250 rpm. The overnight cultures with OD60o between 3.0-3.3 were 

used to inoculate a 200 fold dilution of cells into 2 ml fresh LB with the appropriate 

antibiotics, 0.002% (w/v) L-arabinose and the indicated concentration of 

antimicrobial compound being tested. The cultures were incubated at 37°C under 

aeration at 270 rpm for 6 h, the OD60o was then measured. All experiments were 

conducted in at least triplicate. The resulting data were plotted as percentage 

growth relative to the control culture grown under the same conditions in the 

absence of the antimicrobial being tested. SigmaPlot 10 was used to calculate the
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half maximal inhibitory concentration (IC5o) values (Systat Software Incorporated,

San Jose, CA).

Solid media plate assays were carried out by inoculating LB media 

containing appropriate antibiotic(s) with a single colony from a plate and grown 

overnight at 30°C under aeration at 250 rpm. The overnight cultures with OD60o 

between 3.0-3.3 were used to inoculate a 200 fold dilutions of cells into 100 ml of 

fresh LB with the appropriate antibiotic(s). Cells were grown at 37°C until an OD6oo 

of 1.0 was reached. Logarithmic dilutions of each culture covering the range of 10'2 

to 10'5 were then made. 4 pi aliquots of each logarithmic dilution of each culture 

were then spotted onto LB agar plates supplemented with the appropriate 

antibiotic(s), 0.002% (w/v) L-arabinose to induce expression from the recombinant 

vector and the indicated concentration of antimicrobial being tested. The plates 

were then incubated at 37°C for 24 h before being visualised. All plate assays were 

performed in triplicate to ensure reproducibility.

3.2.5. Ethidium bromide efflux assays

The EtBr efflux assays were based on those outlined by Sigal et a!., (Sigal et al., 

2005). Overnight cultures were set up by inoculating LB media containing 100pg/ ml 

carbenicillin with a single colony of E. coll UTL2 cells transformed with either wild- 

type or mutant pMdtM, or pBAD control plasmid from a plate and grown overnight at 

30°C and under aeration at 250 rpm. The overnight cultures were diluted to an 

OD60o of 0.03 in 100 ml of fresh LB supplemented with 100 pg/ ml carbenicillin and 

then grown at 37°C with shaking at 270 rpm. Once the OD60o reached 0.3, 

expression of MdtM was induced by the addition of 0.001% (w/v) L-arabinose. The 

cells were then grown to an OD600 of 1.0. Then cells were then harvested in 10 ml 

aliquots by centrifugation and resuspended in 5 ml of M9 minimal media 

supplemented with 2.5 pM EtBr. To load the cells with EtBr they were incubated for 

15 minutes at 37 °C in the presence of 100 pM carbonyl cyanide 3- 

chlorophenylhydrazone (CCCP), to uncouple the proton motive force. The EtBr- 

loaded cells were then collected by centrifugation and resuspended in M9 minimal 

media containing 2.5 pM EtBr and used immediately for fluorescence 

measurements.

Fluorescence measurements were carried out using a Fluoromax-4 

fluorometer (Floriba Jobin Yvon, NJ, USA) fitted with a thermostatically controlled 

cuvette holder at 32°C. The cuvette was a quartz cuvette with a maximum capacity
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of 1.5 ml and a path-length of 1 cm. The excitation and emission wavelengths were 

set to 545 nm and 600 nm respectively. Once the cells had been in the fluorometer 

for 30 s they were energised by the addition of D-glucose to a final concentration of 

0.5% and the efflux of EtBr (measured as a reduction in the fluorescence signal) 

was monitored for another 950 s. After 650 s CCCP was added to abolish MdtM 

catalysed active transport.

3.2.6. Overproduction of MdtM

The recombinant pMdtM plasmid was transformed into E. coli IMG 194. LB media 

was used for growth. 100 ml LB media supplemented with 100 pg/ ml carbenicillin 

containing transformed E.coli cells were grown overnight for 15 h at 32°C with 

aeration at 250 rpm. The overnight cultures with OD60o between 3.0-3.3 were used 

to inoculate a 100 fold dilution of cells into six 5 L flasks containing 1 L of fresh LB 

supplemented with 100 pg/ ml carbenicillin. The cells were then grown at 32°C with 

aeration at 270 rpm until their OD6oo =1.0. At this point the cultures were induced 

with 0.2% (w/v) L-arabinose. The temperature was dropped to 25°C with shaking at 

270 rpm. The cultures were grown for a further 2 hours prior to being harvested by 

centrifugation at 5000 x g at 4°C.

3.2.7. Membrane isolation and solubilisation

Harvested cell pellets were resuspended in 50 mM Tris-HCI pH 7.5, 100 mM NaCI 

containing 1 mM PMSF, 1 EDTA-free protease inhibitor cocktail tablet (Roche 

Diagnostics, UK) and 5 pM bovine DNase. To break the cells the suspension was 

passed three times through a chilled French pressure cell at 1000 psi. Unbroken 

cells and cell debris were removed by centrifugation at 18,000 x g. Cell membranes 

were harvested by ultracentrifugation at 100,000 x g for 2.5 h. Membranes were 

resuspended in membrane solubilisation buffer (20 mM Tris-HCI pH 8.0, 500 mM 

NaCI, 10 mM Imidazole, 2 mM PMSF) and solubilised by addition of dodecyl-p-D- 

maltopyranoside (DDM; Melford Laboratories Ltd., UK) to 1.2-1.5% (w/v).

3.2.8. Purification by Immobilised Metal Affinity Chromatography (IMAC)

Solubilised membranes were incubated for 4 hours in a 50 ml falcon tube with 2 ml 

of His-Pur nickel affinity resin (Thermo Scientific Pierce, Rockford, IL) with end over 

end rotation. The mixture was transferred to a clean Kontes column and unbound 

material was allowed to flow through under gravity. The column was subsequently 

washed with 30 column volumes (CVs) of wash buffer (50 mM Tris pH 8.0, 100 mM 

NaCI, 20 % glycerol, 0.1 % DDM and 30 mM imidazole) and allowed to incubate for
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5 min before flowing through under gravity. The target protein was then eluted with 

a stepwise gradient of elution buffers (50 mM Iris pH 8.0, 100 mM NaCI, 20 % 

glycerol and 0.1 % DDM) containing 150 mM, 300 mM and 500 mM imidazole; each 

was applied to the column and allowed to incubate for 5 minutes prior to flowing 

through under gravity.

3.2.9. Thrombin digestion 

See section 2.3.6.

3.2.10. Size exclusion chromatography

Thrombin digested protein was concentrated to a volume of 0.5 ml by centrifugation 

in a Millipore spin column (Merck Millipore, Darmstadt, Germany) at 4000 x g at 4°C. 

The concentrated protein was loaded on to a Superdex 200 10/300 GL gel filtration 

column (GE Healthcare) equilibrated with (50 mM Tris, pH 7.2, 300 mM NaCI, 0.075 

% DDM, 5 % Glycerol, 50 mM Imidazole and 1 mM DTT) connected to an AKTA 

FPLC system. The chromatography run was carried out at a flow-rate of 0.1 ml min' 

1. Protein was monitored by absorbance at 280 nm. Protein peak fractions were 

collected and quantitated by BCA assay and their purity analysed using 12% SDS- 

PAGE (as described in section 2.2.8 ). The purified fractions were then used for 

functional studies.

3.2.11. Western Blot analysis

20 pi of sample was then incubated with 20pl of loading buffer (50 mM Tris-HCI pH 

6.8, 20% (w/v) SDS, 10% (v/v) glycerol, 1% (v/v) 3-mercaptoethanol, 12.5 mM 

EDTA, 0.02% bromophenol blue) and incubated at 37°C for 20 min prior to loading 

on a 12 % bis-Tris gel which ran for 75 min at 150 V in Bis-Tris running buffer (50 

mM MOPS, 50 mM Tris, 1 mM EDTA, 0.1% SDS, 1 mM sodium bisulfite) before 

being transferred to a nitrocellulose membrane. Hexahistidine-tagged MdtM was 

detected using HisProbe-HRP and SuperSignal West Pico Chemiluminescent 

Substrate (Pierce Thermo Scientific) according to manufacturer’s instructions.

3.2.12. Substrate binding assays

Intrinsic tryptophan fluorescence quenching was used to measure the substrate 

binding affinity of detergent solubilised SE-chromatography purified wild-type and 

mutant MdtM for chloramphenicol. Steady state fluorescent measurements were 

carried out in triplicate using a Fluoromax-4 fluorimeter (Horiba UK, Ltd, Middlesex, 

UK) by exciting the tryptophans at wavelength 295 nm and scanning the
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fluorescence emission at 400 nm. The excitation and emission slit widths were set 

to 2.0 and 2.5 nm respectively. A 0.01 mg/ ml solution of purified MdtM in detergent 

solution [50 mM Tris-HCL pH 7.5, 200 mM iS^SCXt, 0.05% DDM] was titrated with 

chloramphenicol by the sequential addition of 1.0-3.75 pi of the appropriate stock 

solution until the maximal fluorescence quenching of the emission peak at 336 nm 

was achieved. The total volume of chloramphenicol added in the experiments was 

less than 2.5% of the initial assay volume. Control experiments were conducted by 

titrating the chloramphenicol solution into the assay buffer alone. The results were 

corrected for the dilution before undergoing non-linear regression analysis using the 

formula y=BmaX[substrate]/(Kd+[substrate]) to calculate the apparent binding 

dissociation constant Kdapp of MdtM for chloramphenicol.

As chloramphenicol has an aromatic moiety which absorbs the 295 nm 

excitation wavelength, the observed fluorescence intensities had to be corrected 

experimentally for the inner filter effect. A method based on Brelidze et al., (Brelidze 

et al., 2010) was employed. The inner filter effect was compensated for by the 

titration of chloramphenicol in to a 1.0 mM solution of free L-tryptophan (Fluka) 

which gave initial fluorescence intensity at 336 nm equivalent to that of the 0.1 

mg/ml MdtM solution. The measured fluorescence quenching of the free tryptophan 

solution upon the sequential addition of aliquots of chloramphenicol was assumed to 

be due solely to the inner filter effect. These data were then used to produce 

corrected quenching values (AFcorr) for MdtM titrated with the same QACs using the 

following equation (Grkovic et al., 2003).

AF Mq -AFMi(AFW/F Wi)
AFcorr= ----------------------------------

Where AFMq= the measured fluorescence quenching of MdtM at a particular 

chloramphenicol concentration; FMi= the initial fluorescence intensity of MdtM 

without added chloramphenicol; AFW= the measured fluorescence quenching of free 

tryptophan at a particular chloramphenicol concentration; and FWi= the initial 

fluorescence intensity of free tryptophan solution without added chloramphenicol. 

The corrected data underwent analysis as described above for the calculation of 

apparent substrate binding dissociation constants.
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3.3. Results

3.3.1. Primary sequence analysis

3.3.1.1. Primary sequence alignment of E. coli K-12 MdtM and E.coli K-12 MdfA

The primary sequence alignment between E. co//K-12 MdtM (UniProtKB P39386) 

and its close homologue MdfA (P0AEY8) performed using ClustalW2 (Larkin et at, 

2007) (Figure 3.1) revealed the location of conserved charges found within the TMS 

of both transporters. Within MdfA there is a paucity of charged residues within the 

TMS regions with only two aspartates, three arginines and a single glutamate lying 

in the putative TMSs (Sigal et at, 2005). MdtM also has a paucity of charged 

residues in its proposed TMSs. The negatively charged D22 residue of putative 

TMS1 of MdtM is equivalent in the alignment to the E26 residue of MdfA which has 

been shown to play an important role in the translocation of cationic substrates 

(Sigal et at, 2005; Edgar and Bibi, 1999). Within MdfA D34 and E132 have also 

been recognised as being involved in substrate recognition and decorate the binding 

cavity of MdfA (Sigal et at, 2007), within MdtM there is an equivalent aspartate and 

glutamate residues respectively to each of these residues. A positively charged 

arginine residue located in TMS4 is evolutionarily conserved among secondary 

active MFS MDR transporters; it is found at position 108 in MdtM and is analogous 

with the essential residue R112 in MdfA (Sigal et at 2005). The arginine residues at 

position R79, R83, R84 and R278 in MdfA are all located in the proposed 

cytoplasmic loop regions maintaining a net positive charge, there are equivalent 

arginine residues at each of these locations in MdtM, indicating that like MdfA MdtM 

also obeys the positive inside rule (von Heijne, 1992). The relevant positions of the 

previously mentioned residues have been circled in red figure 3.1.

100



Chapter 3 Biochemical and biophysical characterisation of MdtM

sp P39386 MDTM ECOLI MPR1 
ap P0AEY8 MDPA ECOLI

1............... 10................... 20. . . . i_J . 30 .. .LJ. . .40...................50................... 60. .

76
80

ap P39386 MDTM ECOLI 
ap P0AEY8 MDFA ECOLI

156
160

*** *: ••***. .* . i* •.i *i • *» •• il.i
ap P39 386 MDTM ECOLI (^LM|FI4ptXVLPAIIAVMGFI|PVGZXLA>tPM)aGAVPF|AXfVlJtgPR^<AtLFLPGAAHMYZPI 
ap P0AEY8 MDFA ECOLI GAAWlfiVLPW|GMFVLFAALAAliFFCL§RAMpHAiRia!KrjLKELGRfeXLVLK|GRFVAGALALGFV!|LP; _ ___

................170................ 180................ 190................ 200................ 210.................220................ 230.................24 0
'*T

236
240

ap P39386 MDTM ECOLI 
ap P0AEY8 MDFA ECOLI

RAVPlQLVGL#LLIVGNLL|P«VWL9fVLGi 
MGGWPIMIGLLVAAAAfVISSHA1LWMJAGL

.300 . .320

316
320

*,•*••••• . •.•i***! I.*1 •!•••. •|*I «• *11 i t*i
ap P39386 MDTM ECOLI |LYAFGIGLIFPiLFRF^LF|NXLPEGfV|A8LHMVILMVM8VBV|lGRWLWFiGGRLPPHLLAWAGVIWFfLAGLll 3 96 
ap P0AEY8 MDFA ECOLI [jAFGiaLAlAGLVRl|LFA«l*Ea|vlAAMGIIlfKLIF»VGlil8lCHAWL|GG|jGLF||LF«LVlalLWIlLltVIPLK 400

I t ! *
ap P3 9386 MDTM ECOLI RVRlHjAAlLVMI 410
ap P0AEY8 MDFA ECOLI ■ic|ini4i|a -- 410

............... 410....

Figure 3.1: Primary sequence alignment of £. coli K-12 MdtM (P39386) and E. coli K-12 MdfA 

(P0AEY8) a close homologue of MdtM. The sequence alignment was carried out using ClustalW2 
(Larkin etal., 2007) with default settings fhttD://www.ebi.ac.uk/Tools/msa/clustalw2/L

3.3.1.2. Primary sequence alignment of MdtM and its homologues

A BLAST search of the UniProtKB database revealed homologues of E. coli MdtM 

(Figure 3.2) are widely distributed in the genomes of other clinically important Gram

negative pathogens including: the plague causing Yersinia pestis (41% sequence 

identity), the opportunistic pathogen Klebsiella pneumonia (77% sequence identity), 

the major cause of food poisoning Salmonella enterica (86% sequence identity), the 

shigellosis-causing Shigella dysenteriae, Shigella flexneri and Shigella boydii (98% 

sequence identity) and the urinary tract infection causing bacteria Escherichia 

fergusonii (97% identity).
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Figure 3.2: The multiple sequence alignment of E. coli K-12 MdtM (P39386) (carried out using the 

ClustalW algorithm) with homologues from clinically significant bacteria including Yersinia pestis strain 

Z176003 (D5B5U5), Klebsiella pneumonia strain 342 (BEY2E9), Salmonella enteric subspecies 

Enterica serovar Typhimurium strain UK-1 (F5ZYM2), Shigella dysenteriae serotype 1 strain Sd197 

(Q327P8), Shigella flexneri CDC 796-783 (E7T8Q2) and Shigella boydii serotype 4 strain Sb227 

(Q31TD5).
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3.3.1.3. Predicted Topology of MdtM

The membrane topology of E. coli K-12 MdtM (P39386) was predicted using the 

TMHMM server (Krogh et a!., 2001). The topology prediction supported a 12TMS 

topology for MdtM with both the N- and C-terminals of the protein located inside the 

cell. This arrangement is consistent with that of other MFS proteins whose x-ray 

crystal structures have been solved (Figure 3.3) (Abramson et al., 2003; Fluang et 

at., 2003; Yin et al., 2006; Shangyu et al., 2010; Newstead et al., 2011; Solcan et al., 

2012; Sun et al., 2012; Pederson et al., 2013; Yan et al., 2013). The predicted 

topology structure also confirms the presence of the MFS highly conserved 

sequence GXLXDRXGRRX located on the hydrophilic loop region between TMS2 

and TMS3. Elements of the DHA1 drug/H+ antiporter family motif 

C[G(X6)G(X3)GP(X2)GP(X2)G] are predicted to lie in TMS5.

Cytoplasm

I II III IV V VI VII VIII IX X XI XII

Figure 3.3: Secondary structure model of MdtM based on prediction of transmembrane helices by 

TMHMM server v. 2.0. Predicted transmembrane segments (IMS) are represented by rectangles and 

labelled with Roman numerals. The MFS consensus sequence in the cytoplasmic loop between TMS2 

and TMS3, and elements of the antiporter motif C in TMS V are shaded in grey. The D22 and R108 

residues located in TMS I and TMS IV, respectively, are marked with a star.

The topology prediction shows that MdtM obeys the “positive inside rule”, as 

all of the internal hydrophilic loops which connect the putative TMS contain a net 

positive charge (von Fleijne, 1992). Like its close homologue MdfA, MdtM is
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extremely hydrophobic, it has only a few charged residues located within the IMS 

regions; these are two aspartates, three arginines and one glutamate residue. This 

highlights the hydrophobic nature of MdtM.

3.3.2. Growth assays indicate MdtM contributes to the resistance phenotype of E. 
coli

A prior study demonstrated that the mdtM gene product confers resistance to a 

number of different antimicrobial compounds when expressed from a multi-copy 

plasmid in a drug hypersensitive strain of E. coli which lacks functional AcrAB-TolC 

(Nishino and Yamaguchi, 2001). As it has been discovered that single-component 

MDR transporters such as MdtM operate in tandem with tripartite AcrAB-TolC 

complex to fully extrude hydrophobic toxins from the cell (Tal and Schulinder, 2009), 

we investigated with growth inhibition assays the resistance phenotype of E. coli 

BW25113 single deletion mutants AmdtM which have their chromosomal copy of 

mdtM knocked out and encode a fully functional AcrAB-TolC system. The effect of 

complementation of the E. coli BW25113 cells with plasmidic mdtM on the 

resistance phenotype was also investigated. Growth inhibition assays were carried 

out, on both solid and liquid media, to assay the resistance against two antimicrobial 

compounds one the lipophilic cation EtBr and the other the neutral antibiotic 
chloramphenicol.

The ability of logarithmic dilutions of WT E. coli BW25113 cells, E. coli 

BW25113 AmdtM, and both WT and AmdtM cells transformed with pMdtM to form 

colonies once spotted onto solid media containing 350 pg/ ml EtBr and 3 pg/ ml 

chloramphenicol was tested as an indicator of resistance. All strains were also 

spotted onto a control plate which had not been supplemented with EtBr or 

chloramphenicol, the cells grew equally well on the control plate as expected (Figure 

3.4 C). On both the plate which was supplemented with 350 pg/ ml EtBr (Figure 3.4 

A) and the plate supplemented with 3pg/ ml chloramphenicol (Figure 3.4 B) the 

growth of the AmdtM single deletion mutant cells was reduced compared to the WT 

cells. This indicates that the cells with their chromosomal copy of the mdtM gene 

knocked out are less resistant to the antimicrobial affects than the wild type. 

Contrastingly, both the WT and the AmdtM cells expressing plasmidic mdtM had 

increased levels of resistance to both EtBr and chloramphenicol, and grew strongly 

at all dilutions tested. The resistance phenotypes of WT and AmdtM ce\\s 

harbouring pBAD were indistinguishable from the same cells which had not been 

transformed with the empty vector.
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Figure 3.4: Serial dilutions of E. coli BW25113 wild-type (WT), mdtM null mutant (AmdtM), and WT 

and AmdtM cells transformed with pMdtM or empty pBAD vector were spotted onto solid LB agar 

media containing (A) 350 pg/ ml ethidium bromide (B) 3 pg/ ml chloramphenicol and (C) no 

antimicrobial. Plates were grown for 24 hours at 37°C for 24 hours prior to visualization.

Liquid culture assays were carried out to confirm and quantify the results of 

the solid media assays by determining the concentration of antimicrobial compound 

at which 50% inhibition of the growth (IC5o) of the individual strains occurred (Figure 

3.5). The mean IC5o of the WT cells in the presence of EtBr was 211 ± 5.2 pg/ ml 

(Figure 3.5A) which is consistent with previously published data (Tal et al., 2009). 

The mean IC50 for the AmdtM deletion mutant was 152 ± 4.63 pg/ ml EtBr which is 

an ~28% reduction in the IC5o value in comparison to the WT cells. When the WT 

BW25113 cells and the BW25113 AmdtM single deletion mutant cells were 

transformed with plasmidic mdtM (pMdtM) their resistance to ethidium bromide 

increased with average IC5o values of 258 ± 15.4 pg/ ml and 243 ± 4.76 pg/ ml 

respectively (Figure 3.5 A). Liquid culture assays also confirmed MdtM has a role in 

chloramphenicol resistance as the IC5o of the E. coli BW25113 cells grown in the 

presence of chloramphenicol was 2.7 ± 0.263 pg/ ml whereas the AmdtM deletion 

mutant IC5o was 1.7 ± 0.275 pg/ ml which is much less (Figure 3.5 B). The 

expression of pMdtM recovered the resistance phenotype in the AmdtM deletion
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mutant increasing the IC5o to 2.5 ng/ ml which is a 1.5-fold increase. Expression of 

pMdtM in the WT E. coli BW25113 cells increased the IC5o value ~1.3 fold to 3.5 

pg/ml. This evidence suggests that MdtM is functional in the pMdtM construct used 

and is involved in the intrinsic resistance to both neural and cationic antimicrobials in 

E. coli.

A Bhidium bromide B Chloramphenicol

Figure 3.5: Liquid culture growth inhibition assays enabled the determination of the IC50 values of E. 

coli BW25113 wild-type (WT), mdtM null mutant {AmdtM), and WT and AmdtM cells transformed with 

pMdtM. (A) The IC50 values of each strain obtained in media containing ethidium bromide. (B) The 

IC50 values of each strain obtained in media containing chloramphenicol. In both (A) and (B) bar and 

error bars represent the mean ± standard deviation (SD) of three separate experiments. Statistical 

analysis was carried out on the IC50 values using an unpaired Student’s t-test. The * refers to the 

degree of significance relative to the WT BW25113 cells. "Significant at P<0.05. ""Significant at 

P<0.01. """Significant at P<0.001. """"Significant at P<0.0001

Investigations into MdfA revealed the importance of two membrane 

embedded charged residues E26 and R108K in substrate recognition (Edgar et al., 

1999; Sigal et al., 2005). As MdfA and MdtM are close homologues growth inhibition 

assays were carried out to investigate if the analogous residues of E26 and R112 in 

MdtM, namely D22 and R108 respectively, are important to MdtM’s function in MDR. 

Mutation of D22 to alanine enabled the role of the negatively charged residue at this 

position in the protein to be tested. To test if arginine at 108 is a specific 

requirement of MdtM function the conservative mutation of R108 to lysine was 

made. E. coli BW35113 AmdtM cells which have their chromosomal copy of mdtM 

knocked out were transformed with either plasmidic MdtM (pMdtM), plasmidic MdtM 

harbouring the D22A (pMdtM/D22A) or R108K (pMdtM/R108K) mutation or the plain 

pBAD vector and growth assays on solid and liquid media carried out.
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On solid LB agar media containing 300 ng/ ml ethidium bromide the cells 

harbouring pMdtM grew strongly at all dilutions, in contrast those harbouring the 

empty pBAD vector and the pMdtM/D22A had impaired growth. The cells 

harbouring pMdtM/R108K were not as susceptible to the effects of ethidium 

bromide, as those -with pBAD or pMdtM/D22A, but there growth was not as strong 

as those harbouring pMdtM (Figure 3.6 A). Similar results for each strain were seen 

on the solid LB agar media containing 2.5 pg/ ml chloramphenicol (Figure 3.6 C). 

When grown on a control plate containing LB agar in the absence of the test 

antimicrobial each strain grew equally well across all dilutions, this suggests that the 

plasmidic DNA is not deleterious to the growth of the cells (Figure 3.6 C).

A B C
Ethidium bromide 

(300 pg/ml)
Chloramphenicol 

(2.5 pg/ml)
Control

AmdtM / pMdtM- 

AmdtM I pBAD-—

AmdtM I pD22A- 

AmdtM I pR108K

• • • •
® ft

® */■ c V

• • • *
10-2 10-3 10-4 10-5 10-2 10-3 10-4 10-5 10-2 10-3 10-4 10-*

Dilution

Figure 3.6: The resistance phenotypes of £. coll BW35112 AmdtM ce\\s harbouring pMdtM, pBAD, 

pD22A or pR108K vectors were tested on solid LB agar media containing (A) 300 pg/ ml ethidium 

bromide, (B) 2.5 pg/ ml chloramphenicol and (C) no test antimicrobial. Plates were spotted with the E. 

coli strains and incubated for 24 hours at 37°C prior to visualization.

The observations seen in the solid media assays were then confirmed by 

liquid culture. Liquid culture assays were carried out to determine the concentration 

of antimicrobial at which 50% inhibition of the growth (IC5o) of the individual strains 

occurred (Figure 3.7). The IC5o value of E. coli BW25113 AmdtM harbouring pMdtM 

growing on media supplemented with ethidium bromide was 243 ± 4.76 pg/ ml, the 

cells harbouring the empty pBAD vector had an IC5o value of 163 ± 8.97 pg/ ml 

which makes them 33% less resistant to ethidium bromide than those harbouring 

pMdtM. Cells harbouring pD22A had an IC5o value of 153 ± 4.40 pg/ ml which is 

similar to those with empty vector alone. This indicates that mutation of D22 to 

alanine causes complete loss of protein function with regard to ethidium bromide 

efflux. The IC5o value of the R108K mutant is 174 ± 8.90 pg/ ml, this indicates that
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cells with pR108K are less susceptible to ethidium bromide’s toxic effects than cells 

harbouring pBAD or pD22A. The R108K mutation appears to compromise EtBr 

efflux function slightly but does still retain some activity. A similar trend is seen with 

the neutral compound chloramphenicol (Figure 3.7 B). Compared to the IC5o value 

of E. coll BW25113 harbouring pMdtM of 2.5 pg/ ml, the growth of the cells

transformed with either the empty pBAD or pD22A was reduced by 36% to 1.6 ± 

0.25 pg/ml. This suggests that the D22A mutation cause inactivation of the 

transporter with respect to chloramphenicol efflux under the conditions tested. In 

contrast the IC5o value of 1.95 ± 0.12 pg/ ml of cells transformed with pR108K 

indicate that R108K has increased susceptibility to chloramphenicol but still retains 

chloramphenicol efflux function.

Ethidium bromide Chloramphenicol

200 -

100 -

Figure 3.7: Liquid culture growth inhibition assays enabled the determination of the IC50 values of £. 

coli BW25113 mdtM null mutant (AmdtM) cells transformed with pMdtM, pD22A, pRIOSK or empty 

pBAD vector. (A) The IC50 values of each strain obtained in media containing ethidium bromide. (B) 
The IC50 values of each strain obtained in media containing chloramphenicol. In both (A) and (B) bar 

and error bars represent the mean ± standard deviation (SD) of three separate experiments. Statistical 

analysis was carried out on the IC50 values using an unpaired Student's t-test. The * refers to the 

degree of significance relative to the BW25113 AmdtM cells harboring pMdtM. ’Significant at P<0.05. 

’’Significant at P<0.01 ’’’Significant at P<0.001. ’’’’Significant at P<0.0001

3.3.3. Ethidium bromide transport assays

Ethidium bromide transport assays were carried out to confirm that the antimicrobial 

resistance observed in both the liquid and plate assays was due to MdtM mediated 

efflux. Whole cell ethidium bromide assays were carried out using E. coli outer 

membrane permeability mutant UTL2 (Beja et a!., 1996). The E. coli UTL2 cells 

were transformed with pMdtM, pMdtM-D22A, pMdtM-R108K or empty pBAD vector. 

The fluorescence signal in these assays comes entirely from ethidium bromide
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binding to the intracellular nucleic acid, the cells are preloaded with ethidium 

bromide (as described in section 3.3.3) and the drop in fluorescence signal is due to 

the active efflux of EtBr from the cells into the surrounding environment, as ethidium 

bromide only fluoresces whilst intercalated with the nucleic acid so as it is removed 

from the cell the fluorescence intensity drops. When glucose is added in (as 

indicated by the arrow in Figure 3.8) it energises the cells, cells expressing 

plasmidic MdtM begin to actively efflux ethidium bromide from the cell against its 

concentration gradient resulting in a relatively rapid drop in the fluorescence 

intensity (Figure 3.8 trace 1). The addition of the ionophore CCCP dissipates the 

proton electrochemical gradient causing the fluorescence signal to increase again 

suggesting a disruption in the extrusion of ethidium bromide. This indicates that 

MdtM-mediated efflux is driven by the electrochemical gradient across the 

cytoplasmic membrane. The drop in the fluorescence signal of the control cells 

expressing empty pBAD vector upon addition of glucose was much slower than 

those expressing MdtM; the signal of the cells expressing pBAD also decreased by 

a much lower amount over the period of the assay (Figure 3.8 trace 2). In this 

instance the ethidium bromide efflux and corresponding drop in fluorescence signal 

may be as a result of the activity of the chromosomally encoded copies of MdtM or 

other transporters which recognise ethidium bromide as a substrate, such as MdfA 

(Edgar and Bibi, 1997) or EmrE (Tal and Schulinder, 2009).

glucose

CCCP

Time (sec)

Figure 3.8: Whole cell ethidium bromide efflux assays showing the active extrusion of ethidium 

bromide by £. coli UTL2 cells expressing plasmidic MdtM. Cells expressing WT MdtM are shown in 

trace 1, MdtM-D22A trace 3, MdtM-R108K trace 4, and those transformed with the empty pBAD vector 

trace 2.

The cells expressing MdtM/D22A had a similar trace (Figure 3.8 trace 3) to 

those containing the empty pBAD vector; this is consistent with the finding of both
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the solid and liquid media growth assays which suggest that D22 is essential for 

MdtM function. The slow and relatively small reduction in fluorescence signal upon 

the addition of glucose may like in the cells containing pBAD be as a result of 

chromosomally encoded transporters. Cells expressing R108K have impaired 

Ethidium bromide efflux activity (Figure 3.6 trace 4) in comparison to those 

expressing WT MdtM but are not fully defunct like those containing pD22A or pBAD. 

This is in agreement with the solid and liquid media growth assays and suggests 

that an arginine at position 108 is not essential for transport of cationic compounds 

but its loss impairs the activity of MdtM.

3.3.4. D22A and R108K resistance phenotypes do not result from dysfunctional 

substrate recognition and binding.

To determine if the resistance phenotypes demonstrated by the cells 

expressing mutant MdtM were due to the transporter failing to recognise and bind 

substrate, the ability of purified WT and mutant MdtM in detergent solution to bind 

the neutral substrate chloramphenicol was tested by an intrinsic tryptophan 

fluorescence quenching assay. The apparent dissociation constant (Kdapp) for 

substrate chloramphenicol binding to wild-type MdtM, MdtM/D22A and MdtM/R108K 

were calculated from the assays as explained in section 3.3.11 enabling their values 

to be compared.

The Kdapp for substrate chloramphenicol binding to WT MdtM was calculated 

as 0.17 ± 0.04 pM (Figure 3.9 A). The Kdapp for the R108K mutant was 0.33 ± 0.04 

pM (Figure 3.9 C) which indicates that it retained similar binding to the wild-type 

MdtM. This indicates that an arginine residue at position 108 is not essential for the 

recognition and transport of neutral compounds. The Kdapp for the D22A mutant was 

calculated as 0.69 ±0.17 pM (Figure 3.9 B) this is four times larger than the Kdapp of 

the WT MdtM transporter. From this set of results it is obvious that the D22A mutant 

maintains its ability to recognise and bind to the neutral substrate, suggesting that 

the mutant's failure to protect the cell from the toxic effects of chloramphenicol is 

due to its involvement in another role of transporter function rather than substrate 

recognition and binding.
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Figure 3.9: Substrate-binding affinity curves showing the fractional intrinsic fluorescence quenching of 

purified wild-type and mutant MdtM in DDM solution as a function of chloramphenicol concentration. 

Chloramphenicol substrate was titrated into 0.01 mg/ml MdtM solution until quenching was saturated. 

Fluorescence emission data were corrected for inner filter effects caused by absorption of light by 

chloramphenicol. (A) Substrate-binding affinity curve of chloramphenicol binding to wild-type MdtM 

(black symbols). The corrected fractional fluorescence quench of chloramphenicol titrated into buffer 

solution that did not contain protein is represented by white symbols and validates the corrections 

made to account for the inner filter effects. (B) and (C) show the substrate-binding affinity curves for 

chloramphenicol binding to the MdtM D22A and R108K mutants, respectively. Curves were fitted using 

SigmaPlot 10. Data points and error bars represent the mean and standard deviation of three individual 

measurements.

3.3.5. Loss of MdfA can be compensated for by plasmidic MdtM

There is overlapping substrate specificity and functional compensation between 

multidrug resistance transporters (as discussed on section 1.5.2.3). To determine 

whether MdtM could compensate for its close homologue MdfA which is another 

MFS MDR transporter from E. coli (detailed in section 1.5) with respect to ethidium 

bromide resistance growth inhibition assays were carried out on both solid and liquid
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LB media. The contribution of MdfA to ethidium bromide resistance was carried out 

by performing the inhibition assays with E. coll BW25113 WT cells, E.coli BW25113 

AmdfA cells which have their chromosomal copy of mdfA knocked out, E.coli 

BW25113 AmdtM all transformed with plasmidic MdtM or the empty pBAD vector.

All cells grew equally well across all dilutions on a control plate containing LB agar 

media and not test antimicrobial (Figure 3.10 C). When the cells were grown on 

solid media containing 350 pg/ ml ethidium bromide the growth of the AmdfA cells 

harbouring the empty pBAD vector was greatly reduced compared to that of the wild 

type and AmdtM deletion mutant cells (Figure 3.10 A), this indicates that MdtM 

makes a significant contribution to ethidium bromide efflux. The AmdfA 

complemented with pMdtM regained the resistance phenotype, displaying growth 

similar to that of both the WT and the AmdtM cells which had been transformed with 

pMdtM (Figure 3.10 B). This indicates that overexpression of MdtM can 

compensate for the loss of MdfA.
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WT----- • • • * • • •
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AmdfA • • • o O • • ©

10 2 -10-3 104 10-2 10-3 104 10'2 10-3 104

Dilution

Figure 3.10: Solid media growth inhibition assays showing that plasmidic MdtM can compensate for 

the loss of MdfA. E.coli BW25113 wild-type cells, £. coll BW25113 4mdfA deletion mutant cells and E. 

coll BW25113 AmdfA deletion mutant cells were transformed with (A) empty pBAD vector or (B) 
pMdtM and grown on solid media containing 350 pg/ ml ethidium bromide E.coli BW25113 wild-type 

cells, £. coll BW25113 2\mdfA deletion mutant cells and £. coll BW25113 4mdfA deletion mutant cells 

were all also grown on LB media containing no test antimicrobial (C) each grew equally well across all 

dilutions under the control conditions.

Liquid media assays were carried out to determine the IC5o values of AmdfA 

cells transformed with empty pBAD vector (Figure 3.11 A) and pMdtM (Figure 3.11 

B). These assays enabled the restoration of the resistance phenotype to the AmdfA 

cells by plasmidic MdtM to be quantified. The IC5o value of E.coli BW25113 WT 

cells is 211 pg/ ml, the IC5o value of E.coli BW25113 AmdfA cells transformed with 

pBAD alone is 102 pg/ ml, this ~52% increase in susceptibility to ethidium bromide

112



Chapter 3 Biochemical and biophysical characterisation of MdtM

of the knockout cell highlights the dramatic effect of the deletion of the mdfA gene 

on the ability of E. coli BW25113 cells to efflux ethidium bromide. The value of 102 

gg/ ml also fits with previously published value of 78 pg/ ml for the E. coli BW25113 

AmdfA single deletion knockout grown in media supplemented with ethidium 

bromide (Tal and Schulinder, 2009). When complemented with plasmidic MdtM the 

ICso value of the AmdfA cells increases to a value of 221 pg/ ml, so the cells have 

regained their resistance phenotype. This set of results indicates that MRS 

multidrug transporters have overlapping substrate specificity and have the potential 

to compensate for one another in the case of loss of dysfunction.

pBAD pMdtM

1200

Figure 3.11: Liquid media growth inhibition assays enabled IC50 values to be calculated for E.coli 

BW25113 wild-type cells, E. coli BW25113 AmdfA deletion mutant cells and E. coli B\N25'\'\3 AmdfA 

deletion mutant cells were transformed with (A) empty pBAD vector or (B) pMdtM Data and error bars 

represent the mean and standard error of three independent measurements. Statistical analysis was 

carried out on the IC50 values using an unpaired Student’s t-test. The * on the left hand graph (pBAD) 

refer to the degree of significance relative to the BW25113 WT cells, on the right hand graph (pMdtM) 

the * refers to the degree of significance relative to the same strain transformed with pBAD. ’Significant 

at P<0.05. ’’Significant at P<0.01. ’’’Significant at P<0.001. ’’’’Significant at P<0.0001
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3.4. Discussion
Although the resistance phenotype of the E. coli multidrug transporter MdtM had 

been previously reported (Edgar an Bibi, 1997; Nishino etal., 2001; Soo etal., 2011; 

Tal and Schuldiner, 2009), the work in this chapter represents the first biochemical 

and functional characterization of the mdtM gene product.

To determine the contribution of MdtM to the resistance phenotype of E. coli 

to certain antimicrobials growth inhibition assays were carried out in both solid and 

liquid media supplemented with the test antimicrobial. Usually these assays are 

carried out if E. coli KAM3 cells which are characterized by the absence of the 

resistance nodulation division (RND) family pump AcrAB (Tikhonova et ai, 2004). 

AcrAB represents two of the three components of the AcrAB-TolC RND transporter 

which is the major contributor to the MDR phenomenon in Gram negative bacteria 

(Sulavik et al., 2001). Tripartite transporters such as AcrAB-TolC function as part of 

the two stage process of removal of antimicrobials, in which the single component 

transporters remove antimicrobial from the cytoplasm into the periplasm where they 

are then pumped across the outer membrane by the tripartite system (Morelra et al., 

2009), as detailed in section (1.3.2). If the AcrAB-TolC transporter is defunct then 

antimicrobials pumped into the periplasm from the cytoplasm by the single 

component transporters must then passively diffuse out of the periplasm. The lack 

of functional AcrAB-TolC means that antimicrobials can build up in the periplasm 

and leak back into the cell and exert their toxic effects. This means that E.coli 

strains which lack functional AcrAB-TolC could give a false indication of the 

contribution of single component transporters to the resistance phenotype and may 

even hide their contribution if the physiochemical properties of the antimicrobials 

tested are such that they cannot escape across the outer membrane and leak back 

into the cytoplasm. Therefore the assays carried out in this chapter used the E.coli 

BW25113 which have a functional AcrAB-TolC transporter meaning that the 

functional relationship between the single component transporters such as MdtM 

and the tripartite RND efflux transporter is intact. The use of this system to 

determine the effect of MdtM on resistance phenotype proved effective, with E.coli 

BW35113 WT cells complemented with pMdtM being more resistant than E.coli 

BW35113 2\mc/f/W deletion mutant cells to ethidium bromide and chloramphenicol by 

~40% and -50% respectively. These results are consistent with the findings of a 

study by Nishino 2001, but the observation that chloramphenicol resistance is 

increased by overexpression of plasmidic MdtM contradicts another study by Edgar 

and Bibi 1999 in which they showed cells containing plasmidic MdtM were not
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resistant to chloramphenicol. However their studies were preformed in a different 

E. coli strain with the mdtM gene was placed in a pT7-5 vector under the control of 

its native promoter not under the tight control pBAD vector used in the studies in this 

chapter so this may explain the differences in findings. The triggers which regulate 

the expression of chromosomal mdtM are not yet known.

There is a high degree of overlapping substrate specificity and functional 

redundancy amongst MDR transporters (Nah etal., 2009; Nishino et al., 2001; Tal 

and Schulinder, 2009). A hypothesis for this is that transporters can compensate for 

the loss of one another (Nah et al., 2009) it has also been shown that compensation 

for the loss of function of one protein does not necessarily have to come from a 

protein of the same family (Tal and schulinder, 2009). The overlapping specificities 

of MDR transporters and the functional interactions between them provide robust 

strategy for bacterial survival. MdtM has previously been shown to have 

overlapping functionality with two other transporter genes mdfA of the MFS family 

and emrE of the SMR family (Tal et al., 2009). The results in this chapter which 

show that plasmidic MdtM can rescue the resistance phenotype of E. coli BW25113 

AmdfA deletion mutants (Figure 3.11) are consistent with the previous findings and 

add further weight to the hypothesis of built in functional redundancy in E. coli.

Charged residues within the transmembrane segments of MFS transporters 

are essential for transporters function, negatively charged residues located in TMS 1 

are conserved in both MFS family members and members of the SMR family 

(Baribanet ef a/., 2001; Edgar and Bibi, 1999; Paulsen and Skurray, 1993; Paulsen 

et al., 1996). The negatively charged residue E26 is located within TMS 1 of MdfA 

has been identified as essential for substrate recognition (Egar and Bibi, 1999). 

Mutation of this residue to residues with a smaller side chain which maintain its 

negative charge such as aspartate maintains MdfA’s resistance to neutral 

compounds but not cationic substrates. Mutation E26A has only marginal 

chloramphenicol resistance but no cationic compound resistance. Replacement of 

E26 with a positive residue in E26K confers only chloramphenicol resistance (Edgar 

and Bibi, 1999). Recognition of neutral compounds such as chloramphenicol must 

not be charge sensitive instead being selected for by the size or the shape of the 

residue at position 26 (Edgar and Bibi, 1999). E26 must therefore be part of a 

recognition domain which directly interacts with lipophilic cations (Edgar and Bibi, 

1999; Alder and Bibi, 2006). Despite its essential role in substrate recognition E26 

from MdfA is not critical for transporter function. This is in contrast to the findings 

for D22 of MdtM which is the analogous residue of E26; growth inhibition assays
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showed that (Figure 3.7) the mutant D22A cannot shield E. coli from the toxic effects 

of either the neutral compound chloramphenicol or ethidium bromide. The ethidium 

bromide efflux assays conducted in whole cells confirmed that ethidium bromide 

efflux was eradicated with the D22A mutation (Figure 3.8). This suggests that D22 

is involved in cationic substrate recognition and/ or transport. The chloramphenicol 

substrate binding assays carried out with purified MdtM-D22A in detergent solution 

showed that the D22A mutant was still capable of binding chloramphenicol although 

not as tightly as wild type MdtM (Figure 3.9). This indicates that D22 is not an 

essential residue for recognition of neutral substrates. D22 may be involved in salt 

bridge formation or proton recognition rather than substrate binding. This means 

that despite an acidic residue in TMS 1 being conserved between MdtM and its 

close homologue MdfA they residues may not perform the same function in both 

transporters. The findings for the D22 residue of MdtM are however similar to those 

for other studied transporters such as D34 from FloR (Baribant ef a/., 2001) and E14 

from the SMR family multidrug transporter EmrE (Muth and Schulinder, 199; 

Schulinder et al., 1997); mutations of which to cysteine or aspartate eradicate 

transporter activity suggesting that E14 may be involved in substrate recognition as 

well as proton recognition. The concept of D22 being involved in proton recognition 

as part of the proton relay is not unfeasible as similarly located aspartate residues in 

other £. co//transporters have been shown to play essential roles in proton and Na+ 

recognition (Seyfang et al., 1997; Zani et al., 1993).

Membrane embedded basic charge is also important to transporter function, 

the importance of arginine residues in substrate specific MFS transporters has been 

highlighted with UhpT (Fann etal., 1998) and GIpT (Law et al., 2009). Point 

mutations to convert the arginine residues in GIpT or UhpT to cysteine or even a 

conservative mutation to lysine which maintains the positive charge, destroys the 

ability of either transporter to function (Fann et al., 1998; Law et al., 2008). An 

arginine residue at position 112 has been identified as essential for function in MdfA 

(Sigal et al., 2005) the analogous residue in MdtM is R108, arginine residues at this 

position are conserved amongst MFS multidrug transporters. To determine if an 

arginine residue specifically as opposed to positive charge alone at position 108 is 

critical to MdtM function the mutant R108K was engineered. Whole cell ethidium 

bromide transport assays showed that efflux activity of R108K was reduced in 

comparison to the WT transporter (Figure 3.8), although substrate binding assays 

performed with chloramphenicol showed that the mutant retained binding affinity
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similar to the WT (Figure 3.9 C). These results indicate that R108 is not essential for 

function but it is required for the transporter to be fully active.
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4. MdtM contributes to the resistance of Escherichia coli to quaternary ammonium 

compounds

4.1. Introduction

Quaternary ammonium compounds (QACs) are lipophilic cations, they differ from one 

another with respect to structure but share the same general formula N+ R^RaF^X" where 

R represents a hydrogen atom, a plain alkyl group or an alkyl group substituted with other 

family groups, and X represents an anion (Buffet-Batallion eta/., 2012; Rahn eta!., 1947). 

QACs are used broadly as: hand sanitizers and surface cleansers in clinical, domestic and 

agricultural settings, inhibitors of microbial erosion in industry, antifungal treatments in 

horticulture, biocides in aquaculture and preservatives in the cosmetic industry (Blenkinsopp 

et al., 1991; Hegstad eta!., 2010). This extensive use of QACs in combination with their 

miss use has added to the phenomenon of MDR in bacteria. The indiscriminant use of 

disinfectants such as QACs has created a hotbed for the adaption of bacterial resistance to 

disinfectants in both pathogenic and non-pathogenic bacteria (Buffet-Batallion et al., 2011; 

Langrud et al., 2003; Tabata et al., 2003). A major concern to public health is the possible 

cross-resistance between these compounds and clinically significant antibiotics (Buffet- 

Batallion et al., 2011).

The exact mechanism of action of QACs is not fully elucidated; it is believed that their 

antimicrobial affects may result from the binding of the positively charged quaternary 

nitrogen of the QAC to the negatively charged head groups of the acidic phospholipids in the 

cell membrane (Buffet-Batallion et al., 2011; McDonnell and Russell, 1999). Following 

binding the hydrophobic tail of the QAC molecule then integrates itself into the hydrophilic 

core of the bacterial membrane solubilising it and lysing the cell (loannou et al., 2007). To 

protect themselves against the detergent like action of the QAC molecules bacteria have 

evolved resistance mechanisms. These mechanisms include a reduction in the expression 

of porins to limit the entry of QACs into the cell (Tabata et al., 2003) and the overexpression 

of MDR efflux pumps to actively remove any QACs which do enter the cell. The major 

intrinsic resistance to QACs comes from active efflux by the membrane bound MDR 

transporters.

Within the clinically important Gram negative bacteria Escherichia coli and 

Pseudomonas aeruginosa the main contribution to resistance comes from the tripartite RND 

MDR transporters AcrAB-TolC (Levy et al., 2002) and MexAB-OprM (McCay et al., 2010) 

respectively. In the Gram positive bacterium Staphylococcus aureus the MFS MDR 

transporters QacA and QacB have been identified as playing a major role in QAC efflux 

(Brown et al., 2003). There are also many other efflux transporters from the RND, MFS,
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SMR and MATE families encoded for within the E. coli genome which could potentially 

contribute to the efflux driven QAC resistance. An investigation by Nishino and Yamaguchi 

2001 carried out with E. coli KAM3 cells which lack functional AcrAB-TolC (Morita et al.

1998) revealed seven transporters that could efflux the QAC benzalkonium. Amongst the 

transporters identified were the well characterised MFS MDR transporter MdfA, the MFS 

MDR transporter EmrD, the MATE transporter YdhE, the SMR family member EmrE and the 

RND proteins AcrEF, YegMNOB and YhiUV (Nishino and Yamaguchi, 2001). Flowever as 

benzalkonium chloride was the only QAC tested in the investigation the full extent of these 

transporters contributions to intrinsic QAC resistance could not be determined.

Analysis of the single component MDR efflux proteins EmrD (Murth and Schulinder, 

2000), MdfA (Edgar and Bibi, 1999) and EmrE (Paulsen et al., 1996) revealed that the 

presence of a highly conserved acidic residue in TMS1 is essential for binding to the positive 

charge of QACs. The analysis also revealed the importance of aromatic residues within the 

transmembrane portions of the transporters in forming interactions with both the positive 

charge and aromatic rings of QACs (Schumacher et al., 2003). MdtM possesses both these 

essential components for QAC recognition and efflux; it has a conserved negatively charged 
acidic residue located in TM1 (D22) and several aromatic residues located within its 

proposed TMS. Therefore like its close homologue MdfA, MdtM may also efflux QACs from 

the bacterial cell and thus confer resistance. To test this hypothesis the resistance 

phenotype of E.coli BW25113 cells overproducing MdtM from a multicopy plasmid to a panel 

of several QACs was tested (Figure 4.1). To determine if any functional interaction existed 

between MdtM and the RND transporter AcrAB-TolC in QAC efflux from E.coli cells, the 

resistance phenotype of E. coli KAM3 cells- which lack functional AcrAB-TolC- which 

overproduced MdtM was also investigated. The affinity of MdtM for each of the seven QACs 

tested was quantified by exploiting the intrinsic tryptophan fluorescence quenching of 

pudfied MdtM in detergent solution. Acridine orange fluorescence dequenching assays 

using inverted vesicles made from E. coli KAM3 cells that overproduced MdtM were used to 

investigate MdtM mediated QAC transport. The results in this chapter show the previously 

undentified capacity of a single component MFS protein to recognize and transport a broad 

range of QACs and thereby contribute to the intrinsic resistance of E coli to QACs. The 

wcrk in this chapter has been published in the Journal of Antimicrobial Chemotherapy 

(Floldsworth and Law, 2012).
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Figure 4.1: The chemical structures of the panel seven QACs investigate din this study; benzalkonium chloride 

(BAC; a mixture of three alkyldimethylbenzylammounium chlorides which differ in the length of their alkyl tails), 

cetylpyridium bromide (CPB), centrimonium bromide (CMB), tetraethylammonium bromide (TEB), domiphen 

bromide (DPB), dimethyldioctadecylammonium chloride (DODC) and benzethonium chloride (BEC),
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4.2. Materials and methods
All growth media, chemicals and antibiotics were purchased from Sigma-Aldrich (Poole, 

Dorset, UK) unless otherwise stated.

4.2.1. Bacterial strains and plasmids

Cloning and generation of all plasmids used was carried out as described in section 2.2.2. 

The propagation of plasmids was carried out in E. co//TOP10 cells (section 2.2.2.1.). See 

section 2.2.2. E. coli LMG194 cells were used for the overproduction of MdtM (section

2.2.3.2. ). £. coli UTL2 cells were used in transport assays (section 3.2.1). E. coli BW25113 

[F-, A(araD araB)567, AlacZ4787(::rrnB-3), K, rph-1, A(rhaD-rhaB)568, hsdR514] (Datsenko 

et a!., 2000) harbouring pMdtM and empty pBAD vector were used in the QAC resistance 

growth assays. E. coli KAM3 [AacrAB supE hsdAS thi (A/ac-proAB)/F’ (traA36 proAB+ laclq 

lac DZM15)] were used in both resistance assays and for the production on inverted 

membrane vesicles for transport assays.

4.2.2. Resistance assays

Resistance assays were carried out to test the contribution of MdtM to intrinsic bacterial 

resistance to a range of QACs. The assays were carried out in both solid and liquid media 

with E. coli BW25113 and KAM3 cells transformed with pMdtM or empty pBAD as a control. 

E. coli BW25113 cells were selected for these studies as MdtM is efficiently overproduced, 

correctly targeted to the membrane and functional in this strain (as shown in chapter 3). The 

KAM3 strain was selected to determine if MdtM can contribute to the intrinsic resistance to 

QAC in the absence of a functional AcrAB-TolC tripartite efflux system.

Solid media assays followed the protocol as described in section 3.2.4, the plates 

were supplemented with the indicated concentration of QAC in place of the antimicrobials 

tested in chapter 3. Liquid media growth inhibition assays were carried out as described in 

section 3.2.4 with the media supplemented with a range of concentrations each QAC tested 

in place of the antimicrobials tested in chapter 3. Both solid and liquid media assays were 

carried out in LB supplemented with 100 pg/ ml carbenicillin for selection of cells harbouring 

the pBAD or pMdtM plasmid.

To account for the differences in the rate of growth between cells overproducing 

MdtM and those harbouring the empty pBAD vector, the data for each strain was plotted as 

the percentage growth relative to control cultures of the same cells grown in the absence of 

the test compound. SigmaPlot 10 was used to calculate the IC5o values as described in 

section 3.2.4. Statistical analysis of the IC5o data was performed using a two-tailed 

Student’s t-test. Differences between IC5o values for cells that overproduced MdtM
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compared with those for cells that did not overproduce the transporter were considered 

significant when p<0.05. All of the QACs tested were soluble in liquid media and did not 

precipitate out of solution at the concentrations used apart from DODC. DODC was made 

up as a 10 mg/ ml stock solution in 10% (v/v) ethanol prior to addition to the media. In the 

experiments using DODC the final concentration of ethanol in the cultures was 1% (v/v). 

Control experiments were carried out with media containing 1% (v/v) ethanol to test any 

effects of the alcohols presence on bacterial growth rates.

4.2.3. Western blot analysis

As described in section 2.2.11 paragraph 1.

4.2.4. Whole cell ethidium bromide transport assays

Overnight cultures of E. coli UTL2 cells harbouring either pMdtM or pBAD control plasmid 

were diluted to an OD60o of 0.03 in 100 ml LB broth supplemented with 100 pg ml'1 

carbenicillin and grown at 37°C. When the OD6oo reached 0.3, mdtM expression was 

induced by addition of 0.001% (w/v) L-arabinose. Cells were then grown to an OD6ooOf 1.0. 

Aliquots of cells were pelleted and resuspended in M9 minimal media containing 5 pM EtBr. 

Cells were loaded with EtBr by incubation at 37°C for 30 mins in the presence of 100 pM 

carbonyl cyanide 3-chlorophenylhydrazone (CCCP). The EtBr-loaded cells were centrifuged 

and resuspended in M9 minimal media containing 5 pM EtBr for immediate fluorescence 

measurements in a Fluoromax-4 fluorometer (Horiba Jobin Yvon, NJ, USA) with excitation 

and emission wavelengths set to 545 nm and 600 nm, respectively. D-glucose was added to 

a final concentration of 0.4% (w/v) to energise the cells, and the fluorescence quench due to 

EtBr efflux was continuously monitored. MdtM-catalysed, proton-driven active transport was 

abolished by addition of 100 pM CCCP. To test if QACs were transported by MdtM, the 

effect of addition of QAC on EtBr efflux was determined. To avoid any potential interference 

with the assay due to disruption of the membrane by the compounds under test, QAC was 

added immediately prior to the start of each measurement and at a concentration 200-fold 

less than the calculated IC5o value. All measurements were performed at 32°C.

4.2.5. Preparation and purification of MdtM

MdtM was overproduced in E. coli LMG194 cells as described in section 3.2.6. Briefly, cell 

membranes were isolated form harvested cells and solubilised as described in section 2.2.6. 

IMAC purification of solubilised MdtM was carried out as described in section 2.2.7. The 

IMAC-purified protein then underwent thrombin digestion to remove the hexahistidine tag
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following the protocol in section 2.2.9. The IMAC purified, thrombin-digested protein was 

further purified by SE-FPLC as described in section 2.2.10.

4.2.6. Substrate binding assays

The substrate binding affinity of MdtM for each of the seven QACs investigated was 

measured using intrinsic tryptophan fluorescence quenching of purified protein in detergent 

solution. Steady state fluorescence measurements were carried out in triplicate using a 

Fluoromax-4 fluorimeter (Florida UK Ltd, Middlesex, UK) by exciting into the tryptophans at 

wavelength of 295 nm and scanning the fluorescence emission from 310 to 400 nm. The 

excitation and emission slit widths were set to 2.0 and 2.5 nm respectively. A 0.22 pM 

solution of purified MdtM in detergent solution [20 mM FIBRES, pH 7.0, 10% glycerol, 0.2 

mM tris(2-carboxyethyl phosphine (TCEP), 100 mM NaCI and 0.075% DDM] was titrated 

with QAC by the sequential addition of 1.0-3.75 pi of the appropriate stock solution until the 

maximal fluorescence quenching of the emission peak at 332 nm was achieved. The total 

volume of QAC added in all experiments was less than 2.5% of the initial assay volume. 

Control experiments were conducted by titrating the QAC solutions into assay buffer alone. 

The results were corrected for the dilution before undergoing non-linear regression analysis 

using the formula y=BmaX[QAC]/(Kd+[QAC]) to calculate each QAC apparent binding 

dissociation constant Kdapp for MdtM.

Four of the QACs tested BAG, CPD, DPB and BEC contained aromatic moieties 

which absorb at 295 nm excitation wavelength used, the observed fluorescence intensities 

had to be corrected experimentally for inner filter effect. To do this a method based on that 

described by Grkovic et al. (Grkovic et al., 2003) was employed. The inner filter effects were 

compensated for by titration of the QACs into a 1.0 mM solution of free L-tryptophan (Fluka) 

that gave initial fluorescence intensity at 332 nm equivalent to that of the 0.22 mM MdtM 

solution. The measured fluorescence quenching of the free tryptophan solution upon the 

sequential addition of aliquots of BAC, CPB, DPB or DODC was assumed to be due 

exclusively to inner filter effects and these data were used to produce corrected fluorescence 

quenching values (AFCorr) for MdtM titrated with the same QACs using the following equation 

(Grkovic et al., 2003).

AFcorr

AF Mq -AFMi(AFw/F Wj)

Ewi

Where AFMq= the measured fluorescence quenching of MdtM at a particular QAC 

concentration; FMi= the initial fluorescence intensity of MdtM without added QAC; AFW= the
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measured fluorescence quenching of free tryptophan at a particular QAC concentration; and 

FWi= the initial fluorescence intensity of free tryptophan solution without added QAC. The 

corrected data underwent analysis as described above for the calculation of apparent 

substrate binding dissociation constants.

4.2.7. Transport assays

Transport assays to show MdtM mediated QAC/ H+ antiport were carried out by measuring 

the fluorescence dequenching of the pH sensitive fluorescent indicator acridine orange using 

inverted vesicles made from E. coli KAM3 cells transformed with pMdtM or as a control the 

empty pBAD vector. Single colonies from plates containing E. coli KAM3 cells transformed 

with either recombinant wild-type MdtM or the empty pBAD vector were used to inoculate 

flasks of 100 ml LB broth supplemented with 100 pg/ ml carbenicillin and grown overnight for 

15 h at 30°C with shaking at 250 r.p.m. The overnight cultures with OD60o between 3.0-3.3 

were used to inoculate a 100 fold dilution of cells into 5 L unbaffled flasks containing 1 L of 

fresh LB supplemented with 100 pg/ ml carbenicillin. The cultures were grown at 32°C under 

aeration at 270 rpm for 2.5 h; the temperature was then reduced to 25°C. Once the OD60o 

reached 1.0 the cultures were induced with 0.1 % (w/v) L-arabinose for 1.5 h. Cells were 

harvested by centrifugation at 5000 x g at 4°C. Harvested cell pellets were washed three 

times in TCDS buffer (10 mM Tris-HCI pH 7.5, 140 mM choline chloride, 0.5 mM 

dithiothreitol (DTT) and 250 mM sucrose) and the cell solution was then inverted through a 

single pass through a French pressure cell at 1000 psi. Uninverted cells and cell debris 

were removed by centrifugation at 18,000 x g. Cell membranes were harvested by 

ultracentrifugation at 100,000 x gfor 1 h. Membrane pellets were then resuspended in 1 ml 

TCDS buffer. The total membrane protein concentration of the vesicles was determined 

using a bicinchoninic acid assay (Thermo Scientific Pierce, Rockford, IL) according to the 

manufacturer’s instructions.

Transport assays were carried out using a Fluoromax-4 fluorimeter at 25°C with an 

excitation wavelength of 492 nm and fluorescence emission recorded at 525 nm. The 

excitation and emission slit widths were set at 1.5 and 2.5 nm respectively. Membrane 

vesicles were added to the assays buffer (1 mM Tris-HCI, pH 7.0, 5 mM MgS04 and 1 pM 

acridine orange) in a quartz cuvette to a final concentration of 0.5 mg/ml membrane protein 

in a total volume of 1.5 ml. The vesicles and assays buffer were allowed to equilibrate for 

~300 sec prior to the recording of the fluorescence signal. To cause the generation of a 

respiration dependent ApH (acid inside the vesicle) Tris-D-Lactate made up in reaction 

buffer at pH 7.0 was added to a final concentration of 2 mM after ~50 s. Following the 

establishment of the ApH and the stabilisation of the acridine orange fluorescence (~200 s)
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MdtM-mediated transport of the QAC compounds was initiated by adding the test QACs to 

the inverted vesicle mixtures at the following final concentrations: BAG 65|iM, TEB 60 pM, 

CMB 40 pM, CRB 35 pM, DODC 30 pM, DPB 50 pM and BEC 30 pM. The fluorescence 

dequenching following the QAC addition as a result of the vesicle lumen being alkalinised as 

the proton gradient powered MdtM-mediated QAC uptake into the inverted vesicle was 

monitored for a further 50 s. 100 pM CCCP was then added to completely dissipate the ApH 

and abolish transport. Each experiment was repeated at least in triplicate with at least two 

individual inverted vesicle preparations.

Each of the QAC stock solutions used in the transport assays, apart from DODC, 

were made up in water and the volume of each stock added to the reaction mixture did not 

exceed 0.5% of the total reaction volume. DODC stock solution was made up in 10% (v/v) 

ethanol. Therefore, as a control for the transport assays that used this QAC, an equivalent 

volume of 10% (v/v) ethanol alone was added to the reaction mixture.
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4.3. Results

4.3.1. Growth assays indicate that cells overexpressing MdtM are less susceptible to QACs

To determine the ability of MdtM when expressed for a multicopy plasmid to protect E. coll 

BW25113 and KAM3 cells from the toxic effects of a panel of seven QACs was tested using 

solid and liquid media growth inhibition assays. In the solid media assays the capacity of 

logarithmic dilutions of cells to form colonies in the presence of each QAC was used as an 

indicator of resistance. The assays carried out on a control plate containing no QAC (Figure 

4.2) shows that E. coli BW25113 cells transformed with pMdtM or pBAD grow equally well 

across all dilutions. However in the test plates containing the indicated amount of each QAC 

the BW25113 cells transformed pMdtM grew better across all dilutions than those harbouring 

the empty pBAD vector. This suggests that those cells expressing recombinant MdtM from a 

multicopy plasmid are much less susceptible to the harmful effects of the QAC compounds.

Control BAC
< 2 pg/ml)

TEB
( 90 mg/ml)

CMB
(0.5 pg/ml)

pMdtM............. 9 & * tf* *• T# - * «€£ * •

pBAD............... + t • * AJ v» »

CRB
(10 pg/ml)

DODC 
(400 pg/ml)

DPB
(2 pg/ml)

BEC
(4 pg/ml)

pMdtM.............. 3 *• • • • vSf ** * ''

pBAD................ * ^ • ' * «

Dilution: 10-* lO-MCH5 10-4 10-« 10-6 10-1 10-5 10-6 10-» 10* 10-«

Figure 4.2: E. coli BW25113 cells overexpressing recombinant MdtM from a multicopy plasmid are less 

susceptible to the toxic effects of QACs. This figure shows the ability of serial dilutions of cells harbouring either 

empty pBAD vector of pMdtM to form colonies on solid media in the presence of a variety of QACs.

The observations seen in the solid media assays were confirmed by liquid culture 

assays were carried out to determine the concentration of each QAC at which 50% inhibition 

of the growth (IC5o) of the individual strains occurred (Figure 4.3). The E. coli BW25113 cells 

harbouring pMdtM had greater resistance to the tested QACs than those harbouring the 

empty pBAD vector; the average mean fold increase in resistance against the panel of seven 

QACs ranged from 1.2 for BAG to 9 for CRB. Statistical analysis was carried out on the IC5o 

values by using an unpaired Student’s t-test, the analysis confirmed that the measured 

increase in resistance in the cells overexpressing MdtM was significant.
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Table 4.1. IC50 values of £. coli BW25113 cells as calculated from growth inhibition assays performed in liquid 

media show that cells that overexpressed MdtM are less susceptible to the cytotoxic effects of a range of QACs. 

Values represent the mean + SD of 3 independent measurements.

Quaternary

ammonium

compound

IC5o of cells
complemented with

pBAD (pg/ml)

IC5o of cells

complemented with

pMdtM ((.ig/ml)

Mean fold-

increase in

resistance

BAC 8.9±0.1 10.910.1 1.2

BEC 10.5±0.5 13.610.2 1.3

CMB 7.210.5 9.210.2 1.3

CPB 2.710.2 24.413.4 9.0

DODC 529192 719157 1.4

DPB 5.710.7 7.910.2 1.4

TEB* 7919 152+11 1.9

*The IC50 values for cells exposed to TEB are expressed in mg/ml.

BAC TEB CMB CPB DODC DPB BEC

Figure 4.3: £. coli BW25113 cells overexpressing recombinant MdtM from a multicopy plasmid are less 

susceptible to the toxic effects of QACs. IC50 values of BW25113 cells harbouring either pBAD or pMdtM were 

calculated from assays performed in liquid media containing QACs and confirm the observed resistance seen in 

the solid media assays. The bars and error bars represent the mean IC50 value for each QAC tested ± SE of 

three individual measurements. ‘Significant at P<0.05. “Significant at P<0.01. ‘“Significant at P<0.001. 

““Significant at P<0.0001.
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Growth inhibition assays carried out with E. coli KAM3 cells which lack a functional 

AcrAB-TolC system showed that this strain was much more susceptible to the toxic effects of 

all seven QACs tested than the E. coli BW25113 cells. In all the solid media assays carried 

out (Figure 4.4) the KAM3 cells harbouring the empty pBAD vector grew more weakly across 

all dilutions than those transformed with pMdtM.

Control BAG
(2 pg/ml)

TEB
(90 mg/ml)

CMB
(0.5 pg/ml)

pMdtM............. ® - r# - ‘ * *

pBAD...............
.‘"t

• •> >

CRB DODC DPB BEC
(10 pg/ml) (400 ng/ml) (2 pg/ml) (4 pg/ml)

pMdtM.............. # • • 1* V *

pBAD................ V « • » ’ •
Dilution: 1(H 10’5 10'® 10"4 10-5 10-® 10"4 10"5 10-® 10-4 10'5 10-6

Figure 4.4: E. coli KAM3 cells overexpressing recombinant MdtM from a multicopy plasmid are less susceptible 

to the toxic effects of QACs This figure shows the ability of serial dilutions of cells harbouring either empty pBAD 

vector of pMdtM to form colonies on solid media in the presence of a variety of QACs.

The observations seen in the solid media assays were confirmed by liquid culture 

assays were carried out to determine the concentration of each QAC at which 50% inhibition 

of the growth (IC5o) of the individual strains occurred (Figure 4.5). The E. coli KAM3 cells 

harbouring pMdtM had greater resistance to the tested QACs than those harbouring the 

empty pBAD vector. The differences in the average mean fold increase in resistance 

between those harbouring pMdtM and those with the empty pBAD vector was vast with the 

greatest difference being 20 fold for CRB. Statistical analysis was carried out on the IC5o 

values by using an unpaired Student’s t-test, the analysis confirmed that the measured 

increase in resistance in the cells overexpressing MdtM was significant. Although this data 

shows that MdtM is capable of working without AcrAB-TolC to increase resistance to the 

seven QACs tested, the IC5o values calculated for KAM3 cells which overexpressed MdtM 

were much lower than those determined for the BW25113 cells (Table 4.2) which have 

functional AcrAB-TolC. The difference in the IC5o values for each strain when expressing 

functional MdtM indicates the importance of functional AcrAB-TolC in the intrinsic resistance 

of E. coli to QACs.
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Table 4.2. IC50 values of E. coli KAM3 cells as calculated from growth inhibition assays performed in liquid 

media. Values represent the mean ± SD of 3 independent measurements.

Quaternary

ammonium

compound

IC5o of cells

complemented with

pBAD (pg/ml)

IC5o of cells
complemented with

pMdtM (pg/ml)

Mean fold-

increase in

resistance

BAC 0.61±0.08 4.67±0.17 7.6

BEC 1.95±0.32 7.79±0.17 4.0

CMB 0.11±0.02 0.80+0.03 7.6

CPB 0.48±0.12 9.67±1.56 20

DODC 274±13.9 332±13.9 1.2

DPB 0.92±0.01 1.94±0.03 2.1

TEB* 57.2±5.2 97.3±6.7 1.7

‘The IC50 values for cells exposed to TEB are expressed in mg/ml

BAC TEB CMB CPB DODC DPB BEC

Figure 4.5: E. coli KAM3 cells overexpressing recombinant MdtM from a multicopy plasmid are less susceptible 

to the toxic effects of QACs. IC50 values of BW25113 cells harbouring either pBAD or pMdtM were calculated 

from assays performed in liquid media containing QACs and confirm the observed resistance seen in the solid 

media assays. The bars and error bars represent the mean IC50 value for each QAC tested ± SE of three 

individual measurements. ‘Significant P<0.05. “Significant at P<0.01. ‘“Significant at P<0.001. ““Significant 

at P<0.0001.

To ensure that the observed differences in the calculated IC5o values and observed 

difference in susceptibility to the panel of QACs tested was not due to differences in the 

expression levels of MdtM, Western blot analysis was carried out on DDM solubilised
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membranes from KAM3 and BW25113 cells transformed with empty pBAD vector or pMdtM 

(Figure 4.6). Recombinant MdtM was only detectable in the cells harbouring pMdtM and the 

levels of MdtM production was similar in both the BW25113 and the KAM3 cells.

# # 

<5 <1

KAM3 BW25113

Figure 4.6: Western blot analysis of DDM detergent-solubilised membranes from E.co/i BW25113 and E.coli 

KAM3 cells harbouring pMdtM or pBAD vector show similar production of MdtM

4.3.2. MdtM has micromolar binding affinity for QACs

The evidence from the results of the solid and liquid growth inhibition assays suggest that 

MdtM does provide resistance against the toxic effects of QACs. However to ensure that 

this is the case binding and transport assays need to be carried out to confirm the 

transporter is capable of QAC efflux. Therefore the binding of QACs to MdtM was tested 

using intrinsic tryptophan fluorescence quenching assays. The maximum emission 

wavelength of the fluorescence emission spectrum of purified MdtM in detergent solution 

was 332 nm (Figure 4.7 A). The QACs were sequentially added to the protein solution 

resulting in a decrease in the fluorescence intensity at 332 nm until saturation occurred. The 

fluorescence quenching was not accompanied by a shift in the maximal emission 

wavelength this indicates that the quenching resulted entirely from the interaction of each 

individual QAC with MdtM’s substrate binding site and not due to a change in the 

environment of MdtM’s nine tryptophans (section 1.6). Further evidence that the quenching 

seen in these assays was due entirely to the interaction between the QAC and MdtM’s 

binding site came from a control experiment that used urea denatured protein. In these urea 

control experiments CMB was sequentially added to a final concentration of 100 pM into the 

denatured protein in detergent solution, however no quenching of the fluorescence occurred 

(Figure 4.7 I). Another control experiment was carried out to confirm that the sequential 

addition of aliquots of 10% (v/v) ethanol (used to solubilise DODC) to the protein detergent 

solution had no effect on the fluorescence emission (Figure 4.7 J).

The results (Figure 4.7) as expected showed that MdtM is a high affinity QAC efflux 

protein, the order of affinity for MdtM for each QAC was

DPB>DODC>BAC>CPB>TEB>BEC>CMB, with the apparent binding affinity (Kdapp) of MdtM 

for the QACs ranging from 0.3±0.1 to 11.3±1.4 pM (Figure 4.7 B-H). There was clear
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substrate dependent variable in the magnitude of the dilution corrected tryptophan 

fluorescence quenching which ranged from ~3% to 4% upon the addition of BEC (Figure 

4.7(G)) to -12% upon the addition of CRB (Figure 4.7 F). Where necessary the inner filter 

effect was corrected for.

IDODC1 (iiMI

20 40 60

[BEC] (MM)

320 340 360 380 400 £

5

20 40 60 80 100
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r

| Ka»PP= 1.4 ±0.4 nM

1= 0 20 40 60 80 100

[EtOH] (iiM)

Figure 4.7: Assays of QAC substrate binding to MdtM carried out using intrinsic tryptophan fluorescence 

quenching. (A) Shows the fluorescence emission spectrum from 310 to 400 nm of purified MdtM in DDM 

detergent solution upon excitation at 295 nm, the maximum emission occurs at 332 nm and the fluorescence 

intensity is measured in arbitrary units (a.u ). (B) to (H) Substrate binding affinity curves showing the intrinsic 

tryptophan fluorescence quenching of purified MdtM in DDM detergent solution as a function of QAC 

concentration. All data was corrected for dilution and where necessary (B, C, F and G) further corrected for inner 

filter effects due to absorbance of excitation and emission light by substrates. (H) Control binding curve showing 

that urea denatured MdtM cannot binding QAC. (J) Control to show that the sequential addition of 10% EtOH 

has no effect on the fluorescence emission.
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4.3.3. Whole cell assays show ethidium bromide efflux is inhibited by QACs

To confirm that the resistance phenotypes seen in the growth assays were due to the QAC 

efflux by MdtM, the effect of the addition of each of the seven QACs on the ethidium bromide 

efflux activity of MdtM was measured by whole cell transport assays using the E. coli outer 

permeability mutant UTL2. In the control assays carried out with no QAC the addition of 

glucose to energise the cells overexpressing MdtM resulted in a rapid decrease in the 

fluorescence signal as the transporter actively extruded ethidium bromide from the cell 

against its concentration gradient (Figure 4.8 top row left trace). The addition of the 

ionophore CCCP to dissipate the proton gradient caused the fluorescence signal to rise 

again, indicating that the observed MdtM-mediated ethidium bromide efflux is driven by the 

proton electrochemical gradient. The results obtained for the negative control cells 

harbouring the empty pBAD vector (Figure 4.8 top row middle trace) show only a slight 

decrease in the fluorescence signal over the time scale of the assay. This small decrease 

may be due to ethidium bromide efflux by chromosomally encoded MDR transporters such 

as MdfA or EmrD. When the seven QAC compounds to be tested were added the efflux of 

ethidium bromide was inhibited. This inhibition was measured by the abolishment of the 
fluorescence signal decrease in comparison with the cells which had no QAC added. The 

reduction in the decrease of the fluorescence signal is due to the disruption of ethidium 

bromide efflux by the QACs competing with ethidium bromide for binding sites and 

subsequent transport by MdtM.
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Figure 4.8: Inhibition of ethidium bromide (EtBr) efflux by MdtM-expressing £. coli UTL2 cells in the presence of 

each of the QACs tested provided evidence that efflux of these cytotoxins is mediated by MdtM. Efflux of EtBr 

from cells expressing plasmidic MdtM provided a positive control and a negative control was provided by cells 

harbouring plain vector. Efflux was monitored continuously by measuring fluorescence emission at 600 nm upon 

excitation at 545 nm After 90 s in the fluorometer, cells loaded with EtBr were energised by addition of glucose
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(black arrow) and efflux of EtBr was monitored for a further 450 s. At this point, 100 pM CCCP was added as 

indicated (white arrow) to abolish active transport and the fluorescence emission was monitored for a further 300 

s. Each QAC tested clearly inhibited EtBr efflux.

4.3.4. MdtM mediated transport is driven by the electrochemical proton gradient

The results obtained from the binding affinity assays in section 4.4.3 show that MdtM is 

capable of binding to the QAC substrates, however binding does not prove that transport 

occurs. To demonstrate that MdtM has the capability of catalyzing the transport of QACs 

across the cytoplasmic membrane transport assays were carried out in inverted vesicles 

made for E. coli KAM3 cells which lack functional AcrAB-TolC.

In all control and test experiments conducted the addition of lactate to activate the 

membranes caused a rapid decrease in the fluorescence intensity and the addition of 100 

pM CCCP at the indicated time caused complete dissipation of the ApH causing a full 

dequench in the fluorescence signal, this indicates that the inverted vesicles were intact and 

maintained their integrity throughout the entire course of the assays. The experiments 

provided evidence to suggest that MdtM mediated the proton driven transport of the QACs 

tested (Figure 4.9). The addition of QAC (as indicated) to energised vesicles made from 

cells transformed with pMdtM caused dequenching of the initial fluorescence signal from the 

pH sensitive fluorophore acridine orange. The fluorescence dequench was as a result of the 

alkalinisation of the vascular lumen as protons are pumped out to drive the simultaneous 

MdtM-mediated uptake of the added QAC. The full dequench as a result of the addition of 

100 pM CCCP which abolishes the ApH across the membrane indicates that the vesicles are 

intact, so the initial dequench seen upon the addition of the QAC is due to MdtM H+/QAC 

antiport activity and not due to disruption of the membrane. This suggestion was supported 

by the control experiments carried out using vesicles made from E. coli KAM3 cells 

harbouring the empty pBAD vector and therefore not overproducing MdtM (Figure 4.9, right 

hand side (RHS)). In these control assays addition of TEB, CMB, CPB, DODC, DPB and 

BBC to the vesicle did result in dequenching of the original respiration dependent quench. 

The addition of BAG however did cause an increase in the fluorescence signal when added 

to the control vesicles. The quenching is likely to be due to the activity of other 

chromosomally encoded proton driven transporters such as MdfA and EmrD which also 

recognise BAC as a substrate. Combination of the test and control results of the transport 

assays provide evidence that the fluorescence dequenching observed upon the addition of 

QAC to inverted vesicles from cells that overproduce MdtM was completely due to H+/QAC 

antiport cavity or MdtM. The combined results also show that at the concentrations used in 

the transport assays the QAC do not disrupt the vesicle membranes.
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Figure 4.9: QAC-driven proton translocation by MdtM. ApH measurements were performed by monitoring the 

fluorescence of acridine orange in inverted vesicles prepared from E. coli KAM3 cells that overproduced MdtM 

(left-hand side). Control assays were performed using vesicles prepared from KAM3 cells that harboured ‘empty’ 

pBAD vector and therefore did not overproduce the transporter (right-hand side). At the point indicated, 2 mM 

Tris-DL-lactate, pH 7.0, was added to generate a ApH (acid inside) and energize the vesicles. After 200 s once 

maximum quenching was achieved, the QAC was added (as indicated by the arrow) to initiate MdtM-mediated 

proton transport. Each QAC was added to the following final concentration: 65 pM BAC, 30 pM BAC, 40 pM 

CMB, 35 pM CPB, 30 pM DODC, 50 pM DPB and 35pM CPB The ApH across the vesicle membrane was 

dissipated by the addition of 100 pM CCCP, as indicated by the third arrow. The fluorescence intensity was 

measured in arbitrary units (a.u.).
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4.4. Discussion

Fear of the spread of MDR infections has lead to the indiscriminate use of antiseptics in 

industrial and clinical settings (Hegstad et al., 2010). However the prolonged and incorrect 

use of disinfectants at sub-inhibitory concentrations has lead to the emergence of resistance 

to clinically important disinfectants in both pathogenic and non-pathogenic bacteria (Kummer 

et al., 2004). It is therefore important to gain better understanding of the mechanism which 

underpin disinfectant resistance, and as QACs are so broadly used across a range of 

environments and industry the study of the nature of QAC resistance is essential. The work 

in this chapter shows that the MFS MDR single component transporter MdtM is capable of 

protecting E. co//from the cytotoxic effects of QACs when expressed from a multicopy 

plasmid.

Growth inhibition assays showed that E. co//cells overproducing MdtM grew more 

robustly in the presence of the panel of seven QACs tested in this chapter than control cells 

which did not overproduce the transporter (Figures 4.2, 4.3, 4.4 and 4.5). Calculation of the 

ICso values enabled the observations on solid media to be quantified and revealed that cells 
overexpressing MdtM were statistically less susceptible to the toxic effects of QACs than 

those which do not overexpress the transporter. Despite MdtM’s contribution to resistance 

being statistically significant it is not necessarily clinically important as QACs are used in 

much higher concentrations in the clinical environment than they were used in this chapter. 

However the work in this chapter does underline the ability of MdtM to contribute to QAC 

resistance through efflux and the potential of E. coli to respond to dangers in its environment 

by overproduction of one transporter.

A study by Soo et al., (Soo et al., 2011) revealed the presence of several £. coli gene 

products which contribute to QAC resistance. However the major contribution comes from 

active transport by RND family members such as AcrAB-TolC (Levy et al., 2002; Nishino et 

al., 2001; Soo et al., 2011). The tripartite AcrAB-TolC systems exact mechanism of action is 

debatable as structures have revealed three different tunnels leading to/ from the binding 

cavity (Seegar et al., 2006). It is thought that AcrAB-TolC can capture antimicrobials in 

either the periplasm or the cytoplasm and transport them outside the cell. It is believed that 

single component transporters such as MdtM support AcrAB-TolC by removing toxic 

compounds from the cytoplasm into the periplasm where AcrAB-TolC then removes them 

from the cell (Nir et al., 2007). The results shown in this chapter support this hypothesis as 

in KAM3 cells which are dysfunctional in AcrAB-TolC cells expressing MdtM are more 

resistant to the toxic affects of QACs those not expressing the transporter. This suggests 

that in the absence of AcrAB-TolC, MdtM can still remove QACs from the cytoplasm to the
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periplasm. If the QACs are not then removed quickly enough from the periplasm into the 

external environment the single-component transporters like MdtM cannot cope with work 

load and the cytoplasmic concentration of QAC increases to a lethal level. This may explain 

why there are such vast differences in the IC5o values between the E.coli BW25113 strain 

which has a functioning AcrAB-TolC and the E.coli KAM3 in which the tripartite transporter 

dysfunctional. The efflux of QACs from E.coli probably takes place in a two stage process 

similar to antibiotic efflux were the interactions between the single component and tripartite 

transporters are key as they function together to protect £.co//from antimicrobials (Tal and 

Schulinder, 2009).

The binding affinities of MdtM for each of the seven QACs tested are all in the low 

micromolar range and compare well with the Kd value calculated for chloramphenicol in 

chapter 3. The differences in the substrate-dependent intrinsic tryptophan fluorescence 

quenching seen in the substrate binding assays carried out with purified protein in detergent 

solution are likely due to variability in how each QAC substrate interacts with the 
transporter’s substrate binding site. MdtM’s close homologue MdfA has been shown to have 

a large and flexible substrate binding pocket which can contain dissimilar substrates at the 

same time (Burland et a!., 1995; Lewinson and Bibi, 2001). If MdtM’s binding pocket is large 

and flexible like that of MdfA it may explain how the transporter can be so promiscuous in 

relation to the substrates it transports, as (Figure 4.1) the panel of QACs tested in this study 

have vastly differing structures.

The panel of QACs MdtM has been shown to transport in this study overlaps with 

those of other MDR transporter (Edgar and Bibi, 1997; Nishino and Yamuguchi, 2001). This 

high degree of functional redundancy has been seen previously in antibiotic efflux and 

provides a robust survival strategy for E. coli (Tal, 2009). As the single component 

transporters have been shown to have such a high degree of functional overlap it may be 

possible that other unrecognised transporters may too be involved in QACs efflux (Tal and 

Schuldiner, 2009).
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5. A defined role for MdtM in alkalitolerance 

5.1. Introduction

The use of antimicrobials in a medical setting only commenced in the last century 

yet many of the genes encoding for antimicrobial resistance mechanisms can be 

traced back billions of years (Baltz et al., 2005). This has led many to hypothesise 

as to why the MDR proteins have remained in existence within the bacterial genome 

without the selective pressure of antimicrobials. It has been suggested that many 

MDR transporters have other true physiological roles which are yet to be 

established. For example one suggested function for the MFS MDR protein MdfA is 

in alkalitolerance (Lewinson and Bibi, 2004), it enables the cell to maintain a 

physiologically relevant phi in an alkaline environment. The capacity of bacteria to 

survive and grow at alkaline pH values is of widespread importance in the 

epidemiology of pathogenic bacteria, in industrial settings, the marine environment 

and in plant associated and extremely alkaline ecological niches (Padan et al.,

2005). Bacteria must maintain a cytoplasmic pH which compares to the optimal 

functional and structural integrity of the cytoplasmic proteins which support growth. 

Non-extremophilic bacteria grow over an external pH range of 5.5-9.0 and they must 

maintain a cytoplasmic pH between 7.4-7.8 (Booth et al., 1981; Padan et al., 1976). 

Bacteria therefore must be capable of acidifying or alkalising their cytoplasm in 

response to the external environment.

Bacteria employ a number of adaptive strategies to enable alkaline pH 

homeostasis (Krulwich et al., 1999). These strategies include increased metabolic 

acid production through amino acid deaminases and sugar fermentation, increased 

ATP synthase that couples H+ entry to ATP generation, changes in cell surface 

properties and increased expression and activity of monovalent cation/ proton 

antiporters (Kitada et al., 2000). Monovalent cation/ proton antiporters play a critical 

and central role in alkalitolerance in many bacteria (Krulwich et al., 1998; Krulwich et 

al., 1999; Kitada eta!., 2000) (Figure 5.1)
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Figure 5.1: Transporters known to play a role in alkaline pH homeostasis in E. coll. The inner cell 

membrane is represented by the blue spheres and green sticks with the outer membrane represented 

by the blue circle and green sticks on the periplasmic side, and by the green spheres with green sticks 

on the extracellular side. NhaA, NhaB and ChaA are represented by the purple hexagons on the upper 

portion of the illustration. MdfA is illustrated as a yellow hexagon, ATPases are shown as mauve 

coloured shapes, MotAB as red ovals and the symporters as the lower purple hexagons. The direction 

of movement of ions is signalled by the arrows. The pH of each cellular compartment is visualised in 

red letters.

In E. coli the monovalent cation/ proton antiporters which have been 

identified to date as playing a major role in alkalitolerance are NhaA, NhaB and 

ChaA. NhaA and NhaB specifically exchange Na+ or Li+ for H+and are both 

electrogenic antiporters (Schulinder et al., 1992). NhaA is also essential for the cell 

to adapt to high salinity as it prevents Li+ toxicity and enables alkaline tolerance in 

the presence of Na+ (Padan et al., 1989). The activity of NhaA is pH dependant; it is 

essentially inactive below pH 7.0 but its activity increases dramatically between pH 

7.5-9.0 (Tachlicht et al., 1991). NhaB functions at a pH range of 6.5 to 8.5, (Pinner 

et al., 1993) unlike NhaA its activity is not pH dependent (Schuldiner et al., 1992). 

Despite having a higher affinity for Na+ than NhaA, NhaB contributes only limited 

sodium and alkali tolerance to the cell in the presence of functional NhaA. However, 

in the absence of functional NhaA NhaB becomes essential for cell growth (Rimon 

et al., 1995). It has been proposed that the alkalitolerance phenotype of NhaB is 

masked in the presence of NhaA. A single copy of NhaA is enough to provide pH
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homeostasis to the cell at high p; this however does not mean that NhaB is inactive 

in the presence of NhaA (Rimon et al., 1995). ChaA is a Na+ (Ca2+) (K+)/ H+ 

antiporter which regulates the intracellular levels of potassium and sodium in E. coli 

(Radchenko et al., 2006). Like NhaA the activity of ChaA is pH dependent with 

increased activity at alkaline pH; ChaA is inactive below pH 8.0 and has optimal 

activity at pH 9.0 (Radchenko et al., 2006).

There is convergence in activity of transporters involved in MDR resistance 

and pH homeostasis. The MFS multidrug resistance transporters MdfAfrom E. coli 

and TetL from B. subtilis are both involved in Na+ and K+ dependent pH 

homeostasis and alkalitolerance in their native hosts (Cheng et al., 1996; Lewinson 

et al., 2004). MdfA enables the growth of E. coli at alkaline pH even up to pH 10. 

MdfA knockout strains (AmdfA) have growth which is greatly inhibited at pH 8.0 and 

almost no growth at pH 8.5. Despite the alkaline pH tolerance mediated by MdfA 

being dependent upon Na+ and K+ ions the affinity of MdfA for the ions is relatively 

low at approximately 50 mM. Like MdfA depleted strains of E. coli, B. subtilis strains 

with TetL-whose optimally active pH is 8.3-knocked out have an increased 

susceptibility to alkaline pH (Krulwich et al., 2001). Although each transporter has 

been shown to be optimally active at a different pH, the pH range at which the 

monovalent cation/ antiporters involved in alkaline pH homeostasis are active 

appears to overlap as does their monovalent cation profiles. The overlap in active 

range and specificity may enable the transporters to compensate for the loss of one 

another as they do in their role in MDR (Nikaido et al., 2003).

Due to its close homology to MdfA we proposed that a potential physiological 

role for MdtM is in alkaline pH homeostasis, the aim of the work in this chapter is to 

investigate that hypothesis. To determine if MdtM does in fact play a role in alkaline 

pH homeostasis cell growth assays, transport assays with inverted vesicles and 

whole cells, as well as fluorescence measurements to determine the internal pH of 

cells harbouring plasmidic MdtM in an alkaline environment were carried out. The 

work in this chapter confirms that MdtM is involved in alkaline pH homeostasis in E. 

coli and that this is mediated through MdtM’s metal cation/ H+ activity maintaining an 

internal cytoplasmic pH which is acidic with respect to the external alkaline 

environment. The pH homeostasis activity of MdtM is operational over a narrow 

window of pH 9 to pH 10, in the presence of Na+ and K+ ions. This chapter 

demonstrates that MdtM is a novel E. coli Na+ (K+)/ H+ antiporter with a role in 

alkaline pH homeostasis across a defined pH range. The work in this chapter has 

been published in the BMC Microbiology journal (Holdsworth and Law, 2013).
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5.2. Materials and methods

All growth media, chemicals and antibiotics were purchased from Sigma-Aldrich 

(Poole, Dorset, UK) unless otherwise stated.

5.2.1. Bacterial strains and plasmids

Cloning and generation of all plasmids used was carried out as described in section

2.2.2. The propagation of plasmids was carried out in E. co//TOP10 cells (section

2.2.2.1. ). See section 2.2.2. E. co//LMG194 cells were used for the overproduction 

of MdtM (section 2.2.3.2.). E. coli UTL2 cells were used in transport assays (section

3.2.1. ). E. co//BW25113[F-, A(araD araB)567, AlacZ4787(::rrnB-3), A', rph-1, 

A(rhaD-rhaB)568, hsdR514] (Datsenko et al., 2000) and its single-deletion AmdtM 

from the E. coli Keio collection were used in growth assays. The AmdtM deletion 

mutants were used as the background strains for testing alkalitolerance of cells 

expressing wild-type mdtM (pMdtM) or dysfunctional MdtM D22A (pD22A) mutant 

from pBAD/Myc-HisA vector (Invitrogen). E. co//T0114 cells were used for the 

production of inverted vesicles. The T0114 strain are deficient in the Na7 H+ 

antiporters NhaA and NhaB as well as the K7H+ antiporter ChaA. The cells were 

complemented with pMdtM or pD22A and used to produce the inverted vesicles 

required for transport assays.

5.2.2. Bacterial growth assays

Cultures containing E. coli BW25113 wild-type (WT) cells were grown in media 

containing LB only, E. coli B\N25^^3 AmdtM single-deletion mutants were grown in 

media supplemented with 30 pg/ ml kanamycin and cells harbouring pMdtM or 

pD22A were grown in media supplemented with 100 pg/ ml carbenicillin 

(Carbenicillin Direct, UK).

5.2.2.1. Bacterial growth assays on solid media

Solid media plate assays were carried out by inoculating LB media containing 

appropriate antibiotic(s) with a single colony from a plate and growing overnight at 

30°C under aeration at 250 r.p.m. The overnight cultures with OD60o between 3.0- 

3.3 were used to inoculate a 200 fold dilutions of cells into 100 ml of fresh LB with 

the appropriate antibiotic(s). Cells were grown at 37°C until an OD600 of 1.0 was 

reached. Logarithmic dilutions of each culture covering the range of 10"2 to 10"5 

were then made. 4 pi aliquots of each logarithmic dilution of each culture were then 

spotted onto LB agar plates supplemented with the appropriate antibiotic(s), 0.002%
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(w/v) L-arabinose to induce expression from the recombinant vector. The media in 

all plate assays was buffered with 70 mM 1,3-bis[tris(hydroxymethyl)-methylaminol 

propane (BTP) and pH was adjusted accordingly with HCI. The plates were then 

incubated at 37°C for 24 h before being visualized. All plate assays were performed 

in triplicate to ensure reproducibility.

5.2.2 2. Bacterial growth assays in liquid media

E. coli BW25113 wild-type (WT), E. coli BW25113 AmdtM single-deletion mutants 

and E. coli BW25113 AmdtM single-deletion mutants transformed with pMdtM or 

pD22A were grown overnight at 37°C in LB agar plates supplemented with the 

appropriate antibiotic(s). A swab of colonies from the overnight plates was then 

used to inoculate 2 ml of LB broth supplemented with the appropriate antibiotic(s) 

and where appropriate 0.002% (w/v) L-arabinose to induce expression of MdtM or 

MdtM-D22A the cultures were then grown for 2 h with shaking at 37°C. The cultures 

were then diluted to and OD60o of 0.02 in 50 ml of fresh LB media supplemented with 

the appropriate antibiotics and 0.002% (w/v) L-arabinose. The LB media was 

buffered by 70 mM BTP and the pH adjusted with HCI. The cultures were then 

grown for 15 h at 37°C with shaking and the OD6oo was measured every hour, the 

cultures were also induced every two hours with 0.002% (w/v) L-arabinose during 

the 15 h period.

To test the effect of Na+ and K+ ions on growth at alkaline pH growth assays 

were carried out using E. coli BW25113 AmdtM cells transformed with pMdtM. The 

assays were performed in salt free LB-media (1% (w/v) tryptone, 0.5% (w/v) yeast 

extract) buffered to the indicated pH with 70 mM BTP. Although the media used is 

termed salt free trace amounts of Na+ and K+ ions are bound to be present. The 

cells from the 2 ml cultures grown for 2 h were washed three times in salt free media 

prior to being diluted into 50 ml of fresh salt-free media supplemented with 30 pg/ ml 

kanamycin, 100 pg/ ml carbenicillin and 0.002% (w/v) L-arabinose. The media 

contained either no added NaCI or KCI, or was supplemented with 20 mM, 40 mM, 

or 86 mM NaCI or KCI. The cells were grown at 37°C with shaking and OD6oo 

measurements were taken every hour for 15 hours.

To determine if MdtM mediated alkalitolerance was dependent upon Cl' ions 

NaCI and KCI were replaced in the growth assays by sodium gluconate and 

potassium gluconate respectively. To test if there was a potential role for MdtM in 

osmoregulation at alkaline pH, choline chloride or sucrose were used to replace 

NaCI and KCI in the growth assays. The salt free growth media was buffered with
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70 mM BTP to pH 9.5. The pH of the liquid media assays was tested with a sterile 

glass electrode every 5 h to ensure acidification of the media did not occur.

The same assays were also carried out to test if MdtM could compensate for 

the loss of MdfA at alkaline pH. The experiments were carried out using E.coli 

BW25113 AmdfA cells and E.coli BW25113 AmdfA cells transformed with pD22A 

and pMdtM. The assays were carried out as above at pH 8.5, 9.0, 9.25 and 9.5.

5.2.3. Whole cell ethidium bromide efflux assays

The EtBr efflux assays were based on those outlined by Sigal et al., (Sigal et al., 

2005). Overnight cultures were set up by inoculating LB media containing 100pg/ ml 

carbenicillin with a single colony E. coll UTL2 cells transformed with either pMdtM or 

pD22A from a plate and grown overnight at 30°C and under aeration at 250 r.p.m. 

The overnight cultures were diluted to an OD60o of 0.03 in 100 ml of fresh LB 

supplemented with 100 pg/ ml carbenicillin and grown at 37°C with shaking at 270 

r.p.m. Once the OD60o reached 0.3, expression of MdtM was induced by the 

addition of 0.001% (w/v) L-arabinose. The cells were then grown to an OD60o of 1.0. 

10 ml of cells were then harvested by centrifugation and washed twice in 5 ml of M9 

minimal media at buffered at pH 9 by 10 mM BTP. The cells were then 

resuspended in 5 ml of M9 minimal media supplemented with 5 pM EtBr and either 

0 mM, 20 mM, 50 mM or 100 mM NaCI. To load the cells with EtBr they were 

incubated for 30 min at 37 °C in the presence of 100 pM carbonyl cyanide 3- 

chlorophenylhydrazone (CCCP) to uncouple the proton motive force. The EtBr- 

loaded cells were then collected by centrifugation and resuspended in M9 minimal 

media buffered with 10 mM BTP at pH 9 containing 2.5 pM EtBr and used 

immediately in fluorescence measurements.

Fluorescence measurements were carried out using a Fluoromax-4 

fluorometer (Horiba Jobin Yvon, NJ, USA) at 32°C. The excitation and emission 

wavelengths were set to 545 nm and 600 nm respectively. Once the cells had been 

in the fluorometer for 30 s they were energized by the addition of D-glucose to a 

final concentration of 0.5% and the efflux of EtBr -measured as a reduction in the 

fluorescence signal- was monitored for another 950 s. After 650 s CCCP was 

added to abolish MdtM -catalysed active transport.
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5.2.4. Transport assays, measuring the transmembrane ApH

Transport assays were carried out using inverted vesicles generated from antiporter- 

deficient E. co//T0114 cells that overproduced recombinant wild-type MdtM or 

dysfunctional MdtM mutant D22A. Single colonies from plates containing E. coli 

T0114 cells transformed with either recombinant wild-type MdtM or the 

dysfunctional MdtM mutant D22A were used to inoculate flasks of 100 ml LB broth 

supplemented with 100 pg/ ml carbenicillin and grown overnight for 15 hours at 30°C 

with shaking at 250 rpm. The overnight cultures with OD6oo between 3.0-3.3 were 

used to inoculate a 100 fold dilution of cells into 5 L unbaffled flasks containing 1 L 

of fresh LB supplemented with 100 pg/ ml carbenicillin. The cultures were grown at 

32°C under aeration at 270 rpm for 2.5 h the temperature was then reduced to 25°C. 

Once the OD6oo reached 1.0 the cultures were induced with 0.1% (w/v) L-arabinose 

for 1.5 h. Cells were harvested by centrifugation at 5000 x g at 4°C. Harvested cell 

pellets were washed three times in TCDS buffer (10 mM Tris-HCI pH 7.5, 140 mM 

choline chloride, 0.5 mM dithiothreitol (DTT) and 250 mM sucrose) and the cell 

solution was then inverted through a single pass through a French pressure cell at 

4000 psi. Uninverted cells and cell debris were removed by centrifugation at 18,000 

x g. Cell membranes were harvested by ultracentrifugation at 100,000 x g for 1 h. 

Membrane pellets were then resuspended in 1 ml TCDS buffer. The total 

membrane protein concentration of the vesicles was determined using a 

bicinchoninic acid assay (Thermo Scientific Pierce, Rockford, IL) according to the 

manufacturer’s instructions.

Transport assays to measure the Na+/H+ and K+/H+ antiport activity of MdtM 

were based on those described by (Goldberg etal., 1987). The assays were carried 

out by measuring the fluorescence quenching/ dequenching of the pH- sensitive 

indicator acridine orange upon the addition of the cations being tested to energise 

the inverted membrane vesicles made from the E. co// T0114 cells as described 

above. Transport measurements were performed across a pH range of pH 6.5 to 

9.75 at 25°C using a Fluoromax-4 fluorometer (Horiba UK Ltd, Middlesex, UK). 

Inverted vesicles were excited at 492 nm and the fluorescence emission recorded at 

525 nm. The excitation and emission slit widths were set to 1.5 nm and 2.5 nm, 

respectively. Inverted membrane vesicles were added to reaction buffer (10 mM 

BTP adjusted to the correct pH with HCI, 5 mM MgS04 and 1 pM acridine orange) 

in a quartz cuvette to a final concentration of 0.5 mg/ml membrane protein in a total 

volume of 1.5 ml. For each assay, the inverted vesicle mixture was allowed to 

equilibrate for -300 s prior to recording of the fluorescence signal. To cause the
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generation of a respiration dependent ApH (acid inside the vesicle) Tris-D-Lactate 

made up in reaction buffer at the desired pH is added to a final concentration of 2 

mM after ~50 s. Following the establishment of the ApH and the stabilisation of the 

acridine orange fluorescence (~200 s) sodium gluconate or potassium gluconate 

were added to the indicated final concentration, enabling the ability of external Na+ 

and K+ to act as substrates for internal H+ antiport to be assessed. Gluconate salts 

of K+ and Na+ were used instead of chloride salts to avoid any potential interference 

to the assays from Cl" ions (Martin and Narayanaswamy, 1997). The fluorescence 

dequenching seen upon the addition of Na+ or K+ is due to the dissipation of the 

established ApH due to the Na+(K+)/H+ antiport activity of MdtM and was monitored 

for an additional 50 s subsequent to the addition of the gluconate salts. 100pM of 

the protonophore CCCP was then added to completely dissipate the ApH and 

abolish transport. Each experiment was repeated at least in triplicate with at least 

two individual inverted vesicle preparations.

The results obtained from the inverted vesicle transport assays were then 

used to make a pH profile of MdtM mediated Na+/H+ and K+/H+ antiport. This was 

done by calculating the antiport activity of MdtM with the cations at every tested pH 

value as a percentage dequench of acridine orange fluorescence relative to the 

initial respiration dependent quench. The calculated activities were normalised by 

the subtraction of the fluorescence dequench measured in the corresponding 

controls.

5.2.5. Calculation of the affinity of MdtM for Na* and K+ ions

In order to calculate the affinity of MdtM for transported Na+ and K+ ions the 

concentration of each ion which was required to obtain the half maximal, steady- 

state percent dequenching of acridine orange fluorescence in inverted vesicles 

made from T0114 cells expressing pMdtM was measured. The assays were carried 

out as described in section 5.2.4. with the added Na+ and K+ gluconate 

concentrations ranging from 5 mM to 125 mM. The assays were carried out at the 

previously determined pH optimum for each antiport activity- pH 9.25 for Na+/H+ 

antiport and pH 9.0 for K+/H+ antiport. The activity observed in the inverted vesicles 

made from T0114 cells expressing pD22A at each substrate concentration tested 

were subtracted from the WT MdtM activity values to correct the data. The 

[Na+]1/2 and [K+]1/2 values were determined from nonlinear regression analysis of 

the data using SigmaPlot 10 (Systat, Richmond, CA).
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5.2.6. Determination of the transmembrane Aip

In order to determine if MdtM-mediated antiport is electrogenic or electroneutral the 

Ai(j-sensitive fluorophore Oxonol V [bis-(3-phenyl-5-oxoisoxazol-4-yl)pentamethine 

oxonol] (Cambridge Bioscience Ltd, Cambridge, UK) was used. Inverted vesicles 

were produced from T0114 cells transformed with pMdtM or pD22A as described in 

section 5.2.4, except that the vesicle resuspension buffer TCDS was made Cl" free 

with 140 mM choline chloride being substituted for 280 mM sorbitol and H2SO4 

rather than HCI being used to adjust the pH (Resch et al., 2010). As a positive 

control inverted vesicles were made from E. coli BW25113 cells which retain their 

full complement of electrogenic Na+/H+ antiporters. All assays were carried out 

using 0.5 mg/ml total membrane protein as measured using a BCA assay according 

to the manufacturers’ instructions. Vesicles were added to the assay buffer (10 mM 

BTR, 5 mM MgS04, 5 pM Oxonol V) with the pH adjusted to pH 9.0 or pH 9.25 for 

the detection of electrogenic Na+/H+ or K+/H+ antiport respectively. For the positive 

control assays with vesicles made from E. coli BW25113 cells the assay buffer had 

pH of 8.5 to ensure the NhaA-catalysed electrogenic Na+/H+ antiport activity was 

detected (Taglicht et al., 1991). The vesicles were incubated for 200 s on ice prior 

to the addition of Tris-D-L-lactate to a final concentration of 2 mM to initiate a 

respiration dependent generation of Aijj resulting in a quench in Oxonol V 

fluorescence. Fluorescence was monitored at 25°C using a Fluoromax-4- 

fluorometer with an excitation wavelength of 599 nm and emission wavelength of 

634 nm. The excitation and emission slit widths were 10 nm and 20 nm 

respectively. The electrogenic antiport activity was the estimated based on the 

dissipation of Aip (which is visualised in the fluorescence traces as a fluorescence 

dequench) upon the addition of sodium gluconate or potassium gluconate to the 

vesicles at the indicated times. 100 pM CCCP was added to completely dissipate 

both the Aip and the ApH abolishing transport. An additional control involved the 

ionophore nigericin which at low concentrations selectively consumes the ApH in the 

presence of K+ via K+ electroneutral K+/H+ exchange (Padan etal., 2005). 1 pM 

nigericin was added in place of sodium or potassium gluconate to vesicles made 

from T0114 cells transformed with pMdtM which had been incubated with assay 

buffer containing 50 mM K+, 5 pM valinomycin was added to selectively abolish the 

Ai|J.
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5.2.7. Intracellular pH measurements

The cytoplasmic pH of whole cell suspensions of E.coli BW25113 AmdtM cells and 

E.coli BW25113 AmdtM cells transformed with pMdtM or the dysfunctional mutant 

pD22A across a range of external alkaline pH values was determined by ratiometric 

fluorescence measurements of the acetoxymethyl ester derivative of the membrane- 

permeant, pH-sensitive fluorescent probe, 2,7-bis-(2-carboxyethyl)-5- 

carboxyfluorescein (BCECF-AM; Life Technologies Ltd, Paisley, UK) (Han and 

Burgess, 2010). Intracellular pH was correlated to fluorescencesignal by recording 

the fluorescence emissionintensity of BCECF at 530 nm upon excitation at 490 nm 

(the BCECF pH-dependent excitation wavelength) and at 440 nm (the BCECF pH- 

independent excitation wavelength).

To create a calibration system E.coli BW25113 AmdtM were prepared by 

growing cultures from single bacterial colonies at 30°C under aeration at 270 r.p.m 

to an OD60o of 3.0 in LB media supplemented with 30 pg/ml kanamycin. The 

cultures were then diluted 125 fold into 100 ml of fresh LB media supplemented with 

30 pg/ml kanamycin and grown at 37°C under aeration at 270 rpm to an OD60o of 

1.0. 10 ml aliquots of cells were then harvested by centrifugation at 300 x g at 4°C, 

the pelleted cells were washed twice in assay buffer (140 mM NaCI, 10 mM HEPES 

and 1 mM MgCI2) adjusted to pH 7.5, 8.0, 8.5, 9.0, 9.25 or 9.5 with KOH. In order to 

load the pelleted cells with fluorescent probe they were resuspended in assay buffer 

containing 2.5 pM BCECF-AM to an OD60o of 2.0. To equalise the internal and 

external pH of the cells they were incubated in the presence of 10 pM CCCP in the 

dark for 1 h at 37°C. The BECEF-AM loaded cells were then harvested by 

centrifugation at 3000 x g and stored on ice. For each pH value tested the pellet 

cells were resuspeneded in 200 pi of assays buffer and added to 1.3 ml of assay 

buffer containing 100 pM CCCP in a quartz cuvette. The cells were incubated for 60 

s and the fluorescence intensity at 490 nm and 440 nm were recorded under 

continuous stirring using a Fluoromax-4 fluorometer with excitation and emission slit 

widths set at 1.0 nm and 10 nm respectively. Each experiment at each pH was 

conducted in triplicate and a calibration plot was made which correlated the 490 

nm/440 nm fluorescence emission ratio to the pH.

Once the calibration assays were complete and the calibration plot 

constructed test assays were carried out to determine if MdtM did function in the 

maintenance of a stable cytoplasmic pH under conditions of alkaline stress. The 

fluorescence measurements were performed on E.coli BW25113 AmdtM
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transformed with the pMdtM or pD22A at 6 different external pH values. The 

protocol was the same as the calibration cells except the LB growth media 

contained 100 pg/ml carbenicillin and 0.002% (w/v) L-arabinose added, there was 

no CCCP in the assay buffer and 60 s before the fluorescence was recorded 1 mM 

D-glucose was added to the assay buffer to energise the cells.

5.2.8. Western blot analysis

One litre cultures of E.coli BW25113 AmdtM and E.coli BW25113 AmdtM 

transformed with the pMdtM or pD22A at different pH values were harvested by 

centrifugation at 3000 x g. Harvested cell pellets were resuspended in 50 mM Tris- 

HCI pH 7.5, 100 mM NaCI containing 1 mM phenylmethanesulfonyl fluoride (PMSF), 

protease inhibitor cocktail tablets (Roche Diagnostics, UK) and 5 pM DNase. To 

break the cells the suspension was passed three times through a chilled French 

pressure cell at 1000 psi. Unbroken cells and cell debris were removed by 

centrifugation at 18,000 x g. Cell membranes were harvested by ultracentrifugation 

at 100,000 x g for 2.5 h. Membranes were resuspended in membrane solubilisation 

15 ml of buffer (20 mM Tris-HCI pH 8.0, 500 mM NaCI, 10 mM Imidazole, 2 mM 

PMSF) per gram of membrane and solubilised by addition of dodecyl-P-D- 

maltopyranoside (DDM; Melford Laboratories Ltd., UK) to 1.2-1.5% (w/v) with stirring 

at 4°C. 40 pi of solubilised membrane was added of 20 pi of loading dye and 

incubated at 37°C for 20 min prior to loading on a precast gel, the gel was ran for 75 

min before being transferred to a nitrocellulose membrane. Hexahistidine tagged 

MdtM was detected using HisProbe-HRP and SuperSignal West Pico 

Chemiluminescent Substrate (Pierce Thermo Scientific) according to manufacturer’s 

instructions.
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5.3. Results

5.3.1. E.coli cells devoid of MdtM are sensitive to alkaline pH

To determine if MdtM plays a role in alkaline pH homeostasis the growth of E. coli 

BW25133 AmdtM single deletion mutants was characterised in comparison to wild- 

type (WT) E. coli BW25133 cells in both solid and liquid media across a range of pH 

values. The assays carried out on solid media (Figure 5.2 A) show that both strains 

grow similarly at pH 8.5 and pH 9.25, however once the pH of the solid media 

increases to pH 9.25 the growth of the E. coli BW25133 AmdtM single deletion 

mutant is impaired compared to the wild type cells. At pH 9.5 and pH 9.75 the WT 

cells form colonies across all three dilutions shown, there are no colonies formed by 

the AmdtM cells and at pH 10 neither strain forms colonies.

Growth assays carried out in liquid media display the same growth pattern as 

the solid media growth assays (Figure 5.2 B). At pH 8.5 the WT cells grew slightly 

better than the AmdtM cells, at pH 9.0 and pH 9.25 the WT cells grew relatively well 

in contrast to the deletion mutant whose growth was suppressed, at pH 9.5 and pH 

9.75 the WT cells continued to grow but at low optical density values however the 

grow of the deletion mutant cells was fully arrested at these pH values. At pH 10 

neither strain grew. In both the solid and liquid media assays as the pH of the 

media increased the deleterious effect of the mdtM deletion became more 

prominent. These results indicate that deletion of the chromosomal copy of mdtM 

has a negative effect on the alkalitolerance of E.coli cells under the conditions 

tested. They indicate a role for MdtM mediated alkalitolerance between the narrow 

pH range of pH 9 and pH 10.
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Figure 5.2: Solid and liquid media assays showing the deleterious effect of the deletion of the 

chromosomal copy of mdtM on the growth of E. coli BW35113 cells. (A) The growth various logarithmic 

dilutions ofWT E. coli BW25113 cells and E. coli BW25113 2\mdfM single deletion mutants following 

the spotting of 4 pi aliquots of the strains onto LB agar plates with pH ranging from 8.5 to 10. (B) The 

growth of WT £. coll BW25113 cells (black symbols) and E. coli BW25113 single deletion

mutant (white symbols) in liquid LB media with pH values of 8.5 to 10. The error bars and data points 

represent ± standard error of three individual measurements.

5.3.2. Expression of plasm idle MdtM rescues the alkalitolerant phenotype

Growth assays on both solid and liquid media were carried out to determine if 

expression of MdtM from a multicopy plasmid by E. coli B\N25/\Vi AmdtM single 

deletion mutants could recover the alkalitolerant phenotype. The assays were 

carried out using single deletion mutations cells harbouring pMdtM and pD22A, the 

dysfunctional mutant D22A was used as a negative control as this means that both 

the test and control cells under the same pressure with regard to energy expenditure 

in overexpressing protein from a multicopy plasmid.

The solid media assays (Figure 5.3(A)) show that the cells harbouring 

pMdtM and pD22A grew equally well at pH 8.5, at pH 9.0 and pH 9.25 the growth of 

the cells harbouring the dysfunctional mutant D22A was reduced compared to those 

harbouring WT MdtM, at pH 9.5 and pH 9.75 only cells overproducing WT MdtM 

produced colonies and at pH 10 no colonies were produced. The results of the solid 

media assays were corroborated by the liquid culture growth assays (Figure 5.3(B)).
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In the liquid culture assays the cells harbouring pMdtM and those harbouring pD22A 

grew equally as well. However as the pH of the liquid media increased the 

difference in growth between the cells became more pronounced as the cells 

harbouring pMdtM continued to grow relatively well at pH 9.0 and 9.25 whereas 

those with pD22A had reduced growth, at pH 9.5 and pH 9.75 the growth of those 

harbouring pD22A had completely arrested whilst those transformed with pMdtM 

continued to grow. No cells grew at pH 10.
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Figure 5.3: Expression of plasmid MdtM can rescue the alkalitolerant phenotype of £. coli BW25113 

AmdtM single deletion knockout mutants. (A) The growth of various logarithmic dilutions of E. coli 

BW25113 AmdtM single deletion mutants transformed with pMdtM and pD22A following the spotting of 

4 pi aliquots of the strains onto LB agar plates with pH ranging from 8.5 to 10. (B) The growth of cells 

expressing WT MdtM (black symbols) and the MdtM-D22A mutant (white symbols) in liquid LB media 

with pH values of 8.5 to 10. The error bars and data points represent ± standard error of three 

individual measurements.

To ensure that the differences in growth seen in Figure 5.3 are not due to 

differences in the expression levels of wild-type MdtM and the D22A mutant 

Western blot analysis of DDM solubilised membranes from each strain grown at 

different pH values was carried out (Figure 5.3). The Western blot analysis 

confirmed that the WT and mutant transporter were overexpressed at similar levels 

irrespective of the pH of the growth media. The blot also showed that the WT and 

mutant transporter were both correctly targeted in the membrane.
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pH 8.5 pH 9.0 pH 9.25

Figure 5.4: Western blot analysis of DDM solubilised membranes of E. coll BW25113 cells 

transformed with empty pBAD vector, pMdtM or pD22A. The blot shows the comparison in expression 

levels recombinant WT and mutant MdtM at three different pH values with cells transformed with pBAD 

acting as a negative control. Each lane contains 10 ug of membrane protein.

5.3.3. Expression of plasmidic mdtM can rescue the alkalitolerant phenotype in 

E.coli BW23115 AmdfA single deletion mutants

To determine if overexpression of MdtM can compensate for the loss of MdfA and to 

rule out the involvement of MdfA in the assays performed in section 5.3.1 growth 

assays were carried out on E. coli BW25113 AmdfA single deletion mutants 

transformed with pMdtM and pD22A in liquid LB media buffered with BTR with pH 

values of 8.5, 9.0, 9.25 and 9.5 (Figure 5.5). Similarly to the results of the assays 

carried out with AmdtM cells harbouring pMdtM and pD22A there was no difference 

in growth between the cells at pH 8.5, but as the pH of the liquid growth media 

increased the growth of the AmdfA cells transformed with pD22A became 

increasingly inhibited and by pH 9.5 their growth been abolished. I contrast the 

AmdfA cells transformed with pMdtM grow across all the pH values tested. These 

assays demonstrated that MdtM could compensate for the loss of MdfA and support 

the alkalitolerant phenotype of £. coli. Taken collectively with the results of section 

5.3.1 these results demonstrate that MdtM enable E. coli to be alkalitolerant to pH 

values as high as pH 9.75 when expressed from a multicopy plasmid.
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Figure 5.5: Expression of plasmidic MdtM can rescue the alkalitolerant phenotype of E. coti BW25113 

AmdfA single deletion knockout mutants. The growth of cells expressing WT MdtM (black symbols) 

and the MdtM-D22A mutant (white symbols) in liquid LB media with pH values of 8.5 to 9.5 (A to D). 
The error bars and data points represent the mean+ SE of three individual measurements.

5.3.4. MdtM mediated alkalitolerance is dependent upon Na+ and K*

5.3.4.1. Growth assays

Alkalitolerance requires the cytoplasmic pH to remain acidic with respect to the 

external environment. This is achieved by harvesting protons from the external 

environment; normally the active inward transport of protons by antiporters involved 

in alkalitolerance is driven by the outward transport of monovalent cations (Krulwich 

et al., 2011). In order to determine if MdtM mediated alkalitolerance is dependent 

on the presence of monovalent cations growth experiments were carried out with E. 

coli BW25113 AmdtM single deletion mutants transformed with pMdtM in salt free 

liquid LB media with NaCI and KCI concentrations ranging from 20 mM to 86 mM 

across a pH range of 7.0 to 9.75 (Figure 5.6). When the cells were grown at pH 7.0 

no Na+ or K+ dependence was seen in their growth, this is seen on the plots as all 

the lines representing the different concentrations of NaCI and KCI lie on top of one 

another. As the pH increases the lines on the plots separate clearly with a 

titrateable effect seen between increasing NaCI or KCI concentration and the 

strength of growth of the cells. The NaCI and KCI concentration dependence shown 

on the plots (Figure 5.6) indicates that Na+ or K+ ions are required for MdtM 

mediated alkalitolerance. The plots also show that at alkaline pH the cells grown in
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the presence of K+ ions have higher optical densities than those grown in the 

presence of the same concentration of Na+ ions. The stronger growth in the 

presence of potassium ions maybe as a result of the activity of chromosomally 

encoded ChaA which is a K+/H+ antiporter (Ohyama et al., 1994; Radchenko et al., 

2006).

A NaCI B KCI
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Time (h) Time (h)

Figure 5.6: MdtM mediated alkalitolerance is dependent upon the presence of Na+ or K* ions. These 

plots show the growth of E. coli BW25113 AmdtM single deletion mutants transformed with pMdtM at 

alkaline pH in the presence of 0 mM (black circles), 20 mM (white circles), 40 mM (black triangles) or 

86 mM (white triangles) (A) NaCI or (B) KCI. The data points and error bars represent the mean ± the 

standard error of three separate experiments.

To ensure that the distinct NaCI or KCI concentration dependence of cells at 

high pH seen in Figure 5.6 was not due to the variation in the concentration of Cl' 

ions the growth experiments were repeated in salt free media with 0 mM, 20 mM, 40 

mM or 86 mM choline chloride in the absence of Na+ or K+ (Figure 5.7 A). Growth 

assays were also carried out with sucrose replacing the chloride salt of sodium and 

potassium to determine if osmotic pressure played a role in MdtM-mediated
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alkalitolerance (Figure 5.7 B). The cells were unable to grow under either set of 

conditions at pH 9.5 indicating that neither Cl" ions nor osmotic pressure play a role 

in MdtM mediated pH homeostasis. Growth assays were then carried out with 

chloride salt of sodium and potassium replaced by sodium gluconate (Figure 5.7 C) 

and potassium gluconate (Figure 5.7 D). Both potassium and sodium gluconate 

supported the growth of cells expressing MdtM at pH 9.5, the growth was 

concentration dependent mirroring the growth seen with NaCI and KCI with those 

grown in KCI once again achieving higher optical density values. These results add 

further weight to the hypothesis that MdtM-mediated alkalitolerance is Na+ or K+ but 

not Cl" dependent.
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Figure 5.7: MdtM mediated alkalitolerance is dependent upon the presence of Cl" ions or osmotic 

pressure. These plots show the growth of £. coli BW25113 AmdtM single deletion mutants 

transformed with pMdtM at pH 9.5 in the presence of 0 mM (black circles), 20 mM (white circles), 40 

mM (black triangles) or 86 mM (white triangles) (A) choline chloride, (B) sucrose, (C) sodium gluconate 

and (D) potassium gluconate. The data points and error bars represent the mean ± the standard error 

of three separate experiments.

5.3.4.2. Whole cell ethidium bromide transport assays

Whole cell ethidium bromide transport assays were carried out using the E. coli 

membrane permeability mutant cells UTL2 transformed with plasmidic WT MdtM or 

the dysfunctional mutant MdtM-D22A. The aim of these assays was to provide 

further evidence that the observed alkalitolerance was due to MdtM-catalysed 

monovalent metal transport. The assays used fluorescence spectroscopy to 

measure the effects of increasing concentrations of NaCI on the ethidium bromide 

efflux activity of E. coli UTL2 cells transformed with pMdtM or pD22A (Figure 5.8).
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Once cells expressing WT MdtM in the absence of NaCI were energised by the 

addition of 0.5% (w/v) D-glucose there was a steady decrease in the fluorescence 

intensity as ethidium bromide was actively effluxed against its concentration 

gradient. The addition of CCCP dissipated the proton electrochemical gradient 

causing a rise in the fluorescence signal indicating ethidium bromide efflux had been 

disrupted (Figure 5.8 trace A). In contrast the cells expressing the dysfunctional 

MdtM mutant D22A showed a much slower and smaller decrease in the 

fluorescence intensity over the same timescale upon the addition of glucose (Figure 

5.8 trace E). As the D22A mutant lacks transport function the small decrease in 

intensity is probably due to the activity of chromosomally encoded transporters 

which recognise ethidium bromide as a substrate. The addition of Na+ ions to UTL2 

cells expressing WT MdtM inhibited ethidium bromide efflux. The degree of 

inhibition was titrateable to the concentration of Na+ added, such that the greater the 

amount of Na+ the greater the inhibition of ethidium bromide efflux and the smaller 

the drop in fluorescence intensity upon the addition of 0.5% (w/v) D-glucose (Figure 

5.8 traces B, C and D). The addition of 100 mM choline chloride had no effect on 

ethidium bromide efflux (Figure 5.8 trace F). This indicates that the inhibition of 

ethidium bromide efflux by NaCI is due to the presence of the Na+ ions alone. The 

results of the whole cells transport assays point towards Na+ and ethidium bromide 

using the same binding site and/or substrate translocation pathway in MdtM.

2000-

1750-

1500-

Time (sec)

Figure 5.8: Whole cell ethidium bromide transport assays were carried out using £. coli UTL2 cell 

transformed with pMdtM in the presence of (A) 0 mM NaCI, (B) 20 mM NaCI, (C) 50 mM NaCI, (D) 100 

mM NaCI and (F) 100 mM choline chloride. Whole cell ethidium bromide transport assays were carried 

out using £. coli UTL2 cell transformed with pD22A in the presence of (E) 0 mM NaCI as a control.

The left hand arrow indicates the addition of D-glucose to a final concentration of 0.5% (w/v). Then
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right hand side arrow indicates the addition of CCCP which abolishes transport. CPS= counts per 

second.

5.3.5. MdtM carries out Na*/H+ and kC/H+ antiport

The combined data from section 5.3.3 indicates that MdtM catalysed Na+/H+ and 

K7H+ antiport activities are the basis of the observed alkalitolerance. In order to 

investigate whether MdtM can exchange Na+ and K+ for H+ the fluorescence of 

acridine orange was used to monitor proton translocation in inverted membrane 

vesicles. Inverted membrane vesicles were made from E.co// T0114 cells that were 

overexpressing WT MdtM or the dysfunctional mutant MdtM-D22A as a control. The 

assays monitored the fluorescence dequench of acridine orange on the addition of 

Na+ gluconate or K+ gluconate across a range of pH values (Figure 5.9).

In all control and test experiments conducted the addition of lactate to 

activate the membranes caused a rapid decrease in the fluorescence intensity and 

the addition of 100 pM CCCP at the indicated time caused complete dissipation of 

the ApH causing a full dequench in the fluorescence signal, this indicates that the 

inverted vesicles were intact and maintained their integrity throughout the entire 

course of the assays.

At pH values above 9.0 the control vesicles (Figure 5.9; grey traces) showed 

only negligible Na7H+ antiport activity and no K7H+ activity. As T0114 cells have 

the major Na+(K+)/H+ antiporters which function in alkaline pH homeostasis NhaA, 

NhaB and ChaA knocked out this is to be expected (Planer et al., 1993; Radchenko 

et al., 2006; Taglicht et al., 1991). The control assays carried out at pH 8.5 did 

however show Na7H+ and K+/H+ activity, the response to K+ was greatest resulting 

in a ~30% dequench of the initial respiration induced quench (Figure 5.9 A and B). 

The observed dequench may have been as a result of the activity of other 

chromosomally encoded transporters which function across the same pH range and 

have greater affinity to K+ than Na+. The control results were in contrast to the 

assays carried out using inverted vesicles made from T0114 cells expressing WT 

MdtM which showed rapid and considerable dequenching of the lactate induced 

acridine orange state fluorescence upon the addition of Na+ gluconate or K+ 

gluconate across the pH range tested (Figure 5.9 black traces). This indicates that 

MdtM catalyses both Na7H+ and K7H+ exchange reactions. The exchange activity 

exhibited varied depending upon the pH and the monovalent cation added, as 

demonstrated by the different magnitudes in the fluorescent dequench seen in the 

traces. The greatest dequench in response to the addition of Na+ occurred at pH
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9.0 (Figure 5.9 black trace) whereas the greatest dequench in response to K+ 

addition occurred at pH 9.25 (Figure 5.9 B black trace).

A
lactate

4
CCCP

i
Na*

pH 6.5 i

B
lactate CCCP

4 4
V K*

4

pH 7.0 /

pH 8.0 \ \

pH 9.25

pH 9.75

350 seconds 350 seconds

Figure 5.9: Inverted vesicle assays carried out using vesicles made from the transporter deficient E. 

co// T0114 strain. The monovalent cation driven proton translocation activity of MdtM across a range 

of alkaline pH was measured by the fluorescence dequench of acridine orange following the addition of 

(A) Na+ gluconate or (B) K+ gluconate. Lactate was added as indicated by the first arrow to initiate the 

respiration dependent generation of ApH, once the fluorescence quench of acridine orange reached a 

steady state Na+ gluconate or K+ gluconate were added to a final concentration of 100 Mm. 100 pM 

CCCP was added as indicated causing full dissipation of the ApH and abolishing transport.

The pH profiles of MdtM-catalysed Na+/H+ and K+/H+ exchange activities can 

be plotted by calculating the fluorescence dequench of acridine orange upon the 

addition of Na+ or K+ as a percentage of the respiration induced quench initiated by 

the addition of lactate (Figure 5.10). The plot shows that at pH 6.5 there is no
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dequench in response to the addition of K+ or Na+ cations indicating that MdtM is 

does not function as Na+(K+)/H+ antiporter at acidic pH. At pH 7.0 and pH 8.0 MdtM 

displays some Na+(K+)/H+ antiporter activity upon the addition of 100 mM sodium or 

potassium gluconate illustrated by a ~20% dequench. Between pH 8.5 and pH 9.75 

the Na+(K+)/H+ antiporter activity of MdtM increases dramatically form a bell shaped 

curve in the profile plots for both cations. The profile plots reveal that the optimum 

pH for MdtM mediated Na+/H+ antiport is pH 9.0 and that for K+/H+ antiport the 

optimum pH is 9.25. The average corrected fluorescence for each cation at its 

optimum pH show an ~80% dequench.

£ 100

6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0

PH

Figure 5.10: The pH profiles of MdtM-catalysed Na+/H+ and K*/H+ exchange activity. The pH activity of 

each transporter was calculated as described in section 5.2.6.

5.3.6. Affinity of MdtM for Na+ and tC

The affinity of MdtM for the monovalent metal cations which drive its transport was 

roughly calculated by carrying out a series of dose response experiments, covering 

the substrate range of 5-125 mM Na+and K+(Figures 5.11 B and C). The 

experiments were carried out in inverted vesicles made from T0114 cells 

transformed with pMdtM (Figure 5.11 A), the assays were conducted at the optimum 

pH calculated for each substrate (Figure 5.10). This method does not permit the 

calculation of the actual Km values but does enable the concentrations of Na+ and K+ 

required for the half-maximal response to be estimated. The results suggest that 

MdtM has a low apparent affinity for monovalent metal cation as the [Na+]1/2 if 38 ± 6 

mM (Figure 5.1 IB) and [K*]^ if 32 ± 7 mM (Figure 5.11 C).
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Figure 5.11: The affinity of MdtM for the monovalent cations Na* and K+ was estimated by carrying out 

acridine orange quench/ dequench experiments at the optimal pH for MdtM antiport activity for each 

cation. The assays were carried out in inverted vesicles with the addition o 5-125 pM Na* or K+ 

gluconate as seen in (A). The concentration of Na* (B) and (C) K+ required for the half maximal 

acridine orange fluorescence dequenching response was estimated from measurements of the antiport 

activity of wild-type recombinant MdtM as a function of cation concentration at the previously 

determined pH optimum for each antiport reaction (pH 9.25 for Na+/H+ exchange and pH 9.0 for K+/H+ 

exchange).
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5.3.7. MdtM can catalyse Rb+/H+ and Li*/H+ antiport but cannot catalyse Ca2+/H+ 

antiport

Often bacterial Na+/H+ and K+/H+ antiporters which are involved in alkaline pH 

homeostasis can also carry out the transport of other metals (Pinner et a!., 1993; 

Radchenko et at, 2006; Ros et at, 1998). Therefore the ability of MdtM to 

exchange Rb+, Li+ and Ca2+ was tested by carrying acridine orange 

quench/dequench assays at pH 9.0 with inverted vesicles made from T0114 cells 

harbouring the pMdtM and pD22A. Upon the addition of 40 mM Rb2S04to the 

inverted vesicles containing WT MdtM there was a ~35% dequench of the lactate 

induced fluorescence quench. This indicates that MdtM is able to catalyse the 

Rb+/H+ exchange (Figure 5.12 A; black trace). The addition of 40 mM L^SC^ 

caused a similar dequench when added to the inverted vesicle containing WT MdtM 

(Figure 5.12 B; black trace) indicating that MdtM can carry out Li+/H+ exchange. In 

contrast the addition of 40 mM CaS04to the inverted vesicles did not result in a 

dequenching of the lactate induced fluorescence quench (Figure 5.12 C; black 

trace), indicating that Ca2+ is not a substrate of MdtM under the tested conditions. 

The addition of 40 mM MgS04 also failed to cause a dequenching of the 

fluorescence (Figure 5.12 D; black trace). The CaS04and MgS04 assays confirmed 

that the activity observed when RbS04and LiS04are added is due to Rb+ and Li+ 

and not MdtM-mediated exchange of sulphate for protons. Control assays were 
carried out using vesicles made from TO114 cells expressing the MdtM 

dysfunctional mutant D22A. The mutant did not display any fluorescence 

dequenching in response to any of the cations being added (Figure 5.12; grey 

traces). This provides further evidence that the dequenching response to Rb+ and 

Li+ to the vesicles containing WT MdtM was due to the activity of the functionally 

expressed recombinant transporter.

A lactate CCCP B lactate CCCP C lactate D lactate CCCP

350 seconds

CCCP

350 seconds350 seconds

Figure 5.12: MdtM catalyses the exchange of RbVhT and LiTl-T but not Ca2+/H+ and Mg2+/Hi. 

Exchange was determined by assaying the fluorescence dequenching of acridine orange in inverted 

vesicles made from T0114 cell that overexpressed recombinant WT MdtM (black traces) or the
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dysfunctional MdtM mutant D22A (grey traces). ApH was created across the membrane of the vesicle 

by the addition of lactate as indicated by the arrow, once the acridine orange fluorescence achieved a 

steady state (A) 40 mM Rb2SC>4, (B) 40 mM U2SO4, (C) CaSC>4or (D) MgSC>4 was added to the 

vesicles as indicated. 100 pM CCCP was added as indicated to abolish the ApH. The fluorescence 

intensity of each measurement is represented as a percentage of the initial acridine orange 

fluorescence signal prior to addition of lactate. The fluorescence measurements were conducted at pH 

9.0 and the traces shown are representative of experiments performed in triplicate on at least two 

separate preparations of inverted vesicles.

5.3.8. MdtM mediated Na+/H+ and lC/H+ antiport is electrogenic

Most cation/proton antiporters which function in alkaline pH homeostasis carrying 

out electrogenic transport which is energised by the electrical potential To 

determine whether or not MdtM catalyses electrogenic transport inverted vesicles 

were made from T0114 cells transformed with pMdtM or pD22A (as a negative 

control) assayed for electrogenicity in a chloride-free and potassium-free buffer 

using the Ai(j-sensitive fluorophore Oxonol V. In all of the assays the addition of 

lactate energised the vesicles resulting in the generation of Aqj and rapid quench of 

the Oxonol V fluorescence (Figure 5.13). Vesicles generated from E. coli BW25113 

cells which have all their electrogenic transporters present were used as positive 

controls providing assurance that the experimental conditions were adequate. 

Positive control experiments were carried out at pH 8.5 to allow NhaA-catalysed, 

electrogenic Na+/H+ exchange to be detected (Taglicht et al., 1991). Addition of Na+ 

to the positive control vesicles caused a dequenching of the Oxonol V fluorescence 

signal indicating that electrogenic transport had occurred. Upon the addition of the 

protonophore CCCP complete rapid dissipation of the respiratory Aijj occurred 

(Figure 5.13 F).

The addition of Na+ to the inverted vesicles produced from TO114 cells 

overexpressing WT MdtM (Figure 5.13 A) caused partial depolarisation of the Aijj 

represented as a dequenching of the Oxonol V fluorescence. The same response 

was seen upon the addition of K+ to the WT MdtM containing vesicles (Figure 5.13 

C). In contrast addition of Na+ or K+ to the vesicles generated from T0114 cells 

expressing the MdtM dysfunctional mutant D22A caused no detectable 

depolarisation (Figures 5.13 B and D). The addition of CCCP as indicated caused 

the complete dissipation of Aijj confirming that the vesicles had remained viable 

throughout the course of the assays. The addition of the ionophore nigericin to 

inverted vesicles made from cells expressing recombinant WT MdtM pre-incubated 

with 50 mM K+ gluconate caused a small increase in the magnitude of Aiy as a 

result of the conversion of ApH to Ai+i by the electroneutral K+/H+ exchange activity
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of nigericin (Figure 5.13 E), observed on the assay trace as a quench in the Oxonol 

V fluorescence signal. The addition of valinomycin as indicated caused the rapid 

and complete dissipation of A14J. The combined results of the assays conducted with 

Oxonol V suggest that MdtM-catalysed Na+/H+ and K+/H+ antiport at alkaline pH is 

electrogenic, with more than one H+ exchanged per Na+ or K+.
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Figure 5.13: The electrogenicity of MdtM-catalysed NaTtT and K+/H+ antiport at alkaline pH was 

investigated using Oxonol V fluorometry of inverted vesicles generated from E. co//T0114 cells 

transformed with pMdtM (A, C and E) or pD22A (B and D) as a negative control, inverted vesicles 

made from E. coli BW25133 cells acted as a positive control (F). The addition of lactate initiated the 

formation of a respiration dependent Aip and once a steady state Agj was established antiport was 

initiated by the addition of (A and B) 100 mM Na+ gluconate or (C & D) 100 mM K+ gluconate as 

indicated. Vesicles were depolarised by addition of CCCP or valinomycin in the presence of K+ as 

indicated. Fluorescence measurements on T0114 inverted vesicles were conducted at either pH 9.0 

(for detection of K+/H+ antiport; C and D) or pH 9.25 (for detection of Na+/H+ antiport; A and B), 

positive control measurements using vesicles derived from BW25113 cells were carried out at pH 8.5
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to ensure detection of the activity of the electrogenic antiporter, NhaA (F). The Oxonol V fluorescence 

is presented as a percentage of the initial fluorescence prior to establishment of the steady-state Aijj. 

The traces shown are representative of experiments performed in triplicate on at least two separate 

preparations of inverted vesicles.

5.3.9. MdtM maintains an acidic cytoplasmic pH relative to the external alkaline pH

In vivo measurements of the intracellular pH of E.coli BW35113 AmdtM single 

deletion mutant cells transformed with pMdtM or pD22A at different external pH 

values ranging from pH 7.5 to pH 9.5 were performed in the presence of NaCI using 

fluorescence measurements of the free acid of the pH sensitive probe 2,7-bis-(2- 

carboxyethyl)-5-(and-6)-carboxyfluorescein acetoxymethyl ester (BCECF-AM). A 

calibration system provided a plot showing linear correlation between intracellular 

pH and the 490 nm/440 nm fluorescence ratio over a range of pH values from 7.5 to 

9.5 (Figure 5.14 A). Cells that expressed recombinant WT MdtM had intracellular 

pH values which remained relatively constant at between pH 7.5 and pH8.0 over the 

range of external alkaline pH values tested (Figure 5.14 B). In contrast cells 

expressing the recombinant MdtM dysfunctional mutant D22A were not able to 

maintain a stable cytoplasmic pH which was acidic relative to the external 

environment, as the pH outside increased so too did the pH of the cell cytoplasm in 

these cells (Figure 5.14 B). The results add yet further weight to the argument that 

MdtM contributes to alkaline pH homeostasis in E. coir

PH PHout

Figure 5.14: (A) Calibration plot which correlates the 490 nm/ 440 nm fluorescence emission ratio of 

BCECF-AM upon excitation at 530 nm to pH. (B) Intracellular pH of E. coli BW25113 AmdtM cells 

transformed with pMdtM or pD22A as a function of external alkaline pH. In both (A) and (B) the data 

points and error bars represent the mean ± SD of three independent measurements.
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5.4. Discussion

In order to survive in pH values outside their normal growth range bacteria must 

employ strategies that enable their cytoplasmic pH to remain within the narrow 

stable window of pH 7.4 to pH 7.8 (Krulwich et a!., 2011; Slonczewski et al., 2009). 

The main method employed by E. coli to maintain a stable cytoplasmic pH under 

conditions of alkaline stress is the harvesting of protons from the external 

environment by cytoplasmic membrane cation/H+ antiporters (Krulwich et al., 2011). 

Currently (June 2013) only four cation/H+ antiporters from E. coli have been 

identified as functioning in alkaline pH homeostasis these are NhaA (Padan eta!., 

2004), NhaB (Pinner et al., 1993), ChaA (Radchenko et al., 2006) and the MFS 

MDR transporter MdfA (Lewinson et al., 2004). The work in this chapter however 

suggests that a fifth transporter MdtM may also contribute to alkalitolerance in E. coli 

and like the four previously identified transporters it too functions over a distinct pH 

range to provide E. coli with a sensitive mechanism to harvest protons from the 

outside when under alkaline stress.

Initial investigations into whether or not MdtM plays a role in alkaline pH 

homeostasis took the form of growth assays which compared the growth of WT E. 

coli BW25113 cells and the E.coli BW25113 deletion mutant in LB media at

different pH values (Figure 5.2 A and B). The results revealed that deletion of the 

chromosomally encoded copy of mdtM was detrimental to the growth of E. coli 

between pH 9.0 and pH 10.0 and that the alkalitolerant phenotype of E.coli AmdtM 

deletion mutant could be recovered by the expression of MdtM from a multicopy 

plasmid (Figure 5.3 A and B). Growth assays also revealed that MdtM mediated 

alkalitolerance was dependent upon the presence millimolar concentrations of Na+ 

and K+ being (Figure 5.6). Similar cation concentration dependent alkalitolerance 

has previously been reported in the £. coli MFS MDR transporter MdfA which 

confers alkalitolerance in £. coli at pH values greater than pH 9.0 (Lewinson et al., 

2004) and the Bacillus subtilis tetracycline efflux protein TetL (Cheng et al., 1996). 

MdtM and MdfA appear to functionally overlap in the conditions of external pH and 

cation composition at which they are active in alkalitolerance (Lewinson et al.,

2004). However in the growth studies conducted in this chapter the chromosomally 

encoded copy of mdfA did not support the growth of the E. coli BW25113 AmdtM 

cells at alkaline pH values tested. Also in similar studies conducted by Lewinson et 

al. (Lewinson et al., 2004) in which they investigated the effect of deletion of the 

chromosomal copy of mdfA on the growth of E.coli UT5600 strain, the chromosomal 

copy of mdtM did not substitute for the loss of mdfA as cells devoid of mdfA did not
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grow at pH values greater than pH 9.0. The result of these two individual studies 

leads to the question of why mdfA and MdtM did not compensate for one another at 

alkaline pH. One possible explanation comes from comparing the drug efflux 

properties of these two transporters and the experimental conditions under which 

the individual growth studies were conducted. The growth assays conducted in this 

chapter with E. coli BW25113 AmdtM cells were done so in the presence ~60 pM to 

select for the AmdtM strain. At this concentration kanamycin is a known substrate of 

MdfA (Edgar and Bibi, 1997), so the chromosomally encoded copies of mdfA may 

be saturated by the antimicrobial and therefore not able to carry-out the low affinity 

Na+(K+)/H+ exchange required for the transporter to contribute to pH homeostasis. 

This may also explain why in order for its role in alkali tolerance to be detected MdfA 

need to be overexpressed for a multicopy plasmid (Lewinson et al., 2004). If 

kanamycin is also recognised as a substrate by MdtM this may account for the lack 

of compensation of the chromosomally encoded mdtM for the deletion of mdfA in the 

cell growth assays by Edgar and Bibi 1997. Another explanation for this apparent 

lack of compensation by either transporter may be due to a combination of the 

difference in the bacterial strains used and the experimental conditions employed in 

the studies.

The growth assay carried out in this chapter indicate that Na+ and K+ are 

required for MdtM-mediated alkalitolerance (Figure 5.6) this points to Na+ and K+ 

having a mechanistic role in MdtM activity. This was confirmed by the acridine 

orange fluorescence assays carried out in inverted vesicles (Figure 5.9) which 

demonstrated that MdtM mediated Na+(K+)/H+ antiport which in vivo could enable 

the internal metal monovalent cations to be exchanged for external H+, allowing 

protons to be harvested from the external environment to maintain a cytoplasmic pH 

which is acidic in relation to the outside. The results obtained from the intracellular 

pH measurements of whole cells using a BCECF fluorescence probe across a range 

of external alkaline pH values also supports the conclusion that MdtM does play a 

role in alkali tolerance which is dependent on the presence of the metal monovalent 

cations Na+ or K+ (Figure 5.14).

The ability of MdtM to catalyse both Na+/H+ and K+/H+ antiport enables E. coli 

to be flexible in their response to alterations in the chemical composition of the 

external alkaline pH environment. It means that when Na+ is available the Na+/H+ 

activity of MdtM can enable growth and under conditions of limiting sodium K+/H+ 

antiport by MdtM can allow growth by contributing to alkalitolerance. Currently 

(June 2013) a lot more is understood about the contribution of Na+ to alkali tolerance
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in E. coli than that of K+ (Booth et al., 1985; Krulwich et at., 2009; Padan et a!., 2005; 

Wei et al., 2005). MdtM K+/H+ antiport activity may enable regulation of the internal 

pH by using the outwardly-directed K+ gradient to enable the harvest of protons 

during growth at alkaline pH (Booth et al., 1985). As long as the rate of export of 

K+/H+ by MdtM is less than that of the generation of the proton motive force and the 

system which uptake K+ into the cell MdtM will not cause dissipation of the PMF. As 

K+ is toxic to the cell at high concentrations MdtM could at alkaline pH serve a role in 

K+ homeostasis, prevent potassium toxicity from occurring this is similar to the role 

identified for the E. coli antiporter ChaA (Booth et al., 1985; Radchenko et al., 2006). 

Similarly to NhaA (Schulinder et al., 1992) but in contrast to MdfA, MdtM has been 

shown to transport Li+ (Figure 5.12) it therefore may also play a role in alkaline 

tolerance in the presence of lithium.

In order to control the cytoplasmic pH the concentration of protons in the 

cytoplasm must be controlled. Therefore bacterial pH homeostasis must control the 

components of the electrochemical gradient (ApH+). As described in section 

1.2.2.2.1 ApH+ is comprised of two components the transmembrane proton gradient 

(ApH) and the transmembrane electrical potential (Aiy), the magnitude of both these 

components are dictated by the requirements of bacterial cell. Under neutral pH 

conditions the internal pH is alkaline with respect to the outside environment, 

however in an alkaline environment to maintain a stable internal pH the ApH of the 
cell must be reversed with a net uptake of protons into the cell causing the cell to be 

acidic inside (Krulwich et al., 2009). This means that the ApH cannot therefore be 

used to drive proton uptake into the cell. Sodium is excluded from the cell as it is 

toxic at high concentration and cannot unlike K+ be used to form an outwardly- 

directed driving force to power electroneutral exchange; this can cause problems 

when using Na+/H+ antiporters in alkaline pH homeostasis (Krulwich et al., 2009). 

However transporters can overcome this problem by using Aijj to power electrogenic 

Na+/H+ exchange powering a net accumulation of H+ into the cell to acidify the 

cytoplasm at alkaline pH in the presence of Na+. This strategy has been employed 

by the E. coli transporter NhaA (Taglicht et al., 1993) and the B. subtilis transporter 

TetL (Guffanti et al., 1995). The E. coli MdfA is also thought to drive Na+/H+ and 

K+/H+ antiport in alkaline pH homeostasis by electrogenic transport but has been 

shown to catalyse both electroneutral and electrogenic transport (Padan et al.,

2003) of drug substrates. The results fluorescence experiments using the A41- 

sensitive probe Oxonol V revealed that MdtM can use Aijj as the driving force at
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alkaline pH to catalyse an electrogenic Na+(K+)/H+ antiport. This means that more 

than one H+ is exchange per monovalent metal cation (Figure 5.13).

Antiporters which are involved in maintaining a stable intracellular pH must 

be capable of sensing changes in the internal and/or external pH. In order to sense 

these changes they must have cytoplasmic and/or extracellular sensors which alter 

the transporter activity in response to changes in the pH (Booth et ai, 1985;

Krulwich et at., 20011; Padan et al., 2005). MdtM has shown that too is capable of 

recognising and responding to changes in ionic composition as its pH activity profile 

(Figure 5.10) indicates that its activity changes depending upon the external pH.

The pH profile of MdtM activity also suggests that the different antiport functions of 

MdtM are directed by subtle changes in the pH and which cations are present in the 

extracellular environment. The sensor which recognise these subtle changes in 

ionic composition and then dictate transporter function in response must be present 

at the protein level. This hypothesis arises from the fact the MdtM in the 

experiments in this chapter is expressed from a multicopy plasmid under the tight 

control of a non-native araBAD promoter. Sensors at the protein level could arise 

simply from changes in the protonation state of ionisable residues such as those 

located on the periplasmic and cytoplasmic surfaces of MdtM and in its predicted 

translocation pore.

The affinity of MdtM for Na+ and K+ is within the tens of millimolar range as 

calculated by determining the MdtM concentration which resulted in the half- 

maximal dequench of acridine orange (Figure 5.11). Although these values cannot 

be directly related to actual Km values they do lie within the same regions as the 

affinity shown by other transporters involved in pH homeostasis in E. coif, MdfA 

(Lewinson et al., 2004), ChaA (Radchenko etal., 2006) and NhaB (Pinner ef a/.,

1994) all have affinity for their specific metal ion substrates in the millimolar region. 

The similarity in affinity for the metal cation substrates between MdtM and the other 

transporters known to play function in alkalitolerance adds weight to the argument 

that MdtM also functions in alkaline pH homeostasis.

The importance of D22 for MdtM function was highlighted previously in 

chapter 3 where the D22A mutant protein was shown to bind to both cationic and 

neutral antimicrobial substrates but was not capable of transporting them. These 

observations lead to the suggestion that D22 was involved in proton recognition and 

functioned perhaps as part of a protein relay along with other acidic membrane 

embedded residues in MdtM such as D39, D244, D277 and E280. The disruption of
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the proton relay through the network of negatively charged membrane embedded 

residues by the mutation of D22 to an alanine residue could abolish the transporters 

substrate/H+ antiport activity. The results in this chapter show clearly that the mutant 

D22A displays no activity in any of the performed experiments and suggests a link 

between the alkalitolerance and multidrug resistance roles of MdtM. The link 

between MDR and alkalitolerance functions has been made previously in the B. 

subtilis transporter TetL (Guffanti et al., 2002) and in the E. coli transporter MdfA 

(Lewinson et al., 2004). In MdfA carboxylic groups of E26 and D34 have been 

suggested as important in proton transport and/or antiport coupling. Therefore in 

MdtM binding of H+ to D22A may be an essential step to enable the transport of Na+ 

or K+ in the MdtM’s role in alkalitolerance and to the binding of antimicrobial 

substrates in its MDR function.
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6. The contribution of MdtM to bile salt resistance 

6.1. Introduction

The mammalian intestine is a complex environment that is home to hundreds of different 

species and thousands of different strains of bacteria (Ley et at., 2006; Qin et al., 2010; 

Zhang et al., 2009). It is one of the most densely populated ecosystems on earth with ~1011 

organisms per millilitre of luminal content (Ley et al., 2006). In order to survive in the 

intestine bacteria must be able to adapt to the harsh environmental conditions of acidic pH 

and high concentrations (5-30 mM) of bile (Darkoh et al., 2010). Bile is a complex mixture 

composed primarily of bile salts, as well as phospholipids, cholesterol, proteins and bilirubin 

(Casadaban et al., 1980). Bile salts are amphipathic molecules synthesised in the liver and 

secreted into bile to act as detergents (Hofman and Burgstrom, 1964), aiding in the 

dispersion and enzymatic digestion of fats in the small intestine (Thanassi et al., 1997). In 

humans, bile salts are initially produced as the primary bile acids cholic acid and 

chenodeoxycholic acid (Esteller, 2008; Franklin et al., 1993). Primary bile salts undergo 

further metabolism in the liver forming conjugated bile salts through the attachment of a 

glycine or taurine molecule to their side chains (Ridlon et al., 2006). Following production in 

the liver bile salts are secreted as a component of bile into the lumen of the intestinal tract. 

Once in the intestine they undergo dehydroxylation by enteric bacteria converting them to 

secondary bile salts such as deoxycholate and lithocholate.

Apart from their main function in the emulsification of fats, bile salts also play a role in 

defence of the host as they have potent antimicrobial properties (Hofman and Hagey, 2008). 

Bile salts are toxic to bacterial cells as they can disaggregate the lipid bilayer structure of the 

bacterial cellular membrane (Thanassi et al., 1997). Bile salts also induce secondary 

structure formation in RNA (Powell et al., 2004), cause DNA damage (Leverier et al., 2003) 

and lead to the production of reactive oxygen species (Merrit and Donalson, 2009). Bacteria 

occupying the intestinal tract where the bile salt concentration can reach 20 mM in the 

duodenum (Altman and Dittman, 1968) and 30 mM in other regions of the small intestine 

(Ley et al., 2006), must have mechanisms to resist the toxic effects of bile salts. The outer 

membrane of Gram negative bacteria acts a barrier against bile salts. However, the outer 

membrane only slows bile salt penetration as they can enter the cell through large channels 

such as the OmpF porin (Thanassi et al., 1997). Most unconjugated bile salts can also 

penetrate the lipid bilayer (Plesiat and Nikaido, 1992) as they have pKa values ranging from 

5 to 6.5, meaning that a large portion of bile salts exist in lipophilic uncharged forms, at the 

pH range of 5.5-7.5 found in the gut (Carey, 1985). In order to survive and grow in the 

presence of a constant influx of bile acids, bacteria must possess an active efflux
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mechanism to prevent the toxic effects of these compounds (Thanassi et al., 1997). 

Molecular analysis carried out using real-time (RT) PCR has shown that in the presence of 

bile salts, there is up-regulation of the tol-pal genes which are essential for maintaining the 

membrane in E. coli cells (Pucciarelli et al., 2002; Ray et al., 2000). There is also up- 

regulation of efflux proteins which remove bile salts from the cell preventing potential 

damage to the membrane and nucleic acids. Two MDR efflux pumps from E. coli, AcrAB- 

TolC and EmrAB-TolC have been implicated in active bile salt efflux (Thanassi etal., 1997).

Growth inhibition and transport assays using inverted vesicles (Thanassi et al., 1997) 

showed that both AcrAB-TolC and EmrAB-TolC play significant roles in the efflux of bile 

salts, with greater significance placed on the role of AcrAB-TolC. The tripartite RND pump 

AcrAB-TolC from Gram-negative E. coli has been shown to recognise and efflux a broad 

range of compounds providing the main method of intrinsic resistance in E. coli cells 

(Nikaido et al., 1997). Kinetic analysis of AcrB was carried out to determine its affinity for a 

range of substrates including antimicrobials, detergents and bile salts. The concentration of 

each substrate which caused 50% inhibition of AcrB’s export of fluorescent phospholipids 

was calculated (Nikaido and Takatsuka, 2009). The results showed that ~15 pM of 

conjugated bile salts were required to cause 50% inhibition of the transport of the fluorescent 

phospholipids compared to ~100 pM of the test antibiotics. The results indicate that AcrB 

has a greater affinity for bile salts than antibiotics. These results suggest that bile salts are 

the natural substrates for AcrB in E. coli (Nikaido and Takatsuka, 2009).

Despite the fact that experimental analysis has demonstrated that both AcrAB-TolC 

and EmrAB-TolC have important roles in bile salt efflux, a significant contribution is also 

attributed to an unidentified system (Nikaido and Takatsuka, 2009; Thanassi et al., 1997). 

Cells with acrA and emrB knocked out still have significant levels of bile salt resistance 

(Thanassi et al., 1997); this indicates that there is redundancy in the bile salt efflux system 

within E. coli. Such redundancy in the E. coli efflux system has been demonstrated with 

regard to the extrusion of antimicrobials such as EtBr and chloramphenicol (Tal and 

Schulinder, 2009), with the importance of single component transporters in MDR efflux being 

highlighted. Structural and functional studies of AcrAB-TolC have shown that it up takes 

substrates from both the cytoplasm and the periplasm and export them out of the cell 

(Seegar et al., 2006). AcrAB-TolC has been shown to take part in a two stage efflux system 

in conjunction with single component transporters in the efflux of antibiotics (Nir et al., 2007; 

Tal and Schuldiner, 2009). Therefore it is possible that single component transporters are 

involved in a similar two stage process with AcrAB-TolC for the efflux of bile salts. The 

ability of single component transporters to transport bile salts has been demonstrated with
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the MFS transporter BaiG which imports cholic acid by exploiting the ApH component of the 

proton motive force. To date (August 2013) no such bile salt export has been reported for 

any MFS MDR transporter. To determine if MFS MDR transporters can function in bile salt 

efflux the contribution of MdtM bile salt resistance in E. co//'was investigated in this chapter.

O' NaHO CHO' NaHO CH

Figure 6.1: The chemical structures of (A) sodium cholate and (B) sodium deoxycholate.
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6.2. Materials and methods

All growth media, chemicals and antibiotics were purchased from Sigma-Aldrich (Poole, 

Dorset, UK) unless otherwise stated.

6.2.1. Bacterial strains and plasmids

Cloning and generation of all plasmids used was carried out as described in section 2.2.2. 

The propagation of plasmids was carried out in E. co//TOP10 cells (section 2.2.2.1.). See 

section 2.2.2. E. coli LMG194 cells were used for the overproduction of MdtM (section

2.2.3.2. ). E. coli UTL2 cells were used in transport assays (section 3.2.3.4.). E. coli 

BW25113[F-, h(araD araB)667, AlacZ4787(::rrnB-3), K, rph-1, A(rhaD-rhaB)568, hsdR514] 

(Datsenko et al., 2000) and its single-deletion mutant AmdtM from the E. coli Keio collection 

were used in assays that tested the resistance to cholate and deoxycholate. E. coli KAM3 

[AacrAB supE hsd A 5 thi (A /ac-proAB)/F’ (traA36 proAB+ /aclq lac DZM15)] was used in 

both resistance assays and for the production of inverted membrane vesicles for transport 

assays.

6.2.2. Resistance assays

Resistance assays were carried out to test the contribution of MdtM to intrinsic bacterial 

resistance to the primary bile salt sodium cholate (SC) and the secondary bile salt sodium 

deoxycholate (SDC). The assays were conducted in both solid and liquid media with E. coli 

BW25113 wild type (WT) cells, E. coli BW25113 Amdf/W single deletion mutant cells, E. coli 

BW25113 Amdf/W cells transformed with pMdtM or pD22A, and E. coli KAM3 cells 

transformed with pMdtM or pD22A. E. coli BW25113 cells were selected for these studies 

as MdtM is efficiently overproduced, correctly targeted to the membrane and functional in 

this strain (as shown in chapter 3). The KAM3 strain was selected to determine if MdtM can 

contribute to the intrinsic resistance to bile salts in the absence of a functional AcrAB-TolC 

tripartite efflux system. All assays carried out using WT BW25113 cells required no 

antibiotics, while those with BW25113 Amdf/W cells required 34 pg/ml kanamycin for 

selection. BW25113 AmdtM transformed with pMdtM or pD22A cells required 34 pg/ml 

kanamycin and 100 pg/ml carbenicillin and the transformed KAM3 cells required 100 pg/ml 

carbenicillin for maintenance of the plasmid.

6.2.2.1. Resistance assays in liquid culture

Liquid culture assays were carried out by inoculating 100 ml LB media containing 100 pg/ml 

carbenicillin with a single colony from a plate and grown overnight at 30°C under aeration at 

250 rpm. The overnight cultures with OD60o between 3.0-3.3 were used to inoculate a 200
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fold dilution of cells into 2 ml fresh LB made up in 70 mM bis-Tris propane (BTP) at pH 6.0 or

7.2, with the appropriate antibiotics, 0.002% (w/v) L-arabinose and varying concentrations of 

the bile salt compound being tested. Assays were carried out at pH 6.0 and pH 7.2 as these 

are the pH conditions experienced by enteric E. coli in the gut. The cultures were incubated 

at 37°C under aeration at 270 rpm for 6 hours, the OD60o was then measured. All 

experiments were conducted in at least triplicate. The data were plotted as the percentage 

growth relative to control cultures of the same cells grown in the absence of the test 

compound. SigmaPlot 10 was used to calculate the IC5o values (Systat Software 

Incorporated, San Jose, CA). Statistical analysis of the IC5o data was performed using a 

two-tailed Student’s t-test. Differences between IC5o values for cells that overproduced MdtM 

from a multicopy plasmid or contained a chromosomal copy of MdtM compared with those 

for cells that did not overproduce or contain the transporter were considered significant when 

p<0.05. The bile salts tested were soluble in liquid media at the concentrations used and did 

not precipitate out of solution.

6.2.2.2. Solid media resistance assays

Solid media resistance assays were carried out by inoculating LB media containing the 

appropriate antibiotic with a single colony from a plate and grown overnight at 30°C under 

aeration at 250 rpm. The overnight cultures with OD60o between 3.0-3.3 were used to 

inoculate a 200 fold dilutions of cells into 100 ml of fresh LB made up in 70 mM bis-Tris 

propane (BTP) at pH 6.0 or 7.2, with the appropriate antibiotic(s). Cells were grown at 37°C 

until an OD60o of 1.0 was reached. Logarithmic dilutions of each culture covering the range 
of 10'2 to 10‘5 were then made. 4 pi aliquots of each logarithmic dilution of each culture were 

then spotted onto LB agar plates made up in 70 mM bis-Tris propane (BTP) at pH 6.0 or 7.2, 

supplemented with the appropriate antibiotic(s), 0.002% (w/v) L-arabinose to induce 

expression from the recombinant vector and the indicated concentration of bile salt under 

investigation. The plates were then incubated at 37°C for 24 hours prior to ocular inspection 

and digital imaging. All plate assays were performed at in triplicate to ensure reproducibility.

6.2.3. Western blot analysis

Inner membranes from BW25113 and KAM3 overexpressing MdtM and D22A grown at pH 

6.0 and pH 7.2 were solubilised by addition of 1.5% (w/v) (3-D-dodecylmaltopyranoside 

(DDM). 20 pi of sample was then incubated with 20pl of loading buffer (50 mM Tris-HCI pH 

6.8, 20% (w/v) SDS, 10% (v/v) glycerol, 1% (v/v) (3-mercaptoethanol, 12.5 mM EDTA, 0.02% 

bromophenol blue) and incubated at 37°C for 20 minutes prior to loading on a 12 % bis-Tris 

gel which ran for 75 minutes at 150 V in bis-Tris running buffer (50 mM MOPS, 50 mM Tris,
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1 mM EDTA, 0.1% SDS, 1 mM sodium bisulfite) before being transferred to a nitrocellulose 

membrane. Hexahistidine-tagged MdtM was detected using HisProbe-HRP and 

SuperSignal West Pico Chemiluminescent Substrate (Pierce Thermo Scientific) according to 

manufacturer’s instructions.

6.2.4. Whole cell ethidium bromide transport assays

Overnight cultures of E. coli UTL2 cells harbouring either pMdtM or pD22A control plasmid 

were diluted to an OD60o of 0.03 in 100 ml LB broth supplemented with 100 pg/ml 

carbenicillin and grown at 37°C. When the OD6oo reached 0.3, mdtM expression was 

induced by addition of 0.001 % (w/v) L-arabinose. Cells were then grown to an OD60o of 1.0. 

Aliquots of cells were pelleted and resuspended in M9 minimal media containing 10 mM BTP 

pH 6.0 and 5 pM EtBr. Cells were loaded with EtBr by incubation at 37°C for 30 mins in the 

presence of 100 pM carbonyl cyanide 3-chlorophenylhydrazone (CCCP). The EtBr-loaded 

cells were centrifuged and resuspended in M9 minimal media in 10 mM BTP pH 6.0 

containing 5 pM EtBr for immediate fluorescence measurements in a Fluoromax-4 

fluorometer (Horiba Jobin Yvon, NJ, USA) with excitation and emission wavelengths set to 

545 nm and 600 nm, respectively. D-glucose was added to a final concentration of 0.4%

(w/v) to energise the cells, and the fluorescence quench due to EtBr efflux was continuously 

monitored. MdtM-catalysed, proton-driven active transport was abolished by addition of 100 

pM CCCP. To test if bile salts were transported by MdtM, the effect of addition of bile salts 

on EtBr efflux was determined. The bile salts were added to the cells during the EtBr loading 

stage. As the bile salts used have a sodium counter-ion, inhibition of ethidium bromide efflux 

can occur due to MdtM catalysed Na+/H+ antiport activity at pH 7.2 (section 5.3.3.2). 

Therefore EtBr assays were carried out at pH 6.0 where MdtM does not catalyse Na+/H+ 

antiport. All measurements were performed at 32°C.

6.2.5. Preparation and purification of MdtM

MdtM was overproduced in E. coli IMG 194 cells as described in section 3.2.7. Briefly, cell 

membranes were isolated from harvested cells and solubilised as described in section 2.2.7. 

IMAC purification of solubilised MdtM was carried out as described in section 2.2.8. The 

IMAC purified protein then underwent thrombin digestion to remove the hexahistidine tag 

following the protocol in section 2.2.10. IMAC purified and thrombin digested MdtM was 

further purified by SE-FPLC as described in section 2.2.11.
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6.2.6. Substrate binding assays

The substrate binding affinity of MdtM for cholate and deoxycholate at pH 6.0 and pH 7.2 

was measured using intrinsic tryptophan fluorescence quenching of purified protein in 

detergent solution. Steady state fluorescence measurements were carried out in triplicate 

using a Fluoromax-4 fluorometer (Horiba UK Ltd, Middlesex, UK) by exciting into the 

tryptophans at wavelength of 295 nm and scanning the fluorescence emission from 310 to 

400 nm. The excitation and emission slit widths were set to 2.0 and 2.5 nm respectively. A 

0.22 pM solution of purified MdtM in detergent solution [20 mM HERBS, pH 7.2 or pH 6.0, 

10% glycerol, 0.2 mM tris (2-carboxyethyl phosphine (TCEP), 100 mM NaCI and 0.075% 

DDM] was titrated with bile salt by the sequential addition of 1.0-3.75 pl of the appropriate 

stock solution until the maximal fluorescence quenching of the emission peak at 332 nm was 

achieved. The total volume of bile salt added in all experiments was less than 2.5% of the 

initial assay volume. Control experiments were conducted by titrating the bile salt solutions 

into assay buffer alone. Data were corrected for dilution before undergoing non-linear 

regression analysis using the formula y=Bmax[bile salt]/(Kd+[bile salt]) to calculate each bile 

salt apparent binding dissociation constant Kdapp for MdtM at both pH values.

Both of the bile salts tested contained aromatic moieties which absorb at the 295 nm 

excitation wavelength used, the observed fluorescence intensities had to be corrected 

experimentally for inner filter effect. To do this, a method based on that described by 

Grkovic et al. (Grkovic et at., 2003) was employed. The inner filter effects were 

compensated for by titration of the bile salts into a 1.0 mM solution of free L-tryptophan 

(Fluka) that gave initial fluorescence intensity at 332 nm equivalent to that of the 0.22 pM 

MdtM solutions. The measured fluorescence quenching of the free tryptophan solution upon 

the sequential addition of aliquots of the bile salts was assumed to be due exclusively to 

inner filter effects and these data were used to produce corrected fluorescence quenching 

values (AFCorr) for MdtM titrated with the same bile salts using the following equation (Grkovic 

et al., 2003):

Mq -AFM)(AFw/F Wi)
AF^ ------------------------------------

Fmi

Where AFMq= the measured fluorescence quenching of MdtM at a particular bile salt 

concentration; FMi= the initial fluorescence intensity of MdtM without added bile salt; AFW= 

the measured fluorescence quenching of free tryptophan at a particular bile salt 

concentration; and FWi= the initial fluorescence intensity of free tryptophan solution without
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added bile salt. The dilution-corrected data underwent analysis as described above for the 

calculation of apparent substrate binding dissociation constants.

6.2.7. Transport assays

Transport assays of MdtM-mediated bile salt/ H+ antiport were carried out by measuring the 

fluorescence dequenching of the pH sensitive, fluorescent indicator, acridine orange. The 

assays were carried out using inverted vesicles made from E. coli KAM3 cells transformed 

with pMdtM or pD22A. Single colonies from plates containing E. coli KAM3 cells 

transformed with either recombinant wild-type MdtM or pD22A were used to inoculate flasks 

of 100 ml LB broth supplemented with 100 pg/ml carbenicillin and grown overnight for 15 

hours at 30°C with shaking at 250 rpm. Cultures with OD60o between 3.0-3.3 were then used 

to inoculate a 100-fold dilution of cells into 5 L unbaffled flasks containing 1 L of fresh LB 

supplemented with 100 pg/ml carbenicillin. The cultures were grown at 32°C under aeration 

at 270 rpm for 2.5 h. The temperature was then reduced to 25°C and cultures allowed to 

continue to grow until an OD60o of 1.0. Overproduction of MdtM was then induced by the 

addition of 0.1% (w/v) L-arabinose. Cultures were allowed to continue to grow for a further 

1.5 h, prior to harvest. Cells were harvested by centrifugation at 5000 x g at 4°C. Harvested 

cell pellets were washed three times in TCDS buffer (10 mM Tris-HCI pH 7.5, 140 mM 

choline chloride, 0.5 mM dithiothreitol (DTT) and 250 mM sucrose) and the cell solution was 

then inverted by a single pass through a French pressure cell at 4000 psi. Unbroken cells 

and cell debris were removed by centrifugation at 18,000 x g for 15 minutes. Cell 

membranes were then harvested by ultracentrifugation at 100,000 x gfor 1 h. The 

membrane pellets were then resuspended in 1 ml TCDS buffer. The total membrane protein 

concentration of the vesicles was determined using a bicinchoninic acid assay (Thermo 

Scientific Pierce, Rockford, IL) according to the manufacturer’s instructions.

Transport assays were carried out using a Fluoromax-4 fluorimeter at 25°C with an 

excitation wavelength of 492 nm and fluorescence emission recorded at 525 nm. The 

excitation and emission slit widths were set at 1.5 and 2.5 nm respectively. Membrane 

vesicles were added to the assay buffer (10 mM BTP, pH 7.0 or pH 6.2,5 mM MgS04 and 1 

pM acridine orange) in a quartz cuvette to a final concentration of 0.5 mg/ml membrane 

protein in a total volume of 1.5 ml. The vesicles and assay buffer were allowed to equilibrate 

for -300 s prior to the recording of the fluorescence signal. A respiration dependent ApH 

(acid inside the vesicle) was generated after approximately 50 s by the addition of 2 mM 

Tris-D-Lactate made up in reaction buffer at pH 6.0 or pH 7.2. Following the establishment of 

the ApH and the stabilisation of the acridine orange fluorescence (-200 s), MdtM-mediated 

transport of the bile salts was initiated by adding the bile salts to the inverted vesicle
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mixtures at a final concentration of 25 mM deoxycholate or 20 mM cholate. The 

fluorescence dequenching following bile salt addition, due to alkalinisation of the vesicle 

lumen as, MdtM uses the energy stored in the proton gradient to drive bile salt uptake into 

the inverted vesicles was monitored for 50 s. Following this 100 pM CCCP was added 

causing complete dissipation ApH and abolishing transport. Control experiments were 

carried out with the addition of 40 mM sodium gluconate instead of bile salts to ensure the 

dequench was not a result of MdtM mediated Na+/H+ antiport. Each experiment was 

repeated in triplicate with at least two individual inverted vesicle preparations.

6.2.8. Determination of the transmembrane Aip

To determine if MdtM-mediated bile salt/H+ antiport is electrogenic, inverted vesicle assays 

were performed using the Aijj-sensitive fluorophore Oxonol V [bis-(3-phenyl-5-oxoisoxazol-4- 

yl) pentamethine oxonol] (Bioscience Ltd, Cambridge, UK). Inverted vesicles were produced 

from E. co//T0114 cells transformed with pMdtM or pD22A as described in section 5.2.6. 

The vesicles were resuspended in TSDS buffer (10 mM Tris, 280 mM sorbitol, 0.5 mM 

dithiothreitol (DTT) and 250 mM sucrose) and adjusted to the desired pH with H2SO4 (Resch 

et af, 2010). As a positive control, and to ensure that the experimental system was valid, 

inverted vesicles were made from E. coli BW25113 cells which retain their full complement 

of electrogenic Na+/H+ antiporters. All assays were carried out using 0.5 mg/ml total 
membrane protein. Vesicles were added to the assay buffer (10 mM BTR, 5 mM MgS04, 5 

pM Oxonol V) with the pH adjusted to pH 6.0 or pH 7.2 for the detection of electrogenic bile 

salt/H+ antiport. A further control to ensure that the response to the addition of the bile salts 

was not due to Na+/H+ antiport was carried out by the addition of 25 mM sodium gluconate in 

place of the bile salts. The vesicles were incubated for 200 s on ice prior to the addition of 

Tris-D-L-lactate to a final concentration of 2 mM to initiate a respiration dependent 

generation of Ai(j resulting in a quench in Oxonol V fluorescence. Fluorescence was 

monitored at 25°C using a Fluoromax-4-fluorometer with an excitation wavelength of 599 nm 

and emission wavelength of 634 nm. The excitation and emission slit widths were 10 nm 

and 20 nm respectively. Electrogenic antiport activity was estimated based on the 

dissipation of Aijj (which is visualised in the fluorescence traces as a fluorescence 

dequench) upon the addition of 25 mM SDC or 20 mM SC to the vesicles at the indicated 

times. The addition of 100 pM CCCP completely dissipated the proton gradient, and 

abolished transport. An additional control was carried out with the addition of 1 pM of the 

ionophore nigericin instead of the bile salts. Nigericin is a potassium specific ionophore 

which at low concentrations selectively consumes the ApH via electroneutral K+/H+ 

exchange (Padan et af, 2005). The control experiments were carried out with vesicles 

made from E. co//T0114 cells transformed with pMdtM. The vesicles were incubated with
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50 mM K+ prior to the commencement of the assays. To selectively abolish Aijj, 5 pM 

valinomycin was added after 300 s.

6.2.9. Circular dichroism (CD) spectroscopy

CD measurements were performed by Dr. Sharon Kelly of the Institute of Molecular, Cell and 

Systems Biology, College of Medical, Veterinary and Life Sciences, University of Glasgow, 

UK. Size exclusion chromatography-purified MdtM was analysed in buffer (10 mM BTR, 5 

mM MgS04, brought to pH 7.2 or pH 6.0 with H2SO4). Circular dichroism spectra were 

recorded using a JASCO J-810 spectropolarimeter (Jasco UK Ltd). MdtM samples were 

analysed at pH 6.0 and pH 7.2 using a protein concentration of 0.24mg/ml in a 0.02cm path 

length quartz cuvette. A suitable buffer baseline was collected and subtracted from each 

protein spectrum. Corrected data were expressed in terms of mean residue ellipticity 

(degrees.cm2.dmoL1). The online CD secondary structure analysis server Dichroweb 

(Whitmore and Wallace, 2004) and the CONTIN procedure reference set 4 (Provencher and 

Glockner, 1981) were used to analyse the CD data.
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6.3 Results

6.3.1. E. coli cells with their chromosomal copy of MdtM knocked out are more susceptible to 

the effects of bile salts

To determine if MdtM plays a role in bile salt resistance at the physiologically relevant pH 

values of 6.0 and 7.2 the growth of E. coli BW25113 AmdtM single deletion mutant cells was 

characterized in comparison to E. coli BW25113 wild type cells in solid media (Figure 6.2). 

The assays on solid media were carried out at pH 6.0 and pH 7.2 in LB agar containing the 

appropriate antibiotics and the indicated concentration of sodium cholate (SC) or sodium 

deoxycholate (SDC). The assays show that both strains grow equally well at the indicated 

concentrations of bile salts at all pH values tested at the first logarithmic dilution, however 

across the remainder of dilutions of cells tested the WT cells continue to grow well but there 

is no growth of the AmdtM single deletion mutant cells. The results indicate that deletion of 

the chromosomal copy of mdtM has a negative effect on the bile salt resistance of E. coli 

cells under the conditions tested.

pH 6.0 pH 7.2
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10 mM SDC• •tf « 20 mM SDC
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Figure 6.2: Solid media growth assays showing the deleterious effect of the deletion of the chromosomal copy of 

mdtM on the growth of E. coli BW25113 cells. The results show the growth of various logarithmic dilutions of WT 

E. coli BW25113 cells and £. coli BW25113 AmdtM single deletion mutant cells at on LB agar at pH 6.0 and pH 

7.2 in the presence of the indicated concentrations of SC and SDC. The control plates show the growth of E. coli 

BW25113 cells and E. coli BW25113 4mdf/W single deletion mutant cells on LB agar at pH 6.0 and pH 7.2 in the 

absence of bile salts.

6.3.2. Expression of plasm idle MdtM rescues the bile salt resistant phenotype

Growth assays were carried out on solid media to determine if overproduction of MdtM from 

a multicopy plasmid by E. coli BW25113 AmdtM single deletion mutants could recover the
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bile salt resistant phenotype. The assays were carried out using single deletion mutant cells 

harbouring pMdtM and pD22A. The dysfunctional mutant D22A was used as a negative 

control to enable both the test and control cells to be placed under the same pressure with 

regard to energy expenditure in overexpressing protein from a multicopy plasmid. The solid 

media assays (Figure 6.3) show that cells harbouring pMdtM have more robust growth than 

those harbouring the dysfunctional D22A mutant across all dilutions in each of the conditions 

tested in the presence of the bile salts investigated. The cells harbouring pMdtM are less 

susceptible to the effects of the bile salts than the BW25113 AmdtM cells which are not 

transformed with the multicopy plasmid but the growth shown is not as dense as that of the 

WT BW25113 cells (Figure 6.2).
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Figure 6.3: Expression of plasmidic MdtM can rescue the bile salt resistant phenotype of E. coli BW25113 

AmdtM single deletion knockout mutants. The solid media assays show the growth of various logarithmic 

dilutions of E. coli BW25113 AmdtM single deletion mutants transformed with pMdtM and pD22A following the 

spotting of 4 pi aliquots of the strains onto LB agar plates at pH 6.0 and pH 7.2 with the indicated concentration of 

SC or SDC, 34 pg/ml kanamycin, 100 pg/ml carbenicillin and 0.002% (w/v) L-arabinose. The control plates show 

the growth of E. coli BW25113 ZlmdfM single deletion mutant cells transformed with pMdtM or pD22A on LB agar 

at pH 6.0 and pH 7.2 with 34 pg/ml kanamycin, 100 pg/ml carbenicillin and 0.002% (w/v) L-arabinose, in the 

absence of bile salts.

Liquid culture growth inhibition assays enabled quantification of the observations 

from the solid media assays through the calculation of IC5o values. The liquid media assays 

were carried out in 2 ml cultures of LB broth supplemented with the appropriate antibiotics, 

L-arabinose where necessary, and a range of concentrations of SC and SDC with E. coli 

BW25113 WT cells, BW25113 AmdtM single deletion mutants and BW25113 AmdtM single 

deletion mutants transformed with pMdtM or pD22A (Figure 6.4).
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pH 6.0 pH 7.2

1 10 100 
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Figure 6.4: (A) Liquid media growth assays carried out at pH 6.0 and pH 7.2 comparing the growth of £ coil 

BW25113 WT cells and E. coli BW25113 AmdtM single deletion mutant cells transformed with pMdtM or pD22A 

across a range of concentrations of SC and SDC (B) Liquid media growth assays carried out at pH 6.0 and pH 

7.2 comparing the growth of E. coli BW25113 AmdtM single deletion mutant cells transformed with pMdtM and E. 

coli BW25113 AmdtM single deletion mutant cells transformed with pD22A across a range of concentrations of 

SC and SDC.
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The growth curves constructed from the liquid media growth assays were then used 

to calculate the concentration of SDC or SC at pH 6.0 or pH 7.2 which caused 50 % 

inhibition of growth (IC5o) of each of the E. coli cultures tested (Figure 6.6). The calculated 

IC5o value for the BW25113 WT cells for cholate at pH 6.0 is ~26.4 ±0.5 mM (similar to the 

concentrations experienced in the gut) in comparison the value for BW25113 AmdtM of 

-14.5 ± 0.7 mM under the same conditions. Therefore deletion of the chromosomal copy of 

MdtM causes a ~2-fold reduction in resistance under these conditions. The overexpression 

of functional WT MdtM from a multicopy plasmid by the BW25113 AmdtM causes an 

increase in the IC5o value of the knockouts to -24 ± 0.7 mM, similar to the value of the WT 

cells and therefore rescuing the resistant phenotype. In contrast overexpression of the 

dysfunctional MdtM mutant D22A results in no such resistance recovery as the IC5o value for 

these cells under these conditions is -13.2 ± 0.6 mM. The calculated IC5o value for the 

BW25113 WT cells for cholate at pH 7.2 is -49.6 ± 1.0 mM this is a 2-fold increase in the 

resistance of the same strain at the acidic pH 6.0, indicating that the transporters involved in 

bile salt efflux have greater activity at higher pH or the cells are under less pressure with 

regard to acid pH homeostasis. The IC5o value for BW25113 is -25.2 ± 0.7 mM

under the same conditions so deletion of the chromosomal copy of MdtM causes a ~2-fold 

reduction in resistance under these conditions. The overexpression of functional WT MdtM 

from a multicopy plasmid by the BW25113 AmdtM causes an increase in the IC5o value of 

the knockouts to -35.7 mM increasing the resistant phenotype by -1.4 fold. In contrast 

overexpression of the dysfunctional MdtM mutant D22A results in no such resistance 

recovery as the IC5o value for these cells under these conditions is -20.7 ± 1.8 mM, which is 

similar to the knockout alone.

Similar results were obtained with liquid culture growth inhibition assays carried out 

with deoxycholate at pH 6.0 and pH 7.2. The calculated IC5o value for the BW25113 WT 

cells for deoxycholate at pH 6.0 is-27.8 ±1.1 mM (again similar to the concentrations 

experienced in the gut) in comparison the value for BW25113 AmdfM of -7.5 ± 1.1 mM under 

the same conditions so deletion of the chromosomal copy of MdtM causes an ~4-fold 

reduction in resistance under these conditions. The overexpression of functional WT MdtM 

from a multicopy plasmid by the BW25113 AmdtM causes an increase in the IC5o value of 

the knockouts to -21.0 ± 0.7 mM, not as high as the value obtained with the WT cells but a 

~3-fold increase compared to the knockout cells alone and therefore rescuing the resistance 

phenotype. In contrast overexpression of the dysfunctional MdtM mutant D22A results in no 

such resistance recovery as the IC5o value for these cells under theses condition is ~6.9± 2.3 

mM the same as the single deletion mutant indicating yet again that a charged residue in 

TMS 1 may be important in recognition and transport of substrates (Lewinson et al., 2004;
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Guffanti et al., 2002). The calculated IC5o value for the BW25113 WT cells for deoxycholate 

at pH 7.2 is -34.9 ± 1.2 mM this is an -1.25-fold increase in the resistance of the same 

strain at the acidic pH 6.0. This indicates that the transporters involved in bile salt efflux 

have greater activity at higher pH or the cells are under less stress with regards to pH 

homeostasis, in comparison the value for BW25113 AmdtM \s -7.6 ± 1.2 mM under the 

same conditions. Therefore, deletion of the chromosomal copy of MdtM resulted in a ~5-fold 

reduction in resistance under these conditions. The overexpression of functional WT MdtM 

from a multicopy plasmid by BW25113 AmdtM resulted in an increase in the IC5o value of the 

knockouts to -21.5 ± 3.2 mM, -13 mM less than the WT cells, so expression of MdtM from a 

multicopy plasmid under these conditions did not fully restore the resistant phenotype. In 

contrast overexpression of the dysfunctional MdtM mutant D22A resulted in no such 

resistance recovery as the IC5o value for these cells under these conditions is -6.9 ± 2.3 

mM; this value is very similar to that for knockout cells overproducing D22A at the lower pH.

Figure 6.5: £. coll BW25113 cells with their chromosomal copy of mdtM knocked out are more susceptible to the 

toxic effects of bile salts than WT E. coli BW25113 cells. The resistance phenotype to sodium cholate (A and B) 
and to sodium deoxycholate (C and D) at an external pH of 6.0 (A and C) or pH 7.2 (B and D) of the single 

deletion mutants can however be rescued by the expression of WT MdtM from a multicopy plasmid; the 

expression of the dysfunctional mutant D22A causes no such resurrection of the resistant phenotype The 

quantified results from the liquid media assays confirm the observed resistance seen in the solid media assays. 

The bars and error bars represent the mean ICso value for each bile salt tested at each pH value ± SB of three 

individual measurements. Statistical analysis was carried out on the IC50 values using an unpaired Student’s t-
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test. The * refers to the degree of significance relative to the WT BW25113 cells. ‘Significant at P<0.05. 

“Significant at P<0.01. "‘Significant at P<0.001. ""Significant at P<0.0001.

6.3.3. E. coli cells lacking functional AcrAB-TolC are more susceptible to the toxic effects of 

bi/e salts

Growth inhibition assays carried out with E. coli KAM3 cells which lack a functional AcrAB- 

TolC system showed that this strain was much more susceptible to the toxic effects of the 

bile salts tested than the E. coli BW25113 cells. Solid media growth assays were carried out 

on KAM3 cells harbouring pMdtM and pD22A at pH 6.0 and pH 7.2 with concentrations of 

deoxycholate and cholate lower than those used for the BW25113 strain (Figure 6.6). The 

dysfunctional mutant D22A was used as a negative control as this means that both the test 

and control cells are under the same pressure with regard to energy expenditure in 

overexpressing protein from a multicopy plasmid. The assays showed robust growth of the 

KAM3 cells harbouring pMdtM at pH 6.0 and pH 7.2 with the indicated concentration of 

cholate and deoxycholate present at all logarithmic dilutions; growth was stronger at pH 7.2 

than at the acidic pH of 6.0. KAM3 cells harbouring pD22A did not grow as strongly at pH 7.2 

in the presence of 5 mM cholate or 5 mM deoxycholate as those harbouring pMdtM, as they 

only formed colonies across two of the logarithmic dilutions. Cells expressing the 

dysfunctional mutant D22A did not grow as strongly as the WT at pH 6.0 in the presence of 5 

mM cholate as those expressing WT MdtM, and they did not grow at all at pH 6.0 in the 

presence of 5 mM deoxycholate whereas those expressing the WT grew across all 

logarithmic dilutions tested. Both strains grew equally well at pH 6.0 and pH 7.2 in the 

absence of bile salt.

pH 6.0 pH 7.2

SmMSDC SmMSDC
pMdtM $ 0 r* * & ■*'

pD22A 6 *

5 mM SC 5 mM SC
pMdtM $ • '''

pD22A ;

control control
pMdtM

pD22A
* • *

* i •••• • • •»

Figure 6.6: E. coli KAM3 cells overproducing WT MdtM from a plasmid have increased resistance to bile salts 

than those overproducing the dysfunctional mutant D22A. The solid media assays show the growth of various
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logarithmic dilutions of E. coli KAM3 cells transformed with pMdtM and pD22A following the spotting of 4 pi 

aliquots of the strains onto LB agar plates at pH 6 0 and pH 7.2 with the indicated concentration of SC or SDC, 

34 pg/ ml kanamycin and 100 pg/ ml carbenicillin and 0.002%(w/v) L-arabinose. The control plates show the 

growth of E. coli KAM3 cells transformed with pMdtM or pD22A on LB agar at pH 6.0 and pH 7.2 with 100 pg/ml 

carbenicillin and 0.002% (w/v) L-arabinose, in the absence of bile salts.
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o pD22A
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Figure 6.7: Liquid media growth assays carried out at pH 6.0 and pH 7.2 comparing the growth of £. coli KAM3 

cells in the presence of a range of concentrations of cholate and deoxycholate at pH 6.0 and pH 7.2

The curves constructed from the liquid media growth assays were then used to 

calculate the concentration of cholate and deoxycholate at pH 6.0 and pH 7.2 at which 50% 

inhibition of the growth of the cultures (IC5o) occurred (Figure 6.8). The E. coli KAM3 cells 

harbouring pMdtM had greater resistance to the tested bile salts at all conditions tested than 

those harbouring pD22A. The calculated IC5o value for the KAM3 cells harbouring pMdtM 

for deoxycholate at pH 6.0 is ~6.8 ± 0.9 mM, in comparison the value for KAM3 cells 

harbouring pD22A of ~0.9 ± 0.1 mM under the same conditions so deletion of the 

chromosomal copy of MdtM causes a ~7-fold reduction in resistance under these conditions. 

The calculated IC5o value for the KAM3 cells harbouring pMdtM for deoxycholate at pH 7.2 is 

-6.7 ± 2.1 mM this is an -1.4-fold increase in the resistance of the same strain at the acidic 

pH 6.0, indicating that the transporters involved in bile salt efflux have greater activity at
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higher pH or the cells are under less stress with regards to pH homeostasis. In comparison 

the value for KAM3 cells harbouring pD22A is ~2.2 ± 0.2 mM under the same conditions, so 

deletion of the chromosomal copy of MdtM causes a ~4.4 fold reduction in resistance under 

these conditions. The calculated IC5o value for the KAM3 cells harbouring pMdtM for cholate 

at pH 6.0 is ~8.7 ± 0.9 mM, in comparison the value for KAM3 cells harbouring pD22A of 

~1.0 ± 0.2 mM under the same conditions so deletion of the chromosomal copy of MdtM 

causes a ~8-fold reduction in resistance under these conditions. The calculated IC5o value 

for the KAM3 cells harbouring pMdtM for cholate at pH 7.2 is -12.5 ± 0.2 mM this is an -1.4- 

fold increase in the resistance of the same strain at the acidic pH 6.0, indicating that the 

transporters involved in bile salt efflux have greater activity at higher pH or the cells are 

under less stress with regards to pH homeostasis. In comparison the value for KAM3 cells 

harbouring pD22A is -2.7 ± 0.1 mM under the same conditions, so deletion of the 

chromosomal copy of MdtM causes a -4.6 fold reduction in resistance under these 

conditions.

Statistical analysis was carried out on the IC5o values by using an unpaired Student’s 

t-test, the analysis confirmed that the measured increase in resistance in the cells 

overexpressing MdtM was significant. Although this data shows that MdtM is capable of 

working without AcrAB-TolC to increase resistance to the bile salts tested under the 

conditions employed in these assays, the IC5o values calculated for KAM3 cells which 
overexpressed MdtM are much lower than those determined for the BW25113 cells which 

have functional AcrAB-TolC. The difference in the IC5o values for each strain when 

expressing functional MdtM indicates the importance of functional AcrAB-TolC in the intrinsic 

resistance of E. colito bile salts.
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pH 7.2

pMdtM
pD22A

Figure 6.8: £. coli KAM3 cells overproducing WT MdtM from a multicopy plasmid are less susceptible to the toxic 

effects of sodium cholate (A and B) and sodium deoxycholate (C and D) at both pH 6.0 (A and C) and pH 7.2 (B 

and D) than those overexpressing the dysfunctional mutant D22A. The quantified results from the liquid media 

assays confirm the observed resistance seen in the solid media assays. The bars and error bars represent the 

mean IC50 value for each bile salt tested at each pH value ± SE of three individual measurements. Statistical 

analysis was carried out on the IC50 values using an unpaired Student’s t-test. ‘Significant at P<0.05. 

“Significant at P<0.01. “‘Significant at P<0.001. ““Significant at P<0.0001

To ensure that the observed differences in the calculated IC5o values and observed 

difference in susceptibility to the bile salts tested at the different pH values was not due to 

differences in the expression levels of MdtM, Western blot analysis was carried out on DDM 

solubilised membranes from KAM3 and BW25113 AmdtM cells transformed with pMdtM or 

pD22A and grown at pH 6.0 and pH 7.2 (Figure 6.9). The levels of production of WT MdtM 

and the dysfunctional mutant D22A were similar in both strains at both pH values tested.
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—i--------  ---------1--------  ---------1--------  ---------(—
pH 6.0 pH 7.2 pH 6.0 pH 7.2

BW25113 KAM3

Figure 6.9: Western blot analysis of DDM detergent-solubilised membranes from E.coii KAM3 and E. coil 

BW25113 AmdtM cells, harbouring pMdtM or pD22A show similar production of MdtM at pH 6.0 and pH 7.2

6.3.4. MdtM has micromolar binding affinity forcholate and deoxycholate

The results of the growth inhibition assays suggest that MdtM can provide resistance against 

the toxic effects of cholate and deoxycholate at pH 6.0 and pH 7.2. However, to ensure that 

this is the case binding and transport assays need to be carried out to confirm that the 
transporter is capable of bile salt efflux. Therefore the binding of cholate and deoxycholate to 

MdtM was tested using intrinsic tryptophan fluorescence quenching assays. The maximum 

emission wavelength of the fluorescence emission spectrum of purified MdtM in detergent 

solution was 332 nm. The bile salts were sequentially added to the protein solution resulting 

in a decrease in the fluorescence intensity at 332 nm until saturation occurred. The 

fluorescence quenching was not accompanied by a shift in the maximal emission 

wavelength this indicates that the quenching resulted entirely from the interaction of each 

individual bile salts with MdtM’s substrate binding site and not due to a change in the 

environment of MdtM’s nine tryptophans (section 1.6).

The results (Figure 6.10) of the binding assays show that as expected MdtM has a 

high affinity for cholate and deoxycholate, in the micromolar range. The calculated Kdapp of 

MdtM for cholate at pH 6.0 was 52.3 ± 5.3 pM, in comparison to the Kdapp value of MdtM for 

cholate at pH 7.2 of 23.7 ± 6.0 pM, the results show that MdtM has a 2-fold greater affinity 

for cholate at the neutral pH 7.2 than at the acidic pH 6.0. Similar results are observed for 

deoxycholate were the value at pH 7.2 of 175.7 ± 19.9 pM is ~1.2-fold greater than the 

affinity of MdtM for deoxycholate at pH 6.0 with a Kdapp value of 226.6 ± 3.6 pM. The results 

also show that the affinity of MdtM for cholate is ~4-fold greater than for deoxycholate at pH 

6.0 and ~7-fold greater at pH 7.2. The difference in binding affinity is not as expected as the 

cells were shown to have similar IC5o values for both bile salts at the individual pH values.
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Although these assays confirm that MdtM does bind to cholate and deoxycholate, binding is 

not evidence of subsequent transport therefore these assays do not confirm transport.

pH 6.0
se

[cholate] (mM)

KdaPP= 226.6 ± 3.6 pM

[deoxycholate] (mM)

pH 7.2

Figure 6.10: Assays of bile salt binding to MdtM were carried out using intrinsic tryptophan fluorescence 

quenching. The maximum emission of DDM solubilised MdtM in detergent solution occurred at 332 nm and the 

fluorescence intensity was measured in arbitrary units (a.u.). The substrate binding curves show the intrinsic 

tryptophan fluorescence quenching of purified MdtM in detergent solution as a function of cholate (A and B) or 

deoxycholate (C and D) concentration at pH 6.0 (A and C) or pH 7.2 (B and D). All data was corrected for 

dilution and further corrected for the inner filter effect due to absorbance of excitation and emission light by the 

substrates.

6.3.5. Whole cell assays show that ethidium bromide efflux is inhibited by cholate and 

deoxycholate

To confirm that the resistance phenotypes seen in the growth assays were due to the bile 

salt efflux by MdtM, the effect of the addition of cholate and deoxycholate on the ethidium 

bromide efflux activity of MdtM was measured by whole cell assays using the E. coli outer 

permeability mutant UTL2. As the bile salts used have a sodium counter-ion, inhibition of 

ethidium bromide efflux can occur due to MdtM catalysed Na7H+ antiport activity at pH 7.2 

(Figure 6.12). Therefore EtBr assays were carried out at pH 6.0 where MdtM does not

192



Chapter 6 The contribution of MdtM to bile salt resistance

catalyse Na+/H+ antiport (Figure 6.12). In the control assays carried out with no bile salt 

added, the addition of glucose to energise the cells overexpressing WT MdtM resulted in a 

rapid decrease in the fluorescence signal as the transporter actively extruded ethidium 

bromide from the cell against its concentration gradient (Figure 6.11 trace A). The addition 

of the ionophore CCCP to dissipate the proton gradient caused the fluorescence signal to 

rise again, indicating that the observed MdtM-mediated ethidium bromide efflux is driven by 

the proton electrochemical gradient. The addition of 20 mM NaCI in place of bile salts to the 

UTL2 cells harbouring pMdtM did not inhibit EtBr efflux (Figure 6.11 trace B). The results 

obtained for the negative control cells harbouring pD22A (Figure 6.11 trace E) showed only 

a slight decrease in the fluorescence signal over the time scale of the assay. This small 

decrease may be due to ethidium bromide efflux by chromosomally encoded MDR 

transporters such as MdfA or EmrD. When the bile salts were added the efflux of ethidium 

bromide was inhibited (Figure 6.11 traces C and D). This inhibition was measured by the 

abolishment of the fluorescence signal decrease in the UTL2 cells harbouring pMdtM in 

comparison with the same cells which had no bile salt added.

400
Time (sec)

Figure 6.11: Inhibition of Ethidium bromide efflux by MdtM-expressing E. coli UTL2 cells in the presence of 

sodium deoxycholate and sodium cholate at pH 6.0 provided evidence that efflux of these bile salts is mediated 

by MdtM. The assays were carried out at pH 6.0 as MdtM does not transport sodium at this pH so we can be 

sure that the inhibition seen is as a result of the cholate and deoxycholate and not the sodium moiety of the 

compounds. Efflux of EtBr from cells expressing plasmidic MdtM provided a positive control and a negative 

control was provided by cells harbouring plain vector. Efflux was monitored continuously by measuring 

fluorescence emission at 600 nm upon excitation at 545 nm. After 90 s in the fluorometer, cells loaded with EtBr 

were energised by addition of glucose (first arrow) and efflux of EtBr was monitored for a further 450 s. At this 

point, 100 pM CCCP was added as indicated (second arrow) to abolish active transport and the fluorescence 
emission was monitored for a further 300 s. Trace A shows the MdtM meditated efflux of ethidium bromide in the
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absence of bile salt. Trace B shows that MdtM mediated efflux of EtBr is not inhibited by the addition of Na+ ions 

at pH 6.0. Trace C shows the inhibition of MdtM mediated ethidium bromide efflux due to the presence of 30 mM 

sodium cholate and trace D shows the inhibition of MdtM mediated ethidium bromide efflux due to the presence 

of 30 mM sodium deoxycholate. Both bile salts tested clearly inhibited EtBr efflux. Trace E was carried out with 

UTL2 cells harbouring pD22A in the absence of bile salts, it is a negative control.

6.3.6. MdtM mediated bile salt transport is driven by the electrochemical proton gradient

The results obtained from the binding affinity assays in section 6.3.4 show that MdtM is 

capable of binding to the cholate and deoxycholate substrates, however binding does not 

prove that transport occurs. To provide evidence that MdtM has the capability of catalyzing 

the transport of bile salts across the cytoplasmic membrane transport assays were carried 

out in inverted vesicles made from E. coli KAM3 cells which lack functional AcrAB-TolC.

In all control and test experiments, the addition of lactate to energise the vesicles 

caused a rapid decrease in the fluorescence intensity, and the addition of 100 pM CCCP at 

the time indicated resulted in complete dissipation of the ApH. This caused a full dequench 

in the fluorescence signal, thereby indicating that the inverted vesicles were intact and 

maintained their integrity throughout the entire course of the assay. The experiments 

provided evidence to suggest that MdtM mediates the proton driven transport of the bile salts 

tested (Figure 6.12). The addition of cholate or deoxycholate (as indicated) to energised 

vesicles made from cells transformed with pMdtM caused dequenching of the initial 

fluorescence signal from the pH sensitive fluorophore acridine orange. The fluorescence 

dequench was as a result of the alkalinisation of the vascular lumen as protons are pumped 

out to drive the simultaneous MdtM-mediated uptake of the added bile salt. The full 

dequench as a result of the addition of 100 pM CCCP which abolishes the ApH across the 

membrane indicates that the vesicles are intact, so the initial dequench seen upon the 

addition of the bile salts is due to MdtM-mediated bile salt/H+ antiport activity and not due to 

disruption of the membrane.

The above inference was supported by control experiments carried out using vesicles 

made from E. coli KAM3 cells harbouring pD22A, and therefore overproducing dysfunctional 

mutant MdtM (Figure 6.12 right hand side, RHS). In the assays carried out with vesicles 

made from the control cells which overproduced the dysfunctional MdtM D22A mutant there 

was no response to the addition of sodium deoxycholate at either pH 6.0 or pH 7.2, there is 

however a slight dequench caused upon the addition of sodium cholate at both pH values 

although the size of the dequench is considerably smaller than with vesicles originating from 

cells overproducing WT MdtM. The response in the control vesicles may be due to the 

chromosomally encoded copy of MdtM or other transporters who could potentially function in
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bile salt efflux. As the bile salts both have an Na+ counter ion assays were carried out with 

the addition of sodium gluconate to ensure that the dequench observed in the assays was 

not due to MdtM mediated Na+/H+ antiport. The assays revealed that there was no 

dequench in response to sodium in either the test or control vesicles at pH 6.0, but there was 

a small dequench in the vesicles containing WT MdtM at pH 7.2 indicating that MdtM does 

have Na7H+ antiport activity at this pH value although it is considerably less than the 

dequench observed upon the addition of the bile salts.
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Figure 6.12: Bile salt-driven proton translocation by MdtM. ApH measurements were performed by monitoring 

the fluorescence of acridine orange inverted vesicles prepared from E. coli KAM3 cells that overproduced MdtM 

(left-hand side). Control assays were performed using vesicles prepared from KAM3 cells that harboured pD22A 

therefore did not overproduce functional transporter (right-hand side). At the point indicated, 2 mM Tris-DL- 

lactate, pH 7.0, was added to generate a ApH (acid inside) and energise the vesicles. After 200 s once maximum 

quenching was achieved, the sodium cholate (SC) or sodium deoxycholate (SDC) or sodium gluconate (Na+) 

was added (as indicated by the arrow) to initiate MdtM-mediated proton transport. The ApH across the vesicle 

membrane was dissipated by the addition of 100 pM CCCP, as indicated by the third arrow. The fluorescence 

scale represents in 50% quench of the initial fluorescence intensity.

6.3.1. MdtM mediated bile salt/H+ antiport is electrogenic

To determine whether or not MdtM catalyses electrogenic transport inverted vesicles were 

made from T0114 cells transformed with pMdtM or pD22A (as a negative control) and 

assayed for electrogenicity in a chloride-free and potassium-free buffer using the Aijj- 

sensitive fluorophore Oxonol V. In all of the assays the addition of lactate energised the
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vesicles resulting in the generation of Aiy and a rapid quench of the Oxonol V fluorescence 

(Figure 6.13 and Figure 6.14). The addition of cholate at pH 6.0 and pH 7.2 to the inverted 

vesicles produced from T0114 cells overproducing WT MdtM (Figure 6.13 A and C) caused 

partial depolarisation of the A14J represented as a dequenching of the Oxonol V fluorescence. 

The same response was seen upon the addition of deoxycholate to the WT MdtM containing 

vesicles (Figure 6.13 E and G) right panels). In contrast, addition of cholate or deoxycholate 

at pH 6.0 and pH 7.2 to the vesicles generated from T0114 cells expressing the MdtM 

dysfunctional mutant D22A caused no detectable depolarisation (Figures 6.13 B, D, F and 

H). The addition of CCCP as indicated caused complete dissipation of Aiy, thereby 

confirming that the vesicles had remained viable throughout the course of the assays.
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Figure 6.13: The electrogenicity of MdtM-catalysed bile salt/H+ antiport at pH 6.0 and pH 7.2 was investigated 

using Oxonol V fluorometry of Vesicles generated from E.co//T0114 cells transformed with pMdtM (A, C, E and 

G), pD22A as a negative control (B, D, F and H). (A) Shows dissipation of Aip in response to the addition of SC
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to vesicles made from T0114 cells transformed with pMdtM at pH 6.0. (B) There is no dissipation of the Aty in 

response to the addition of SC to vesicles made from TO114 cells transformed with pD22A at pH 6.0. (C) Shows 

the response to the addition of SC to vesicles made from TO114 cells transformed with pMdtM at pH 7.2. (D) 
Shows there is no response to the addition of SC to vesicles made from T0114 cells transformed with pD22A at 

pH 7.2. (E) The dissipation of Ai|j upon the addition of SDC to vesicles made from T0114 cells transformed with 

pMdtM at pH 6.0. (F) Shows there is no response following the addition of SDC to vesicles made from T0114 

cells transformed with pD22A at pH 6.0. (G) The dissipation of Aiy upon the addition of SDC to vesicles made 

from T0114 cells transformed with pMdtM at pH 7.2. (H) Shows there is no response following the addition of 

SDC to vesicles made from TO114 cells transformed with pD22A at pH 7.2.

Vesicles generated from E. coli BW25113 cells which have all their electrogenic 

transporters present were used as positive controls providing assurance that the 

experimental conditions were adequate and that the test system was valid (Figure 6.14 A-D). 

Addition of 15 mM sodium deoxycholate or sodium cholate to the positive control vesicles 

caused a dequenching of the Oxonol V fluorescence signal indicating that electrogenic 

transport had occurred. Upon the addition of the protonophore CCCP complete rapid 

dissipation of the respiratory Aqj occurred (Figure 6.14 A-D). Control experiments were 

carried out with vesicles generated from T0114 cells overproducing WT MdtM with the 

addition of sodium gluconate in place of the bile salts being tested. These control 

experiments ensure that it is bile salt/H+ antiport and not Na+/H+ antiport activity which was 

being measured (Figure 6.14 E and F). No response was observed at pH 6.0 upon the 

addition of sodium gluconate (Figure 6.14 E), however a small dissipation of Ahj was seen at 

pH 7.2. This is as expected as MdtM has Na+ /H+ antiport activity at this pH as seen in 

section 5.3.4 Figure 5.10.

An additional experiment was carried out to test the effect of the addition of the 

ionophore nigericin to inverted vesicles made from cells expressing recombinant WT MdtM 

which were pre-incubated with 50 mM K+ gluconate. The addition of nigericin caused a 

small increase in the magnitude of Aijj, demonstrated as a quench in the fluorescence 

intensity of Oxonol V. This small quench was due to the conversion of ApH to Ahj by the 

electroneutral K+/H+ exchange activity of nigericin (Figure 6.14 G). The addition of 

valinomycin as indicated caused the rapid and complete dissipation of Aip. The combined 

results of the assays conducted with Oxonol V suggest that MdtM-catalysed cholate/H+ and 

deoxycholate/H+ antiport at pH 6.0 and pH 7.2 electrogenic, as there is an overall net 

movement of charge. However, it is likely that transport is driven by a combination of ApH 

and Aip, as demonstrated for MdfA (Lewinson et al., 2002).
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Figure 6.14: Control assays using Oxonol V fluorometry of Vesicles generated from E.coli BW25113 cells which 

have their full complement of function antiporters which are driven by Aijj, (A-D). Control assays carried out 

using E. coli T0114 cells transformed with pMdtM (E and F), show that the addition of sodium gluconate in place 

of the test bile salts at both pH 6.0 and pH 7.2 results in a negligible dissipation of Aiy. The addition of the 

ionophore nigericin in the presence of K+ causes an increase in the magnitude of Aijj (G).

6.3.8. Circular dichroism confirms the structural stability of MdtM at pH 6.0 and pH 7.2

CD analysis was carried out to ensure there were no changes in the protein secondary 

structure at the two pH values tested. CD spectra produced at pH 6.0 and pH 7.2 (Figure 

6.15) indicate that MdtM contains the same amount of each secondary structure component 

at both pH values. The spectra are superimposable down to -196 nm suggesting that there 

are no gross structural changes in the secondary structure of the protein following the 

change in pH. Below 196 nm there is a slight (<10%) decrease in the ellipticity in the 

spectrum of the MdtM sample at pH 6; this can be attributed to ionization of carboxylic acid
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groups which result in changes in absorbance at lower pH (Kelly et a!., 2005). The CD 

minima are located at 208 nm and 222 nm at a mean resolved ellipticity of 15,658.2 (deg). 

The spectra of proteins with a high helical content have a large peak between 180-200 nm 

with a subsequent trough from 200-240nm (Kelly et a!., 2000). The shape of the spectrum of 

MdtM indicates that it is primarily composed of o-helices.

40000

20000

-20000
200 220 240 260

wavelength (nm)

Figure 6.15: The far UV spectra of MdtM at pH 6.0 and pH 7.2. The two spectra are superimposable down to 

~196 nm, at this point there is a reduction in the ellipticity at pH 6.0. The protein concentration is 0.24 mg/ml.

Alpha-helices, beta sheets and random coil structures each gave rise to characteristic 

shapes and magnitudes on the CD spectra; the CD signal reflects an average of the entire 

molecular population. The analysis reveals that the similar percentages of the protein are 

present in these structural forms at pH 6.0 and pH 7.2 (Table 6.1).

Table 6.1: The percentages of each secondary structure component present in SE-FPLC purified MdtM in 

detergent solution at pH6.0 and pH 7.2 as determined by CD analysis.

pH % a-helices % p-sheets % turns % unknown

6.0 52.4 9.5 14.8 23.3

7.2 53.9 10.4 12.8 22.9
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6.4. Discussion

Antimicrobial and disinfectant resistance in E. coli have been shown to occur in a two stage 

process involving efflux of compounds from the cytoplasm to the periplasm by single 

component transporters, where they are then removed from the cell by the RND transporter. 

To determine if the same principal of a two stage efflux system can be applied to bile salts 

the experiments in this chapter were focused on determining if the single component 

transporter MdtM contributed to bile salt resistance.

Initial investigations into a potential role for MdtM in bile salt resistance were carried 

out by performing solid media growth assays. These compared the growth of WT E. coli 

BW25113 cells and the E.coli BW25113 deletion mutant in LB media at pH values

6.0 and pH 7.2 in the presence of deoxycholate and cholate at concentrations that 

approximated to those found in the intestine (10 mM to 20 mM) (Ley eta!., 2006) (Figure 

6.2). The results revealed that the deletion of the chromosomal copy of mdtM was 

detrimental to the growth of E. coli in the presence of either bile salt under the conditions 

tested, as the wild type cells grew well across all logarithmic dilutions, in contrast the AmdtM 

single deletion mutants which did not (Figure 6.2). Further solid media assays carried out 

with AmdtM single deletion mutants transformed with pMdtM or pD22A as a control, 

demonstrated that the bile salt resistant phenotype could be recovered in the knockout cells 

by overexpression of functional MdtM from a multicopy plasmid (Figure 6.3).

Growth curves constructed from the liquid media assays carried out with BW25113 

WT cells, BW25113 AmdtM single deletion mutant cells and BW25113 AmdtM single 

deletion mutant cells transformed with pMdtM or pD22A enabled the quantification of the 

observations from the solid media assays. The data enabled the calculation of IC5o values of 

SDC and SC, at pH 6.0 and pH 7.2, for each bacterial strain. The IC5o values of E. coli 

BW25113 WT cells were the highest of all the strains, under every condition tested. Knock 

out of the chromosomal copy of mdtM had a deleterious effect on bile salt resistance. The 

BW25113 TlmdfM IC5o values range from ~2-fold to ~5-fold less than those of the WT cells, 

under the same conditions (Figure 6.5). BW25113 AmdtM harbouring pMdtM had IC5o 

values similar to the WT cells, at the conditions tested. This indicates that overproduction of 

WT MdtM from a multicopy plasmid, can rescue the bile salt resistant phenotype. No such 

resurrection of the resistance phenotype was seen with BW25113 AmdtM harbouring pD22A 

(Figure 6.5).

The difference between the IC5o values of the BW25113 WT cells and the BW25113 

AmdtM cells is greater at pH 7.2 than at pH 6.0. This suggests that MdtM has greater bile 

salt/H+ antiport activity at pH 7.2 than at pH 6.0. There is also greater recovery of the
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resistance phenotype through overexpression of plasmidic MdtM, at pH 7.2 than at pH 6.0. 

This supports the suggestion that MdtM has greater bile salt efflux activity at the neutral pH. 

The differences in IC5o values of BW25113 WT and AmdtM cells at both pH values are 

greater in the presence of cholate than with deoxycholate. The IC5o values of the AmdtM 

cells harbouring pMdtM recover closer to the BW25113 IC5o values in the presence of 

cholate, than with deoxycholate. These results indicate that MdtM has a greater role in the 

efflux of the primary bile salt cholate, than the secondary bile salt deoxycholate. The 

similarity of the IC5o values of the BW25113 AmdtM cells alone and those harbouring pD22A 

highlights the importance of D22 in MdtM function.

The RND transporter AcrAB-TolC has been identified as having a major contribution 

to bile salt resistance in E. coli (Nikaido and Takatsuka, 2009). E. coli BW25113 WT cells 

have functional AcrAB-TolC, whereas E. coli KAM3 cells lack the transporter. Therefore to 

determine the contribution of MdtM to bile salt resistance in the absence of AcrAB-TolC, 

growth inhibition assays were repeated with KAM3 cells. The KAM3 cells were transformed 

with pMdtM or pD22A. The IC5o values of KAM3 cells harbouring pMdtM were greater than 

those of KAM3 cells harbouring pD22A in the presence of cholate and deoxycholate, at both 

pH 6.0 and pH 7.2 (Figure 6.8). This indicates that MdtM contribute to bile salt resistance in 

the absence of functional AcrAB-TolC. The IC5o values of KAM3 cells harbouring pMdtM are 

greater in presence of cholate and deoxycholate at pH 7.2 than at pH 6.0. This is similar to 

the results of the BW25113 cells. This may be as the cells are under less pressure with 

regard to acid tolerance or perhaps the efflux transporters involved in removing bile salts 

from the cells are more active at the higher pH value. The IC50 values obtained for the E. coli 

KAM3 strain which does not have functional AcrAB-TolC are much lower than those of the E. 

coli BW25113 strain which have functional AcrAB-TolC. The reason for the large differences 

in the IC5o values between the strains may be that like antibiotic (Tal and Schulinder, 2009) 

and QAC resistance (Levy et a!., 2002; Nir et al., 2007), bile salt resistance may involve a 

two stage efflux process. In a two stage efflux process, single component transporters, like 

MdtM, efflux compounds from the cytoplasm into the periplasm. Once in the periplasm the 

toxic compounds can then be removed from the cell by AcrAB-TolC. KAM3 cells lack 

functional AcrAB-TolC. Therefore the levels of toxic compounds can build up in the 

periplasm and may leak back into the cytoplasm quicker than they can be effluxed by the 

single component transporters.

Bile salts are amphipathic and can self associate, forming detergent like micelles at 

concentrations above their critical micelle concentration (CMC) (Hofman, 1999). The CMC 

of cholate is -9-14 mM and the CMC of deoxycholate -2-6 mM (Matsuoka and Moroi, 2002). 

The concentration of bile salts must be kept below their CMC in the chemical conditions
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which exist with the cell to prevent the toxic effect of micelle formation (Hofman, 1967).

Once bile salts form micelles they damage the cell membrane by removing embedded 

proteins and dissipating the PMF. If the concentration of bile salts within the cells remains 

below the CMC, the bile salt monomers can be effluxed by transporters, such as MdtM. 

Transporters like MdtM cannot transport entire bile salt micelles. However, micelles are 

dynamic systems, with monomers enter and leaving forming an equilibrium in the 

surrounding environment (Madenci and Egelhaaf, 2010). It is the monomers which are not 

in the micelle formation which bind to the membrane transporters and are effluxed out of the 

cytoplasm.

Tryptophan fluorescence quenching assays were conducted to determine the binding 

affinity of MdtM for cholate and deoxycholate, at pH 6.0 and pH 7.2 (Figure 6.10). The kdapp 

of MdtM for cholate at pH 6.0 is -52.3 pM and at pH 7.2 is -23.7 pM. The 2-fold smaller 

kdapp at pH 7.2 indicates that MdtM has greater affinity for cholate at neutral pH. The kdapp of 

MdtM for deoxycholate at pH 6.0 is -226.6 pM and at pH 7.2 is ~175.7pM. As with cholate, 

the data demonstrate that MdtM has greater affinity for deoxycholate at neutral pH. These 

results reflect those of the liquid culture growth inhibition assays, in which MdtM provides 

greater resistance, to both bile salts, at pH 7.2 than pH 6.0. The binding affinity of MdtM for 

cholate is in the tens of micromolar range at both pH 6.0 and pH 7.2 (Figure 6.10). In 

contrast, the binding affinity of MdtM for deoxycholate is in the hundred micromolar range, at 

both pH 6.0 and pH 7.2 (Figure 6.10). This indicates that MdtM has greater affinity for 

cholate than deoxycholate. This is also reflects the growth assay data (Figure 6.5 and 6.8). 

The affinity of MdtM for cholate at pH 6.0 is ~4-fold greater than the transporters affinity for 

deoxycholate at the same pH. This also reflects the data from the growth inhibition assays 

as the E. coli cells have greater IC5o values for cholate than deoxycholate. These assays 

clearly demonstrate MdtM’s ability to bind both cholate and deoxycholate. However, it 

should be noted that binding alone does not provide evidence of subsequent transport.

Inverted vesicle assays were carried out using the pH sensitive dye acridine orange 

to demonstrate that MdtM can catalyse bile salt/H+ antiport (Figure 6.12). The results 

indicate that MdtM can carry out bile salt/ H+ exchange at the physiologically relevant pH 

values of pH 7.2 and pH 6.0 as shown by the fluorescence dequench on addition of the bile 

salts. The bile salts were added to final concentrations of 25 mM deoxycholate and 20 mM 

cholate, as concentrations greater than this caused disruption of the vesicle membrane. The 

complete dequench upon addition of 100 pM CCCP indicates that the addition of the bile 

salts at the concentrations used does not disrupt the membrane. The transport assays
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indicate that MdtM can catalyse bile salt/ IT exchange at pH and bile salt concentrations 

which are physiologically relevant (Ley et at, 2009).

The assays carried out with inverted vesicles in the presence of the ApH sensitive 

dye acridine orange confirmed MdtM as an antiporter that exploits the energy stored in the 

electrochemical gradient to drive transport. These experiments do not however provide the 

stoichiometry of the reaction, or whether MdtM catalysed bile salt/T antiport activity is 

electrogenic or electroneutral. If MdtM catalysed bile salt/T antiport results in the net 

movement of electric charges it is electrogenic but if there is no net movement of charge it is 

electroneutral (Padan and Schulinder, 1987). Most characterised secondary transport 

proteins catalyse either electrogenic or electroneutral transport (Lewinson et a!., 2002). 

However, due to their ability to transport substrates of different charges, MDR transporters 

are theoretically capable of catalysing electrically distinct transport reactions. This ability has 

been demonstrated by MdfA which carries out the electrogenic transport of neutral 

substrates and the electroneutral transport of cationic ones (Lewinson et at., 2002).

To determine if the antiport activity of MdtM is electrogenic or electroneutral, inverted 

vesicle assays were carried out using the Ai^ sensitive fluorophore Oxonol V (Krulwich et at, 

2009). In all of the Oxonol V inverted vesicle assays the addition of lactate energised the 

membranes, resulting in the generation of Aqj. This is represented by a quench in the 

Oxonol V fluorescence. The addition of sodium cholate and sodium deoxycholate, at pH 6.0 

and pH 7.2, to vesicle solutions made from cells harbouring pMdtM, caused an increase in 

the magnitude of Aiy; represented as a dequench in the Oxonol V fluorescence (Figure 6.13 

A, C, E and G). No such dequench was caused by addition of sodium cholate or sodium 

deoxycholate at either pH, to vesicles from T0114 cells harbouring pD22A (Figure 6.13 B, D, 

F and H). This indicates that in the absence of functional MdtM Aijj driven BS transport did 

not occur. Positive controls were carried out with vesicles made from BW25113. The 

addition of sodium cholate or sodium deoxycholate at both pH 6.0 and pH 7.2 caused 

dissipation of A4J (Figure 6.14 A-D). This confirms the validity of the system employed.

An additional control experiment was carried out with inverted vesicles made from 

T0114 cells overproducing WT MdtM and pre-incubated with 50 mM K+. In place of the bile 

salts, 1pM of the ApH specific ionophore nigericin was added to the vesicle solution. The 

addition of nigericin caused a small dissipation of ApH, resulting in an increase in Aqj; this 

was represented as a drop in the fluorescence intensity of Oxonol V (Figure 6.14 G).

Addition of the A4J specific ionophore valinomycin completely abolished A14J, causing an 

increase in the fluorescence intensity of Oxonol V.
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Cholate and deoxycholate are weak acids with pKa values of 6.4 and 6.58 

respectively (Carey, 1985; Thanassi et al., 1997). This means that at an external pH of 6.0, 

both cholate and deoxycholate are mainly present in a protonated neutral form (Carey,

1985). The percentage of cholate and deoxycholate in the protonated form at pH 6.0 is 

approximately 71.5% and 79.2%, respectively. As the majority of the bile salts are in the 

protonated neutral form they can easily diffuse passively across the membrane into the cell 

(Zilberstein et al., 1979). When they are present at the external pH condition of pH 7.2 the 

percentage of sodium cholate and sodium deoxycholate in the protonated form is 

significantly less at ~ 13.7% and 19.3%, respectively. At pH 7.2 the majority of the bile acids 

are primarily in the deprotonated charged form and therefore cannot enter the cells simply by 

passive diffusion across the membrane and must enter either by active transport or through 

large channels such as OmpF (Thanassi et al., 1997). Once inside the cell the bile salts are 

present in a more basic environment than the external conditions of pH 6.0 or pH 7.2, as the 

internal pH of E. coli cell is ~ 7.4 (Booth et al., 1981; Padan et al., 1976). At the higher pH 

value of 7.4 the percentage of cholate and deoxycholate present in the protonated form 

decreases to approximately 10.0% and 13.1%, respectively. This means that the majority of 

the compounds are likely to be present in the deprotonated, anionic form inside the cell.

The data from the Oxonol V inverted vesicle assays indicate that MdtM-mediated bile 

salt/H+ antiport is electrogenic. Electrogenic transport theoretically could arise if an H+ 

moved into the cell for every negatively charged cholate molecule, which moved out, this, 

would result in a charge difference inside of +2 and outside of -2. However, such a large 

change in the PMF is unlikely to happen and proton driven antiporters do not catalyse the 

exchange of negative charge for positive charge (Carey, 1985). It is likely that electrogenic 

transport involves the exchange of a proton into the cell for a negatively charged cholate 

molecule and a monovalent cation out of the cell. The reaction must involve the efflux of a 

monovalent cation and not a divalent cation as seen in the efflux of tetracycline by TetL 

(Safferling et al., 2003). The efflux of tetracycline by TetL is driven by the influx of one 

proton into the cell for every tetracycline molecule of negative charge and a divalent 

magnesium ion effluxed out of the cell. The result is no net movement of charge and it is 

therefore electroneutral (McMurray et al., 1987). This is not the case with MdtM catalysed 

bile salt efflux as there is dissipation of Aijj and ApH indicating an electrogenic reaction. So 

the movement of cholate ions out of the cell must be accompanied by the movement of a 

monovalent cation in the same direction. The stoichiometry of MdtM catalysed bile salt 

efflux is as yet undetermined as is the extent of the contribution of Aip and ApH.

To determine the extent of the contribution of each component of the electrochemical 

proton gradient in MdtM catalysed bile salt/H+ antiport, further experiments, based on those
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performed on MdfA as described by Lewinson et al., (2009) are needed. These experiments 

would involve reconstitution of purified functional MdtM into proteoliposomes, followed by the 

generation of an artificially imposed diffusion potential. Once established, the imposed 

potential should be monitored with the Aijj sensitive dye Oxonol V and the ApH sensitive dye 

acridine orange. The uptake of cholate and deoxycholate into the proteoliposomes should 

then be measured for dependence of the artificially imposed ApH+, the imposed Aijj (inside 

positive) in the presence of Oxonol V or the ApH (inside acid) in the presence of acridine 

orange. If the transport is electroneutral, then the A|iH+ driven transport should be similar to 

that of ApH imposed alone and the generation of A4J alone should fail to drive transport into 

the proteoliposomes. If transport is electrogenic then the artificially imposed ApH+, as well 

as Aip and ApH should be capable of driving transport.
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7. Conclusions

This thesis focuses on the phenomenon of multidrug resistance (MDR).

MDR is one of the great worldwide threats to human life of this era, described as 

being as significant a risk as terrorism (Davies, 2009) and posing as important a 

long term effect as global warming (Davies, 2012). The emergence of clinically 

significant MDR bacteria such as vancomycin-resistant Staphylococcus aureus 

(VRSA), methicillin-resistant Staphylococcus aureus (MRSA) and Clostridium 

difficile (Appelbaum, 2005; Deurenberg et a!., 2009; Kuijper et at., 2006) has thrust 

MDR currently into public awareness through media attention.

MDR is far from a recent phenomenon, some bacterial MDR mechanisms 

date back billions of years (Abraham et al., 1940; Hansen and Sullen, 1967; Neu, 

1983). However, our understanding of all the mechanisms involved is not yet fully 

reached. The mechanism of expression of efflux transporters has been identified as 

playing a significant role in the MDR of clinically significant pathogenic bacteria 

(Nishino et at., 2006; Pages et al., 2009). The increased realisation of the 

contribution of MDR efflux transporters to the virulence of pathogenic bacteria has 

resulted in an emphasis of the importance of gaining a more thorough knowledge 

and understanding of their structures and mechanisms (Nishino et al., 2006). This 

thesis has centred on enhancing our knowledge through the overexpression, 

purification and the functional and biochemical characterisation of the previously 

uncharacterised E. coli multidrug transporter MdtM.

To undertake functional and structural studies requires large (milligram) 

amounts of purified protein (Grisshammer and Tate, 1995). As membrane proteins 

have a low natural abundance in the cell, membrane proteins require 

overexpression, to acquire the necessary amounts (Bass et al., 2002; Wagner et al., 

2006). However, membrane protein overexpression is difficult and can be a major 

bottleneck to functional and structural studies (Grisshammer and Tate, 1995; 

Szakonyi et al., 2007). Chapter 2 describes the successful optimisation of a reliable 

overexpression protocol for MdtM, which paved the way for purification of this 

previously unisolated transporter. Similarly to overexpression, purification of 

membrane proteins is difficult in comparison to purification of soluble proteins, 

primarily due to the hydrophobic nature of membrane proteins and their close 

association with the membrane (Grisshammer and Tate, 1995; Kishino, 2003). 

Detergent selection is a crucial stage of membrane protein purification. Following 

extensive optimisation, stable, functional, monomeric MdtM was successfully
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purified in DDM detergent through a combination of IMAC and FPLC, yielding 14 mg 

of purified protein in detergent solution from 6 L of culture. Successful 

overexpression and purification provided the quantities of functional MdtM 

necessary for biochemical and functional analysis of the protein.

To determine its sensitivity to the detergent used to maintain its solubility in 

aqueous buffer solution, subsequent to its removal from the cytoplasmic membrane, 

purified MdtM underwent SE-HPLC analysis. The studies found that out of the 

panel of twelve detergents screened, MdtM is most stable in DDM. The SE-HPLC 

analysis indicated that MdtM was monomeric in DDM solution. The work described 

delivers ideal material for further biochemical characterisation of MdtM.

The resistance phenotype of the mdtM gene product has been reported 

previously (Edgar and Bibi, 1997; Nishino and Yamaguchi, 2001; Soo eta!., 2010). 

MdtM has been shown to add to the resistance of bacterial cells to several types of 

antibiotic, the antiparasitic drug tinidazole and the antimicrobials ethidium bromide 

(EtBr), acriflavine, tetraphenylphosphonium (TPP), crystal violet and 5-nitro-2- 

furaldehyde (Edgar and Bibi, 1997; Nishino and Yamaguchi, 2001; Soo eta!., 2010). 

The results in this thesis have shown MdtM to be more promiscuous with regard to 

its substrate range than previously predicted. Chapter 3 shows that MdtM is capable 

of protecting E. coll cells from the toxic effects of the lipophilic cation ethidium 

bromide and neutral chloramphenicol, when overproduced from a multicopy plasmid 

(Holdsworth and Law, 2012).

The ability of MdtM to compensate for the loss of function of MdfA was also 

demonstrated, highlighting the overlapping functionality of MDR transporters in E. 

coli. Chapter 4 identified MdtM’s ability to function in the efflux of a broad range of 

QACs, thus contributing to E. coli intrinsic QAC resistance (Holdsworth and Law, 

2012). This is the first reported capacity of a MFS single component transporter to 

efflux QACs. The data in chapter 6 illustrates MdtM’s previously unknown ability to 

contribute to the intrinsic resistance of E. coli to bile salts. MdtM is shown to carry 

out the efflux of the primary bile salt cholate and the secondary bile salt 

deoxycholate at the physiologically relevant pH values of 6.0 and 7.2. The 

importance of a negatively charged aspartate residue located in the putative TMS1 

of MdtM for transporter function in the efflux of all substrates identified in this thesis 

was demonstrated. The work presented here has demonstrated the broad substrate 

spectrum of MDR transporters and further supports evidence of compensatory back 

up in £. co//transporters as an efficient survival mechanism.
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The persistence of MDR transporters in the evolution of the bacterial 

genome, despite an absence of the selective pressure of antibiotics, has been 

hypothesised as, due to the transporters having other true physiological roles 

(Jayaraman, 2009). The results in chapter 5 provide evidence to suggest that MdtM, 

like MdfA, may also function in alkalitolerance (Lewinson et at, 2004). Chapter 5 

outlines MdtM’s contribution to alkalitolerance and suggests that the multidrug efflux 

capability of the protein has been summarily appointed through the adaption of its 

original physiological function. This offers an explanation as to why these proteins 

have persisted in evolution in evolution in the bacterial genome.

The close homologues of MdtM found in many pathogenic bacteria species 

(Holdsworth and Law, 2012) may also play a role in pH homeostasis via monovalent 

metal cation/ H+ antiport mechanisms. MdtM is likely to be part of a network of as 

yet unidentified transporters from the MFS which contribute to pH homeostasis in E. 

coli. The employment of the approaches and methods from chapter 5 may enable 

these transporters to be unmasked.

This thesis indicates that MdtM is an exceptionally versatile transporter, with 

a large substrate range. MdtM is clearly extremely resistant to changes in external 

pH and has a functionality which accordingly alters. The work in this thesis provides 

a framework for the investigation of MFS multidrug transporters and has delivered 

model information for further biochemical analysis and 3D crystallisation trials of 

MdtM. MdtM offers an attractive possibility of producing the high quality crystals 

necessary to allow the clear, structural-based interpretation of the available 

functional and biochemical information on MFS MDR transporters.
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9. Appendix

1 AAGAAACCAA TTGTCCATAT TGCATCAGAC ATTGCCGTCA CTGCGTCTTT TACTGGCTCT TCTCGCTAAC CAAACC5GTA ACCCCGCTTA TTAAAAGCAT 
TTCTTTGGTT AACAGGTATA ACGTAG7CTG TAACGGCAGT GACGCAGAAA ATGACCGAGA AGAGCGATTG GTTTGGCCAT TGGGGCGAAT AATTTTCGTA 

•3 
♦3 

♦2

101 TCTGTAACAA AGCGGGACCA AAGCCATGAC AAAAACGCGT AACAAAAGTG TCTATAATCA NGNCANNNNG N7CGGCAGAA AAG7CCACAT TGATTATTTG
AGAvATTGTT TCGCCCTGGT TTCGGIATTG TTTTTGCGCA TTGT?T7:AC AGATATTAGT NCNGTNNNNC NAGCCGTCTT TTCAGGTGTA ACTAATAAAC

♦3 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

201 CACGGCGTCA GACTTTGCTA TGCCATAGCA TTTTTATCCA TAAGATTAGC GGNNNNCATC CTACCTGACG CTTTTTATCG CAACTCTCTA GIGTITCTCC
G7GGCGCAGT GTGAAACGAT ACGCTATTGI AAAAA.TAGGT ATTC7AATCG CCNNNNGTAG GATGGACTG*? GAA^-ATAX G7TGAGAGAT GACAAAGAGG

Ncoj

♦3 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ | ^ Qy Arg Ptie Phe Thr Arg Hs Ala Ala Thr Leu Phe Phe Pro Met AJa Lau lie leu Tyr Asp-

301 ATACCCGT7T TTTGGGCTAA CAGGAGGAAT TAACCATGGG TCGTTTTTTT ACCCGCCATG CCGCCACGCT GTTTTTCCCG ATGGCGTTGA TTTTGTATGA
TATGGGCAAA AAACCCGATT G7CCTCCTTA ATTGGTACCC AGl'AAAW.A TGGGCGGTA: G'GCGGTGCGA C.AAAAAGGGC TACCGCAACT MAACATACT

♦3 Asp Phe Ala Ao Tyr Leu Ser Thr Asp Leu He 9n Pro Gly He He Asn Val Val Arg Asp Phe Asn Ala Asp Val Ser Leu Ala Pro Ala Ala Val Ser

401 CTTTGCTGCG TATC7GTCGA CGGATCTGAT CCAGCCTGGG ATCATTAATG TGGTACGTGA TTTTAATGCC GATGTCAGTC TGGCCCCTGC TGCCGTCAGT
GAAACGACGC ATAGACAGCT SCCTAGACTA GGTCGGACCC TAGTAAnAC ACCATGCACT AAJATTACGG CTACAGTCAG ACCGGGGACG ACGGCAGTCA

♦3 Leu Tyr Leu Ala Gly Gly Met Ala Leu 9n Trp Leu Leu Gly Pro Leu Ser Asp Arg le Gly Arg Arg Pro Vai Leu He Thr Gly Ala Leu He Phe Thr 

♦2.................................
I ■■■ ............................ ........................

501 CTCTATCT7G CTGGCGGTAT 3GCGTTACAG 7GGCTGCTGG GGCCGC7T7C CGACAGAA77 GGCCGCAGGC CGG7GCTGA7 7ACCGGGGCG C7AA77777A
GAGATAGAAC GACCGCCA7A CCGCAA7G7C ACCGACGACC CCGGCGAAAG GC7GTC77AA CCGGCG7CCG GCCACGAC7A A7GGCCCCGC GA7TAAAAA7

■1________________________________________________________________
♦3 Thi Leu Ala Cy» Ala Ala Thr Mel Phe Thr Thr Ser Met Thr Gin Phe Leu le Ala Arg Ala He Gin Gly Thr Ser He Cye Phe le Ala Thr Vi Gly 
♦2 J '

601 CCCTTGCC7G CGCCGCGACA A7G77CACAA CGTCTA7GAC ACAG77T:77 ATCGCGCG7G CAAT7CAGGG CACCAG7ATC 7G7777A77G CCACCG77GG
GGGAACGGAC GCGGCGC7G7 rACAAG7G77 GCAGA7AC7G 7GTC.AAAGAA 7AGCGCGCAC G77AAG7CCC G7GG7CA7AG ACAAAA7AAC GGTGGCAACC

•1

♦2 _____________________________________________________________

♦3 Gh Tyr Val Thr Val Gin Qu Ala Phe Qy 9n Thr Ly» Qy lie Lys Leu Mi Ala He IKi Thr Ser He Vi Leu He Ala Pro He He Qy Pro Leu

♦2

701 T7ATG7CACG
AATACAGTGC

GT3CAGGAGG CG7TCGGACA GACAAAAGGG 
CACGTCCTCC GCAAGCCTGT CTGTT7TCCC

ATCAAGTTGA TGGCGATTA7 
TAGTTCAACT ACCGCTAATA

CACCTCCATC
GTGGAGGTAG

GTACTGATTG CGCCGA7TA7 CGGCCCGCH 
CATGACTAAC GCGGCTAATA GCCGGGCGAA

-2

-1
♦3 Ser Gly Ala <Ma Lau Met His Pha Met His Trp Lys Vi Leu Phe Ala lie He Ala Val Mi Qy Phe lie Ser Phe Vi Qy Leu Lau Leu Ah Mi Pro

♦2

801 TCCGGCGCAG
AGGCCGCGTC

CTCTGATGCA CTTTATGCAC TGGAAAGTCC 
GA3ACTACGT GAAATACGTG ACCTT7CAGG

nincccAi
AAAAACGGTA

CA7TGCGGTT
GTAACGCCAA

ATG3GTTTTA
TACCCAAAAT

TCTCATTTGT TGGCTTACTG TTGGCGATGC 
AGAGTAAACA ACCGAATGAC AACCGCTACG

-2

-1
♦3 Pro Gly Thr Val Lye Arg Qy Ala Val Pro Phe Ser Ala Lys Ser Val Leu A^g Asp Phe Arg Asn Vi Phe Cys Asn Arg Leu Phe Leu Phe Qy Ah Ala

♦2

901 CAGAGACGGT GAAGCGCGGC GCGGTTCCG? T7AGCGCCAA 
G7CTC7GCCA CTTCGCGCCG CGCCAAGGCA AATCGCGGTT

AAGCGTCTTG
TTCGCAGAAC

CGCGATTTTC
GCGCTAAAAG

GTAATGTCTT
CA7TACAGAA

TTGCAATCGG CTGTTCCTCT TTGGCGCAGC 
AACGTTAGCC GACAAGGAGA AACCGCGTCG

•2

♦3 Ala Thr le Ser Leu Ser Tyr le Pro Mat Mel Ser Trp Vi Ala Vi Ser Pro Vi lie Le

Clal

u le Asp Ah Qy Ser Leu Thr Thr Ser Qn Phe Ala Trp

1001 AACCATCTCT
TTGGTAGAGA

TTAAGCTATA TCC^GATGAT GAGCTGGGTG
AATTCGATAT AGGGCTACTA CTCGACCCAC

GCTGTCTCGC
CGACAGAGCG

CGGTGATCCT
GCCACTAGGA

TATCGATGCA
ATAGCTACGT

GGCAGCTTAA CAACTTCGCA GT7CGCCTGG
CCGTCGAATT GTTGAAGCGT CAAGCGGACC

-2

•1

♦3 Thr Gk) Vi 1»ro Val Phe Qy Ala Vi le Vi Ala Asn 1Mi le Vi Abi Arg Phe Val Lys Asp Pro Thr Qu FVo Arg Phe II# Trp A/g Ah Vi FYo

1101 ACACAGGTTC
TGTGTCCAAG

CGGTGTTCGG CGCGGTGATT GTTGCGAATG 
GCCACAAGCC GCGCCACTAA CAACGCTTAC

CCATCGTGGC
GGTAGCACCG

GCGTTTTGTT
CGCAAAACAA

AAAGATCCGA
TTTCTAGGCT

CCGAACCGCG GTTTATCTGG CGTGCCGTAC 
GGCTTGGCGC CAAATAGACC GCACGGCATG

-2

♦3 Pro He Qn Leu Gy Leu Ser Leu Leu He Val Qy Asn Leu Leu Sg Pro His Val Trp Leu Trp Ser Vd Leu Gy Thr Ser Leu Tyr Ala Phe Gly

1201 CCATTCAACT GGTCGGCCTC TCGCTGTTGA TTGTCGGCAA TCTGCTGTCG CCGCACGTCT GGCTGTGGTC GGTGCTGGGC ACCAGT*:TGT ATGCTTTCGG 
-GTAAGTTGA CCAGCCGGAG AGCGACAAC7 AACAGCCGTT AGACGACAGC GGCGTGCAGA CCGACACCAG CCACGACCCG TGGTCAGACA TACGAAA3CC

•2
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♦3 GljTyr Val Thr Val Gin Glu Ala Phe Gly Gin Thr Lys G^ He Lys Leu Mel Ala He He Thr Sef Be Val Leu He Ala Pro He le Gly Pro Leu 

♦2

701 TTATGTCACG GTGCAGGAGG CGTTCGGA:A GACAAAAGGG ATCAAGTTGA TGGCGATTAT CACCTCCATC GTACTGATTG CGCCGATTAT CGGCCCGCH
AATACAGTGC CACGTCCTCC GCAAGCCTGT CTGTTTTCCC TAGTTCAACT ACCGCTAATA GTGGAGGTAG CATGACTAAC GCGGCTAATA GCCGGGCGAA

2 _____________________________________________________________
•1_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
♦3 Ser Gly Ala Ala leu Met Hs Phe Mc( Hs Trp Lys Val Leu Phe Ala He He Ala Val Md Gly Rie He Ser Phe Val Gly Leu Leu Leu Ala Met Pro

♦2............................................................................................................
801 TCCGGCGCAG CTCTGATGCA CTTTATGCAC TGGAAAGTCC TTTTTGCCAT CATTGCGGTT ATGGGTTTTA TCTCATTTGT TGGCTTACTG TTGGCGATGC

AGGCCGCGTC GAGACTACGT GAAATACGTG ACCTTTCAGG AAAAACGGTA GTAACGCCAA TACCCAAA^.T AGAGTAAACA ACCGAA.TGAC AACCGCTACG
■2

*3 Prc Glu Thr Val Lys An Gly Ala Val to Phe Ser Ala Lys Ser Vd Leu Arg Asp Phe Arg Asn Val Phe Cys Asn Arg Leu Phe Leu Phe Gly Ala Ala 

♦2 '

901 CAGAGACGGT GAAGCGCGGC GCGGTTCCGT TTAGCGCCAA AAGCGTCTTG CGCGATTTTC GTAATGTCTT TTGCAATCGG CTGTTCCTGT TTGGCGCAGC
GTCTCTGCCA CTTCGCGCCG CGCCAAGGCA AATCGCGGTT TTCGCAGAAC GCGCTAAAAG CATTACAGAA AACGTTAGCC GACAAGGAGA AACCGCGP

-2 aa|
♦3 Ala Thr »e Ser Leu Ser Tyr ie Pro Md Met Ser Tip Val Ala Val Ser to Val He Leu le Asp Ala Gly Ser Leu Tfr Thr Sw Gin Phe Ala Trp

1001 AACCATCTCT TTAAGCTATA TCCCGATGAT GAGCTGGGTG GCTGTCTCGC CGGTGATCCT TATCGATGCA GGCAGCTTAA CAACTTCGCA GTTCGCCTGG
GGTAGAGA AATTCGATAT AGGGCTACTA CTCGACCCAC 7GACAGAG»:G GCCACTAGGA ATAGCTACGT CCGTCGAATT GTTGAA^GT CAAGCGGACC

-2
-1_______________________________________________________________
♦3 Thr Gm Val Pro Val Phe Gly Ala Va le Val Ala Asn Ala He Val Ala Arg Phe Val Lys Asp to TIy Glu Pro Arg Phe He Trp Afg Ala Val to

1101 ACACAGGTTC CGGTGTTCGG CGCGGTGATT GTTGCGAATG CCATCGTGGC GCGTTTTGTT AAAGATCCGA CCGAACCGCG GTTTATC7GG CGTGCCGTAC
TGTGTCCAAG GCCACAAGCC GCGCCACTAA CAACGCTTAC GG7AGCACCG CGCAAAACAA TTTCTAGGCT GGCTTGGCGC CAAATAGACC GCACGGCATG

-2

♦3 -to He Gin Leu Val Gly Leu Ser Leu Leu He Val Gly Asn Leu Leu Ser to to Val Trp Leu Trp Ser Val Leu Gly Tfr Sir Leu Tyr Ala Phe Gly

1201 CCATTCAACT GGTCGGCCTC 7CGCTGTTGA TTGTCGGCAA TCTGCTGTCG CCGCACGTCT GGCTGTGGTC GGTGCTGGGC ACCAGTCTGT ATGCTTTCGG
'GTAAGTTGA CCAGCCGGAG AGCGACAACT AACAGO:GTT AGACGACAGC GGCGTGCAGA CCGACACCAG CCACGACCCG TGGTCAGACA TACGAAAGCC

-2
-1

Figure A1.0: Sequence of the pMdtM construct showing the sequence of mdtM within the vector construct. The 
amino acid sequence of the MdtM coding region is indicated above the nucleotide sequence in blue font. The 
positions of the restriction sites are indicated in blue font above the amino acid sequence. The presence of the 
hexahistidine tag can be seen at the 5’-end of the protein subsequent to the Hindll site.
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