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ABSTRACT 

 Efflux pump-mediated resistance towards antibiotics poses an increasing challenge for 

the treatment of pathogenic bacterial infections. Efflux pumps also known as multidrug 

resistance (MDR) transporters are embedded in the bacterial membrane and expel the 

antibiotics from the cytoplasm to the periplasm or to the extracellular space thereby mediating 

resistance. A large group of MDR-antiporters belong to the Major Facilitator Superfamily 

(MFS). These transporters shuttle the substrates across the membrane by the so-called 

“Alternating access mechanism”, a hallmark of this superfamily.  

 The main focus of this thesis is to unravel the efflux mechanism of bacterial MFS-type 

multidrug resistance antiporter. MdfA, a H+/multidrug antiporter possesses functional elements 

conserved in other MFS-MDR antiporters which makes it a model character to study efflux 

transport. Although many biochemical data are available for MdfA, the absence of structural 

information impedes a deeper understanding of efflux transport. Before the initiation of this 

project, the only crystal structure available of the efflux antiporter was EmrD (occluded state) 

resolved at 3.5 Å resolution. EmrD is biochemically less characterized and does not lend any 

support to describe an efflux mechanism. We perceived that the structural characterization of 

MdfA with the available biochemical data will help to provide insights into the mechanism of 

efflux transport. In order to determine the structure of MdfA, we chose X-ray crystallography 

for which crystals need to be grown. 

 Membrane proteins are notoriously difficult to crystallize as they are purified in 

detergent. Detergents jacket the surface preventing the crystallization process and can also be 

detrimental for the stability of the protein which can lead to low protein quantity deficient for 

crystallization trials. Membrane proteins can also be conformationally flexible which hamper 

the formation of well-ordered crystals. Co-crystallization with antibody fragment (Fab) has 

shown to yield significant advantages in reducing the conformational flexibility by stabilizing 

the membrane protein to a single state. Antibody fragment binding also provides an extended 

hydrophilic portion for crystal-crystal contacts which are often hampered by the detergents 

used for membrane protein purification. Using the advantages of Fab as a crystallization 

chaperone by systematic screening, we were able to identify a Fab fragment (YN1074) which 

formed a stable complex with MdfA. MdfA-YN1074 Fab complex showed high stability 

assessed by CPM thermostability assay and enhanced crystallization properties compared to 

the other MdfA-Fab complexes and MdfA wild type (Manuscript I).  

 We assessed the thermostability of MdfA-YN1074 Fab complex as a function of pH. 

We identified Fab-YN1074 binding to MdfA suppressed pH-dependent thermostability 

changes of the complex and allowed crystallization screening under a wide range of pH 

conditions. MdfA wild type and MdfA-Fab complexes were subjected to both vapour diffusion 

(VD) and lipidic cubic phase (LCP) crystallization techniques. VD grown crystals of MdfA 

wild type and MdfA-YN1074 Fab complex were of type II packing with weak crystal contacts 

and poor diffraction behaviour. In contrast, MdfA-YN1074 Fab complex crystals grown in the 

LCP resulted in crystals of type I packing diffracting to a high resolution of 3.4 Å belonging to 

the hexagonal space group P6122 (Manuscript II).   

 Crystal structure determination revealed an outward-open (Oo) conformation of MdfA 

with Fab-YN1074 bound to the cytoplasmic side. In 2015, the ligand bound inward-facing (IF) 

structures of MdfA were published at high resolution which revealed insights of the substrate-

binding site and a model of the transport cycle was proposed. MdfA localized to the inner 

membrane of E.coli consists of 12 transmembrane (TM) helices. The 12 TM helical fold can be 

split into pseudosymmetrical halves as N- and C-terminal domains with 6 TM helices each 

connected by a cytoplasmic loop. The two domains enclose a substrate-binding pocket which is 
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either open to the periplasmic or to the cytoplasmic side of the inner membrane by the rigid 

body rotation of the two domains along the plane of the lipidic bilayer.  

 Comparing the Oo state with the published ligand bound inward-facing structure, two 

relevant structural differences were observed localized to the conserved motifs, “Motif B, 

Motif C” within the N-terminal domain. These conserved motifs are known to play an 

important role in the antiport activity of MdfA and other antiporters. The differences show that 

in the Oo structure that the transmembrane helix (TM) 5 was kinked around motif-C, 

“APXXGP”, observed only in antiporters and a slight significant expansion of the hydrophobic 

cluster was observed surrounding Arg112TM4 of conserved motif-B, “RXXXG”. Previously 

identified acidic residues Glu26TM1 and Asp34TM1 within the binding cavity are known to be 

involved in the H+/substrate coupling.  

 Based on the structural differences, molecular dynamics simulations studies and 

transport assay, we propose a conformational switching mechanism for MdfA. Exposure of the 

binding cavity to low periplasmic pH in the Oo state upon protonation of Asp34TM1 is thought 

to trigger the conformational switching of MdfA from an outward-open to the inward-open 

state. Changes in the chemical environment around the protonated Asp34TM1 may result in the 

rearrangement of the hydrophobic cluster around motif-B which in turn extends the 

rearrangements in helix TM4. Further to note motif-C present on helix TM5 achieves different 

conformations (kinked or straight form) which are associated in dictating the conformational 

states either as Oo or IF state respectively. The highly conserved TM5 motif-C appears to play a 

central role in the relative orientations of the two domains and the conformational switching 

mechanism proposed here may apply to 12 TM helical MFS type-MDR antiporters comprising 

the conserved motifs as MdfA (Manuscript III).  

 In this thesis, I describe the process involved in generating well-ordered MdfA-Fab 

crystals using the lipidic cubic phase method and present the structure of MdfA in an Oo state. 

Comparing the Oo structure of MdfA with the published IF structure, provides insights into the 

conformational switching mechanism which may serve as a template to understand drug efflux 

in other MFS-MDR type antiporters. 
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ZUSAMMENFASSUNG  

 Die Effluxpumpen-vermittelte Resistenz gegen Antibiotika stellt die Behandlung 

pathogener bakterieller Infektionen vor eine zunehmende Herausforderung. Efflux-Pumpen, 

welche auch als MDR-Transporter (Multidrug Resistance) bezeichnet werden, sind in die 

Bakterienmembran eingebettet. Sie vermitteln Resistenzen indem sie Antibiotika aus dem 

Zytoplasma in das Periplasma oder in den extrazellulären Raum ausschleusen. Eine große 

Gruppe von MDR-Antiportern gehört zur Major Facilitator Superfamilie (MFS). Diese 

Transporter transportieren die Substrate durch den sogenannten "Alternating Access 

Mechanism", ein Markenzeichen dieser Superfamilie, über die Membran. 

 Das Hauptaugenmerk dieser Arbeit liegt auf der Aufklärung des Effluxmechanismus 

der bakteriellen Multidrug-Resistenz-Antiporter vom MFS-Typ. MdfA, ein H + / Multidrug-

Antiporter, verfügt über Funktionselemente, die gegenüber anderen MFS-MDR-Antiportern 

konserviert sind. Deshalb kann er als Modell dienen, um den Efflux-Transport zu untersuchen. 

Obwohl viele biochemische Daten für MdfA verfügbar sind, erschwert das Fehlen von 

Strukturinformationen ein tieferes Verständnis des Effluxtransports. Vor Beginn dieses 

Projekts war die einzige verfügbare Kristallstruktur, die des Efflux-Antiporters EmrD 

(okkludierter Zustand), mit einer Auflösung von 3.5 Å. EmrD ist biochemisch unzulänglich 

charakterisiert und die verfügbaren Daten lassen keine Rückschlüsse auf einen 

Effluxmechanismus zu. Wir vermuteten, dass die strukturelle Charakterisierung von MdfA mit 

den verfügbaren biochemischen Daten dabei helfen könnte, einen Einblick in den 

Mechanismus des Effluxtransports zu gewinnen. Um die Struktur von MdfA zu bestimmen, 

haben wir die Röntgenkristallographie gewählt, für welche Kristalle gezüchtet werden müssen. 

 Membranproteine sind bekanntermaßen schwierig zu kristallisieren, da sie in Detergens 

gereinigt werden. Detergenzien umhüllen die Oberfläche und verhindern den 

Kristallisationsprozess. Sie können auch die Stabilität des Proteins beeinträchtigen, was zu 

einer geringen, für Kristallisationsversuche unzureichenden Proteinausbeute führen kann. 

Membranproteine können auch konformationsflexibel sein, was die Bildung gut geordneter 

Kristalle behindert. Es hat sich gezeigt, dass die Co-Kristallisation mit einem 

Antikörperfragment (Fab) signifikante Vorteile bei der Stabilisierung des Membranproteins auf 

einen einzelnen Zustand bringt, indem die Konformationsflexibilität verringert wird. Die 

Antikörperfragmentbindung bietet auch einen erweiterten hydrophilen Anteil für Kristall-

Kristall-Kontakte, die häufig durch die zur Reinigung von Membranproteinen verwendeten 

Detergenzien behindert werden. Unter Verwendung der Vorteile von Fab als Kristallisations-

Chaperon konnten wir durch systematisches Screening ein Fab-Fragment (YN1074) 

identifizieren, das mit MdfA einen stabilen Komplex bildete. Der MdfA-YN1074 Fab-

Komplex zeigte im Vergleich zu den anderen MdfA-Fab Komplexen und dem MdfA-Wildtyp 

eine hohe, durch ein CPM-Thermostabilitätsassay ermittelte, Stabilität und verbesserte 

Kristallisationseigenschaften (Manuscript I). 

 Wir untersuchten die Thermostabilität des MdfA-YN1074-Fab-Komplexes in 

Abhängigkeit vom pH-Wert. Wir identifizierten eine Fab-YN1074 Bindung an MdfA, die pH-

abhängige Thermostabilitätsänderungen des Komplexes unterdrückte und ein 

Kristallisationsscreening in einem weiten Bereich von pH-Bedingungen ermöglichte. MdfA-

Wildtyp und MdfA-Fab Komplexe wurden sowohl Dampfdiffusions (VD) als auch Lipid 

Cubic Phase (LCP) Kristallisationstechniken unterzogen. In VD gezüchtete Kristalle des 

MdfA-Wildtyps und des MdfA-YN1074 Fab Komplexes wiesen eine Packung vom Typ II mit 

schwachen Kristallkontakten und schlechtem Beugungsverhalten auf. Im Gegensatz dazu 

führten MdfA-YN1074 Fab Komplexkristalle, die im LCP gezüchtet wurden, zu Kristallen der 

Typ I Packung, die mit einer hohen Auflösung von 3,4 Å zur hexagonalen Raumgruppe P6122 

gehörten (Manuscript II).   
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 Die Kristallstrukturbestimmung ergab eine nach außen offene (Oo) Konformation von 

MdfA mit Fab-YN1074, welches an die cytoplasmatische Seite gebunden war. Im Jahr 2015 

wurden hochaufgelöste ligandengebundene, nach innen gerichtete (IF) Strukturen von MdfA 

veröffentlicht, welche die Substratbindungsstelle aufdeckten. Des Weiteren wurde ein Modell 

für den Transportzyklus vorgeschlagen. Das in der inneren Membran von E. coli lokalisierte 

MdfA besteht aus 12 Transmembran (TM) -Helices. Die 12-TM-Helix kann als N- und C-

terminale Domäne in pseudosymmetrische Hälften aufgeteilt werden, wobei 6 TM-Helices 

jeweils durch eine zytoplasmatische Schleife verbunden sind. Die beiden Domänen schließen 

eine Substratbindungstasche ein, die entweder zur peri- oder zur cytoplasmatischen Seite der 

inneren Membrangeöffnet ist. Dies wird durch eine starre Rotation der beiden Domänen 

entlang der Ebene der Lipiddoppelschicht erreicht . 

 Beim Vergleich des Oo Zustands mit den veröffentlichten, Liganden-gebundenen nach 

innen gerichteten Strukturen, wurden zwei relevante strukturelle Unterschiede beobachtet, die 

auf die konservierten Motive, „Motif B, Motif C“ innerhalb der N-terminalen Domäne 

beschränkt waren. Es ist bekannt, dass diese konservierten Motive eine wichtige Rolle bei der 

Antiportaktivität von MdfA und anderen Antiportern spielen. Die Unterschiede zeigen, dass in 

der Oo Struktur die Transmembran-helix (TM) 5 um Motif-C "APXXGP" geknickt war, eine 

Struktur, die nur in Antiportern beobachtet wurde. Außerdem wurde eine geringfügige, aber 

signifikante Ausdehnung des hydrophoben Clusters um Arg112TM4 des konservierten Motif-B 

"RXXXG" beobachtet. Zuvor identifizierte saure Reste Glu26TM1 und Asp34TM1 in der 

Bindungstasche sind an der H+/Substrat-Kopplung beteiligt. 

 Basierend auf den strukturellen Unterschieden, den Studien zur 

Molekulardynamiksimulation und dem Transportassay schlagen wir einen 

Konformationsumschaltmechanismus für MdfA vor. Es wird angenommen, dass ein MdfA 

Konformationswechsel von einem nach außen offenen in einen nach innen offenen Zustand 

dadurch ausgelöst wird, dass die Bindungstasche im Oo Zustand dem niedrigen 

periplasmatischen pH ausgesetzt wird und es damit zu einer Protonierung von Asp34TM1 

kommt. Änderungen der chemischen Umgebung um das protonierte Asp34TM1 können zur 

Umlagerung des hydrophoben Clusters um Motif B führen, was wiederum die Umlagerungen 

in der Helix TM4 und TM5 erweitert. Außerdem kann Motif-C, das auf der Helix TM5 

vorhanden ist, verschiedene Konformationen (geknickt oder gerade Form) annehmen, wodurch 

Konformationszustände entweder als Oo Zustand oder als IF-Zustand vorgegeben werden. Das 

hochkonservierte TM5-Motif C scheint eine zentrale Rolle bei der relativen Orientierung der 

beiden Domänen zu spielen, und der hier vorgeschlagene Konformationsumschaltmechanismus 

könnte für 12 TM-helikale MFS-Typ-MDR Antiporter mit Motif C gelten (Manuscript III). 

 In dieser Arbeit beschreibe ich den Prozess der Erzeugung gut geordneter MdfA-Fab 

Kristalle mit der Lipidisch Kubischen Phasen Methode und präsentiere die Struktur von MdfA 

in einem Oo Zustand. Der Vergleich der Oo Struktur von MdfA mit der veröffentlichten IF 

Struktur bietet Einblicke in den Konformationsumschaltmechanismus, der als Vorlage für das 

Verständnis des Arzneimittelausflusses in anderen Antiportern vom MFS-MDR Typ dienen 

kann. 
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1 INTRODUCTION 

1.1  Antibiotic resistance 

Discovery of antibiotics 

 Antibiotics are indispensable chemotherapeutic agents (<500 Da) used for evading 

lethal diseases and infections caused by pathogenic microorganisms. Antibiotics have been of 

great importance and have saved millions of lives from the beginning of the 20th century up 

today (Sengupta et al., 2013). Discovery of antibiotics is one of the outstanding achievements 

in the field of medicine. The discovery of Penicillin by Sir Alexander Fleming in 1928 

(Fleming, 1929), led to the introduction of several classes of antibiotic through different routes 

namely, i) soil screening of microorganisms producing secondary metabolites (antibiotics) – 

Walksman approach (Schatz et al., 1944, de Lima Procópio et al., 2012), ii) chemical 

modification of natural compounds (Zhanel et al., 2004) and iii) synthetic antibiotics 

(Fernandes, 2006). The upturn in the discovery of new antibiotics from 1940s to 1960s is 

undoubtedly the “Golden Age of Antibacterials” (Davies, 2006). These life-saving drugs have 

undeniably decreased the mortality rate of the people (Oeppen and Vaupel, 2002), not until the 

development of antibiotic resistance.  

Antibiotic resistance crisis 

 What is antibiotic resistance? The reduction in susceptibility of a pathogenic bacterium 

to the deleterious effects of an antibiotic is called, “Antibiotic resistance”. The rapid emergence 

of resistance towards the antibiotics by microorganisms has almost decreased the therapeutic 

efficacy of most of the drugs discovered in the 20th century (Neu, 1992, French, 2010, 

Fernández et al., 2011). Antibiotic resistance has been observed in major pathogenic bacteria 

(Levy, 2005). To highlight, currently the life-threatening pathogens among the gram-positive 

and gram-negative bacteriae are the ESKAPE organisms (Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumonia, Acinetobacter baumanii, Pseudomonas 

aeruginosa and Enterobacteriaceae) (Tommasi et al., 2015, Santajit and Indrawattana, 2016) 

which have developed multidrug resistance (MDR) to the most promising drugs available in 

the market, creating situations alike the pre-antibiotic era. In the post-antibiotic era i.e. 21st 

century, extrapolating this alarming situation will result in the death of millions of lives by 

2050 (O’ Neil, 2014).  
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The causes and spread of antibiotic resistance 

 In order to survive in their environmental niche, bacteria have developed a range of 

resistant elements whose existence predate the practice of modern medicine (Jacob, 1977, 

Wiedenbeck and Cohan, 2011). Resistance elements in bacteria are either encoded in their 

genome or acquired from the bacterial community (D’costa et al., 2011, Cox and Wright, 

2013). The intrinsic genetic resistant elements are passed on from mother cell to the daughter 

cell by cell division known as “vertical gene transfer” (Martínez et al., 2007). Resistance genes 

are also acquired by bacteria from another microorganism via “horizontal gene transfer” which 

is uncoupled to cell division, (Davies, 1994, Wiedenbeck and Cohan, 2011). Horizontal gene 

transfer is mediated via transformation, transduction (attack of bacteriophages) or conjugation 

(Bennett, 2009). Mobile genetic elements like plasmids or transposons carrying resistant genes 

are transferred by conjugation between bacteria (Van Hoek et al., 2011). Accumulation of 

resistant genes by vertical and horizontal gene transfer increases the virulence of the 

microorganisms making them as “Multidrug-resistant Superbugs” (Nikaido, 2009). 

1.2  Mechanisms of antibiotic resistance  

 Antibiotics act on a specific bacterial target to elicit their action. Bacterial drug targets 

are present on the cell wall, periplasmic space, and cytoplasm to which antibiotics bind to 

inhibit the function, resulting in a bacteriostatic or bactericidal effect  (Kohanski et al., 2010). 

An antibiotic to exert its action within the cytoplasm of gram-negative bacteria must permeate 

the outer membrane (OM) – the first line of defence, periplasm, and then the inner membrane 

(IM). The peptidoglycan layer of gram-positive bacteria is a coarse mesh which allows 

permeation of antibiotics in contrast to the OM of gram-negative bacteria. The OM of gram-

negative bacteria is a tightly packed lipidic bilayer and acts as a protective barrier reducing the 

permeation rate of hydrophobic substrates (Nikaido, 1994, Hancock, 1997). Antibiotics enter 

into the periplasm of gram-negative bacteria through, “Porins” (β-lactams) (Livermore, 1988) 

or via “Self-promoted uptake pathway” (aminoglycosides) (Delcour, 2009). Further, the 

antibiotic passively diffuses from the periplasm into the cytoplasm through the IM to act on the 

target (Hancock and Bell, 1988).   

 As briefed earlier, bacteria with the innate or acquired resistant genes can circumvent 

the action of antibacterials by different resistance mechanisms, a) inactivation of the antibiotic 

by enzymatic hydrolysis or modification, b)  alteration of the drug target, c)  overproduction of 

the drug target, d)  “bypass” target metabolic pathway, e) reduced intake by decreased outer 
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membrane permeability and f) efflux of the antibiotic by multidrug resistant transporters (Fig. 

1) (Tenover et al., 2006, Giedraitienė et al. 2011). 

 The focus of this thesis further will be on the efflux pumps mediated resistance towards 

antibiotics in bacteria.  

 Fig  1. Mechanisms of antibiotic resistance 

 

Fig 1. Mechanisms of antibiotic resistance: Resistance genes are transferred between bacteria which reduces the 

efficacy of the antibiotics by different resistance mehanisms; a) inactivation of the antibiotic or enzymatic hydrolysis. For 

example. β-lactamase hydrolyse the β-lactam ring of Penicillin (Abraham and Chain, 1940), b) target modification. For 

example. Mutations in the gene of the enzymes DNA gyrase or topoIV reduces the binding affinity to quinolones (Drlica et al., 

2008), c) overexpression of the drug target. For example. Overexpression of AcrAB-TolC efflux pump (Yu et al., 2003), d) 

bypassing the target metabolic pathway. For example. Trimethoprim inhibits the enzyme dihydrofolate reductase which is 

required for the synthesis of the DNA precursor thymidine. E.coli has managed to develop resistance towards Trimethoprim by 

being dependent on an external source of thymine for DNA biosynthesis (King et al., 1983), and e) reduction of outer 

membrane permeability. For example. Mutations in the porin Por of Neisseria gonorrhoeae exerts enhanced resistance to 

penicillin and tetracyclines (Gill et al., 1998). f) increased expulsion of antibiotics by the efflux pumps embedded in the 

bacterial membrane (Image modified from Coates et al., 2002). 

1.3  Bacterial multidrug resistance transporters 

 Efflux transporters are embedded within the bacterial membrane. In context to 

multidrug efflux, transporters in the inner membrane (IM) expel cytotoxic molecules from the 

cytoplasm to the periplasmic space and large protein complexes form a continuous channel 

from the IM to the outer membrane to release the substrates to the extracellular space from the 

periplasm (Zgurskaya, 2009). With the growing concern of multidrug resistance since the 

1970s, antibiotic resistance mediated by efflux transporters was first observed with a single-
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drug efflux pump extruding tetracycline (Levy and McMurry, 1974, Mitchell, 1977, Levy and 

McMurry, 1978). Since then many multidrug efflux transporters have been identified from 

resistant clinical isolates (Piddock, 2006b, Sun et al., 2014). Many of the MDR transporters 

have overlapping substrate profiles to compensate for the functional loss of one another 

(Keogh et al., 2016). MDR efflux transporters are either chromosomally or plasmid encoded 

(Li and Nikaido, 2009) and they are regulated by transcriptional regulators which carry out 

constitutive or inducible expression (Sun et al., 2014, Piddock, 2006b, Ma et al., 1995). MDR 

efflux pumps also exhibit physiological roles such as bile tolerance, pathogenicity, biofilm 

formation, and quorum sensing (Piddock, 2006a, Sun et al., 2014). Efflux transporters besides 

antibiotic efflux and physiological roles also expel disinfectants, antiseptics, sterilants and 

preservatives that are routinely used in medical practice (Levy, 2002, Poole, 2007, Tumah, 

2009, Hegstad et al., 2010).  

 MDR efflux transporters are classified based on their sequence similarities, energetic 

profiles, and substrate specificities. Phylogenetic approaches were also used to classify and 

interpret the function of novel transporters (Saier and Paulsen, 2001). Based on these analysis, 

seven superfamilies of MDR transporters were identified namely; i) the ABC (Adenosine 

triphosphate-binding cassette) superfamily (Higgins, 2001), ii) the MFS (Major facilitator 

superfamily), iii) the SMR (small multidrug resistance) superfamily (Paulsen et al., 1996), iv) 

the MATE (multidrug and toxic compound extrusion) family, all of which are widely 

distributed in both gram-positive and gram-negative organisms (Brown et al., 1999), V) the 

resistance-nodulation-division (RND) family found only in gram-negative organisms (Putman 

et al., 2000, Piddock, 2006b, Poole, 2007), and two more recently discovered superfamilies are 

VI) the AbgT family (Delmar and Yu, 2016) and the PACE (Proteobacterial antimicrobial 

compound efflux) family (Hassan et al., 2013, Hassan et al., 2015).  

 The seven families of transporters can be sub-classified into, “primary-active” and 

“secondary-active” transporters based on the energy source utilized for the extrusion of 

substrates (Fig. 2). ABC superfamily members are primary-active transporters which utilize the 

energy of ATP for drug export. The other six families are secondary-active transporters that 

use the electrochemical gradient (H+ or ions) as the driving force for substrate expulsion. MFS 

members are discussed in detail in a separate section 1.4 and the other six families are 

discussed here (Saier, 2000, Putman et al., 2000).  
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  Fig  2. Bacterial multidrug resistant transporters 

 

      

 

Fig 2. Bacterial multidrug resistant transporters: Primary active exporter: ABC transporters export drugs 

from the cytoplasm to the periplasm via the cavity sandwiched between the N- (grey) and C- (yellow) 

transmembrane domains (TMDs) in the membrane sequentially to the hydrolysis of ATP at the binding pockets 

(green) of the nucleotide binding domains (NBDs) in the periplasm. Secondary active exporters: Expulsion of 

antibiotic from the cytoplasm of bacteria is coupled to H+ or ions in secondary active transporters which are 

embedded in the inner membrane of gram-negative bacteria or span both the membranes in the case of RND-type 

tripartite efflux pumps. MFS and MATE antiporters consist of N- (grey) and C-terminal (yellow) domain of 6-TM 

helices orchestrating a central H+ or ion / substrate binding pocket which is also present in SMR antiporter but 

formed by the anti-parallel dimers (protomers as cyan and yellow). AbgT members function as homodimers 

(yellow) arranged parallel in the membrane with their N-terminus within the cytoplasm and the C-terminus on the 

periplasmic side. Homodimers enclose a water-filled cavity in the form of a bowl and the antiport activity of 

sulfonamides is achieved by proton motive force coupled with Na+. PACE family member awaits structural 

characterization given the small size of the molecule, it is expected that the transporter might function as 

oligomers in the membrane. The RND-type tripartite complex consists of trimeric inner membrane protein (inner 

membrane protein as white, grey, yellow highlighting each protomer) which interacts with hexameric membrane 

fusion protein (MFP, green). MFP, in turn, interacts with the trimeric outer membrane protein (OMP as white, 

grey and yellow protomer). The three components constitute the tripartite complex enclosing a continuous channel 

to intercept the substrates from the periplasm to be expelled to the exterior for the exchange of H+.  

Primary 

active 
Secondary active 
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 ABC transporters share similar architecture with two nucleotide binding domains 

(NBDs) in the cytoplasm which are able to bind and hydrolyse ATP at the dimer interface for 

expelling substrates via the substrate translocation pathway formed by the two transmembrane 

domains (TMDs) within the lipidic bilayer (Fig. 3). Crystal structures of ABC transporters and 

functional investigations support an “alternating access model” where the substrate 

translocation pathway is either exposed to the exterior or to the interior of the bacterial cell 

membrane when switching between the outward-facing and inward-facing conformational 

states (Theodoulou and Kerr, 2015).  

Fig  3. Crystal structures of ABC transporters captured in different conformational states 

Fig 3. Crystal structures of ABC transporters captured in different conformational states: a) Sav1866, a 

bacterial multidrug exporter captured in an outward-open reveal that the NBDs within the cytoplasm are in close 

contact bound with two molecules of ATP (pink). View from the left figure of (a) rotated 90° about a vertical axis 

show the binding cavity (red dashed lines) is open to the periplasm formed by the TMDs [N-(grey) and C-terminal 

domain (yellow)] (Dawson and Locher, 2006). Recent studies show how the ATP energy harnessed in the NBDs 

is coupled to drug extrusion by rearrangement of the TMDs described in a two-stroke cycle. ATP binding and 

hydrolysis in one of the NBD results in intracellular closure of the transporter (dimerization of the NBDs) leading 

to an occluded state. The opening of the TMD binding site to the extracellular side requires the hydrolysis of the 

second ATP to release the substrate to the exterior (Verhalen et al., 2017). b) P-glycoprotein (P-gp), a 

mammalian multidrug exporter captured in the inward-open state reveal the binding cavity is open to the 

cytoplasm competent for substrate binding where the NBDs are separated after ATP hydrolysis and release of the 

substrate. NBDs located in the cytoplasm consists of the highly conserved Walker A (red), Walker B (blue) and 

ABC signature conserved motifs (green) responsible for nucleotide binding and hydrolysis (Jin et al., 2012). The 

two conformational states illustrated here endorse the “Alternating access” mechanism. 

 

 MATE family of transporters transport cationic, lipophilic substances and xenobiotics 

(Tanaka et al., 2013). In contrast to the ABC transporters, MATE members use Na+ or H+ 

electrochemical gradient to transport substrates. Members of this family do not possess 

conserved motifs but show 40% sequence similarity (Du et al., 2015). MATE transporters 
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consist of 12 transmembrane helices (TM) which can be divided into two lobes as N-domain 

(TM1-TM6) and C-domain (TM7-TM12). The two domains enclose a binding pocket with 

acidic and hydrophobic residues which enable Na+ or H+ / substrate coupling (Lu, 2016). This 

topology is different to MFS transporters. Structural studies of MATE transporters has resulted 

in crystal structures of MATE transporters (NorM, DinF, PfMate) captured in different 

conformational states (Tanaka et al., 2013, Lu et al., 2013a, Lu et al., 2013b, He et al., 2010). 

The structures reveal for the first time how polyaromatic cationic substrates interact within the 

binding pocket (Fig. 4). 

Fig  4. Crystal structures of MATE transporters captured in different conformational states 

 

Fig 4. Crystal structures of MATE transporters captured in different conformational states: NorM from 

Neisseria gonorrhoeae consists of the N- (grey) and C-terminal domain (yellow) which encloses a binding cavity 

bound with monovalent cationic compound tetraphenylphosphonium (TPP+, pink). The cavity is open to the 

periplasm (outward-facing) and as a representation of the Na+ binding site. It is highlighted with caesium ion (Cs+) 

overlayed from the crystal structure PDBID: 4HUL, which is bound between the TM7 and TM8. Indirect 

allosteric binding of Na+ from the periplasm to the binding site in the C-domain in the outward-open substrate 

bound state triggers rearrangement of TM helices 7 and 8 to weaken the interaction with the substrate to be 

released into the periplasm (Lu et al., 2013a). Crystal structure of PfMATE transporter from Pyrococcus furiosus 

reveal that the substrate binding site is open to the cytoplasm (Zakrzewska et al., 2019).  
 

 SMR family members belong to the drug/metabolite transporter (DMT) family (Jack et 

al., 2001) with four TM helices (Bay et al., 2008). SMR member, EmrE from E.coli is a well 

characterized H+/drug antiporter. EmrE expels cationic substrates and also antibiotics 

(Yerushalmi et al.,1995, Paulsen et al., 1996). Crystal structure of EmrE bound to cationic 

substrate tetraphenylphosphonium (TPP+) (Fig. 5a) and investigations by electron 

cryomicroscopy of 2D crystals reveal an asymmetric, antiparallel homodimer consisting of 

eight helices enclosing a binding pocket formed by TM1-TM3 from each monomer and TM4 

mediates interaction within the homodimer (Ubarretxena-Belandia et al., 2003, Chen et al., 
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2007). A single-site alternating access model suggests that the antiporter switches between the 

outward- and inward-open conformation exposing the binding site to the exterior and to the 

interior of the cell to bind H+ and substrates respectively (Dutta et al., 2014). 

Fig  5. Crystal structures of SMR and AbgT family transporters 

 

 

Fig 5. Crystal structures of SMR and AbgT family transporters: a) SMR member EmrE from E.coli nests 

within the lipidic bilayer as an antiparallel dimer (yellow protomers). The dimer binds tetraphenylphosphonium 

(red), a polyaromatic cation at its interface and the negatively charged residue Glu14TM1 (green spheres) on TM1 

of each monomer protrudes towards the binding pocket to couple H+ for the anitport of the substrate (Chen et al., 

2007). b) AbgT member MtrF from N. gonorrhoeae functions as a homodimer in the cell membrane enclosing a 

bowl-shaped cavity (red dashed lines) extending from the cytoplasm to the middle of the membrane. Each of the 

protomers consists of a binding site and a channel which extends from the basin of the bowl-shaped cavity in the 

middle of the membrane to the periplasmic space. The channel is lined with highly conserved residues important 

for function (Su et al., 2015). 
 

       Functional characterization of AbgT family of transporters YdaH (A. borkumensis), 

MtrF (N. gonorrhoeae) revealed that these efflux pumps were able to actively extrude para-

aminobenzoic acid (PABA), a precursor of folic acid. Based on this function, it was 

hypothesized that YdaH and MtrF may protect bacterial cells by exporting structurally similar 

drugs like PABA, i.e., sulfonamide antimetabolites. Transport assays confirmed that these 

pumps were able to actively extrude sulfonamide antimetabolites mediating antimicrobial 

resistance (Delmar and Yu, 2016). Crystal structures of YdaH, MtrF showed that the functional 

active unit in the membrane is a homodimer where each of the protomer is arranged parallelly 

in the plane of the lipidic bilayer (Bolla et al., 2015, Su et al., 2015). Each protomer consists of 

nine alpha helices and two alpha helical hairpins that enclose a solvent-filled bowl-shaped 

binding cavity formed by the homodimeric arrangement of TMDs in the membrane (Fig. 5b). 

The aqueous bowl-shaped binding cavity extends from the cytoplasm to the middle of the 
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membrane. AbgT family members utilize proton motive force (PMF) for extrusion of 

substrates (Prakash et al., 2003).  

        PACE family (Proteobacterial antimicrobial compound efflux) of transporters are 

widespread in many of the major gram-negative pathogens. Antiporters belonging to this 

family are able to confer resistance to biocides, antiseptics and disinfectants (Hassan et al., 

2018, Hassan et al., 2013). So far no structural information is available but sequence alignment 

of AceI from Acinetobacter baumannii and its homologues suggest that the members are 4 TM 

helical proteins consisting of highly conserved residues that are important for substrate 

recognition and transport (Hassan et al., 2015). Transporters of this family are expected to 

function as oligomers in the lipidic bilayer given the small size of the molecule. Many aspects 

of this family of transporters such as energy utilization and coupling mechanism, structural 

information and substrate transport mechanism require further investigation, as these 

transporters represent a new class claiming their importance in mediating antimicrobial 

resistance. 

   
  Tripartite-RND transporter complexes present only in gram-negative bacteria 

efficiently pump the substrates directly from the periplasm to the exterior of the cell (Putman et 

al., 2000). One of the most well-studied RND-type tripartite complex is AcrAB-TolC from 

E.coli (stochiometry of AcrA:AcrB:TolC - 6:3:3) (Li and Nikaido, 2009). Tripartite assembly 

consists of the RND-type transporter, periplasmic adaptor protein, AcrA and the outer 

membrane protein, TolC. Cryo-EM structure of the tripartite assembly reveals that AcrA 

interacts with AcrB embedded in the inner membrane and TolC nested in the outer membrane 

to form a continuous channel which runs from AcrB to end in the β-barrel domain of TolC (Du 

et al., 2014) (Fig. 6).  
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 Fig  6. Cryo-EM structure of the RND-type tripartite complex  

           

Fig 6. Cryo-EM structure of the RND-type tripartite complex: AcrAB-TolC from E.coli stretches from the inner 

membrane to the outer membrane forming a continuous channel. The complex consists of the homotrimer AcrB 

(cyan, blue, yellow for each protomer) whose transmembrane domain (TMD) is nested within the lipid bilayer and 

the periplasmic domain protrudes into the periplasm. Pore from AcrB opens into the hexameric AcrA (green) 

lipoyl domain and further extends along the AcrA α-coiled coil hairpin domain to open into the TolC α-helical 

barrel domain (cyan, blue, yellow for each protomer) finally opening to the exterior to release the substrate out to 

the extracellular side of the bacterial outer membrane (Du et al., 2014).  

 

   AcrB is a paradigm of the RND transporters. It confers resistance to numerous 

antimicrobial compounds and substrates such as isoflavonoids, fatty acids, bile salts and 

steroids (Zgurskaya and Nikaido, 2000, Poole, 2004, Nishino et al., 2009). AcrB is a 

homotrimer. Crystal structure of AcrB reveals that each of the protomers consists of a 12 TM 

helical domain and a periplasmic domain which can be segmented into a porter and funnel 

domain (Murakami et al., 2002) (Fig. 7a). The porter domain consists of two substrate-binding 

pockets, i) a membrane proximal pocket for the access of substrates from the inner membrane 

(Pos, 2009) and ii) a distal (deep binding) pocket which opens into the funnel domain of AcrB 

(Fig. 7a, b).  

  AcrB being an H+ dependent antiporter, the mechanism of drug extrusion involves 

proton binding which results in conformational changes within the TM domain (Eicher et al., 

2014, Du et al., 2015). The structural rearrangements in the TM domain brings about closure of 

the binding pocket (portal domain) of the periplasmic domain and opens up an exit tunnel 
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towards the funnel domain in a peristaltic fashion to squeeze out the drug through the funnel 

domain (Vargiu et al., 2011) (Fig. 7e,f). AcrB displays a highly cooperative drug transport 

behaviour where at any instance each of the protomer binding pocket adopts distinct 

conformation as substrate access or Loose (L), substrate binding or Tight (T) and substrate 

extrusion or Open (O) in the transport cycle indicating a sequential rotation drug extrusion 

behaviour (Seeger, 2006, Murakami et al., 2006, Nagano and Nikaido, 2009).  

Fig  7. Peristaltic extrusion mechanism of AcrAB-TolC complex 

 

Fig 7. Peristaltic extrusion mechanism of AcrAB-TolC complex: a) Periplasmic adaptor protein AcrA (light 

green) is coupled to TolC (grey) and AcrB (blue, yellow, red for each protomers) forming a continuous channel 

which opens to the cell exterior. AcrB consists of the transmembrane domain and the periplasmic domain which 

opens into AcrA hexamer. Periplasmic domain is segmented into funnel domain and portal domain. b) Portal 

domain consists of two substrate binding pockets segmented as proximal (substrate access pocket) and distal 

pocket (substrate exit pocket) connected to the funnel domain. c,d) Proton binding to a protomer (T) brings about 

structural changes (switch loop) in the transmembrane domain which allows the substrate to pass from the 

proximal pocket to the distal pocket. e,f) Deprotonation of the protomer (O) results in closure of the periplasmic 

side of the distal pocket and opens a exit tunnel connected to the funnel domain to squeeze out the substrate in a 

peristaltic fashion. AcrB protomers at any instance adopt three distinct conformations as substrate access or loose 

“L”, substrate binding or tight “T” and substrate extrusion or open “O” conformations indicating sequential 

rotation drug extrusion behaviour (Image modified from Du et al., 2015).  

 

  Sequential rotation mechanism of AcrB renders each of its protomers to be in an 

extrusion state at any time point to release the drug into the funnel domain to be channelled 

into the AcrA hexamer and further into TolC to be extruded to the exterior which keeps the 

TolC exit duct in an open state throughout the substrate translocation process. It is highly likely 

that the solitary transporters of the inner membrane cooperate with the RND-type tripartite 



      

  
  
  INTRODUCTION 

 

22 

 

transporters delivering substrates to the periplasm from the cytoplasm and expelled from the 

periplasm by the RND-tripartite efflux pump (Tal and Schuldiner, 2009). 

1.4 The Major Facilitator Superfamily 

 

1.4.1  General Overview of MFS transporters 

 Major Facilitator Superfamily (MFS) transporters are ubiquitously present in all living 

organisms. MFS consists of several subfamilies of secondary active transporters which can be 

classified as uniporters, symporters, and antiporters by their mechanism of transport (Saier et 

al., 1999). Uniporters transport a single substrate, symporters transport a substrate in 

association with a coupling ion in the same direction and antiporters transport a substrate and 

an ion in opposite directions in consecutive steps (Marger and Saier, 1993, Quistgaard et al., 

2016). MFS transporters are able to shuttle solutes such as sugars, polyols, drugs, 

neurotransmitters, amino acids, peptides, and inorganic anions (Saier et al., 1999, Saier and 

Paulsen, 2001). Most of them are substrate-specific and some of the transporters which non-

specifically bind to dissimilar substrates are categorized within multiple subfamilies (Saier and 

Paulsen 2001, Li and Nikaido, 2009).  

 MFS transporters consists of either 12TM or 14TM helices (Law, 2008). Crystal 

structures of the 12TM and 14TM MFS transporters determined until date show a similar 

architecture as MATE transporters. MFS transporters consist of two pseudo-symmetrical 

bundles of 6TM helices connected together by an amphipathic loop or an α-helix (Fig. 8b, 

Table. 1). The N- and C-terminal bundles orchestrate a binding pocket which intercepts the 

substrates from the periplasm/extracellular or cytoplasm/intracellular depending on the 

transport directionality and releases the substrate on the other side. MFS transporters are 

therefore proposed to operate by a general mechanism proposed 51 years ago (Jardetzky, 

1966), which is now termed as the, “Alternating access mechanism” in which the binding 

pocket is accessible from either side of the lipidic bilayer (Fig. 8a). To complete a transport 

cycle, the transporter must switch between two extreme conformational states, the outward-

open (Oo) and inward-open state (Io). The 6TM N- and C- terminal bundles rotate as rigid 

bodies about an axis parallel to the membrane to achieve these conformational states. 

Intermediate states of MFS transporters in substrate-bound or unbound forms have also been 

determined structurally as Oo-partially occluded, Io-partially occluded and occluded 
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conformations which are the other conformational states in the transport cycle (Quistgaard et 

al., 2016) (Fig. 8b).  

Fig  8. Conformational states of MFS transporters 

 

Fig 8. Conformational states of MFS transporters: a) Alternating access mechanism in MFS transporters: In 

the case of uniporters and symporters, ligand or ion (red) binding to the cavity formed by the 6 TM N- (grey) and 

C-terminal domain (yellow) induces conformational switching from outward-open (Oo) to ligand or ion bound 

occluded state where the transporter in the inward-open (Io) state releases the bound ligand or ion. Apo-form of 

the transporter in the Io state switches back to the Oo state via the occluded state. In the case of antiporters, ligand 

is released in the Oo state and bound in the Io state state. b) Conformational states of MFS transporters - 

intermediary occluded states (blue) bound with ligand or apo-form traversing between Oo state (green background) 

and Io state (orange background) are illustrated here with examples with their PDBID. The position of Motif-A 

(pink) in MFS transporters is highlighted in the crystal structures of Oo-FucP and Io-GkPOT. Glut3 is an uniporter, 

EmrD, NarK are antiporters and the other MFS transporters presented here are symporters. MFS transporters 

highlighted with helices in green are 14TM-symporters (Image modified from Yan., 2015). 

 

 MFS pumps are energized by the proton motive force (PMF) existing across the lipidic 

bilayer and the uphill transport of substrates is driven mostly by coupling of H+, Na+ or other 

ions in the case of symporters and antiporters. Acidic residues within the binding pocket play 

an important role in coupling ions which triggers the transport process (Masureel et al., 2013, 

Liu et al., 2015). For example, the most well-studied symporter E.coli LacY consists of two 
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proton titratable pair His332TM10 and Glu325TM10 within the central cavity which is conserved 

in many sugar porters upon protonation creates significant structural rearrangements initiating 

the symport process (Andersson et al., 2012), Acidic residues also play a role in interacting 

with the substrate together with a specific set of conserved residues in the case of substrate-

specific transporters and the binding of the substrate is non-specific in the case of multidrug 

drug transporters (Alegre et al., 2016).  

 Conformational switching between different conformations is achieved and 

orchestrated not only by ion/substrate binding within the pocket but also by formation and 

breaking of gating interactions during the transport cycle (Quistgaard et al., 2016). Gating 

interactions (salt bridges) are mediated by the residues facing the binding pocket from the N- 

and C-terminal domain of the transporters. Initially, the formation of extracellular and 

intracellular gates was considered to play a crucial role in the transport cycle in all MFS 

transporters but later it became clear from the crystal structures of  MFS transporters that this is 

not a general trend observed within the family (Law et al., 2008, Solcan et al., 2012). For 

example., LacY, XylE, Glut1, and BbFPN lack conserved gating residues on the extracellular 

side. However, it is clear that those transporters which have the residues involved in salt bridge 

formation have shown to play a fundamental role in transport. Mutation of these interacting 

residues results in arresting the function of the transporter claiming its importance. Gating 

residues from the highly conserved Motif-A, “GX3-(D/E)-(R/K)-X-G-X-(R/K)-(R/K)” (where 

“X” indicates any amino acid) are found between TM2-TM3 and/or also found less conserved 

between TM8-TM9 (Yamaguchi et al., 1991, Marshall., 1995) (Fig. 8b, 9). Motif-A is a 

hallmark of the MFS transporters but not conserved in all of them. Motif-A of TM2-TM3 is 

shown to form capping electrostatic interactions with the TM11 and TM8-TM9 interacts with 

TM5 when the N- and C-domains approach each other on the cytoplasmic side to stabilize the 

outward-open state. Structural and biochemical studies of uniporters and symporters have lead 

to understand the transport mechanism better comparatively to the multiple substrate bindng 

behaviour of MFS MDR transporters (Yan., 2015, Lewinson et al., 2006). Nevertheless, the 

last two decades of research of the MFS-type MDR has provided a basic understanding at the 

structural and biochemical level, which is summarized below. 
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1.4.2  MFS-type MDR transporters 

Physiological roles of MFS-MDR transporters: 

 Bacterial genomes harbour MFS-MDR transporter genes which possess altered 

physiological function other than MDR (Neyfakh, 1997). a) Knocking out the gene of Blt in 

E.coli, a putative gram-positive bacterial MDR transporter does not show any altered drug 

resistance profile but it affects the second function of acetylation of cellular polyamines 

(Woolridge et al., 1997). b) Eukaryotic vesicular monoamine MFS transporter (VMAT), a 

typical neurotransmitter is shown to transport organic cations which are normally transported 

by MDR transporters (Yelin and Schuldiner, 1995). c) E.coli expressing MdtM, a H+/Drug 

antiporter and a close homologue of MdfA is shown to tolerate high alkaline pH of 10 and is 

able to exchange Na+/ K+ in exchange for a H+ to maintain the internal proton concentration 

under external alkalization conditions (Holdsworth and Law, 2013). The alternative functions 

of MFS transporters probably were present before MDR which may have been an adaptation to 

selection pressure. 

Contribution to drug resistance in bacteria: 

 12-TM Drug/H+ antiporter 1 family (DHA1) and 14-TM Drug/H+ antiporter 2 family 

(DHA2) are the two most prevalent groups of MFS-MDR transporters in bacteria (Paulsen., 

1993). MFS-MDR transporters contribute to drug resistance significantly in gram-positive 

bacteria compared to gram-negative species. Gram-negative RND-type tripartite complex 

overexpressed in clinical strains mask the endogenous resistance of the non-RND transporters. 

Disrupting the genes of the MFS transporters (knockout strains) in gram-negative bacteria do 

not show any difference in drug resistance in the presence of RND transporters (Fluman and 

Bibi, 2009). However, in gram-positive bacteria, MDR transporter resistant genes intrinsically 

encoded in the genome (NorA) or acquired through plasmid transfer have high relevance in the 

drug resistance profile of the bacteria both clinically and physiologically (Schindler and Kaatz, 

2016). For example, a) Plasmid-mediated elevated expression levels of pumps such as 14-TM 

QacA and QacB show high drug resistance profile in the clinically relevant isolates of 

Staphylococcus aureus (Paulsen et al., 1996). 

Molecular basis of multiple substrate recognition: 

 Substrates of the MFS-MDR are structurally dissimilar but the physical nature of the 

substrates are predominantly hydrophobic. Transporters of this family have overlapping 

substrate profile and it is anticipated that they should adhere to similar transport principles 

(Fluman et al., 2009, Fluman and Bibi., 2009). MFS antiporters consists of a large hydrophobic 



      

  
  
  INTRODUCTION 

 

26 

 

binding pocket and are lined with hydrophobic, negatively charged residues generating 

electrostatic and non-specific hydrophobic interactions which broaden the spectrum of 

substrate recognition (Putman et al., 2000). Mutating the substrate binding residues is likely to 

change the drug resistance profile drastically. Multiple substrate recognition behaviour can be 

exemplified with the QacA/QacB 14TM putative antiporters. QacB is a closely related 

homolog of QacA and differs from QacA by seven nucleotide substitutions. QacA is known to 

confer resistance towards divalent cations but in contrast, QacB lacking an acidic residue, 

Asp323TM10 does not confer resistance to divalent cationic compounds which can be restored 

by introducing the residue Aspartate at position 323 in TM10 (Paulsen et al., 1996) . 

Conserved motifs in MFS-MDR transporters: 

 MFS-type MDR consists of three conserved motifs – motif-A/B/C in the N-terminal 

domain involved in regulating the antiport activity but not present in all of them (Putman et al., 

2000, Zhang et al., 2015). Motif-A and motif-B are conserved in symporters and antiporters 

and motif-C is specific only to antiporters (Jesus et al., 2005). Motif-A is already described 

under the section 1.4.1. 

Fig  9. Sequence alignment of MFS-MDR antiporters 

 

Fig 9. Sequence alignment of MFS-MDR antiporters: Clinically relevant isolates harbouring 12TM and 14TM 

MFS antiporter NorA and QacA from Staphylococcus aureus and 12TM MFS MDR antiporters from other 

bacteria were aligned using T-coffee alignment program. Sequence alignment highlights the highly conserved 

motifs A (pink), B (orange) and motif-C (green) present in the N-terminal domain of MFS-MDR transporters. 

Predicted secondary structure (α-helices – grey bars) for the aligned sequences of other antiporters were based on 

MdfA-IF structure as the template (PDBID: 4ZP0) (Heng et al., 2015). 
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 Motif-B, “RXXXG” present on TM4 consists of the evolutionarily conserved Arginine 

present in many of the MFS transporters located on the periplasmic side of TM4 (Fluman and 

Bibi, 2009) (Fig. 9, 10b). Biochemical data suggest that a positive charge is absolutely required 

at this position, His or Lys mutations are tolerated at this position in MdfA with partial loss of 

transport function (Sigal et al., 2005). It is hypothesized that the Arginine guanidium moiety 

can also be important for salt bridge formation to maintain the structural integrity (Law et al., 

2008) or involves itself in proton translocation (Neutze et al., 2002).  

 Motif-C, “XPXXXP” sequence is also known as the “antiporter motif”  and it extends 

along the helix of TM5 (Paulsen et al., 1993) (Fig. 9, 10). As this motif is only present in 

antiporters, it is expected to have a peculiar role in antiport activity. Previous studies suggest 

that the motif-C act as a molecular hinge for the two 6TM bundles to rotate against each other 

to achieve the conformational changes required for translocation of substrates (Jesus et al., 

2005, Yaffe et al., 2013). Crystal structure of MFS-MDR antiporter EmrD (occluded state) 

reveal an alpha-helical conformation of motif-C (Yin et al., 2006) (Fig. 10a) which is not 

biochemically well characterized and YajR (outward-open) does not possess motif-C but only 

motif-B and motif-A (Jiang et al., 2013) (Fig. 10b). The functional role of motif-B and motif-C 

in MDR transport awaits further understanding which can be appreciated possibly from the 

structures and biochemical characterization of these motifs in MFS-MDR antiporters.  

Fig  10. Crystal structures of MFS-MDR antiporter EmrD and YajR from E.coli 

 

Fig 10. Crystal structures of MFS-MDR antiporter EmrD and YajR from E.coli: a,b) EmrD (occluded state) and 

YajR (outward-open state) highlight the conserved motif-A (pink) which spans between TM1 and TM2 (pink). 

Motif-A in YajR interacts with N-terminal part of TM11 to lock the transporter in an Oo state whereas in EmrD 

because of the occluded conformation the gating interaction between motif-A and TM11 are disrupted. View from 

the left figure of (a) rotated 180° about a vertical axis show motif-C (green) present on TM5 in EmrD adapts an α-

helical conformation which is absent in YajR. b) Motif-B (orange) is located on TM4 in YajR buried within the 

N-terminal domain (grey) which is absent in EmrD. 
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Energy utilization in MFS-MDR transporters:  

  H+/Drug antiporters are driven by the proton motive force (PMF), also known as proton 

electrochemical gradient (ΔμH+). The transport can be driven by the proton gradient existing 

across the inner membrane (ΔpH, inside alkaline) and/or by the membrane potential (Δψ, 

negative inside).  

 Depending on the proton/substrate transport stoichiometry and the charge on the 

substrate, the transport can be defined as “electrogenic”, if there is a net movement of electric 

charge or as “electroneutral” when there is no net movement of electric charge. Electrogenic 

transport is driven by both the components (Δψ, ΔpH) of the proton electrochemical gradient 

(ΔμH+) whereas for electroneutral transport, ΔpH is the primary driving force (Lewinson et al., 

2003). These characteristics explain the versatility of efflux pumps in handling cationic and 

neutral substrates for transport. 

 The focus of interest of this thesis is on the MFS-type MDR antiporter, MdfA from 

E.coli which is summarized under the section 2.3.  
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2  PURPOSE OF THIS THESIS 

2.1  Aim of this thesis 

 MdfA is a paradigm for the major facilitator superfamily antiporter class. MdfA holds 

conserved motifs, molecular architecture and multiple substrate recognition patterns similar to 

other MFS-MDR antiporters. It is anticipated that deciphering the antiport mechanism of 

MdfA, as a model character will help in understanding the efflux principles of other MFS-

MDR antiporters from pathogenic organisms. 

 The main aim of this thesis was to determine the high-resolution 3D structure of MdfA 

by X-ray crystallography and characterize the functional aspects of the antiporter in order to 

better understand the efflux mechanism. Owing to the obstacles in obtaining high resolution 

diffracting membrane protein crystals, the strategy that was followed was to use different 

membrane protein crystallization techniques to crystallize the wild type MdfA alone or in 

complex with an antibody fragment (Fab) appreciating its advantages. 

2.2  Membrane protein production and crystallization 

 Structural information of membrane proteins help to understand how they work and are 

also helpful for the development of drugs to modulate their function. Structure determination 

of IMPs has tremendously increased since 2005 (https://blanco.biomol.uci.edu/mpstruc/) which 

were accelerated by the development of new technologies described below. 

Overexpression of Membrane proteins: 

 Overexpression of membrane proteins in mg amounts is the first bottle neck in the 

process of membrane protein crystallization. In the case of bacterial expression system, 

homologous or heterologous membrane protein overexpression was made possible with the 

development of E.coli strains which cope up with the toxicity of membrane protein 

overexpression (Kwon et al., 2015). Bacterial expression culture conditions and expression 

regimes were also routinely screened to obtain optimal expression. Strategies like using strains 

other than E.coli for overexpression, protein engineering or selection of highly expressing 

homologues of the membrane protein under study, E.coli based cell-free expression systems 

are alternative ways of obtaining high yields of bacterial membrane protein expression 

(Schlegel et al., 2010). Eukaryotic membrane proteins have been routinely expressed with the 

baculovirus system using Sf9 insect cells and also with the yeast strains Saccharomyces 

cervesiae, Pischia pastoris and few of them have been expressed in Lactococcus lactis, 

mammalian cells  (He et al., 2014). 

https://blanco.biomol.uci.edu/mpstruc/
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 Monitoring membrane protein overexpression is a critical step to assess whether the 

protein is properly inserted in the membrane. Cells expressing the membrane protein of interest 

are lysed and membranes are fractionated for assessing the membrane protein by western blot 

which can be laborious when multiple homologues or expression conditions are screened. The 

introduction of a fluorescent reporter system has enabled fast-tracking the entire screening 

process. GFP, a fluorescent reporter when C-terminally tagged to a membrane protein can be 

used an indicator which fluoresces only when the protein is properly folded in the membrane 

and helps also to monitor the expression level (Drew et al., 2008). 

Solubilisation, purification and stability of Membrane proteins: 

 Once sufficient level of membrane protein expression is reached, it is necessary extract 

the membrane protein from the membranes with a suitable detergent. Concentration of the 

detergent used in the extraction process should be several fold above the critical micellar 

concentration (CMC) for efficient extraction of the membrane protein provided the protein is 

stable in the detergent used. For this purpose and to assess a suitable detergent for purification 

of the protein, fluorescence-detection size-exclusion chromatography (FSEC) method using 

GFP as an indicator was introduced to filter a detergent that aids in keeping the membrane 

protein of interest in a stable form in solution (Kawate and Gouaux, 2006). Detergents found 

harsh to the membrane protein lead to the formation of aggregates eluting in the void volume. 

However, this method does not explain if the protein is functional. The ultimate success of 

obtaining membrane protein crystals may partly depend on the choice of the detergent used in 

the purification process. For many of the MFS-type membrane protein structures determined to 

date (Table. 1), solubilisation of the membrane protein and purification was performed with a 

longer alkyl chain detergent. Just before crystallization setup, the purified protein was 

exchanged into smaller alkyl chain detergent because of the smaller size of the micelle which 

exposes the protein surface for crystal-crystal contacts (Deng et al., 2014, Dang et al., 2010, 

Sun et al., 2012). However, the use of smaller chain detergents can be harsh where its use is a 

balance between the stability of the protein and micelle size.  

 Thermostability of a membrane protein has also been correlated to the crystallization 

success. Apparent Tm (melting temperature) of a membrane protein can be determined using 

methods like CPM assay (Alexandrov et al., 2008) or nano-DSF (Boland et al., 2018) which 

monitors change in fluorescence as the protein unfolds by increase in temperature. Several 

variables like detergent, substrates, additives, protein variants (homologues, mutants) can be 

screened for thermostabilization of the membrane protein which have shown to influence on 

the outcome of crystallization trials (Sonoda et al., 2011). Many of the MFS-type proteins 
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crystallised either as mutants or in complex with a ligand correlate with the increase in stability 

or reduced conformational flexibility (Table. 1). Thermostability of membrane proteins can 

also be enhanced by complexing with crystallization chaperones like Fab fragments, single-

chain variable fragments (scFv) or nanobody (Lieberman et al., 2011). Crystallization 

chaperones in complex with a membrane protein also provides significant advantageous by 

increasing the hydrophilic surface for crystal-crystal contacts and may also reduce 

conformational flexibility of the protein (Table. 1) which are critical for obtaining well-ordered 

crystals. 
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Table 1. Structures of MFS transporters 

Transporter Function Conformational state Resolution PDB ID Crystallized form 
Crystallized 

method 
Source Published year 

Uniporters   
  

  
 

Glut1 
D-Glucose 
facilitator 

Inward-open 
3.17 Å,  
3 Å, 2.9 Å, 
2.99 Å 

4PYP, 
5EQI, 5EQG, 
5EQH 

Mutant, Apo form 
Inhibitor bound Vapour diffusion Homo sapiens 

Deng et al., 2014 
Kapoor et al., 2016 

Glut3 
D-Glucose 
facilitator 

Outward-occluded 
Outward-open 

Outward-occluded 

1.5 Å 
2.6 Å 
2.4 Å 

4ZW9 
4ZWC, 
4ZWB 

Ligand bound 
Inhibitor bound  Lipidic cubic phase Homo sapiens Deng et al., 2015 

Glut5 
Fructose 

transporter 
Inward-open 

Outward-open 
3.2 Å 
3.27 Å 

4YB9, 
4YBQ 

Apo form 
Vapour diffusion 

Bos Taurus 
Rattus 

norvegicus 
Nomura et al., 2015 

Symporters   
 

 

  

LacY Lactose:H+ 

Inward-open 
 
 
 
 

Outward-occluded 
Partially outward-open  
Partially outward-open   

Outward-occluded 

3.6 Å 
3.5 Å 
2.95 Å, 3.3 Å 
3.6 Å 
3.4 Å 
3.5 Å 
3.31 Å 
3.3 Å 
3 Å 

1PV7, 
1PV6 
2CFQ, 2CFP 
2V8N 
2Y5Y 
4OAA 
4ZYR 
5GXB 
6C9W 

Mutant, Ligand bound 
Mutant, Apo form 
Mutant, Apo form 
Ligand bound 
Ligand bound 
Mutant, Ligand bound 
Mutant, Ligand bound 
Mutant, Nb bound 
Mutant, Ligand / Nb bound 

Vapour diffusion 
 
 
 
 
 
 

Lipidic cubic phase 
Vapour diffusion 

Escherichia coli 

Abramson et al., 
2003 
Mirza et al., 2006 
Guan et al., 2007 
Chaptal et al., 2011 
Kumar et al., 2014 
Kumar et al., 2015 
X. Jiang et al., 2016 
Kumar et al., 2018 

FucP L-Fucose: H+ Outward-open 
3.1 Å 
3.2 Å 

3O7Q 
3O7P 

Detergent bound 
Mutant, Detergent bound 

Vapour diffusion Escherichia coli 
Dang et al., 2010 

MelB 
Melibiose:Na+ 

or Li+ or H+  
Outward-partly occluded 

Outward inactive 
3.35 Å 4M64 Apo form 

Vapour diffusion 
Salmonella 
typhirium 

Ethayathulla et al., 
2014 

XylE D-Xylose:H+ 

Outward-facing, ligand-bound 
partly occluded 

 
Partly-occluded inward-facing  

Inward-open 
Inward-open  

2.81 Å 
2.89 Å 
2.6 Å 
3.8 Å 
4.2 Å 
3.51 Å 

4GBY, 
4GBZ, 
4GC0, 
4JA3, 
4JA4 
4QIQ 
 

Ligand bound 
 
 
Apo form 
 
Apo form 

Vapour diffusion Escherichia coli 

L. Sun et al., 2012 
 
 
Quistgaard et al., 
2013 
Wisedchaisri et al., 
2014 

GlcP D-Glucose:H+ Inward-facing 
3.2 Å 4LDS Apo form 

Vapour diffusion 
Staphylococcus 

epidermidis 
Iancu et al., 2013 
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PepTSo 

 

 

 

 

PepTSo2 

  

Peptide:H+ 

Inward-facing occluded 
Inward-facing 

 
 

Inward-open 
Inward-open 

  

3.6 Å 
3.15 Å 
3.91 Å 
3.2 Å 
3 Å 
4.13 Å 
3.9 Å 
3.5 Å 

2XUT 
4PTH, 
4TPG, 
4TPJ, 
4UVM 
6JI1 
6JKD, 
6JKC 

Apo form 
Ligand-bound  
 
 
Apo form 
Apo form 
  

Vapour diffusion 
Vapour diffusion 

 
 

Lipidic cubic phase 
Cryo-EM 

Lipidic cubic phase  

Shewanella 
oneidensis 

Newstead et al., 2011 

Guettou et al., 2014 
 
 
Fowler et al., 2015 
Nagamura et al., 
2019 

PepTSt Peptide:H+ 

Inward-open 
Inward-open 

 
Inward-facing partly occluded 

 
Inward-open 

 
 
 
 

Inward-open 

3.3 Å 
2.3 Å 
2.8 Å 
2.38 Å 
2.30 Å 
2.20 Å 
2 Å 
2.2 Å 
2.2 Å 
2.37 Å 
1.95 Å 

4APS 
4XNJ, 
4XNI 
5OXL, 
5OXK, 
5OXM, 
5OXN 
6EIA, 
5OXQ, 
5OXP, 
5OXO 

Apo form 
Apo form 
 
Ligand-bound 
 
Ligand-bound 
 
HEPES, PO4

2- bound 
HEPES, PO4

2- bound 
PEG, PO4

2- bound 
Apo form 

Vapour diffusion 
Lipidic cubic phase 

 
Lipidic cubic phase 

 
 
 
  

Streptococcus 
thermophilus 

Solcan et al., 2012 
Huang et al., 2015 
 
Martinez Molledo 
et al., 2018 

GkPOT Peptide:H+ Inward-open 

1.9 Å 
2 Å 
2.3 Å 
2.1 Å 
2.4 Å 

4IKV 
4IKW 
4IKX 
4IKY 
4IKZ 

Apo form 
SO4

2- bound 
Mutant, Apo form 
Mutant, SO4

2- bound 
Mutant, Ligand-bound 

Lipidic cubic phase 
Geobacillus 

kaustrophilus 
Doki et al., 2013 

YbgH Peptide:H+ Inward-facing 3.4 Å 4Q65 Apo form Vapour diffusion Escherichia coli Zhao et al., 2014 

PepTYe Peptide:H+ Inward-open 3.02 Å 4W6V Apo form  Vapour diffusion 
Yersinia 

enterocolitica 
Boggavarapu et al., 
2015 

PepTXc Peptide:H+ Inward-facing 2.1 Å 6EI3 Apo form Lipidic cubic phase 
Xanthomonas 

campestris 
Parker et al., 2017 

PepTSh Peptide:H+ Inward-open 2.5 Å 6EXS Ligand bound Lipidic cubic phase 
Staphylococcus 

ominis 
Minhas et al., 2018 

PipT Phosphate:H+ Inward-facing occluded 2.9 Å 4J05 PO4
2-  bound Vapour diffusion 

Piriformspora 
indica 

Pedersen et al., 
2013 

NRT1.1 Nitrate:H+ Inward-facing 
3.7 Å 
3.71 Å 
3.25 Å 

5A2N, 
5A2O 
4OH3 

Apo form 
NO3

-  bound 
NO3

-  bound 
Vapour diffusion 

Arabidopsis 
thaliana 

Parker et al., 2014
  
Sun et al., 2014 
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[Table updated and modified from Quistgaard et al., 2016, Yan., 2015]

Sugar 
transport 
protein 10 

Sugar:H+ Outward-occluded 2.4 Å 6H7D Ligand-bound Lipidic cubic phase 
Arabidopsis 

thaliana 
Paulsen et al., 2019 

Antiporters 

 
 

 

  

 

NarU Nitrate:nitrite 
Partially inward open 

Occluded 
3.01 Å 
3.11 Å 

4IU9 
4IU8 

 
Nitrate bound 

Vapour diffusion Escherichia coli Yan et al., 2013 

NarK Nitrate:nitrite 

Inward-facing 
 

Inward-open 
 

Occluded 

2.6 Å 
2.8 Å 
2.35 Å  
2.4 Å 
2.4 Å 

4JR9 
4JRE 
4U4V 
4U4T 
4U4W 

Fab bound, Apo form 
Fab bound, Ligand bound 
Apo form 
NO3

- bound 
NO3

-  bound 

Vapour diffusion 
 

Lipidic cubic phase Escherichia coli 

Zheng et al., 2013 
 
Fukuda et al., 2015 

GlpT 
Glycerol-3-

phosphate:Pi 
Inward-open 3.3 Å 1PW4 Apo form Vapour diffusion Escherichia coli Huang et al., 2003 

EmrD Drug:H+ Occluded 3.5 Å 2GFP Apo form Vapour diffusion Escherichia coli Yin et al., 2006 

YajR Drug:H+ Outward-open 3.15 Å 3WDO Apo form Vapour diffusion Escherichia coli Jiang et al., 2013 

MdfA Drug:H+ 

Inward-facing 
 
 

Outward-open 
Inward-facing 

2 Å 
2.45 Å 
2.2 Å 
3.4 Å 
 
2.2 Å 
2.2 Å 
2.8 Å 
3 Å 

4ZP0, 
4ZOW, 
4ZP2 
6GV1 
 
6EUQ  
6OOM 
6OOP 
6OOQ 

Mutant, Detergent-bound 
Mutant, Ligand-bound 
Mutant, Detergent-bound 
Fab bound, Apo form 
 
Mutant, Ligand-bound 
Mutant, Detergent-bound 
Mutant, Ligand-bound 
Mutant, Detergent-bound 

Vapour diffusion  
 
 

 Lipidic cubic phase 
 

Vapour diffusion 
Vapour diffusion 

Escherichia coli 

Heng et al., 2015  
 
 
Nagarathinam et 
al., 2018 
Zomot et al., 2018 
Wu et al., 2019  

Ferroportin Fe2+ exporter 
Outward-open 

 
Inward-open 

2.2 Å 
3 Å 
3 Å 

5AYN 
5AYM 
5AYO 

Apo form 
Ion-bound 
Apo-form 

Lipidic cubic phase 
Bdellovibrio 

bacteriovorus 
Taniguchi et al., 
2015 
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Crystallization of membrane proteins: 

 Membrane proteins can be crystallized using three different techniques, a) bicelle-

based, b) vapour diffusion or by the c) lipidic cubic phase method of which the latter two are 

quite prominent (Caffrey, 2003). Vapour diffusion technique involves mixing of the precipitant 

with the membrane protein-detergent complex (PDC) and the PDC molecules nucleate at 

supersaturation conditions to grow into crystals in the metastable zone. By vapour diffusion 

technique, many of the MFS-type proteins have been crystallized either as a mutant or in 

complex with a ligand or in complex with crystallization chaperones or in the presence of 

smaller alkyl chain detergents (7 to 11 alkyl chain) for their advantageous mentioned earlier. 

Some of the uniporters like GLUT1, GLUT3 and symporters like PepTSo, NRT1.1 have been 

crystallized at 4⁰C to decrease crystal growth kinetics for obtaining well-ordered crystals. All 

the strategies mentioned may be trialed for each membrane protein to grow well-ordered 

crystals to obtain high-resolution data for structure deteremination which have also been 

applied exhaustively for structure determination of many MFS transporters (Deng et al., 2014, 

Dang et al., 2010, Sun et al., 2012). 

 The Lipidic cubic phase (LCP) consists of highly curved non-interpenetrating bi-

continuous layers of a lipid bilayer and a aqueous channel where the membrane protein of 

interest to be crystallized is present in the lipidic bilayer (Caffrey, 2015). By adding a 

precipitant to the lipidic cubic phase, local alteration in the LCP occurs forming a continuous 

lamellar phase where the protein molecules diffuse to nucleate and grow into a crystal by the 

continuous supply of the proteins from the LCP (Fig. 11a). How is the lipidic cubic phase 

formed? Mixing of a lipid such as monoolein (monoacylglycerol - MAG), an unsaturated 18 

alkyl chain lipid together with the protein at a ratio of 3:2 results in the spontaneous formation 

of the lipidic cubic phase. Crystals can also be formed in the lipidic sponge phase (LSP). LCP 

is highly viscous in nature where by the addition of a precipitant decreases the curvature of 

lipid bilayer turning the viscous material into a spongified state called the lipidic sponge phase 

(LSP). The difference between the two phases is the size of the aqueous channel which is wider 

in the LSP to accommodate ectodoamins of membrane protein or crystallization chaperones 

(Wadsten et al., 2006). Lipids of varied chain length are available for formation of the lipidic 

cubic phase. The choice of the lipid length influences on the thickness of the lipidic bilayer 

which in turn dictates the size of the aqueous channel enabling to accommodate the hydrophilic 

domain of the membrane protein or bound crystallization chaperones to mediate crystal-crystal 

contacts (Caffrey, 2015).  
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 LCP method results in the growth of crystals of Type I packing where the interactions 

observed are hydrophobic and polar formed by lipid-protein and protein-protein interactions 

respectively (Fig. 11b). Type II packing is observed with crystals grown by vapour diffusion 

technique where the interactions are predominantly hydrophilic mediated by exposed surface 

of the protein covered by the detergent micelle (Birch et al., 2018) 

Fig  11. Lipidic cubic phase and types of packing in membrane protein crystals 

 

Fig 11. Lipidic cubic phase and types of packing of membrane protein crystals: a) Lipidic cubic phase is 

proposed to be made of bicontinuous layers of lipid bilayer (light brown) and an aqueous channel (blue). 

Precipitant addition perturbs the three dimensional LCP to transform to a lamellar phase in which membrane 

protein molecules diffuse to nucleate and grow into a 3D-crystal by the continuous supply of membrane protein 

from the LCP or LSP (Image from Caffrey, 2011). b) Membrane protein crystals grown by the LCP results in 

Type I packing where the interactions are mediated by lipid (grey line) - protein (grey surface) and protein-protein 

molecules. Extensive interactions are observed between the hydrophobic and hydrophilic surface of the membrane 

protein molecules embedded with lipidic bilayer (orange lines). In contrast, Type II packing is observed with 

crystals grown by the VD technique where the interaction is mediated only by exposed part of the protein (grey) 

covered with detergent micelle (blue dots) (Image from Birch et al., 2018).  
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2.3 Multidrug facilitator Assembly, MdfA: 

 MdfA from E.coli is an interesting model for studying MFS multidrug resistance 

transport mechanism as it encompasses all the bona fide structural, mechanistic and 

biochemical properties of MDR (Bibi et al., 2001, Sigal et al., 2006). Orthologs of MdfA are 

found in several pathogenic bacteria (Sigal et al., 2006) and overexpression of MdfA has been 

observed in clinical isolates of E.coli (Wang et al., 2013). Last two decades of research has 

revealed interesting aspects of proton/multidrug recognition determinants, transport modes and 

physiological role of MdfA.  

 MdfA is a 410 amino acid secondary-active monomeric antiporter (Edgar and Bibi, 

1997, Sigal et al., 2007). It is encoded by the cmr gene and was initially thought to be a 

chloramphenicol-specific transporter (Bohn and Bouloc, 1998). Biochemical studies later 

showed that E.coli expressing multicopy plasmid of MdfA exhibit resistance to a diverse group 

of clinical substrates such as neutral drugs, zwitterionic compounds, monovalent cations, and 

divalent cations with long linkers (Edgar and Bibi, 1997, Fluman et al., 2014). MdfA can 

transport its substrates in an electrogenic (neutral substrates) or electroneutral mode (cationic 

substrates) and the H+/Drug stoichiometry has been found to be 1 (Lewinson et al., 2003, 

Tirosh et al., 2012, Fluman et al., 2012). Transport experiments have shown that apart from 

H+/drug exchange activity, it can also function as a (Na+)(K+)/ H+ antiporter (Lewinson et al., 

2004). As a result, cells expressing this antiporter can tolerate high alkaline external pH which 

is likely to be a physiological role of the antiporter.  

 MdfA consists of a hydrophobic pocket with negatively charged residues which can 

bind a single substrate or simultaneously bind two substrates (Lewinson and Bibi, 2001). 

Several transport assays and binding experiments have shown that Glu26TM1 and Asp34TM1 are 

important for the active transport of cationic substrates, but for neutral substrates, they may 

compensate for each other deficiencies (Sigal et al., 2005, Sigal et al., 2009) (Fig. 12). Probing 

dicyclohexylcarbodiimide (DCCD) reagent reactivity (a powerful reagent for probing 

protonated acidic residues in an hydrophobic environment), radiolabeled [3H]-TPP binding 

assay and peptide mass spectrometry experiments allowed Fluman et al., 2012 to address the 

H+/Drug coupling mechanism. They suggested that the Glu26TM1 is the main substrate binding 

site and Asp34TM1 is the major proton binding site and also came up with an antiport 

mechanism for MdfA (Fluman et al., 2012). Furthermore, it was also demonstrated that the 

essential negatively charged residue Glu26TM1 can be delocalized within the binding pocket and 

the substrates may reorient in the binding cavity and can be still actively transported (Fluman 
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et al., 2009). Spontaneous mutations Ala150Glu (TM5) and Val335Glu (TM10) rescued the 

transport of their respective inactive mutants Glu26Thr/Asp34Met (TM1) and Glu26Thr (TM1) 

endorsing the promiscuous substrate recognition nature of the binding pocket (Adler and Bibi, 

2005, Sigal et al., 2009). This property can also be exemplified by the ability of MdfA to 

transport divalent cations which had been made possible by manipulating the drug binding 

pocket by inserting a third acidic residue in the binding pocket (Met358GluTM11) (Tirosh et al., 

2012). Although many interesting features of MdfA such as proton/substrate binding 

determinants, H+/Drug stoichiometry, multiple substrate recognition were experimentally 

determined. Many questions relevant to the MdfA antiport mechanism are still unanswered: a) 

What is the mechanism of H+/Drug coupling, b) Are the H+ and substrate relayed through the 

acidic residues Glu26TM1 and Asp34TM1?, c) How are the conformational changes in MdfA 

achieved? d) What are the functional role of conserved motifs, motif-B and motif-C in MdfA 

antiport mechanism, e) What are the differences in the recognition of multiple substrates within 

the binding pocket of MdfA, f) What is the entry port for the substrates, and g) How are 

divalent cationic substrates with long linkers transported? 

Inward-facing (IF) structures of MdfA: 

 Recently the high-resolution crystal structures of MdfA-Q131R mutant complexed to 

chloramphenicol (2.4 Å, pH 5.8), deoxycholate (2.0 Å, pH 5.8) and LDAO detergent molecule 

(2.2 Å, pH 8.5) were all determined in the inward-facing (IF) state (Heng et al., 2015) (Fig. 12 

a,b, Fig. 13). The captured conformational state of MdfA is termed as “inward-facing (IF)” 

because the binding pocket is only partially open to the cytoplasm where the periplasmic side 

is closed by gating of residues from TM 1, 2, 5, 7 and 8 (Fig. 12c, d).  IF structures of MdfA 

confirms the canonical 12TM MFS fold which can be divided into pseudosymmetrical 6TM N- 

and C-terminal bundles (Fig. 12a). 12TM helices can also be grouped as three-helix repeats 

with the 1st helix of each repeat (TM 1, 4, 7, 10) termed as cavity helices that constitute the 

binding pocket, 2nd helix of each repeat (TM 2, 5, 8, 11) is termed as rocker helix, and 3rd helix 

of each repeat (TM 3, 6, 9, 12) is located at the periphery of the antiporter and extensively 

interact with the lipidic bilayer and is denoted as support helix (Fig. 12c). IF structure exhibits a 

large hydrophobic pocket and the ligands interact with a specific set of residues in each 

structure and are also hydrogen bonded to Asp34TM1 in all the three structures (Fig. 12a, b, d, 

Fig. 13). Mutation of the twelve residues interacting with chloramphenicol to alanine 

individually abolishes the transport activity of MdfA. 



  

  

  

  INTRODUCTION 

39 

 

Fig  12. Inward-facing (IF) structures of MdfA bound with deoxychlolate (DXC) and lauryldimethylamine-N-Oxide 

(LDAO) 

 

Fig 12. Inward-facing (IF) structures of MdfA bound with deoxychlolate (DXC) and lauryldimethylamine-N-

Oxide (LDAO): The N- (grey) and C-terminal (yellow) domains approach close to each other on the periplasmic 

side of the transporter to enclose a substrate binding pocket partially open to the cytoplasm but closed to the 

periplasm. a) Deoxycholate (DXC, pink stick) is bound to the negatively charged residue Asp34TM1 (grey stick) 

within the binding pocket. The highly conserved motifs A (pink), B (orange) and C (green) are localized to the N-

terminal domain. b) LDAO detergent molecule (cyan stick) is bound to the negatively charged residue Asp34TM1 

(grey stick). c) Periplasmic view of DXC bound (pink stick) IF structure of MdfA highlighted with the cavity 

helices (TM 1, 4, 7, 10 as salmon), rocker helices (TM 2, 5, 8, 11 as light purple) and support helices (TM 3, 6, 9, 

12 as cyan). MdfA binding pocket is closed to the periplasm by gating of the residues from helices TM 1, 2, 5, 7 

and 8. d) Sliced surface representation of DXC bound (pink stick) structure of MdfA revealing a large binding 

pocket (indicated as red-dashed lines) partially open to the cytoplasm (Heng et al., 2015). 

 

 Conserved motif of MdfA, motif-B, “R112TM4XXXG116TM4” is buried within the 

periplasmic side of the N-terminal domain. Arg112TM4 forms a hydrogen bond network 

connecting Asp34TM1 which is bridged by a water molecule and also Arg112TM4 is surrounded 

by a number of hydrophobic residues (Fig. 13b). The motif-B hints to be an integral part of the 

antiport mechanism but the biochemical data do not lend any clue about its involvement in the 
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transport mechanism. Motif-C, “AP154TM5XXGP158TM5” extends as an ideal α-helix in the IF 

structure (Fig. 13b).   

ig  13. Chloramphenicol bound Inward-facing (IF) structure of MdfA 

 
Fig 13. Chloramphenicol bound Inward-facing (IF) structure of MdfA: a) N- (grey) and C-terminal domain 

(yellow) enclose a cavity partially open to the cytoplasm in which chloramphenicol (blue sticks) is bound to the 

negatively charged residue, Asp34TM1 and also interacts with other residues in the binding pocket. The conserved 

motifs are located on the N-terminal domain; motif-A (pink, TM2-TM3), motif-B (orange, TM4) buried within 

the N-terminal domain and motif-C (green, TM5) adapts an α-helical conformation. b) Chloramphenicol bound to 

Asp34TM1 communicates to the highly conserved motif-B Arg112TM4 (orange sticks) via a hydrogen bond network 

Asp34TM1-Asn33TM1-H2O-Arg112TM4 (grey sticks, water molecule as red sphere). The motif-B Arg112TM4 is 

surrounded by hydrophobic residues (cyan sticks) and the architecture is to be preserved for the antiport activity of 

MdfA. View from figure (a) rotated 60° about a vertical axis (Heng et al., 2015). 

 

 From the ligand complexed - IF structures [chloramphenicol (Cm) (Fig. 13a), 

dexoxycholate (DXC) (Fig. 12a) and lauryldimethylamine-N-Oxide (LDAO) (Fig. 12b)], it is 

apparent that Asp34TM1 is the main substrate binding site and it is also shown to be involved in 

proton binding. The binding cavity in the IF state is open to the cytoplasm which allows the 

substrate to bind to Asp34TM1. Although, the inward-facing structure of MdfA is determined in 

complex with substrates and non-substrates providing a molecular understanding of substrate 

recognition in the binding pocket. The dearth of structures of other conformational states has 

very much hampered the understanding of the transport mechanism of MdfA with the proposed 

models making it much more complex to understand (Fluman et al., 2012, Heng et al., 2015). 

   

a) b) 
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3  SUMMARY OF THE RESULTS AND DISCUSSION 

The main results and discussion of each manuscript are summarized here. For a detailed 

description kindly refer to the respective manuscript. 

3.1  Manuscript I 

 

 

 

 

  

  

  

 Membrane proteins are notoriously difficult to crystallize. The major problem in 

obtaining high-resolution diffracting crystals of a membrane protein is the conformational 

flexibility of the membrane protein and the limitations in purifying substantial quantity of 

functional membrane protein amenable for crystallization trials. Moreover, membrane proteins 

are routinely purified in detergents which often affect the stability and also mask the surface of 

the molecules diminishing the crystal-crystal contacts. These bottlenecks can be circumvented 

by crystallizing the membrane protein of interest together with a Fab fragment that can 

recognize the conformational epitope of MdfA, as it provides beneficial effects by arresting the 

antiporter to a particular conformational state and also extends the hydrophilic surface for 

mediating crystal-crystal contacts (Hino et al., 2013). We anticipated that the binding of the 

Fab fragment may also increase the thermostability of MdfA, as higher the stability of a 

membrane protein is usually correlated with crystallization success. 

 MdfA was overexpressed with a C-terminal GFP-octahistidine tag and purified in two 

steps of Ni2+ affinity chromatography. Pure MdfA was reconstituted in liposomes and assessed 

for functionality by the substrate TPP-induced fluorescence quenching assay as shown by 

Fluman et al., 2009. Quenching of MdfA fluorescence was observed with increasing 

concentration of TPP indicating that MdfA reconstituted in liposomes is functional which were 

further used for mice immunization to raise antibodies against them. Fab fragments 

recognizing conformational epitopes were positively selected (liposome ELISA) against  

fragments that bound to linear epitopes (negative selection / denatured MdfA-targeted ELISA). 

In this fashion, four Fab fragments YN1006, YN1010, YN1074, YN1082 were positively 

selected. Each Fab formed a stable complex with MdfA and was purified by size exclusion 

 

Generation of conformation-specific antibody fragments for crystallization of the 

multidrug resistance transporter MdfA.  

Jaenecke F*, Nakada-Nakura Y*, Nagarathinam K, Ogasawara S, Liu K, Hotta Y, Iwata 

S, Nomura N, Tanabe M. 

Bacterial Multidrug Exporters. Methods in Molecular Biology, vol 1700, 2018. Humana 

Press, New York, NY 
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chromatography. We, characterized the thermostability of MdfA-Fab complexes and MdfA-

WT at pH 7 by N-[4-(7­diethylamino-4-methyl­3­ coumarinyl)phenyl]  maleimide  (CPM) 

thermostability assay. We identified that the MdfA-YN1074 Fab complex (71 ºC) showed 

enhanced stability of about 8 to 12 ºC compared to other MdfA-Fab complexes (62.5 to 63.6 

ºC) and MdfA alone (58 ºC). Crystallization of the highly thermostable Fab complex MdfA-

YN1074 with the lipidic cubic phase (LCP) method resulted in crystals diffracting to 3.5 Å 

which is explained in detail in the manuscript II. These results relate to the advantages of using 

antibody fragment (Fab) mediated crystallization of the multidrug resistance antiporter, MdfA 

where the protocol can also be extended to other difficult to crystallize MFS transporters or 

membrane proteins in general that alter between different conformational states to achieve 

transport.   
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3.2  Manuscript II 

 

 

 

 

  

 The manuscript I describes the protocol to generate conformation-specific antibodies 

towards the multidrug resistance antiporter, MdfA. We identified through systematic screening 

that the Fab YN1074 used as a crystallization chaperone stabilized the antiporter effectively 

(CPM assay) and improved the crystallization properties. In manuscript II, we probed the 

stability of MdfA and the MdfA-YN1074 Fab complex as a function of pH and also 

investigated the effects of different crystallization methods on the diffraction quality of the 

crystals of MdfA wild type and MdfA-Fab complex.  

 We identified that the stability of the MdfA-YN1074 Fab complex was independent of 

the pH with high stability (71 ºC) compared to MdfA which showed a decrease in stability (66 

ºC to 58 ºC) on increasing pH from 5.5 to 7. This demonstrates that the Fab-YN1074 stabilizes 

the low pH form of the antiporter in comparing with the MdfA stability at pH 5.5 and the 

complex was suitable for crystallization screening in a wide range of pH conditions.  

Vapour diffusion method: 

 Crystallization of MdfA alone with the vapour diffusion (VD) method resulted in 

hexagonal crystals diffracting to a lower resolution of 7 Å and the crystals belonged to the 

hexagonal space group P61/522 with unit cell parameters a = b = 94.5, c = 663.1 Å. 

Crystallization of MdfA-YN1006 and MdfA-YN1082 Fab complexes resulted in crystals 

diffracting poorly to 30 Å, whereas for MdfA-YN1010 Fab complex no crystals were obtained. 

In contrast, crystals of the MdfA-YN1074-VD diffracted to a maximal resolution of 6 to 7 Å. 

MdfA-YN1074-VD crystals belonged to the orthorhombic space group P212121 with unit cell 

parameters a = 76.6, b = 141.6, c =296.6 Å.  

Lipidic cubic phase method: 

 The limitations in obtaining high-resolution diffracting quality crystals with the vapour 

diffusion method prompted us to explore the lipidic cubic phase (LCP) method which is an 

alternative for membrane protein crystallization. Initial LCP setups, in general, were performed 

with 9.9 MAG (18-C) as the host lipid (Caffrey, 2015).  Crystallization of the MdfA and 

MdfA-YN1082 Fab complex in 9.9 MAG resulted in crystals diffracting to 30 Å needle-shaped 

 

The multidrug-resistance transporter MdfA from Escherichia coli: crystallization and 

X-ray diffraction analysis. 

Nagarathinam K*, Jaenecke F, Nakada-Nakura Y*, Liu K, Hotta Y, Iwata S, Stubbs 

M.T., Nomura N., Tanabe M. 

Acta Crystallogr F Struct Biol Commun. 2017 Jul 1;73(Pt 7):423-430 
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crystals of MdfA-YN1074 Fab complex which showed weak diffraction to 8 Å belonging to 

the hexagonal space group P61/522 with unit cell parameters a = b = 73.3, c = 950.1 Å. The 

restriction in obtaining high-resolution with 9.9 MAG drew our attention to reduce the alkyl 

chain length for further screening. Host lipids were selected based on reported membrane 

protein structures crystallized by the LCP method (Caffrey, 2015). The rationale behind 

screening with reduced alkyl chain length is to improve partitioning of MdfA within the lipidic 

bilayer for crystal-crystal contacts and to increase the aqueous channel size to accommodate 

the Fab fragment and also to augment the lateral diffusion of MdfA molecules by influencing 

the curvature of the bicontinuous lipidic bilayer. Screening with 7.7 MAG (14-C), 7.8 MAG 

(15-C) and 7.9 MAG (16-C) led to the growth of crystals not more than 50 μm with poor 

diffraction. Screening with 8.8 MAG (16-C) resulted in hexagonal crystals which grew to full 

size (100 μm) over 5 – 7  weeks and diffracted best to 3 Å. Due to the presence of very long c-

axis, the crystals were mounted perpendicular to the beam with a slight tilt to best resolve the 

diffraction spots. Anisotropy of the diffraction data restricted the resolution of the data set to 

3.4 Å. These crystals belonged to the hexagonal space group with unit cell parameters a = b= 

73.3, c = 927.9 Å. 

Crystal packing analysis: 

 Molecular replacement was performed to analyze the crystal packing in each of the 

crystal forms of MdfA-VD, MdfA-YN1074 Fab complex-VD and MdfA-YN1074 Fab 

complex-LCP. Two molecules of MdfA (solvent content 74.5%) or MdfA-YN1074 Fab 

complex (solvent content 70%) was located in their respective asymmetric unit (ASU) of the 

crystals grown by vapour diffusion method. On the other hand, only one complex of MdfA-

YN1074 Fab complex was found in the ASU of the LCP crystals. In all the three crystal forms, 

adjacent monomers of MdfA in the crystal lattice orient themselves in the opposite directions 

(anti-parallel).  

 Crystal packing of the molecules in MdfA-VD crystal reveal that the lateral contacts are 

mediated by the hydrophobic TM helices and the interlayer contacts are mediated by residues 

from the periplasmic and cytoplasmic hydrophilic surfaces of the antiporter resulting in only 

feeble interactions (Fig. 14a). MdfA molecules arrange themselves to form superhelical 

“chains” with the helical axis parallel to the crystallographic six-fold screw axis. The presence 

of large spaces between the chains presumably occupied by detergent micellar structures yield 

weak interactions, in turn leading to lower resolution diffraction (Fig.14a).  

 MdfA-YN1074-VD crystal packing reveal that the Fab bound to the cytoplasmic side of 

the antiporter, extending Fab-Fab interactions between the MdfA monomers of the adjacent 
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layers within the ASU. Lateral contacts are formed between antiparallel MdfA monomers and 

interactions are also formed between the periplasmic hydrophilic portion of MdfA molecules 

which are less extensive compared to the lateral contacts. The MdfA-YN1074 Fab complexes 

are arranged as rippled stacks where the interlayer spaces are presumably occupied by 

disordered detergent micelles resulting in weak diffraction behaviour (Fig. 14b). 

 Membrane protein crystal packing types are explained under section 2.2. In contrast to 

Type II packing observed with MdfA-YN1074 Fab complex-VD crystals, Type I packing is 

observed in the crystals of MdfA-YN1074 Fab complex-LCP which is typical for crystals 

obtained from the LCP (Caffrey, 2015). Two sets of extensive hydrophobic lateral contacts are 

formed by each monomer to the adjacent MdfA molecules. Lateral hydrophobic contacts 

observed in the 2D arrangement of the MdfA-YN1074 Fab complex here have been 

maximized, as the MdfA molecules are partitioned in the lipidic bilayer and laterally diffuse to 

effectively pack with the neighbouring monomers. Fab fragment bound to the cytoplasmic side 

of the antiporter extend interactions to one another and they occupy the aqueous channel space 

sandwiched between the MdfA monomers embedded in the adjacent lipidic bilayer. High 

solvent content is not typical for LCP crystals but the spaces observed between the Fab 

molecules contribute to this high value (68.1% solvent content) (Fig 14. d,e). 

 These results disclose the fact that the weak interaction between the molecules of 

MdfA-VD or MdfA-YN1074 Fab complex-VD within the crystal lattice has lead to weak 

diffraction behaviour. The weak diffraction is also augmented by the presence of disordered 

detergent micelles that surrounds each MdfA monomer which prevents 2D arrangements as 

observed for LCP crystals.  

 The superior diffraction quality observed with MdfA-YN1074 Fab complex-LCP 

crystals is due to the favourable partitioning of intramembrane (MdfA) and hydrophilic 

contacts (Fab YN1074) observed in the packing of these crystals. Although in this case, the 

choice of the crystallization method i.e. the lipidic cubic phase method is important for 

achieving superior diffraction quality of the crystals, host lipid screening is also seemingly an 

important parameter to be explored for this method. We noticed that the morphology of the 

crystals had changed remarkably to the MAGs used and the c-axis unit cell length is 22 Å 

shorter with crystals grown from 8.8 MAG (16-C) compared to the use of 9.9 MAG (18-C) for 

crystallization. The use of different MAGs might influence on the 2D packing of the membrane 

protein layers or the orientation of MdfA in the bilayer itself which in turn influences the 

positioning of the Fab and this impacts on the packing and diffraction quality of the crystals.  



  

 

                                                                    

                                                                   SUMMARY OF THE RESULTS AND DISCUSSION 

 

46 

 

Fig  14. Crystal packing in MdfA crystals 

 

Fig 14. Crystal packing in MdfA crystals: Packing arrangements of (a) the transporter (MdfA-VD) and (b, c) the 

MdfA-YN1074 complex within vapour diffusion grown (MdfA-YN1074-VD) crystals, and (d, e) the MdfA-YN1074 

membrane protein complex within lipidic cubic phase grown crystals (MdfA-YN1074-LCP). Selected symmetry 

element symbols are shown for orientation. (a) The two MdfA monomers (green, cyan) within the asymmetric unit of 

MdfA-VD align to form infinite superhelical chains (dotted line) that are stabilized by lateral hydrophobic contacts. 

Individual chains contact each other via a small number of hydrophilic contacts. View parallel to the crystallographic 

a-axis. (b) Crystal contacts in MdfA-YN1074-VD are dominated by interactions between the Fabs (yellow, pink) 

from symmetry-related molecules. Within the lattice, the molecules are arranged in rippled layers (dotted line), with 

major contacts between the layers provided by the Fabs. View parallel to the crystallographic a-axis. (c) One layer 

from (b), viewed parallel to the crystallographic b-axis. (d) In the MdfA-YN1074-LCP crystals, MdfA (green; for 

clarity, two-fold symmetry related molecules are shown in cyan, although these are crystallographically equivalent) is 

found in a two-dimensional membrane-like array. MdfA layers sandwich those of the Fab YN1074 (yellow; pink), 

resulting in favorable segregation of hydrophobic and hydrophilic crystal contacts. View parallel to crystallographic 

a-axis. (e) The MdfA layer from (d), viewed parallel to the crystallographic c-axis (Image and legend reproduced 

from manuscript II). 
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3.3  Manuscript III 
 

 

 

 

  

 The manuscript describes the structural differences between the outward-open state 

(Oo) and the already published inward-facing state (IF) of MdfA. Based on the observed 

structural differences, biochemical and molecular dynamics simulation data of MdfA, a 

conformational-switching mechanism from outward-open to the inward-facing state has been 

proposed. MdfA being the first antiporter for which more than one conformational state is 

available, we anticipate that the proposed conformational-switching mechanism of MdfA will 

serve as a model system for understanding the switching mechanism of other MFS-MDR 

antiporters.  

 Phases were determined by molecular replacement with PHASER MR using the 

separate N- and C-lobes of MdfA of the inward-facing conformation (PDBID: 4ZP0) and a Fab 

fragment (PDBID: 1IBG) as individual search models. The model was rebuilt manually using 

COOT and refined using PHENIX. Detailed information on structure determination can be 

found under the methods section of the manuscript.  

Structure of MdfA in the outward-open (Oo) state: 

 The crystal structure of the MdfA-Fab complex reveals that the Fab fragment is bound 

to the cytoplasmic side of the antiporter stabilizing the outward-open state (Oo), where this 

conformation was also observed with the crystals of wildtype MdfA grown by the VD 

technique (manuscript II). Molecular dynamics simulations of the Oo structure without the Fab 

fragment remained stable in a solvated membrane environment indicating that the binding of 

the Fab fragment on the cytoplamic side does not induce any changes to the captured 

conformational state of MdfA.  

 MdfA consists of two 6TM bundles of N-terminal and C-terminal domain connected by 

a loop and an amphipathic helix. The two bundles approach each other to form a “V-shaped” 

structure with the cavity closed to the cytoplasmic side but exposed to the periplasm adapting 

the Oo state. The cytoplasmic side is sealed by a number of hydrophobic residues from 

cytoplasmic halves of TM2, TM5 of the N-terminal domain and TM8, TM10, TM11 of the C-

terminal domain (Fig. 15a). The cytoplasmic closure is also mediated by interdomain 

 

Outward open conformation of a Major Facilitator Superfamily multidrug/H+ 

antiporter provides insights into switching mechanism. 
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electrostatic interactions from the highly conserved motif-A, Asp77 from the TM2 C-terminus 

interacting with N-terminus of TM11 and also by Arg336 from the C-terminus of TM10 

interacting with the Cα-backbone atoms extending between TM4-TM5. In comparison with the 

ligand bound inward-facing state, the two TM bundles have undergone a global rotation by 

33.5º in a plane parallel to the lipidic bilayer endorsing the “alternating access mechanism” by 

which the cavity becomes partially open to the cytoplasm. The electrostatic and hydrophobic 

interactions observed on the cytoplasmic side of MdfA in the Oo state are replaced 

predominantly by hydrophobic contacts between the periplasmic halves of TM 1, 2 and 5 of 

the N-terminal domain and TMs 7, 8 and 11 of the C-terminal domain in the IF state on the 

periplasmic side (Fig. 15b). 

Fig  15. Structure of MdfA in the outward open (Oo) and inward facing (IF) state  

 

Fig 15. Structure of MdfA in the outward open (Oo) and inward facing (IF) states: a) The transporter in the 

Oo conformation (this work); b) MdfA in the ligand-bound IF state (Heng et al., 2015). The N- (white/grey) and 

C-terminal (yellow) six transmembrane helical domains are shown in ribbon representation, with transmembrane 

helices (TMs) numbered. Note the difference in the relative orientation of the two domains by 33.5°. TM5, 

whose conformation differs between the two states, is shown in green (Oo) or orange (IF); the TM1–TM2 termini 

are in corresponding light colours. The position of chloramphenicol bound in the IF state is depicted using blue 

sticks (Image and legend reproduced from manuscript III). 

 

 Overlaying the N- and C-terminal bundles of the Oo and previously published IF 

structure (PDBID: 4ZOW) separately, strikingly reveals three statistically significant structural 

deviations in the Oo state. The largest deviation is observed in TM5 (residues 136 to 153), 

which ends in the antiporter motif-C “AP154XXGP158” that is absent in symporters and 

uniporters (Varela et al., 1995). Residues 136 to 153 of the TM5 in the Oo state exhibit a 

profound 10º kink, accompanied by a ca. 45º clockwise twist parallel to the helix axis. In the IF 

structure, TM5 adapts an ideal α-helical conformation (Fig. 16 a,b). In the Oo state, the 
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maximum deviation in TM5 is found at residue Met146TM5, which is in close proximity to the 

side chain Tyr127TM4.  Further, the Tyr127TM4 is found hydrogen bonded to Glu26TM1 at a 

distance of 2.5 Å. In the IF, state the space occupied by Tyr127TM4 is replaced by Met146TM5 

(Fig. 16c). 

Fig  16. The Oo and If conformations differ by local twisting of TM5 

 

Fig 16. The Oo and If conformations differ by local twisting of TM5. a) In the Oo state, TM5 (green) is 

partially distorted, resulting in Cα displacements compared to the IF state of up to 2.9 Å (Met146TM5). The side 

chain of Met146TM5 rests against the phenolic side chain of Tyr127TM4, whose hydroxyl moiety is ca. 2.5 Å from 

the side chain carboxylate group of Glu26TM1, suggesting the presence of a charge-assisted hydrogen bond. b) 

TM5 adopts an ideal a-helical conformation in the IF state through the displacement of the Tyr127TM4 side chain 

by that of Met146TM5. TM5 straightens, rotating around its axis such that its hydrophobic side chains can 

engage/disengage the C-terminal domain. c) Electron density for TM5 in the Oo conformation, superimposed with 

coordinates of the final (green) and initial (orange) models (Image and legend reproduced from manuscript III). 
 

 The second structural difference between the Oo state and ligand bound-IF state is a 

significant expansion of an array of hydrophobic residues (hydrophobic core) found around the 

highly conserved Arg112TM4 (motif-B) which is buried within the N-terminal domain on the 

periplasmic side of MdfA (Fig. 17). Although the structural difference between the two states 

in this region appears to be small, note that this observation may be absolutely different on 

comparing to an apo-IO state of the transporter. The third structural difference is found on the 

cytoplasmic side of the transporter localized to TM8 Arg281-Val284. When comparing this 

segment between the ligand bound IF structures show inherent structural variability implying 

that this region may not play a major role in the antiport activity of MdfA. 
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Fig  17. Small but significant differences are observed in the hydrophobic core near the periplasmic face of the N-terminal domain 

 

 
Fig 17. Small but significant differences are observed in the hydrophobic core near the periplasmic face of 

the N-terminal domain. The core is in contact with the buried guanidinyl moiety of conserved Arg112TM4 (motif 

B), which in turn is connected to Asn33TM1-Asp34TM1 by a hydrogen bond network (not shown). Views (a) from 

the “left” of Figure 7 rotated 180° about a vertical axis. Image and legend reproduced from manuscript III. 
 

 Selected residues were assessed for their importance in MdfA antiport activity 

(performed by Mikio Tanabe and collaborators). MdfA WT and mutants were reconstituted 

into liposomes to assess for the transport of chloramphenicol. Mutants Tyr127TM4Phe, 

Met146TM5Ala and Trp170TM6Ala showed reduced transport activity compared to wildtype 

indicating their involvement in MdfA function. Variant Glu26TM1Gln did not drastically affect 

the transport indicating that this residue is not important for chloramphenicol transport as 

suggested by previous studies (Sigal et al., 2009), although this may well differ for cationic 

substrates recognition and transport. 

 Combinations of different protonation states of the two critical acidic residues 

Asp34TM1 and Glu26TM1 involved in transport were assessed by MD simulations (performed by 

Tohru Terada). Conformational changes were monitored by the change in distances between 

helices TM5 and TM8 on the periplasmic and cytoplasmic halves of the transporter. Starting 

from the Oo state, protonation of Asp34TM1 [Oo(E26-/D34P), Oo(E26P/D34P)] resulted in an 

occluded form of MdfA (Fig. 18). In the occluded form, the TM5 remains kinked and the 

Glu26TM1-Tyr127TM4 hydrogen bond remained stable. Simulations were performed on the IF 

structure of MdfA (Arg131 mutated to Gln) after removing the ligand [IF(E26-/D34P))] which 

resulted in the cytoplasmic closure leading also to an occluded state with the kinking of TM5 
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helix (Fig. 18). The occluded cavity achieved within the binding pocket from the Oo state 

resembles the cavity formed from the IF state. 

Fig  18. Molecular dynamics studies of MdfA 

 

Fig 18. Molecular dynamics studies of MdfA: Conformational distributions of MdfA obtained following MD 

simulations. Starting from each initial conformation (Oo vs. IF) and Glu26/Asp34 protonation state, the conformational 

distributions of the MD simulations were calculated as a function of d1 and d2 (d1: minimum distance between Cα atoms of 

residues 156–165 (TM5) and those of residues 253–262 (TM8); d2: minimum distance between Cα atoms of residues 139–

148 (TM5) and those of residues 270–279 (TM8)). Cyan squares indicate the corresponding distances in the initial 

conformations (Oo: this study; IF PDB 4ZOW), and the blue circles indicate the position of the peak in the plot for 

Oo(E26−/D34p) (Image and legend reproduced from manuscript III). 

 

Discussion: 

 The structural observations comparing the outward-open and the previously published 

inward-facing structure show three variable regions within the N- and the C-terminal domains: 

the hydrophobic core surrounding the TM4 motif-B and around the TM5 motif-C are believed 

to play an important role in the conformational switching process. TM5 motif-C is observed in 

a kinked form in the Oo conformation and is prevented to relax to a straight conformation by 

Tyr127TM4 which is on the opposite facet of Met146TM5. While in the IF state the space 

occupied by Tyr127TM4 is replaced by Met146TM5 by untwisting of TM5.  Chloramphenicol 

transport assays demonstrate the significance of these two residues in transport where their 

respective mutants show no transport.  

 Molecular dynamics simulation studies were performed on the two critical acidic 

residues for transport (Glu26TM1 and Asp34TM1) on both the conformational states of the 

transporter as the starting trajectory. Protonation of Asp34TM1 in the Oo conformation leads to 

an occluded state of MdfA with the hydrogen bond preserved between Glu26TM1-Tyr127TM4 

and TM5 remaining kinked. MD simulations on the IF state (Arg131 mutated to Gln) without 

the ligand also leads to an occluded state and a kinked TM5. This implies that the protonation 

of Asp34TM1 in the Oo and apo-IF state leads to an occluded conformation where the occluded 

cavity achieved from the both the states are similar. Further, conformational switching from the 
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occluded state to the IF state, may result in the untwisting of the kinked TM5 to a relaxed 

straight form which may also be achieved by the ligand binding to the IF state inferred from the 

ligand bound IF crystal structures in which the TM5 adapts a straight α-helical conformation.  

 The absence of structures of ligand bound outward-open, apo inward-open and 

occluded conformational states precludes from proposing a complete transport cycle for MdfA. 

The observed structural differences between the Oo state (this study) and the ligand bound IF 

state (previously published), molecular dynamics simulations and transport assays lend 

themselves in proposing a conformational switching mechanism from Oo to the IF state.  

 Exposure of the binding cavity of MdfA to low periplasmic pH in the Oo state is likely 

to protonate Asp34TM1. Changes in the chemical environment around Asp34TM1 by protonation 

or by ligand binding present at the proximity of buried guanidinium moiety Arg112TM4 motif-B 

may reorganize the hydrophobic cluster. Structural rearrangements in the hydrophobic cluster 

can be associated to the weakening of the charged hydrogen bond between Glu26TM1 and 

Tyr127TM4, where Tyr127TM4 is found to be on the same helix TM4 of Arg112TM4. The 

displacement of Tyr127TM4 may allow Met146TM5 to occupy its space by the untwisting of 

kinked TM5 which adopts a straight α-helical conformation in the IF state. The motif-C present 

on helix TM5 achieves different conformations (kinked or straight form) which are associated 

in dictating the conformational states either as Oo or IF state respectively. The highly conserved 

TM5 motif-C appears to play a central role in the relative orientations of the two domains and 

the conformational switching mechanism proposed here may apply to 12 TM helical MFS 

type-MDR antiporters harbouring the conserved motifs as MdfA.  
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4  CONCLUSIONS AND FUTURE PERSPECTIVES 

 This research work reports the strategy undertaken to obtain high-resolution diffracting 

crystals of wild type MdfA, structural characterization of MdfA and a proposal for the 

conformational switching mechanism. Selected Fab fragments were complexed with MdfA for 

their advantages. MdfA and MdfA-Fab complexes were assessed by CPM thermostability 

assay to identify thermostable variants for crystallization trials. Multiple strategies were 

employed to crystallize highly stable MdfA variants and optimize their diffraction properties. 

Fab fragment mediated crystallization of MdfA using the lipidic cubic phase method combined 

with host lipid screening resulted in crystals with superior diffraction quality. The protocol and 

results presented in manuscripts I and II may guide in crystallizing other MFS-MDR 

antiporters and integral membrane proteins in general. Structure determination revealed the 

antiporter, MdfA to be crystallized in an Oo state with the Fab fragment bound to the 

cytoplasmic side of the transporter. Comparing the Oo crystal structure with the IF structure 

(Heng et al., 2015) allowed to identify the structural differences. The differences show that in 

the Oo structure that the transmembrane helix (TM) 5 was kinked around motif-C, “APXXGP”, 

observed only in antiporters and a slight significant expansion of the hydrophobic cluster was 

observed surrounding Arg112TM4 of conserved motif-B, “RXXQG”. Chloramphenicol 

transport assays were performed by mutating selected residues to demonstrate their 

involvement in MdfA transport and all of them showed redudce transport activity compared to 

wildtype indicating their involvement in MdfA function. Molecular dynamics simulations were 

performed to assess the conformational changes in MdfA by protonating in different 

combinations of the two critical acidic residues Asp34TM1 and Glu26TM1 involved in transport. 

Both the wildtype MdfA (R131Q) apo-IF structure and Oo conformational state used as starting 

models in MD simulations showed changed in conformation to an occluded state with TM5 in 

a kinked form. Our observations from the structural differences, transport assays and molecular 

simulation data led to propose a proton-activated conformational switching mechanism with 

the TM5 motif-C playing a key role between the two conformational states. 

 As many more interesting aspects of MFS-MDR need to be addressed, the immediate 

questions that arise relevant to the proposed mechanism are mentioned here. MdfA is currently 

the only MFS-MDR antiporter for which more than one conformational state. It would 

therefore be important to determine further ligand bound and unbound structures of occluded 

and inward-open states which might capture the structural variations of TM5 and the N-
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terminal domain hydrophobic cluster around motif-B respectively. Molecular insights may 

acknowledge our conclusions and also support in updating the transport cycle of MdfA. 

 Further, in order to support the proposed mechanism of MdfA with evidence, EPR 

spectroscopy or smFRET can be probed to calculate spatial separation of the two 6TM bundles 

by mimicking the acidic residues in MdfA in a protonated state (Asp34TM1Asn, Glu26TM1Gln) 

or performing the studies in the presence of ligand (Masureel et al., 2013). These studies can be 

performed by reconstituting MdfA into liposomes in the presence of a pH gradient. EPR or 

smFRET studies may also be extended to assess the spatial separation of the two bundles in the 

inward-open conformation, as we suspect that the current ligand bound inward-facing 

structures binding cavity is not completely open to the periplasm as seen in LacY (Abramson et 

al., 2003). Inhibitor screening can be performed to identify candidates that abolish transport 

and MdfA structures solved in complex with inhibitor provide insights into the mechanism of 

inhibition. This might be crucial for dissecting the differences in substrate and inhibitor 

recognition pattern of the promiscuous multidrug binding pocket. 

  These studies on the structure of MdfA in an outward-open conformation have allowed 

hypothesizing a conformational mechanism in comparison to the inward-facing ligand bound 

structure. The efflux mechanism described for the MFS-type MDR antiporter MdfA may also 

be extended to other MFS type-MDR antiporters having similar characteristics to understand 

their efflux principles. 
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Generation of Conformation-Specific Antibody Fragments for 
crystallization of the Multidrug Resistance Transporter MdfA 
 

Abstract 

 

A major hurdle in membrane protein crystallography is generating crystals diffracting 

sufficiently for structure determination. This is often attributed not only to the difficulty of 

obtaining functionally active protein in mg amounts but also to the intrinsic flexibility of its 

multiple conformations. The cocrystallization of membrane proteins with antibody fragments 

has been reported as an effective approach to improve the diffraction quality of membrane 

protein crystals by limiting the intrinsic flexibility. Isolating suitable antibody fragments 

recognizing a single conformation of a native membrane protein is not a straightforward task. 

However, by a systematic screening approach, the time to obtain suitable antibody fragments 

and consequently the chance of obtaining diffracting crystals can be reduced. In this chapter, 

we describe a protocol for the generation of Fab fragments recognizing the native conformation 

of a major facilitator superfamily (MFS)-type MDR transporter MdfA from Escherichia coli. 

We confirmed that the use of Fab fragments was efficient for stabilization of MdfA and 

improvement of its crystallization properties 
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