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Abstract 

Inappropriate use of antibiotics has created the opportunity for rapid rise in bacteria 

able to resistant a wide range of antimicrobial agents. These multidrug resistant (MDR) 

organisms pose a “catastrophic threat” to modern medical procedures which rely upon 

effective infection control. Therefore, there is great need to understand the 

mechanisms behind the MDR, including the efflux pumps which reduce cytoplasmic 

concentrations of antimicrobials to levels no longer toxic to the cell. One such 

membrane protein from Escherichia coli is MdtM, a 12 TM antiporter of the Major 

Facilitator Superfamily (MFS). MdtM, like other members of the MFS, utilises the 

energy stored in the electrochemical gradient to drive the extrusion of drugs from the 

cytoplasm. Therefore, protons take part in many critical interactions with MdtM. 

Chloramphenicol and tetraphenylphosphonium appear to compete with protons for 

binding to MdtM at pH values < 6.7. This apparent competition may be as a result of 

direct competition for the binding site but is more likely as a result of proton mediated 

conformational changes. These changes could lead to MdtM no longer being in the 

high affinity inward open conformation. Charged residues play a critical role in linking 

proton and substrate transport. Using in silico analysis of homology models, critical 

interactions between charged residues have been identified and functionally 

investigated. The conformational switch and charge relay triad have been identified. 

MdtM tolerates mutation of the conserved charged residue inside the binding site; the 

transport activity is reduced but not abolished and binding affinity is not impacted to 

the extent of removal of binding residues. Mutation to the conserved residues of loop 

regions has a detrimental impact on the stability of the transporter when extracted 

from the membrane.      
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1.1 Membrane transport 

The phospholipid bilayer encasing all prokaryotic and eukaryotic cells provides a 

selectively permeable barrier. Due to its hydrophobic interior, the cell membrane is 

permeable to small uncharged polar molecules, water and gases but is impermeable to 

large, charged or uncharged, molecules (e.g. amino acids, adenosine triphosphate) and 

ions (e.g. K+, Na+, Cl-). Passive diffusion is a slow process for most solutes therefore to 

maintain homeostasis protein facilitated transport is used to allow the movement of 

solutes across the membrane (Ranaweera et al., 2015; Veld et al., 1993), Figure. 1.1. 

The precise mechanism behind the movement of drugs into cells is the topic of a 

vicious debate with two distinct schools of thought, both supported by experimental 

evidence. The first is that drug permeation is primarily via diffusion across the 

phospholipid bilayer and is dependent upon the lipophilicity of the molecule (Smith et 

al., 2014). The opposing hypothesis is championed by Dobson and Kell who 

hypothesise that bilayer diffusion is negligible, that drug permeation is carrier-

mediated and it is this hypothesis that will be discussed further (Dobson & Kell, 2008; 

Kell et al., 2011). 

 

Figure 1.1: Facilitated diffusion (left hand side) is the movement of molecules down their concentration gradient, 

across the membrane aided by porins. Passive diffusion (right hand side) is the free movement of molecules down 

their concentration gradient, without the use of proteins. The diffusing molecules are shown in red and purple 

while the phospholipid bilayer is shown as green circles and blue lines. 

1.1.1 Passive Transport 

Gram negative bacteria carry out facilitated diffusion of hydrophobic molecules using 

porins, located in the outer membrane. The expression of these proteins is regulated 

Periplasm 

Cytoplasm 
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in response to environmental stimuli, allowing the bacterium a certain level of control 

over cell permeability (Zeth & Thein, 2010). Given the diverse nature of bacterial 

nutrient requirements, the porins allowing these molecules to cross the membrane are 

diverse, with some forming oligomers e.g. OmpF, while some remain active as 

monomers e.g. OmpA (Delcour, 1997). Porins lack a classic hydrophobic cavity; instead 

they contain a water filled pore (Fernandez, 2012). These β barrel proteins are 

constructed by an even number of antiparallel β strands with alternating hydrophilic 

residues facing into the pore and hydrophobic residues facing away from the pore. The 

barrel is held together by antiparallel pairing of the first and last strands. The general 

architecture consists of short periplasmic loops and longer extracellular loops 

connecting the β-strands with loop 3 entering the pore creating a constriction zone 

with a possible role in selectivity of pore size and solute (Fernandez, 2012).  

1.1.1.1  General porins 

General porins, e.g. OmpF, are 16 stranded and do not appear to contain specific 

ligand binding sites. The rate of translocation through the protein is based upon the 

physiochemical properties of the solute itself (Nikaido, 1992). Despite their non-

specific nature, these porins can be separated based on solute bias due to selectivity 

filters. For example, OmpF shows preference towards cations whilst PhoE shows bias 

towards anions. Solute diffusion rate is directly proportional to the solute gradient on 

one side of the membrane (Pages et al., 2008). 

1.1.1.2 Substrate-specific porins 

The pores of 18 stranded specific porins are surprisingly more restricted than general 

porins (Vinothkumar & Henderson, 2010).  These proteins display Michaelis-Menten-

like saturation kinetics for the diffusion of solutes. This is beneficial to the cell as 

diffusion is accelerated, relative to general porins, when nutrient concentration is low 

(Nikaido, 1992).  The rapid uptake of carbohydrates occurs through substrate-specific 

porins, substrate selection occurs via a string of low affinity binding sites, lined with 

aromatic residues, commonly known as the ‘greasy slide’ (Vinothkumar & Henderson, 

2010; Zeth & Thein, 2010). 
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1.1.2  Active transport 

Moving a solute against its concentration gradient, i.e. active transport, requires an 

input of energy; this can be derived from the hydrolysis of ATP or the ion solute 

gradient. The transport process and energy coupling require conformational changes 

in the transporter, these are tightly regulated to efficiently move substrates across the 

membrane (Shilton, 2015). 

1.1.2.1 Primary active transporters 

The ATP binding cassette (ABC) family is the largest and most diverse family of primary 

active transporters. As ATPases, these dynamic molecular machines drive substrate 

transport via the binding and hydrolysis of ATP (Shilton, 2015). Prokaryotic ABC 

transporters can either import or export substrates but in eukaryotes ABC transporters 

are responsible for only efflux of substrates (Young & Holland, 1999). The complex is 

composed of four domains; two transmembrane domains (TMD) form translocation a 

channel for the substrate whilst two nucleotide binding domains (NBD) remain in the 

cytoplasm to bind and hydrolyse ATP (Beis et al., 2015). There is low similarity 

between TMDs of different types of transporters and NBDs are only conserved in the 

motifs relating to ATP binding and hydrolysis. Importers of the ABC family have an 

additional substrate binding protein that binds the ligand and transfers it to the TMDs 

for import (Beek et al., 2014).  
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Figure 1.2: Crystal structure of the maltose transporter, MalEFGK2 complex (PDBID: 3PV0). MalE is purple, MalF is 

yellow, MalG is pink and the MalK are blue and green (Aller et al., 2009). 

Crystal structures provide snapshots of the transport mechanism, contributing to the 

understanding of the import and export mechanisms. The mechanism by which 

molecules are imported into cells is better understood than the export thanks to the 

crystal structures of the maltose transporter in different conformations providing a full 

picture of how the protein changes throughout the transport cycle (Beis et al., 2015; 

Shilton, 2015). The maltose transporter (MalEFGK2), Figure 1.2, imports maltose from 

the periplasmic face of the membrane into the cytoplasm through the use of a maltose 

binding protein (MalE) and the hydrolysis of ATP. When MalE is loaded with maltose it 

binds to the TMDs (MalFG) driving the protein into the occluded state, where both 

ends of the transporter are closed. The closure of the cytoplasmic end brings both 

NBDs close, they bind ATP and dimerise. This dimerisation causes conformational 

changes in the TMD and MalE, which releases maltose into the TMD binding cavity. 

ATP hydrolysis in the MalK2 causes the release of maltose from the cavity. MalE 

dissociates and the transporter resets to begin another cycle (Beis et al., 2015; Shilton, 

2015). 

1.1.2.2 Secondary active transporters 

Secondary active transporters exploit energy stored in the transmembrane 

electrochemical potential to drive the uphill transport of substrate (Boudker & Verdon, 

2010). The electrochemical gradient is generated by the oxidation of electron donors 

in the respiratory chain causing the expulsion of protons, sodium and potassium ions 

from the cell (Mitchell, 1961; Rich, 2008).  When discussing the energy stored in the 

proton electrochemical gradient, or the proton motive force (PMF), the charge 

potential across the membrane constitutes the ‘electro‘ (Δψ) component while the 

difference in concentration comprises the ‘chemical’ (ΔpH) component (Padan, 2009).  

1.2  Multidrug resistance 

Since the discovery of antibiotics in the 1920s and their commercialisation in the 

1940s, over- and inappropriate use has led to a rise in the number of antimicrobial 

resistant bacteria (Higgins, 2007; Fluman & Bibi, 2009). Multidrug resistance describes 

the phenomenon where bacteria are resistant to a broad spectrum of structurally and 
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chemically dissimilar antimicrobials (Neyfakh, 2002; Holdsworth & Law, 2012). 

Multidrug resistant (MDR) pathogenic bacteria utilise various mechanisms to 

neutralise the threat posed by antimicrobials.  

1.2.1 Mechanisms of MDR 

1.2.1.1 Decreased membrane permeability 

In Gram negative bacteria, the outer membrane is the first line of defence against 

antimicrobials. The influx of these compounds, particularly β-lactams and 

fluoroquinolones, is controlled by porins therefore modification of the porin profile 

directly affects the permeability to antimicrobials (Pages et al., 2008). Cells can modify 

their porin profile by three different methods; (i) by reducing the expression of porins 

responsible for antimicrobial influx e.g. the absence of Omp36 from Enterobacter 

aerogenes results in reduced susceptibility to cephalosporin. (ii) Changing the type of 

porin expressed results in resistance to a wide range of β-lactams in Klebsiella 

pneumoniae e.g. OmpK35 replacement with OmpK36, provides 4-8 times higher 

resistance (Pages et al., 2008). (iii) Although porins are not substrate specific, some 

contain selectivity filters and mutation to residues that constitute these filters will alter 

the substrate range of the porin e.g. E. coli OmpC D18E and S274F mutants have 

reduced influx for a range of antimicrobials (Pages et al., 2008; Alekshun & Levy, 2007). 

1.2.1.2 Drug metabolism 

Enzymes expressed in response to antimicrobials can be divided into two classes; 

those that degrade the antimicrobials and those that chemically modify them. β-

lactamases, e.g. AmpC, degrade the molecule via hydrolysis of the β-lactam ring (Lin & 

Scott, 2012). Acetyltransferases inactivate chloramphenicol by covalently bonding 

acetyl groups to the hydroxyl moiety of the molecule, rendering it unable to bind to 

the ribosome (Alekshun & Levy, 2007). 

1.2.1.3 Drug target alteration 

Instead of metabolising the antimicrobial or removing the target the cell can become 

resistant by redesigning the target. Staphylococcus aureus expresses a methyl 

transferase, Erm, which methylates A2058 of the 23S RNA component of the 

ribosome. Methylation of the alanine does not impair peptide synthesis but does 
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decrease the efficacy of the erythromycin by reducing binding to the ribosome (Walsh, 

2000).  

1.2.1.4 Drug efflux 

For an antimicrobial to kill the cell it needs to reach the target and accumulate to a 

cytotoxic concentration, efflux pumps prevent this concentration being reached. Efflux 

pumps are integral membrane transport proteins that remove antimicrobials from the 

cytoplasm so that the intracellular concentration remains low and ineffective. They are 

classified into 5 distinct families; ABC, MFS, MATE, RND and SMR (Higgins, 2007; 

Alekshun & Levy, 2007). Many of these efflux pumps function as multidrug 

transporters (MDTs) thanks to a large substrate binding cavity which accommodates a 

wide range of distinct physicochemical compounds.   

1.2.1.5 Physiological roles of MDTs 

Given the ubiquitous nature of MDTs and the level of genetic and structural 

conservation it is highly likely that these efflux pumps play an important role in the 

physiology of cells that express them (Floyd et al., 2013). Although MDTs efflux 

antimicrobials, many of these compounds exist in very low environmental 

concentrations suggesting MDR is not the main role of MDTs. The expression of efflux 

pumps is usually tightly controlled at many levels by transcriptional regulators and the 

intrinsic expression level is low unless in the presence of an effector/inducer. 

Antimicrobials are not classified as inducers of MDT expression unlike physiological 

substrates, e.g. bile salts act as effectors inducing the expression of AcrAB-TolC. This 

adds to the evidence suggesting this is not the true role of these transporters 

(Hernando-Amado et al., 2016).  

The first MDT to have a physiological role determined was Blt from Bacillus 

subtilis, the MFS transporter is part of an operon with bltD. BltD, an acetyltransferase, 

catalyses the acetylation of polyamines which are then removed from the cell by Blt 

(Fluman & Bibi, 2009; Lewinson et al., 2006). EmrAB and EmrD have possible roles in 

protecting E. coli from natural compounds that uncouple the proton motive force 

(Paulsen et al., 1996). 

Enteric bacteria, such as E. coli, must survive the antimicrobial effect of bile 

salts and their free acids, the dominant compounds being cholate, chenocholate and 
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deoxycholate (Hofmann et al. 1999).  Bile salts and fatty acids, present in the intestinal 

tract, are known to induce MDT expression e.g. AcrAB-TolC (Hernando-Amado et al., 

2016). Expression of MdtM is not induced by bile salts however the transporter 

contributes to protection of E. coli from both cholate and deoxycholate, a similar role 

has also been suggested for MdfA, a close homologue (Paul et al., 2014; Heng et al., 

2015). MdtM is able to protect cells from millimolar concentrations of both cholate 

and deoxycholate. MdtM utilises the proton electrochemical gradient to drive the 

electrogenic transport of both cholate and deoxycholate (Paul et al., 2014).  

In order for bacteria to survive in environments relatively alkaline to their 

narrow cytoplasmic pH range of 7.4 – 7.8 they must employ mechanisms to keep 

protons moving into the cytoplasm (Slonczewski et al., 2009). Four antiporters have 

been identified as contributors to the maintenance of pH homeostasis by 

neutralophilic bacteria, NhaA, NhaB, ChaA and MdfA. MdtM can now be included in 

this list; it contributes to the maintenance of a stable cytoplasmic pH, under alkaline 

stress, by effluxing K+ and Na+ in exchange for protons, with optimum activities at pH 

9.0 and 9.25, respectively (Holdsworth & Law, 2013).  

1.3  Secondary active transporter families 

Due to the imminent threat of multidrug resistance, research has been driven towards 

identifying the mechanism behind multidrug transporters. ABC transporters function 

as MDTs as do members of each of the four secondary active transporter families 

(Young & Holland, 1999). Proteins of the multidrug and toxic compounds extrusion 

family (MATE) utilise energy stored in either sodium or proton electrochemical 

gradients while members of the remaining families, small multidrug resistance (SMR), 

resistance nodulation division (RND) and major facilitator superfamily (MFS), are 

driven by the proton electrochemical gradient (Floyd et al., 2013).  

1.3.1 Kinetic mechanisms of the secondary active transporters 

Secondary active transporters can influx or efflux substrates in one of three ways – 

uniport, symport or antiport, Figure 1.3. Uniporters transport a single substrate across 

he membrane, driven by the substrate gradient alone. Symporters utilise the 

electrochemical gradient to drive the transport of substrate and co-substrate in the 

same direction. Antiporters, like symporters, transport two or more substrates utilising 
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the electrochemical gradient of one to drive the transport of the other but in the 

opposite direction (Paulsen et al., 1996; Forrest et al., 2011). Depending upon the 

stoichiometry between substrate and ion, the secondary active transporter can be 

classified as electrogenic or electroneutral. Electroneutral transport results in no net 

charge transported whereas there is a net movement of charge during electrogenic 

transport (Lewinson et al., 2003).  

 

Figure 1.3: Diagram of the three kinetic mechanisms carried out by secondary active transporters (blue hexagons). 

Uniport is the transport of a single substrate down its concentration gradient. Symport is the movement of two 

molecules in the same direction. Antiport is the movement of two substrates in opposite directions with the 

electrochemical gradient of one driving the transport of the other. Secondary active transporters are shown as blue 

hexagons, substrates and co-substrates shown as red and purple circles and the phospholipid bilayer shown as 

green circles with blue sticks. 

1.3.2 Resistance nodulation cell division (RND) family  

The transporters of the RND family operate as PMF driven transporters located in the 

inner membrane. They have 12 TM helices with two large loops connecting TMs 1 and 

2, 7 and 8 (Paulsen et al., 1996). The family is divided into two subfamilies based upon 

their substrates; the hydrophobic and amphiphilic efflux subfamily and the heavy 

metal efflux subfamily (Anes et al., 2015). In Gram positive bacteria they operate as 

single proteins but in Gram negative bacteria they function as the inner membrane 

component of a tripartite system. They are complexed with a periplasmic adapter 

protein from the membrane fusion protein family and this interacts with an outer 

membrane protein forming a complex, such as AcrAB-TolC, that can transport 

substrates across both inner and outer membranes (Paulsen et al., 1996; Anes et al., 

2015), Figure. 1.4.  
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1.3.3 Multidrug and toxic extrusion (MATE) family  

Members of the MATE superfamily of transporters are found in all kingdoms of life; 

they are classified into 3 large families that contain 14 subfamilies. Family one contains 

bacterial MATE transporters, such as NorM, almost all members this family are driven 

by the energy stored in the Na+ gradient. Family two contains the eukaryotic MATE 

transporters and is divided into four subclasses based on the kingdom i.e. animal, 

plant, yeast and protozoa. The third family contains bacterial and archaebacterial 

transporters that use both Na+ and H+ electrochemical gradients as their energy source 

(Moriyama et al., 2008). Families two shows 23 % similarity to family one but family 

three shows little homology to either (Otsuka et al., 2005). The general architecture of 

each family is 12 transmembrane helices arranged in a ‘V-shape’, the two 6-helix 

bundles display a two-fold pseudo symmetry along an axis perpendicular to the 

membrane (Lu et al., 2013). There is no apparent consensus sequence for the 

superfamily but the loop regions may be slightly conserved (Moriyama et al., 2008) 

and show a symmetry that suggests MATE transporters evolved as result of gene 

duplication of a common ancestral gene (Moriyama et al., 2008).  

1.3.4 Small Multidrug Resistance (SMR) family 

As the name suggests the members of this family are small, ~12 kDa, composed of 4 

short transmembrane α helices connected by short hydrophobic loops (Bay et al., 

2008).  Unlike the other families, members of the SMR family are found exclusively in 

bacteria, both Gram negative and positive (Moriyama et al., 2008). All members of the 

SMR family utilise the proton electrochemical gradient to drive substrate transport, 

Figure 1.4. The transporters of this family are grouped into three distinct subclasses 

based upon structural and functional similarity. The well-studied SMR subclass 

contains the multidrug pumps, such as EmrE, while the suppressor of GroEL and paired 

SMR subclasses are less understood (Paulsen et al., 1996; Bay et al., 2008). Due to 

their size it is believed SMR proteins operate as an oligomeric complex, indeed EmrE 

functions as a trimer forming a single binding site (Muth & Schuldiner, 2000). 
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Figure 1.4: Diagram illustrating the four families of secondary active transporters of Gram negative bacterial 

membranes, each is displaying antiport. Single orange and brown hexagons represent the MFS and MATE families, 

respectively. The SMR is shown as oligomeric by light green hexagons. The RND tripartite system is comprised of the 

RND inner membrane pump (lilac oval) complexed to adaptor proteins (blue semi circles) and outer membrane 

protein (purple oval). The inner membrane and inner side of the outer membrane are represented by green circles 

and blue sticks showing the phospholipid head and fatty acid tails. The outer side of the outer membrane is 

represented as blue circles and blue sticks. 

1.4  Major facilitator superfamily (MFS) 

The Transporter Classification Database (http://www.tcdb.org) (Saier et al., 2016) is an 

International Union of Biochemistry and Molecular Biology approved classification 

system for all known transporter proteins. The MFS is given TC# 2.A.1, where 2 

denotes the electrochemical potential driven transporters class, A classifies it as being 

part of the porters (antiporter, symporter and uniporter) subclass, the third number 

defines the superfamily – the MFS.   

1.4.1 General structural features 

The members of the MFS share a general structural pattern, known as the MFS fold 

(Yan, 2015). This common core fold consists of 12 membrane-spanning alpha helices 

arranged into two 6-helix bundles. These N- and C- domains display pseudo two-fold 

symmetry, about an axis perpendicular to the membrane (Shi, 2013). Within each 6-

http://www.tcdb.org/
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helix domain, the helices are arranged into two inverted 3-helix bundles, believed to 

have originated from gene duplication of a 3 TM precursor (Radestock & Forrest, 

2011), Figure 1.5. The two 3 TM bundles in each domain are inverted i.e. one is rotated 

180o about an axis parallel to the membrane (Radestock & Forrest, 2011). The 

apparent role of the helices is repeated through the protein.  

 

Figure 1.5: Inverted topology of MFS transporters shown as two repeated 3-helix bundles in each domain. A and B 

form the N-domain while C and D form the C-domain, at the interdomain interface there is a binding cavity, shown 

as a light blue circle. Adapted from Radestock and Forrest, 2011 (Radestock & Forrest 2011). 

The first helix of each triplicate (TMs 1, 4, 7 and 10), Figure 1.6, is responsible for cavity 

formation, referred to as the ‘central helices’. The second helix (TMs 2, 5, 8 and 11) has 

been described as banana shaped (Law et al., 2008; Zhang et al., 2015) i.e. is long and 

curved, aiding in formation of the cavity walls. These four helices have also been 

indicated as being directly involved in inter-domain conformational changes and are 

referred to as ‘rocker helices’. Unlike the other helices, the third in each repeat is not 

directly involved in cavity formation. The role of TMs 3, 6, 9 and 12 is supporting the 

protein via formation of hydrophobic contacts with the membrane, Figure 1.6 (Zhang 

et al., 2015; Phillips et al., 2009).   
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Figure 1.6: Crystal structure of EmrD (PDBID 2GFP) viewed from the cytoplasmic membrane. The cavity is formed by 

the ‘central helices’, TMs 1, 4, 7 and 10, shown in red, the ‘rocker helices’, TMs 2, 5, 8 and 11, are shown in green 

while the ‘support helices’, TMs 3, 6, 9 and 12, are shown in blue. Loops are shown in black. 

1.4.2 Alternating access model of transport 

The alternating access model of transport was proposed by Jardetzky in 1966 

(Jardetzky, 1966) before any transporter structures had been determined. The model 

theorises that transporter proteins alternate access of the central substrate binding 

cavity to one side of the membrane at a time. Upon substrate binding, an efflux 

transporter undergoes conformational changes closing access to cytoplasmic side and 

opening the periplasmic side to release substrate.  The structures of MdfA, LacY, FucP 

and GlpT support this model as they have been captured in either the cytoplasmic 

facing, inward-open (Cin) or periplasmic facing, outward-open (Cout), Figure 1.7 

(Quistgaard et al., 2016).  Based on crystal structures it was proposed that the 

alternating access occurs via a ‘rocker-switch’ mechanism i.e. N- and C-domains rock 

back and forth against each other, in a rigid-body motion, alternating access to the 

binding cavity. The presence of regions with short side chains located near the 

interdomain interface aids the smooth rotation of the domains against each other 

(Jiang et al., 2013). The aptly named ‘rocker helices’ facilitate this movement however 

their curvature means occlusion of the binding site cannot occur via rigid-body 

movement alone, local structural rearrangements likely occur as well (Quistgaard et 
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al., 2016; Yan, 2013). Although the presence of an occluded state does not directly 

oppose the alternating access model it does require revision of the ‘rocker-switch’ 

model of movement.  

 

Figure 1.7: Diagram of the alternating access model as proposed by Jardetzky. The substrate binding cavity is 

exposed to one side of the membrane at a time, substrate binding triggers the conformational changes needed to 

alternate access.  

Quistgaard et al have proposed the ‘clamp-and-switch’ model as an update to the 

‘rocker-switch’ model of transport. Analysis of the crystal structures of proteins in the 

occluded state showed most occluded states can be described as either inward-facing 

or outward-facing occluded, partly occluded inward-facing or partly occluded outward-

facing (Quistgaard et al., 2016). They identified that most of the helices maintain the 

same conformation in both inward-open and inward-facing occluded states. Therefore, 

closure of the binding site from the cytoplasm is achieved by bending the cytoplasmic 

ends of TMs 4 and 10 and possibly the flanking ‘rocker-helices’. Similarly, closure of the 

periplasmic side, i.e. change from outward-facing to outward-facing occluded, occurs 

via bending of the periplasmic ends of TMs 1 and 7 and their flanking ‘rocker helices’.  

The ‘clamp-and-switch’ model is a two-step mechanism for MFS transport. For 

antiporters, the first step is the clamping step where the binding site is occluded from 

the cytoplasm by the bending of the ‘central helices’ and possibly the ‘rocker helices’. 

This step is likely to be accompanied by a subtle rotation of the N- and C-domains in a 

rocker-switch like manner, switching step allows exposure of the binding site to the 

periplasm, Figure 1.8.  Some of the conserved residues and motifs of the MFS have 

been identified as having a potential role in either the clamping or switching step in 

Quistgaards model of transport.  
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Figure 1.8: The ‘clamp-and-switch’ mechanism of antiport based the model proposed by Quistgaard et al 

(Quistgaard et al., 2016). Substrate (green circle) binds to the inward open conformation, triggering conformational 

changes that drive the protein through occluded intermediate conformations to the outward open where substrate 

is released while the co-substrate, H+, is transported into the cytoplasm. 

1.4.3 Motif A 

Motif A [GX3(D/E)(R/K)XG(R/K)(R/K)] is the most conserved motif in the MFS, it is 

found in the cytoplasmic loop connecting TMs 2 and 3 (L2-3), Figure 1.9. The role of 

motif A is likely to be in stabilising the outward open conformation of the protein 

(Zhang et al., 2015) and unlikely to contribute to substrate binding (Heng et al., 2015). 

The crystal structure of YajR (Jiang et al., 2013) shows the motif in its functional state, 

stabilising the outward conformation via an interaction network. At the centre of this 

network is a charge-helix dipole interaction between the aspartic acid and TM11, 

stabilising the domain interface. This aspartic acid has also been implicated as being 

part of a charge relay triad with one of the arginines and an acidic residue from TM4 

(Zhang et al., 2015). The glycine at the beginning of the motif aids with the tight 

packing of TMs 2 and 11 by forming an interaction with a glycine at the N terminal end 

of TM11.  
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Some transporters have a second, C-terminal, A or A-like motif in the 

cytoplasmic loop connecting TMs 8 and 9, it has been suggested this loop may act as a 

gate during the transport cycle (Quistgaard et al., 2016). Thin gates require small local 

structural rearrangements while they occlude substrate that may remain permeable to 

solvent. On the other hand thick gates are tight seals, impermeable to both substrate 

and solvent and are formed as a result of large global structural rearrangements 

(Forrest et al., 2011; Quistgaard et al., 2016). Motif AL8-9 appears to have a role in the 

clamp-and-switch model, where it functions in the formation of a thin gate in the 

inward-facing occluded state and a thick gate in the outward open. In the context of 

the clamp-and-switch model of the MFS the thin gate is a result of the interactions 

formed after the bending of central and rocker helices i.e. the clamping step. The thick 

gate is closed when electrostatic interactions form between Motif AL8-9 and TM5 after 

the switching step (Quistgaard et al., 2016). 

1.4.4 Motif B 

Motif B (RXXQG), located in TM4, contains the only conserved/high frequency 

embedded basic residue, Figure 1.9 (Heng et al., 2015). Mutagenesis studies have 

displayed the removal of the positive charge at this location abolishes transport 

activity therefore it is essential to the function of the transporter (Holdsworth & Law, 

2012; Lewinson et al., 2004). Given that it is buried it is not likely to be directly 

involved in conformational changes but it has been proposed to play a role in coupling 

protonation status with substrate binding (Zhang et al., 2015). When MdfA is in the 

outward open conformation levels 1 and 2 of the cavity helices and rocker helices are 

exposed at the periplasmic side therefore solvent accessible. The solvent is able to 

mitigate the positive electrostatic field of motif B, however, when the transporter is 

closed to the periplasm the motif is buried allowing the positive electrostatic field to 

be relatively stronger (Heng et al., 2015). This increased electrostatic field can promote 

deprotonation in the binding cavity – most likely the deprotonation of one of the 

conserved acidic residues of motif D, on TM1.  
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Figure 1.9: Typical 12 TM member of the MFS with locations of motifs A-D shown. 

1.4.5 Motif C 

Known as the antiporter motif (GX6GX3GPX2GPX2G), motif C is located in rocker helix 

TM5, Figure 1.9. Motif C has only been identified in antiporters, this suggests a role in 

linking proton translocation to antiport (Paulsen et al., 1996). However, extensive 

multiple sequence comparison has shown elements of the motif in both uniporters 

and symporters (Ranaweera et al., 2015). In the inward open crystal structure of MdfA 

TM5 is packed against a conserved region of TM1 and lysines of the motif are involved 

in hydrophobic interactions with TM8. These interactions suggest the helix, particularly 

motif C, interacting with surrounding helices to play a role in preventing proton 

leakage (Heng et al., 2015), avoiding dissipation of the proton gradient. The presence 

of proline residues creates a kink in the helix by breaking the helix hydrogen bond 

network and generates a free carbonyl group in the previous helix peptide backbone. 

This carbonyl group is able to bind with water molecule or polar side chains – this is 

the case with MdfA. The proline residues form a cage with proline from TM1 and 7 and 

four well-ordered water molecules at the inter-domain interface – stabilising the inter-

domain interactions of the transporter (Heng et al., 2015).  

1.4.6 Motif D 

Motif D (D/E+1 X3YX3D+9PX) located in cavity-helix TM1, levels 2-4, contains the only 

proton titratable acidic residues in the binding cavity, Figure 1.9. The crystal structure 

of MdfA in the inward open conformation shows acidic residue at position +1 is on the 

interior wall of the cavity, buried by predominantly hydrophobic residues, while the 



 
 

18 

 

acidic residue at position +9 is located at the apex of the cavity (Heng et al., 2015).  The 

protonation status of these residues is closely linked to binding and conformational 

changes during the transport cycle. Heng et al suggest that only one of these residues 

is protonated at a time and there may be proton transfer between them via a 

conserved tyrosine residue (Heng et al., 2015).  

1.5  Experimentally determined structures of the MFS 

1.5.1 Experimentally determined crystal structures 

Recent advances in overexpression, purification and crystallisation techniques has 

resulted in 117 Class 2 transporters with experimentally determined structures in the 

TCDB. Transporter Class (TC) 2 contains electrochemical potential driven transporters. 

TC 2.A are porters and have the most experimentally determined structures with 112 

of the 117, coming from both prokaryotes and eukaryotes. There are currently no 

experimentally determined structures for the transporter of TC 2.B, non-ribosomally 

synthesised porters. Currently only 3 proteins from TC 2.C, ion gradient driven 

energisers, and 2 proteins from TC 2.D, transcompartment lipid carriers have 

experimentally determined structures. A search of the Protein Database (PDB) for 

crystal structures of E. coli MFS transporters results in 29 structures from 9 different 

proteins, Table 1.1. The transporters of Table 1.1A are proteins from the drug/H+ 

antiporter (DHA1) family, TC 2.A.1.2, while the proteins in Table 1.1B belong to 

different subfamilies of the MFS, TC 2.A.1.  

 

Table 1.1: A) Known structures of the E. coli DHA1 family (TCDB 2.A.1.2) of the MFS. B) Known structures of E. coli 

members of other subfamilies of the MFS. 

(A)    

Protein PDBID Conformation  

MdfA 4ZOW, 4ZP0, 4ZP2 Inward facing  

EmrD 2GFP Inward-facing occluded  

YajR 3WDO Outward facing  
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(B)    

Protein PDBID Conformation TCBD 

XylE 4QIQ, 4JA4 

4JA3 

4GBY, 4GBZ, 4GC0 

Inward open 

Inward facing occluded 

Outward facing occluded 

2.A.1.1 

GlpT 1PW4 Inward open 2.A.1.4 

LacY 1PV6, 1PV7, 2CFP, 2CFQ, 2V8N, 2Y5Y 

4OAA, 4ZYR 

5GXB 

Inward open 

Outward facing occluded 

Outward open 

2.A.1.5 

FucP 3O7P, 3O7Q Outward open 2.A.1.7 

NarK 4U4V, 4U4W 

 4JR9, 4JRE 

Inward open 

Inward open 

2.A.1.8 

NarU 4IU8, 4IU9 Inward facing occluded 2.A.1.8 

 

Each solved structure of a MFS transporter, regardless of conformation, adds to the 

pool of information about the family in general which aids in deciphering the 

mechanism of transport. 

1.5.2 MFS structures solved in the inward open structure  

MdfA has been crystallised, in the inward open conformation, in complex with five 

substrates; chloramphenicol (PDBID: 4ZOW), deoxycholate (PDBID: 4ZPO), n-dodecyl-

N,N-dimethylamine-N-oxide (LDAO) (PDBID: 4ZP2) (Heng et al., 2015), acetylcholine 

and reserpine, PDBIDs not yet allocated (Liu et al., 2016).  Figure 1.10 shows the cavity 

is solvent accessible at the cytoplasmic side whilst fully occluded to the periplasm. The 

crystal structure shows MdfA displays the typical structural features of MFS proteins 

i.e. 12 TM helices arranged in two 6-helix bundles form the binding cavity, both termini 

are in the cytoplasm. The helices are linked by short loops while the domains are 

linked by a long cytoplasmic loop (L6-7) which contains a 12-residue amphipathic α helix 

(Heng et al., 2015).  
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Figure 1.10:  Crystal structure of MdfA (PDBID 4ZOW) in the inward open conformation with chloramphenicol 

bound (shown in red). N domain is shown in green, C domain is shown in blue with L6-7 shown in orange. A) Side 

view through the membrane B) viewed from the cytoplasm C) viewed from the periplasm (Heng et al., 2015). 

Images generated using Pymol. 

1.5.3 MFS structures solved in the inward facing occluded structure  

The inward facing occluded conformation occurs when the cytoplasmic ends of TMs 4 

and 7, along with flanking rocker helices, bend to occlude the binding cavity from the 

cytoplasm but it remains solvent accessible. The periplasmic ends of the helices remain 

in much the same conformation as the inward open i.e. solvent inaccessible 

(Quistgaard et al., 2016). When it was determined in 2006, the structure of EmrD, 

Figure 1.11, was suggested to be an intermediate as it did not resemble the V-shaped 

inward open conformation of GlpT and LacY (Yin et al., 2006). The intermediate state 

was categorised as fully occluded and has since been updated to inward facing 

occluded (Forrest et al., 2011; Quistgaard et al., 2016). 

(A) 

(B) (C) 

Cytoplasm 

Periplasm 
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Figure 1.11: Crystal structure of EmrD (PDBID 2GFP) in the inward facing occluded conformation. N domain is shown 

in green, C domain is shown in blue with L6-7 shown in orange. A) Side view through the membrane B) viewed from 

the cytoplasm C) viewed from the periplasm (Yin et al., 2006). Images generated using Pymol. 

1.5.4 MFS structures solved in the outward facing occluded structure 

During the transition to the outward facing occluded conformation TMs 1 and 7, 

alongside some rocker helices, bend at the periplasmic end to occlude the binding 

cavity from the periplasm. Meanwhile the cytoplasmic end of the helices are supposed 

to remain in much the same orientation and location as the outward open 

conformation (Quistgaard et al., 2016). Sun et al describe the structure as fully 

occluded to the cytoplasm but solvent accessible to the periplasm via a small channel 

too small for substrate to pass through (Deng et al., 2014). XylE does not belong to the 

DHA1 family of transporters, it is a xylose/H+ symporter therefore displays structural 
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differences compared to the other three DHA1 transporter structures, such as the 

intracellular helices shown in orange in Figure 1.12.  

 

Figure 1.12: Crystal structure of XylE (PDBID 4GBY) in the outward facing occluded conformation. N domain is 

shown in green, C domain is shown in blue with L6-7 shown in orange. A) Side view through the membrane B) 

viewed from the cytoplasm C) viewed from the periplasm (Deng et al., 2014). Images generated using Pymol. 

1.5.5 MFS structures solved in the outward open structure  

YajR (TCDB 2.A.1.2.60) belongs to the DHA1 family of transporters but there is a lack of 

biochemical characterisation as a substrate has yet to be identified (Jiang et al., 2014). 

The E. coli YajR has been crystallised at 3.15 Å resolution in the outward open 

conformation, Figure 1.13 (Jiang et al., 2013). The binding cavity is solvent exposed at 
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the periplasmic side, allowing substrate release while the cytoplasmic ends of the 

helices have occluded the cavity from the cytoplasm. The loop linking the two domains 

(L6-7) contains a 3 turn amphipathic helix, similar to that of MdfA. YajR also has a C 

terminal 65 residue, highly negatively charged, soluble domain that possesses a 

ferredoxin-like fold, known as the YAM domain (Jiang et al., 2014; Jiang et al., 2013). 

This modified ferredoxin fold lacks the fourth β sheet leaving the remaining three to 

form an antiparallel β sheet flanked by two α helices, Figure 1.12. The function of this 

domain still remains to be elucidated but it is thought to be essential for the transport 

activity as it is highly conserved in all YajR transporters across a variety of Gram 

negative bacterial species (Jiang et al., 2014).  

 

Figure 1.13: Crystal structure of YajR (PDBID 3WDO) in the outward open conformation. N domain is shown in 

green, C domain is shown in blue with L6-7 shown in orange. The cytoplasmic YAM domain is shown in purple. A) 
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Side view through the membrane B) viewed from the cytoplasm C) viewed from the periplasm (Jiang et al., 2013). 

Images generated using Pymol. 

YajR is the only MFS structure to contain a break in one of the TM helices, thought to 

increase the cavity space to aid in substrate binding. Inside the cavity, the N-domain is 

positively charged while the C-domain is negatively charged and contains H225 and 

E320, putative protonation sites. These residues are not conserved in other 

transporters such as EmrD suggesting YajR may transport a different class of substrates 

(Jiang et al., 2013). 

1.5.6 The role of protons in the antiport cycle 

In a recent review, Schuldiner (Schuldiner, 2014) highlighted the necessity for the 

competition between protons and substrate, proposing that is it essential for the 

antiport mechanism. Fluman et al (Fluman et al., 2012) probed the competition 

between substrates and protons for binding to MdfA, showing that protons inhibited 

substrate binding at pH values <6.7. smFRET imaging of MdfA allowed the 

conformational changes in response to pH and substrate to be investigated, at pH 8.0 

the majority of the population were in the inward open conformation, agreeing with 

binding data that MdfA is readily able to accept substrate (Heng et al., 2015). The 

smFRET measurements were not carried out at various pH values. However, double 

electron-electron resonance, DEER, was used on LmrP at a range of pH values allowing 

distances between residues at the ends of helices to be measured. As proton 

concentration increased the population shifted from inward open to outward open, 

suggesting that protonation triggers conformation changes (Masureel et al., 2014). 

Competition between substrate and protons as well as protonation triggering 

conformational changes is not limited to antiporters of the MFS. The relationship 

between EmrE, a proton driven antiporter from the SMR family, protons and substrate 

has been investigated (Dastvan et al., 2015; Schuldiner, 2007; Adam et al., 2007). Like 

proton driven antiporters of the MFS, as proton concentration increases binding 

affinity towards substrate decreases, i.e. competition between substrate and protons. 

DEER distance distributions show protonation triggers conformational change, similar 

to the changes observed when substrate binds. The mechanism that couples proton 

and substrate binding to conformational changes during the antiport cycle remains to 

be elucidated.  
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1.6  MdtM – the focus of this thesis 

1.6.1 General Information 

Formerly known as YjiO, MdtM (UniProtKB – P39386) is a member of the DHA1 family 

within the MFS, therefore its 410 amino acids are arranged into 12 transmembrane 

helices. A BLAST search shows homologues in numerous strains of E. coli and other 

clinically relevant Gram negative pathogens such as Shigella dysenteriae, Klebisiella 

pneumonia and Yersinia pestis (Holdsworth & Law, 2012). Topology prediction 

indicates both N- and C- termini are inside the cytoplasm; this is in line with other 

members of the MFS with experimentally determined structures. Holdsworth and Law 

characterised MdtM as monomeric in DDM solution with a Stokes radius of 41 ± 6 Å. 

Using SE-FPLC and protein standards, the apparent molecular mass of the MdtM-DDM 

complex was determined to be 105 ± 11 kDa, hypothesising that, like MdfA, MdtM 

may be tightly bound to detergent and phospholipid molecules (Holdsworth & Law, 

2012). 

1.6.2 MdtM displays substrate promiscuity 

Extensive investigation of multidrug transporters of the MFS and other families 

revealed the presence of a large flexible binding cavity. This cavity is able to 

accommodate wide range of chemically and physically dissimilar substrates allowing 

these MDR transporters to confer resistance to a range of compounds (Holdsworth & 

Law, 2013; Adler & Bibi, 2005; Li et al., 2015). MdtM has been shown to protect cells 

from both neutral and monovalent cationic antimicrobial compounds, Table 

1.2(Holdsworth & Law, 2012; Holdsworth & Law, 2013; Alegre et al., 2016; Paul et al., 

2014).  
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Table 1.2: Known substrates of MdtM 

Substrate Reference 

Ethidium bromide 
Holdsworth & Law 2012  

Chloramphenicol 

Benzalkonium chloride 

Holdsworth & Law 

2013b 

Tetraethylammonium bromide 

Cetrimonium bromide 

Cetylpyridinium bromide 

Dimethyldioctadecylammonium 

chloride 

Domiphen bromide 

Benzethonium chloride 

Na+ 

Holdsworth & Law 

2013a 

K+ 

Rb+ 

Li+ 

Sodium cholate 
Paul et al. 2014 

Sodium dexoycholate 

Tetraphenylphosphonium bromide Alegre et al. 2016 

5-Nitro-2-furaldehyde 

Du et al. 2014 

Crystal violet 

Furaltadone 

Puromycin 

Tinidazole 

Norfloxacin Nishino & Yamaguchi 

2001 Acriflavine 

 

Table 1.2 most likely is not an exhausted list of MdtM substrates and the compounds 

within it are not exclusively transported by MdtM. A close homologue, MdfA, displays 

an overlap in substrate profile (Lewinson et al., 2006; Fluman et al., 2009). This 

functional redundancy is seen across a number of efflux systems and is not yet fully 
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understood. However it is hypothesised that overlapping toxic substrate profiles give 

the cell a high level of protection whilst allowing the efflux of non-toxic, vital 

substrates (Paulsen et al., 1996).  

1.6.3 Characterised residues of MdtM 

1.6.3.1 D22 and R108 are critical to function of MdtM 

The first residue of MdtM characterised was D22, a highly conserved membrane 

embedded acidic residue, part of motif D, suspected to be located in the substrate-

binding cavity (Holdsworth & Law, 2012; Alegre et al., 2016). Replacement with alanine 

created a mutant unable to protect the cell against both ethidium bromide (EtBr) and 

chloramphenicol (CAM). The D22A mutant was unable to maintain the cytoplasmic pH 

at 7.4 – 7.8 under alkaline stress conditions i.e. it did not transport Na+ nor K+ in 

exchange for proton(s) (Holdsworth & Law, 2013). The most recent studies of the 

D22A MdtM mutant showed the removal of the acidic residue at this location renders 

the protein inactive with respect to transport of both tetraphenylphosphonium (TPP+) 

and CAM but it retains wild-type like binding affinity for both. This data suggests that 

D22 is not likely to directly interact with substrate has been proposed to function as 

part of the proton relay network, in line with the equivalent residue E26 of MdfA 

(Alegre et al., 2016).  

A second conserved membrane embedded residue investigated was R108, it is 

part of motif B, located at the periplasmic end of TM4.  Mutation of arginine at this 

position, even conservative replacement with lysine, prevents the transporter from 

protecting the cell from both EtBr and CAM (Holdsworth & Law, 2012). Its role is 

suspected to be involved in driving the substrate induced conformational changes.  

1.6.3.2 MdtM binds substrates using separate aromatic clamps 

Alegre et al investigated differences in the binding behaviour of MdtM known 

substrate, neutral lipophilic CAM and cationic lipophilic TPP+. Docking studies 

conducted on a homology model of MdtM in the occluded conformation identified 

three residues that are common to the binding of both substrates. This concurs with 

the hypothesis that MDR transporters possess flexible binding cavities with distinct but 

partially overlapping binding sites (Alegre et al., 2016). It was suggested the 

recognition of cationic and neutral substrates relies upon the spatial arrangement of 
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aromatic residues tyrosine and phenylalanine. These aromatic residues use their ring 

groups to form a clamp around the substrate. For TPP+, the clamp was identified as 

Y26 and Y123 but for CAM the clamp is composed of Y57 and F253 (Alegre et al., 

2016), Figure 1.14. Pairs of stacking aromatic rings have also been identified EmrD, 

(Y52/Y56 and F249/W300), they are thought to contribute to multi-substrate 

recognition (Yin et al., 2006). 

 

Figure 1.14: A) Homology model of MdtM in the occluded conformation, modelled on EmrD (PDBID: 2GFP) from 

Alegre et al (Alegre et al. 2016). N domain is purple, L6-7 is lilac and C domain is yellow B) Aromatic clamp residues: 

TPP+ clamp is composed of Y57 (dark blue) and F253 (light blue), CAM clamp is Y26 (dark green) and Y123 (light 

green). 

Y26 of the TPP+ clamp, is homologous to Y30 in MdfA, which has been identified as a 

possible component of proton transfer. The crystal structure and biochemical analyses 

suggest there may be proton transfer between E26 and D34 during the transport cycle 

with Y30 acting as an intermediate (Heng et al., 2015). In MdtM, replacement of the 

tyrosine at position with alanine (Y26A) created a gain of function mutant therefore 

suggesting that, unlike MdfA, this tyrosine residue is likely not involved in proton 

transfer during the transport cycle (Alegre et al., 2016).  

1.7  Thesis aims and objectives 

1.7.1 Aim of this thesis 

Since Alexander Flemings discovery of penicillin, resistance has been observed 

(Alekshun & Levy, 2007). Inappropriate use of antibiotics has led to an exponential rise 

in multidrug resistant bacteria. These organisms pose a serious threat to modern 

(A) (B) 
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medical procedures which rely upon effective infection control. Controlling the spread 

of these organisms as well as improving detection techniques are vital to preventing 

the “catastrophic threat” and “nightmare” both the CDC (Centre for Disease Control) 

and UK chief medical health officer spoke of in 2013 (McKenna, 2013). Coupled to 

improvement in the health services role in prevention, an understanding of how these 

organisms neutralize the threat of cytotoxic compounds is required. Research focused 

on elucidating the mechanisms by which MDR organisms protect themselves will 

provide a basis for better drug design and drive the development of improved health 

service protocols.  

The transporters of the DHA1 family rely upon the energy stored in the proton 

electrochemical gradient to efflux drugs out of cells (Du et al., 2015).  Residues that 

function as proton acceptors and donators are therefore critical to the antiport cycle. 

This thesis aims to enhance the understanding of the roles of charged residues play in 

the antiport cycle of proteins from MFS by identifying their role in MdtM. 
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2.1 Computational methods 

2.1.1 Secondary structure prediction 

To predict the topology of MdtMs transmembrane helices the primary sequence 

was submitted to the TMHMM 2.0 server (Tied Mixture Hidden Markov Model) 

(http://www.cbs.dtu.dk/services/TMHMM) (Krogh et al., 2001). The topology 

prediction was visualised using TOPO2 Protein Display Server 

(http://www.sacs.ucsf.edu/TOPO2).  

2.1.2 Identification of Templates 

Template identification was conducted by carrying out a PSI-BLAST 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) search using the FASTA sequence of MdtM 

(UniProt ID 39386) as query sequence and PDB (Berman et al., 2000) 

(https://www.rcsb.org/pdb/home/home.do) as the database, ensuring results 

contained only proteins with known structure.  

2.1.3 Alignment of target and template sequences 

To verify template selection pairwise sequence alignments were conducted using 

EMBOSS NEEDLE (https://www.ebi.ac.uk/Tools/psa/emboss_needle). Identification 

of conserved residues and motifs was carried out using Clustal Omega to run 

multiple sequence alignments (http://www.ebi.ac.uk/services).   

2.1.4 Model Building and refinement 

Homology models of MdtM in each of the three main conformations; inward open, 

occluded and outward open, were modelled using the I-TASSER (Iterative Threading 

ASSEmbly Refinement)  server (Yang & Zhang, 2015; Roy et al., 2011; Zhang, 2008) 

(http://zhanglab.ccmb.med.umich.edu/I-TASSER). The templates used were 4ZOW: 

MdfA in the inward open conformation bound to chloramphenicol (CAM) (Heng et 

al., 2015), 2GFP: EmrD in the occluded conformation (Yin et al., 2006) and 3WDO: 

YajR in the outward open conformation (Jiang et al., 2013).  

http://www.cbs.dtu.dk/services/TMHMM/
http://www.sacs.ucsf.edu/TOPO2/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.rcsb.org/pdb/home/home.do
https://www.ebi.ac.uk/Tools/psa/emboss_needle
http://www.ebi.ac.uk/services
http://zhanglab.ccmb.med.umich.edu/I-TASSER
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2.1.5 Model Validation 

To verify the stereochemical quality of the refined models the .pdb files were 

submitted to PDBSum server (www.ebi.ac.uk/pdbsum) for analysis using default 

settings, this included PROCHECK validation of the overall and residue-by-residue 

geometry (Laskowski et al., 1993).  

2.1.6 Positioning of models in the membrane 

The .pdb files for the final models were submitted to the PPM (Positioning of 

Proteins in Membrane) server (http://opm.phar.umich.edu/server.php) to help 

understand how each conformation is positioned within the membrane (Lomize et 

al., 2012).  

2.1.7 Determination of titration states of residues  

The .pdb files for each of the three conformations were submitted to the PROPKA 

server (Rostkowski et al., 2011) (http://propka.org/) to calculate pKa values for each 

ionisable residue, default settings were used and pH set to 7.2. 

 

2.2 Experimental methods 

All reagents were sourced from Sigma Aldrich (Poole, Dorset, UK) unless stated 

otherwise. 

2.2.1 Mutation of MdtM 

2.2.1.1 Oligonucleotides  

Oligonucleotides used in the amplification of mutant MdtM genes were designed 

using QuikChange Primer Design Tool, Table 2.1 (Agilent Technologies, Cheadle, UK) 

(http://www.genomics.agilent.com/primerDesignProgram.jsp) and synthesised by 

Eurofins Genomics (Wolverhampton, UK). 

 

 

 

 

http://www.ebi.ac.uk/pdbsum/
http://opm.phar.umich.edu/server.php
http://propka.org/
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Table 2.1: Oligonucleotide primers used for the generation of MdtM mutants. Fw = forward i.e. sense and Re = 

reverse i.e. antisense. 

Mutant Base Mutation Sequence 5’- 3’ 

D22A a65c 
Fw gatggcgttgattttgtatgcctttgctgcgtatctgtc 

Re gacagatacgcagcaaaggcatacaaaatcaacgccatc 

D22N g64a 
Fw tcccgatggcgttgattttgtataactttgctgcgt 

Re acgcagcaaagttatacaaaatcaacgccatcggga 

D30A a89c 
Fw cgtatctgtcgacggctctgatccagcctgg 

Re ccaggctggatcagagccgtcgacagatacg 

D30N g88a 
Fw gcgtatctgtcgacgaatctgatccagcctg 

Re caggctggatcagattcgtcgacagatacgc 

D42A a125c 
Fw gatcattaatgtggtacgtgcttttaatgccgatgtcagtc 

Re gactgacatcggcattaaaagcacgtaccacattaatgatc 

D42N g124a 
Fw gggatcattaatgtggtacgtaattttaatgccgatgtcagtc 

Re gactgacatcggcattaaaattacgtaccacattaatgatccc 

D73A a218c 
Fw gggccgctttccgccagaattggccgc 

Re gcggccaattctggcggaaagcggccc 

D73E g217a 
Fw ggggccgctttccaacagaattggccg 

Re cggccaattctgttggaaagcggcccc 

D73N c219a 
Fw cggccaattctgttggaaagcggcccc 

Re ggggccgctttccaacagaattggccg 

R77A c229g_g230c 
Fw cgacagaattggcgccaggccggtgctg 

Re cagcaccggcctggcgccaattctgtcg 

R77E 
c229g_g230a_

c231g 

Fw ctttccgacagaattggcgagaggccggtgctgattacc 

Re ggtaatcagcaccggcctctcgccaattctgtcggaaag 

R77K 
c229a_g230a_

c231g 

Fw ggtaatcagcaccggcctcttgccaattctgtcggaaag 

Re ctttccgacagaattggcaagaggccggtgctgattacc 

R108A c322g_g323c 
Fw cacagtttcttatcgcggctgcaattcagggcacca 

Re tggtgccctgaattgcagccgcgataagaaactgtg 

R108E 
c322g_g323a_t

324g 

Fw gatactggtgccctgaattgcctccgcgataagaaactgtgtcat 

Re atgacacagtttcttatcgcggaggcaattcagggcaccagtatc 
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R108K 
c322a_g323a_t

324g 

Fw atgacacagtttcttatcgcgaaggcaattcagggcaccagtatc 

Re gatactggtgccctgaattgccttcgcgataagaaactgtgtcat 

E128A a383c 
Fw gtcacggtgcaggcggcgttcggacag 

Re ctgtccgaacgccgcctgcaccgtgac 

E128D g384t 
Fw atgtcacggtgcaggatgcgttcggacag 

Re ctgtccgaacgcatcctgcaccgtgacat 

E128Q g382c 
Fw gtcacggtgcagcaggcgttcggac 

Re gtccgaacgcctgctgcaccgtgac 

K137A a410g 
Fw gacagacaaaagggatcaggttgatggcgattatcac 

Re gtgataatcgccatcaacctgatcccttttgtctgtc 

K137E a409g 
Fw ggacagacaaaagggatcgagttgatggcgattatca 

Re tgataatcgccatcaactcgatcccttttgtctgtcc 

K137R a409g_a410c 
Fw cggacagacaaaagggatcgcgttgatggcgattatcacc 

Re ggtgataatcgccatcaacgcgatcccttttgtctgtccg 

D244N g730a 
Fw gccggtgatccttatcaatgcaggcagcttaac 

Re gttaagctgcctgcattgataaggatcaccggc 

D277N g829a 
Fw catcgtggcgcgttttgttaaaaatccgaccgaac 

Re gttcggtcggatttttaacaaaacgcgccacgatg 

E280Q g838c_a840g 
Fw ttgttaaagatccgacccagccgcggtttatctggcg 

Re cgccagataaaccgcggctgggtcggatctttaacaa 

2.2.1.2 Site-directed mutagenesis 

Site-directed mutagenesis was performed using the QuikChange Lightning site 

directed mutagenesis kit (Stratagene, Agilent Technologies, Cheshire, UK) according 

to manufacturer’s guidelines. The template, pMdtM, was a modified pBAD/Myc-

HisA expression vector that contained the 1230 base pair open reading frame that 

encoded the 410 residues of wild type MdtM. The construct included a thrombin 

cleavage site upstream of the C-terminal decahistidine tag, Figure 2.1.  
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Figure 2.1: Plasmid map of pMdtM. The plasmid was a modified pBAD/Myc-HisA expression vector containing 

the 1230 base pair open reading frame that encoded the 410 residues of wild type MdtM, inserted between 

NcoI and EcoRI restriction sites. The plasmid codes a thrombin cleavage site directly upstream of the C-terminal 

decahistidine tag. An ampicillin resistance gene, ampR, allowed for antibiotic selection. Overexpression is under 

the control of the arabinose operon, araC.  

2.2.1.3 Transformation of chemically competent E. coli with plasmid 

Chemically competent E. coli cells,  

Table 2.2 and plasmids were slowly thawed on ice. Plasmid was added in a ratio of 

100 ng plasmid per 100 µl competent cells (4 x 107 CFU) and gently mixed in pre-

chilled 14 ml BD Falcon tubes (Aquilant Scientific, Belfast, UK). The mixture was held 

on ice for 40 min followed by heat shock at 42oC for 45 s in a water bath then 

returned to ice for 5 min. 500 µl Luria-Bertani media (LB) was added and the culture 

incubated for 1 h at 37 oC with shaking at 250 rpm in an Innova 44R incubator 

(VWR, Leicestershire, UK). 200 µl of culture was plated onto an LB-agar plate 

containing 100 µg/ml carbenicillin and incubated overnight at 37 oC.   
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Table 2.2: E. coli strains used throughout this work. Insertions are denoted by :: and antibiotic resistance genes 

by r, Km = kanamycin, Em = erythromycin and Cm = chloramphenicol.  

Strain Genotype Purpose Source 

TOP10 

F- mcrA Δ(mrr-hsdRMS-mcrBC) 
Φ80lacZΔM15 Δ lacX74 nupG recA1 
araD139 Δ(araleu)7697 galE15 rpsL 
endA1 λ- 

DNA propagation 
ThermoFisher Scientific, 
Paisley, UK 

LMG194 F- lacX74 galE thi rpsL phoA (Pvu II) 

ara714 leu::Tn10 

Overexpression for 
purification 

ThermoFisher Scientific, 
Paisley, UK 

ΔMdtM BW25113 mdtM::Kmr Determination of 
MIC and IC50 

Keio Collection, 
(National BioResource 
Project, Japan) 

TO114 W3110 nhaA::Kmr nhaB::Emr chaA::Cmr Preparation of 
inverted vesicles 

A kind gift from Hiroshi 
Kobayashi (Chiba 
University, Japan) 

2.2.1.4 Purification of plasmid 

A single colony of transformed E. coli TOP10 was used to inoculate 5 ml LB liquid 

medium containing 100 µg/ml carbenicillin (Melford Laboratories Ltd., Suffolk, UK) 

for selection. Cells were grown overnight at 37oC with shaking at 250 rpm. Isolation 

and purification of plasmidic DNA was performed using a QIAPrep Spin Miniprep Kit 

(Qiagen, Manchester, UK), according to the manufacturer’s guidelines. Samples of 

purified plasmid were sent for sequence analysis to confirm each mutation was 

correct and in frame (Macrogen Inc. Europe, Amsterdam, Netherlands). The 

remaining plasmid was stored at -20C until required. 

2.2.2 Determination of Minimal Inhibition Concentration (MIC) and 

Inhibition Concentration50 (IC50) 

Chemically competent ΔmdtM cells were transformed with wild type and mutant 

plasmids. Several colonies were used to inoculate 100 ml LB supplemented with 100 

μg/ml carbenicillin and 30 μg/ml kanamycin, grown overnight (15 h) at 32 oC, 220 

RPM, OD600 = 3.0 – 3.2. Day cultures were set up by diluting overnight cultures 100 

fold into 100 ml fresh LB containing 100 μg/ml carbenicillin and 30 μg/ml 

kanamycin. Cultures were grown at 32 oC until OD600 = 0.3 before dropping 

temperature to 25 oC until OD600 = 0.7. Cells were induced with 0.002 % (w/v) L-

arabinose (Melford Laboratories Ltd., Suffolk, UK) and grown until OD600 = 1.0. 

Western blot samples were taken when cells had grown to OD600 = 1.0, 1 ml 

aliquots of culture were pelleted and snap frozen.  
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LB used for setting up 96 well plates contained 100 μg/ml carbenicillin, 30 μg/ml 

kanamycin and 0.002 % (w/v) L-arabinose, denoted LB*. Induced cultures that had 

reached OD600 = 1.0 were 1000-fold diluted (D1), this was then diluted 100-fold, 

dilution 2 (D2). Control wells contained LB* only. 200 μl LB* was pipetted into 

columns 1 – 9 followed by TPP+ or CAM (12 mg/ml and 24 μg/ml stocks 

respectively), which was 2-fold serial diluted across the plate. 100 μl D2 was then 

added to columns 1-9 and mixed. The plate was then sealed with a gas permeable 

seal (Premier Scientific, UK) and incubated for 22h at 37 oC. 

Plates that showed no contamination in controls wells were read using 

FLUOstar Omega microplate reader (BMG LabTech, Aylesbury, UK) at A600nm. 

Percentage growth was plotted in SigmaPlot (Systat Software Inc., London, UK) used 

to calculate the concentration that inhibited cell growth by 50% (IC50). The Minimal 

Inhibitory Concentration (MIC) was taken as the first column that showed OD600 ≤ 

0.05. Statistical analysis was performed using a two-tailed Student’s t-test, IC50 

values for WT and mutant were compared at P <0.03 considered significant.  

2.2.3 Overexpression and purification 

Overexpression and two-step purification protocol was based upon that used for 

GlpT and those previously described for MdtM (Auer et al., 2001; Holdsworth & 

Law, 2012; Alegre & Law, 2015).  

2.2.3.1 Overexpression of MdtM in E. coli LMG194 cells 

Overnight cultures were set up by inoculating 100 ml LB, containing 100 µg/ml 

carbenicillin, with transformed E. coli LMG194 and grown at 32 °C with 220 rpm 

shaking for 15 h in an Innova 44R incubator. The overnight culture was diluted 100-

fold into six 5 L unbaffled flasks each containing 1 L LB supplemented with 100 

µg/ml carbenicillin. These cultures were grown at 32 °C with 220 rpm shaking for 2 

h then temperature was decreased to 25 °C. At an OD600 of 0.7 the cultures were 

induced with 0.1 % (w/v) L-arabinose and grown for a further 2 h before harvesting 

at 5,000 x g for 30 min at 4 °C. 
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2.2.3.2 Membrane isolation and solubilisation 

The following procedures were performed at 4 °C unless stated otherwise. Cell 

pellets were resuspended in 50 mM Tris-HCl pH 7.5, 100 mM NaCl (TBS) containing 

3 mM phenylmethanesulphonyl fluoride (PMSF), protease inhibitor cocktail tablets, 

30 μg/ml DNase and 5 mM MgCl2. Cells were broken by three passes through a pre-

chilled French pressure cell at 16,000 psi. Cell debris and unbroken cells were 

removed by centrifugation, 20,000 x g for 20 min. To collect the cell membranes, 

the supernatant was ultracentrifuged at 100,000 x g for 2.5 h. Membrane pellets 

were resuspended in solubilisation buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 10 

mM imidazole, 10 % (v/v) glycerol, 1 mM PMSF) and homogenised using Potter-

Elvehjem homogeniser. Protein was solubilised by addition of 1.2 % (w/v) dodecyl-

β-D-maltopyranoside (DDM, Melford Laboratories Ltd., Suffolk, UK) and stirring for 

1 h. 

2.2.3.3 Immobilised Metal Affinity Chromatography purification 

Insoluble material was removed by ultracentrifugation, 100, 000 x g for 30 min. 

Supernatant was loaded onto an Econo-column (Bio-Rad Laboratories Ltd., 

Hertfordshire, UK) containing 0.5 mL His-Pur cobalt affinity resin (ThermoFischer 

Scientific, Paisley, UK), washed with MQH2O and pre-equilibrated in solubilisation 

buffer. Unbound protein flowed through under gravity. To remove non-specifically 

bound protein, the column was washed with 20 column volumes (CVs) wash buffer 

(WB) (50 mM Tris-HCl pH 8.0, 100 mM NaCl, 10 % (v/v) glycerol, 0.1 % (w/v) DDM, 

10 mM imidazole). Contaminating chaperone protein, GroEL, was removed by 

incubating the resin with 10 CV ATP dissociation buffer (WB supplemented with 

10mM MgCl2, 5mM ATP, 150mM KCl) followed by final wash of 20 CV WB. The 

decahistidine tag was cleaved on the column overnight with excess (30 U per 6 L 

prep) thrombin in 4 CVs wash buffer. The flow through was collected as elution 1 

and 4 CV wash buffer used to wash remaining cleaved MdtM from the column as 

elution 2. Total protein concentration in each fraction was determined by BCA assay 

and purity was analysed by running samples on a 15 % SDS-PAGE gel. 
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2.2.3.4 Size Exclusion Chromatography purification 

Thrombin-digested protein (elutions 1 and 2 pooled) was concentrated to 0.5 ml 

using 100 kDa MWCO Amincon centrifugal filter unit (Millipore, Hertfordshire, UK) 

and immediately loaded onto a Superdex-200 Increase 10/300 GL gel filtration 

column (GE Healthcare, Buckinghamshire, UK) pre-equilibrated with FPLC buffer (50 

mM Tris-HCl pH 7.2, 100 mM NaCl, 10 mM imidazole, 5 % (v/v) glycerol, 0.1 % (w/v) 

DDM). The chromatography was carried out on an ÅKTA FPLC system at a flow rate 

0.25 ml/min with protein being monitored at 280 nm. Peak fractions were 

collected, protein concentration determined using bicinchoninic acid (BCA) assay 

and purity analysed by Coomassie Blue-stained 15 % SDS-PAGE gels.  

2.2.4 Stability of MdtM 

2.2.4.1 Stability of MdtM analysed by TPP+ binding 

To investigate the stability of MdtM the intrinsic tryptophan fluorescence spectra 

was recorded using FluoroMax-4, using parameters laid out in Chapter 2.2.4.1. TPP+ 

binding by prepared DDM-solubilised, SEC-purified MdtM was analysed then the 

same preparation was split. Half of the material was snap frozen and with stored at 

-80 ᵒC for 18 hours then thawed slowly on ice before the spectra was re-analysed. 

To denature but not aggregate, the remaining protein was incubated with 2 % (w/v) 

sodium dodecyl sulphate (SDS) at 37 oC for 15 min before the fluorescence spectra 

was analysed. 

2.2.4.2 MdtM stability analysed by Circular Dichroism spectroscopy 

SE-FPLC purified MdtM was dialysed against two different pH buffers (50 mM Tris-

HCl pH 5.9 or 8.8, 100 mM NaCl, 10 mM imidazole, 5 % (v/v) glycerol, 0.1 % (w/v) 

DDM). SE-FPLC protein was not dialysed as it was already at pH 7.2, all samples 

were concentrated using 100 kDa MWCO centrifugal filter unit. Samples were 

analysed at the Institute of Molecular, Cells and Systems Biology at Glasgow 

University(https://www.gla.ac.uk/researchinstitutes/biology/ourresearch/structural

biologybiophysicalcharacterisationfacility/circulardichroism). Samples were diluted 

to 5.3 µM and analysed on a JACO J-810 spectropolarimeter with a 0.02 cm 

https://www.gla.ac.uk/researchinstitutes/biology/ourresearch/structuralbiologybiophysicalcharacterisationfacility/circulardichroism/
https://www.gla.ac.uk/researchinstitutes/biology/ourresearch/structuralbiologybiophysicalcharacterisationfacility/circulardichroism/
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pathlength quartz cuvette, buffer baselines were collected and subtracted from 

each spectrum.  

2.2.5 Expression analysis by western blotting 

2.2.5.1 Whole cell sample preparation 

1 ml of culture, OD600 = 1.0, was pelleted and snap frozen at the time of 

overexpression. Pellets were thawed on ice and resuspended in 100 μl TBS pH 7.5 

containing 6.4 mM PMSF, inhibitor cocktail tablet, 1 mM EDTA and 0.5 mg/ml 

lysozyme. Samples were rotated for 30 min at 4 oC then supplemented with 5 mM 

MgCl2 and 30 U/ml DNase. Cells were lysed via sonication, at high frequency for 10 

min (cycles of 30 s on 30 s off). Protein concentration was determined by BCA assay 

after cell breakage.  Samples were solubilised in 2% (w/v) DDM and rotated 1 h at 

4 oC. Insoluble material was removed by centrifugation 10,000 x g, 10 min, 4 oC. 

Supernatant was diluted 3:1 in x4 Laemmli buffer and 35 μg total cellular protein 

was loaded per well of a 15 % SDS-PAGE gel. 

2.2.5.2 Lysed cell sample preparation 

After cell breakage and removal of unbroken cells, a sample was taken from the 

unbroken cell pellet. A second sample was taken from the supernatant after 

membrane harvest and another taken from the IMAC load i.e. solubilised material. 

Protein concentration was determined by BCA assay (ThermoFisher Scientific, 

Loughborough, UK). Samples were diluted to 0.1 µg/µl in TBS then diluted 3:1 in x4 

Laemmli buffer. 20 µl of each sample was ran on a 15% SDS-PAGE gel. 

2.2.5.3 Inverted membrane vesicles sample preparation 

Inverted vesicles slowly thawed on ice, A280 used to determine concentration. 

Vesicles were mixed to ensure homogeneity and diluted to 3.75 μg/ml in x1 

Laemmli Buffer. 70 μg total protein was loaded into each well of 15 % SDS-PAGE 

gels.  

2.2.5.4 Western blot 

Samples were transferred from the Bis-Tris gels to nitrocellulose membranes in 

Transfer Buffer (25 mM Tris, 190 mM glycine and 20 % (v/v) methanol, pH > 8.3) for 



 
 

42 

 

16 h at 30 V, 4 oC. Membranes were washed in TBS-T (50 mM Tris, pH 7.5, 150 mM 

NaCl, 0.025 % Tween 20) for 10 min. Non-specific protein interactions were blocked 

by washing for 1 h with 0.1 % (w/v) BSA in TBS-T. Membranes were washed twice 

for 10 min with TBS-T before being probed for 1 h with 0.01 % (w/v) BSA, 0.001 

mg/ml HisProbe HRP in TBS-T. Unbound and non-specifically bound probe was 

removed by 10 min incubation with TBS-T, repeated four times. Bands were 

visualised using SuperSignal West Pico kit and CL-Xposure films (ThermoFisher 

Scientific, Loughborough, UK).  

2.2.6 Substrate Binding assays using intrinsic tryptophan fluorescence 

2.2.6.1 Substrate binding assay 

Intrinsic tryptophan fluorescence was measured using FluoroMax-4 (Horiba 

Scientific, Middlesex, UK) with a temperature-controlled cuvette holder at 25 oC. 

Samples were excited at 295 nm, slit width 1.5 nm and emission spectra recorded 

from 325 – 340 nm at 0.2 nm increments, slit width 3 nm. Samples were constantly 

mixed by stir bar in the quartz cuvette. Fluorescence buffer consisted of 20 mM Bis-

Tris propane (pH range 5.9 – 8.8), 100 mM NaCl, 10 % (v/v) glycerol and 0.1 % (w/v) 

DDM. A buffer only spectra was recorded at the start of each experiment. 

Experiments were carried out in triplicate. 0.22 μM fresh SEC purified, cleaved 

protein added to cuvette and allowed to equilibrate for 5 min. 

Tetraphenylphosphonium (TPP+) bromide or chloramphenicol (CAM) was titrated to 

100 μM with 30 s equilibration time between addition of substrate and 

measurement of fluorescence, Figure 2.2. Spectra were smoothed using pre-set 

method in FluorEssence (Horiba Scientific, Middlesex, UK) and fluorescence 

intensity at λmax = 335 nm recorded (Fobs).  
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Figure 2.2: Chemical structures of MdtM substrates A) chloramphenicol (CAM) B) tetraphenylphosphonium 

bromide (TPP+).  

2.2.6.2 Correction for Inner Filter Effect 

To correct for the Inner Filter Effect caused by substrates an ‘Absorbance Correction 

Factor’ was calculated based on the method proposed by van de Weert, using a 

Varian Cary 100 spectrophotometer (Agilent Technologies, Cheshire, UK) (Van De 

Weert, 2010).  CAM and TPP+ were titrated into protein-free fluorescence buffer 

using the same cuvette oriented so the pathlength of emission was the same as that 

used in fluorescence assays.  The absorbance spectrum 340 – 280 nm was recorded 

and absorbance values at 295 and 335 nm recorded. The ACF was calculated using 

Equation 2.1 and applied to the raw fluorescence intensity data.  

 

Equation 2.1: Calculation of the Absorbance Correction Factor (ACF). Absorbance values of TPP+ and CAM 

recorded at 295 and 335 nm multiplied by their respective pathlengths in the fluorescence assay. This 

correction factor will be applied to raw fluorescence data (Van De Weert, 2010). 

2.2.6.3 Calculation of apparent binding affinity (Kd
app) 

Data was corrected for both the inner filter effect and dilution factor. The corrected 

Fobs values were used to calculate a percentage quench. Kd
app was calculated using 

non-linear regression analysis using Equation 2.2 in Prism 7 (GraphPad Software 

Inc., California, USA).  

 

(A) 

 

(B) 

 

Br- 
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Equation 2.2: Calculation of Kd
app.   

2.2.6.4 Inhibition of binding by DCCD 

0.22 μM fresh SE-FPLC purified protein was incubated with 250 μM N, N’-

dicyclohexylcorbodiimide (DCCD) in fluorescence buffer at pH 5.9, 7.2 and 8.8, 

Figure 2.3. The mixture was rotated at 40 rpm, 20 min, 15 oC. TPP+ binding was 

carried out as described in Section 4.2.2.1. 

 

 

Figure 2.3: Structure of N, N’-dicyclohexylcorbodiimide (DCCD) 

2.2.7 Transport Assays 

2.2.7.1 Preparation of inverted membrane vesicles 

Chemically competent TO114 cells were transformed with wild-type and mutant 

plasmids. TO114 cells lack Na+/H+ transporters NhaA and NhaB as well as K+/H+ 

transporter ChaA therefore are grown in LBK media (1L: 10 g tryptone, 5 g yeast 

extract and 7.45 g potassium chloride). 100 ml LBK containing appropriate 

antibiotics was inoculated with transformed TO114 cells and grown overnight 

(typically 15 h) at 32 °C with 250 RPM shaking until the OD600 reached 3.0 – 3.3. A 5 

L unbaffled conical flask containing 1L LBK supplemented with antibiotics was 

inoculated with 15 mL overnight culture. The culture was incubated for 3 h at 32 °C 

with 220 RPM shaking until the OD600 was 0.6, the temperature was decreased to 

25 °C for a further 1 h until OD600 was 1.0. Cultures were induced with 0.1 % (w/v) L-

arabinose and grown for a further 1.5 h. Cells were harvested by centrifugation at 

5,000 x g, 20 min 4 °C. Cell pellets were washed twice with 30 ml chilled TSDS (10 

mM Tris pH 7.2, 280 mM sorbitol, 0.5 mM dithiothreitol and 250 mM sucrose) per 1 

L cell culture and harvested as described above. The washed cell pellet was 

resuspended in TSDS containing 2 mM PMSF, 30 μg/ml DNase and 5 mM MgSO4. 
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Passing the cell mixture through a French pressure cell once at 4000 psi created 

inverted vesicles. Cell debris and unbroken cells were removed by centrifugation at 

18,000 x g for 10 min at 4 °C. The inverted vesicles were collect by 

ultracentrifugation of the supernatant at 100,000 x g for 1 h at 4°C. The inverted 

vesicles were resuspended in 1 mL cold TSDS by gentle stirring on ice. Total 

membrane protein concentration was determined by absorbance at 280 nm, 

assuming A280 = 1 is equivalent to 1 mg/ml. The resuspended inverted vesicles were 

aliquoted, snap frozen and stored at -80 °C. 

2.2.7.2 Measurement of proton driven antiport activity 

Antiport activity was measured using a Fluoromax-4 fluorometer (Horiba, UK) with 

the temperature controlled cuvette holder set to 25 °C. The excitation wavelength 

was set to 492 nm with 1.5 nm slit width while the emission wavelength was 525 

nm with 2.5 nm slit width. An aliquot of inverted vesicles was thawed on ice and 

added to transport assay buffer (10 mM BisTris Propane pH 7.2, 5 mM MgSO4, 1 μM 

acridine orange) to a final membrane protein concentration of 0.5 mg/ml. The 

vesicles were equilibrated for ~200 s until fluorescence signal stabilized. The 

addition of 2 mM sodium DL-lactate energised the vesicles, generating ΔpH shown 

by fluorescence signal quenching and allowed to stabilize for a further 200 s. The 

addition of 100 μM TPP+ or CAM triggers an increase in intensity; this is recorded 

for 100 s. Antiport is stopped by the addition of 100 μM carbonyl cyanide m-

chlorophenyl hydrazine (CCCP). 

2.2.7.3 Determination of vesicle orientation 

Determination of vesicle orientation was carried out based on a method developed 

by Babot et al using a Varian Cary 100 spectrophotometer (Agilent Technologies, 

Cheshire, UK) (Babot et al, 2014). An aliquot of vesicles was slowly thawed on ice 

before being diluted to 0.5 mg/ml in SET buffer (50 mM Tris pH 7.2, 250 mM 

sucrose, 0.2 mM EDTA) in a plastic 3 ml cuvette. The A340nm was monitored until a 

stable baseline was achieved, addition of 165 μM NADH began the reaction and the 

kinetics were monitored for 5 min, the rate of NADH oxidation was calculated. The 

assay was repeated with vesicles pre-treated with MgCl2 and alamethicin, an 

antibiotic which creates pore in membranes, allowing NADH to access NADH 
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oxidase enzymes on both side of the vesicles, this rate was calculated and set to 100 

%. The rates of NADH oxidation for non pre-treated vesicles were compared to the 

pre-treated sample to give an estimation of the percentage of sample that was 

inside out i.e. in the correct orientation for antiport activity to be measured. 
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Chapter 3 Modelling of 

MdtM 
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3.1 Introduction 

High resolution structural information is crucial for a complete understanding of 

membrane transporter mechanism. However, solving the structure of membrane 

proteins by techniques such as X-ray crystallography is a notoriously challenging and 

time-consuming task, and one that is not guaranteed to succeed. The increasing 

demand for structural information has accelerated the development of computer-

based structural predicted via homology modelling. A homology model is a structure 

generated from the coordinates of one or more known template structures that are 

homologous to the query structure, referred to as the target (Krieger et al., 2005) 

To date, three MFS multidrug/H+ antiporters have been crystallised and had 

their structures determined, each in a different conformation, covering what are 

believed to be the main stages of the transport cycle, i.e. MdfA in an inward open state 

(Heng et al., 2015), EmrD in an occluded state (Yin et al., 2006) and YajR in an outward 

open state (Jiang et al., 2013). The availability of these structures as templates will 

allow homology models of MdtM to be generated for each stage of the transport cycle, 

thereby aiding better understanding of the transporter’s mechanism.  

 Computational structure prediction is divided into three main categories based 

upon availability and alignment of templates in the Protein Database (PDB, 

http://www.rcsb.org/pdb). These are comparative modelling, threading and ab initio 

modelling. The alignment between target and template amino acid sequences defines 

the optimal approach to yield the highest accuracy model. In general, the greater the 

percent identity the more accurate the model (Vardy et al., 2004). It must be 

emphasised here that % sequence identity and % sequence similarity are not the same 

value. % identity is the extent to which the alignment shows that the sequences being 

compared have the same residue at the same position, whereas % similarity is the 

degree of resemblance between amino acid residues within the two sequences 

(Madden, 2002). For example, an Ala in the target is identical to an Ala in the template 

if it is in the same position in the alignment. However, alignment with a residue that 

share similar properties e.g. charge or hydrophobicity displays similarity, such as Ala 

aligned with Val, Leu, Ile or Met.   

To use comparative or homology modelling the target and template sequences 

must share > 30 % sequence identity, positioning them in what is referred to as the 

http://www.rcsb.org/pdb
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‘safe homology modelling zone’ (Xiang, 2006). The resulting models are compared to 

the template structures with the average distance between the atoms calculated and 

reported as the root-mean-square-deviation (rmsd). Rmsd is used as a quantitative 

measure of model quality, with lower values representing less distance between 

template and target atoms therefore a more accurate model (Carugo & Pongor, 2008). 

Comparative modelling generates models by replicating the coordinates of the 

template onto the target protein often resulting in high resolution models. These 

models can be of such high quality and accuracy, typically having 1-2 Å rmsd, they can 

be used in studying mechanism or designing and improving ligands (Modi et al., 2016; 

Madhusdhan et al., 2001).  

 Threading based modelling is also known as fold recognition and models are 

generated by the aligning or “threading” of each residue of the target sequence to the 

template. This method is used for target-template alignments with < 30 % sequence 

identity as it models at fold-level rather than at the level of the residues. The resulting 

models are of medium resolution, 2-5 Å rmsd, and are used to identify functional sites. 

In general, loop regions tend to be the primary source of error and therefore care must 

be taken when implying roles of residues located on these regions (Madhusdhan et al., 

2001). 

The boundary between comparative and threading methods is becoming 

increasingly blurred as algorithms improve and servers expand their capabilities, but at 

their core they still rely upon target-template sequence alignment. When there are no 

template structures available to align with the target protein models can be built from 

scratch. Ab intio or de novo modelling is a physics-based method rather than template 

based, building models using energy functions to produce a structure with the lowest 

free energy (Vyas et al., 2012). As of 13 Nov 2017, there were 722 unique membrane 

protein structures in the PDB, of these 23 belong to the MFS and 9 are E. coli proteins 

that potentially can be used as templates for building models of MdtM 

(http://blanco.biomol.uci.edu/mpstruc). Given the availability of MFS transporter 

structures that can be used as templates ab initio modelling will not be further 

discussed here. 

 There are four main steps to template-based modelling (TBM): 1) template 

identification, 2) alignment of target and template sequences, 3) coordinate 
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generation or model building, and 4) model refinement and validation (Xiang, 2006). 

Each of these steps can be carried out by a number of different online servers and 

software (Roy et al., 2010). The bi-annual CASP (critical assessment of techniques for 

protein structure prediction) experiment was set-up to assess the various techniques 

for modelling a protein from its amino acid sequence (Roy et al., 2011). Briefly, the 

sequences of proteins for which the structures have been solved or are “soon to be 

solved”, but not yet deposited to the PDB are sent to the participants. There are two 

categories of difficulty in the experiment; one is template based assessing comparative 

and threading methods while the other one is the free modelling category assessing 

physics-based methods. The models are submitted before the release of any structural 

data and undergo evaluation by a barrage of automated methods and human 

assessors, comparing them to the structural information (Moult et al., 1995).      

 The first step in TBM, template identification, uses one of three search 

methods to scan structural databases e.g. PDB, SCOP, each method is suited to a 

different region of the sequence identity spectrum. The first method is pairwise 

comparison which aligns the target sequence with sequences of protein with known 

structures e.g. BLAST (Basic Local Alignment Search Tool) (Madhusdhan et al., 2001), 

this method is the least sensitive and used to detect close homologs. Rather than 

relying on single alignments the second search method creates a sequence profile 

from multiple sequence alignments, increasing the sensitivity and accuracy of the 

template search e.g. PSI-BLAST (position specific iterative-BLAST). The final search 

method is most effective at identifying templates when the sequence similarity is low 

by combining sequence and structural information to identify similarities between 

sequences and structures. Once the search has been completed the resulting list of 

related proteins shows the % sequence similarity and identity between target and 

possible temples, from these the proteins with highest sequence identity are usually 

chosen as templates (Madhusdhan et al., 2001). 

The alignment of target and template sequences is a vital step in the modelling 

process as no current modelling program can recover from an incorrect starting 

alignment (Madhusdhan et al,. 2001). Misalignment of one residue can result in an 

error of up to 4 Å in the final model therefore once the template is selected another, 

more accurate alignment is required (Fiser, 2010). Comparison studies of alignment 
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methods using soluble proteins have concluded that no single method outperforms 

the others. These studies did not specifically look into alignments of membrane 

proteins which possess structural properties distinct from soluble proteins (Stamm & 

Forrest, 2015). During alignment of target and template sequences the algorithm uses 

two matrices to generate an alignment score, a higher score indicates a better 

alignment. The first matrix, the residue exchange matrix, scores the aligned residues 

based on similarity of their physiochemical properties, with conserved residues scoring 

highest, e.g. BLOSUM62 (BLOcks SUbstitution Matrix) (Eddy, 2004). For example, fully 

conserved D>D has an alignment score of 6, conservation of charge but residue as in 

D>E scores 2 while reversal of charge as in D>K scores -1. The second matrix, the 

alignment matrix, is constructed from the scores of the residue exchange matrix. The 

sequences being aligned are place along the axes and the residue exchange score filled 

in. The algorithm calculates a pathway from top left to bottom right, along the length 

of the sequences that results in the highest score, Figure 3.1. Somewhere along this 

pathway the algorithm usually needs to skip one or more residues, creating a gap in 

the alignment which incurs a penalty. Creating each new gap results in a “gap opening 

penalty” but extending a gap by skipping more residues encounters a smaller “gap 

extension penalty” (Krieger et al., 2005) the final output contains the alignment score 

as well as % identity and % similarity.  

 

D F A A Y

E 2 -3 -1 -1 -2

F -3 6 -2 -2 3

S 0 -2 1 1 -3

T -1 -2 0 0 -2

Y -3 3 -2 -2 7  

Figure 3.1: Example of an alignment based on BLOSUM62 residue exchange scores. Alignment matrix cells shaded in 

blue show the path through the matrix which results in the highest alignment score. Conserved residues are marked 

with |, while alignment that is not conserved but has a positive score is marked with : and alignment with zero 

score is .. 

Numerous algorithms in servers and standalone software exist to build and refine 

models, and when used correctly they can produce similar results (Fiser, 2010). Model 

Sequence A: 

DFAAY 

Sequence B: 

EFSTY 

D  F  A  A  Y 

:   |   :   .   | 

E  F  S  T   Y 

 

Alignment score = 16 
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building begins with the backbone coordinates being taken directly from alignment of 

the target sequence onto the template structure (Krieger et al., 2005). If side chains 

are conserved the coordinates are also directly copied into the model. When side 

chains are not conserved the best rotamer is selected from libraries that contain all 

preferred conformations of the twenty amino acid side chains (di Luccio & Koehl, 

2011). The flexible nature of loops makes knowing their conformation problematic, 

therefore modelling loop regions is one of the more challenging areas of TBM. Loops 

can be modelled through a knowledge-based approach using known loops from the 

PDB. If this approach is unsuitable, energy function can be used to evaluate the loop 

and correct for poor energetics, as used in ab initio modelling (Krieger et al., 2005).  

 Model building is rarely a linear path in that the first model built is usually not 

the optimal one – the process is iterative. Model evaluation highlights errors that need 

to be addressed and refined, the modelling process is repeated until no further 

improvement can be detected (Fiser & Sali, 2003). Internal checks assess the 

stereochemistry of the model, e.g. bonds, dihedral angles, to ensure the model 

complies with the restraints used to calculate it. Often a cluster of internal errors is an 

indicator of possible inaccuracies elsewhere in the modelling process, most likely the 

alignment. External assessment does not rely on information used in calculation of the 

model. These checks aim to identify unreliable regions in the model by calculating a 

“pseudo-energy” profile for each position in the model (Fiser, 2010).  

 The final step in TBM is validation of the model(s), stereochemical quality is 

determined by Ramachandran score. A Ramachandran plot is a graphical display of the 

polypeptide torsion angles; the Phi angle (ϕ) of the bond between the amino group 

nitrogen and α-carbon and the Psi angle (ψ) of the bond between the α-carbon and 

the carbon of the carboxyl group, Figure 3.2. Protein secondary structures create 

different torsion angles therefore the residues in α-helices are plotted in a different 

region than the residues found in β-sheets. The blue dots clustered in the red area 

marked A in Figure 3.2 show that MdfAs secondary structure is primarily α-helical, if 

the dots were in the top left corner, marked B, it would indicate the protein folded into 

β-sheets (Laskowski et al., 1993). The plot of ψ vs ϕ is coloured coded by energy 

regions, red indicates low energy therefore favourable areas, brown areas are 

energetically allowed, yellow areas are categorised as generously allowed while the 
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pale yellow areas indicate energetically disallowed regions. The percentage of residues 

in each energy region is used as a measure of the stereochemical quality of the model. 

 

 

Figure 3.2: Ramachandran plot of MdfA (PDBID: 4ZOW), produced by PROCHECK. The plot is coloured by energy 

regions, red areas are low energy, brown are energetically allowed, yellow are generously allowed while the pale 

yellow areas are disallowed. Each blue dot is an amino acid residue of MdfA, they are clustered in region A as the 

proteins secondary structure is primarily α-helical.  

Although a homology model is not a crystal structure, even low-resolution models can 

still provide information on structure and guide experimental design. The models 

generated in this chapter will be used in conjunction with literature to identify possible 

residues involved in the transport of protons and aid in experimental design to probe 

the relationship between substrates and protons with MdtM. 

3.2 Results 

3.2.1 Predicted topology of MdtM within the membrane 

The results of TMHMM topology prediction are in agreement with those previously 

published (Holdsworth & Law, 2012) i.e. MdtM has 12 transmembrane spanning 
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helices (TMs) linked by short loops both at the cytoplasmic and periplasmic sides and 

both termini are cytoplasmic, Figure 3.3. The predicted topology demonstrates that 

MdtM obeys the “positive inside rule” (Luirink et al., 2005) as the hydrophilic loops 

connecting the TMs have a net positive charge, due to the presence of arginine 

residues, as seen in MdfA (Sigal et al., 2005). The hydrophobic nature of MdtM is 

evident in Figure 3.3, there are only a few charged residues in the membrane; two 

aspartates, one glutamate, three arginines and one histidine while the remaining 36 

titratable residues are in loops.  

 

 

Figure 3.3: Predicted topology of MdtM from TMHMM server. Predicted topology of MdtM visualised using primary 

sequence and TOPO2. Membrane embedded residues coloured by charge: acidic residues (Asp and Glu) coloured 

blue and basic (Lys, Arg and His) are shown in orange. 

3.2.2 Template Identification 

A PSI-BLAST search against the PDB using MdtM as the query sequence yielded four 

results with E-values less than the threshold of 0.005, showing the results are 

statistically significant, Figure 3.4. The highest % sequence identity was with MdfA; 

both structures showing 41 % identity to MdtM, while both YajR and EmrD showed 24 

% and 26 % identity, respectively. Two of the three % alignments, YajR and EmrD, have 

resulted in % identities outside the ‘safe homology modelling zone’ (Krieger et al., 

2005) therefore the templates are acceptable for threading methods rather than 

comparative modelling. MdfA in complex with chloramphenicol (PDBID 4ZOW) will be 

used for the inward open conformation as CAM is one of the substrates studied in this 

work and therefore any interactions seen in the structure are more relevant than 

those with deoxycholate.  
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Figure 3.4: Screenshot of PSI-BLAST search results against the PDB using MdtM (UniProt 39386) as the query. Four 

hits had E-values less than the threshold of 0.005. Two hits were of the same protein, MdfA, with different 

substrates bound. 41 % identity btween MdfA and MdtM puts the template in the ‘safe homology modelling zone’ 

while 26 % (EmrD) and 24 % (YajR puts these templates outside this area – suitable for threading rather than 

comparative modelling.   

3.2.3 Alignment of target and template sequences identified motifs A-D in 

MdtM 

The multiple sequence alignment in Figure 3.5A shows there are regions of fully 

conserved residues in all four MFS transporters; MdtM, MdfA, EmrD and YajR. The four 

known motifs of the MFS are all found in MdtM, Figure 3.5B, and each motif plays a 

critical role in the transport cycle. The highest conserved region is the ‘MFS motif’ or 

motif A, located in the cytoplasmic loop connecting helices 2 and 3 (L2-3), 

GxxSDRxGR(R/K)P. Motif B, RxxQG, contains the only conserved membrane embedded 

positive residue. This arginine is conserved in MdtM, YajR and MdfA but is a serine in 

EmrD. The antiporter motif or motif C contains no charged residues, Gx6Gx3GPx2GPx2G, 

however there is a conserved basic residue directly before it. Motif C is less well 

defined in all 4 transporters than motifs A and B. The transport activity of YajR (Jiang et 

al., 2013) is not yet fully known therefore its lack of motif C indicates that it may not 

function as an antiporter.  Motif D, (D/E)x3Yx3Dx2Px, contains two acidic residue 

conserved between MdtM and MdfA. The MdfA crystal structure shows that these 

residues are in the binding pocket and interact with the CAM molecule bound in the 

inward open conformation (Heng et al., 2015).  

 



 
 

56 

 

 

(A) 



 
 

57 

 

 

Figure 3.5: A) Multiple sequence alignment (MSA) of YajR (P77726), EmrD (P31442), MdtM (P39386) and MdfA 

(P0AEY8). * denotes total conservation of residue, : represents conservation of residues with strongly similar 

properties and . represents conservation of groups with weakly similar properties. B) Primary sequence of E. coli 

K12 MdtM (P39386) highlighted to show Motifs A-D with starting residue numbers above MdtM sequence. Motifs 

are colour coded: A (purple), B (blue), C (pink) and D (green) 

Pairwise alignment of MdfA and MdtM, Figure 3.6, highlights the homology between 

the two sequences; there are fewer gaps than the alignments with EmrD and YajR and 

this is reflected in the scores of each alignment, Table 3.1. Overall the N-terminal 

domain is better conserved than the C-terminal domain, possibly owing this to motifs 

A-D being in the N-domain. Motif A, which includes the charged residues D+5, R+6, R+9 

and R+10 is fully conserved between the two sequences. Motif B is not as well 

conserved but the most conserved basic residue, R+1, across the MFS is conserved 

between these two proteins. Although motif C does not contain charged residues 

there is a conserved lysine residue directly before the beginning of the motif. Overall 

the motif is well conserved between the two proteins with glycine and proline residues 

being the most conserved, highlighting their role in the function of this motif. There 

are 13 charged residues conserved between the two sequences: D22, D30, D73, R74, 

R77, R78, E128, K137, E190, R194, R206, D207, E408 and E409, given as MdtM 

residues. The first six conserved residues listed are part of motifs A, B and D, with K137 

directly before motif C, Figure 3.5.  

(B) 
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Figure 3.6: Pairwise alignment of MdfA (P0AEY8) and MdtM (P39386). | = total conservation of residue, : = 

conservation of residues with strongly similar properties and . = conservation of residue with weakly similar 

properties.  

The pairwise alignment of MdtM and EmrD, Figure 3.7, shows lower homology 

between the two sequences, reflected in both the % identity and % similarity being 

lower than the alignment of MdtM and MdfA, Table 3.1. There are more gaps caused 

by insertions/deletions and this has caused the alignment score to be approximately 

four times lower than that of MdtM-MdfA alignment, 243 and 815 respectively, Table 

3.1. The overall level of conservation is lower than MdtM-MdfA alignment as the 

majority of residues share weakly similar properties. As with the alignment between 

MdfA and MdtM, the N-domain is better conserved than the C-domain, shown by a 

higher number of totally conserved residues and fewer gaps, Figure 3.7. Motif A is well 

conserved with charged residues D+5, R+6, R+9 and R+10 being fully conserved between 

the two proteins. R+1 of motif B has been replaced with a serine residue in EmrD, this is 

not the only conserved charged residue ‘missing’ from this protein. Neither acidic 

residue, D+1 nor D+9, of motif D is present in EmrD, perhaps explaining why it has been 
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classified as “not as robust” a multidrug transporter relative to MdfA and LmrP (Steed 

et al., 2013). As with MdfA, there is conservation of the glycine and proline residues of 

motif D but the conserved lysine directly N-terminal to the motif is a histidine in EmrD, 

conserving the basic charge at this location.  

 

Figure 3.7: Pairwise alignment of EmrD (P31442) and MdtM (P39386). | = total conservation of residue, : = 

conservation of residues with strongly similar properties and . = conservation of residue with weakly similar 

properties.  

The pairwise alignment of MdtM and YajR contains more frequent and longer gaps, 

than the alignment of MdtM with MdfA or EmrD, Figure 3.8. This has resulted in the 

alignment having the lowest % identity and similarity as well as the lowest alignment 

score, Table 3.1. The long gap at the C-terminal end of the alignment is caused by the 

YAM domain of YajR which MdtM does not possess, as discussed in Chapter 1.5.5. 

Although % identity is relatively low across the alignment, motif A is well conserved 

with charged residues D+5, R+6, R+9 being fully conserved and MdtM R+10 aligns with K+10 

in YajR, conserving a basic residue at this location. R+1 of motif B is also fully conserved 



 
 

60 

 

between the two sequences, highlighting the important role of this basic charge in this 

location.  

 

Figure 3.8:  Pairwise alignment of YajR (P77726) and MdtM (P39386). | = total conservation of residue, : = 

conservation of residues with strongly similar properties and . = conservation of residue with weakly similar 

properties. 

As expected, MdtM shared highest % similarity and identity with MdfA, Table 3.1. 

Although the % identities are not the same, the pairwise alignment results confirm the 

conclusions taken from the PSI-BLAST results, Figure 3.4. Two of the three target-

template alignments, MdtM-YajR and MdtM-EmrD, have shown the % identity 

between the template and MdtM is < 30 % therefore outside the ‘safe homology 

modelling zone’ (Krieger et al., 2005). The outward open and occluded models of 

MdtM will be generated using a threading-based approach rather than comparative 

modelling. However, for consistency across the three models the inward open 

conformation will also be modelled using threading-based methods rather than 

comparative even though MdfA and MdtM share 37.2 % sequence identity. 
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Table 3.1: Result summary of pairwise sequence alignment of MdtM with template sequences; MdfA, EmrD and 

YajR using EMBOSS NEEDLE. 

 

The sequence alignments and literature searches resulted in D22, D30, D42, D73, R77, 

R108, E128, K137, D244, D277 and E280 being selected as possible residues 

responsible for the co-transport of protons with CAM and TPP+ or involved in the 

conformational changes that occur during the transport cycle, Figure 3.9. Biochemical 

analysis of these residues will shed some light on the roles of motifs A, B and D in 

MdtM. There are no conserved charged residues in motif C therefore it will not be 

studied but K137 is at the N-terminal end of this motif so may give some 

understanding of its role. 

 MdfA EmrD YajR 

% Similarity 56.9 40.4 33.5 

% Identity 37.2 22.1 18.5 

Alignment score 815.2 243.0 173.0 
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Figure 3.9: Topology diagram of MdtM showing residues being investigated. Acidic residues (D22, D30, D42, D73, 

E128, D244, D277 AND E280) shown as purple circles and basic (R77, R108 AND K137) as green circles. 
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3.2.4 I-TASSER generated models 

The proteins chosen as templates to model the inward open and occluded 

conformations, MdfA and EmrD, did not have their full amino acid sequences 

crystallised. To improve the quality of models generated from these templates the 

input MdtM FASTA sequence was edited to reflect resolved residues – models are 

denoted as such in the results. 

When I-TASSER has finished the model building process the top 5 models are 

ranked on their c-score, confidence score, Table 3.2. C-scores are an estimate of the 

quality of a model, ranging from -5 to 2, with a higher value corresponding to a higher 

confidence in the model, based upon template alignments and parameters of the 

structure assembly simulations (Zhang, 2008). Only one model was produced for 

inward open and occluded conformations when the MdtM target sequence was edited 

to align with the resolved residue of the template sequences. The output file for these 

models describes that when simulations converge < 5 models can be generated, one 

model being generated is an indication of a good quality model due to multiple 

simulations overlapping (Roy et al., 2010). 

 

Table 3.2: C-scores of top models produced by I-TASSER for each conformation of MdtM. C-scores are an estimate 

of the quality of a model, ranging from -5 to 2, higher values correspond to higher confidence in the model. Inward 

open template: 4ZOW, occluded model: 2GFP and outward open template: 3WDO.  

Model  
Inward 

open 

Inward open – 

resolved residues 

only 

Occluded 

Occluded – 

resolved residues 

only 

Outward 

open 

1 1.07 1.83 0.62 1.89 1.40 

2 -1.89  -0.74  -2.48 

3 -2.08  -0.77  0.17 

4 0.78  0.21  -3.72 

5 -1.74  -0.86  -3.57 

 

I-TASSER does not provide template modelling (TM)-score for all five top models, only 

the top c-scoring model, as there is weak correlation between this parameter for lesser 

quality models. TM-score takes into account information from both high and low 
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accuracy aligned regions of template and predicted full length model, providing an 

assessment of the overall quality of the model (Zhang & Skolnick, 2004). Ranging from 

0 to 1 a higher TM-score indicates a better-quality model. The top c-score ranked 

models have all produced TM-scores above 0.80 with the ‘resolved residues only’ 

models having TM-score of 0.97, indicating that all models produced are of good 

quality with regards to the alignment of the template structure and target, Table 3.3. 

 

Table 3.3: TM-score and cluster density for top ranked models produced by I-TASSER. Ranging from 0 to 1 a higher 

TM-score indicates a better-quality model while higher cluster density also indicates a better quality model. 

 

Inward 
open 

Inward open – 
resolved 

residues only 
Occluded 

Occluded – 
resolved 

residues only 

Outward 
open   

TM-

score 
0.86 ± 0.07 0.97 ± 0.05 0.80 ± 0.09 0.98 ± 0.05 0.91 ± 0.06 

Cluster 

density 
0.5855 1.2500 0.3540 1.2500 0.8020 

 

During modelling I-TASSER clusters replicas generated during simulations, the cluster 

density is the number of replicas at a unit of space. A higher cluster density signifies a 

better quality model as it means the structure has occurred more often in the 

simulation (Roy et al., 2010; Zhang & Skolnick, 2004). The highest cluster density has 

been generated by the models using templates of resolved residues only, increasing 

from 0.5855 to 1.2500 for the inward open model and 0.3540 to 1.2500 for the 

occluded model, Table 3.3.   

3.2.5 Overall architecture of MdtM 

The overall architecture of the three models predicts MdtM to adopt the MFS fold, in 

line with other members of the family. The core fold consists of 12 transmembrane 

(TM) α-helices arranged in to two 6 helical bundles arranged in pseudo two-fold 

symmetry. These bundles form defined N- and C- terminal domains that are linked by a 

cytoplasmic loop, L6-7, which is longer than the other loops of the protein. The 12 

helices appear to adhere to structural roles observed in other members of the family. 

TMs 1, 4, 7 and 10 are ‘central helices’ forming the binding cavity with support from 
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longer ‘rocker helices’, TMs 2, 5, 8 and 11. The remaining four ‘support helices’, TMs 3, 

6, 9 and 12, are on the outer portion of the protein, potentially interacting with the 

membrane to help stabilise the protein, Figure 3.10A. The 12 TMs do not appear to 

have the same length, a common feature of MFS structures, with rocker helices have a 

longer length and being slightly curved, adopting the expected ‘banana-like’ shape 

(Law et al., 2008).  

 As predicted from the topology diagram, Figure 3.3, MdtM follows the ‘positive 

inside rule’. Viewed parallel to the membrane it can be seen that the blue colouring of 

the model gets progressively darker moving towards the cytoplasmic end of MdtM is a 

darker blue, indicative of an increase in positive charge Figure 3.10B.  
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Figure 3.10: Overall architecture of MdtM. A) Occluded model of MdtM viewed perpendicular to the membrane 

from the cytoplasm, coloured to show roles of the three types of helix. Cavity forming helices are green, rocker 

helices are blue while support helices are red. For clarity loop regions have been removed. Outward open model of 

MdtM coloured to show electrostatic potential B) viewed parallel to the membrane C) from the cytoplasm and D) 

from the periplasm. 

3.2.5.1 Inward open conformation 

Although the model is not in as distinctive a ‘V-shaped’ conformation as the outward 

open model, Figure 3.13, the transporter is relatively open to the cytoplasm and closed 
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to the periplasm, Figure 3.11. The distance between D42 and D277, on the periplasmic 

side of the membrane, is 15.7 Å while the distance between E128 and E280, in the 

cytoplasm is 22.7 Å. The cytoplasmic loop, L6-7, linking the N- and C- domains is 

considerable longer than the other loops present in the MdtM. L6-7 has been modelled 

to have formed a 3-turn amphipathic α-helix. The two domains have formed a cavity 

between them – the substrate binding cavity. Residues from motifs B and D (D22, D30 

and R108) all face into this substrate binding cavity, proposing a role in either 

substrate binding or proton transfer during substrate transport. The remaining 

charged residues under investigation have been modelled as being in loops, either 

periplasmic (D42 and D244) or cytoplasmic (D73, R77, E128, K137, D277 and E280). In 

this conformation D73, R77 and E128 appear to be in close proximity; close enough to 

form side chain hydrogen bonds, Table 3.7. 
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Figure 3.11: Inward open model of MdtM, modelled with and without membrane. Viewed A & D) parallel to the 

membrane, B & E) from the periplasm and C & F) from the cytoplasm. N-terminal domain is coloured green, C-

terminal domain is orange and L6-7 is black. Residues to be studied are shown as spheres; D22 (light blue), D30 (red), 

D42 (dark blue), D73 (pink), R77 (orange), R108 (yellow), E128 (green), K137 (brown), D244 (black), D277 (grey) and 

E280 (purple). 

3.2.5.2 Occluded conformation 

The occluded conformation is thought to be an intermediate state during the transport 

cycle where the substrate binding cavity is closed to both the periplasm and 

cytoplasm. The distance between cytoplasmic residues E128 and E280 increased to 

27.7 Å, likely due to E280 moving from outside the membrane to inside. Measurement 

of E128 and the C-terminal glycine of TM10, which has moved to close the cytoplasmic 

side shows the opening is reduced to 12.1 Å, Figure 3.12. the periplasmic side of the 

protein has remained relatively closed with the distance between D42 and D277 

remaining at 15.7 Å. L6-7 has been modelled to have formed a two-turn amphipathic α-

helix shorter than that of the inward open model, in the template, EmrD, this loop 

does not contain a helix. The charged residues of motifs B and D (D22, D30 and R108) 

are predicted to be inside the central binding cavity but are not as close as they are in 

the inward open model, Figure 3.12. The charged residues of L2-3, D73 and R77, are not 

as close to E128 in the inward open conformation as the predicted hydrogen bonds are 

not present in the occluded conformation, Table 3.7. E128 is one of four charged 

residues located on the cytoplasmic side of the membrane predicted to move from 
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outside the membrane to inside, perhaps as a results of global protein conformational 

changes.  
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Figure 3.12: Occluded model of MdtM, modelled with and without membrane. Viewed A & D) parallel to the 

membrane, B & E) from the periplasm and C & F) from the cytoplasm. N terminal domain is coloured green, C-

terminal domain is orange and L6-7 is black. Residues to be studied are shown as spheres; D22 (light blue), D30 

(red), D42 (dark blue), D73 (pink), R77 (orange), R108 (yellow), E128 (green), K137 (brown), D244 (black), D277 

(grey) and E280 (purple). 

3.2.5.3 Outward open conformation 

The outward open conformation shows an obvious opening at the periplasmic side 

with the two domains visibly forming a ‘V-shape’, Figure 3.13. The distance between 

D42 and D277 measures 32.1 Å, this is approximately double than that predicted in the 

inward open and occluded conformations. While the linker loop, L6-7, between the 

two domains has been modelled to adopting a three-turn amphipathic α-helix, like 

that of the inward open model. The apparent closure of the cytoplasmic end of the 

protein has brought D73, R77 and E128 in close enough proximity that the hydrogen 

bonds predicted in the inward open but lost in the occluded conformation are once 

again present. D277 and E280 are predicted to move outside the membrane again, as 

seen in the inward open conformation. While K137 may interact with the phospholipid 

headgroups as it has been positioned to partition through the membrane leaflet, 

Figure 3.13. 

The C-terminus of YajR contains the ferredoxin-like YAM domain, this region of 

MdtM has been modelled as a loop, in line with the other models. This loop is longer in 

the outward open conformation as the input sequences for the inward open and 

occluded were missing C-terminal residues to match the resolved residues of their 

templates.  
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Figure 3.13: Outward open model of MdtM, modelled with and without membrane. Viewed A & D) parallel to the 

membrane, B & E) from the periplasm and C & F) from the cytoplasm. N terminal domain is coloured green, C-

terminal domain is orange and L6-7 is black. Residues to be studied are shown as spheres; D22 (light blue), D30 (red), 
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D42 (dark blue), D73 (pink), R77 (orange), R108 (yellow), E128 (green), K137 (brown), D244 (black), D277 (grey) and 

E280 (purple). 

3.2.6 RMSD of models and templates 

In order to relate the models produced to their template structures the align function 

of Pymol was used to calculate the RMSD between the two structures. As expected, 

the outward open model based upon YajR has the largest RMS, 3.44 Å, Table 3.4, this 

may be a reflection of MdtM and YajR sharing the lowest % identity and similarity of 

the three template, Table 3.1. Given that the TM-score and c-score for this model 

indicated it is of good quality it is likely that the high RMS is due to the presence of the 

beta sheet at the C-terminal of YajR. The C-terminal of MdtM is a loop whereas the 

crystal structure of YajR shows its C-terminal consist of a YAM domain – an antiparallel 

beta sheet flanked by alpha helices, as discussed in Section 1.5.5. 

 

Table 3.4: RMSD score of MdtM models aligned against template structures. Alignments carried out using Pymol. 

 

Inward 

open 

Inward open 

– resolved 

residues only 

Occluded 

Occluded – 

resolved 

residues only 

Outward 

open 

RMSD (Å) 0.29 0.23 0.38 0.27 3.44 

 

3.2.7 Model Validation 

It is common that RMSD of a good quality model is high due to a region with bad 

alignment (Wallner & Elofsson, 2003) therefore other scoring functions can be used to 

validate the quality of a model. One such method is the use of PROCHECK software 

which produces Ramachandran plots to view the dihedral angles of models and G-

factors, a measure of how unusual a stereochemical property is (Laskowski et al., 

1993).  

 Ramachandran plot analysis of each model shows that two of the models 

generated contained > 90 % of residues in the most favoured regions but for each of 

the five models generate there are residues in disallowed regions, Table 3.5. The 

PROCHECK analysis of 2GFP (occluded template) and 3WDO (outward open template) 

show that these structures have < 90 % of their residues in the most favoured regions 

while 3WDO also has one residue in the disallowed region. It was therefore expected 
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that models generated using these templates would have residues in the disallowed 

regions, Figure 3.14. 

 G-factor is a measure of how unusual a stereochemical property is, < -0.5 is 

classed as unusual while < -1.0 is highly unusual. If the overall average for the dihedral 

angles and bond length is classed as highly unusual it suggests a problem with the 

geometry of the model. The overall average of -0.59 for the occluded model of MdtM 

using the full sequence implies it is not an as good quality model as those generated 

for the other two conformations. When using ‘resolved residues only’ as template the 

overall G-factor increases to -0.09 showing improved stereochemical properties. This 

trend is also seen in the inward open model although to a lesser extent, the overall G-

factor increases from -0.18 to -0.14, Table 3.5.  

 For inward open and occluded conformations, the models generated using 

resolved residues only have consistently scored higher than those with unresolved 

residues therefore they will be used alongside the occluded model to aid the design of 

biochemical studies and residue selection for mutagenesis studies. 

 

 

 

(A) 
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Figure 3.14: Ramachandran plot analysis of the dihedral angles for the homology models of MdtM in the following 

conformations A) inward open modelled using resolved residues only, B) occluded modelled using resolved residues 

only and C) outward open. Each plot is coloured by energy regions, red areas are low energy, brown are 

energetically allowed, yellow are generously allowed while the pale-yellow areas are disallowed. Each dot is an 

amino acid residue of MdtM, blue dots are energetically allowed while red dots are not.   

 

 

 

(C) 

(B) 
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Table 3.5: PROCHECK results for (A and B) MdtM models and (C and D) templates used to generate models.  (A and C) Values highlighted in green are above 90 %, therefore can be categorised as good 

models based on residues in favoured regions.  (B and D) Values with red text are marked as unusual. * EmrD crystal structure (PDBID: 2GFP:A and 2GFP:B) contains two proteins and both are 

included in the PROCHECK analysis. 

(A)      

Ramachandran 

plot statistics

No. of 

residues
Percentage

No. of 

residues
Percentage

No. of 

residues
Percentage

No. of 

residues
Percentage

No. of 

residues
Percentage

Most favoured 

regions
317 88.3 320 94.7 282 78.6 313 94.8 318 96.4

Additional allowed 

regions
34 9.5 17 5 59 16.4 15 4.5 11 3.3

Generously allowed 

regions
5 1.4 0 0 14 3.9 1 0.3 0 0

Disallowed Regions 3 0.8 1 0.3 4 1.1 1 0.3 1 0.3

(B)      G-Factors

Overall average

(C) Ramachandran 

plot statistics

No. of 

residues
Percentage

No. of 

residues
Percentage

No. of 

residues
Percentage

Most favoured 

regions
330 97.6 484 77.3 350 89.3

Additional allowed 

regions
7 2.1 114 18.2 39 9.9

Generously allowed 

regions
1 0.3 28 4.5 2 0.5

Disallowed Regions 0 0 0 0 1 0.3

(D) G-factor

Overall average

Score

0.33 0 0.01

MdfA: Inward open EmrD: Occluded* YajR: Outward open

Score

-0.18 -0.14 -0.59 -0.09 0.28

Inward open model Occluded model Outward open model

Full sequence Resolved residues only Full sequence Resolved residues only Full sequence
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3.2.8 ProPKA Analysis  

PROPKA analysis of the three models shows that only one residue is predicted to 

change its protonation state across the three conformations – D30, located in the 

binding cavity, Table 3.6. Solvent exposed acidic residues, all except D22 and D30, 

are deprotonated at pH 7.2, while D22 and D30 in the binding cavity are 

protonated. In the outward open conformation D30 may have become solvent 

exposed or have become deprotonated during the transport cycle via interaction 

with substrate.  

 

Table 3.6: Protonation states of titratable residues at pH 7.2, as predicted by PROPKA 3.0. Numbers in green 

represent the residue as protonated, while those in red are deprotonated at pH 7.2.  

Inward open Occluded Outward open

D22 7.5 7.2 8.1

D30 7.6 7.7 5.5

D42 2.2 4.5 3.4

D73 2.2 5.2 5.8

R77 12.3 13.4 12.9

R108 9.8 10.0 9.8

E128 3.8 4.3 2.9

K137 10.0 10.0 9.4

D207 3.0 2.9 2.6

D244 2.8 3.4 3.1

D277 3.2 3.5 1.8

E280 3.3 3.9 3.8  

 

The output file from PROPKA contains a list of residues that form hydrogen bonds, 

side chain and backbone, and with each charged residue analysed coulombic 

interactions shows there are potentially more coulombic interactions formed than 

hydrogen bonds in all three conformations, Table 3.7. In both the inward open and 

outward open conformations R77 forms side chain hydrogen bonds and coulombic 

interactions with D73 and E128, while in the occluded conformation R77 forms 

coulombic interactions with Y21 and D22, inside the binding cavity, Figure 3.15. In 

the outward open conformation R77 along with E128 forms coulombic interaction 

with E280. PROPKA predicted a coulombic interaction between D277 and K137, 
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these residues are located on L4-5 and L8-9, respectively, thus belonging to different 

domains. 

 

 

Figure 3.15: Side chain hydrogen bond interactions between D73 (pink), R77 (yellow) and E128 (blue) in MdtM. 

MdtM modelled in the A) inward open, B) occluded and C) outward open conformations. Residues coloured by 

element H – white, N – dark blue, O – red and backbone carbons coloured per residue. Interactions shown as 

dashed orange lines, observed in both inward and outward open conformations but not seen when MdtM is in 

the occluded conformation. 

Inside the binding cavity D30 forms a coulombic interaction with R108 in the inward 

open conformation which is not present when the transporter moves to the 

occluded conformation and reforms when the outward open conformation is 

reached. In the outward open conformation R108 also forms a coulombic 

interaction with Y57 which is part of the chloramphenicol binding clamp in MdtM,  

Table 3.7 (Alegre et al., 2016). 

Table 3.7: Hydrogen bonding and coulombic interactions as predicted by PROPKA 3.0 for each conformation. 

Residues being studied in this work are underlined.  

Residue
Sidechain        

H-bond

Backbone 

H-bond

Coulombic 

Interaction

Sidechain       

H-bond

Backbone 

H-bond

Coulombic 

Interaction

Sidechain        

H-bond

Backbone H-

bond

Coulombic 

Interaction

D22 R77

D30 R108 Y57, Q257 Q33 R108

D42
N38, W166, 

H165
K167, H165 R41, D46, R41 R41

D73 R77, R192
K193, 

R194
R77, K193, R194 E190 R77, T344

Y342, G343, 

T344

R77, E128, 

K342

R77 D73, E128
D73, Y123, E128, 

E190, R194, 
Y21, D22 D73, E128

D73, E128, 

E190

R108 D30, C92, Y56 C92 D30, C92, Y57

E128 R77, K193
D73, R77, E190, 

K193, R194
Y125

R77, Q127, 

K342

R7, R77, R194, 

K342

K137 K342

D244 R40 R282 R373 R373

D277 K276 R284 R282 K276 K276, R282 R273, K276
K137, R273, 

K276, R282, 

E280 R332 R282, R332 R273 R273 R332, R397 R78
R77, R78, E128, 

R194

Inward open Occluded Outward open
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3.3 Discussion 

The I-TASSER protocol has been one of the most successful and robust methods 

used in recent CASP experiments, being ranked as the top server in CASP 7-12 for 

automated proton structure and function prediction (Yang, 2015). Although the % 

identity between MdfA and MdtM was in the ‘safe homology modelling zone’ 

therefore a comparative modelling approach could have been used. I-TASSER was 

selected for all three models as it was ranked higher than comparative modelling 

servers and allowed uniformity across the three conformations being modelled. The 

server offers template selection as part of the pipeline but this was ran 

independently as a PSI-BLAST search against the PDB to allow selection of a 

template for each conformation. The three templates 3WDO, 2GFP and 4ZPO were 

submitted and stage 1 of the pipeline – threading, began using the restraints from 

each template. The server also uses restraints gathered from LOMETS, (LOcally 

installed Meta-Threading Server) which consists of seven threading programs, to 

model unaligned regions and aid in the reassembly of the aligned regions (Wu & 

Zhang, 2007).  

The threading alignments are used in stage 2 to assemble structural 

conformations of well aligned regions while unaligned regions, such as loops, with 

little information are modelled using ab initio modelling. The assembly process uses 

a modified replica-exchange Monte-Carlo simulation technique which runs 

numerous replica simulations in parallel at different temperatures. Stage 3 refines 

the cluster centroids generated in stage 2, these are the average 3D coordinates of 

the structural replicas, steric clashes are removed and the global topology is refined 

(Yang & Zhang, 2015; Zhang, 2008; Roy et al., 2010). Stage 4, functional annotation, 

was not required for the homology models generated as previous studies carried 

out on MdtM has identified its role as a Na+/H+ transporter which has a broad 

substrate range allowing it to function as a multidrug transporter (Scarlett R 

Holdsworth & Law, 2013; Scarlett R. Holdsworth & Law, 2013; Alegre et al., 2016).  

Overall the models presented here are of good quality and resemble the 

previously published model in the occluded state ( Alegre et al., 2016). MdtM falls 

in line with other membrane proteins, following the ‘positive inside’ rule, Figure 

3.10. The N- and C-domains are form a central substrate binding cavity and are 
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linked by a long cytoplasmic loop. The transmembrane helices are connected by 

shorter loops in both the periplasm and cytoplasm, this is where the majority of the 

polar/charged residues can be found.  

Crystal structures of MFS transporters are snapshots of a highly dynamic 

transport cycle, the conformations observed have been captured under non-native 

conditions. The use of detergents and precipitants during crystallisation can force 

the protein into conformations that may not be native to its transport cycle. 

Although the models presented here are of good quality, they are not crystal 

structures and any issues arising from errors in the templates could change 

interpretation of MdtMs function. Therefore, it is essential that this structural data 

is coupled with functional data to fully understand the roles of these charged 

residues.  The removal of non-resolved residues improved the quality of the inward 

facing and occluded models as no modelling algorithm or server can recover from 

poor sequence alignment. The residues being investigated within this thesis had 

equivalent residues resolved in all three templates, so removal of the non-resolved 

residues should not impair interpretation of results.  

 The models generated provide insight into MdtM at three stages of the 

transport cycle; inward open, occluded and outward open. The quality of a model is 

proportional with its uses, models generated from sequences alignments with < 30 

% sequence identity can be used to determine functional sites (Madhusdhan et al., 

2001). Two out of the three models fall within this category and analyses of these 

models has highlighted potential interactions which may play critical roles in either 

the structure or function of this transporter. D22 and D30 are the only charged 

residues in motif D, the residues are located in TM1, a cavity forming helix. The 

protonation state of equivalent residues has been closely linked to binding and 

conformational changes. Heng et al (Heng et al., 2015) suggest that the protonation 

of the two acidic residues is mutually exclusive. The predicted pKa values in Table 

3.6 agree with this, D22 and D30 are not predicted to be protonated at the same 

time. In MdfA D34, the equivalent of D30, has been identified as the site of proton 

binding. This makes D30 being the only residue predicted to change its protonation 

state during the transport cycle, very interesting.  The side chain hydrogen bond 

formed with Y57, part of the CAM binding clamp, in the occluded conformation may 
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also indicate proton transfer during substrate binding, as seen in MdfA (Heng et al., 

2015).  

The identification of interactions between D73, R77 and E128 and their 

alignment to equivalent residues in homologous proteins mark these residues as 

potential members of a charge-relay triad. Zhang et al. suggested that during the 

transport cycle the amphipathic α-helix of L6-7 may move or stretch and disrupt the 

triad (Zhang et al., 2015). This can be seen across the three models where the helix 

on L6-7 is not the same length or in the same orientation and the interactions 

between D73, R77 and E128 are broken and reformed, Table 3.7. The prediction of 

a side chain hydrogen bond forming between D22 and R77 in the occluded 

conformation suggests motif A is mobile and potentially plays a role in proton 

transfer. The outward open crystal structure of YajR has captured Motif A in its 

functional role – stabilisation of the outward open conformation (Jiang et al., 2013). 

The interactions between E280, located on the cytoplasmic L8-9 of the C-terminal 

domain, and L2-3 motif A residues R77 and R78 highlight the potential for motif A to 

be involved in inter-domain interactions which may stabilise MdtM. 

Another inter-domain interaction is predicted between D277 and K137 in 

the outward open conformation. K137 is adjacent to motif C which has roles in 

stabilising the inter-domain interface via the proline residues forming a cage with 

water molecules as well as preventing proton leakage (Zhang et al., 2015).  

Although D42 and D244 are not predicted to interact with other residues being 

investigated they do interact with other charged residues therefore may have 

critical roles in substrate binding, proton binding or driving conformational changes.  

Quistgaard et al proposed the presence of thick and thin gates in MFS 

transporter which played key roles in their ‘clamp and switch’ model of substrate 

transport. The thick gate is formed by an interaction between a charged residue in 

TM5 and the A-like motif on L8-9 while the thin gate is formed by interactions 

between TM4 and motif A on L2-3 (Quistgaard et al., 2016). MdtM does not possess 

an A-like motif on L8-9, D277 and E280 are located on this loop with E280 predicted 

to interact with residues from motif A, E128 and other charged residues throughout 

the transport cycle. The interactions required to form the thin gate have somewhat 

been predicted in MdtM. E128 is located on N-terminal of L4-5 and is predicted to 
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interaction with residues from motif A, with hydrogen bonds breaking and 

reforming during the transport cycle. The potential roles in gating during the 

transport cycle makes these residues interesting and require functional analysis.  

 The quality of these three MdtM models presented here will provide 

structural information to help guide the interpretation of biochemical data. The 

sequence alignments and models have identified 11 residues (D22, D30, D42, D73, 

R77, R108, E128, K137, D244, D277 and E280) that will be brought forward for 

mutagenesis and functional analysis to shed light upon their role in either proton 

binding and transfer or conformational changes.  
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Chapter 4 Construction, 

overexpression and 

purification of wild-type 

and mutant MdtM 
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4.1 Introduction 

Membrane proteins account for 20-30 % of the proteome of most organisms and 

are implicated in pathogenesis of multiple human and animal diseases, as well as in 

multidrug resistance in microorganisms and plants. The challenges associated with 

their overexpression, purification and crystallisation means that membrane proteins 

make up only ~2 % of high resolution structures available in the Protein Data Bank 

(Lee et al., 2016). This clearly places a barrier in the way of a better understanding 

of the structure-function relationships of these proteins. Often the first bottleneck 

encountered when working on a new target membrane protein is overexpression; 

screening for optimal expression conditions can be a labour and time intensive task 

and even when expression conditions have been found membrane protein yields 

can be 1000-fold less than their soluble counterparts (Wuu & Swartz, 2008).  

Factors such as choice of host production strain, expression plasmid, inducer 

concentration, induction temperature and overexpression time all need to be 

investigated to identify conditions that will provide maximum yield. Overexpression 

conditions for MdtM have already been identified (Holdsworth & Law, 2012) and 

were further optimised to produce crystallisation-grade protein (Alegre & Law, 

2015). 

Once optimal overexpression conditions have been identified, the target 

membrane protein must be purified. The main issue encountered during the 

purification process is that of maintaining the structural integrity, and therefore the 

function, of the membrane protein after it has been extracted from the lipid bilayer. 

Detergents are primarily used to extract membrane proteins from their host lipid 

environment but if the selected detergent cannot fully mask the transmembrane 

regions of the protein it results in aggregation which, is irreversible in most cases of 

α-helical inner membrane proteins (Schlegel et al., 2014; Privé, 2007). However, β-

barrel outer membrane proteins are often expressed, isolated and refolded from 

inclusion bodies to yield functionally active protein, e.g. OmpA (McConnell & 

Pachón, 2011). It must be emphasised that detergents are not lipids; they are a 

mimic for the lipid environment (Schuldiner & Kaback, 1975). Above a certain 

concentration, the critical micellar concentration (CMC) – which differs for each 
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detergent – detergent molecules self-assemble into micelles. During solubilisation 

protein-detergent complexes (PDC) are formed with micelles containing individual 

membrane proteins (Newby et al., 2014). Within the micelle the protein is 

subjected to a different environment relative to that of a lipid bilayer. This raises 

the question whether the structures observed while the protein is in the detergent 

are physiological states, as detergents are only a moderate mimic for the complex 

membrane milieu (Privé, 2007). Phospholipids are crucial for the conformational 

changes of LmrP, a MFS MDR transporter from Lactococcus lactis (Gbaguidi et al., 

2007). Phosphatidylethanoamine (PE) is the most prevalent phospholipid found in 

the inner membrane of E. coli, constituting 75 % while phosphatidylcholine (PC) 

makes up 20 % and the remaining 5 % is cardiolipin (Zerrouk et al., 2008). 

Replacement of PE with PC in proteoliposomes containing LmrP inhibited transport 

activity of LmrP and was seen to directly affect its structure, showing that there is a 

close relationship between membrane phospholipids and protein structure and 

function (Hakizimana et al., 2008). 

To aid separation of the protein of interest from intrinsic proteins a small 

peptide sequence is added to the N- or C- terminus of the protein during plasmid 

design. This sequence is referred to as an affinity tag and acts like a molecular leash. 

Affinity tags are commonly used during purification but also are very useful in 

western blotting to identify the protein of interest using antibodies or probes 

generated to specifically target the tag. The simplest and most common affinity tag 

used in protein purification is the polyhistidine tag (His-tag). His-tags are usually 6 

consecutive histidine residues but the length can vary between 2 and 10 (Kimple et 

al., 2013).  The imidazole side chain of histidine residues readily forms coordination 

bonds with transition metal ions, making it an ideal tag to use for purification by 

immobilised metal affinity chromatography (IMAC). IMAC resins are comprised of 

divalent metal ions, primarily Ni2+ or Co2+ (Zn2+ and Cu2+ can also be used), 

immobilised on nitrilotriacetic acid (NTA), iminodiacetic acid (IDA) or 

carboxlymethylaspartate (CMA) resins. Both Ni2+ and Co2+ have six coordination 

sites, four of these are used to form immobilising coordination covalent bonds with 

the support. The remaining two coordination sites are used to bind the nitrogen 

atoms in the imidazole rings of the His-tag (Bornhorst & Falke, 2000). His-tagged 
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proteins can be eluted from the IMAC resin by using high concentraions of 

imidazole to compete with the His-tagged protein, lowering the pH to protonate the 

histidines reducing binding affinity, excess of a chelator such as 

ethylenediaminetetraacetic acid (EDTA) or cleavage of the protein from the His-tag 

through the insertion of a protease cleavage site in the plasmid (Gräslund et al., 

2008).  

After elution from the IMAC column the detergent solubilised membrane 

protein exists alongside empty micelles and detergent monomers as well as 

possible contaminating proteins not removed during IMAC purification. Both 

biochemical studies and crystallisation trials require high purity detergent 

solubilised protein therefore a second purification step is often employed. Proteins 

loaded onto a SE (size exclusion) column are separated based on size i.e. the 

hydrodynamic radius (Korepanova & Matayoshi, 2012). The SE column is packed 

with small porous beads, these pores trap smaller molecules while larger do not 

enter the pores and are eluted first. The smaller the molecule the more it diffuses 

into pores and has its passage through the column retarded resulting in increased 

volume of mobile phase required to push it through the column i.e. a higher elution 

volume. One must be aware when using MW (molecular weight) standards 

comprised of soluble proteins to estimate the weight of a membrane protein by 

SEC. Due to the mass of detergents and lipids PDCs have higher molecular weights 

than the proteins weight alone therefore MW standards are not an accurate 

representation of the membrane proteins true mass (Hong et al., 2012). Although 

the molecular mass of the membrane protein cannot accurately be determined by 

SEC can provide qualitative analysis of the protein sample e.g. homogeneity and 

stability (Gimpl et al., 2016). Stable monomeric protein elute as a single distinct 

peak but unstable, aggregated or unfolded protein elutes as multiple peaks which 

are often asymmetric (Kawate & Gouaux, 2006).  

After a membrane protein has been translated it may require help to fold 

correctly and insert into the membrane, this is the job of chaperone proteins (Kim 

et al., 2013). Chaperones are adenosine triphosphate (ATP) regulated and recognise 

unprotected hydrophobic regions where they bind and promote folding. Alegre and 

Law (Alegre & Law, 2015) identified a contaminating protein to be a Group I 



 
 

86 

 

chaperone, GroEL, which remained bound to MdtM throughout both IMAC and SEC 

steps of purification. Supplementing IMAC wash buffers with a combination of 

MgCl2/K+/ATP facilitated the removal of GroEL thus yielded a purer MdtM after 

IMAC and SE-FPLC (Joseph & Andreotti, 2008). The addition of ATP to the buffer 

triggers the ATPase activity of GroEL while increased concentration of magnesium 

and potassium has been shown to dissociate the subunits – the combination of 

these resulted in the release of MdtM from GroEL allowing separation of the 

proteins by SEC (Alegre & Law, 2015). Overexpression and purification of mutations 

to the residues highlighted in Chapter 3 will begin characterisation of the titratable 

residues of MdtM, identifying any potential roles in structural integrity.  

 

4.1 Results 

4.1.1 Site directed mutagenesis of wild-type and mutant MdtM 

Site directed mutagenesis resulted in point mutations in the pMdtM construct. 

Presence of mutation and correct reading frame was confirmed by double strand 

sequencing carried out by Macrogen. 

4.1.2 Overexpression and purification of wild-type MdtM 

Overexpression and two step purification conditions yielded a monomeric protein 

with an apparent molecular mass of 37 kDa, this is smaller than the expected 

molecular mass of 45 kDa, Figure 4.1A*. However, membrane proteins are known 

to anomalously migrate through SDS-PAGE gels due to their hydrophobicity (Rath et 

al., 2009). 

 Complete binding of MdtM to the cobalt resin was not achieved, as shown 

by His-tagged MdtM present in flow through lane in Figure 4.1B. Some unbound 

MdtM was lost in all three washes, however the wash lanes were overloaded by a 

factor of 5 to visualise any His-tagged protein present; thus allowing detection of 

low concentration of any oligomers that may have formed. Overnight incubation of 

the MdtM bound resin with thrombin followed by elution with 10 mM imidazole 

wash buffer removed most of the MdtM, some remained either bound to the resin 

i.e. uncleaved or trapped within the resin matrix, see last lane Figure 4.1A.  
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Incubation with thrombin and elution with 10 mM imidazole was not sufficient to 

cause contaminating proteins to co-elute with cleaved MdtM, shown by multiple 

bands in cobalt resin lane, while none of these also appear in E1 and E2. Protein 

that eluted was fully cleaved, shown by the absence of a band in the western blot, 

Figure 4.1.  

 

Figure 4.1: IMAC purification of WT MdtM. (A) Coomassie stained SDS-PAGE of protein fractions from His-Pur 

Co2+ chromatography. Lanes were loaded with molecular weight protein marker (M), DDM-solubilised protein 

(load), column flow through, washes 1, 2 (ATP dissociation buffer) and 3, the flow through from overnight on-

column thrombin cleavage (elution 1) and 4 CV wash buffer, elution 2. * denotes WT MdtM and ◊ denotes 

GroEL chaperone contamination. (B) western blot analysis of the SDS-PAGE gel in (A) showing bands for MdtM 

at ~ 37 kDa in load, flow-through and washes 1-3, not protein is observed in elutions 1 and 2 as it has 

undergone thrombin cleavage to remove the His-tag. Wash fractions were overloaded by a factor of 5 to 

visualise low concentrations of protein. 

The use of a dissociation buffer (W2) reduced the chaperone protein, GroEL, to a 

faint band, seen at 58 kDa in Figure 4.1A (◊). Excess chaperone was removed by SE-

FPLC, seen as small peak eluting at 8.8 ml, denoted as ◊, in Figure 4.2A. Chaperone 

(A) 

(B) 

◊ 

* 
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separated from MdtM as a single band on the Bis-Tris gel, Figure 4.2B. MdtM eluted 

at 12.6 ml, all fractions were monomeric and contained only pure MdtM, denoted 

*, in Figure 4.2B. The contaminating proteins seen in concentrated load sample, 

Figure 4.2B, were not observed in the FPLC fractions, possibly eluting at 20 – 24 ml. 

 

 

Figure 4.2: Size exclusion purification of WT MdtM. (A) SE-FPLC chromatogram of WT MdtM, protein was 

monitored at 280 nm. (B) Coomassie stained SDS-PAGE of pooled and concentrated elution 1 and 2(load), 8.8 ml 

chaperone fraction and 12.6ml MdtM peak fraction. Chaperone denoted as ◊ and MdtM as *. 

4.1.3 Overexpression and purification of mutant MdtM 

Replacement of D22, D30, D42 and R108, with alanine or arginine, did not 

destabilise the protein. All mutants ran at the expected molecular mass of 37 

kDa,Figure 4.3. Most protein elutes from the column after overnight thrombin 

cleavage in E1 with a smaller amount removed by a wash with 10 mM imidazole, E2. 

As with WT, some mutant MdtM remained attached to the cobalt resin with 

numerous contaminants, Figure 4.3A-G.  

When concentrated before loading onto the FPLC each mutant had a small 

amount of chaperone protein remaining, seen by a band at 58 kDa, Figure 4.3 right 

hand panels. This was removed by SE-FPLC, resulting in a peak at 8.8ml, the same 

elution volume as chaperone in WT samples. The mutants that were successfully 

purified eluted with the same volume as WT, 12.6 ml, and as a single peak therefore 

the majority of the population is monomeric. The two-step purification yielded 

similar amounts of D22A, D30N and R108E as WT, Figure 4.3A, C and F, seen by 

similar A280 values on FPLC traces. D22N, D42N, R108A and R108K had lower A280 

◊ 
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value. SE-FPLC purified mutant protein, as with WT, had a single band at 37kDa with 

no contamination visible with Coomassie staining Figure 4.3 

 

 

 

F1 
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Figure 4.3: Two-step purification of D22A, D22N, D30N, D42N, R108A, R108E and R108K MdtM. Left panel: SE-

FPLC chromatogram of MdtM, protein was monitored at 280 nm. GroEL elutes at 8.8ml while MdtM elutes from 

SE-column at 12.6ml. Right panel: Coomassie stained SDS-PAGE of protein fractions from His-Pur Co2+ and size 

exclusion chromatography. Lanes were loaded with molecular weight protein marker (M), DDM-solubilised 

protein (L), column flow through (FT), washes (W) 1, 2 (ATP dissociation buffer) and 3, the flow through from 

overnight on-column thrombin cleavage (E1), elution 2 (E2), Co2+ resin boiled in Leammli buffer to remove 

proteins (Co2+ resin), pooled and concentrated elutions (SEC load) and fraction from 12.6 ml peak (F1). MdtM 

monomers, GroEL and oligomers are identified on each gel by arrows.  

4.1.4 Mutation of D73, K137 and E128 results in an unstable transporter 

Mutation of D73, K137 and E128 resulted in unstable proteins. IMAC gel Figure 4.4 

shows that the protein binds to the resin and is not lost in the washes at a 

concentration detectable by Coomassie staining. Like WT, protein elutes after 

thrombin cleavage with most eluted being present in E1 and some present in 10 

mM imidazole E2. In both elution fractions there is stronger chaperone band than 

WT. Although there is protein present in the elution fractions most remained in 

resin sample, seen as a strong band at 37 kDa in the last lane of Figure 4.4  
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Concentrated FPLC load sample, did contain a band at 37 kDa as well the 58 

kDa band for chaperone. There was signal at the expected elution volume of 

chaperone, 8.8ml, but this was lower than WT or the other mutants that were able 

to be purified and active and was not a defined peak. SE-FPLC profiles of the 

mutants of D73, E128 or K137, Figure 4.4 A-G, show multiple, low absorbance, 

asymmetrical peaks instead of the expected single, distinct peak at 12.6ml. 

Fractions collected at this elution volume contained no band at 37 kDa, Figure 4.4, 

therefore fraction contained no detectable MdtM. Loss of the single distinct peak at 

12.6 ml indicates loss of monomeric population. Western blots could not be used to 

confirm the presence of low concentrations of protein as the His-tag was cleaved 

during IMAC purification.  
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Figure 4.4: Two-step purification of D73A, D73E, D73N, E128A, E128A, K137A and K137E MdtM. Left panel: SE-

FPLC chromatogram of MdtM, protein was monitored at 280 nm. GroEL elutes at 8.8ml while MdtM elutes from 

SE-column at 12.6ml. Right panel: Coomassie stained SDS-PAGE of protein fractions from His-Pur Co2+ and size 

exclusion chromatography. Lanes were loaded with molecular weight protein marker (M), DDM-solubilised 

protein (L), column flow through (FT), washes (W) 1, 2 (ATP dissociation buffer) and 3, the flow through from 

overnight on-column thrombin cleavage (E1), elution (E2), Co2+ resin boiled in Leammli buffer to remove 

proteins (Co2+ resin), pooled and concentrated elutions (SEC load) and fraction from 12.6 ml peak (F1). MdtM 

monomers and GroEL are identified on each gel by arrows. 

To investigate if the protein is misfolded therefore harvested after cell breakage 

with cellular debris in inclusion bodies, samples were taken during breakage and 

IMAC sample preparation and analysed by western blot, Figure 4.5. Samples were 
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taken from the pellet of unbroken cells and cellular debris, the supernatant of 

membrane harvest i.e. cytoplasmic material and the IMAC loading material. R108K 

was used as a positive control as it was purified to a single peak with little 

contamination from chaperone and was functionally active (see Chapter 6.2.3). His-

tagged protein was detected in the unbroken cell pellet for all mutants, Figure 4.5B, 

likely located in the membranes of those cells but there may have been some 

misfolded protein packaged into inclusion bodies as these would have been 

harvested with the cellular debris (Palmer & Wingfield, 2012). No his-tagged protein 

was detected in supernatant of membrane harvest for any of the mutants 

demonstrating that the proteins were located in the membrane pellet. The IMAC 

load sample for each mutant contained approximately the same amount of protein, 

which appears to be more concentrated than the positive control, therefore a low 

protein concentration entering the IMAC resin was not the cause of lack of protein 

in the SE-FPLC. Taken together these results imply that the protein was present and 

most likely properly folded while in the membrane environment but once extracted 

in detergent solution and in the presence of thrombin overnight, structural integrity 

was compromised and the mutant proteins aggregated or unfolded.   

 

Figure 4.5: Monitoring unstable mutants throughout membrane preparation. (A) Coomassie stained 15% Bis-

Tris gels to identify if unstable protein is being lost during purification process (B) western blot of gels samples 
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shown in (A). Su = supernatant from membrane harvest i.e. cytoplasmic fraction, P = unbroken cell pellet, Sol = 

supernatant after solubilisation i.e. load onto IMAC. R108K has been used as positive control. 

4.2 Discussion 

Holdsworth and Law conducted an overexpression screen identifying E. coli strain 

LMG194 as the best suited strain to overexpress MdtM from pBAD (Holdsworth & 

Law, 2012). LMG194 is often used in combination with pBAD as the strain is 

deficient for arabinose metabolism and pBAD allows tight regulation via araC 

(Guzman et al., 1995) Addition of glucose to the media provides maximal 

repression, preventing ‘leaky expression’ which can slow the growth of the host cell 

if the overexpressed protein is toxic however, during screening this was shown to 

not be required (Holdsworth & Law, 2012). Although MdtM was successfully 

overexpressed, solubilised and purified by Holdsworth and Law, the quality of the 

protein was not sufficient for crystallisation trials due to contaminating proteins 

observed in SE-FPLC and SDS-PAGE analysis. To increase the purity of MdtM to 

crystallisation grade Alegre and Law used site-directed mutagenesis (SDM) to 

introduce an additional 4 histidines to the existing hexahistidine tag creating a 

decahistidine tag. The longer tag length allowed the implementation of a more 

stringent wash protocol with higher concentrations of imidazole to reduce non-

specific binding. Mass spectrometry analysis was carried out on a 58 kDa 

contaminating protein, identifying it as E.coli GroEL. GroEL is a chaperonin protein 

and was also observed in the overexpression and purification of GlpT in LMG194 

from pBAD (Auer et al., 2001). GroEL works with a co-chaperonin, GroES, to assist in 

the folding of many proteins. The hydrophobic interactions between GroEL and 

protein are nucleotide dependent, folding and release are controlled by the binding 

and hydrolysis of ATP (Rohman & Harrison-Lavoie, 2000) The contaminating 

chaperone protein was removed by the inclusion of a dissociation wash step, the 

buffer contained MgCl2/K+/ATP. The presence of ATP has been shown to trigger the 

release of proteins from GroEL, this is not sufficient for all proteins. The presence of 

magnesium and potassium can trigger the dissociation of subunits thus allowing the 

release of the protein. Inclusion of this wash step improved the purity of MdtM, as 

seen by a more Gaussian-like peak from SE-FPLC and loss of the 58 kDa band in SDS-

PAGE analysis.  
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These two improvements were included in the overexpression and purification 

protocol used here, however cobalt resin was used instead of nickel for IMAC 

purification. Cobalt resin has been shown to be more sensitive to imidazole and 

therefore lower concentrations can be used during washes to remove non-

specifically bound proteins (Bornhorst & Falke, 2000). Comparison of load and flow 

through lane in Figure 4.1A shows that there is minimal non-specific binding to the 

Co2+ resin and the wash buffer that contains 10 mM imidazole is sufficient to 

remove the majority of non-specifically bound protein. After thrombin cleavage and 

elution of MdtM it appears that contaminating proteins remained bound to the 

resin, seen by bands of various sizes in the SDS-PAGE, Figure 4.1. The use of 

thrombin and 10 mM imidazole elution to remove MdtM resulted in purer elution 

fractions, as higher concentrations of imidazole would have eluted more 

contaminating proteins. The inclusion of the dissociation wash step did not remove 

the all GroEL bound to MdtM as the 58 kDa band can be seen in both wash 2 and 

elution 1. The contaminating chaperone was successfully separated by SE-FPLC, 

shown as a peak at 8.8 ml and a corresponding 58 kDa band in the SDS-PAGE 

analysis, Figure 4.1 and Figure 4.2. The 12.6 ml peak on the SE-FPLC and 

corresponding band in the SDS-PAGE analysis shows that MdtM has been separated 

from the chaperone. The conditions described here have produced stable, 

monomeric, pure, DDM-solubilised MdtM in sufficient quantities to allow functional 

characterisation. 

To investigate the role of individual charged residues identified in Chapter 

3.3 mutants were created by site-directed mutagenesis, overexpressed and purified 

following the same protocol as WT MdtM. Replacement of D22, D30, D42 and R108 

resulted in stable MdtM that purified to a single main peak at 12.6 ml, with a SE-

FPLC profile similar to WT. The SE-FPLC profiles, Figure 4.3, show that although 

there is a main peak for each mutant there are varying levels of chaperone present, 

perhaps indicating that certain mutations required more help in folding than others. 

For example the SE-FPLC profile of D22N (Figure 4.3B) shows a lower absorbance at 

the elution volume of GroEL, 8.8 ml compared to D42N. This is perhaps an 

indication that removal of a charged residue in the helices is better tolerated than 

removal from a loop, as the surrounding residues may compensate for any loss of 



 
 

96 

 

hydrogen bonding. D22A, D30N and R108E produced similar yields to WT, shown by 

similar A280nm values of the 12.6 ml peaks. D22N, D42N and R108K had ~20 % 

reduction in yield relative to WT, potentially as the host cell may have struggled to 

produce the protein or during purification the structural integrity of the mutants 

were compromised and they aggregated. Aggregation was not observed on the SE-

FPLC traces, if aggregates were able to enter the column their large size, compared 

to monomeric MdtM, would have caused them to elute before the GroEL. There are 

no peaks eluting before GroEL on either trace, Figure 4.3B, D and G. That is not to 

say that some of the protein did not aggregate, the in-line filters on the FPLC could 

have prevented large particles entering the column. R108A yielded ~ 40 % less 

protein than WT, again no aggregation is detected on the SE-FPLC. The reduction in 

yield may have arisen in the cell, the mutations may have caused some of the 

proteins overexpressed to lose their 3D structure, even in the presence of 

chaperones, resulting in non-native interactions being formed and aggregation 

occurring. The cell protects itself from potentially harmful aggregates by utilising 

mechanisms that package the degraded protein into inclusion bodies (Kopito, 

2000). Potentially the missing 20 – 40 % yield of the different mutants could have 

been left over in the cell debris pellet in inclusion bodies. Regardless of the reduced 

yield there was sufficient amounts in the pure fractions to progress with functional 

analyses. 

Mutation of D73, E128 and K137 resulted in a protein that was not stable in 

DDM. Figure 4.4A and B show that the mutants were overexpressed and folded into 

the membrane, the His-tag is C-terminal therefore the entire length of the protein 

had to be translated, folded and inserted into the membrane to allow detection of 

the His-tag in the harvested membrane pellet. During DDM solubilisation the 

protein appears to remain intact with the band on the western blot at the correct 

MW, however this does not show how the protein is folded. The presence of a 

strong band at the molecular weight for GroEL, indicates that the mutants required 

the chaperone to aid with folding and it did not release the protein in the presence 

of ATP, magnesium and potassium. There is a strong band at 37 kDa in the 

resin,indicating the protein did not elute from the column following incubation with 

thrombin and washing with elution buffer. The SE-FPLC traces show that the 
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mutants are not monomeric as there is no distinct peak detected and the fractions 

collected do not contain sufficient amounts of protein to be seen on a Coomassie-

blue stained Bis-Tris gel. 

This information suggests that during extraction from the lipid bilayer the 

protein aggregated, likely shielding the cleavage site from thrombin so the protein 

remained attached to the resin or remained in the resin matrix as aggregates 

unable to pass through the filter at the end of the column. Protein extraction from 

the lipid bilayer can be broken into three stages: 1) detergent molecules 

partitioning into the membrane, 2) membrane is saturated with detergent 

molecules that exist in an equilibrium as lipid-detergent micelles and 3) membrane 

and associated proteins are fully solubilised into detergent micelles (le Maire et al., 

2000). Detergent solubilisation of the lipid membrane and the proteins within it are 

coupled together but differences in either lipid composition, detergent or the 

integral membrane proteins results in different extraction profiles. This is 

demonstrated by the extraction of mutants of MdtM, the extraction protocol is the 

same but the protein is different and therefore must interact differently with the 

membrane and detergent. This is certainly the case with D73, E128 and K137, 

mutation to any of these residues results in a protein that is not stable in DDM. 

These residues potentially interact with the membrane to maintain the structural 

integrity of the protein or form interactions (predicted in Chapter 3.2.8) that are 

critical to the conformational properties of the protein. Replacement of the native 

phospholipids with DDM causes catastrophic interruption to these interactions 

leading to unfolding and aggregation of the protein that GroEL cannot prevent. 

The putative location of these residues must be highlighted as they are all 

proposed to be in cytoplasmic loops, D73 in L2-3 while both E128 and K137 are 

potentially in L4-5. Equivalent residues in homologous proteins have been shown to 

be involved in charge-helix dipole interactions that contribute to conformational 

changes. D73 is part of the most conserved motif in the MFS, motif A, highlighting 

its importance to the transporter. The outward open structure of YajR has captured 

Motif A in its functional state – stabilisation of the outward open conformation. The 

acidic residue at position +5 forms a charge-helix dipole interaction with the TM11 

(Heng et al., 2015; Quistgaard et al., 2016), in MdtM this acidic residue is D73 
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therefore mutation to this residue disrupts a crucial interaction between the two 

domains. This acidic residue also participates in the formation of a charge-relay 

triad used for the co-transport of protons (Masureel et al., 2014), this functionality 

of D73 will be investigated in Chapter 6.  

The equivalent of E128 in YajR is D126, when the negative charge is replaced 

with a positive charge (D126R) the melting temperature (Tm) of the protein 

decreases by 13 oC. This reduction in Tm is clear indication that removal of the 

negative charge at this location decreases the stability of the protein, likely due to 

the disruption of interaction between the two domains (Jiang et al., 2013). In LmrP 

D128 is the equivalent residue to E128, protonation of at this location (D128N) 

causes the periplasmic end of the protein to close, illustrating the role of this 

residue in driving conformational changes (Masureel et al., 2014).  

The E. coli MFS melibiose permease, MelB, imports the disaccharide 

melibiose in exchange for Na+, Li+ or H+. Attenuated total reflection Fourier 

transform infrared (ATR-FTIR) spectroscopy was used to study structural changes 

involved with the mutation of R141, located in the cytoplasmic L4-5. Although K137 

of MdtM and R141 of MelB are not aligned in the primary sequences, K137 is 

predicted to be in an equivalent position to R141 in the crystal structure. R141C 

causes disruption to the conformational properties of the α-helices that L4-5 

interacts with, namely TM4, TM5 and potentially TM2 (León et al., 2009). Motif C of 

MFS transporters is known to contribute to the stabilisation of the inter-domain 

interactions (Quistgaard et al., 2016). In MdtM the motif begins with L138 therefore 

mutation of K137 could directly perturb the entire motif therefore disrupting 

interactions between the two domains resulting in an unstable protein. 

The overexpression and purification conditions used here produced stable 

and monomeric WT MdtM in DDM. Mutation of charged residues resulted in pure, 

stable and monomeric protein with the exception – D73, E128 and K137, allowing in 

vivo and in vitro characterisation of the charged residues of MdtM. 
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5.1 Introduction 

In 1978 the Nobel Prize for Chemistry was awarded to Peter Mitchell for the 

‘chemiosmotic hypothesis’ that describes how the movement of protons down their 

electrochemical gradient across the membranes of mitochondria, chloroplasts and 

bacteria powers the cells by driving ATP synthesis (Mitchell, 1979). This 

transmembrane proton gradient is referred to as the proton motive force (PMF) 

and is the driving force behind proton-coupled secondary active transporters. These 

PMF-driven transporters are essential to a diverse range of physiological processes 

such as nutrient uptake, metabolite export and multidrug resistance. Therefore, the 

PMF is essential to the life of cells (Yan, 2013). PMF-driven antiporters and 

symporters utilise the electrochemical energy stored in the proton gradient to 

transport solutes against their concentration gradient. Some transporters, such as 

LacY, are able to transport solutes down the concentration gradient while moving 

the proton(s) against its gradient (Guan & Kaback, 2006). 

PMF-driven antiporters of the MFS transport their solute, or substrate, and 

protons in opposite directions. These transporters operate via an ‘alternating 

access’, where the accessibility of the central binding cavity alternates between one 

side of the membrane and the other, being open to only the cytoplasm or the 

periplasm – never both (Jardetzky, 1966). Different MFS transporters have been 

crystallised at different stages of the transport cycle, these transporters appear to 

adopt three main conformations – inward open, occluded and outward open. When 

the protein has adopted the inward open conformation the binding cavity is 

accessible to the cytoplasm, in the intermediary occluded conformation the central 

binding cavity is not accessible to either side of the membrane and when the 

outward open conformation has been reached the binding cavity is accessible to the 

periplasm but sealed off to the cytoplasm, Figure 5.1 (Quistgaard et al., 2016). 
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Figure 5.1: Alternating access model of transport. The substrate binding cavity is exposed to one side of the 

membrane at a time. During the transport cycle transporter moves through three main conformations; inward 

open, occluded and outward open. 

The proposed mechanism for antiport represents a “sequential binding and 

translocation” system where binding of the counter-ion cannot occur until the 

substrate has been released (Law et al., 2008). This mutually exclusive method of 

binding and transport prevents both substrates being translocated in the same 

direction, impeding proton leakage which could stress or kill the cell. Some 

proteins, such as SMR transporter EmrE, exhibit direct competition between 

protons and substrate where they compete for the same binding site (Schuldiner, 

2014). MdfA appears to operate via a more complex method of indirect 

competition where substrate and proton do not bind to the same binding site 

(Fluman et al., 2012). 

Fluorescence spectroscopy has become a crucial instrument in the 

biochemists toolbox to measure association reactions, as it is highly sensitive, non-

invasive and robust. Intrinsic protein fluorescence is due to aromatic residues i.e. 

tryptophan, tyrosine and phenylalanine but the contribution of Phe is negligible 

(Akbar et al., 2016). Total protein fluorescence can be monitored by exciting at 

~280 nm while Trp fluorescence can be selectively observed by exciting at 295 nm 

(Jameson & Hazlett, 1991). The photophysical properties of tryptophan are 

sensitive to the local environment as indicated by changes to the emission spectra 

caused by conformational transitions, subunit association, ligand binding or 

denaturation (Akbar et al., 2016; Ghisaidoobe & Chung, 2014). The decrease in 

protein, or Trp only, fluorescence intensity as a result of a variety of molecular 

interactions including ligand binding is known as quenching and is a valuable source 

of biochemical information. Quenching of the intrinsic Trp fluorescence by external 

ligands in steady state fluorescence assays allows calculation of the apparent 

equilibrium dissociation constant (Kd
app), a measure of binding affinity (Akbar et al. 
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2016). MdtM contains nine Trp residues but of these only one, W309, is believed to 

be located near the binding site therefore involved in ligand binding induced 

quenching. Detergent solubilised, SEC purified MdtM has an maximal emission 

wavelength of 335 nm when excited at 295 nm, isolating Trp residues only allowing 

measurement of Kd
app by steady state fluorescence binding assays (Paul et al., 

2014). 

Nearly two decades ago Zheleznova et al proposed a model for substrate 

binding by proton dependent multidrug transporters. The binding event begins with 

substrate being detected in the inner leaflet of the membrane then moved into the 

central binding cavity, being attracted by a negatively charged residue in the 

binding site. This movement into the binding site is aided by a flexible α helix which 

undergoes helix-to-coil transitions periodically (Zheleznova et al., 2000). Binding of 

the substrate molecule is a critical trigger for the transport cycle therefore 

knowledge of how substrate interacts with residues inside the large flexible binding 

cavity is critical to deciphering the transport mechanism. 

A recent study by Alegre et al has shown that the residues directly 

interacting with substrate appear to vary with the molecule that is bound. in silico 

analyses, conducted on a homology model of MdtM in the occluded conformation, 

only 3 out of 17 residues involved in substrate binding were predicted to interact 

with both CAM and TPP+. This highlights the distinct but partially overlapping nature 

of the binding sites for each substrate. These docking studies also revealed two 

distinct aromatic clamps form around each substrate, Y26/Y123 around TPP+ while 

Y57/F253 formed around CAM. The experimental evidence presented illustrated 

how critical the spatial arrangements of these tyrosine and phenylalanine residues 

are for the proteins ability to transport TPP+ and CAM (Alegre et al., 2016). 

MdfA, a close homologue of MdtM, has been crystallised in the inward open 

conformation with five different substrates bound substrates bound; CAM, 

deoxycholate, lauryldimethylamine N-oxide (LDAO), acetylcholine and reserpine 

(Heng et al., 2015; Liu et al., 2016). Across three of the structures (CAM, 

deoxycholate and LDAO) there is an overlap of four residues directly involved in 

binding the three different substrates; Y30, N33, D34 and L236. CAM appears to sit 

between D34 and L236 and shares three hydrogen bonds with N33 and D34 (Heng 
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et al., 2015). Y30, N33 and D34 belong to motif D, the equivalent residues in MdtM 

are Y26 (involved in TPP+ binding) T29 and D30. It has been shown that neither E26 

nor D34 are essential for MdfA substrate binding, these residues have been 

identified as involved in proton transport, their roles will be further discussed in 

Chapter 5 (Sigal et al., 2006; Yardeni et al., 2017).  

The differences observed in the residues interacting with substrate 

molecules may stem from the different conformations that these two transporters 

are in. It is possible that the residues involved in substrate binding vary throughout 

the transport cycle (Alegre et al., 2016). This chapter probes the potential 

competitive interaction between substrate and proton binding to MdtM at a global 

protein level rather than a local residue level, the putative role of individual 

residues will be discussed in Chapter 6. 

5.2 Results 

5.2.1 MdtM fluorescence characterisation 

When excited at 295 nm, isolating tryptophan residues, WT MdtM exhibits 

fluorescence emission, as a single peak between 290-400 nm, with maxima at 335 

nm, this is in agreement with previously published data (Paul et al., 2014). The 

maximal fluorescence intensity is ten-fold that of the maximal fluorescence 

intensity of buffer alone and the spectra is less noisy due to the higher counts per 

second Figure 5.2. 

 

Figure 5.2: (A) Buffered subtracted fluorescence emission spectrum of SEC-purified, DDM-solubilised MdtM 

upon excitation at 295 nm in fluorescence buffer. The arrow indicates emission maximum at 335 nm. 

Fluorescence intensity measure as counts per second (CPS). (B) Fluorescence emission spectra of protein-free 

fluorescence buffer excited at 295 nm. 
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5.2.2 MdtM stability 

Once extracted from the membrane environment and solubilised into detergent 

micelles membrane proteins have reduced stability.  As a control MdtM was 

incubated with SDS at 37 oC, as opposed to the usual denaturing conditions of 95 oC. 

This prevented aggregation as no precipitate was observed but the spectra show 

denaturation of the protein. MdtM cannot be stored at 4oC for 18 hours and retain 

its fluorescence emission profile, illustrating that conformational changes occur that 

reduce the availability of the tryptophan residues. These structural changes are 

similar to those induced when the protein is denatured by SDS, Figure 5.3. This loss 

of stability will impact any functional data collected using protein that is not fresh 

therefore all assays relying upon purified protein were ran using fresh purified 

protein.  

 

Figure 5.3: Stability of detergent solubilised, SEC-purified MdtM by fluorescence spectra. Buffer corrected 

fluorescence spectra, excited at 295 nm for: A) fresh MdtM (red line) B) MdtM stored at 4 ᵒC (blue line) and C) 

SDS-denatured MdtM (green line). 

5.2.2.1  MdtM stability by circular dichroism spectroscopy 

CD spectroscopy in the far-UV region (190-250 nm) can determine protein 

secondary structure (Greenfield, 2006). SE-FPLC purified WT MdtM in buffer at 

three different pH values (5.9, 7.2 and 8.8) was analysed by CD spectroscopy to 

observe any changes in secondary structure caused by proton concentration.  
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Figure 5.4 shows far-UV spectra of all three samples, all have the three 

characteristic peaks of alpha helical proteins i.e. positive peak at 192 nm and two 

negative peaks, 208 nm and 222 nm. There was no detectable peak shift or change 

in peak magnitude suggesting that over the range of pH 8.8 to 5.9 the secondary 

structure of MdtM is unaffected by proton concentration.  

 

 

Figure 5.4: Far UV CD spectra of WT MdtM in fluorescence buffer at pH (A) 5.9, (B) 7.2 and (C) 8.8. MdtM was 

analysed in fluorescence buffer containing 100 mM NaCl, blue lines, or dialysed followed by dilution in 

fluorescence buffer containing no NaCl, red lines.  

To ensure the presence of sodium, a physiological substrate of MdtM, did not 

causes secondary structural changes that may have impacted substrate binding 

assays the protein SE-FPLC was dialysed to remove sodium (Holdsworth & Law, 

2013). At each pH analysed the presence of 100 mM sodium did not cause 

detectable peak shift therefore presence of this known substrate does not appear 

to alter the secondary structure of MdtM (Holdsworth & Law, 2013). This implies 

that the transport cycle occurs via local and global conformational changes to the 

tertiary structure of the protein.  

5.2.3 Correction for the inner filter effect 

A common pitfall in studying ligand binding by intrinsic Trp fluorescence is the lack 

of correction for the inner filter effect (Van De Weert, 2010). The substrate 

molecule can absorb excitation or emission radiation and cause a false quench, 

CAM is one such substrate, Figure 5.5. Titration of TPP+ into protein free 

fluorescence buffer does not cause a significant quench, Figure 5.5A shows raw 
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fluorescence spectra which has not been corrected for the dilution factor. The 

addition of CAM into protein free fluorescence buffer at pH 7.2 resulted in a 

substantial quench of ~ 50 %, Figure 5.5B. To ensure this quench was due to CAM 

not the ethanol used to dilute it the equivalent volumes and concentrations of 

ethanol were titrated into the protein free fluorescence buffer, no substantial 

quench was observed, Figure 5.5C. It is clear from the fluorescence spectra that 

CAM alone produces a significant quench therefore this must be corrected for. 

 

Figure 5.5: Fluorescence spectra of TPP+, CAM and ethanol. (A) TPP+ and (B) CAM titrated into protein free 

fluorescence buffer, pH 7.2, to a final concentration of 100 µM (C) control spectra for CAM, ethanol added using 

same volumes and concentrations as it would be with CAM present. Results are not corrected for dilution factor 

nor inner filter effect.  

In order to calculate the absorbance correction factor the absorbance of CAM at 

both excitation and emissions wavelengths was collected – 295 and 335 nm 

respectively. The absorbance of CAM appears to be pH dependent, with the 

strongest absorbance occurring in pH 7.2 buffer, Figure 5.6, absorbance is 

potentially linked to protonation state of the molecule. Under all pH conditions 

assayed CAM absorbs stronger at 295 nm than 335 nm therefore the false 

fluorescence quench is caused by the molecule absorbing emitted radiation rather 

and absorbing the excitation radiation.  
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Figure 5.6: CAM absorbance spectra. CAM was titrated in to protein free fluorescence buffer (pH 5.9 – 8.8) to 

100 µM, using the same additions as binding assays. Absorbance at 295 and 335 nm were recorded and used to 

calculate the absorbance correction factor for each addition at each pH. 

The ACF for TPP+ is much less, the aromatic moieties absorb less than CAM at both 

295 and 335 nm Figure 5.7. TPP+ absorbs approximately 30 times less that CAM at 

295 nm in pH 7.2 buffer. TPP+ does display some pH dependent absorbance but this 

occurs < 285 nm therefore does not contribute to the inner filter effect and is not 

required to calculate the ACF. 
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Figure 5.7: TPP+ absorbance spectra. TPP+ was titrated in to protein free fluorescence buffer (pH 5.9 – 8.8) to 

100 µM, using the same additions as binding assays. Absorbance at 295 and 335 nm were recorded and used to 

calculate the absorbance correction factor for each addition at each pH. 

The fluorescence signal of MdtM does not mask the false quench caused by 

titration of CAM, Figure 5.8B. Titration of TPP+ up to 100 µM at pH 7.2 caused a 

quench in the fluorescence intensity of between 10 – 20 %, depending upon pH, 

Figure 5.8 and Figure 5.9, this is representative of a quench solely due to binding of 

substrate to protein. Titration of CAM up to 100 µM into 0.22 µM MdtM at pH 7.2 

caused an apparent quench of 60 % The ACF applied to the CAM fluorescence data 

at 335 nm corrected the quench from 60 % to 10 %. The importance of correcting 

for the inner filter effect is seen more clearly in the resulting Kd
app which reduces 

from 29200 ± 5500 nM to 33 ± 5 nM when corrected, bringing the value in line with 

expected results showing the true binding affinity for CAM.  

 



 
 

109 

 

 

                 

Figure 5.8: Correction for the Inner Filter Effect. Buffer corrected fluorescence spectra of MdtM binding to (A) 

TPP+ and (B) CAM, both titrated to 100 µM, spectra are not corrected for the inner filter effect. (C) Binding plot 

of MdtM with CAM showing the inner filter effect correction. Green is uncorrected quench data and red is inner 

filter effect corrected data. Data points and error bars display mean ± standard deviation. Data was fitted with 

non-linear regression using GraphPad Prism7 and the apparent dissociation constants (Kd
app) displayed on plot. 

5.2.4 Protons and substrate compete to bind to MdtM 

Wild type protein remained structurally stable and retained the ability to bind both 

substrates in the pH range 5.9 – 8.8 but binding affinity towards both TPP+ and CAM 

was reduced as proton concentration increases. Binding affinity, measured as Kd
app, 

of MdtM towards TPP+ from pH 7.0 to pH 8.8 remains within error i.e. between pH 

7.0 – 8.8 MdtM has the same affinity for TPP+. However, as pH decreases from 6.7 

to pH 5.9 binding affinity also decreases steadily from 557 ± 67 nM to 899 ± 72 nM, 

Figure 5.9.  

(C) 

Uncorrected Kd
app = 29200 ± 5500 nM 

 

 

 

Corrected Kd
app = 33 ± 5 nM 
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Figure 5.9: TPP+ binding by DDM-solubilised, SEC-purified MdtM pH 5.9 to 8.8. Binding was measured by 

concentration dependent intrinsic Trp fluorescence quenching. Data points and error bars display mean ± 

standard deviation. Data was fitted with a Two-site non-linear regression using GraphPad Prism7 and the 

apparent dissociation constants (Kd
app) displayed on each plot. 

Binding affinity towards CAM also showed decrease as proton concentration 

increased but this decrease was more dramatic than with TPP+. As seen in the 

binding to TPP+, Kd
app from pH 7.0 to 8.8 were the same, Figure 5.10. Decreasing 

from pH 7.0 to pH 5.9 cause binding affinity to decrease by 14-fold, from 51 ± 8 nM 

to 721 ± 85 nM, Figure 5.10. This is a greater decrease in affinity than observed with 

TPP+ across the same pH range, suggesting the residues involved in binding to CAM 

are more sensitive to proton concentration than those that bind to TPP+. Another 

possibility is that competition between protons and CAM is more intense than that 

of TPP+.  
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Figure 5.10: CAM binding by DDM-solubilised, SEC-purified MdtM from pH 5.9 to 8.8. Binding was measured by 

concentration dependent intrinsic Trp fluorescence quenching. Data points and error bars display mean ± 

standard deviation. Data was fitted by non-linear regression using GraphPad Prism7 and the apparent 

dissociation constants (Kd
app) displayed on each plot. 

To observe any competition between proton concentration and substrate binding 

Kd
app

 vs log [H+] was plotted for each substrate and analysed by non-linear 

regression, Figure 5.11.  

 

Figure 5.11: [H+] dependence of substrate affinity. Kd
app values calculated for binding to TPP+ (A) from Figure 5.9 

and CAM (B) from Figure 5.10 are dependent upon proton concentration. Data was fitted by non-linear 

regression to a competitive binding equation using GraphPad Prism7. Data points and error bars display mean ± 

standard deviation.  
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5.2.5 DCCD inhibition of WT MdtM 

DCCD is a carbodiimide crosslinker which often inhibits binding activity by 

covalently binding to membrane embedded carboxyl residues (Adam et al., 2007). 

MdtM was incubated with 250 µM DCCD before steady state fluorescence 

measurements were taken. At pH 8.3, Figure 5.12C, DCCD inhibited TPP+ binding, 

causing a 2-fold increase in Kd
app, from 530 ± 69 nM for untreated MdtM to 1036 ± 

212 nM after DCCD treatment. The inhibitory effect was more pronounced at pH 

7.2 with Kd
app increasing from 470 ± 52 nM to 11370 ± 1260 nM when treated with 

DCCD and the percentage quench data resembles non-specific fluorescence 

quenching, Figure 5.12B. Sugihara et al suggest that a percentage quench less than 

5% should be considered as non-specific binding for MFS transporters (Sugihara et 

al., 2012). A further decrease in pH to 5.9 resulted in no significant change in TPP+ 

binding when treated with DCCD, Figure 5.12A. Kd
app value of untreated protein was 

896 ± 91 nM and after inhibition was 947 ± 105 nM it is likely that the lower pH has 

induced a conformation that limits access of both DCCD and TPP+ to the binding site 

resulting in similar Kd
app values.  

 

Figure 5.12: pH dependent binding of the inhibitor DCCD. Samples from the same preparation of SEC-purified, 

DDM-solubilised MdtM was incubated at 15 ᵒC for 20 mins in the presence of 250 µM DCCD (purple) or the 

equivalent volume of water (orange) before steady state fluorescence measurements with TPP+ at (A) pH 5.9, 

(B) 7.2 and (C) pH 8.3.  
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5.3 Discussion 

The photophysical properties of tryptophan residues are sensitive to the local 

environment and changes to the emission spectra can be caused by proton 

conformational transitions, subunit association, ligand binding or denaturation 

(Akbar et al., 2016; Ghisaidoobe & Chung, 2014). MdtM contains nine Trp residues 

but of these only one, W309, is believed to be located near the binding site 

therefore involved in ligand binding induced quenching. Detergent solubilised, SEC 

purified MdtM has an maximal emission wavelength of 335 nm when excited at 295 

nm, isolating Trp residues only, this emission wavelength is in line with previously 

published data (Paul et al., 2014). 

In this chapter, two substrates have been used to probe competition 

between protons and substrate binding, examining differences related to substrate 

charge. CAM is a lipophilic neutral antibiotic which inhibits protein synthesis (Heng 

et al., 2015). TPP+ is often used as an indicator of membrane voltage in 

mitochondria and bacteria and is a substrate of many MFS MDRTs e.g. MdfA. TPP+ 

bares a permanent cationic charge, the phenyl rings lower the charge density 

allowing the molecule to pass through the membrane (Buivydas & Daugelavièius, 

2006). The presence of rings with conjugated double bonds in both structures mean 

they will absorb in the 200-700 nm of the electromagnetic spectra i.e. the UV-visible 

range. Substrate absorbance can either reduce the amount of excitation radiation 

the reaches the protein or absorb the emitted radiation, both create a false quench 

in fluorescence. Although it contains four phenyl rings, TPP+ does not absorb 

strongly with absorbance < 0.02 AU, between 340 – 280 nm at the pH values 

assayed as seen in Figure 5.7. The absorbance spectra do show an increase in 

absorbance below 280 nm but this would not cause interference with the 

fluorescence data recorded at 295 nm. On the other hand, CAM absorbs strongly 

between 340 – 280 nm with absorbance nearly twenty times stronger than TPP+ at 

pH 7.2, Figure 5.6, this is most likely due to the peptide bond and unconjugated 

double bonds present in the molecule. The absorbance spectra of CAM indicate that 

it is absorbing the radiation emitted from MdtM at 335 nm rather than absorbing at 

the excitation wavelength; creating a false quench and skewing the Kd
app by a factor 

of 1000. This absorbance is pH dependent therefore the inner filter effect 
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correction was calculated for each concentration of CAM at each pH assayed. This 

correction factor brought % quench data into line with expected and previously 

determined Kd
app values. The Kd

app values calculated for both substrates are in 

agreement with previously published values collected at pH 8.0 (Alegre et al., 2016)  

 As buffer was acidified from pH 7.0 to 5.9 the binding affinity, measured as 

Kd
app, for TPP+ was decreased two-fold but the affinity for CAM was twenty-fold 

decreased as the proton concentration increased. MdtM retained its structural 

stability from pH 8.8 to 5.9, there are no significant changes in the far-UV spectra 

therefore secondary structure remains unaltered. This indicates that decrease in 

binding affinity at as proton concentration increased is potentially due to 

protonation state induced conformational changes, competition between substrate 

and protons or potentially a combination of both.  

Competition between protons and substrate for binding has been observed 

in different families of transporters. Zhang et al have proposed 4 different 

mechanism of competition between substrate and proteins, primarily based upon 

altering the pKa of the key titratable residue, these mechanisms may act 

synergistically. 1) Direct competition occurs when a polar moiety of the substrate 

interacts with a key charged residue required for proton binding. 2) A positively 

charged substrate may alter the pKa of a key titratable residue rendering it up able 

to accept or donate protons while substrate is present. 3) Binding of substrate to 

the protein could alter the electrostatic field around the key titratable residue, even 

when the binding site is distinct from the key residue. 4) The apparent dielectric 

constant of the cavity can be reduced by the presence of lipophilic substrate which 

expels solvent molecules from the cavity, enhancing the intrinsic electrostatic field 

e.g. motif B of MFS (Zhang et al., 2017) 

Binding of protons and substrates to the transporters of both MATE e.g. 

DinF-BH and SMR e.g. EmrE, families appears to be directly competitive (Schuldiner, 

2014; Lu et al., 2013). Competition between protons and substrates for binding to 

MFS MDRTs is of a different flavour than that of the MATE and SMR families – 

competition for binding to MFS MDRTs has been observed as being both indirect 

and direct, dependent upon substrate charge. Distinct substrate binding sites have 

been identified in LmrP and MdfA and these are different from the site of proton 
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binding (Fluman et al., 2012; Schaedler & van Veen, 2010). Alegre et al identified 

residues that form two distinct aromatic clamps that bind to both TPP+ (Y26/Y123) 

and CAM (Y57/F253) in the occluded conformation, these residues are not proton 

titratable therefore not able to act as the site for proton binding. This inability to 

bind protons at the site of substrate binding indicates that the competition 

observed between protons and substrate for binding to MdtM is likely to be 

indirect, as seen in MdfA (Fluman et al., 2012)  

 Electron pulsed resonance (EPR) studies carried out on both LmrP and EmrD 

have shown that as proton concentration of the proteins environment increases the 

periplasmic side closes and the cytoplasmic side opens (Masureel et al., 2014; Steed 

et al., 2013). Zhang et al propose this conformational change is triggered by the 

protonation of the conformational switch (Zhang et al., 2015). This proton titratable 

residues protonation state will depend upon its pKa, in the presence of pH values 

below pKa this residue will be protonated and trigger closure of the periplasmic side 

along with concurrent opening of the cytoplasmic side. Under physiological 

conditions, pH ~7.2, reorientation to inward open by protonation of the 

conformation switch allows the protein to adopt a high affinity conformation which 

binds substrate. This binding triggers deprotonation of the switch and 

conformational changes opening the periplasmic side, releasing substrate from this 

low affinity conformation (Zhang et al., 2015; Masureel et al., 2014).  At pH < pKa 

the conformational switch will potentially remain protonated therefore substrate 

binding is reduced, as pH increase to pH > pKa the residue is more likely to become 

deprotonated by substrate binding. This is seen in MdtM as binding affinity for each 

substrate from pH 7.0 to 8.8 remained the constant, due to deprotonation of the 

conformational switch allowing substrate binding. Below pH 7.0, likely pH < pKa, 

binding affinity decreases 2-fold for TPP+ and 14-fold for CAM, possibly the 

increased proton concentration has protonated the conformational switch and it 

cannot become deprotonated to allow substrate binding. It must be noted that the 

population of proteins in the buffer is mixed, meaning that each protein inside 

micelles may adopt slightly different conformations. This has been seen with LmrP 

during EPR studies, the population of proteins investigated was mixed between 

inward open and inward closed at lower pH values, the ratio of proteins adopting 
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these conformations shifted as pH decreased but there was not a single population 

observed (Masureel et al., 2014). In all likelihood, DDM-solubilised MdtM exists as 

population of multiple different conformations; some of which can bind substrate 

while others cannot – resulting in an overall binding affinity for the population. This 

mixed population of proteins is likely responsible for MdtM still binding both 

substrate in the nM range while it should be in conformation not accepting of 

substrate. 

 EPR data from LmrP shows the transporter adopts a outward open 

conformation, closing the cyoplasmic side, preventing substrate binding at 

increasing pHs up to pH 8.0 (Masureel et al., 2014). MdtM binds both subsrates 

with the same affinity at pH 8.8 as it does at pH 7.0, suggesting the transporter is 

able to accept sustrate therefore must be in the inward open conformation. MdtM 

plays a key role in alkaline pH homeostasis protecting the cell up to pH 9.5, the 

transporter pumps protons into the cytoplasm in exchange for soidum or potassium 

ions, decreasing cytoplasmic pH (Holdsworth & Law, 2013). This activity up to pH 

9.5 would imply MdtM is more resistant to high pH induced conformational changes 

than LmrP, which does not appear to have a role in alkalitolerance. 

 The conformational switch in MdtM has not yet been identified therefore it 

is possible that the stark difference between the decrease in affinity for CAM 

compared to TPP+ may be related to the position of the switch relative to the 

individual aromatic binding clamps. At lower pH values MdtM may be locked in an 

inward open protonated state but this may not be the same conformation that is 

required to allow entry and binding of substrate. The absorbance of CAM is pH 

dependent therefore it is possible that the increase in proton concentration not 

only affects MdtM but also CAM itself. According to the product information sheet 

for CAM its pKa is 5.5 therefore decreasing pH will cause changes to the molecule 

which may contribute to the 14-fold reduction in affinity observed.  

 DCCD covalently binds to membrane embedded protonated carboxyl 

groups, there are two possible residues inside the binding site where DCCD may 

bind – D22 and D30. At pH 7.2 pre-treatment with DCCD inhibited TPP+ binding as 

seen by a non-specific quench. Pre-treatment at pH 5.9 appeared to show no 

difference in affinity for TPP+ compared to untreated protein, potentially DCCD 
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could not access the binding or the acidic residue is no longer protonated. 

Increasing pH to 8.3 reduced the effect of DCCD, it is possible MdtM could not bind 

to the carboxyl as effectively compared to pH 7.2 due to local conformational 

changes burying the residue(s) (Fluman et al., 2012). 

 Taken together the data presented here shows that MdtM is more resistant 

than LmrP to increased pH induced conformational changes affecting binding 

affinity, a key factor in its role in alkalitolerance. DCCD inhibition indicates the 

presence of at least one proton titratable carboxyl side chain in the binding site 

which may not be directly involved in binding but is in close proximity to the 

aromatic binding clamp of TPP+ so as to inhibit binding. At pH values less than 7.0 

MdtM is subject to an apparent competition between protons and substrate for 

occupation of their respective binding sites. If this competition is true the mode is in 

line with the close homolog MdfA – indirect. The apparent competition may also be 

due to proton induced conformational changes – further investigation via EPR 

studies could confirm these movements.  
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6.1 Introduction 

The reorientation of an MFS antiporter from the high affinity inward open to the 

low affinity outward open conformation is triggered by substrate binding induced 

deprotonation of a conformational switch (Zhang et al., 2015; Heng et al., 2015). 

The resting state for a PMF-driven antiporter is thought to be protonated inward 

open with no substrate bound with proton titratable residues likely buried in an 

electronegative environment to protect their protonation state. Upon substrate 

binding it is thought that local conformational changes expose these protonated 

residue(s) to electropositive groups thus promoting deprotonation. This 

deprotonation causes a release of elastic conformational energy which may be 

sufficient to drive the conformational changes required to reorient the transporter 

from inward open to outward open (Zhang et al., 2015). MdfA, a MDR antiporter 

from E. coli, possesses a sensitive conformational switch which promiscuously 

generates conformational changes. Fluman et al observed that chemically dissimilar 

substrates induced similar conformational changes and, more interestingly, noted 

that compounds that were not substrates could induce conformational changes, 

provided they were forced to bind to the transporter. This sensitive conformational 

switch is thought to be an inherent property of MDR transporters allowing these 

proteins to transport unrelated substrates in a polyspecific binding pocket (Fluman 

et al., 2009).  

When the transporter reaches the low affinity outward open conformation 

the substrate is released and the conformational switch becomes protonated. 

Zhang et al propose that this protonated residue becomes a structural point for the 

application of the inward force of the electrostatic membrane potential which is 

coupled with the hydrophobic mismatch force from the surrounding lipid bilayer. 

Together these forces are thought to provide sufficient energy to generate the 

mechanical torque required to reorient the protein from outward open to inward 

open, resetting to the resting state of protonated, no substrate bound and open to 

the cytoplasm (Zhang et al., 2015). Studies carried out on the MDR transporter 

LmrP, from Lactococcus lactis, using EPR probes showed that interhelical distances 

at the periplasmic side of the protein decreased upon protonation i.e. protonation 
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triggered the protein to adopt a conformation closed to the periplasm (Masureel et 

al., 2013).  

During the transport cycle there are two main obstacles to be overcome; 

firstly the kinetic barrier of the hydrophobic lipid bilayer needs to be overcome by 

substrates which contain hydrophilic groups. Second is the thermodynamic energy 

barrier when substrate moves from low concentration inside the cell to a higher 

concentration outside (Zhang et al., 2017). The presence of a pathway lined with 

hydrophilic residues provides a semi hydrophilic environment protecting the 

substrate from the lipid bilayer, conquering the first obstacle. The solution to the 

second challenge is to bind the substrate inside the cell, where its concentration is 

low, with high affinity then release it outside the cytoplasm, where concentrations 

is higher, with low affinity. The mechanism based upon changes in affinity has an 

energetic cost associated which is known as the differential binding energy. The 

transporter requires an external energy input to drive this change in affinity and 

compensate for the differential binding energy (Zhang et al., 2017; Zhang et al., 

2015). This source of the external energy is different in primary and secondary 

active transporters; ABC transporter utilise ATP-hydrolysis to drive the transport. 

Secondary active transporters, including MdtM, couple transport to the 

transmembrane electrochemical gradient of protons, or in some cases sodium ions 

(Floyd et al., 2013).  

The transmembrane electrochemical potential of protons used by MdtM 

and other MFS MDR transporters is comprised of two components – the chemical 

gradient of protons, ΔpH, and the membrane potential, Δψ (Madej, 2014; 

Holdsworth & Law, 2013). Zhang et al propose that there is only an approximate 4-

fold chemical potential gradient across the membrane, this is not sufficient to drive 

transport required by MDR transporters. However, the membrane potential is 

believed to be approximately three times strong than ΔpH – capable to driving the 

transport cycle of MFS MDR transporters (Zhang et al., 2017). ΔpH still plays a vital 

role in the transport cycle but promoting substrate binding and release through 

competition between substrate and proton to bind to the antiporter (Zhang et al., 

2015; Zhang et al., 2017; Fluman et al., 2012). Inside the cell [H+] is lower therefore 
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binding of substrate is favoured while on the other side of the membrane the 

higher [H+] promotes substrate release.  

The precise mechanism of energy coupling remains to be elucidated but Δψ 

may exert a force on bound proton(s) throughout the antiport cycle driving the 

conformational changes (Zhang et al., 2017). Therefore, amino acid residues with 

side chains that can accept and donate protons, i.e. those that are proton titratable, 

play a vital role in the conformational changes that occur during the antiport cycle. 

These residues may act as points for the electrostatic forces to act upon the protein 

driving the conformational changes. Proton titratable residues also have critical 

roles in substrate binding, proton translocation and/or maintenance of structural 

integrity (Zhang et al., 2015; Fluman et al., 2012; Steed et al., 2013; Law et al., 2008; 

Wang & van Veen, 2012).  Three of the four motifs (motifs A, B and D) present in 

antiporters of the MFS contain at least one conserved proton titratable residue, 

highlighting the essential role of these residues across the MFS. The side chains of 

these residues can form salt bridges and hydrogen bonds, and are able to donate 

and accept protons, potentially forming a proton relay network (Henderson & 

Poolman, 2017).   

 Motif A (Gx3D+5RxGR+9R) contains the most conserved acidic residue in the 

MFS, D+5, alongside three conserved basic residues – R+6, R+9 and R+10.The motif is 

located on the cytoplasmic loop that links TM2 and TM3, Figure 6.1. The crystal 

structure of YajR shows the motif in its functional role – stabilising the domain 

interface in the outward open conformation of the transporter via a network of 

interactions centred around D+5 forming a charge-helix dipole interaction with 

TM11 (Zhao et al., 2014). D+5 was observed to be buried in the interface between 

the N- and C- domains with zero side chain accessible surface (Jiang et al., 2013). 

The equivalent residue in LmrP, D68, is proposed to act as the ‘master 

conformational switch’ whilst also contributing to both proton transfer and lipid-

protein interactions (Masureel et al., 2014). Protonation of D68, as mimicked by 

D68N mutation, forced the transporter into a conformation which was closed to the 

periplasm therefore substrate transport and release cannot occur until the 

conformational switch is deprotonated (Masureel et al., 2014). 
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Figure 6.1: Locations of motifs A, B, C and D on a typical 12 TM antiporter of the MFS. 

Located in TM4, Figure 6.1, a cavity forming helix, the residues of motif B (R+1xxqG) 

are in the central binding pocket but have not been seen to directly interact with 

substrate in either MdtM or other MFS transporters that contain this motif (Alegre 

et al., 2016).  The R+1 of the motif is the most conserved membrane embedded 

positively charged residue in the MFS and removal of the positive charge at this 

location abolishes transport activity of many transporters (Quistgaard et al., 2016). 

Although not directly involved in substrate interaction, this basic residue is thought 

to couple protonation status to binding in MdfA. During the transport cycle, once 

the substrate has bound and the cytoplasmic side of the protein has closed the 

motif becomes buried therefore increasing the electropositive field of R+1, this aids 

in the deprotonation of one of the acidic residues found in motif D (Heng et al., 

2015).    

Motif C (Gx6Gx3GPxxGPxxG) located in TM5, Figure 6.1, a rocker helix, does 

not contain a conserved charged residue but is closely packed against motif D and 

interacts with TM 8 in MdfA (Heng et al., 2015). These inter-domain hydrophobic 

interaction stabilise the inward open conformation of the transporter, while 

interactions between motif C and the surrounding helices prevent proton leakage.  

 Positioned in TM1, a cavity forming helix, Figure 6.1, residues of motif D 

(D+1fxxYx3D+8x3Pg) line the binding pocket the two acidic residues of this motif are 

the only acidic residues inside the binding cavity therefore a likely site of proton 

transfer. Heng et al propose that the protonation state of these residues is closely 

linked to binding and conformational changes that occur during the transport cycle. 

It has been proposed that only one of the acidic residues can be protonated at a 

time and during the change from outward open to inward open in MdfA a proton is 
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transferred from E26 to D34, it is not yet known if this occurs via a direct or indirect 

method (Heng et al., 2015; Fluman et al., 2012).  

 

Figure 6.2: Occluded model of MdtM with charged residues shown as spheres. A) Acidic residues are blue and B) 

basic are green. 

The increased number of MFS structures available with substrate bound has aided 

the understanding of the mechanism of how substrates bind to the MFS 

transporters. However, the intricate details of how protons bind and trigger 

conformational changes that drive the transport cycle cannot be understood from 

structures alone, therefore, functional assays are necessary. The aim of this chapter 

is to identify and characterise proton titratable residues selected in Chapter 3, 

Figure 6.2, which may act as either proton binding sites or form part of the proton 

translocation network.  

6.2 Results  

6.2.1 Effect of MdtM mutations on E. coli efflux phenotype  

Homology models, literature and in silico analyses suggested a series of 24 MdtM 

mutants that may play a role in the transport cycle related to the translocation of 

protons. To elucidate the individual role each amino acid side chain may play, the 

mutants were used in subsequent in vivo experiments. The CAM and TPP+ efflux 

phenotype of each mutation was elucidated by determination of IC50 values. The 

mutant protein was overexpressed from plasmidic DNA in BW25113 cells 

chromosomally deleted for MdtM (ΔmdtM).  Negative control cells overexpressed 
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Pi/glycerol-3-phophate antiporter GlpT, as a substrate specific MFS transporter. 

GlpT does not bind or transport TPP+ or CAM therefore demonstrates the 

background efflux phenotype of ΔmdtM cells under overexpression conditions. The 

mean (± s.d.) IC50 values for CAM and TPP+ for the negative control cells were 0.14 

(± 0.01) µg/ml and 0.21 (± 0.01) mg/ml, respectively, Figure 6.3. Cells 

overexpressing wild type MdtM in the ΔmdtM background showed a ~ 3-fold 

increase in TPP+ resistance with an IC50 value of 0.65 (± 0.08) mg/ml while it showed 

a ~ 7-fold increase in CAM resistance with an IC50 value of 1.00 (± 0.10) µg/ml.  

 No mutation resulted in an increase in resistance to either CAM or TPP+ 

compared to wild type, Figure 6.3. Five mutations (D30A, D42A, R77K, K137R and 

E280Q) resulted in no decrease in TPP+ resistance relative to wild type while only 

three mutations resulted in no decrease in CAM resistance (D42A, K137R and 

D277N). Interestingly, K137R is the only mutation which resulted in no decrease in 

resistance for both antimicrobials. All other mutations resulted in a loss of efflux 

phenotype for both CAM and TPP+. To identify statistically significant loss of 

function, the IC50 values were analysed using an unpaired t-test, values were 

considered significant if P < 0.03. Using this analysis, six mutants (D73A, D73N, 

R108A, R108E, R108K and K137A) were highlighted as having statistically significant 

loss of function with respect to CAM resistance (* in Figure 6.3B).  Four of these 

mutants (D73A, D73N R108K and K137A) also show a statistically significant 

reduction of TPP+ resistance. D22A a known dysfunctional mutant was shown to 

only have significantly decreased resistance to only one of the antimicrobials, TPP+. 

 To identify any variation in the expression levels of mutants compared to 

wild-type or GlpT, the cell membranes underwent western blot analysis, Figure 

6.3C. The expression levels of all proteins were similar therefore the results need 

not be normalised or corrected for variation. 
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Figure 6.3: Antimicrobial resistance phenotypes of E. coli ΔmdtM cells overexpressing wild-type or mutant 

MdtM.  IC50 values for A) TPP+ and B) CAM. Bars and error bars represent mean ± standard deviation of eight 

(A) 

(B) 

(C) 
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separate measurements. (*) denotes IC50 values that represent a statistically significant loss of efflux function 

(P < 0.03). Dashed lines denote the IC50 of WT (top line) and GlpT (bottom line) C) Western blot analysis of the 

expression levels of wild type MdtM, GlpT and mutants of MdtM expressed in E. coli ΔmdtM cells. 

6.2.2 Effect of MdtM mutations on transport activity of inverted 

membrane vesicles 

To investigate the effect of each mutation on the proteins ability to transport CAM 

and TPP+ inverted vesicles were created from cells containing over expressed WT, 

mutant and control protein. The proton driven antiport was monitored using 

acridine orange (AO), an increase in fluorescence i.e. a dequench represented 

antiport of substrate. As with IC50 assays, GlpT was used as the negative control 

allowing transport by chromosomally encoded proteins to be seen. Addition of both 

CAM and TPP+ to vesicles harbouring GlpT resulted in a small dequench – due to the 

chromosomally encoded transporters. All vesicles caused a similar quench in AO 

fluorescence when energised with lactate and produced an instantaneous 

dequench when ionophore CCCP was added to terminate transport, Figure 6.4. This 

illustrates that all vesicles were able to generate a similar ΔpH across the 

membrane and remained intact throughout the assay. Rate of NADH oxidation was 

used to determine % of vesicles that were inside out; GlpT, WT and mutant vesicles 

were all between 75 – 80 % inside out so there was no requirement to normalise 

transport data. 

The transport activity of each mutation was categorised as either functional, 

dysfunctional or no transport, Table 6.1. The previously characterised dysfunctional 

D22A was used as the benchmark for dysfunctional transport, any mutant able to 

transport better than D22A was categorised as functional (Holdsworth & Law, 2013; 

Paul et al., 2014; Alegre et al., 2016). GlpT was set as the benchmark for no 

transport, as any dequench by GlpT vesicles was solely due to other transporters 

and not the overexpressed protein, Figure 6.4. 
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Figure 6.4: Proton driven antiport of CAM (left hand side) and TPP+ (right hand side) by inverted membrane 

vesicles. Inverted vesicles were prepared from E. coli TO114 cells that overexpressed WT MdtM, GlpT, mutant 
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MdtM or contained empty pBad vector. Proton transport was measured as the fluorescence quench/dequench 

of acridine orange. Respiration dependent ΔpH was generated across the membrane by addition of lactate, 

when fluorescence signal had stabilised substrate was added. ΔpH was dissipated by the addition of CCCP. 

Lactate and CCCP additions are indicated on WT traces and substrate addition is denoted as a green arrow head 

for CAM and purple arrow head for TPP+ on each plot. Traces are representative of triplicate reactions. 

Removal of charged residues had a marked effect on the transport of both neutral 

CAM and cationic TPP+, Table 6.1. Replacement of charged residues had a seemingly 

bigger impact on the transport of TPP+ than CAM, with five mutants being incapable 

of transporting TPP+ while only one was unable to transport CAM. The one mutant 

unable to transport CAM was D73E which was also unable to transport TPP+. 

Removal of the aspartic acid at position 73 resulted in complete loss of TPP+ 

transport regardless of the replacement. D73E was the only mutant to fully lose 

transport activity for both substrates while D73A and D73N showed dysfunctional 

transport for CAM. D22 is a known critical residue (Zhang et al., 2015; Quistgaard et 

al., 2016) and replacing the negative charge with a polar uncharged asparagine 

created a dysfunctional mutant with less transport activity for both CAM and TPP 

compared to D22A. Seven other mutants were dysfunctional for transport of both 

CAM and TPP+; D30N, D42N, R77K, K137A, E128A and E128Q. Conservative mutants 

K137R and E128D retained transport activity for both substrates. 

Five mutants showed differences in their ability to transport neutral CAM 

and cationic TPP+. D30A, R108E and R108K were able to functionally transport TPP+ 

but their transport of CAM was categorised as dysfunctional. Meanwhile R108A was 

the reverse of this pattern as it showed functional transport of CAM but 

dysfunctional transport of TPP+. Reversing the positive charge at R77 (R77E) created 

a mutant unable to transport TPP+ but retained WT-like CAM transport activity. 
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Table 6.1: Summary transport activity results for mutant and wild-type MdtM in inverted vesicles. Transport 

activity characterised as % activity relative to wild-type, calculated by % dequench, for each substrate; ‘no 

transport’ is below the level of GlpT activity as this is nonspecific (<13 % for CAM and < 28 % for TPP+), 

‘dysfunctional transport’ is below the activity of D22A (< 55 % for CAM and TPP+) and mutants able to transport 

above the level of D22A are classified as active, example traces are shown above the table. 

 

 

 

  

TPP+ Transport 

Active? 

CAM Transport 

Active? 

WT Yes Yes 

GlpT No No 

D22A Dysfunctional Dysfunctional 

D22N Dysfunctional Dysfunctional 

D30A Dysfunctional Dysfunctional 

D30N Dysfunctional Dysfunctional 

D42A Yes Yes 

D42N Dysfunctional Dysfunctional 

D73A No Dysfunctional 

D73E No No 

D73N No Dysfunctional 

R77A Yes Yes 

R77E No Yes 

R77K Dysfunctional Dysfunctional 

R108A No Yes 

R108E Dysfunctional Dysfunctional 

R108K Dysfunctional Dysfunctional 

E128A Dysfunctional Dysfunctional 

E128D Yes Yes 

E128Q Dysfunctional Dysfunctional 

K137A Dysfunctional Dysfunctional 

K137E Dysfunctional Yes 

K137R Yes Yes 

D244N Dysfunctional Dysfunctional 

D277N Yes Yes 

E280Q Yes Yes 
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To ensure any variation in transport activity was solely due to the effect of each 

mutation the vesicles were analysed by Western blot. The same total membrane 

protein concentration was loaded into each well to allow for any variation in 

overexpression to be detected. Wild type, GlpT and mutant proteins all 

overexpressed at similar levels, to negate any differences in band intensity between 

different blots a sample of wild type was ran in each gel to allow comparison, Figure 

6.5.  

 

Figure 6.5: Overexpression levels of WT MdtM, GlpT and mutant MdtM in inverted membrane vesicles prepared 

from E. coli TO114 cells. Western blot analysis of inverted vesicles containing overexpressed GlpT, wild-type or 

mutant MdtM.  

6.2.3 Is loss of transport activity as a consequence of loss of binding 

affinity or break in the proton relay? 

Deciphering whether loss of transport activity and decreased resistance to the 

antimicrobials, TPP+ and CAM, are due to decreased binding affinity or a break in 

the transport cycle required the mutants be purified. Transport and IC50 data were 

screened and mutants that showed reduced transport and statistically significantly 

reduced resistance to either antimicrobial were selected for overexpression, 

purification and binding studies via intrinsic tryptophan fluorescence. Apparent 

binding affinities were obtained from non-linear regression analysis of steady state 

fluorescence data. 

D22A, D73A, D73N and K137A displayed reduced transport activity and 

statistically significant reduction in resistance to both CAM and TPP+ whereas D73E 

was statistically significantly different for CAM. As discussed in Chapter 4.3, 
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mutation of D73, E128 and K137 resulted in unstable proteins which aggregate 

during purification. Therefore, the data screening conditions were adapted to 

include mutants that had a decrease in both transport activity and resistance to 

antimicrobials, resulting in six mutants being selected for binding studies, Table 6.1. 

Wildtype and mutant MdtM displayed apparent binding affinities (Kd
app) in 

the nM range for both CAM and TPP+, with Kd
app values of 336 (± 25) nM and 420 (± 

70) nM, respectively. GlpT was again used a negative control to observe any non-

specific quench and it did not bind to either substrate so no Kd
app could be 

calculated, Figure 6.6.  

 

 

 

Figure 6.6: TPP+ binding by DDM-solubilised, SEC-purified WT MdtM, GlpT and mutant MdtM at pH 7.2. Binding 

was measured by concentration dependent intrinsic Trp fluorescence quenching. Data points and error bars 
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display mean ± standard deviation. Data was fitted with non-linear regression using GraphPad Prism7 and the 

apparent dissociation constants (Kd
app) displayed on each plot. 

Mutation of arginine at position 108, including conservative R108K, resulted in 2-

fold decreased binding affinity towards TPP+ and CAM.  While, mutation of D22 had 

a more marked effect on CAM binding than TPP+, both D22A and D22N retained 

wildtype like binding affinity towards TPP+ but 2-fold and 1.5-fold decrease in 

affinity towards CAM, respectively. Replacement of the negative charge at positions 

30 and 42 with uncharged asparagine resulted in wildtype-like binding for both 

substrates.  

It should be noted here that the Kd
app values calculated for this data set 

differ from those reported in Chapter 4 and previously published (Alegre et al., 

2016). The CAM used for these binding assays was purchased from a different 

supplier, Melford, than that used in Chapter 4, Sigma Aldrich. There were no 

adverse effects observed in the transport assays ran using the CAM purchased from 

Melford and it bound to MdtM with 10 fold higher Kd
app consistently therefore any 

differences in the affinity of mutants towards CAM are due to the mutation. 
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Figure 6.7: CAM binding by DDM-solubilised, SEC-purified WT MdtM, GlpT and mutant MdtM at pH 7.2. Binding 

was measured by concentration dependent intrinsic Trp fluorescence quenching. Data points and error bars 

display mean ± standard deviation. Data was fitted with non-linear regression using GraphPad Prism7 and the 

apparent dissociation constants (Kd
app) displayed on each plot. 
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6.3 Discussion 

The current model for the antiport mechanism of MFS MDRTs is based upon 

conformational changes triggered by substrate binding. Previous work carried out 

on MdtM has identified key residues in substrate recognition and showed mutation 

of the ‘aromatic clamp’ residues i.e. Y57A/F253A resulted in an 18-fold decrease in 

affinity towards CAM (Alegre et al., 2016).  None of the mutations tested here 

reduced binding of either substrate by more than 2-fold, relative to WT, therefore 

loss of efflux phenotype and transport activities were not as a result of defective 

binding. Relative retention of binding affinity but loss of transport implies a 

mutation has disrupted the transport cycle; either by locking the protein in one 

conformation or removing the co-transport of protons that are essential for 

transport of CAM and TPP+. 

 Perhaps the most detrimental mutations were those to the residues that 

form the charge relay triad in homologous proteins (Heng et al., 2015; Zhang et al., 

2015). Mutants of D73 and E128 were unable to be purified, these proteins 

overexpressed to similar levels as the other mutants investigated but extraction 

from the phospholipid environment destabilised them yielding no protein from the 

two-step purification process, Chapter 3.3. However, while the mutants remained in 

the membrane they were able to be characterised. Mutation to D73, residue D+5 of 

motif A and a highly conserved residue, resulted in a transporter that could not 

protect the cell from either TPP+ or CAM as seen by the IC50 values decreasing by 

approximately 60 % relative to WT. This reduction in efflux phenotype is due to a 

halted transport cycle, removal of the aspartic acid at position 73 stopped the 

transport cycle, even conservative mutation, D73E, yielded a transporter unable to 

efflux either substrate. This highlights the essential nature of this residue.  

E128 is not part of a motif but is conserved in MdfA (E132), EmrD (E123), 

YajR (D126) and LmrP (D128) and, like D73, removal of the glutamic acid yielded a 

dysfunctional transporter, seen by acridine orange efflux assays carried out on 

inverted membrane vesicles. However, replacement of the glutamic acid with 

aspartic acid (E128D) created a transporter which was able to transport both 

substrates and retained WT-like efflux phenotype. This conservative functional 

mutant, E128D, was as unstable when extracted from the membrane as the other 
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E128 mutants and mutants of D73. Whilst MdtM resides in the membrane 

environment this residue can be aspartic acid or glutamic acid and the transporter is 

active but it does not rescue the transporter from the instability resulting from 

changing the external milieu from lipid bilayer to detergent micelle.  

The final and only basic member of the putative triad is R77 of motif A, 

which has been predicted to form hydrogen binds with both D73 and E128. Mutants 

of R77 were able to retain efflux phenotype, resulting in IC50 values for both CAM 

and TPP+ which were not significantly different from WT. Replacement of this basic 

residue created a mutant (R77E) with abolished TPP+ transport and dysfunctional 

transport activity for CAM. The conservative mutation K137R surprisingly was 

dysfunctional for both substrates. Removal of this residue did not have as marked 

an impact of transport as removal of D73, potentially because of the proximity of 

R78 which may have compensated for the loss of positive charge at this location. 

K137, is not part of a motif but is located proximal to motif C which plays a 

role in interdomain interactions and stabilising the transporter. Mutants of K137 

were unable to be purified and conservative mutation of this residue, i.e. K137R, 

resulted in a transporter which retained WT-like transport activity which was 

observed in the efflux phenotype as well as the transport assays. Interestingly, 

reversal of the charge, K137E, created a transporter which behaved with WT 

characteristic towards CAM but was inactive towards TPP+. R77, a member of motif 

A, also follows this curious pattern that reversal of charge results in a transporter 

with WT-like properties towards CAM but not TPP+, mutants of this amino acid were 

not purified but it is entirely possible that they too would not be stable once 

extracted from the phospholipid environment. In LmrP motif A, in particular D+5, has 

been seen to interact with the phosphatidylehtanolamine headgroup of the 

membrane phospholipids and is critical to pH gradient sensing therefore D73 of 

MdtM may fulfil the same role explaining why mutation, even conservative, of this 

highly conserved residue renders the transporter inactive. Extraction of mutants of 

residues located in the cytoplasmic loop (D73, E128 and K137) from the bilayer has 

resulted in unstable proteins which do not survive the purification process 

highlights these residues may also interact with each other and the membrane to 

provide the protein with structural integrity.  
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 There is only one charged residue in motif B, R108, and mutation to this 

residue results in a transporter which does bind both TPP+ and CAM, albeit with a 

two-fold reduced affinity. however, the mutants of this residue were not able to 

protect cells against TPP+ or CAM and the transport assays showed R108A, R10E 

and R108K were not able to transport either substrate like WT. Equivalent residues 

can be seen in MdfA (R112), XylE (R133) and R302 of the symporter LacY appears to 

have a similar role due to its location to the protonation site inside the binding 

cavity. These residues are proposed to help regulate the protonation status of the 

protein, potentially by forming a charge pair with an acidic residue of motif D (Sigal 

et al., 2005; Zhang et al., 2015). This has been observed in the homology models of 

MdtM, a hydrogen bond has been predicted between D30 and R108, Chapter 3.3. 

The somewhat retention of substrate binding but loss of transport for mutants of 

R108 suggest it may regulate the protonation status of the acidic residue in the 

cavity, if no proton transfer can occur then the antiport cycle cannot continue.  

 The two acidic residues of motif D, D22 and D30, are modelled to be located 

in the binding cavity and equivalent residues in homologues are proposed to be 

critical to the transport cycle, potentially acting as the site of protonation. As 

observed here and previously published neither of these residues are directly 

involved in substrate binding, as removal of the negative charge does not prevent 

either TPP+ or CAM binding to the mutant. These residues may not directly interact 

with the substrate but are critical to its transport, removal of either aspartic acid 

renders the transporter as dysfunctional. The D22X nor D30X mutants are not 

rendered fully inactive as is the case with mutants of D73 therefore potentially the 

remaining negative charge can in some way compensate for the loss of the other 

allowing the transporter to efflux substrate, to fully investigate this a double mutant 

should be investigated. The hypothesis from Zhang et al proposes that the 

protonation site is not fixed, it can be either acidic residue of motif D and which is 

protonated depends upon the transporters conformation and presence of substrate 

(Zhang et al., 2015).  

 Of the eleven proton titratable residues investigated here five did not 

belong to a motif; D42, E128, D244, D277 and E280. Of these only one has been 

shown to be critical to the transport cycle and the structural integrity of the MdtM 
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– E128. D244, D277 and E280 are located in the C-terminal domain of the 

transporter and are not conserved across the MFS, therefore the conformational 

changes required to drive the transport and co-transport of substrate and protons 

likely depends more heavily upon titratable residues of the N-terminal domain.  

The data presented here suggests that the residues in the cytoplasmic loops 

are essential not only for the transport cycle but also for maintaining the structure 

of the transporter inside the phospholipid membrane. The acidic residues of motif 

D, inside the binding cavity, are not required for binding but are essential for MdtM 

to be fully transport active. Given that there was no single charged residue that was 

fully inactive towards both substrates across all its mutants, this suggests that other 

residues in MdtM are able to compensate for the loss of these charged residues. 
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Chapter 7 Discussion 
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This thesis focuses on MdtM, a MDT from the DHA1 family of the MFS which does 

not yet have its crystal structure solved. Therefore, in silico and functional analyses 

are required to gain information about this transporter and contribute to the 

overall knowledge of this diverse family of transporters. With the aim of probing the 

roles of proton titratable residues with regards to coupling substrate and proton 

transport homology models were generated. These models illustrate MdtM in three 

conformations during the antiport cycle; inward open, occluded and outward open. 

It is hypothesised that the transporters of the MFS have two main conformations 

with the number of occluded structures being as a result of crystallisation 

conditions stabilising what would be an energetically unstable conformation in vivo 

(Zhang et al., 2017). These occluded structures have been particularly useful for 

MdtM as docking studies carried out on the occluded model generated by Alegre et 

al identified two distinct set of aromatic clamps which direct interaction with 

substrates (TPP+ And CAM) (Alegre et al., 2016).  

The good quality models and associated in silico analyses presented in this 

thesis alongside literature searches identified 11 residues which may have critical 

roles in MdtM. These residues span the motifs of the MFS; D73 and R77 on L2-3 are 

part of motif A, R108 inside the binding cavity is part of motif B. Motif C does not 

contain any charged residue in MdtM but K137 on L4-5 is directly before the start of 

this motif. The only two acidic residues lining the binding site, D22 and D30 are part 

of motif D. The remaining residues D42, E128, D244, D277 and E280 are not part of 

motifs but are located in areas of the protein which may be functionally relevant.  

The current model of the mechanism of the antiport cycle begins with the 

transporter in the inward open conformation with the conformational switch 

protonated. Upon substrate binding this residue becomes deprotonated due to 

substrate induced local structural rearrangements exposing the protonated residue 

to electropositive groups. This deprotonation triggers a release of elastic energy 

sufficient enough to shift the protein from inward open through the occluded state 

to the outward open conformation. Once open to the periplasm substrate is 

released the conformational switch is protonated and becomes the site of a 

mechanical torque generated by the hydrophobic mismatch force and the 

membrane potential. This causes the protein to reorient back to the protonated 
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inward open conformation via the occluded conformation, ready to accept 

substrate (Fluman et al., 2012; Masureel et al., 2014; Heng et al., 2015; Zhang et al., 

2017). 

The PROPKA analysis highlighted D30 as the only residue to have a predicted 

change in protonation state during the transport cycle – although this is based on 

three static models not dynamic models. The inward open conformation of MdtM 

was modelled using a template with substrate bound therefore the structural 

rearrangements that cause deprotonation of the switch had likely already occurred. 

D30 is predicted to be protonated in the outward open conformation, potentially 

YajR was crystallised in structure that was ready to reset. The structural 

arrangements at this point of the antiport cycle may have allowed the residue to be 

solvent exposed therefore protonated. It has been predicted numerous times 

(Fluman et al., 2012; Zhang et al., 2015) that only one of the two residues of motif D 

can be protonated at a time therefore it is not surprising that only one of the two 

has a predicted change in protonation state. D30 has also been predicted to have 

coulombic interaction with R108. These interactions may indicate again that D30 is 

the conformational switch as it is close enough to R108 to be affected by the 

electrostatic field and become deprotonated. The experimental data supports this 

conclusion; firstly the D30N mutant were able to be overexpressed to yield stable, 

monomeric, DDM-solubilised protein which was functionally active, indicating this 

residue does not have a critical role in the structural integrity of MdtM.  Without 

the ability to accept or donate protons D30A and D30N mutants were dysfunctional 

for both TPP+ and CAM transport. D30N was able to bind both TPP+ and CAM with 

WT-like binding affinity indicating that the dysfunctional transport was due to a 

halted antiport cycle rather than lack of substrate binding. D22 followed these same 

patterns with respect to having dysfunctional transport with WT-like binding affinity 

for TPP+ and approximately two-fold reduced affinity for CAM. Potentially both 

these residues are key to the moving protons during the transport cycle. In MdfA, it 

is thought there may be proton transfer between E26 and D34 via a conserved 

tyrosine (Fluman et al., 2012; Heng et al., 2015; Zhang et al., 2015). In MdtM this 

conserved tyrosine would be Y57 which is predicted to interact with D30 in the 

occluded conformation. Functional assays carried out on WT MdtM indicate that 
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indeed both D22 and D30 are inside the binding cavity. DCCD binds to protonated 

carboxyl groups and inhibits substrate binding by steric hindrance – the presence of 

DCCD inhibits TPP+ binding. It is likely DCCD is bound to D30 as it is predicted to be 

protonated. 

Of the three residues inside the binding site being investigated R108 was the 

only one whose mutation had a noticeable effect on the binding affinity of MdtM 

towards both TPP+ and CAM. Removal of this highly conserved positive residue, 

even with a conservative mutation (R108K), caused MdtM to have significantly 

reduced efflux phenotype. The transport activity of all three mutants (R108A/E/K) 

for CAM and TPP+ is categorised as dysfunctional. This would explain a loss of efflux 

phenotype; the mutants are unable to reduce the cytoplasmic concentrations of 

antimicrobials to levels that are no longer cytotoxic. The binding affinity of the 

mutants of R108 was approximately two-fold less than that of WT. For perspective 

the removal of the aromatic clamps caused an 18-fold reduction in binding affinity 

(Alegre et al., 2016). Therefore, R108 is not essential to binding substrate but is vital 

for a fully functional transport cycle alongside D22 and D30 – future experiments 

should look at double and triple mutants of these residues. 

Purification of the mutants of the charged residues from motifs B and D 

have successfully been purified to yield functional proteins. Mutants of the charged 

residues of motif A and proximal to motif C were not successfully purified – 

indicating a role in structural integrity for these residues. Motif A is the most 

conserved motif in the MFS and the structure of YajR reveals it has role in stabilising 

the outward open conformation via a network of interactions (Jiang et al., 2013). 

Even the conservative mutation of the key aspartic acid, D73E, was unable to 

transport either substrate highlighting the critical and sensitive nature of the 

interaction network formed with this residue. In LmrP mutation to this residue, 

D68, greatly reduced transport activity and D68N caused the transporter to adopt 

the inward open conformation at high pH in the absence of substrate – a population 

only seen at pH 5 in WT (Masureel et al., 2014).  This shows the how critical this 

residue is in controlling the conformational changes in the MFS.  

D73 is thought to be part of a charge relay triad with R77 and E128, R77 was 

not observed to be as critical to MdtM as D73 even though it is a conserved residue. 
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Most likely R78, and potentially R74, were able to compensate for the loss of the 

basic residue at this location. E128 does not belong to any known motif but 

mutation of the equivalent residue in MdfA displayed reduced transport activity 

(Sigal et al., 2006). The conservative mutant E128D was able to transport both 

substrates but E128A/Q were categorised as dysfunctional transporters. None of 

these three mutants were able to be successfully purified. Like the mutants of D73 

they were overexpressed and inserted into the membrane but were unstable when 

extracted from the membrane during purification. These two residues, D73 and 

E128, have also been predicted to interact together along with R77 potentially 

forming a charge relay triad that is essential for transport activity and membrane 

interaction.  

K137 on L4-5, like E128, is not part of a motif but it is located directly N 

terminal of motif C which has a role in stabilising inter-domain interactions (Heng et 

al., 2015). in silico analysis predicted only one interaction for this residue across the 

three models, potentially the role of the residue has not been captured in the 

models generated or it directly interacts with the membrane.  K137R was able to 

transport both substrates while K137A/E were not, indicating a positive charge at 

this location is required for functional transport. However, once extracted from the 

membrane even the functional K137R mutant was unstable and was not 

successfully purified indicating the role of this residue is in maintaining interactions 

with the membrane (Wang & van Veen, 2012). 

Fluman et al investigated competition between protons and substrate for 

binding to MdfA, concluding that as proton concentration increased affinity for TPP+ 

decreased (Fluman et al., 2012). They hypothesised that at increased proton 

concentrations MdfA has lower affinity for TPP+ due to indirect competition. This 

same pattern of increased proton concentration decreasing binding affinity has 

been observed in MdtM for both CAM and TPP+. EPR studies carried out on LmrP 

indicated that increasing proton concentration of the buffer environment causing a 

closure of the cytoplasmic side of the transporter (Masureel et al., 2014). If the 

conformation MdtM adopts is dependent upon the external environment it is likely 

that as the proton concentration increases the cytoplasmic side of the protein will 
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close therefore moving the protein to a state which no longer has high affinity for 

substrate.  

The work presented here shows MdtM tolerates mutations of charged 

residues inside the binding site compared to those on loops which form inter-

domain interactions or interact with the membrane. D30 has been identified as the 

potential conformational switch within the binding site with redundancy built in 

that D22 may also be able to fulfil the role.  The identification of D73, R77 and E128 

forming a triad which is vital to activity and structural integrity requires further 

investigation to delve deeper into this relationship.  

The knowledge gained about the charged residues of MdtM can be used to 

propel other studies into the understanding of how membrane proteins interact 

with their native environment. Building upon this knowledge could allow drug 

design to become targeted towards this part of MDR bacteria defence system; 

either to prevent these transporters from effluxing by inhibition or be reverse 

engineering drugs to evade efflux. 
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Table II: PROPKA output file for MdtM model in the inward open conformation at pH 7.2 
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WARNING ! 

 

Propka3.0 is not identical to propka2.0 and does not work with ligands 

------------------------------------------------------------------------------------------------------- 

 

---------  -----   ------   ---------------------    --------------    --------------    -------------- 

                            DESOLVATION  EFFECTS       SIDECHAIN          BACKBONE        COULOMBIC 

RESIDUE    pKa    BURIED     REGULAR      RE        HYDROGEN BOND     HYDROGEN BOND      INTERACTION 

---------  -----   ------   ---------   ---------    --------------    --------------    -------------- 

 

ASP  14 A   7.45    94 %    2.90  545   0.76    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

ASP  22 A   7.56   100 %    3.20  609   0.65    0    0.00 XXX   0 X   -0.02 ASP  22 A   -0.07 ARG 100 A 

 

ASP  34 A   2.16    17 %    1.03  328   0.11    0   -0.54 ASN  30 A    0.00 XXX   0 X   -0.16 LYS 159 A 

ASP  34 A                                           -0.78 TRP 158 A    0.00 XXX   0 X   -0.44 HIS 157 A 

ASP  34 A                                           -0.85 HIS 157 A    0.00 XXX   0 X    0.00 XXX   0 X 

 

ASP  38 A   2.66    10 %    0.73  308   0.00    0   -0.85 SER  40 A   -0.28 VAL  39 A   -0.00 ARG  33 A 

ASP  38 A                                            0.00 XXX   0 X   -0.67 SER  40 A   -0.06 ARG 357 A 

 

ASP  65 A   2.15    35 %    1.73  380   0.14    0   -0.49 ARG  69 A   -0.75 LYS 185 A   -0.21 LYS 185 A 

ASP  65 A                                           -0.81 ARG 186 A   -0.19 ARG 186 A   -0.59 ARG  69 A 

ASP  65 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.47 ARG 186 A 

 

ASP 199 A   2.98    18 %    0.91  333   0.01    0   -0.81 ASN 202 A    0.00 XXX   0 X   -0.08 ARG 198 A 

ASP 199 A                                           -0.85 THR 336 A    0.00 XXX   0 X    0.00 XXX   0 X 
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ASP 236 A   2.80    29 %    1.03  363   0.07    0   -1.65 ARG  33 A    0.00 XXX   0 X    0.01 ASP  38 A 

ASP 236 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.46 ARG  33 A 

 

ASP 269 A   3.23     0 %    0.34  119   0.00    0   -0.85 LYS 268 A    0.00 XXX   0 X   -0.06 ARG 274 A 

 

GLU 120 A   3.80    21 %    1.05  339   0.19    0   -0.26 ARG  69 A    0.00 XXX   0 X   -0.27 ARG 186 A 

GLU 120 A                                           -0.85 LYS 185 A    0.00 XXX   0 X    0.32 ASP  65 A 

GLU 120 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.02 GLU 182 A 

GLU 120 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.46 ARG  69 A 

GLU 120 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.43 LYS 185 A 

 

GLU 182 A   3.74    25 %    1.43  352   0.04    0    0.00 XXX   0 X   -0.58 ARG  69 A   -0.15 ARG  69 A 

GLU 182 A                                            0.00 XXX   0 X   -0.74 ARG  70 A   -0.07 ARG  70 A 

GLU 182 A                                            0.00 XXX   0 X   -0.09 THR 183 A   -0.06 LYS 185 A 

GLU 182 A                                            0.00 XXX   0 X   -0.59 VAL 184 A    0.06 ASP  65 A 

 

GLU 272 A   3.33    17 %    0.67  329   0.01    0   -0.65 ARG 324 A   -0.73 GLU 272 A   -0.02 ARG 274 A 

GLU 272 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.46 ARG 324 A 

 

GLU 354 A   4.37    60 %    2.03  449   0.23    0   -0.85 SER  47 A   -0.34 ALA  44 A   -0.60 ARG 357 A 

GLU 354 A                                           -0.60 ARG 357 A    0.00 XXX   0 X    0.00 XXX   0 X 

 

C-  388 A   3.16     0 %    0.20  204   0.00    0   -0.24 ASN 388 A    0.00 XXX   0 X    0.00 XXX   0 X 

 

HIS 154 A   6.30     0 %   -0.20  196   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

HIS 157 A   6.85    15 %   -0.78  322   0.00    0    0.85 ASP  34 A    0.00 XXX   0 X   -0.15 LYS 159 A 

HIS 157 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.44 ASP  34 A 

 

HIS 299 A   5.81     1 %   -0.30  285   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X   -0.39 ARG 365 A 

 

HIS 369 A   3.20   100 %   -3.23  608   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X   -0.06 ARG 365 A 

 

CYS  84 A  11.94    97 %    3.79  553   0.00    0   -0.05 SER  20 A   -0.02 CYS  84 A   -0.19 ARG 100 A 

CYS  84 A                                           -0.59 GLN 103 A    0.00 XXX   0 X    0.00 XXX   0 X 

 

CYS 108 A  11.38    82 %    3.35  510   0.00    0    0.00 XXX   0 X   -0.71 LEU  56 A    0.00 XXX   0 X 

CYS 108 A                                            0.00 XXX   0 X   -0.09 GLN  57 A    0.00 XXX   0 X 

CYS 108 A                                            0.00 XXX   0 X   -0.17 CYS 108 A    0.00 XXX   0 X 

 

CYS 205 A   9.11     0 %    0.32  213   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X   -0.03 ARG 198 A 

CYS 205 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.13 ARG 201 A 

CYS 205 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.05 ARG 207 A 

 

TYR  13 A  14.51   100 %    3.64  603   0.00    0   -0.03 SER 106 A    0.00 XXX   0 X    0.06 ASP  14 A 

TYR  13 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.20 CYS  84 A 

TYR  13 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.15 CYS 108 A 

TYR  13 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.50 TYR  49 A 

 

TYR  18 A  13.55   100 %    1.80  632   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.19 ASP  22 A 

TYR  18 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.45 TYR 220 A 

TYR  18 A                                            0.00 XXX   0 X    0.00 XXX   0 X    1.11 ASP  14 A 

 

TYR  49 A  13.92   100 %    4.14  656   0.00    0   -0.33 SER  20 A    0.00 XXX   0 X    0.09 ASP  14 A 

TYR  49 A                                           -0.17 THR  21 A    0.00 XXX   0 X    0.22 ASP  22 A 

TYR  49 A                                           -0.13 SER 106 A    0.00 XXX   0 X    0.54 CYS  84 A 

TYR  49 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.00 CYS 108 A 

TYR  49 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.31 TYR  18 A 

TYR  49 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.76 ARG 100 A 

 

TYR 115 A  10.22    78 %    2.04  501   0.00    0   -0.16 SER 338 A    0.00 XXX   0 X   -0.01 ARG  69 A 

TYR 115 A                                           -0.85 LYS 334 A    0.00 XXX   0 X   -0.80 LYS 334 A 

 

TYR 220 A  12.33   100 %    2.01  640   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.31 ASP  22 A 

 

TYR 311 A  13.44   100 %    4.04  596   0.00    0   -0.60 GLN 283 A    0.00 XXX   0 X    0.00 XXX   0 X 

 

LYS 126 A  10.17     0 %   -0.33  253   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 
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LYS 129 A  10.39     0 %   -0.11  173   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

LYS 159 A  10.05     6 %   -0.62  299   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.16 ASP  34 A 

 

LYS 185 A  10.69     8 %   -0.92  303   0.00    0    0.85 GLU 120 A    0.00 XXX   0 X    0.21 ASP  65 A 

LYS 185 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.26 ARG  69 A 

LYS 185 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.06 GLU 182 A 

LYS 185 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.17 ARG 186 A 

LYS 185 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.43 GLU 120 A 

 

LYS 194 A  10.47     0 %   -0.03   67   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

LYS 268 A  11.02     0 %   -0.33  106   0.00    0    0.85 ASP 269 A    0.00 XXX   0 X   -0.00 ARG 274 A 

 

LYS 331 A  10.01     0 %   -0.49  263   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

LYS 334 A  10.64    50 %   -1.51  420   0.00    0    0.85 TYR 115 A    0.00 XXX   0 X    0.80 TYR 115 A 

 

ARG  33 A  14.17    11 %   -0.44  313   0.00    0    1.65 ASP 236 A    0.00 XXX   0 X    0.00 ASP  38 A 

ARG  33 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.46 ASP 236 A 

 

ARG  66 A  12.15     0 %   -0.35  196   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

ARG  69 A  12.40    52 %   -1.88  427   0.00    0    0.49 ASP  65 A    0.00 XXX   0 X    0.01 TYR 115 A 

ARG  69 A                                            0.26 GLU 120 A    0.00 XXX   0 X    0.15 GLU 182 A 

ARG  69 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.20 ARG 186 A 

ARG  69 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.59 ASP  65 A 

ARG  69 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.46 GLU 120 A 

 

ARG  70 A  11.99     8 %   -0.58  305   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.07 GLU 182 A 

 

ARG 100 A   9.78   100 %   -3.73  656   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.07 ASP  22 A 

ARG 100 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.19 CYS  84 A 

ARG 100 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.76 TYR  49 A 

 

ARG 186 A  13.45    12 %   -0.61  314   0.00    0    0.81 ASP  65 A    0.00 XXX   0 X    0.27 GLU 120 A 

ARG 186 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.47 ASP  65 A 

 

ARG 198 A  12.42     0 %   -0.18  159   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.08 ASP 199 A 

ARG 198 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.03 CYS 205 A 

 

ARG 201 A  12.53     0 %   -0.10  154   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.13 CYS 205 A 

 

ARG 207 A  12.48     0 %   -0.07  133   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.05 CYS 205 A 

 

ARG 265 A  12.31     0 %   -0.19  183   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

ARG 274 A  12.21     0 %   -0.36  183   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.06 ASP 269 A 

ARG 274 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.02 GLU 272 A 

 

ARG 278 A  12.25     0 %   -0.25  280   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

ARG 324 A  12.39    48 %   -1.22  415   0.00    0    0.65 GLU 272 A    0.00 XXX   0 X    0.46 GLU 272 A 

 

ARG 357 A  12.51    28 %   -1.25  360   0.00    0    0.60 GLU 354 A    0.00 XXX   0 X    0.06 ASP  38 A 

ARG 357 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.60 GLU 354 A 

 

ARG 365 A  10.96    52 %   -1.54  426   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

N+    1 A   7.79     0 %   -0.21  113   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

-------------------------------------------------------------------------------------------------------- 

SUMMARY OF THIS PREDICTION 

RESIDUE    pKa   pKmodel   ligand atom-type 

ASP  14 A    7.45      3.80 

ASP  22 A    7.56      3.80 

ASP  34 A    2.16      3.80 

ASP  38 A    2.66      3.80 
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ASP  65 A    2.15      3.80 

ASP 199 A    2.98      3.80 

ASP 236 A    2.80      3.80 

ASP 269 A    3.23      3.80 

GLU 120 A    3.80      4.50 

GLU 182 A    3.74      4.50 

GLU 272 A    3.33      4.50 

GLU 354 A    4.37      4.50 

C-  388 A    3.16      3.20 

HIS 154 A    6.30      6.50 

HIS 157 A    6.85      6.50 

HIS 299 A    5.81      6.50 

HIS 369 A    3.20      6.50 

CYS  84 A   11.94      9.00 

CYS 108 A   11.38      9.00 

CYS 205 A    9.11      9.00 

TYR  13 A   14.51     10.00 

TYR  18 A   13.55     10.00 

TYR  49 A   13.92     10.00 

TYR 115 A   10.22     10.00 

TYR 220 A   12.33     10.00 

TYR 311 A   13.44     10.00 

LYS 126 A   10.17     10.50 

LYS 129 A   10.39     10.50 

LYS 159 A   10.05     10.50 

LYS 185 A   10.69     10.50 

LYS 194 A   10.47     10.50 

LYS 268 A   11.02     10.50 

LYS 331 A   10.01     10.50 

LYS 334 A   10.64     10.50 

ARG  33 A   14.17     12.50 

ARG  66 A   12.15     12.50 

ARG  69 A   12.40     12.50 

ARG  70 A   11.99     12.50 

ARG 100 A    9.78     12.50 

ARG 186 A   13.45     12.50 

ARG 198 A   12.42     12.50 

ARG 201 A   12.53     12.50 

ARG 207 A   12.48     12.50 

ARG 265 A   12.31     12.50 

ARG 274 A   12.21     12.50 

ARG 278 A   12.25     12.50 

ARG 324 A   12.39     12.50 

ARG 357 A   12.51     12.50 

ARG 365 A   10.96     12.50 

N+    1 A    7.79      8.00 

-------------------------------------------------------------------------------------------------------- 

-------------------------------------------------------------------------------------------------------- 

Free energy of   folding (kcal/mol) as a function of pH (using neutral reference) 

0.00     20.64 

1.00     20.54 

2.00     19.72 

3.00     16.28 

4.00     11.02 

5.00      9.04 

6.00      9.57 

7.00     10.92 

8.00     12.11 

9.00     13.16 

10.00     16.17 

11.00     21.80 

12.00     27.25 

13.00     31.90 

14.00     36.35 

 

The pH of optimum stability is  5.1 for which the free energy is   9.0 kcal/mol at 298K 

Could not determine pH values where the free energy is within 80 % of maximum 

Could not determine where the free energy is positive 
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Protein charge of folded and unfolded state as a function of pH 

pH  unfolded  folded 

0.00     28.00   27.98 

1.00     27.98   27.79 

2.00     27.80   26.51 

3.00     26.39   22.62 

4.00     21.26   18.22 

5.00     16.33   16.19 

6.00     14.20   14.90 

7.00     11.85   13.02 

8.00     10.27   10.83 

9.00      7.81    9.11 

10.00      2.31    5.56 

11.00     -4.96   -0.39 

12.00    -10.30   -6.95 

13.00    -18.36  -14.62 

14.00    -21.54  -19.21 

The pI is 10.93 (folded) and 10.30 (unfolded) 
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Table III: PROPKA output file for MdtM model in the occluded conformation at pH 7.2 

propka3.0, revision 182                                                                      2017-10-03 

------------------------------------------------------------------------------------------------------- 

--                                                                                                   -- 

--                                   PROPKA: A PROTEIN PKA PREDICTOR                                 -- 

--                                                                                                   -- 

--                                VERSION 1.0,  04/25/2004, IOWA CITY                                -- 

--                                             BY HUI LI                                             -- 

--                                                                                                   -- 

--                               VERSION 2.0,  11/05/2007, IOWA CITY/COPENHAGEN                      -- 

--                                BY DELPHINE C. BAS AND DAVID M. ROGERS                             -- 

--                                                                                                   -- 

--                              VERSION 3.0,  xx/xx/2010, COPENHAGEN                                 -- 

--                              BY MATS H.M. OLSSON AND CHRESTEN R. SONDERGARD                       -- 

--                                                                                                   -- 

------------------------------------------------------------------------------------------------------- 

 

 

------------------------------------------------------------------------------------------------------- 

References: 

 

Very Fast Empirical Prediction and Rationalization of Protein pKa Values 

Hui Li, Andrew D. Robertson and Jan H. Jensen 

PROTEINS: Structure, Function, and Bioinformatics 61:704-721 (2005) 

 

Very Fast Prediction and Rationalization of pKa Values for Protein-Ligand Complexes 

Delphine C. Bas, David M. Rogers and Jan H. Jensen 

PROTEINS: Structure, Function, and Bioinformatics 73:765-783 (2008) 

 

PROPKA3: Consistent Treatment of Internal and Surface Residues in Empirical pKa predictions 

Mats H.M. Olsson, Chresten R. Sondergard, Michal Rostkowski, and Jan H. Jensen 

Journal of Chemical Theory and Computation, to be submitted (2010) 

------------------------------------------------------------------------------------------------------- 

 

------------------------------------------------------------------------------------------------------- 

WARNING ! 

 

Propka3.0 is not identical to propka2.0 and does not work with ligands 

------------------------------------------------------------------------------------------------------- 

 

---------  -----   ------   ---------------------    --------------    --------------    -------------- 

                             DESOLVATION  EFFECTS    SIDECHAIN          BACKBONE          COULOMBIC 

RESIDUE    pKa    BURIED     REGULAR      RE        HYDROGEN BOND     HYDROGEN BOND      INTERACTION 

---------  -----   ------   ---------   ---------    --------------    --------------    -------------- 

 

ASP   9 A   7.21   100 %    3.06  574   0.82    0    0.00 XXX   0 X    0.00 XXX   0 X   -0.46 ARG  64 A 

 

ASP  17 A   7.73   100 %    4.35  691   0.50    0   -0.30 GLN 244 A    0.00 XXX   0 X    0.00 XXX   0 X 

ASP  17 A                                           -0.63 TYR  44 A    0.00 XXX   0 X    0.00 XXX   0 X 

 

ASP  29 A   4.51    16 %    0.62  327   0.18    0    0.00 XXX   0 X    0.00 XXX   0 X   -0.11 ARG  28 A 

ASP  29 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.01 ASP  33 A 

 

ASP  33 A   2.46     4 %    0.52  292   0.01    0   -0.68 ARG  28 A   -0.82 VAL  34 A   -0.38 ARG  28 A 

 

ASP  60 A   5.18    32 %    1.08  370   0.30    0    0.00 XXX   0 X    0.00 XXX   0 X    0.01 GLU 177 A 

 

ASP 194 A   2.90    24 %    1.07  348   0.12    0   -0.28 SER 190 A    0.00 XXX   0 X   -0.01 ARG 193 A 

ASP 194 A                                           -0.68 ASN 201 A    0.00 XXX   0 X   -0.46 ARG 319 A 

ASP 194 A                                           -0.67 ARG 319 A    0.00 XXX   0 X    0.00 XXX   0 X 

 

ASP 231 A   3.43     0 %    0.25  221   0.00    0    0.00 XXX   0 X   -0.62 ASP 231 A    0.00 XXX   0 X 

 

ASP 264 A   3.52   100 %    3.19  569   0.13    0   -0.60 ARG 269 A   -0.47 LYS 263 A   -0.04 LYS 263 A 

ASP 264 A                                            0.00 XXX   0 X   -0.45 ASP 264 A   -2.03 ARG 269 A 

 

GLU 115 A   4.28     5 %    0.37  296   0.04    0   -0.63 THR 112 A    0.00 XXX   0 X    0.00 XXX   0 X 
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GLU 177 A   4.28     0 %    0.49  180   0.00    0   -0.33 ARG  61 A    0.00 XXX   0 X   -0.38 ARG  61 A 

 

GLU 267 A   3.90     0 %    0.57  279   0.00    0   -0.79 ARG 260 A    0.00 XXX   0 X   -0.38 ARG 260 A 

 

GLU 349 A   4.57     0 %    0.07   87   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

C-  379 A   3.38     0 %    0.18  145   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

HIS 149 A   3.74    70 %   -2.14  478   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X   -0.51 ARG  95 A 

HIS 149 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.11 HIS 152 A 

 

HIS 152 A   6.15     0 %   -0.35  267   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

HIS 294 A   4.70    65 %   -1.80  463   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

HIS 364 A   2.00    87 %   -3.58  525   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X   -0.45 ARG 273 A 

HIS 364 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.47 ARG 360 A 

 

CYS  79 A  10.50    64 %    2.72  461   0.00    0    0.00 XXX   0 X   -0.56 ALA  80 A   -0.43 ARG  95 A 

CYS  79 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.24 LYS 154 A 

 

CYS 103 A  11.80   100 %    3.02  627   0.00    0   -0.85 TYR  13 A    0.00 XXX   0 X    0.25 ASP   9 A 

CYS 103 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.38 ASP  17 A 

 

CYS 200 A   9.92    26 %    0.80  355   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.03 ASP 194 A 

CYS 200 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.09 C-  379 A 

 

TYR   8 A  11.74    53 %    2.37  431   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.06 ASP   9 A 

TYR   8 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.51 ARG  64 A 

TYR   8 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.17 ARG  65 A 

 

TYR  13 A  16.18   100 %    2.79  681   0.00    0    0.85 CYS 103 A    0.00 XXX   0 X    0.01 ASP   9 A 

TYR  13 A                                           -0.85 TYR  44 A    0.00 XXX   0 X    2.03 CYS 103 A 

TYR  13 A                                            0.00 XXX   0 X    0.00 XXX   0 X    1.34 ASP  17 A 

 

TYR  44 A  20.30   100 %    3.69  688   0.00    0    0.85 TYR  13 A    0.00 XXX   0 X    1.06 CYS 103 A 

TYR  44 A                                            0.63 ASP  17 A    0.00 XXX   0 X    2.03 TYR  13 A 

TYR  44 A                                            0.00 XXX   0 X    0.00 XXX   0 X    2.03 ASP  17 A 

 

TYR 110 A  13.51    90 %    3.51  532   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

TYR 215 A  11.77   100 %    3.10  671   0.00    0   -0.85 SER 212 A    0.00 XXX   0 X   -0.14 ARG 269 A 

TYR 215 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.33 ARG 273 A 

 

TYR 306 A  10.73    36 %    0.63  383   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.05 CYS 200 A 

TYR 306 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.05 ASP 264 A 

 

LYS 121 A  10.43     0 %   -0.07  139   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

LYS 124 A   6.41   100 %   -4.09  578   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X   -0.01 LYS 329 A 

 

LYS 154 A   9.28    27 %   -1.46  358   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.24 CYS  79 A 

 

LYS 180 A  10.47     0 %   -0.03   74   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

LYS 189 A  10.44     0 %   -0.06   83   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

LYS 263 A   5.62    95 %   -4.15  546   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.04 ASP 264 A 

LYS 263 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.35 ARG 269 A 

LYS 263 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.28 ARG 273 A 

LYS 263 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.13 LYS 124 A 

 

LYS 326 A  10.03     4 %   -0.47  293   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

LYS 329 A   7.35   100 %   -3.15  582   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

ARG  28 A  13.36     0 %   -0.31  224   0.00    0    0.68 ASP  33 A    0.00 XXX   0 X    0.11 ASP  29 A 

ARG  28 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.38 ASP  33 A 
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ARG  61 A  12.91     0 %   -0.30  177   0.00    0    0.33 GLU 177 A    0.00 XXX   0 X    0.38 GLU 177 A 

 

ARG  64 A  11.07    81 %   -2.41  509   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.51 TYR   8 A 

ARG  64 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.46 ASP   9 A 

 

ARG  65 A  12.20     0 %   -0.47  257   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.17 TYR   8 A 

 

ARG  95 A   9.98   100 %   -2.95  582   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.43 CYS  79 A 

 

ARG 181 A  12.46     0 %   -0.04   91   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

ARG 193 A  12.34     0 %   -0.11  161   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.01 ASP 194 A 

ARG 193 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.06 ARG 319 A 

 

ARG 196 A  12.37     0 %   -0.13   91   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

ARG 202 A  12.22     0 %   -0.28  270   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

ARG 260 A  13.36     0 %   -0.31  224   0.00    0    0.79 GLU 267 A    0.00 XXX   0 X    0.38 GLU 267 A 

 

ARG 269 A  11.86   100 %   -3.42  631   0.00    0    0.60 ASP 264 A    0.00 XXX   0 X    0.14 TYR 215 A 

ARG 269 A                                            0.00 XXX   0 X    0.00 XXX   0 X    2.03 ASP 264 A 

 

ARG 273 A   8.18   100 %   -4.15  634   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.33 TYR 215 A 

ARG 273 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.50 ARG 269 A 

 

ARG 319 A  12.90    16 %   -0.73  327   0.00    0    0.67 ASP 194 A    0.00 XXX   0 X    0.46 ASP 194 A 

 

ARG 352 A  12.26     0 %   -0.24  163   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

ARG 360 A  10.05    60 %   -2.45  449   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

N+    1 A   7.59     0 %   -0.40  267   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X   -0.01 ARG  64 A 

 

-------------------------------------------------------------------------------------------------------- 

SUMMARY OF THIS PREDICTION 

RESIDUE    pKa   pKmodel   ligand atom-type 

ASP   9 A    7.21      3.80 

ASP  17 A    7.73      3.80 

ASP  29 A    4.51      3.80 

ASP  33 A    2.46      3.80 

ASP  60 A    5.18      3.80 

ASP 194 A    2.90      3.80 

ASP 231 A    3.43      3.80 

ASP 264 A    3.52      3.80 

GLU 115 A    4.28      4.50 

GLU 177 A    4.28      4.50 

GLU 267 A    3.90      4.50 

GLU 349 A    4.57      4.50 

C-  379 A    3.38      3.20 

HIS 149 A    3.74      6.50 

HIS 152 A    6.15      6.50 

HIS 294 A    4.70      6.50 

HIS 364 A    2.00      6.50 

CYS  79 A   10.50      9.00 

CYS 103 A   11.80      9.00 

CYS 200 A    9.92      9.00 

TYR   8 A   11.74     10.00 

TYR  13 A   16.18     10.00 

TYR  44 A   20.30     10.00 

TYR 110 A   13.51     10.00 

TYR 215 A   11.77     10.00 

TYR 306 A   10.73     10.00 

LYS 121 A   10.43     10.50 

LYS 124 A    6.41     10.50 

LYS 154 A    9.28     10.50 

LYS 180 A   10.47     10.50 

LYS 189 A   10.44     10.50 

LYS 263 A    5.62     10.50 
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LYS 326 A   10.03     10.50 

LYS 329 A    7.35     10.50 

ARG  28 A   13.36     12.50 

ARG  61 A   12.91     12.50 

ARG  64 A   11.07     12.50 

ARG  65 A   12.20     12.50 

ARG  95 A    9.98     12.50 

ARG 181 A   12.46     12.50 

ARG 193 A   12.34     12.50 

ARG 196 A   12.37     12.50 

ARG 202 A   12.22     12.50 

ARG 260 A   13.36     12.50 

ARG 269 A   11.86     12.50 

ARG 273 A    8.18     12.50 

ARG 319 A   12.90     12.50 

ARG 352 A   12.26     12.50 

ARG 360 A   10.05     12.50 

N+    1 A    7.59      8.00 

-------------------------------------------------------------------------------------------------------- 

-------------------------------------------------------------------------------------------------------- 

Free energy of   folding (kcal/mol) as a function of pH (using neutral reference) 

0.00     54.20 

1.00     54.13 

2.00     53.58 

3.00     51.66 

4.00     49.39 

5.00     48.46 

6.00     47.01 

7.00     44.99 

8.00     42.06 

9.00     38.25 

10.00     36.14 

11.00     36.89 

12.00     38.29 

13.00     40.56 

14.00     44.29 

 

The pH of optimum stability is 10.2 for which the free energy is  36.1 kcal/mol at 298K 

Could not determine pH values where the free energy is within 80 % of maximum 

Could not determine where the free energy is positive 

 

Protein charge of folded and unfolded state as a function of pH 

pH  unfolded  folded 

0.00     28.00   27.98 

1.00     27.98   27.85 

2.00     27.80   26.97 

3.00     26.39   24.51 

4.00     21.26   20.17 

5.00     16.33   15.68 

6.00     14.20   12.76 

7.00     11.85   10.28 

8.00     10.27    7.49 

9.00      7.81    5.38 

10.00      2.31    1.81 

11.00     -4.96   -3.72 

12.00    -10.30   -9.48 

13.00    -18.36  -15.66 

14.00    -21.54  -19.09 

The pI is 10.33 (folded) and 10.30 (unfolded) 

 



 

171 

 

 

Table IV: PROPKA output file for MdtM model in the outward open conformation at pH 7.2 

propka3.0, revision 182                                                                      2017-10-03 

------------------------------------------------------------------------------------------------------- 

--                                                                                                   -- 

--                                   PROPKA: A PROTEIN PKA PREDICTOR                                 -- 

--                                                                                                   -- 

--                                VERSION 1.0,  04/25/2004, IOWA CITY                                -- 

--                                             BY HUI LI                                             -- 

--                                                                                                   -- 

--                               VERSION 2.0,  11/05/2007, IOWA CITY/COPENHAGEN                      -- 

--                                BY DELPHINE C. BAS AND DAVID M. ROGERS                             -- 

--                                                                                                   -- 

--                              VERSION 3.0,  xx/xx/2010, COPENHAGEN                                 -- 

--                              BY MATS H.M. OLSSON AND CHRESTEN R. SONDERGARD                       -- 

--                                                                                                   -- 

------------------------------------------------------------------------------------------------------- 

 

 

------------------------------------------------------------------------------------------------------- 

References: 

 

Very Fast Empirical Prediction and Rationalization of Protein pKa Values 

Hui Li, Andrew D. Robertson and Jan H. Jensen 

PROTEINS: Structure, Function, and Bioinformatics 61:704-721 (2005) 

 

Very Fast Prediction and Rationalization of pKa Values for Protein-Ligand Complexes 

Delphine C. Bas, David M. Rogers and Jan H. Jensen 

PROTEINS: Structure, Function, and Bioinformatics 73:765-783 (2008) 

 

PROPKA3: Consistent Treatment of Internal and Surface Residues in Empirical pKa predictions 

Mats H.M. Olsson, Chresten R. Sondergard, Michal Rostkowski, and Jan H. Jensen 

Journal of Chemical Theory and Computation, to be submitted (2010) 

------------------------------------------------------------------------------------------------------- 

 

------------------------------------------------------------------------------------------------------- 

WARNING ! 

 

Propka3.0 is not identical to propka2.0 and does not work with ligands 

------------------------------------------------------------------------------------------------------- 

 

---------  -----   ------   ---------------------    --------------    --------------    -------------- 

        DESOLVATION  EFFECTS    SIDECHAIN    BACKBONE         COULOMBIC 

RESIDUE    pKa    BURIED     REGULAR      RE        HYDROGEN BOND     HYDROGEN BOND      INTERACTION 

---------  -----   ------   ---------   ---------    --------------    --------------    -------------- 

 

ASP  22 A   8.06   100 %    3.40  676   0.86    0    0.00 XXX   0 X   -0.00 ASP  22 A    0.00 XXX   0 X 

 

ASP  30 A   5.51    88 %    2.15  529   0.44    0   -0.77 GLN  33 A    0.00 XXX   0 X   -0.11 ARG 108 A 

 

ASP  42 A   3.41     0 %    0.45  217   0.00    0   -0.46 ARG  41 A    0.00 XXX   0 X   -0.38 ARG  41 A 

 

ASP  46 A   2.09     0 %    0.55  183   0.00    0   -0.78 SER  48 A   -0.77 SER  48 A    0.00 XXX   0 X 

ASP  46 A                                            0.00 XXX   0 X   -0.71 LEU  49 A    0.00 XXX   0 X 

 

ASP  73 A   5.80    90 %    3.89  534   1.34    0   -0.70 THR 344 A   -0.00 LYS 342 A   -0.10 LYS 342 A 

ASP  73 A                                           -0.08 ARG  77 A   -0.84 GLY 343 A    0.14 GLU 128 A 

ASP  73 A                                            0.00 XXX   0 X   -0.70 THR 344 A   -0.94 ARG  77 A 

 

ASP 207 A   2.55     6 %    0.82  299   0.00    0   -0.81 ASN 210 A    0.00 XXX   0 X   -0.41 LYS 339 A 

ASP 207 A                                           -0.85 LYS 339 A    0.00 XXX   0 X    0.00 XXX   0 X 

 

ASP 244 A   3.09     3 %    0.66  290   0.03    0   -0.90 ARG 373 A   -0.09 ASP 244 A   -0.41 ARG 373 A 

 

ASP 277 A   1.84     0 %    0.48  214   0.00    0   -0.77 ARG 273 A    0.00 XXX   0 X   -0.02 LYS 134 A 

ASP 277 A                                           -0.85 LYS 276 A    0.00 XXX   0 X   -0.04 ARG 282 A 

ASP 277 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.38 ARG 273 A 

ASP 277 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.38 LYS 276 A 
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GLU 128 A   2.93    61 %    1.87  451   0.19    0   -0.49 GLN 127 A    0.00 XXX   0 X   -0.00 ARG   7 A 

GLU 128 A                                           -0.80 ARG  77 A    0.00 XXX   0 X   -0.02 ARG 194 A 

GLU 128 A                                           -0.85 LYS 342 A    0.00 XXX   0 X   -0.71 ARG  77 A 

GLU 128 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.75 LYS 342 A 

 

GLU 190 A   4.35    63 %    2.15  459   0.06    0   -0.72 THR 125 A   -0.36 ARG  78 A   -0.21 ARG  77 A 

GLU 190 A                                           -0.40 ARG 194 A    0.00 XXX   0 X   -0.23 ARG  78 A 

GLU 190 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.04 GLU 128 A 

GLU 190 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.49 ARG 194 A 

 

GLU 280 A   3.75    70 %    3.06  478   0.35    0   -0.70 ARG 332 A    0.00 XXX   0 X   -0.08 LYS 134 A 

GLU 280 A                                           -0.75 ARG 397 A    0.00 XXX   0 X   -0.43 ARG 399 A 

GLU 280 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -1.39 ARG 332 A 

GLU 280 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.81 ARG 397 A 

 

GLU 362 A   3.70     0 %    0.42  239   0.00    0   -0.84 ARG 365 A    0.00 XXX   0 X   -0.38 ARG 365 A 

 

GLU 405 A   3.31     0 %    0.38   84   0.00    0    0.00 XXX   0 X   -0.80 GLU 405 A    0.00 XXX   0 X 

GLU 405 A                                            0.00 XXX   0 X   -0.76 LEU 406 A    0.00 XXX   0 X 

 

GLU 408 A   4.58     0 %    0.08   67   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

GLU 409 A   5.18*    0 %    0.13   56   0.00    0    0.56 C-  410 A    0.00 XXX   0 X    0.00 XXX   0 X 

 

C-  410 A   2.76*    0 %    0.12   53   0.00    0   -0.56 GLU 409 A    0.00 XXX   0 X    0.00 XXX   0 X 

 

HIS   8 A   6.10     0 %   -0.25  201   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X   -0.10 ARG   7 A 

HIS   8 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.06 N+    1 A 

 

HIS 162 A   6.36     0 %   -0.14  197   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

HIS 165 A   5.88     8 %   -0.48  305   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X   -0.14 LYS 167 A 

 

HIS 307 A   6.24     0 %   -0.26  213   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

HIS 377 A   3.36    91 %   -3.13  536   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X   -0.01 ARG 373 A 

 

HIS 401 A   6.29     0 %   -0.21  121   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

CYS  92 A  13.18   100 %    4.37  567   0.00    0    0.00 XXX   0 X   -0.09 CYS  92 A   -0.09 ARG 108 A 

 

CYS 116 A  12.40   100 %    3.40  585   0.00    0   -0.00 GLN  65 A    0.00 XXX   0 X    0.00 XXX   0 X 

 

CYS 213 A   8.36     0 %    0.45  233   0.00    0   -0.71 ARG 209 A    0.00 XXX   0 X   -0.38 ARG 209 A 

 

TYR  21 A  14.20    92 %    4.06  538   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.15 ASP  22 A 

TYR  21 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.01 ARG  78 A 

 

TYR  26 A  13.35   100 %    2.52  683   0.00    0   -0.85 TYR 123 A    0.00 XXX   0 X    0.14 ASP  30 A 

TYR  26 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.46 CYS 116 A 

TYR  26 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.26 TYR 228 A 

TYR  26 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.82 ASP  22 A 

 

TYR  57 A  13.76   100 %    4.36  639   0.00    0   -0.85 THR  29 A    0.00 XXX   0 X    0.35 ASP  30 A 

TYR  57 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.60 CYS  92 A 

TYR  57 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.32 CYS 116 A 

TYR  57 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.03 TYR  26 A 

TYR  57 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -1.06 ARG 108 A 

 

TYR 123 A  17.32   100 %    3.13  682   0.00    0    0.85 TYR  26 A    0.00 XXX   0 X    0.10 CYS 116 A 

TYR 123 A                                            0.00 XXX   0 X    0.00 XXX   0 X    2.03 TYR  26 A 

TYR 123 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.01 TYR 228 A 

TYR 123 A                                            0.00 XXX   0 X    0.00 XXX   0 X    1.19 ASP  22 A 

 

TYR 228 A  12.61   100 %    2.05  583   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.56 ASP  30 A 

 

TYR 319 A  13.83   100 %    4.10  615   0.00    0   -0.27 GLN 291 A    0.00 XXX   0 X    0.00 XXX   0 X 

 

LYS 134 A   8.00    51 %   -2.40  424   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.02 ASP 277 A 
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LYS 134 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.08 GLU 280 A 

LYS 134 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.06 ARG 332 A 

LYS 134 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.09 ARG 397 A 

LYS 134 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.05 LYS 276 A 

 

LYS 137 A   9.35    53 %   -1.15  431   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

LYS 167 A   9.83     0 %   -0.67  279   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

LYS 193 A  10.46     0 %   -0.04   71   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

LYS 202 A  10.47     0 %   -0.03   67   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

LYS 276 A  11.28     0 %   -0.33  226   0.00    0    0.85 ASP 277 A    0.00 XXX   0 X   -0.12 ARG 273 A 

LYS 276 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.38 ASP 277 A 

 

LYS 339 A  11.00    11 %   -0.76  312   0.00    0    0.85 ASP 207 A    0.00 XXX   0 X    0.41 ASP 207 A 

 

LYS 342 A   9.94    60 %   -1.91  449   0.00    0    0.85 GLU 128 A    0.00 XXX   0 X    0.10 ASP  73 A 

LYS 342 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.35 ARG  77 A 

LYS 342 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.75 GLU 128 A 

 

ARG   3 A  12.41     0 %   -0.09   90   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

ARG   7 A  11.98    20 %   -0.53  336   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 GLU 128 A 

 

ARG  41 A  13.00     0 %   -0.34  206   0.00    0    0.46 ASP  42 A    0.00 XXX   0 X    0.38 ASP  42 A 

 

ARG  74 A  11.88    12 %   -0.62  314   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

ARG  77 A  12.87    79 %   -2.37  503   0.00    0    0.08 ASP  73 A    0.00 XXX   0 X    0.21 GLU 190 A 

ARG  77 A                                            0.80 GLU 128 A    0.00 XXX   0 X    0.94 ASP  73 A 

ARG  77 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.71 GLU 128 A 

 

ARG  78 A  11.70    22 %   -0.97  344   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.01 TYR  21 A 

ARG  78 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.23 GLU 190 A 

ARG  78 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.06 ARG 194 A 

 

ARG 108 A   9.76   100 %   -4.00  568   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.11 ASP  30 A 

ARG 108 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.09 CYS  92 A 

ARG 108 A                                            0.00 XXX   0 X    0.00 XXX   0 X    1.06 TYR  57 A 

 

ARG 194 A  12.77    10 %   -0.56  310   0.00    0    0.40 GLU 190 A    0.00 XXX   0 X    0.02 GLU 128 A 

ARG 194 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.08 ARG  77 A 

ARG 194 A                                            0.00 XXX   0 X    0.00 XXX   0 X    0.49 GLU 190 A 

 

ARG 206 A  12.43     0 %   -0.07  108   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

ARG 209 A  13.40     0 %   -0.19  175   0.00    0    0.71 CYS 213 A    0.00 XXX   0 X    0.38 CYS 213 A 

 

ARG 215 A  11.90     0 %   -0.60  264   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

ARG 273 A  13.45     0 %   -0.20  186   0.00    0    0.77 ASP 277 A    0.00 XXX   0 X    0.38 ASP 277 A 

 

ARG 282 A  12.20     0 %   -0.32  220   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.04 ASP 277 A 

ARG 282 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.02 ARG 273 A 

 

ARG 286 A  12.28     0 %   -0.22  276   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.00 XXX   0 X 

 

ARG 332 A  10.37   100 %   -3.25  582   0.00    0    0.70 GLU 280 A    0.00 XXX   0 X   -0.84 ARG 397 A 

ARG 332 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.13 ARG 399 A 

ARG 332 A                                            0.00 XXX   0 X    0.00 XXX   0 X    1.39 GLU 280 A 

 

ARG 365 A  13.46     0 %   -0.26  209   0.00    0    0.84 GLU 362 A    0.00 XXX   0 X    0.38 GLU 362 A 

 

ARG 373 A  12.95    15 %   -0.86  324   0.00    0    0.90 ASP 244 A    0.00 XXX   0 X    0.41 ASP 244 A 

 

ARG 397 A  12.06    58 %   -1.99  445   0.00    0    0.75 GLU 280 A    0.00 XXX   0 X    0.81 GLU 280 A 
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ARG 399 A  11.78    24 %   -0.91  348   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X    0.43 GLU 280 A 

ARG 399 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.24 ARG 397 A 

 

N+    1 A   5.81    31 %   -1.98  367   0.00    0    0.00 XXX   0 X    0.00 XXX   0 X   -0.06 ARG   7 A 

N+    1 A                                            0.00 XXX   0 X    0.00 XXX   0 X   -0.15 LYS 134 A 

 

-------------------------------------------------------------------------------------------------------- 

Residues that are found to be 'coupled', i.e. titrates together, has been marked by '*' in the above 

section. Please rerun PropKa with the --display-coupled-residues option for detailed information. 

-------------------------------------------------------------------------------------------------------- 

SUMMARY OF THIS PREDICTION 

RESIDUE    pKa   pKmodel   ligand atom-type 

ASP  22 A    8.06      3.80 

ASP  30 A    5.51      3.80 

ASP  42 A    3.41      3.80 

ASP  46 A    2.09      3.80 

ASP  73 A    5.80      3.80 

ASP 207 A    2.55      3.80 

ASP 244 A    3.09      3.80 

ASP 277 A    1.84      3.80 

GLU 128 A    2.93      4.50 

GLU 190 A    4.35      4.50 

GLU 280 A    3.75      4.50 

GLU 362 A    3.70      4.50 

GLU 405 A    3.31      4.50 

GLU 408 A    4.58      4.50 

GLU 409 A    5.18      4.50 

C-  410 A    2.76      3.20 

HIS   8 A    6.10      6.50 

HIS 162 A    6.36      6.50 

HIS 165 A    5.88      6.50 

HIS 307 A    6.24      6.50 

HIS 377 A    3.36      6.50 

HIS 401 A    6.29      6.50 

CYS  92 A   13.18      9.00 

CYS 116 A   12.40      9.00 

CYS 213 A    8.36      9.00 

TYR  21 A   14.20     10.00 

TYR  26 A   13.35     10.00 

TYR  57 A   13.76     10.00 

TYR 123 A   17.32     10.00 

TYR 228 A   12.61     10.00 

TYR 319 A   13.83     10.00 

LYS 134 A    8.00     10.50 

LYS 137 A    9.35     10.50 

LYS 167 A    9.83     10.50 

LYS 193 A   10.46     10.50 

LYS 202 A   10.47     10.50 

LYS 276 A   11.28     10.50 

LYS 339 A   11.00     10.50 

LYS 342 A    9.94     10.50 

ARG   3 A   12.41     12.50 

ARG   7 A   11.98     12.50 

ARG  41 A   13.00     12.50 

ARG  74 A   11.88     12.50 

ARG  77 A   12.87     12.50 

ARG  78 A   11.70     12.50 

ARG 108 A    9.76     12.50 

ARG 194 A   12.77     12.50 

ARG 206 A   12.43     12.50 

ARG 209 A   13.40     12.50 

ARG 215 A   11.90     12.50 

ARG 273 A   13.45     12.50 

ARG 282 A   12.20     12.50 

ARG 286 A   12.28     12.50 

ARG 332 A   10.37     12.50 

ARG 365 A   13.46     12.50 

ARG 373 A   12.95     12.50 

ARG 397 A   12.06     12.50 
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ARG 399 A   11.78     12.50 

N+    1 A    5.81      8.00 

-------------------------------------------------------------------------------------------------------- 

-------------------------------------------------------------------------------------------------------- 

Free energy of   folding (kcal/mol) as a function of pH (using neutral reference) 

0.00     34.95 

1.00     34.80 

2.00     33.75 

3.00     30.05 

4.00     25.01 

5.00     23.84 

6.00     24.02 

7.00     22.84 

8.00     22.08 

9.00     21.30 

10.00     22.30 

11.00     27.47 

12.00     34.24 

13.00     41.62 

14.00     48.22 

 

The pH of optimum stability is  9.2 for which the free energy is  21.3 kcal/mol at 298K 

Could not determine pH values where the free energy is within 80 % of maximum 

Could not determine where the free energy is positive 

 

Protein charge of folded and unfolded state as a function of pH 

pH  unfolded  folded 

0.00     34.00   33.97 

1.00     33.98   33.72 

2.00     33.79   32.24 

3.00     32.30   28.50 

4.00     26.53   23.87 

5.00     19.99   20.42 

6.00     16.81   16.20 

7.00     13.34   12.63 

8.00     11.33   10.73 

9.00      8.81    8.57 

10.00      3.30    5.39 

11.00     -4.08    0.98 

12.00    -10.26   -5.51 

13.00    -20.40  -14.40 

14.00    -24.41  -21.16 

The pI is 11.19 (folded) and 10.42 (unfolded) 

 


