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Summary 

ATP-binding cassette (ABC) transporters are involved in the uptake of nutrients and the 

transport of ions, lipids, peptides, polysaccharides, vitamins and toxins across biological 

membranes. Consequently, these membrane proteins can be found in all living organisms. 

Nevertheless, the involvement of ABC transporters in physiological processes can lead, when 

dysfunctional, to several diseases in humans, such as cystic fibrosis. Also, the overexpression 

of ABC exporters in cancer cells or pathogenic bacteria can result in the return translocation of 

any given chemotherapeutics or antimicrobial drugs, resulting in multidrug resistances (MDR). 

The bacterial ABC transporter Bacillus multidrug resistance ATP (BmrA) is highly 

homologous to the human P-Glycoprotein, known to cause MDR in cancer cells. For this 

reason, BmrA can be used as a model protein to investigate MDR causing ABC transporters. 

The goal of this study was to further analyze dimerization and stability of BmrA as well as 

investigating the inhibitory traits of myristic acid. 

MDR caused by ABC transporters in humans can be a major problem, which is why finding an 

appropriate inhibitor for these exporters is of great interest in clinical research. As fungi are 

known to produce pharmaceutically relevant metabolites, e.g., the commonly used antibiotic 

penicillin, fungal secondary metabolites were screened to identify substances that inhibit the 

activity of BmrA. Myristic acid was found to inhibit the activity of BmrA, yet, with high 

inhibitory concentrations, and thus the substance might be given complementarily to the 

treatment to reduce the drug export out of the cell. 

The C-terminal end of the homodimeric ABC transporter BmrA was identified being important 

for its activity. In particular, interactions of the residues of the anterior part of the C-terminus 

seem to support dimerization of the BmrA nucleotide-binding domains (NBD) upon ATP-

binding. Especially the amino acid F573 seems to be involved in coupling the ATPase activity 

to substrate transport. 

Furthermore, unfolding of BmrA induced by denaturing agents, led to the assumption that the 

transmembrane domain (TMD) is protected against SDS- and urea-induced denaturation and 

the observed changes in the Trp fluorescence of the full-length transporter are mainly caused 

by environmental changes of the W413 in the NBD. Additionally, non-covalent interactions 

between the TMD and NBD, stabilize the TMD-NBD monomer of BmrA. 

Since ABC transporters in general are highly conserved, findings made in this study might be 

transferred to other transporters of the family. 
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Zusammenfassung 

ATP-bindende Kassette (ABC, englisch: ATP-binding cassette)-Transporter sind an der 

Aufnahme von Nährstoffen und dem Transport von Ionen, Peptiden, Polysacchariden, 

Vitaminen und Toxinen über biologische Membranen beteiligt. Dementsprechend können diese 

Membranporteine in allen lebenden Organismen gefunden werden. Durch die Beteiligung der 

ABC-Transporter an physiologisch relevanten Prozessen kann eine Dysfunktion dieser im 

Menschen zu Krankheiten führen, wie etwa zur Mukoviszidose. ABC Exporter können 

Multidrug-Resistenz (MDR) verursachen, wenn diese in Krebszellen oder pathogenen 

Bakterien gehäuft vorkommen, da verabreichte Chemotherapeutika oder Antibiotika wieder aus 

den Zellen ausgeschleust werden. 

Der bakterielle ABC-Transporter BmrA (englisch: Bacillus multidrug resistance ATP) ist 

homolog zu dem humanen P-Glykoprotein, welches MDR in Krebszellen verursachen kann. 

Aus diesem Grund kann BmrA als Modellprotein verwendet werden, um MDR auslösende 

ABC-Transporter genauer zu erforschen. Ziel dieser Arbeit war es, die Dimerisierung und 

Stabilität von BmrA sowie die inhibitorische Wirkung von Myristinsäure zu untersuchen. 

Die durch ABC-Transporter verursachte MDR ist problematisch für die menschliche 

Gesundheit, weshalb die Suche nach einem Inhibitor für diese Exporter von großem Interesse 

ist. Da Pilze bekannt dafür sind, pharmazeutisch relevante Metabolite, wie z.B. das 

Antibiotikum Penicillin, zu produzieren, wurden im Rahmen dieser Arbeit pilzliche 

Sekundärmetabolite auf ihre inhibitorischen Eigenschaften gegenüber der BmrA-Aktivität 

untersucht. Als eine Substanz mit inhibitorischen Eigenschaften wurde Myristinsäure 

identifiziert. Um einen inhibitorischen Effekt zu erhalten, sind hohe Konzentrationen 

notwendig. Deshalb könnte Myristinsäure zusätzlich zur Behandlung verabreicht werden, um 

ein Ausschleusen der Medikamente aus der Zelle zu reduzieren. 

Weiterführende Untersuchungen zur Stabilität des homodimeren ABC-Transporter BmrA 

zeigten einen wichtigen Einfluss des C-terminalen Endes auf die Transportaktivität auf. Die 

Aminosäuren am Beginn des C-Terminus scheinen den Dimerisierungsprozess in der 

Nukleotidbindenden Domäne (NBD) zu unterstützen. Besonders die Aminosäure F573 scheint 

an der Kopplung von ATPase Aktivität und Transport beteiligt zu sein. 

Des Weiteren zeigen Entfaltungsstudien, dass die Transmembrandomäne (TMD) von BmrA 

gegenüber Entfaltung durch SDS und Harnstoff geschützt ist, und Unterschiede in der 

gemessenen Trp-Fluoreszenz des Volllängen-Transporters von einer veränderten Umgebung 
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des W413 in der NBD ausgehen. Zusätzlich wird das BmrA-Monomer, bestehend aus TMD 

und NBD, durch nicht kovalente (hydrophobe) Interaktionen stabilisiert. 

Da ABC-Transporter in allen Domänen des Lebens hoch konserviert sind, können die 

gewonnen Erkenntnisse auf andere Transporter innerhalb der ABC-Transporter Familie 

übertragen werden. 
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1 Introduction  

1.1 Biological membranes 

The existence of life is closely linked to the existence and function of biological membranes. 

These membranes mainly consist of lipids and membrane proteins, which form cells and further 

separate the “inside” from the “outside” [1]. Within a cell, biological membranes can 

additionally define compartments, i.e., the organelles. In general, membranes build a selective 

barrier for substances to enter or leave a cell or a compartment [2,3]. The basic structure of a 

biological membrane is a bilayer of lipids. A lipid structure consists in general of a hydrophobic 

tail and a hydrophilic head group [4]. In eukaryotic lipid bilayers, three major classes of lipids 

can be found: (i) phospholipids, (ii) sphingolipids and (iii) sterols (Figure 1). Phospholipids can 

consist of a phosphate, a glycerol, and two bound fatty acid chains. Sphingolipids have a long-

chain amino alcohol (sphingoid) backbone and an amide-bound fatty acyl chain. The head 

group of phospholipids and sphingolipids can for example be inositol, glycerol, ethanolamine, 

choline or serine. Sterols consist of a hydroxyl group (head), a four-ring steroid structure and a 

short hydrocarbon side chain [2,4,5]. The lipid composition of membranes varies between 

different organisms as well as within an organism [3,6–8]. 

 

Figure 1: Lipid structures found in eukaryotic cells. Basic structures of a phospholipid, a 

sphingolipid and the mammalian sterol, cholesterol. These lipids have in general a hydrophilic 

head group and a hydrophobic tail. The acyl chains (blue) in phospholipids and sphingolipids 

can be of diverse length. The head groups can be replaced by a sugar or an alcohol, i.e., inositol, 

glycerol, ethanolamine, choline or serine (R; green). The backbone in phospholipids is a 

glycerol, in sphingolipids a sphingosine and in sterols a four-ring steroid (red). Structures were 

drawn using ChemSketch [9]. 
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While water and small lipophilic molecules are able to diffuse across membranes, larger and 

charged molecules cannot cross lipid bilayers by simple diffusion [2,10]. Thus, transmembrane 

gradients can be generated, which enable any living organism to produce energy. Proteins 

embedded in these biological membranes facilitate the selective transport of molecules and ions 

[2,11]. Thereby, one can distinguish between three different transport mechanisms. In case of 

passive transport, charged molecules (ions) can pass through channel proteins along an 

electrochemical gradient without requiring energy [10]. In contrast, active transport requires 

energy to transport molecules against a concentration gradient [12]. Here it can be differentiated 

between primary and secondary active transport: Primary active transporters use the energy 

gained from ATP hydrolysis to transport substances across the membrane [2,13]. In the 

secondary active transport, the transport of a molecule is generally coupled to the transport of 

another substance, so that either both solutes cross the membrane in the same direction 

(symport) or pass through in opposite directions (antiport) [14]. 

 

1.2 Membrane protein structure and folding 

Membrane proteins are pharmaceutically relevant, as they are targeted by approx. 60% of all 

currently available drugs [15,16]. Consequently, membrane proteins are of major interest in 

research and a better understanding of their structure, function(s) and interaction(s) will help to 

develop as well as to detect new drugs. Whereas around 30% of the human genome encodes for 

membrane proteins [17,18], until 2021, solely 2.6% of the solved protein structures were 

membrane proteins [19]. Membrane proteins, especially the transmembrane (TM) segments, 

adapt to their special surrounding of the lipid bilayer with its hydrophobic center and the 

hydrophilic head groups of both sides [20]. The in vitro analysis of hydrophobic membrane 

proteins is challenging, since suitable solubilizing agents are needed to solubilize the protein 

out of the surrounding membranes and to maintain the native structure. Therefore usually 

detergents or membrane-like structures (liposomes or nanodiscs) are utilized [21–23]. 

(Integral) membrane proteins are structurally adapted to their amphiphilic environment by their 

increased hydrophobic properties [24]. Within the membrane, the proteins mostly adopt a β-

barrel or α-helical structure [25–27]. A β-barrel is formed by eight to > 20 strands, while the 

most stable barrels comprise of entirely antiparallel or mixed parallel and antiparallel β-strands 

[28]. Some β-barrels are stable on their own, and thus can function as a monomer, whilst others 

are part of oligomeric structures [29]. β-barrel membrane proteins are involved in ion flux or 

passive nutrient intake [30]. β-barrel proteins exist exclusively in the outer membrane of Gram-
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negative bacteria, chloroplasts and mitochondria and facilitate the diffusion of molecules up to 

600 Da [29–32]. 

Nevertheless, the majority of membrane proteins consist of α-helix bundles and these proteins 

can adapt manifold functional structures within cellular membranes and function as 

transporters, receptors, channels or enzymes [33]. The α-helix per se is a very compact 

secondary structure element with 3.6 amino acid residues forming a turn in a right-handed helix. 

These helices are stabilized by H-bonds between the first amino acids carbonyl group and the 

NH-group of the fourth subsequent amino acid residue [34]. Due to this conformation, the first 

and fourth side chain are about on the same side of a helix and, depending on the amino acid 

residue, hydrophilic or hydrophobic patches on one helix side can be formed. The amino acids 

found in TM helices are mostly hydrophobic. One membrane-spanning helix typically consists 

of 20–30 amino acids [35]. 

In comparison to soluble proteins, the folding pathway of membrane proteins is more complex, 

regarding the correct insertion into the membrane, the correct structure formation and assembly 

(Figure 2) [36]. However, the folding of membrane proteins is typically investigated in a 

simplified environment to gain insights into the underlaying mechanisms. Based on in vitro 

experiments, folding of α-helical membrane proteins is simplified in the two-stage model as 

two thermodynamically distinct steps [37]. 

 

Figure 2: Three-stage model of α-helical membrane protein folding. Stage I shows the 

inserted polypeptide chain of two connected TM α-helices into the lipid membrane. In stage II, 

the helices assemble to the tertiary structure. In stage III, the protein oligomerizes with another 

monomer to its quaternary structure. 

 

In stage I (Figure 2) of this model, the insertion of an individual α-helical TM segments into 

the membrane is described. As the hydrophobic helices of membrane proteins tend to rather 
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interact with the lipid bilayer or with each other than with water to minimize the decrease in 

entropy, the insertion of the α-helices into the bilayer is energetically favored [38,39]. 

In stage II (Figure 2), the inserted α-helices assemble and fold into a functional tertiary 

structure. Thus, the TM helices assemble and interact with each other. The interactions between 

the helices can be diverse, but are mostly stabilized by van der Waals forces. This interaction 

is also vital for the formation of the native protein structure [40,41]. By increasing helix-helix 

interactions, the helix-lipid interactions decrease, leading to said native protein structure [42]. 

Two α-helices can also be stabilized by intertwining of the side chains which maximizes the 

close packing. This interaction is called the “knobs-into-holes” mechanism [43,44]. A well 

examined motif for the dimerization of helices is GxxxG (x: can be any amino acid residue) 

and its surrounding amino acids. Here the small glycine residues facilitate a close contact to the 

opposite helix which contains a similar motif, whereas the surrounding amino acids strengthen 

the interaction [40,45,46]. Helix-helix contacts can also be stabilized by hydrogen bonds, ionic 

and aromatic interactions (π-stacking) [41,47].  

Yet, the two-stage model of α-helical membrane protein folding was expanded with a third 

stage (III) (Figure 2) to include the binding of ligands, the folding of loops outside the 

membrane, the insertion of peripheral domains and/or the quaternary structure formation [48]. 

Most membrane proteins oligomerize to be functional. Thus, the single subunits interact non-

covalently with each other [49]. The formation of non-covalently linked TM oligomers is 

constrained by the lipid bilayer [50], and the membrane proteins are stabilized by interactions 

with the lipid surrounding [51–53]. Sometimes, the tertiary structure of membrane proteins is 

also stabilized upon oligomerization (quaternary structure) [54]. Larger proteins can assemble 

from several smaller subunits, which are often connected by linkers. These linkers can vary in 

length, with shorter linkers enabling functional crosstalk between the domains, whereas longer 

linkers are more flexible. Here, the subunits do not necessarily functionally interact with each 

other, but facilitate conformational changes of the protein, which is important for its function 

[55,56]. These linkers commonly consist of the amino acids Pro, Arg, Phe, Thr, Glu, or Gln 

[57]. However, individual domains of a multi-domain protein can be isolated and analyzed, 

while for other proteins the linker is important for the stabilization of the domains [58]. 

 

1.3  ABC transporter 

ATP-binding cassette (ABC) transporters can be found in all domains of life. In general, ABC 

transporters consist of two transmembrane domains (TMDs) and two cytoplasmic nucleotide-
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binding domains (NBDs). ATP is bound and hydrolyzed at the NBDs and thereby provides the 

energy to transport substrate through the TMDs across the cell membrane. These four core 

domains are necessary to build a functional transporter (Figure 3). Furthermore, all four 

domains can be expressed either on a single polypeptide chain (Figure 3C) or on individual 

polypeptide chains for the TMDs and NBDs (Figure 3A). Commonly, in bacterial exporters one 

TMD is fused to a NBD, building so called half-transporters. Here again, two half-transporters 

have to dimerize to build a functional transporter for which either two identical halves can 

dimerize to form a homodimer or two different halves generate a heterodimer (Figure 3B) [59–

61]. 

 

Figure 3: Diverse ABC transporter architectures. The cartoon shows the diversity of the 

TMD (red) and NBD (blue) assembly in functional ABC transporters. A: Often the TMDs and 

NBDs of importers are separately expressed and have to assemble to build a functional 

transporter. Here, 1 and 2 can be the same TMD structure or different, equally applied for the 

NBD structures 3 and 4. B: A TMD and a NBD are fused together to a half-size transporter and 

two of these have to dimerize. Either these transporters consist of two equal halves, called a 

homodimer (1 and 2 are the same half-size transporters) or two different halves (heterodimer, 

1 and 2 are two different polypeptide chains). C: All four domains are fused together (TMD-

NBD-TMD-NBD) and thereby build a full-size transporter. 

 

Depending on the direction of the transported substrate, ABC transporters can further be divided 

into subtypes, namely exporter, importer and non-transporter ABC proteins [62,63]. For the 

import, a so-called substrate-binding protein is necessary, which binds a substrate and passes it 

on to the extracellular part of the importers TMD [64,65]. In contrast, the substrates for ABC 

exporters can directly bind to the TMDs, either from the cytoplasm or from the inner leaflet of 

the membrane. There is also a third subtype in the ABC transporter family, consisting of non-

transporter ABC proteins, which lack the TMDs and are mostly involved in cellular processes 

[66–68]. 
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1.3.1 Human ABC transporter 

Remarkably, some human diseases are directly associated with ABC transporters, like cystic 

fibrosis [69–71], Stargardt disease [72] or Alzheimer’s disease [73,74]. The mammalian ABC 

system is divided into the seven subfamilies ABCA to ABCG, based on sequence similarity 

and domain order [75–77]. Interestingly, the majority of human ABC transporters are exporters, 

yet ABCA4 seems to function as an importer [78]. Furthermore, some ABC transporters are ion 

channels, like ABCC7/CFTR [79], or regulate a potassium channel, such as the sulfonyl urea 

receptors (ABCC8/SUR1 and ABCC9/SUR2) [80,81]. Due to the lack of the TMDs, ABCE 

and ABCF only consist of the NBDs and thus do not function as transport proteins [76,82]. 

Some of these integral membrane proteins are known to transport a diverse range of substrates 

across biological membranes [83]. Due to their broad substrate range, these transporters are e.g. 

able to transport chemotherapeutics out of cancer cells, which ultimately leads to multidrug 

resistance in humans [84,85]. In contrast, bacterial ABC transporter either are able to uptake 

essential nutrients or extrude toxic substances, which then again are involved in the drug and 

antibiotic resistance of microbial pathogens [86]. 

 

1.3.2 ABC transporter classification 

The ABC transporter superfamily is classified into seven types, based on their TMD fold. The 

diversity in the TMDs as well as the evolutionary similarity between bacterial and eukaryotic 

transporters led in 2020 to the suggestion of a new ABC transporter classification (Figure 4). 

This new classification connects the phylogenetic analyses of the TMDs with the results gained 

from solved high-resolution structures [87]. According to the new classification, types I-III 

exclusively consist of ABC importers, each type having its individual TMD architecture 

[64,65]. Type IV ABC transporters are a very diverse group, consisting of mainly exporters as 

well as some importers yet sharing the same TMD arrangement. Equally diverse are type V 

ABC transporters, where specific features in the TMD architecture are the amphipathic N-

terminal helix as well as the periplasmic gate helices. The TMD folds of type VI transporters 

consist of six TM helices per monomer, and these do not crossover. The type VII ABC 

transporters contain in total eight TM helices and two coupling helices per monomer [87]. 
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Figure 4: Overview of the different ABC transporter types I-VII. The diversity within ABC 

transporters is based on the TMD structures. The NBDs are depicted in grey. For the TMDs 

(green and blue) of the different types a representative formation of each TM helix scaffold is 

shown. For type I-III importers, the substrate-binding proteins are shown in orange and 

additional TM helices and auxiliary domains are shown in salmon. Some solved ABC 

transporter structures show NBD bound nucleotides and Mg2+ ions (pink spheres). The red 

arrows next to each cartoon present the possible transport direction of the members in each 

type. Pdbs: MalFGK2-MalE: 2R6G; BtuC2D2-BtuF: 4FI3; EcfTAA’-FolT: 4HUQ; Sav1866: 

2HYD; TmrAB: 5MKK; Wzm-WztN: 6OIH; TarGH: 6JBH; LptB2FG: 5X5Y; MacB: 5LJ7. 

Applied abbreviations: C: C-terminus, N: N-terminus, CH: coupling helix, P2: 

extracytoplasmic loop, EH: elbow helix, PG: periplasmic gate helix, CoH: connecting helix, b-

jr: b-jellyroll-like domain, PLD: periplasmic domain. Figure taken from [87] and modified. 

 

One of the first resolved crystal structures of an ABC transporter was BtuC2D2 (a Vitamin B12 

importer) in 2002 [88]. Subsequently, in the last 20 years more and more resolved structures of 

ABC transporters were added to the protein data bank (pdb), helping to get a better 

understanding of the interaction between TMD and NBD as well as of the translocation cycle. 

Hence, in the following the single domains (NBD and TMD) and their individual features will 

be further described. 
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1.3.3 Nucleotide-binding domains (NBDs) 

The cytoplasmic NBD is a highly conserved domain among ABC transporters [89,90]. The two 

opposing NBDs dimerize upon the binding of two Mg-ATP molecules, enclosing the nucleotide 

“sandwich-like” between the NBD-NBD interface and thereby forming the nucleotide binding 

sites (NBS). These NBSs include the Walker A (also P-loop) and the Walker B motif, as well 

as the A-, Q- and H-loop (also H-switch) of one NBD monomer and the ABC signature motif 

(also C-loop or LSGGQ) with the D-loop of the other (opposite) NBD (Figure 5) [86,91–97]. 

Dimerization of the NBDs is crucial for nucleotide hydrolysis [98–101]. In the ATP-bound state 

of isolated NBDs and the NBDs of full-length transporters, the structures show a geometrically 

restricted position for the NBDs. After ATP hydrolysis, the inorganic phosphates are released, 

and the NBD monomers still remain in proximity [88,102]. In fact, in some ABC transporters 

(mainly in human ABC transporters) the motifs can be degenerated in one NBS, which results 

in a catalytically inactive or a very low ATPase active site for these “asymmetric” transporters 

[103–106]. 

 

Figure 5: NBD binding motifs and binding of ADP at the NBS of Sav1866 (pdb: 2HYD). 

A: Arrangement of the motifs found in the NBDs of ABC transporter with the specific 

sequences. Motifs: A-loop (yellow), Walker A (blue), Q-loop (magenta), X-loop (grey), ABC 

signature (green), Walker B (red), D-loop (turquoise) and H-loop (orange). B: Bound ADP 

between the two NBDs of Sav1866. The depicted colors for the motifs are equivalent to the 
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colors used for the motifs shown in A. Amino acid residues A456-G466 were removed for 

better visualization. Figure was modified according to [107]. 

 

The aromatic side chain residue in the A-loop interacts with the adenine ring of the bound Mg-

ATP [108,109]. 

This Mg-ATP is bound by the Walker A motif (also phosphate-coordinating P-loop; sequence: 

GxxGxGK(S/T) – x: can be any amino acid residue). Thus, the conserved lysine within the 

motif binds the β- and γ-phosphate of the Mg-ATP and additionally, the serine or threonine 

residue is coordinating the Mg2+ ion [110]. Mutations of the lysine impede the transporters 

ATPase activity or the binding of ATP [60,111]. 

The eponymous and conserved glutamine of the Q-loop (sequence: ϕ(ϕ/Q)Q – ϕ: hydrophobic 

amino acid residue) senses the γ-phosphate of the nucleotide and is crucial for the connection 

to the TMD during the catalytic cycle [112–114]. 

The ABC signature motif (sequence: LSGGQ) is crucial for dimerization of the NBDs, since 

the ATP is sandwiched between the ABC signature motif of one NBD and the Walker A motif 

of the opposite NBD and is also essential for the hydrolysis of ATP [91,92]. Hence, mutations 

in the ABC signature motif result in a reduced ATP-binding affinity and a restricted ATP 

hydrolysis [94,115]. 

Four hydrophobic amino acid residues an aspartate and a glutamate form the Walker B motif 

(sequence: ϕϕϕϕDE), and the aspartate also recognizes the Mg2+ ion of the nucleotide. The 

conserved glutamate residue in the Walker B motif is needed for the hydrolysis of said ATP by 

polarizing an attacking water molecule [116–118]. Mutating this glutamate results in a ATPase 

inactive transporter, which lost the ability to hydrolyze ATP, but is still able to dimerize 

[119,120]. 

The NBSs are formed between the D-loop (sequence: SALD) of one NBD and the Walker A 

motif and the H-loop of the opposite NBD and are stabilized by hydrogen bonds as well as 

electrostatic interactions with said motifs. Due to the location of the D-loop at this interface, it 

might be crucial for NBD dimerization, the communication between the NBSs and between the 

NBD and the TMD [121–123]. 

The conserved histidine residue of the H-loop contributes to the catalytic reaction by stabilizing 

the ATP-binding site with the catalytically active glutamate (of the Walker B motif) and the D-

loop [124–126].  
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The X-loop is uniquely found in ABC exporters and is important for transmitting the 

conformational changes in the NBD (generated by ATP-binding and hydrolysis) to the TMD 

[95,127–129]. 

 

1.3.4 Transmembrane domains (TMDs) 

Equally important for the transport of ABC transporters are the TMDs. The substrate-binding 

site (substrate-binding cavity) is located between two TMD monomers and the TMD dimer 

thereby forms a translocation pathway for the substrate. The TMDs primarily consist of α-

helices. Interestingly, ABC importers contain in a full-transporter between 10 to 20 TM helices, 

whereas ABC exporters mostly have 12 TM helices [62,130]. In contrast to the highly 

conserved NBDs, the sequences of the TMDs are less conserved. However, the topologies of 

TMDs within a transporter type are very similar (Figure 4). Then again, the coupling helices 

(CH) are structurally conserved and important in the contact between TMDs and NBDs [131]. 

All types of ABC transporters consist of bilayer-spanning helices. Yet, particularly noticeable 

are type IV TM helices, which exceed the membrane and intrude into the cytoplasm at roughly 

25 Å [95]. Additionally, the 12 TM helices of the type IV transporters MsbA and Sav1866 are 

intertwined by the TM helices 1, 2, 3 and 6 of one monomer with the TM helices 4’ and 5’ of 

the opposite monomer [93,95]. During the substrate translocation cycle, the TMDs switch 

between an inward-facing (IF) and an outward-facing (OF) conformation. Due to the switch, 

the arrangement of the TM helices changes to TM helices 1, 2, 3’, 4’, 5’ and 6’ [132]. Because 

of this switch in the conformation of ABC transporters, the path between two TMDs, formed 

by their TM helices, is for the substrate either open from the cytoplasmic side or from the 

outside, yet never from both sides. In the IF conformation, the substrate is released for 

importers, whereas for exporters the substrate is binding. In the OF conformation, the opposite 

is the case for importers (substrate binding) and exporters (substrate release) [133]. In both, 

ABC importers and exporters, the helices of both TMDs form the TM path/cavity for the 

substrate. As a result, substrate-binding amino acid residues were detected in all TM helices 

[134]. In general, these amino acids expose their residues towards the cavity between the TMDs 

[135,136]. Some ABC transporters are substrate specific and exclusively transport e.g. sugars, 

lipids or peptides [136–138]. However, P-glycoprotein (P-gp) for example is called polyspecific 

[134,139,140], because in said ABC transporter hundreds of compounds of various sizes were 

found to bind in its binding pocket [140,141]. Nevertheless, it is still unclear whether these 

diverse molecules bind to distinct or overlapping binding sites [135]. Yet, in the binding pocket 
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of P-gp, two different compounds can bind simultaneously [142]. In the binding pocket of 

polyspecific ABC transporters, plenty of hydrophobic residues were commonly found, which 

results in mostly unspecific hydrophobic interactions with the substrates [143,144]. 

 

1.3.5 Translocation cycle of ABC exporter 

The translocation cycle of ABC transporters is rather complex and, until now, not fully 

understood. Due to the broad variety in ABC transporter structures (Figure 4), the translocation 

cycles can differ between the type I-VII ABC transporters. In general, the interaction between 

the TMDs and the NBDs, resulting in a structural and conformational change, is necessary for 

a functional transport mechanism. Until now, based on biochemical and structural data, several 

models for the substrate transport mechanism of ABC transporters have been proposed. 

Basically, these models differ in some details of the mechanism, but basic steps are commonly 

shared in all of these models, like the dimerization of the NBDs induced by ATP as well as the 

switch in the TMDs between IF and OF (Figure 6) [145]. In the ATP switch model [146–148], 

the NBDs dimerize upon the binding of ATP [149] and the conformation switches to the OF 

(Figure 6A). ATP hydrolysis and the subsequent release of ADP and inorganic phosphate 

results in NBD separation and thereby the transporter switches back into an IF conformation. 

In contrast, in the constant contact model, the NBDs are permanently associated and, during the 

steady-state turnover, the NBDs sequentially hydrolyze the ATPs (Figure 6B) [150,151]. 

In the resting, ground or apo state of an ABC transporter, normally no ATP is bound and the 

NBDs can be distant (Figure 6A). Subsequently, for exporters, the substrate directly binds to 

the cavity between the two TMDs. This cavity is accessible from the cytoplasmic side of the 

membrane. Here, depending on the properties, the substrate can either enter the cavity from the 

cytosol or the lipid bilayer [134]. After substrate-binding, two ATP molecules bind at the NBD-

NBD interface [131,148] and inevitably trigger the dimerization of the NBDs, resulting in 

“sandwiched” ATPs between the NBSs [120,129,152]. The ATPs are recognized by the 

Walker A motif of one NBD and the ABC signature motif of the opposite NBD [91,147,153], 

and this signature motif is subsequent to the X-loop. This loop is non-covalently connected in 

a ball-and-socket joint [95,154,155] with the short cytoplasmic CH of the TMD 

[95,122,156,157]. The CH transmits the conformational changes induced by ATP from the 

NBD to the TMD causing the switch between IF and OF conformation [95,158,159]. 
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Figure 6: Two models describing the catalytic cycle of ATP binding and hydrolysis in ABC 

transporter. A: ATP switch model. In the ATP switch model, the NBDs are distant and no 

ATP is bound (resting state). Then the domains successively bind ATP (magenta circle), which 

triggers dimerization of the NBDs and results in a conformational switch in the TMDs. ATP is 

successively hydrolyzed and Pi and ADP (green circle) are released stepwise. Hence, the 

monomers disengage and the resting state is restored. B: Constant contact model. Here only the 

NBDs are shown. In this model the NBDs stay continuously in contact, yet a NBS is 

sequentially accessible or not. If one NBS is closed, the second NBS is open. Thus, the ATP 

can enter the binding site or the ADP can leave, consequently the hydrolysis of ATP alternates 

between the two NBSs. 

 

The motifs in the NBDs of ABC transporters are highly conserved, thus it was suggested that 

the mechanism of ATP hydrolysis might be conserved as well [116]. Analysis of MalK crystal 

structures demonstrated that the conserved glutamate in the Walker B motif catalyzes ATP 

hydrolysis with the D-, H- and Q-loop by polarizing the water molecule, which then can attack 

the nucleotides γ-phosphate. By this, the ATP is hydrolyzed to ADP and inorganic phosphate 

[116,124,160]. Subsequently, phosphate and ADP are released and the NBDs disengage again. 

After these steps, the ABC transporter is again in the apo state, ready for the next transport 
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cycle. Recently solved crystal structures of exporters led to the suggestion that after ATP 

hydrolysis, the release of the phosphate resets the transporter into the IF conformation [107]. In 

some studies, the switch from OF to IF after substrate release is induced by the hydrophobicity 

of the substrate binding cavity leading to its closing, without spending energy provided by ATP 

hydrolysis [161,162]. 

As more structures of exporters are solved and captured in different conformations, more is 

known about the switch between the IF and OF conformation, the hydrolysis of ATP and the 

transport mechanism in ABC transporter. Since different models of the transport mechanism 

are proposed for ABC transporters, these previously mentioned steps have to happen at some 

point during the translocation cycle. Yet until today, there is no universal mechanism identified 

applicable to all ABC transporters, although the structures and the transport mechanism in some 

ABC transporters are more thoroughly explored. 

 

1.4 Bacillus multidrug resistance ATP 

Analysis of the Gram-positive bacterium Bacillus subtilis revealed that the genome encodes 

78 ABC transporters, of which 38 ought to be importers and 40 to be exporters [163]. When the 

B. subtilis YvcC protein was overexpressed in E. coli, the cells were able to transport 

Hoechst 33342 [164]. Additionally, YvcC was able to transport vast substances, such as 

ethidium bromide, doxorubicin, 7-aminoactinomycin D or cervimycin C [165,166], and this 

transporter was shortly later renamed to its current name: Bacillus multidrug resistance ATP 

(BmrA) [165]. This ABC exporter is homodimeric, meaning one NBD and one TMD are part 

of a single polypeptide chain and two of these half-transporters have to dimerize to be fully 

functional (Figure 7A) [167,168]. Each half of BmrA is homologous to the bacterial ABC 

transporters LmrA and MsbA as well as to one half of the eukaryotic P-gp. Due to its TMD 

similarities, BmrA is a type IV half-transporter of around 65 kDa (per monomer) [87]. Most 

recently, the structure of BmrA in the OF conformation was solved by single-particle cryo-

electron microscopy and X-ray crystallography [144]. Upon substrate recognition at the 

hydrophobic binding pocket between the TMDs of BmrA and ATP-binding at the NBSs, 

dimerization of the NBDs is triggered (Figure 7B) [111] and the transporter switches from the 

IF to the OF conformation [169]. Because of the hydrophobic nature of the substrate-binding 

pocket, the transporter BmrA changes to its occluded conformation after the substrate release. 

The substrate-binding pocket is closed to both sides of the membrane and the NBDs are still 

dimerized. After ATP hydrolysis, the transport cycle can start again [145,161,170]. Thus, the 
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BmrA transport of substrate depends on the ATPase activity, and solely the inhibition of the 

ATPase activity by vanadate or mutation of the conserved glutamate (E504) in BmrA inhibit 

its transport [165]. However, the ATPase activity can be uncoupled from the transport activity, 

which is the case for the X-loop mutant of BmrA (E474R). This variant is able to hydrolyze 

ATP, but is not transport active anymore [169]. 

 

Figure 7: The ABC transporter BmrA (pdb: 6R81). A: The homodimeric BmrA placed 

within a membrane. One half of the transporter consists of a TMD (light grey/red) fused to a 

NBD (dark grey/blue). The BmrA structure is depicted in the OF conformation. B: Dimerized 

NBDs viewed from the membrane, without the TMD. Two ATP (sticks) and Mg2+ (green 

sphere) are sandwiched between the NBDs at the NBSs. The sequence motifs are colored as 

follows: A-loop (yellow), Walker A (blue), Q-loop (magenta), X-loop (grey), ABC signature 

(green), Walker B (red), D-loop (turquoise) and H-loop (orange). 
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1.5 Objectives of the thesis 

ABC transporters are involved in many physiological processes within organisms. Their 

dysfunction in humans can lead to severe diseases, like cystic fibrosis, diabetes or Alzheimer’s 

disease [83,85]. Furthermore, ABC exporters are commonly overexpressed in cancer cells or 

pathogenic bacteria and thus are responsible for the efflux of anticancer or antimicrobial drugs 

[67,171]. Often the given drugs do not affect the target sites, and therefore, ABC transporters 

are involved in or rather directly cause multidrug resistances (MDR) [172]. 

Not only due to the clinical relevance of P-gp in MDR [173], but also for analyzes of a 

manageable model protein, in this study the bacterial P-gp homolog BmrA was examined. The 

two ABC transporters share a high sequence and structure similarity and are able to transport 

similar substrates [165]. Thus, BmrA can be perfectly used to gain a better understanding of 

ABC transporters, regarding the following aspects: 

I. Identification and characterization of a compound inhibiting the activity of BmrA 

MDR, either caused by bacteria or cancer, is affecting the health of humans. Consequently, 

finding a small compound specifically inhibiting ABC transporters causing MDR is of major 

interest in clinical research, which is why screening for a possible BmrA inhibitor from fungal 

secondary metabolites was the basis of this research. The impact of a potential inhibitor was 

further characterized by performing activity, destabilization and competition assays. 

II. Impact of the C-terminal end on the dimerization and activity of ABC transporter 

Recently, the C-terminal end of the heterodimeric ABC transporter TmrAB was found to be 

involved in the dimerization of the NBDs as well as rearrange during the translocation cycle 

[174]. Thus, the impact of the C-terminal end on BmrA dimerization by performing activity 

assays of the homodimeric ABC transporter BmrA and C-terminal end variants was examined. 

III. Stability of a homodimeric ABC transporter 

The architecture of ABC transporters is diverse, since the amino acids of the TMDs and NBDs 

can be on one continuous polypeptide chain, on four separate polypeptide chains or one TMD 

and one NBD can be fused on one polypeptide chain. This indicates that the covalent connection 

between TMD and NBD does not exclusively seem to be crucial for the stability and/or activity 

of the transporter. Consequently, the impact of the non-covalent interactions at the transmission 

interface for the stability of BmrA were examined. 
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2 Materials 

2.1 Chemicals 

The chemicals used in this work were bought form AppliChem GmbH (Darmstadt, GER), 

Merck KGaA (Darmstadt, GER), Carl Roth GmbH + Co. KG (Karslruhe, GER), Thermo Fisher 

Scientific Inc. (Waltham, MA, USA) and VWR International GmbH (Darmstadt, GER). 

 

2.2 Buffers and solutions 

The buffers and solutions (Table 1) were prepared with demineralized water. Buffers and 

solutions were (sterile) filtered or autoclaved, if necessary. 

 

Table 1: Compositions of the buffers and solutions used in this study. 

Buffer/solution Composition  

Agarose gel electrophoresis  
6x DNA loading dye 50% glycerol (v/v) 

 0.2% bromophenol blue (w/v) 

 0.2% xylencyanol (w/v) 

  

TAE buffer 400 mM Tris 

 200 mM acetic acid 

 10 mM EDTA 

  

ATPase assay  

50 mM Hepes-KOH 50 mM Hepes, pH 8.0 

 5 mM DDM 

  

Protein purification  

50 mM phosphate buffer 50 mM sodium phosphate, pH 8.0 

 300 mM NaCl 

 10% glycerol (v/v) 

  

Solubilization buffer 50 mM phosphate buffer, pH 8.0 

 1% DDM (w/v) 

  

Washing buffer 1 50 mM phosphate buffer, pH 8.0 

 0.1% DDM (w/v) 

 10 mM imidazole 
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Buffer/solution Composition  

Washing buffer 2 50 mM phosphate buffer, pH 8.0 

 0.1% DDM (w/v) 

 35 mM imidazole 

  

Washing buffer 3 50 mM phosphate buffer, pH 8.0 

 0.1% DDM (w/v) 

 45 mM imidazole 

  

Elution buffer 50 mM phosphate buffer, pH 8.0 

 0.1% DDM (w/v) 

 400 mM imidazole 

  

SDS PAGE  

Separation gel buffer 1.5 M Tris, pH 8.8 

 0.4% SDS (w/v) 

  

Stacking gel buffer 0.5 M Tris, pH 6.8 

 0.4% SDS (w/v) 

  

5x SDS sample buffer 0.25 M Tris, pH 6.8 

 10% SDS (w/v) 

 0.2% bromophenol blue 

 50% glycerol (v/v) 

 0.5 M DTT 

  

10x SDS running buffer 0.25 M Tris, pH 8.3 

 2 M glycine 

 1% SDS (w/v) 

  

Coomassie staining solution 0.125% Coomassie Brilliant Blue G-250 

 40% ethanol (v/v) 

 2% phosphoric acid (v/v) 

  

Coomassie destaining solution 30% ethanol (v/v) 

 2% phosphoric acid (v/v) 

  

Transport assay  

Buffer A 50 mM Tris-HCl, pH 8.0 

 5 mM MgCl2 

 1 mM DTT 

 1 mM PMSF 
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Buffer/solution Composition  

Buffer B 50 mM Tris-HCl, pH 8.0 

 1.5 mM EDTA 

 1 mM DTT 

 1 mM PMSF 

  

Buffer C 20 mM Tris-HCl, pH 8.0 

 300 mM sucrose 

 1 mM EDTA 

  

Buffer D 50 mM Hepes-KOH, pH 8.0 

 2 mM MgCl2 

 8.5 mM NaCl 

 4 mM phosphoenolpyruvate 

  20 µg/mL pyruvate kinase 

 

2.3 Bacteria 

The utilized E. coli strains (Table 2) were cultivated and grown in LB medium (Table 3) with 

added antibiotics (Table 4). The Bacillus subtilis strain 168 (AG Unden) was cultivated in LB 

medium in absence of any antibiotics. 

 

Table 2: Cultivated bacterial strains. 

Bacteria Genotype Origin 

Bacillus subtilis strain 168  AG Unden 

E. coli NEB Turbo F' proA+B+ lacIq ∆lacZM15 

/ fhuA2  ∆(lac-proAB)  glnV galK16 

galE15  R(zgb-210::Tn10)TetS  endA1 

thi-1 ∆(hsdS-mcrB)5   

New England 

Biolabs GmbH 

(Ipswich, MA, 

USA) 

E. coli BL21(DE3)pLysE F- ompT hsdSB (rB
-mB

-) gal dcm (DE3) 

pLysE (CamR) 

Merck KGaA 

(Darmstadt, GER) 

E. coli C41(DE3) F- ompT hsdSB (rB
-mB

-) gal dcm (DE3) Merck KGaA 

(Darmstadt, GER) 

 

Table 3: Media used to cultivate bacteria. 

Medium Composition 

LB 1% tryptone (w/v) 
 0.5% yeast extract (w/v) 
 1% NaCl (w/v) 
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Medium Composition 

LB agar LB 
 1.5% agar (w/v) 

  

TSB 10% PEG4000 (w/v) 
 5% DMSO (v/v) 
 2% 1M MgCl2 (v/v) 
 1% tryptone (w/v) 
 0.5% yeast extract (w/v) 

  0.5% NaCl (w/v) 

 

Table 4: Antibiotic stock solutions. 

Antibiotic Stock solution 

Ampicillin 100 mg/mL (50% EtOH (v/v)) 

Chloramphenicol 30 mg/mL (EtOH) 

 

2.4 Plasmids 

In this study the following plasmids containing an ampicillin resistance gene were used (Table 

5). 

 

Table 5: Plasmids. 

Plasmid Origin 

pET303-CT/His Invitrogen (Carlsbad, CA, USA) 

pET303-CT/His BmrA wt this work 

pET303-CT/His BmrA-NBD AG Schneider 

pET303-CT/His BmrA-TMD AG Schneider 

pET303-CT/His BmrA ΔCTh this work 

pET303-CT/His BmrA ΔCT this work 

pET303-CT/His BmrA L569A this work 

pET303-CT/His BmrA Y570A this work 

pET303-CT/His BmrA R571A this work 

pET303-CT/His BmrA D572A this work 

pET303-CT/His BmrA F573A this work 

pET303-CT/His BmrA A574V this work 

pET303-CT/His BmrA E575A this work 

pET303-CT/His BmrA Q576A this work 

pET303-CT/His BmrA Q577A this work 

pET303-CT/His BmrA L578A this work 
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Plasmid Origin 

pET303-CT/His BmrA K579C this work 

pET303-CT/His BmrA M580C this work 

pET303-CT/His BmrA N581C this work 

pET303-CT/His BmrA A582C this work 

pET303-CT/His BmrA D583C this work 

pET303-CT/His BmrA W104YW164A this work 

pET303-CT/His BmrA W413Y this work 

 

2.5 Oligonucleotides 

The oligonucleotides (Table 6) were synthesized by Sigma-Aldrich (Merck KGaA (Darmstadt, 

GER)). 

 

Table 6: Utilized oligonucleotides. Highlighted in bold are the mutated bases. Sequences 

recognized by a restriction enzyme used for cloning are underlined. 

Primer 5'-Sequence-3' 

BmrA wt fw GCTACCTCTAGAATGCCAACCAAGAAACAAAAATCTAAAAG 

BmrA wt rev GCTATTCTCGAGCCCGGCTTTGTTTTCTAAG 

BmrA ΔCTh GCTACCCTCGAGACCACCAGAACCACCCAGCTGCTGTTCAG

CAAAATC 

BmrA ΔCT GCTACCCTCGAGACCACCAGAACCACCGCCATGGGAAGCC

ATTAAC 

BmrA L569A fw GTTAATGGCTTCCCATGGCGCGTACCGGGATTTTGCTG 

BmrA L569A rev CAGCAAAATCCCGGTACGCGCCATGGGAAGCCATTAAC 

BmrA Y570A fw GCTTCCCATGGCCTTGCGCGGGATTTTGCTGAAC 

BmrA Y570A rev GTTCAGCAAAATCCCGCGCAAGGCCATGGGAAGC 

BmrA R571A fw GCTTCCCATGGCCTTTACGCGGATTTTGCTGAACAG 

BmrA R571A rev CTGTTCAGCAAAATCCGCGTAAAGGCCATGGGAAGC 

BmrA D572A fw CATGGCCTTTACCGGGCGTTTGCTGAACAGCAG 

BmrA D572A rev CTGCTGTTCAGCAAACGCCCGGTAAAGGCCATG 

BmrA F573A fw GGCCTTTACCGGGATGCGGCTGAACAGCAGCTG 

BmrA F573A rev CAGCTGCTGTTCAGCCGCATCCCGGTAAAGGCC 

BmrA A574V fw CTTTACCGGGATTTTGTGGAACAGCAGCTGAAAATG 

BmrA A574V rev CATTTTCAGCTGCTGTTCCACAAAATCCCGGTAAAG 

BmrA E575A fw CTTTACCGGGATTTTGCTGCGCAGCAGCTGAAAATG  

BmrA E575A rev CATTTTCAGCTGCTGCGCAGCAAAATCCCGGTAAAG 

BmrA Q576A fw CGGGATTTTGCTGAAGCGCAGCTGAAAATGAATGCG 

BmrA Q576A rev CGCATTCATTTTCAGCTGCGCTTCAGCAAAATCCCG 

BmrA Q577A fw GATTTTGCTGAACAGGCGCTGAAAATGAATGCG 

BmrA Q577A rev CGCATTCATTTTCAGCGCCTGTTCAGCAAAATC 
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Primer 5'-Sequence-3' 

BmrA L578A fw GATTTTGCTGAACAGCAGGCGAAAATGAATGCGGAC 

BmrA L578A rev GTCCGCATTCATTTTCGCCTGCTGTTCAGCAAAATC 

BmrA K579C fw GCTGAACAGCAGCTGTGCATGAATGCGGACTTAG 

BmrA K579C rev CTAAGTCCGCATTCATGCACAGCTGCTGTTCAGC 

BmrA M580C fw GAACAGCAGCTGAAATGCAATGCGGACTTAGAAAAC 

BmrA M580C rev GTTTTCTAAGTCCGCATTGCATTTCAGCTGCTGTTC 

BmrA N581C fw CAGCAGCTGAAAATGTGCGCGGACTTAGAAAAC 

BmrA N581C rev GTTTTCTAAGTCCGCGCACATTTTCAGCTGCTG 

BmrA A582C fw CAGCTGAAAATGAATTGCGACTTAGAAAACAAAGCC 

BmrA A582C rev GGCTTTGTTTTCTAAGTCGCAATTCATTTTCAGCTG 

BmrA D583C fw CTGAAAATGAATGCGTGCTTAGAAAACAAAGCC 

BmrA D583C rev GGCTTTGTTTTCTAAGCACGCATTCATTTTCAG 

BmrA W104Y fw CTGCGGGAGTTATTATATAAGAAATTAATTAAG 

BmrA W104Y rev CTTAATTAATTTCTTATATAATAACTCCCGCAG 

BmrA W164A fw CTTGTTTATTATGAACGCGAAGCTGACACTGCTTG 

BmrA W164A rev CAAGCAGTGTCAGCTTCGCGTTCATAATAAACAAG 

BmrA W413Y fw CTCGCTTGAATCGTATAGGGAGCATATCGGG 

BmrA W413Y rev CCCGATATGCTCCCTATACGATTCAAGCGAG 

 

2.6 Kits 

Kits were used for extracting gel/PCR fragments, for plasmid preparation and to determine the 

protein concentration (Table 7). 

 

Table 7: Kits. 

Kit Manufacturer 

NucleoSpin Gel and PCR Clean-up Macherey-Nagel GmbH & Co. KG (Düren, GER) 

NucleoSpin Plasmid Kit Macherey-Nagel GmbH & Co. KG (Düren, GER) 

BCA Protein Assay Kit Thermo Fisher Scientific Inc. (Waltham, MA, USA) 

 

2.7 Instruments 

Instruments used to perform experiments (Table 8). 

 

Table 8: Instruments. 

Instrument Model Manufacturer 

Centrifuge Avanti J-26XP Beckman Coulter GmbH (Krefeld, GER) 
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Instrument Model Manufacturer 

Centrifuge OptimaTM L-100K 

Ultracentrifuge 

Beckman Coulter GmbH (Krefeld, GER) 

 Sprout Biozym Scientific GmbH (Hessisch 

Oldendorf, GER)  
5415 R Eppendorf SE (Hamburg, GER)  
5810 R Eppendorf SE (Hamburg, GER) 

Electrophoresis 

chamber 

Mini-Protean 3 Cell Bio-Rad Laboratories GmbH 

(Feldkirchen, GER) 

Electrophoresis 

chamber 

Mini-Protean Tetra Cell Bio-Rad Laboratories GmbH 

(Feldkirchen, GER)  
PerfectBlue Gelsystem 

S, M, L 

VWR International GmbH (Darmstadt, 

GER) 

Electrophoresis 

power supply 

PowerPac Basic Bio-Rad Laboratories GmbH 

(Feldkirchen, GER) 

Fluorescence 

spectrometer 

FluoroMax-4 Horiba Instruments Inc. (Edison, USA) 

Gel documentation Quantum-ST4 

1100/26MX 

VWR International GmbH (Darmstadt, 

GER) 

Gel scanner ViewPix 700 biostep GmbH (Burkhardtsdorf, GER) 

Heating block Thermomixer comfort Eppendorf SE (Hamburg, GER) 

Horizontal shaker Polymax 1040 Heidolph Instruments GmbH & Co. KG 

(Schwabach, GER) 

Incubator B28 Binder GmbH (Tuttlingen, GER)  
Multitron HT Infors AG (Bottmingen, CHE) 

Overhead shaker CMV-ROM Labortechnik Fröbel GmbH (Lindau, 

GER) 

pH-meter pH211 Microprocessor Hanna Instruments GmbH (Vöhringen, 

GER) 

Photometer Lambda 35 PerkinElmer GmbH (Waltham, MA, 

USA)  
Nanodrop 2000C Thermo Fisher Scientific Inc. (Waltham, 

MA, USA)  
Ultrospec 10- Cell 

density meter 

Amersham Biosciences (Amersham, 

GBR) 

Plate Reader Fluostar Omega BMG Labtech GmbH (Ortenberg, GER) 

Rotors JA 25.50 Beckman Coulter GmbH (Krefeld, GER)  
JLA-8.100 Beckman Coulter GmbH (Krefeld, GER)  
45 Ti Beckman Coulter GmbH (Krefeld, GER)  
70 Ti Beckman Coulter GmbH (Krefeld, GER)  
90 Ti Beckman Coulter GmbH (Krefeld, GER) 

Shear homogenizer Microfluidizer LM20 Microfluidics (Westwood, MA, USA) 

Stir and heating 

plate 

MR Hei-Standard Heidolph Instruments GmbH & Co. KG 

(Schwabach, GER) 

Test tube shaker Vortex shaker VWR International GmbH (Darmstadt, 

GER) 

Thermocycler Tgradient 96 Biometra GmbH (Göttingen, GER) 
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2.8 Software 

Used software and programs (Table 9). 

 

Table 9: Software and programs. 

Application Software Company 

Chemical structure ACD/ChemSketch, version 

2021.1.1 

[9]; Advanced Chemistry 

Development Inc. (Toronto, ON, 

CAN) 

Data analysis Excel Microsoft 365 Microsoft Corporation (Redmond, 

WA, USA)  
Origin 2019b OriginLab Corporation (Northampton, 

MA, USA) 

Figure editing Adobe Photoshop 2020 Adobe Systems Software Ireland 

Limited (Dublin, IRL)  
Inkscape, version 1.1.1 GNU General Public License  
PowerPoint Microsoft 365 Microsoft Corporation (Redmond, 

WA, USA) 

Protein structure UCFS Chimera 1.15 Resource for Biocomputing, 

Visualization, and Informatics (RBVI; 

San Francisco, CA, USA) 

Reference 

management 

Mendeley 1.19.8 Elsevier Inc. (New York, NY, USA) 

SDS PAGE 

quantification 

ImageJ 1.47 [175]; GNU General Public License 

Text editing Word Microsoft 365 Microsoft Corporation (Redmond, 

WA, USA) 
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3 Methods 

3.1 Molecular biological methods 

3.1.1 Polymerase chain reaction 

The polymerase chain reaction (PCR) was used to amplify a specific DNA fragment defined by 

primers or for site-directed mutagenesis (Table 6). For PCRs, the polymerase Phusion (Thermo 

Fisher Scientific Inc. (Waltham, MA, USA)) was used. The components (Table 10) for 

amplifying segments of DNA and site-directed mutagenesis were the same. Though, for the 

temperature program (Table 11), the cycles of denaturation, annealing and extension used for 

site-directed mutagenesis were 16 instead of 36. 

 

Table 10: PCR reaction components. 

Component Volume [µL] 

DNA 1.0 

10 µM primer (forward) 1.0 

10 µM primer (reverse) 1.0 

2 mM dNTPs 1.0 

Phusion polymerase 0.5 

5x Phusion buffer 10.0 

DMSO 1.0 

25 mM MgCl2 1.0 

Nuclease free H2O 33.5 

 

Table 11: PCR program. 

 Temperature [°C] Time [min] Cycle 

Initial denaturation 98 1.0 1 

Denaturation 98 0.5 

36 Annealing 55 1.0 

Extension 72 1.0/kb 

Final extension 72 7.5 1 

 

The amplified DNA segments were mixed with the 6x loading dye (Table 1) and run on a 

1% agarose gel in TAE buffer. For separation of the DNA segments on an agarose gel a voltage 

of 120–150 V was applied. After staining the gel with ethidium bromide, the DNA signals could 

be detected by UV-light.  
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To the site-specifically mutated DNA, 1 µL DpnI was added and the sample was incubated for 

1 h at 37 °C to digest the original DNA. 

 

3.1.2 Isolation of DNA fragments 

The DNA fragments amplified by PCR and separated on an agarose gel were stained by 

ethidium bromide. The DNA signals were visible under UV-light. Agarose gel pieces 

containing the desired DNA were extracted with a scalpel. Said DNA fragments were purified 

using the NucleoSpin Gel and PCR Clean-up kit according to the manufacturer’s instructions 

(Table 7). 

 

3.1.3 Construction of the BmrA wt plasmid 

The B. subtilis strain 168 gene bmrA was amplified via PCR from genomic DNA (chapter 

3.1.1). The isolated PCR fragment (chapter 3.1.2) was restriction digested by the restriction 

enzymes XhoI and XbaI to generate specific sticky ends. The DNA fragment, restriction 

enzymes and buffers were used and incubated in accordance with the manufacturer’s 

instructions (New England Biolabs GmbH (Ipswich, MA, USA)). The PCR fragment with 

sticky ends was again run on and extracted from an agarose gel. The same restriction enzymes 

were used to digest and linearize the pET303-CT/His plasmid (Table 5). The two DNA 

fragments with complementary ends (plasmid and bmrA) were ligated by the T4 DNA ligase 

(Thermo Fisher Scientific Inc. (Waltham, MA, USA)). For the ligation, 100 ng of the linearized 

plasmid and a 4fold excess of the insert gene were used and incubated for 2 h at RT following 

the manufacturer’s instructions. The ligated vector pET303-CT/His BmrA wt (Figure 26) was 

transformed into competent NEB Turbo E. coli cells (Table 2). 

 

3.1.4 Plasmid preparation 

The amplified or mutated plasmids were purified using the NucleoSpin Plasmid kit following 

the manufacturer’s instructions (Table 7). The DNA concentration was determined via 

measuring the absorption at 260 nm. The DNA sequence was confirmed by sequencing 

(Eurofins Genomics GmbH (Ebersberg, GER)). 
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3.2 Microbiological methods 

3.2.1 Preparation of competent E. coli cells 

Following the one-step procedure developed by Chung et al. in 1989, E. coli cells were made 

competent for transformation [176]. A culture of 50 mL LB medium was inoculated either 40:1 

with an overnight preculture of a single colony or directly with a single NEB Turbo E. coli 

colony. The culture was incubated at 37 °C and 200 rpm in an incubator until the optical density 

determined at 600 nm (OD600) was ≥ 0.5. Then, the bacteria were pelleted by centrifugation 

(3220 x g, 10 min, 4 °C). After discarding the supernatant, the pellet was resuspended in 5 mL 

ice-cold TSB medium (Table 3). Aliquots of 100 µL cell suspension were frozen in liquid 

nitrogen and stored at –80 °C. 

 

3.2.2 Transformation in competent E. coli cells 

Transformation of plasmids in chemically competent E. coli cells was used to amplify plasmids 

or for heterologous protein expression. Therefore, 1 µL of plasmid DNA was added to the 

competent cells under sterile conditions. After 20 min incubation on ice, the cells were exposed 

to heat (43 °C, 1.5 min) and 500 mL LB medium was added. After incubating the E. coli cells 

for 1 h (37 °C and 200 rpm) in an incubator, 200 µL of the suspension was plated on LB 

medium agar plates with the appropriate antibiotics to sort out untransformed cells. 

 

3.2.3 Heterologous expression of BmrA proteins 

For heterologous protein expression, a single colony of transformed BL21(DE3)pLysE or 

C41(DE3) E. coli cells (Table 2) was used to inoculate an overnight culture (50 mL LB 

medium), which was used the next morning to inoculate a 2 L LB medium culture, containing 

100 µg/mL ampicillin and 30 µg/mL chloramphenicol (when the BL21(DE3)pLysE strain was 

used). The cells were cultivated at 37 °C with constant agitation (150 rpm). When the culture 

reached an OD600 of ~0.8, protein expression was induced via addition of IPTG to a final 

concentration of 0.5 mM or 0.7 mM (when the C41(DE3) strain was utilized). The bacterial 

cells were harvested after 3–4 hours via centrifugation (3050 x g, 10 min at 4 °C). The cell 

pellets then were stored at –20°C until further use. 
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3.3 Biochemical methods 

3.3.1 Purification of BmrA 

The cell pellets containing the overexpressed proteins were resuspended in 50 mM phosphate 

buffer (Table 1) and lysed using a microfluidizer (18000 PSI). After centrifuging the cell lysate 

at 12075 x g (10 min at 4 °C), the supernatant was centrifuged again at 165000 x g for 1 h at 

4 °C to isolate the BmrA containing membranes. The membranes were solubilized in 

solubilization buffer (Table 1) to extract membrane-incorporated proteins. After 1 h of 

incubation under constant agitation, insolubilized proteins were removed by centrifugation 

(165000 x g, 20 min) and the equilibrated Protino® Ni-NTA agarose (2 mL resin/L E. coli 

culture; Macherey-Nagel GmbH & Co. KG (Düren, GER)) was mixed with the solubilized 

proteins and incubated for 1 h. The proteins contain a His6-tag attached to the C-terminus, 

which binds to the Ni-NTA. After transferring the Ni-NTA agarose with bound protein to a 

polyethylene filter column (Thermo Fisher Scientific Inc. (Waltham, MA, USA)), the column 

matrix was washed with 25 mL washing buffer 1 (Table 1), 50 mL washing buffer 2 (Table 1) 

and 35 mL washing buffer 3 (Table 1). Then the protein was eluted with 5 mL elution buffer 

(Table 1). 

Purification of the soluble isolated NBD of BmrA differed from the purification of the full-

length membrane proteins. Yet, the cell lysis and the initial centrifugation of the cell lysate were 

identical. The supernatant, obtained after the centrifugation of broken cells expressing the 

soluble NBD, was directly incubated with the equilibrated Ni-NTA resin. After a 1 h 

incubation, the matrix was washed with 50 mL of 50 mM phosphate buffer (Table 1) followed 

by 50 mL 50 mM phosphate buffer (Table 1) with 10 mM imidazole and 25 mL 50 mM 

phosphate buffer (Table 1) with 40 mM imidazole. The protein was eluted with 5 mL 50 mM 

phosphate buffer (Table 1) containing 400 mM imidazole. 

To exchange the buffer of a protein to a required assay buffer, a PD-10 desalting column 

(Macherey-Nagel GmbH & Co. KG (Düren, GER)) was utilized. Using the Lambert-Beer law 

(equation 1) the concentration of the purified protein was determined. 

𝐸280 =  ε ∙ 𝑐 ∙ 𝑑     (1) 

To determine the concentration (c in mol/L), the equation 1, consisting of the proteins extinction 

at λ = 280 nm (E280), the respective extinction coefficient (ε) in M-1cm-1 (Table 12), calculated 

with ExPASy ProtParam [177] and the length of solution the light passes through (in cm), had 

to be rearranged. 
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Table 12: Extinction coefficients and molecular weights of BmrA and BmrA variants. 

Protein Extinction coefficient [M-1cm-1] Molecular weight [Da] 

BmrA wt 38850 65584.27 

BmrA NBD 15930 29730.69 

BmrA TMD 22920 37067.91 

BmrA ΔCTh 38850 64727.24 

BmrA ΔCT 37360 63462.83 

BmrA L569A 38850 65542.19 

BmrA Y570A 37360 65492.17 

BmrA R571A 38850 65499.16 

BmrA D572A 38850 65540.26 

BmrA F573A 38850 65508.17 

BmrA A574V 38850 65612.33 

BmrA E575A 38850 65526.24 

BmrA Q576A 38850 65527.22 

BmrA Q577A 38850 65527.22 

BmrA L578A 38850 65542.19 

BmrA K579C 38975 65559.24 

BmrA M580C 38975 65556.22 

BmrA N581C 38975 65573.31 

BmrA A582C 38975 65616.33 

BmrA D583C 38975 65572.32 

BmrA W104YW164A 29340 65446.10 

BmrA W413Y 34840 65561.23 

 

3.3.2 SDS Polyacrylamide gel electrophoresis 

SDS Polyacrylamide gel electrophoresis (PAGE) was used to separate proteins by their 

molecular mass [178]. In this study, 10% discontinuous SDS PAGE gels were used (Table 13). 

 

Table 13: Separation and stacking gel compositions. 

  Separation gel Stacking gel 

H2O 5.0 mL 6.0 mL 

Acrylamide (40%) 2.5 mL 1.5 mL 

Separation gel buffer 2.5 mL - 

Stacking gel buffer - 2.5 mL 

APS (10%) 100 µL 100 µL 

TEMED 40 µL 40 µL 
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Protein samples were mixed with 5x SDS sample buffer (Table 1). To visualize Cys-crosslinked 

proteins, DTT was omitted from the 5x SDS sample buffer (Table 1). The electrophoresis was 

performed for 45 min at 200 V in SDS running buffer. The SDS PAGE gels were stained for 

1 h with Coomassie staining solution and then incubated for at least 1 h in Coomassie destaining 

solution to visualize the proteins separated in the gels. 

 

3.3.3 SDS-induced unfolding 

To unfold full-length BmrA wt, BmrAW104YW164A, BmrAW413Y as well as the isolated NBD and 

TMD, 2 µM of each purified protein in assay buffer (50 mM sodium phosphate (Table 1) with 

5 mM DDM) was exposed to increasing concentrations of SDS. As mixed DDM/SDS micelles 

form upon the addition of SDS, the SDS mole fraction (χSDS) was used to describe the detergent 

concentration in the mixed micelles. The χSDS was determined as in equation 2, describing the 

ratio of the detergents (SDS+DDM) to SDS and ranging from χSDS = 0 to χSDS = 0.95 (Table 

16). In the equation cSDS refers to the SDS concentration and cDDM to the concentration of DDM. 

χSDS = 
𝑐𝑆𝐷𝑆

(𝑐𝑆𝐷𝑆+𝑐𝐷𝐷𝑀)
     (2) 

The samples containing the proteins in DDM and varying concentrations of SDS were 

incubated for 1 h at 25 °C and then Trp fluorescence spectra were recorded (chapter 3.4.2). 

 

3.3.4 Urea-induced unfolding 

BmrA wt, BmrAW104YW164A, BmrAW413Y as well as the isolated NBD and TMD were exposed 

to increasing concentrations of urea. Thus, a urea stock solution in 50 mM sodium phosphate 

(Table 1) with 5 mM DDM was prepared and its concentration determined by equation 3 using 

the refractive index of the assay buffer (nD, buffer) as well as refractive index of the urea stock 

solution (urea dissolved in the buffer, nD, urea). 

urea [M] = 0.1527 x (nD, urea-nD, buffer) + 0.001216 x (nD, urea-nD, buffer)
2 (3) 

The purified proteins at 2 µM final concentration were each exposed to increasing urea 

concentrations (ranging from 0 to 6.5 M urea in 0.5 M steps), and the samples were incubated 

at 25 °C for 1 h. After the incubation, the Trp fluorescence spectra were recorded 

(chapter 3.4.2). 
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3.3.5 Destabilization of BmrA in DDM micelles 

Purified BmrA (2 µM) in 50 mM phosphate buffer with 5 mM DDM was mixed with increasing 

amounts myristic acid (concentrations: 0 mM, 0.1 mM, 0.2 mM, 0.3 mM, 0.4 mM, 0.5 mM, 

0.75 mM, 1.0 mM). The samples were incubated at room temperature for 1 h and the Trp 

fluorescence spectra were recorded (chapter 3.4.2). As a control, samples were incubated with 

SDS and prepared as described in chapter 3.3.3 with concentrations of 0 mM, 0.21 mM, 

0.43 mM, 0.68 mM, 0.95 mM and 1.25 mM SDS. 

 

3.3.6 Preparation of inverted E. coli membrane vesicles 

For the preparation of inverted E. coli membrane vesicles [164] C41(DE3) cells (Table 2) with 

overexpressed BmrA were used. The buffers needed for the preparation are listed in Table 1, 

DTT and PMSF was added before use and all steps were performed on ice. A cell pellet of a 

2 L expression culture was resuspended in buffer A and lysed using a microfluidizer 

(18000 PSI). After the lysis, EDTA (pH 8, 10 mM final concentration) was added to the cells 

and the debris and unbroken cells were removed by centrifugation (10000 x g, 30 min, 4 °C). 

The cell membranes with overexpressed proteins were gained after centrifuging the supernatant 

at 140000 x g for 1 h at 4 °C. The supernatant was discarded, the pellet was resuspended in 

20 ml buffer B and subsequently centrifuged again for 1 h at 140000 x g and 4 °C. The pellet 

containing the membrane vesicles was resuspended in 4 ml buffer C. Small aliquots were frozen 

in liquid nitrogen and stored at –80 °C. The protein concentration was determined with a BCA 

assay (Table 7), following the manufacturer´s instructions. 

 

3.3.7 Stability of BmrA in inverted vesicles 

Inverted vesicles (250 µg/mL) with overexpressed BmrA wt were incubated with either 0.1 mM 

or 1.0 mM myristic acid for 1 h at room temperature under constant agitation. As a control, 

0.5% (v/v) methanol was added to the inverted vesicles. As a second control, vesicles were 

incubated with 1 mM SDS. After incubation, the samples were centrifuged at 140000 x g for 

1 h at 25 °C. Samples were taken before incubation with the substances and after centrifugation 

(from the supernatant as well as the pellet). A total of 10 µL of each sample was analyzed on a 

10% SDS PAGE gel (chapter 3.3.2). 
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3.3.8 BS3-crosslink 

Purified BmrA wt, isolated TMD and NBD in 50 mM phosphate buffer (Table 1) containing 

5 mM DDM were crosslinked using the BS3-crosslinker (Thermo Fisher Scientific Inc. 

(Rockford, IL, USA)). The BS3-crosslinker was dissolved in 20 mM sodium phosphate buffer 

at a concentration of 12.5 mM. The protein concentration was 0.25 mg/mL of purified 

BmrA wt, isolated TMD, isolated NBD or mixed TMD+NBD. A 50fold molar excess of the 

crosslinker was utilized and the samples were incubated for 30 min at 25 °C and 400 rpm 

agitation in a heating block. The reaction was quenched by adding Tris-HCl (pH 8.0) with a 

final concentration of 50 mM Tris and incubating the samples for 15 min at room temperature. 

The samples were mixed with 5x SDS sample buffer (Table 1) and analyzed via SDS PAGE 

(chapter 3.3.2). 

 

3.4 Biophysical methods 

3.4.1 ATPase activity of purified BmrA 

The ATPase activity of 0.2 µM BmrA wt protein or BmrA variants was measured in DDM 

micelles at 25 °C in 50 mM Hepes-KOH (Table 1) with 3.5 mM ATP, 10 mM MgCl2, 0.28 mM 

NADH, 2 mM phosphoenolpyruvate, by adding 2 µL of pyruvate kinase (PK, 600–

1000 U/mL)/lactate dehydrogenase (LDH, 900–1400 U/mL) mix (Sigma-Aldrich, Merck 

KGaA (Darmstadt, GER)) to the 200 µL test volume (Table 14).  

 

Table 14: Components used for the ATPase activity assay. 

Component Final concentration Volume added 

BmrA 0.2 µM  

ATP 3.5 mM  

MgCl2 10 mM  

NADH 0.28 mM  

Phosphoenolpyruvate 2 mM  

PK/LDH mix  2 µL 

50 mM Hepes-KOH, 5 mM DDM ad. 200 µL 

 

The changes in absorption, originating from the consumption of NADH, were measured at a 

wavelength of 340 nm and a slit width of 4 nm using a Lambda 35 UV/Vis spectrophotometer. 

The NADH decrease was measured for 180 s and converted into the BmrA activity in min-1. 
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𝐴𝑇𝑃𝑎𝑠𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = −
∆𝐴340

∆𝑡
∙

1

𝑙∙𝜀𝑁𝐴𝐷𝐻
    (4) 

Equation 4 consists of the slope (
∆𝐴340

∆𝑡
) of the NADH decrease, the optical pathlength (l in cm) 

and the extinction coefficient of NADH (εNADH = 6220 M-1cm-1). 

 

3.4.1.1 ATPase activity of BmrA wt in presence of myristic acid 

To determine the inhibitory effect of myristic acid in chapter 4.1 on the ATPase activity 

(chapter 3.4.1) of BmrA wt, commercially available myristic acid (Sigma-Aldrich, Merck 

KGaA (Darmstadt, GER), M3128) with a high purity (≥ 99%) was used to perform the 

experiments. For the experiment, myristic acid (dissolved in methanol) or DMPC (solved in 

chloroform) was pipetted at the specified amounts into the reaction tubes. Subsequently, the 

solvent was removed by a constant stream of nitrogen, and these reaction tubes were further 

stored for at least 30 min under vacuum. The dried fatty acid was dissolved in 50 mM Hepes-

KOH (Table 1) and the solution was vortexed and further incubated for at least 1 h under 

constant agitation (500 rpm). Thereafter, the protein was added, and the solution incubated for 

another 10 min at 25 °C. After adding the other compounds to the solution (Table 14), the 

decrease in absorbance was immediately monitored. The BmrA wt ATPase activity was set as 

100% and the data points measured at different myristic acid and DMPC concentrations were 

normalized to this level with respect to the error propagation. 

 

3.4.2 Tryptophan fluorescence spectroscopy 

The Trp residues occurring naturally in proteins can be used to study protein structural changes. 

Local changes in the polarity in the environment of a Trp can be detected by fluorescence 

spectroscopy. Thus, a Trp fluorescence emission spectrum can change in intensity plus the 

intensity maximum can shift. A Trp exposed to a hydrophobic environment leads to a shift in 

the maximum intensity to smaller wavelengths (blue-shift) as well as an increase in the Trp 

fluorescence emission intensity [179]. 

In this study, the Trp fluorescence intensity was used to study the stability of BmrA towards 

denaturing agents (SDS and urea) and the fatty acid myristic acid. 

Trp fluorescence emission spectra of the samples (chapter 3.3.3, 3.3.4, 3.3.5) were recorded at 

25 °C from 290 nm to 450 nm (slit width 3 nm) and excitation at 280 nm (slit width 3 nm). The 

measurements were performed using a FluoroMax-4 fluorometer. 



Methods 

37 

For the data analysis of the fluorescence emission spectra gained for the samples of the proteins 

in presence of SDS (chapter 3.3.3), the fluorescence intensities at a fixed wavelength were 

determined for each SDS mole fraction. 

For the analysis of the urea-induced unfolded protein samples (chapter 3.3.4), the maximum 

fluorescence intensities of the emission spectra for each concentration were determined.  

For the destabilization experiment described in chapter 3.3.5, the average emission wavelength 

(<λ>), which represents changes in shape and position of the spectrum, was used to characterize 

the entire measured Trp fluorescence emission spectrum. The <λ> was calculated as described 

in the following equation 5. 

< 𝜆 >=
(Σ𝑖 λ𝑖∙𝐼𝑖)

Σ𝑖𝐼𝑖
     (5) 

Here λ is the wavelength in nm and I is the fluorescence intensity. 

 

3.4.3 Hoechst 33342 transport activity of BmrA in inverted membrane vesicles 

The transport activity of BmrA, which was overexpressed in inverted E. coli membrane vesicles 

(chapter 3.3.6), was determined in the Hoechst 33342 transport activity assay. In this assay, the 

hydrophobic dye 2'-[4-ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5'-bis-1H-benzimidazole 

(Hoechst 33342) was used as a substrate for BmrA. For each sample, 50 µg protein of inverted 

membrane vesicles was used in a total volume of 200 µL. The samples were diluted in buffer D 

(Table 1) and kept at 25 °C for 10 min. The fluorescence emission was measured for 10 min in 

total at 457 nm using a FluoroMax-4 fluorometer upon excitation at 355 nm, with excitation 

and emission slit widths of 2 nm and 3 nm, respectively. First, the fluorescence was monitored 

for approx. 50 s and then the measurement was stopped. Subsequently, 2 µM Hoechst 33342 

was added, the sample mixed, and the fluorescence was measured again for approx. 50 s. Then, 

ATP was added (final concentration of 2 mM) and the sample was quickly mixed afterwards. 

The fluorescence was further monitored for overall ~500 s. Data points were collected every 

0.5 s and the initial slope of the measured fluorescence intensity after ATP addition was 

determined. 

The expression level of BmrA wt and the different variants (experiments performed in 

chapter 4.2) was determined based on the signal intensity of the overexpressed BmrA and the 

variants obtained by SDS PAGE analysis. The relative expression level was quantified using 

ImageJ [175] and the determined transport activities were normalized to the respective 
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expression level assuming a linear correlation. The transport activity determined for BmrA wt 

was set as 100% and the different variants were normalized to this transport activity with error 

propagation. 

 

3.4.3.1 Transport activity of BmrA wt in presence of myristic acid 

Myristic acid (dissolved in methanol) of various concentrations (3 µM, 7 µM, 10 µM, 20 µM, 

30 µM, 40 µM, 50 µM, 75 µM, 100 µM, 200 µM, 300 µM, 400 µM, 500 µM, 750 µM, 

1000 µM) was added to the inverted vesicles with overexpressed BmrA wt (50 µg protein) and 

the samples were incubated for more than 10 min. The maximal concentration of methanol in 

this reaction mixture was 0.5% (v/v). The transport activity of BmrA wt in the presence of 

myristic acid was followed by fluorescence spectroscopy (chapter 3.4.3). The slope of the 

measured fluorescence intensity (after addition of ATP) was determined by fitting a linear 

regression line with a large coefficient of determination. To evaluate the inhibitory effect of 

myristic acid, the absolute value of the slope of the sample containing inverted membrane 

vesicles with overexpressed BmrA wt plus methanol (0.5% (v/v)) was set as 100% transport 

activity and the data points obtained at different myristic acid concentrations were normalized 

to this, considering error propagation. All presented data are based on at least three independent 

inverted vesicle preparations, and the mean with corresponding SEM was calculated. 

 

3.4.3.2 Competition assay 

For the Hoechst 33342 vs. myristic acid competition assay, the inverted membrane vesicles 

containing 50 µg protein were incubated with 0.2 mM myristic acid for at least 10 min at 25 °C. 

The fluorescence signal was measured as described (chapter 3.4.3; exception: slit width of 

3 nm). When the measurement was started, the fluorescence was monitored for 50 s. Then, 

varying concentrations of Hoechst 33342 were added (0.03 µM, 0.06 µM, 0.12 µM, 0.24 µM, 

0.3 µM, 0.4 µM, 0.5 µM, 0.6 µM, 1.0 µM, 1.2 µM) and the measurement and data evaluation 

continued as described before (chapter 3.4.3). 
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4 Results and Discussion 

4.1 Myristic acid inhibits the activity of the bacterial ABC transporter 

BmrA 

A version of this chapter has been originally published in the International Journal of Molecular 

Science in 2021: 

Oepen, K.; Özbek, H.; Schüffler, A.; Liermann, J.C.; Thines, E.; Schneider, D. Myristic Acid 

Inhibits the Activity of the Bacterial ABC Transporter BmrA. Int. J. Mol. Sci. 2021, 22, 13565. 

https://doi.org/ 10.3390/ijms222413565 

This chapter contains the unchanged text of the introduction, results, discussion, conclusions 

and implications. The numbering of figures is continuous in this dissertation, as well as the 

references. Materials and methods used to perform the experiments can be found in chapter 2 

and 3. Methods used by co-authors can be found in the appendix 11.2. The author contributions 

are listed in Table 15 and the authors affiliations in chapter 10. The original publication is added 

in chapter 11.3 [180]. 
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4.1.1 Introduction 

Membrane integral transport proteins mediate and control the translocation of essential 

compounds across biological membranes, involving the uptake and efflux of sugars, inorganic 

ions, nucleotides or drugs [133]. Primary active transporters use the energy gained via ATP 

hydrolysis for transport [133,181], and such transport ATPases are typically represented by ion 

pumps and ATP-binding cassette (ABC) transporters [181]. ABC transporters can be found in 

all kingdoms of life and they either import or export substrates against a concentration gradient. 

While, in bacteria, ABC importers and exporters can be found, eukaryotes mainly have 

exporters [133,182]. Structurally, all ABC transporters consist of two nucleotide binding 

domains (NBDs) and two transmembrane domains (TMDs). The TMDs consist of α-helix 

bundles that mediate the actual TM flux of the substrates, whereas ATP is hydrolyzed in the 

NBDs [138,160,182]. In contrast to the NBD, the sequences of the TMDs are typically less 

conserved and the TM topology can vary. The four domains of an ABC transporter can be part 

of a single polypeptide chain, or the transporter assembles form two to four individual subunits 

[102,138]. One TMD and one NBD can be fused to form a so-called half-transporter, which 

can either form a homodimeric (identical half-transporters) or assemble as a heterodimeric 

(different half-transporters) full-transporter [91,133,182,183]. 

Many ABC transporters appear to be involved in bacterial multidrug resistances [184]. For 

example, in cervimycin C resistant Bacillus subtilis colonies the bmrA gene, encoding an ABC 

half-transporter, was strongly overexpressed, which led to the assumption that BmrA (Bacillus 

multidrug-resistance ATP) is able to effectively transport this antibiotic out of the cell 

[165,166]. Besides cervimycin C, BmrA can transport a broad range of substrates, which 

include Hoechst 33342, doxorubicin as well as 7-aminoactinomycin D [165]. 

BmrA, a homodimeric ABC transporter with a molecular mass of 64.9 kDa, is homologous to 

the bacterial ABC transporters LmrA and MsbA [102,168] as well as to the human P-

glycoprotein [165,182]. In recent years, BmrA became a paradigm for studying ABC 

transporters, mostly due to the vast number of seemingly unrelated substrates as well as its 

homology to the human P-glycoprotein [165,168,185]. 

As BmrA is involved in excretion of certain antibiotics out of bacterial cells, we aimed at 

identifying small molecules which inhibit the BmrA transport activity and thus might be used 

to modulate the BmrA transport activity. Screening of extract libraries isolated from fungi 

revealed that the C14 fatty acid myristic acid has an inhibitory effect on the BmrA ATPase as 

well as the transport activity. Thus, BmrA “sleeps with the enemy”, as a natural membrane 
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constituent inhibits its activity, a finding with physiological consequences as to the activity and 

regulation of ABC transporter activities in biological membranes. 

 

4.1.2 Results 

4.1.2.1 Myristic acid inhibits the ATPase activity of the ABC transporter BmrA. 

In total, 448 fungal extracts were tested for an inhibitory effect on the BmrA ATPase activity 

and 22 were found to be active. One of the most promising candidates, the mycelial extract of 

strain IBWF 030-11, was selected for further characterization. To identify the natural product 

responsible for the inhibitory effects, the fungus was cultivated in 20 L scale and the active 

principle was isolated. Based on NMR analysis, the isolated substance was identified as the 

C14 fatty acid myristic acid (Figure 8A), 0.25 mg of which was isolated per L axenic fungus 

culture. 

 

Figure 8: Inhibition of the BmrA ATPase activity by myristic acid. (A) Structure of the 

fatty acid myristic acid (C14H28O2). (B) Structure of 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC), a membrane phospholipid containing two myristic acids as fatty 

acids. The structures were created using ChemSketch [9]. (C): Myristic acid (n ≥ 6, ± SEM; 

red) inhibits the in vitro ATPase activity of detergent solubilized BmrA, whereas the lipid 1,2-

dimyristoyl-sn-glycero-3-phosphocholin (DMPC, n = 12, ± SEM; black) does not.  

 

To quantitatively evaluate the inhibitory potential of myristic acid, we next examined the 

in vitro ATPase activity of BmrA at increasing myristic acid concentrations (Figure 8C, red). 
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The BmrA ATPase activity was determined in buffer containing myristic acid concentrations 

ranging from 0 to 1000 µM to calculate the IC50 value, i.e., the substance concentration required 

to inhibit 50% of the protein´s ATPase activity. The ATPase activity of BmrA in pure 

5 mM DDM was 1.0 ± 0.16 µmol/min per mg protein, a value comparable to values previously 

determined under slightly different experimental conditions [111,167]. As expected in the 

presence of an inhibitor, the ATPase activity constantly decreased with increasing myristic acid 

concentrations, until at ~500 µM myristic acid the activity levelled off to about 12%. Based on 

this analysis, the turning point, i.e., the IC50, is at approximately 200 µM myristic acid. 

Furthermore, these results additionally indicate that myristic acid is not a BmrA substrate that 

stimulates the ATPase activity, as has been observed with other ABC transporter substrates 

[186–188]. 

Nevertheless, the concentration for free myristic acid within the membrane is low in vivo, as 

myristic acid typically is part of diacylglycerol lipids. This now raised the question whether the 

ATPase activity of BmrA is also affected by myristic acid-containing phospholipids. Thus, we 

next tested the in vitro ATPase activity of isolated BmrA in presence of increasing 

concentrations of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, Figure 8B, C, black). 

DMPC is a glycerophospholipid, containing two myristic acids as fatty acids attached to the 

glycerol backbone. As the determined ATPase activity of BmrA is not significantly affected by 

DMPC, the inhibitory effects observed before can clearly be linked to the isolated myristic acid. 

 

4.1.2.2 The stability of BmrA in micelles is not affected by myristic acid 

Myristic acid has detergent properties and can form micelles in solution [189]. As harsh 

detergents can unfold (membrane) proteins [190], at least to some extent, the question arose 

whether myristic acid does not inhibit the BmrA ATPase activity via binding but via 

denaturation of the protein structure, resulting in a diminished protein activity. 

As changes in a local tryptophan environment, e.g., caused by protein denaturation, result in a 

different fluorescence emission spectrum, the stability of purified BmrA in DDM micelles can 

be determined by fluorescence spectroscopy. A well-established approach to unfold membrane 

proteins is to solubilize the protein in a mild detergent, such as DDM, and to subsequently titrate 

in increasing amounts of a harsh detergent, typically SDS [191,192]. Addition of SDS results 

in formation of mixed DDM/SDS micelles, which eventually unfold α-helical membrane 

proteins. It is noteworthy that, while the mixed micelles can indeed unfold soluble regions or 

domains of membrane proteins, the membrane integral protein parts typically retain their helical 
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structure, and the term “unfolding” here in fact describes the separation of previously 

interacting individual TM α-helices [193]. 

When the purified protein was exposed to increasing SDS concentrations, the average emission 

wavelength (<λ>) decreased (Figure 9, black). At a low SDS mole fraction of χSDS = 0.04 the 

<λ> slightly increased, a behavior also observed with other TM proteins [194], whereas higher 

SDS concentrations led to a dramatic decrease in the average emission wavelength. In contrast, 

while addition of low myristic acid concentration also resulted in a slight increase in the <λ>, 

further increasing the myristic acid concentration resulted in a slightly decrease, albeit the <λ> 

myristic acid never changed to an extent as observed with SDS. This indicates that myristic 

acid does not substantially destabilize the protein, in contrast to SDS. 

 

Figure 9: Myristic acid does not destabilize the BmrA structure as SDS. Increasing amounts 

of myristic acid (n = 9, ± SEM; red) or SDS (n = 7, ± SEM; black) were titrated to BmrA 

solubilized in DDM micelles. While addition of SDS leads to a larger decrease in the average 

emission wavelength (<λ>), this was not observed when myristic acid was added. 

 

4.1.2.3 Myristic acid inhibits the BmrA-mediated transport of Hoechst 33342 in inverted 

membrane vesicles. 

Hoechst 33342 is a substrate commonly used when the BmrA activity is studied in inverted 

membrane vesicles. Upon spontaneous membrane partitioning, the dye´s fluorescence 

increases. When the dye is actively transported out of the lipid membrane by BmrA and 

expelled to the liquid surrounding, the fluorescence decreases again. Importantly, the transport 

of Hoechst 33342 depends on the BmrA ATPase activity [165]. 
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At first, the initial fluorescence of the inverted membrane vesicles was monitored in absence of 

Hoechst 33342 (Figure 10A). Subsequently, upon addition (Figure 10A, 1) and membrane 

incorporation of Hoechst 33342, the fluorescence increased tremendously due to membrane 

partitioning of the dye [195]. After addition of ATP the fluorescence intensity decreased again 

due to the removal of Hoechst 33342 from the membrane. The decrease in the fluorescence 

intensity thus directly correlates with the BmrA transport activity [195]. When the BmrA-

mediated Hoechst 33342 transport was measured in inverted membrane vesicles pre-incubated 

with myristic acid, the initial fluorescence intensities were similar. Upon ATP addition (Figure 

10A, 2), the fluorescence intensity first decreased, as observed in absence of myristic acid, yet 

remained on a higher fluorescence level. This implies that more Hoechst 33342 molecules 

remained incorporated within the lipid bilayer, and thus, less Hoechst 33342 molecules were 

transported by the ABC transporter (Figure 10A; red). For comparison, the absolute value of 

the slope was used to quantify the transport activity. The BmrA wild type transport activity was 

set as 100% and the generated values at increasing myristic acid concentrations were 

normalized to the wild type (Figure 10B). 

 

Figure 10: Myristic acid inhibits Hoechst 33342 transport in inverted C41(DE3) E. coli 

membrane vesicles. (A) Kinetics of Hoechst 33342 transport followed in absence (black) or 

presence of 1000 µM myristic acid (red), 1: addition of Hoechst 33342, 2: addition of ATP. (B) 

3–1000 µM myristic acid was added to inverted membrane vesicles prepared from BmrA 

expression cells (black) or E. coli C41(DE3) cells transformed with an empty vector (grey) and 

Hoechst 33342 transport was quantified (n = 3, ± SEM). 

 

To test a (potential) inhibition of the BmrA transport activity, myristic acid was added to 

inverted membrane vesicles at increasing concentrations (3–1000 µM) and the Hoechst 33342 

transport was quantified (Figure 10B) The BmrA transport activity was essentially not affected 
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up to myristic acid concentrations of 10 µM. However, at 20–50 µM myristic acid, the transport 

activity of BmrA massively decreased, and at around 100 µM myristic acid a plateau was 

reached. Based on a Boltzmann fit, an IC50 value of about 25 µM myristic acid was determined 

for the Hoechst transport using inverted vesicles. As expected, the inverted vesicles prepared 

from E. coli C41(DE3) cells transformed with an empty vector did not show activity at any 

given myristic acid concentration. 

Yet, myristic acid might not inhibit the BmrA transport activity but in fact is a substrate that 

simply competes with Hoechst 33342 for transport. To test this assumption, inverted vesicles 

were first exposed to 0.2 mM myristic acid, and the Hoechst 33342 transport was measured as 

before, but at different Hoechst 33342 concentrations. Upon addition of ATP, the absolute value 

of the slope of the fluorescence decrease was determined at each Hoechst 33342 concentration 

(Figure 11). When Hoechst 33342 and myristic acid compete for transport, addition of small 

amounts of Hoechst 33342 should not result in a measurable transport activity, and only at 

rather high Hoechst 33342 concentrations is an activity is expected to be observed. As can be 

seen in Figure 11, the absolute value of the slope increased linearly with increasing 

Hoechst 33342 concentrations for the control (no myristic acid). In contrast, the activity of the 

inverted vesicles containing a constant myristic acid concentration but increasing 

Hoechst 33342 concentrations increased linearly up to a concentration of ~0.6 µM 

Hoechst 33342. At higher Hoechst 33342 concentrations, the initial slope remained more or 

less constant. If Hoechst 33342 and myristic acid were both substrates competing for binding 

and translocation, an initial significantly slowed down Hoechst 33342 transport would be 

expected at the (high) constant myristic acid concentration. However, this was not observed. 

Instead, the transport activity leveled off at a rather low Hoechst concentration. Consequently, 

the data indicate that there is no simple competitive or non- or uncompetitive inhibition of 

BmrA by myristic acid. The BmrA activity is inhibited by myristic acid via a rather complex 

mechanism. Noteworthy, the fluorescence intensities (without ATP added) of the control and 

the myristic acid-incubated inverted vesicles were more or less equal for each Hoechst 33342 

concentration. The increasing amounts of Hoechst 33342 lead to a linearly increasing slope 

(data not shown). 
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Figure 11: BmrA-mediated Hoechst 33342 transport at a constant myristic acid 

concentration. 0.2 mM myristic acid (red) or methanol (control; black) were added to the 

inverted membrane vesicles and Hoechst 33342 transport was tested at increasing 

Hoechst 33342 concentrations (n = 3, ± SEM). 

 

4.1.2.4 Myristic acid does not solubilize overexpressed BmrA in inverted vesicles 

Due to the detergent properties of myristic acid, it was possible that the fatty acid solubilized 

the overexpressed protein in the inverted vesicles, resulting in the observed decreased BmrA 

transport activity. To finally exclude this, vesicles were incubated with the detergent SDS or 

myristic acid for 1 h. Subsequently, solubilized protein was separated from membranes via 

ultracentrifugation, and solubilized proteins were analyzed via SDS PAGE. As can be seen in 

Figure 12, while BmrA was properly solubilized by SDS, neither at low nor at high myristic 

acid concentrations BmrA was extracted from the membranes. Thus, the inverted vesicles 

remained intact at the here analyzed myristic acid concentrations. 
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Figure 12: Stability assay of inverted vesicles with overexpressed BmrA. Inverted vesicles 

were exposed to either SDS (3% (w/v)), myristic acid (0.1 mM or 1.0 mM dissolved in 

methanol) or methanol (0.5% (v/v)). Intact membranes were found in the pellet, whereas 

solubilized membrane proteins were found in the supernatant (solely when SDS was added). 

1: BmrA and membrane proteins in inverted vesicles not influenced by any substances. 

2: Supernatant after ultracentrifugation containing solubilized BmrA (and other membrane 

proteins). 3: Pellet after ultracentrifugation comprising of inverted vesicles with overexpressed 

BmrA. This experiment was performed three times with three different inverted membrane 

vesicle preparations, which all showed the same results. 

 

4.1.3 Discussion 

In the present study, we identified myristic acid as a potential inhibitor of the BmrA ATPase 

and transport activity. This saturated C14 fatty acid (Figure 8A) is widely distributed in plant 

and animal fat and can naturally be found in high concentrations in coconut oil as well as in 

butter fat. Furthermore, myristic acid is utilized in the food industry as multifunctional food 

additive and flavor excipient [196]. In Bacillus subtilis, around 3.6% of all lipids are myristic 

acid [197]. Yet, myristic acid inhibits the BmrA activity exclusively as a free acid, but not when 

part of phospholipids (Figure 8C; black). Thus, while 3–4% of all lipids in Bacillus subtilis are 

myristic acid, most of these will be part of di- or even triacylglycerols and thus the concentration 

of the inhibiting species, i.e., the free acid, will be low. 

As we have shown here, myristic acid does neither inhibit the BmrA activity indirectly, via 

destabilizing membranes and extracting the protein from membranes (Figure 12), nor via 

detergent-induced denaturation of the protein (Figure 9). Thus, myristic acid appears to directly 
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inhibit the BmrA ATPase and transport activities (Figure 8C, Figure 10B), albeit the inhibitory 

mechanism appears to be complex. 

It is well known that, e.g., the detergent Triton X-100 stimulates the ATPase activity of the 

ABC transporter P-glycoprotein [198], and based on this and other observations, it has been 

concluded that detergents can serve as P-glycoprotein substrates [199]. In many cases, addition 

of substrate even increases the ATPase activity of ABC transporters, which was, however, not 

observed here. ABC transporter substrates have rather diverse structures [165], and also fatty 

acids are transported by ABC transporters [200]. This has been shown for some ABC 

transporters, such as MsbA or LmrA [201,202]. When the lipid A ABC transporter MsbA was 

heterologously expressed in L. lactis cells, it has been observed that myristic acid might be 

transported due to no change in the determined IC50 value [202]. Yet, based on the results 

presented here (Figure 11), myristic acid appears not to simply compete with Hoechst 33342 

for the substrate binding site and transport. 

But why is the determined IC50 value so much higher when the ATPase activity was monitored 

than when the transport activity was monitored? Although we cannot ultimately answer this 

question, these two measurements can only be compared to some extent. While we have a well-

defined protein and detergent concentration when the isolated protein was analyzed, this was 

not the case in the inverted vesicles. Furthermore, in inverted vesicles we might have other 

components that interact with myristic acid. Yet, this would probably reduce, and not increase, 

the inhibitory activity of myristic acid. In bacterial membranes, most membrane lipids are not 

part of bulk lipids, but are (more or less tightly) bound to membrane proteins (reviewed [203]). 

Thus, the concentration of myristic acid added to the lipid phase is probably much higher at any 

given total myristic acid concentration, compared to the situation in micelles. In the latter, the 

myristic acid will incorporate into free micelles as well as into BmrA-containing micelles to 

form mixed micelles. Thus, myristic acid likely is highly diluted in the micellar system, which 

results in a rather high IC50 value for the determined ATPase activity. Finally, it is also possible 

that myristic acid induces a conformational change or decoupling of the NBD and TMD in the 

lipid environment, as e.g., observed with the mutant BmrA E474R [169]. 

 

4.1.4 Conclusions and Implications 

At first, inhibition of an ABC transporter activity by a naturally occurring fatty acid appears to 

be unexpected, albeit the physiological concentration of myristic acid in Bacillus subtilis 

membranes is probably not sufficiently high to compromise the BmrA transport activity. 
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However, it might even be beneficial to inhibit a basal ATPase activity, by which ATP might 

be wasted in cells, in vivo using naturally occurring membrane incorporated substances, such 

as myristic acid. 

The initial idea of this project was to identify potential modulators of the BmrA activity. Based 

on the presented results myristic acid might qualify as a drug excipient, as co-application with 

ABC transporter substrates might reduce the risk of drug export out of a cell. Furthermore, as 

mentioned in the discussion, myristic acid is used as a multifunctional food additive and flavor 

excipient [196]. Thus, this food additive has the potential to interfere with (human) ABC 

transporters, an aspect which, to the best of our knowledge, has never been discussed thus far 

and which we will explore in future experiments. 
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4.2 The C-terminus is crucial for homodimerization and activity of the ABC 

transporter BmrA 

4.2.1 Introduction 

The family of ABC transporters is conserved in all kingdoms of life [67,204]. These transporters 

either import (mainly in bacteria and plants) or export a broad variety of substrates [62,65]. 

Structurally, ABC transporters consist of four core domains: two TMDs and two cytosolic 

NBDs, albeit the exact molecular architecture of these transporters is extremely diverse (Figure 

3) [62,131,182]. In fact, a transporter can consist of a single polypeptide chain that contains all 

four domains, or, if one TMD and one NBD are part of one polypeptide chain, two different of 

these half-transporters either heterodimerize, such as the ABC transporter TAP1/TAP2 [59] or 

two identical half-transporters homodimerize (e.g. Sav1866) to form an active transporter [95]. 

Finally, when each of the four domains are individual proteins, these have to oligomerize to 

form a functional ABC exporter [182,205]. 

ABC exporters mostly consist of twelve TM helices [62,130] and the substrate-binding cavity 

is located between these helices. The structurally diverse substrates enter this cavity either from 

the cytosolic side of the membrane or the membrane [206,207] and during a translocation cycle 

the transporter undergoes major conformational changes (chapter 1.3.5), finally resulting in 

transmembrane transport of a substrate against a concentration gradient [95,146,161,182,208]. 

Transport requires ATP hydrolysis by the NBDs, which are located at the cytosolic side. The 

sequences and topologies of NBDs of different ABC transporters are highly similar and motifs 

involved in ATP recognition, binding and hydrolysis are conserved [90,131,209]. These motifs 

within the NBDs are located in two different subdomains of the NBD, an α-helical domain with 

the ABC signature motif and the X-loop, and a RecA-like subdomain with the Walker A and 

Walker B motifs, Q-, D- and H-loop. Basically, ATP is bound between the Walker A of one 

NBD and the ABC signature motif of the opposing NBD (Figure 5, Figure 7B) [86,97]. 

Consequently the ATP-binding sites are created by both NBDs and thus ATP-binding triggers 

dimerization of the two opposing NBDs [91,94,100,108,111,210]. This in turn causes a 

conformational change of the exporter from an IF conformation via an occluded to an OF 

conformation. Furthermore, the CHs at the cytoplasmic side of the protein are relevant for the 

NBD-TMD communication [93,95,157]. After the transporter switches to an OF conformation, 

the TMDs cavity is open to the periplasmic side of the membrane and the substrate is released. 

Substrate release and ATP hydrolysis set the transporter back into the IF conformation and the 

transporter is ready for the next translocation cycle (chapter 1.3.5) [105]. 
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Isolated NBDs tend not to dimerize in absence of ATP [211], yet, in full- or half-transporters 

the TMDs facilitate NBD dimerization upon ATP binding. Sometimes, NBDs of transporters 

contain additional domains, and e.g. the ABC importer MalK has an extra C-terminal regulatory 

domain (of 136 residues) to stabilize the dimer also in absence of ATP [212,213]. Furthermore, 

the NBDs of the tetrameric ABC transporter ModB2C2 are suggested to be in constant contact, 

mediated by the C-terminal ends, which are α-helices that interact to a certain amount and 

thereby connect the NBDs [214]. Likewise, the homodimers Atm1 [215] and HlyB [124] appear 

to have interacting helices at their NBDs C-terminus, which were postulated to stabilize the 

dimer. Since many ABC exporters have C-terminal α-helices, this structure might contribute to 

the dimer stability in general [216]. Yet, the exact role of these short C-terminal helices in the 

translocation cycle is essentially still enigmatic, albeit the C-terminal helices are important for 

and rearrange during the translocation cycle of the heterodimeric ABC exporter TmrAB [174]. 

Could this also be the case for the homodimeric ABC transporter BmrA (1.4)? Recently, the 

structure of the BmrA exporter in the OF conformation was solved by X-ray and cryo EM 

(Figure 7) [144] and in these structures, BmrA shows overlapping, mostly α-helices at the C-

terminal end of the NBDs. 

 

4.2.2 Results 

The structure of BmrA has recently been solved in the OF conformation [144]. In line with 

previous observations, that many ABC exporters have α-helices at the C-terminal end which 

might contribute to the dimer stability [216], in BmrA a short α-helix is present at the very C-

terminus of the protein as well, and the two C-terminal helices of two interacting monomers 

arrange in an anti-parallel fashion to each other (Figure 7, Figure 13). Yet, based on the recently 

solved structures of the BmrA (pdb: 6R81, pdb: 6R72, pdb: 7OW8, pdb: 7BG4), these C-

terminal ends are not always entirely α-helical, plus the helix is not continuous but can be 

interrupted by a small unstructured region (M580/N581), which separates two rather short 

helical segments. Therefore, in the present study we analyzed (i) whether the BmrA C-terminal 

helices are crucial for the BmrA activity and (ii) whether the C-termini of adjacent BmrA half-

transporters interact. 
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Figure 13: The ABC transporter BmrA in the OF conformation (pdb: 6R81). A: BmrA 

dimer (half-transporters: white and dark grey) with the α-helices at the C-terminal ends (orange) 

of the NBDs depicted within a lipid bilayer (grey). B: View on the C-termini from the cytosolic 

side after a 90 ° rotation of the BmrA dimer. 

 

4.2.2.1 The C-terminus is crucial for the BmrA activity 

To analyze the putative role of the C-terminal helix on the BmrA activity in greater detail, the 

C-terminal α-helix of BmrA was either completely (residues L569-G589, ΔCT, Figure 13, 

Figure 14A) or solely half of the residues of the very C-terminal end (residues K579-G589, 

ΔCTh, ”h” for half, Figure 14A) were removed. 

While the ATPase activity of BmrA ΔCTh was not significantly reduced compared to the wt 

(Figure 14B), indicating a dispensable function of this region, the ATPase activity was 

essentially completely abolished when the entire C-terminus was removed. 

 

Figure 14: BmrA lost its ATPase and Hoechst 33342 transport activity when the C-

terminal end was removed completely. A: Sketch of the C-terminal end showing the ΔCTh 

and the ΔCT compared to BmrA wt. B: Relative ATPase activity of BmrA wt and the variants 

in DDM micelles (n ≥ 11, ± SEM, two-sample t-test). C: Relative Hoechst 33342 transport 

activity assay of inverted membrane vesicles containing overexpressed BmrA wt or variants 

(n ≥ 9, ± SEM, two-sample t-test). 
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Next, we aimed to quantify the substrate transport activity of the BmrA variants and used 

inverted membrane vesicles to determine transport of the hydrophobic dye Hoechst 33342 

across the membrane. Similar to the above presented observations, ΔCTh showed a slightly, yet 

not significantly reduced transport activity compared to BmrA wt, whereas the transport activity 

of ΔCT was essentially completely abolished (Figure 14C). 

Thus, we concluded that the C-terminal residues L569 to L578 are crucial for the BmrA wt 

ATPase activity, whereas the amino acids at the very C-terminal end appear to have neither an 

impact on the ATPase nor on the transport activity of BmrA. 

 

4.2.2.2 Ala scanning of essential C-terminal residues 

Based on the results presented above, we next elucidated which of the amino acids of the 

essential C-terminal helix fragment (residues L569 to L578) were most critical for the ATPase 

and transport activity of BmrA. For this purpose, the individual amino acids of the C-terminus 

were replaced by Ala (or Val, when an Ala was naturally present), and the ATPase as well as 

the Hoechst 33342 transport activities of these BmrA variants were tested (Figure 15). While 

the variants D572A-E575A displayed an ATPase activity (Figure 15A), which was > 70% of 

the wt activity, the activity of most of the other variants was < 50% of the wt activity. The 

ATPase activity of the variants L569A and Y570A was most severely affected and reduced to 

15% and 3% of the wt activity, respectively. Thus, based on these analyses, the core of this 

helical fragment (residues D572-E575) did most likely not establish crucial contacts, whereas 

the bordering residues L569-Y571 and Q576-L578 appeared to be more crucial for the BmrA 

ATPase activity. 

 

Figure 15: ATPase activity and Hoechst 33342 transport activity of BmrA wt and the C-

terminal Ala (Val) variants L569A-L578A. A: Relative ATPase activity of BmrA wt and the 

Ala (Val) variants in DDM micelles (n ≥ 6, ± SEM). B: Relative Hoechst transport activity of 

BmrA wt and the Ala variants overexpressed in inverted membrane vesicles (n ≥ 7, ± SEM). 

C: Relative ATPase activity versus the relative transport activity with a 20% error range. 



The C-terminus is crucial for homodimerization and activity of the ABC transporter BmrA 

55 

Whether the determined ATPase and the relative Hoechst transport activity correlate, was next 

analyzed using inverted membrane vesicles (Figure 15B). The transport activity of four variants 

(L569A, Y570A, F573A and L578A) was less than 20% compared to the BmrA wt activity, 

whereas the activity of the variants D572A and A574V-Q577A was reduced “only” to about 

70% of the wt activity. While for most variants, the respective ATPase and Hoechst transport 

activities were decreased to a similar extent (Figure 15C), one variant showed a strikingly 

different pattern: BmrA F573A had an almost wt-like ATPase activity, albeit its relative 

transport activity was drastically reduced. Thus, the decrease in the transport activity of most 

variants was due to the decrease in the ATPase activity, whereas for the F573A variant solely 

the transport activity was affected. 

 

4.2.2.3 Cys scanning mutagenesis and Cys crosslinking of the C-terminus 

Recently, a direct interaction of the C-terminal helices of two adjacent ABC half-transporters 

has been observed and it has been proposed that this interaction prevents transmembrane 

substrate transport [174]. Based on the available BmrA structures, the C-terminal helices of two 

protomers seem to form an antiparallel helix dimer, and the two helices cross at residue N581 

where the distance between the Cα residues is about 7 Å in the OF conformation (Figure 16). 

 

Figure 16: Antiparallel C-terminal helix dimer of BmrA in the OF conformation 

(pdb: 6R81). The C-terminal helices (orange) of two BmrA monomers (grey and white) are in 

closes distance and cross at the amino acid N581 (blue). The distance of the Cα of opposing 

N581 is about 7 Å. 

 

Thus, we aimed at crosslinking the two C-terminal helices of interacting BmrA half-transporters 

via introducing a Cys residue at position N581 to analyze the potential impact of enforced 

dimerization on the BmrA activity. Furthermore, we individually replaced the neighboring 

residues K579 to D583 by Cys to check whether here disulfide bridges and covalent linkage of 
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two neighboring NBDs also form in absence of ATP. Subsequently, the ATPase activity of 

these variants was tested under reducing as well as oxidizing conditions, where disulfide bridges 

might form (Figure 17A). If a mutation had no severe impact on the BmrA activity under 

reducing conditions, but affected the activity under oxidizing conditions, the impact of covalent 

linkage could be studied. The ATPase activity of BmrA wt under oxidizing conditions was at 

approx. 0.5 ± 0.16 µmol/min per mg protein and under reducing conditions slightly decreased 

to around 0.4 ± 0.15 µmol/min per mg protein, demonstrating, that the reducing agent does not 

significantly influence the activity in this assay per se. 

However, for the variants the ATPase activity was somewhat reduced under reducing 

conditions (Figure 17A, black) compared to the BmrA wt, indicating that the respective 

mutations directly affected, but not abolished, the BmrA activity to some extent (Figure 14B). 

 

Figure 17: Relative ATPase activity and crosslinking of BmrA wt and the Cys variants 

under different oxidation states. A: BmrA wt and the Cys variants in DDM micelles were 

tested in a pyruvate kinase/lactate dehydrogenase-coupled assay under reducing (black) and 

oxidizing (grey) conditions to identify the ATPase activity (n ≥ 6; ± SEM). B: SDS PAGE 

analysis of the purified proteins under reduced (+) and oxidized (-) conditions shows the 

monomers (*, between 45.0 and 66.2 kDa of the marker signal) and the crosslinked dimer 

signals (#, around 116.0 kDa marker signal). 

 

Strikingly, under oxidizing conditions (Figure 17A, grey), i.e. when formation of disulfide 

bridges was promoted, the ATPase activity of the analyzed variants was up to 3fold higher than 

measured for the wt, indicating that disulfide-bond formation significantly enhanced the 

ATPase activity. In fact, all variants formed stably crosslinked dimers, as observed via SDS 

PAGE analysis (Figure 17B), and thus covalent linkage of BmrA NBDs and facilitated dimer 

formation clearly increased the ATPase activity of the protein. Furthermore, while in the 

structure the C-terminal helices cross at residue N581, the capability of all analyzed Cys 
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variants to crosslink indicates a certain flexibility of this part, since no preferred interacting 

residue could be determined. 

Next the impact of enforced NBD dimerization on the Hoechst 33342 transport activity was 

studied (Figure 18A). When compared to the wt, the overall transport activity of the variants 

was decreased under reducing conditions, in line with the results of the ATPase assay. 

Similarly, all variants were equally or less transport active determined under oxidized 

conditions compared to the respective wt. In line with the ATPase activity measurements, the 

BmrA variants M580C-D583C displayed an increased transport activity under oxidizing 

conditions when compared to reducing conditions (Figure 17A), while BmrA K579C was 

significantly more active under reducing than under oxidizing conditions. 

 

Figure 18: Relative Hoechst 33342 transport activity and crosslinking of BmrA wt and the 

Cys variants under reducing and oxidizing conditions. A: The relative Hoechst 33342 

transport activity was determined in inverted membrane vesicles with overexpressed BmrA wt 

or Cys variants under reducing (black) or oxidized (grey) conditions (n ≥ 6, ± SEM). B: The 

inverted vesicles with overexpressed protein were analyzed via SDS PAGE under reducing (+) 

and oxidizing (-) conditions. The monomers (*) and dimers (#) showed a slightly brighter 

signal. 

 

To verify dimer formation, the inverted membrane vesicles with overexpressed BmrA wt and 

the Cys variants were analyzed via SDS PAGE (Figure 18B). In line with the analyses of the 

isolated proteins, all proteins were detected as monomers as well as crosslinked dimers under 

oxidizing conditions. 

As the ATPase activity of ABC transporters is linked to the transport activity [169], next we 

compared the determined in vitro ATPase activity to the transport activity of the different Cys 

variants (Figure 19). The ATPase activities of the five BmrA Cys variants K579C to D583C 
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were dramatically increased under oxidizing conditions, whereas simultaneously, the transport 

activity was marginally reduced compared to BmrA wt. This might suggest that crosslinking 

the very C-terminal end facilitated the basal ATP hydrolysis activity but did not inevitably lead 

to an altered transport activity. 

 

Figure 19: Comparison of relative ATPase and Hoechst 33342 transport activities. ATPase 

vs. transport activity of BmrA wt and the C-terminal end Cys variants under oxidized (A) and 

reduced (B) conditions. The markings show a 20% limit. 

 

Yet, under reducing conditions, BmrA D583C showed a wt-like ATPase activity, although the 

relative transport activity was reduced to ~50% compared to BmrA wt. This suggests that the 

Cys might have impeded the substrate transport or the mutation resulted in uncoupling of 

ATPase and transport activity. 

 

4.2.3 Discussion 

ABC exporter-mediated transmembrane substrate transport involves major conformational 

changes of the transporter structure, from an IF to an OF conformation and backwards. Here, 

not only interactions between TMDs and NBDs are crucial, but additionally interactions 

between the NBDs are essential to finally form stable dimers leading to a proper ATP hydrolysis 

and substrate transport. Based on the structure of dimeric ABC exporters, their NBDs are 

already in close proximity [102]. Yet, ATP binding is necessary for proper NBD dimerization 

[160], whereas ATP hydrolysis is needed for the dissociation of the NBDs to reset the 

translocation cycle [170,217]. Based on the recently published BmrA structures in an OF 

conformation [144], it is apparent that the C-terminal ends do overlap to some extent (Figure 
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13, Figure 16). Consequently, we investigated in this study a putative involvement of the C-

terminal helix in dimerization and activity of BmrA. 

The C-terminal helix of BmrA wt can be subdivided into two shorter α-helical fragments 

(Figure 13). When the entire helix (ΔCT) was deleted, the BmrA ATPase as well as transport 

activity was completely abolished, indicating a critical role of this helix (Figure 14). Yet, when 

solely the very C-terminal helix fragment was deleted (ΔCTh), the activity was essentially 

unaltered, and thus this helical region apparently did not establish crucial interactions within or 

between half-transporters (Figure 14). 

Since ΔCT showed only a poor ATPase activity, we concluded that some or all amino acids 

from L569 to L578 of the C-terminal end are crucial for the activity of BmrA. By mutating 

single amino acids of this part to Ala/Val we wanted to detect essential residues in this particular 

C-terminal part of BmrA. Based on our mutational analyses, especially the residues L569-R571 

and Q576-L578 were crucial for the BmrA ATPase activity, whereas replacement of the core 

residues of this fragment (D572-E575) did not affect the BmrA activity as dramatically (Figure 

15). Due to their position, the residues L569-R571 are in proximity to the Walker A motif of 

the same monomer (Figure 20). The Walker A motif mediates ATP binding and triggers NBD 

dimerization [111], and therefore it is reasonable to assume that mutating an amino acid residue 

of L569-R571 to Ala affected the dimerization of BmrA and thereby resulted in the decreased 

ATPase activity. A decreased ATPase activity could also be determined for the residues Q576-

L578; these amino acids are in close distance (Cα < 10 Å) to residues of the H-loop of the same 

monomer. This loop recognizes and adjusts ATP and is consequently needed for proper 

dimerization and ATPase activity of an ABC transporter. E.g. mutations of the eponymous H 

in the H-loop cause a drastically decreased ATPase activity and no transport activity of HisP, 

MalK and HlyB [124,218,219]. Simultaneously, the amino acid residues Q576 and Q577 are 

close to the D-helix of the opposite NBD. For example, this helix, found in TAP1, is crucially 

involved in dimerization of the transporter [123]. Thus, interactions between the C-terminal 

amino acid residues Q576 to L578 and the H-loop as well as with the D-helix of the opposite 

NBD might be important for the dimerization process of BmrA and thereby for the ATPase 

activity, which is supported by our results. 
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Figure 20: Structure of BmrA with possible interaction partners of crucial residues at the 

C-terminal end. BmrA monomers (grey and white) with orange marked amino acid residues 

of the C-terminal end, the Walker A motif (red) and the H-loop (green) of the same monomer 

as the marked C-terminus, the D-loop (blue) with the D-helix (turquoise) of the opposite 

monomer. 

 

While for most variants, the respective ATPase and Hoechst transport activities were similarly 

decreased (Figure 15C), due to the ATP-coupled transport [169]. Different results were 

obtained for F573A. This variant was wt-like ATPase active, yet the relative transport activity 

was drastically reduced, indicating that the replacement of F573 to Ala affected solely the 

transport activity of the ABC transporter. As mentioned before, during the translocation cycle, 

the ABC exporter structure rearranges from an IF to an OF conformation [107]. Regarding the 

proposed structure of BmrA (Figure 20), the amino acid F573 of the C-terminal end could have 

a central position between the Walker A motif and the H-loop of the same monomer as well as 

with the D-loop of the opposing monomer. For HlyB it was postulated that some amino acids 

at the C-terminal end communicate with the D-loop of the opposite NBD [124]. This interaction 

seems to be important for the monomer-monomer stabilization during the translocation 
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cycle [123]. Additionally, the D-loop with the opposite Walker A motif is important in ABC 

transporters for the hydrolysis of ATP [122,220] but is also essential for both the NBD-NBD 

and the NBD-TMD communication [221]. This central location of F573 might be important for 

transmitting the information about ATP-binding at the Walker A motif and the H-loop to the 

D-loop and thereby organizing a stable dimerization process of the ABC transporter, necessary 

for the substrate transport. 

The impact of enforced NBD dimerization via covalent Cys crosslinking on the BmrA activity 

was examined by replacing the residues K579-D583 individually by Cys. Upon exchange of a 

single amino acid of the C-terminal end by Cys, adjacent NBD dimer were expected to 

covalently crosslink under oxidized conditions and form disulfide bridges when two Cys 

residues are in close contact. Our assumption was, that in the α-helices only opposite Cys would 

be able to crosslink. Unexpectedly, for all oxidized Cys variants, formation of stable dimers 

was observed in the SDS PAGE analyses (Figure 17B, Figure 18B). Thus, the very C-terminal 

end of BmrA must be highly flexible and is possibly not completely α-helical at all times. 

Similar results were obtained for the isolated ADP-bound BmrA-NBD monomer in NMR 

studies [222]. In fact, when comparing the recently published structures of BmrA wt 

(pdb: 6R81, pdb: 6R72, pdb: 7OW8, pdb: 7BG4), the very C-terminal region indeed appears to 

be rather flexible and has varying α-helix content. 

Interestingly, if the C-terminus lacked exactly the amino acids K579 to D583, which was the 

case for ΔCTh, then for this variant, no significant decrease in the ATPase and transport activity 

was determined (Figure 14). Due to these results, it appears that this very C-terminal end does 

not form crucial contacts necessary for the activity of BmrA. However, replacing a single amino 

acid by Cys (K579C-D583C) resulted in a slightly reduced activity under reducing conditions 

(Figure 17A, Figure 18A). Possibly, on account of an altered interaction of the C-terminus with 

the protein, the position of the previous C-terminal part (L569-L578) changed, which resulted 

in the reduced activity leading to the assumption that this last C-terminal part (K579-D583) is 

not completely free. These observations were supported by the formation of disulfide bridges 

under oxidizing conditions. Due to the crosslinking of the introduced Cys, the NBDs are 

steadily in proximity, which resulted in an increased ATPase activity (Figure 17A). Thus, if 

this crosslinking had no further consequences, an increase in transport activity would be 

expected, yet was not the case (Figure 18A). Hence, the amino acid residues of the very C-

terminal end were repeatedly in spatial proximity, but without the enforced dimerization these 

interactions did not stabilize the dimer and by this the activity. 
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In summary the C-terminal end of BmrA is of importance for the ABC transporter to be fully 

active. Especially the proximity of the residues L569-R571 to the Walker A motif and the 

interactions of Q576-L578 with the H-loop of the same NBD and the D-helix of the opposite 

NBD seem to be important for dimerization and thereby the ATPase activity of BmrA wt. In 

particular, the proximity of the amino acid F573 to the Walker A motif and H-loop of the same 

monomer and to the D-loop of the opposite monomer seems to be necessary for NBD-TMD 

interactions and by this for the transport being coupled to the ATPase activity. 

 



The TMD of BmrA stabilizes the NBD, studied by unfolding an ABC transporter in vitro 

63 

4.3 The TMD of BmrA stabilizes the NBD, studied by unfolding an ABC 

transporter in vitro 

4.3.1 Introduction 

Approx. 20–30% of all genes in any genome encode for membrane proteins [18]. Missense 

mutations in human membrane proteins often result in malfunction, yet also in destabilization, 

misfolding or improper intracellular trafficking [223–226]. Clearly, proper folding and 

assembly of membrane proteins is imperative for their function (chapter 1.2) [36,39,227,228]. 

Yet, mostly due to experimental difficulties, folding and stability of membrane proteins is far 

less studied and understood as in case of soluble proteins. Thus, increased research efforts in 

this field are urgently needed. 

In the last years, in vitro folding and stability of these exceedingly hydrophobic proteins were 

analyzed in diverse studies [25,229,230], typically with focus on “simple” monomeric or 

smaller oligomeric proteins [231–233], such as bacteriorhodopsin [234,235], diacylglycerol 

kinase [236,237], EmrE [238,239] or KcsA [240,241]. 

The thermodynamic stability as well as the folding pathway of soluble proteins are typically 

studied via unfolding (and refolding) of proteins by chaotropic agents, such as guanidinium 

hydrochloride or urea. The chaotropic denaturant urea can either directly bind to the protein to 

dismantle the tertiary structure or indirectly affect the protein structure by the altered solvent 

environment. Nevertheless, when using urea as a denaturant, solely the soluble domains of an 

α-helical membrane protein can be examined, while the hydrophobic membrane integral parts 

are typically covered by the lipid bilayer or membrane mimicking detergents and thereby are 

inaccessible for urea [242–245]. Yet, membrane proteins might be unfolded in vitro by the 

anionic detergent SDS [237,246]. When a membrane protein is dissolved in a mild, non-ionic 

detergent, upon addition of SDS mixed micelles form with the detergent used to solubilize a 

membrane protein. At increasing SDS concentrations, the SDS content in the mixed micelles 

increases, eventually resulting in membrane protein destabilization and/or unfolding. However, 

while SDS weakens helix-helix-contacts of a membrane protein, the α-helix content of a TMD 

typically is preserved [193,237,242], meaning, associated α-helices might monomerize upon 

the addition of SDS [247,248]. Thus, SDS denaturation of α-helical membrane proteins in fact 

probes the second stage of the two-stage model of α-helical membrane protein folding (Figure 

2), i.e., lateral association of TM helices and the formation of well-structured TM helix bundles. 

Usually, most membrane proteins are oligomeric [49] and due to their monomer location within 

a biological membrane, their orientations are limited by the lipid bilayer, hence the subunits 
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can interact without covalent linkages [50]. Yet, while some membrane proteins not only have 

a membrane integrated part with small, soluble loop regions, others have additional larger 

soluble domains. As these domains are crucial for establishing interactions with subsequent 

(signaling) proteins, which are of direct functional importance, signal transmission from the 

transmembrane to the soluble domains, or vice versa, requires functional interactions and 

establishing contacts that allow signal transmission. Consequently, covalently linking of a 

soluble interaction partner, i.e. expression of polypeptides containing a TM as well as soluble 

domains, is advantageous [50]. Nevertheless, TM and soluble domains are not always linked, 

and e.g., in case of the tetrameric Vitamin B12 transport protein BtuC2D2 of E. coli, four 

subunits consisting of two TM and two cytosolic monomers have to assemble to build a 

functional transporter (Figure 3) [249]. Mostly, such protein-protein interfaces are stabilized by 

hydrophobic interactions or salt bridges [54,250]. BtuC2D2 is a member of the ABC transporter 

family, which actively transports chemically diverse substances across cellular membranes by 

using energy gained via ATP hydrolysis [83,84,86]. The vast substrate diversity in some ABC 

transporter can facilitate the resistance against antibiotics in some bacterial cells [209,251] and 

resistance to chemotherapeutic agents in cancer cells [172]. Nevertheless, ABC transporters can 

be found in all kingdoms of life and either are able to import or to export substrates [251]. In 

general, for the transmembrane substrate transport, the energy released in a soluble NBD is 

used in a TMD, and thus these domains have to be functionally linked. All ABC transporters 

consist of four core domains, two TMDs and two NBDs [131,182]. Either these four domains 

are altogether part of a single polypeptide chain, or one TMD and one NBD are fused together 

as a half-transporter, and two identical or different half-transporter homo- or heterodimerize, 

respectively, to form a full-transporter (Figure 3). Yet, in ABC importers, also the four domains 

can be separate proteins, which have to assemble to build a functional transporter [182], as 

mentioned before. Basically, during the substrate transport, ABC transporter switch between an 

IF and an OF conformation, which involves major conformational changes (chapter 1.3.5). 

Consequently, a tight interaction of the domains in the full-transporter is crucial. In general, 

conformational changes in ABC transporters occur when (i) the binding of ATP between the 

NBDs triggers the dimerization of said domains and (ii) the dimerization process is forwarded 

to the TMDs to initiate the structural switch. The motifs in the NBDs involved in the 

recognition, binding and hydrolysis of ATP are highly conserved among ABC transporters 

(chapter 1.3.3) [90,131]. Two ATP bind between a Walker A motif of one NBD and an 

ABC signature motif of the opposite NBD (Figure 5B, Figure 7B) [86,97], and thereby 

dimerization with an opposing NBD is triggered [91,100,108,210]. Among ABC transporters, 
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CH are conserved structural elements of the TMDs (chapter 1.3.4) [131]. These short helices 

are located at the cytoplasmic side of the transporters TMDs and interact in a “ball-and-socket” 

joint [154] with the NBDs and thereby establish an important non-covalent connection between 

the NBD and TMD plus enable the NBD-TMD communication during the translocation cycle 

[88,93,95,154]. 

In the present study, we used the ABC transporter BmrA of the Gram-positive bacterium 

Bacillus subtilis as a model to study the interaction and stabilization of the NBD and TMD 

(Figure 7, Figure 21). As all type IV ABC transporter, BmrA contains two CHs per monomer 

(Figure 4) [107]. Structurally, CH1 is located between TM2 and TM3 and CH2 between TM4 

and TM5. Notably, CH1 of one half-transporter is in proximity to both NBDs of the transporter, 

whereas CH2 is coupling with the NBD of the opposite half-transporter. Therefore, TM4 and 

TM5 are arranged diagonally, to make it possible for CH2 to interact with the opposing NBD 

[93,95]. Both CHs seem to interact with the X-loop of the NBD, this conserved motif is 

exclusively found in ABC exporters and seems to crosslink the CHs. Thus, this loop establishes 

crucial interactions between both TMDs and each NBD and transfers conformational changes 

mediated by ATP (binding and hydrolysis at the ABC signature motif) in the NBDs to the CHs 

of the TMDs [95]. We aimed at analyzing whether the linkage between the TMD and the NBD 

influences the stability of the single domains, as well as the non-covalent interactions between 

the CHs and the NBDs. Thus, we investigated the destabilization of BmrA induced by urea and 

SDS by monitoring the intrinsic Trp fluorescence emission signal. Our results indicate that the 

NBD is more prone to denaturing agents than the TMD. Additionally, the isolated NBDs were 

more vulnerable to urea- and SDS-denaturation than the NBDs as part of a full-length 

transporter. Crucially, the NBDs were mostly stabilized by hydrophobic interactions at the 

TMD-NBD interface. 

 

4.3.2 Results 

An established method used to study the (un)folding of proteins is monitoring changes in a 

protein’s intrinsic fluorescence emission. Via recording fluorescence emission spectra, the 

polarity of the direct environment of a Trp can be monitored [252]. In this study, the impact of 

increasing amounts of SDS or urea on BmrA wt, BmrAW413Y, BmrAW104YW164A, TMD, NBD 

and NBD+TMD, were examined via recording Trp emission spectra. 
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4.3.2.1 SDS-induced unfolding of full-length BmrA wt and variants 

The anionic detergent SDS is able to form mixed micelles with the mild detergent DDM, 

eventually resulting in tertiary structure destabilization, albeit the α-helical structure of 

membrane proteins typically is maintained [193]. Due to its amphiphilic character, SDS 

interacts with charged amino acids as well as establishes hydrophobic interactions with aliphatic 

and/or aromatic amino acids [253]. To analyze the stability of BmrA wt, the intrinsic Trp 

fluorescence emission characteristics were determined. The naturally occurring Trp can be used 

as a sensor for a protein’s stability, since changes of the polarity in a Trp environment alter its 

fluorescence emission spectrum [252]. Three Trp residues naturally occur in the BmrA wt 

monomer (Figure 21). Two Trp residues are located in the TM segment of the protein. More 

precisely, W104 is localized in the TMD at the cytoplasmic side of the membrane, whereas 

W164 is part of a short unstructured loop of a polypeptide chain linking TM3 and TM4 at the 

extracellular side (extracellular loop 2), close to the head groups of the lipid bilayer. One Trp 

(W413) is located within an unstructured part in the C-terminal cytosolic NBD and 

consequently, it is exposed to a more hydrophilic environment. 

 

Figure 21: BmrA wt dimer with labelled Trp residues (pdb: 6R81). The Trp residues 

(magenta) W104, W164 and W413 within the BmrA wt dimer are shown. One monomer is 

colored in dark grey, and the opposite shows the hydrophobicity within the monomer 

(blue: polar, orange: hydrophobic, white: neutral residues). 
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We first analyzed the influence of increasing SDS mole fractions on the Trp fluorescence 

emission using the full-length BmrA wt protein. We also generated and analyzed a BmrA 

variant, which only contained a single Trp (W413) in the NBD to specifically analyze the 

impact of SDS on the NBD in the context of the full-length protein. In this variant, the two 

residues W104 and W164 of the TMD were replaced by Tyr and Ala and in the following 

referred to as BmrAW104YW164A. The amino acid residue exchange was based on ATPase and 

Hoechst transport activity analysis (Figure 27) to gain a single active Trp variant of BmrA. 

Furthermore, another variant was generated, possessing solely the Trp residues of the TMD and 

lacking the Trp (W413) of the NBD, which was replaced by a Tyr (BmrAW413Y). These two 

BmrA variants were unfolded by increasing SDS mole fractions (Figure 22). 

The Trp fluorescence intensity at 322 nm for BmrA wt reduces between the native and the 

highest SDS mole fraction (χSDS = 0.95) approx. 45% (Figure 22, black). At low SDS 

concentrations, the intensities did not change, until at χSDS = 0.08 the intensity diminished 

drastically by approx. 16% and from χSDS = 0.16 the Trp fluorescence intensities gradually 

decreased until the lowest value was reached at χSDS = 0.95. 

 

Figure 22: SDS-induced unfolding of BmrA wt and Trp variants. The fluorescence 

intensities of BmrA wt (black), BmrAW413Y (turquoise) and BmrAW104YW164A (ocher) at 

increasing χSDS were determined at a fixed wavelength (BmrA wt: 322 nm; 

BmrAW413Y: 320 nm; BmrAW104YW164A: 318 nm). Data points represent the means of three 

independent purifications with standard derivation (SD), without any given unit. 

 

The changes in BmrA wt and the BmrAW104YW164A fluorescence emission characteristics were 

nearly identical. For BmrAW104YW164A (Figure 22, ocher), i.e. the variant which allowed 

monitoring exclusively structural changes occurring in the NBD, the fluorescence intensities at 
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increasing SDS concentrations were at the same level until at χSDS = 0.16 the intensity decreased 

around 23%, and with further increasing SDS concentrations constantly further decreased. The 

overall reduction in the fluorescence intensity between χSDS = 0 and χSDS = 0.95 was approx. 

47%. 

The determined fluorescence intensities at increasing SDS concentrations for BmrAW413Y 

(Figure 22, turquoise) differed from BmrA wt, as here the Trp intensities initially increased 

until at χSDS = 0.16 a maximum was reached. Thereafter, the fluorescence intensities linearly 

decreased with increasing SDS concentrations. Interestingly, at around χSDS = 0.2 the course of 

BmrA wt and BmrAW413Y appears to run parallel. The fluorescence intensity at χSDS = 0.95 was 

slightly decreased (approx. 15%) compared to the native state (without SDS). 

The differences in the graphs of the maximum fluorescence intensities for BmrAW104YW164A and 

BmrAW413Y suggest that the Trp environment of the soluble part and the membrane integral 

domains as part of the full-length BmrA were differently affected by SDS. Simultaneously, the 

high degree of similarity of the graphs for BmrA wt and BmrAW104YW164A indicates that the 

changes in the Trp environment of BmrA mostly originated from W413, which is located in the 

NBD of BmrA. 

 

4.3.2.2 SDS-induced unfolding of isolated BmrA domains 

The graphs of the Trp fluorescence intensity changes at increasing SDS mole fractions seemed 

to be similar for BmrA wt and the full-length variant BmrAW104YW164A (Figure 22). Thus, we 

next examined the impact of increasing χSDS on the isolated NBD, the isolated TMD and upon 

mixing the isolated domains (NBD+TMD) by recording the Trp emission spectra (Figure 23). 

For BmrA wt, each isolated domain and the mixed NBD+TMD (measured and calculated) 

spectra were recorded. The spectra of the native state (χSDS = 0) and the SDS unfolded proteins 

at the maximal mole fraction of χSDS = 0.95 of BmrA wt (black), the mixed NBD+TMD (green) 

and the calculated NBD+TMD (grey, dotted line) are shown in Figure 23A. 
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Figure 23: SDS-induced unfolding of BmrA wt, TMD and NBD variations. The emission 

spectra present the native proteins (χSDS = 0) and the proteins with the highest SDS mole 

fraction (χSDS = 0.95). A: BmrA wt full-length measured (black), NBD+TMD measured 

(green), NBD+TMD calculated (grey, dotted line). The mean values of the recorded spectra 

were determined and shown (without SD). B: The fluorescence intensities of BmrA wt (black, 

same as in Figure 22), NBD (blue), TMD (red), NBD+TMD measured (green), NBD+TMD 

calculated (grey) at increasing χSDS were determined at a fixed wavelength (BmrA wt: 322 nm; 

NBD: 324 nm; TMD: 328 nm; NBD+TMD measured: 323 nm; NBD+TMD calculated (cal): 

323 nm). Data points represent the means of three independent purifications with SD, without 

any given unit. 

 

Unfolding the full-length BmrA wt with increasing χSDS (Figure 23A, black) led to a decrease 

in the maximum fluorescence intensity, and the wavelength of the maximum fluorescence 

intensity shifted to shorter wavelengths. Similar results, but at varying extent, were obtained 

for each isolated domain of BmrA, NBD and TMD. Yet, the decrease in the Trp fluorescence 

intensity for the TMD was not as distinct as for BmrA wt and the isolated NBD. Noteworthy, 

the isolated NBD, as a soluble protein, would not necessarily require detergent, but to allow 

mixed micelle formation and thus a direct comparison a of the results, DDM was present in the 

buffer. 

The Trp fluorescence intensities of the isolated NBD (Figure 23B, blue) decreased by approx. 

40% at SDS mole fractions higher than χSDS = 0.08. The overall decrease in the fluorescence 

intensity was around two thirds compared to the intensity measured for the native NBD. For 

the isolated TMD (Figure 23B, red), the fluorescence intensity increased around 6% until at 

χSDS = 0.16 a maximum was reached. Thereafter, the intensities decreased and the overall 

change in the fluorescence intensity between χSDS = 0 and χSDS = 0.95 was approx. 25%. The 

difference between the graphs of the maximum fluorescence intensities for NBD and TMD 

indicates that the Trp residues, and by this the stability of the soluble part and the membrane 
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integral part of BmrA, were differently affected by SDS, which complements the observations 

made with the full-length proteins. 

Interestingly, mixing the isolated NBD with the isolated TMD and unfolding the mixture via 

increasing the mole fraction SDS, similar emission spectra were obtained (Figure 23A, green) 

as with the full-length BmrA wt protein (Figure 23A, black). Additionally, we summed up the 

spectra recorded with the isolated NBD and the isolated TMD (respectively for χSDS = 0 and 

χSDS = 0.95), which resulted in the calculated TMD+NBD spectrum (Figure 23A, grey). No 

differences were observed between the spectra of the full-length BmrA wt (Figure 23A, black), 

the mixed TMD+NBD (Figure 23A, green) and the calculated TMD+NBD (Figure 23A, grey). 

Furthermore, evaluation of the maximum fluorescence intensities at increasing χSDS lead to a 

comparable graph for full-length BmrA wt (Figure 23B, black), the mixed NBD+TMD (Figure 

23B, green) and the calculated NBD+TMD (Figure 23B, grey). For the calculated NBD+TMD 

(Figure 23B, grey), the maximum fluorescence intensity values of the isolated NBD (Figure 

23B, blue) were added to the values of the isolated TMD (Figure 23B, red). These observations 

suggest, that the Trp fluorescence emission measured with the full-length BmrA wt protein was 

the sum of the isolated domains NBD and TMD, and thus the covalent link and/or association 

of the two domains did not affect the Trp fluorescence characteristics. Consequently, the 

covalent link between the TMD and NBD might not be inevitably crucial for the stability of 

BmrA. 

 

4.3.2.3 BS3-crosslink of the proteins 

Since BmrA forms dimers in vivo, we analyzed the effect of homodimerization on the stability 

of the protein. Therefore, we crosslinked the purified full-length BmrA wt in micelles with BS3. 

Furthermore, we examined whether the isolated TMD and the isolated NBD could assemble as 

a functional BmrA. SDS PAGE analysis of the proteins BmrA wt, TMD, NBD and the mixed 

NBD+TMD resulted in mostly successful crosslink of dimers, when the proteins contained the 

TMD (Figure 24). 
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Figure 24: BmrA wt and variants without and with BS3-crosslinker. The isolated proteins 

BmrA wt (1), TMD (2), NBD (3) and NBD+TMD (4) on a Coomassie brilliant blue stained 

10% SDS PAGE gel. The proteins were separated on the gel without BS3-crosslinker (-) and 

with a 50fold excess of BS3-crosslinker (50x). 

 

As expected, without the crosslinker, only a monomer signal, or rather two for the mixed 

NBD+TMD, were detected. Upon BS3-crosslinking of the proteins, the monomer signals 

became indistinct and a second signal at higher molecular weights appeared. For the full-length 

ABC transporter BmrA wt the monomer signals were at around 60 kDa. The signal remained 

at that height but fainted for the BS3-crosslinked wt BmrA. The second signal was at around 

120 kDa and was less well defined and diffuse. Similar observations were made for the isolated 

TMD, except, due to the different molecular weights, the monomer signal of the TMD 

(~37 kDa; Table 12) was detected just below the 35 kDa marker signal and the BS3-crosslinked 

signal was diffuse below the marker signal at 66.2 kDa. The isolated NBD (~30 kDa, Table 12) 

was detected at around 30 kDa. After crosslinking with BS3, the signal became a little more 

expanded, but still with a very distinct signal at this height. However, a signal of a BS3-

crosslinked NBD dimer was not detectable. When mixing the isolated NBD with the isolated 

TMD, two signals were detected, one for each domain at the heights described before for the 

isolated domains (Figure 24, lane 2 and 3). When BS3-crosslinked, these proteins showed a 

similar signal at the monomer height as it was the case for the isolated NBD and a similar lane 

as for the crosslinked TMD (expanded signal close to 66.2 kDa). Seemingly, the isolated TMD 

crosslinked, but likely no assembled full-length-like BmrA protein comprising of two isolated 

NBDs and TMDs each could be detected by using this method under the here applied 

conditions. 
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The analysis of the BS3-crosslinking indicated that the proteins containing a membrane integral 

part, such as the full-length protein BmrA wt and the isolated TMD, were able to form dimers. 

The NBD on the other hand, appeared to be mainly monomeric and seemed not to interact with 

another NBD or the TMD, although the isolated NBDs are in principle able to crosslink upon 

BS3-crosslinker addition (personal communication by N. Hellmann). 

 

4.3.2.4 Urea-induced unfolding of BmrA 

Compared to SDS, proteins are differently denatured by the chaotropic agent urea. Yet, the 

exact denaturing mechanism is not yet fully understood, however the hydrophilic urea denatures 

preferably the hydrophilic protein parts [227,245,254]. Since the surface of soluble proteins is 

to a greater extent exposed to water, we expected larger differences in the cytosolic part of the 

full-length protein (BmrAW104YW164A) and in the isolated soluble protein (NBD) upon the 

addition of increasing concentrations of urea. Thus, increasing urea concentrations inevitably 

lead for soluble proteins or more hydrophilic parts of a membrane integral protein, to an 

increased amount of denatured/partly unfolded protein. 

Again, we monitored the fluorescence emission spectra, this time at increasing urea 

concentrations (Figure 25). The normalized emission spectra of the native BmrA wt and the 

native isolated NBD were comparable (Figure 25A). Though, the maximum fluorescence 

intensity of the spectrum of the native BmrAW104YW164A, was slightly shifted (approx. 5 nm) to 

smaller wavelengths. At concentrations of 6.5 M urea, the maxima of the emission spectra of 

BmrA wt, BmrAW104YW164A and isolated NBD decreased in the fluorescence intensity. 

Noteworthy, here the wavelengths of the maximum intensities of BmrA wt and the isolated 

NBD shifted to higher wavelengths (Figure 25A, dotted black and blue graphs), whereas the 

wavelength of the maximum intensity of BmrAW104YW164A shifted to an even smaller 

wavelength (Figure 25A, dashed ocher graph). 
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Figure 25: Urea denaturation of BmrA wt and variants. A: Normalized fluorescence 

emission spectra of BmrA wt (black), NBD (blue) and BmrAW104YW164A (ocher) of the native 

protein (line) and the protein exposed to 6.5 M urea (dotted line). The relative emission spectra 

show the mean values (without SD). B: The wavelengths of the maximum fluorescence 

intensities of each protein at the different urea concentrations are given for full-length BmrA wt 

(black), TMD (red), BmrAW413Y (turquoise), calculated NBD+TMD (grey, cal), NBD+TMD 

(green), BmrAW104YW164A (ocher) and NBD (blue). Data points represent the means of three 

independent purifications with SD, without any given unit. 

 

The wavelengths of the maximum intensities for the ABC transporter BmrA wt shifted at 

increasing urea concentrations to higher wavelengths (Figure 25A, black). Here the maximum 

fluorescence intensity was at a wavelength of around 323 nm and shifted to ~329 nm when the 

protein was exposed to 6.5 M urea. The overall decrease in the max. florescence intensity 

measured for BmrA wt was at around 42% between native protein and exposed to 6.5 M urea 

(Figure 25B, black). In contrast, for the full-length variant BmrAW413Y, no change in the 

maximum fluorescence intensities at increasing urea concentrations was observed (Figure 25B, 

turquoise). 

In the full-length variant BmrAW104YW164A changes in the environment of W413 upon increasing 

concentrations of urea can be exclusively followed. Compared to BmrA wt, the wavelength of 

the maximum fluorescence intensity of the native BmrAW104YW164A, was shifted to approx. 

318 nm (Figure 25A, ocher). Until an urea concentration of 1 M, the max. fluorescence intensity 

of BmrAW104YW164A decreased only slightly (Figure 25B, ocher). Yet, at a concentration of 

6.5 M urea, the wavelength of the fluorescence intensity maximum shifted to smaller 

wavelength to around 301 nm, indicating a more hydrophobic Trp environment. The overall 

decrease in the maximum fluorescence intensity was of approx. 54%. For the isolated NBD, 

slightly different results were obtained (Figure 25A, B, blue), albeit here also the environment 

of the W413 was monitored. Due to a better comparability between BmrAW104YW164A and the 
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isolated NBD, DDM was present in the experimental buffer to allow DDM micelle formation. 

The wavelength of the maximum fluorescence intensity of the native isolated NBD was at 

around 324 nm (Figure 25A, blue). The maximum fluorescence intensity wavelength of isolated 

NBD exposed to 6.5 M urea was at ~337 nm. At the same time, the max. fluorescence intensity 

at increasing urea concentrations decreased of around 67% (native protein compared to protein 

exposed to 6.5 M urea). The shift to higher wavelengths indicates that the W413 of the isolated 

NBD was in a more hydrophilic environment when exposed to increasing concentrations of 

urea. The differences in the wavelengths, determined for the maximum fluorescence intensities 

at increasing urea concentrations, observed for the isolated NBD (Figure 25, blue) vs. the full-

length BmrAW104YW164A variant (Figure 25, ocher), imply that the W413 environment changed 

differently when the NBD was isolated (more hydrophilic) or part of the full-length protein 

(more hydrophobic). 

Expectedly, the isolated TMD (Figure 25B, red), exposed to increasing concentrations of urea, 

showed neither a decrease in the maximum fluorescence intensity nor a shift in the wavelengths 

at said fluorescence intensities. This is reasonable, since the Trp residues, as part of the TMD, 

are surrounded by hydrophobic detergent micelles and are thereby protected from the urea. 

As expected, the curve for the mixture of the isolated NBD and TMD (Figure 25B, green) as 

well as the curve calculated for the NBD+TMD from the individual spectra (Figure 25B, grey), 

showed a decrease of the max. fluorescence intensities comparable to the BmrA wt (Figure 

25B, black). Also, the overall decrease in the intensities between native and exposed to 6.5 M 

urea was of around 25% for the measured NBD+TMD and 24% for the calculated NBD+TMD. 

 

4.3.3 Discussion 

In this study, we monitored changes in the structure of wt BmrA as well as of variants and 

isolated domains via Trp fluorescence changes. The ABC transporter BmrA wt has three Trp 

residues per monomer, two in the TMD plus one in the NBD, and two of these Trp residues are 

located at the cytoplasmic side and one at the periplasmic side of the protein (Figure 21). To 

examine the stability of BmrA, we analyzed the changes in the Trp surrounding of the full-

length protein and its variants BmrAW104YW164A and BmrAW413Y as well as of the isolated NBD 

and TMD in this study. Therefore, BmrA wt and its variants were exposed to increasing 

amounts of SDS or urea. The fluorescence intensity maxima detected for BmrA wt and its 

variants indicated that the Trp residues are mainly located in a hydrophobic environment [255]. 

In general, the fluorescence intensities for most proteins decreased at increasing concentrations 
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of denaturing agents. Additionally, the wavelength of the fluorescence intensity maxima for 

BmrA wt shifted to shorter wavelengths when incubated with SDS (Figure 23A), or, when 

incubated with urea, slightly shifted to longer wavelength (Figure 25A). This indicated that the 

environment of one, two or all three Trp residues in the monomer was altered in hydrophobicity. 

Usually, shifts to shorter wavelength point to a more hydrophobic surrounding, whereas shifts 

to longer wavelength suggest an exposure to a more hydrophilic setting. As the fluorescence 

spectra for BmrA wt reflected environmental changes of all individual Trp residues, interpreting 

this given data is rather complicated. 

Nevertheless, we analyzed the full-length wt BmrA as well as we consequently examined full-

length BmrA variants either containing the Trp residues located in the TMD (BmrAW413Y) or 

the Trp in the NBD (BmrAW104YW164A) and in each isolated domain (TMD and NBD) at 

increasing amounts of SDS or urea. Here, due to the Trp location within the protein, the 

environments were differently affected by the denaturing agents. 

At increasing SDS mole fractions a similar course in the fluorescence intensity decrease was 

detected for BmrA wt (Figure 22, black) and for the full-length variant BmrAW104YW164A (Figure 

22, ocher), indicating that changes observed with the full-length wt protein resulted most likely 

from the W413 in the NBD. Also, the Trp of the isolated NBD was similarly altered in its course 

when exposed to increasing χSDS (Figure 23B). But, as the overall change in fluorescence 

intensity between native protein and protein with the highest SDS mole fraction was more 

pronounced for the isolated NBD (~66%) than for the full-length BmrAW104YW164A (47%), the 

Trp environment of BmrAW104YW164A likely was not as altered as in case of the isolated domain. 

The anionic detergent SDS forms mixed micelles with the DDM in the protein solution, but 

furthermore was most likely to solve the tertiary structure and thereby partially destabilized the 

environment around the W413 in the NBD. However, the graphs obtained with the 

BmrAW104YW164A full-length protein and the isolated NBD differ, although in both cases solely 

the Trp environment of the NBD was observed. This suggests that the W413 environment of 

the BmrAW104YW164A variant might be protected and stabilized by the TMD and/or non-covalent 

interactions at the NBD-TMD interface between the NBDs and the CHs of the TMDs. The 

results obtained for the W413 environment of BmrAW104YW164A and the isolated NBD at 

increasing urea concentrations complement our SDS titration results. While for the isolated 

NBD the wavelength of the maximum intensities shifted to higher wavelengths (Figure 25A, 

blue), the opposite was found for BmrAW104YW164A; here, the wavelengths shifted to shorter 

values (Figure 25A, ocher). The red-shift of the maximum fluorescence intensity wavelengths 

of the isolated NBD corresponds to an exposure of W413 into a more hydrophilic surrounding. 
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Here, urea can bind directly to the NBD and hence unfold the protein and thereby stabilize the 

unfolded state. The blue-shifted W413 spectrum monitored with the BmrAW104YW164A protein 

indicates exposure of W413 to a more hydrophobic environment. This again leads to the 

assumption that the NBD, as part of the full-length protein, was less vulnerable against urea-

denaturation and was stabilized by the non-covalent interactions of the CHs with the NBDs 

and/or the proximity to the membrane mimicking hydrophobic DDM prevents the NBD from 

the hydrophilic urea. 

The environment of the Trp residues in the full-length BmrAW413Y or in the isolated TMD were 

most probably not affected by SDS and urea, implied by monitoring the environment of these 

Trp residues, because here the detected fluorescence intensities for BmrAW413Y (Figure 22, 

Figure 25B, turquoise) and TMD (Figure 23B, Figure 25B, red) did hardly change between the 

native state and the highest amount of denaturing agent. Thus, neither SDS nor urea 

substantially change the environment of the Trp residues W104 and W164, which are located 

in the TMD. The TMDs of BmrA are surrounded by DDM micelles and thus adding SDS to the 

protein detergent-solution leads to the formation of mixed DDM/SDS micelles. By increasing 

the amount of SDS, the mole fraction of SDS within these mixed micelles increases. SDS per 

se does typically not unfold TM α-helices [248], thus the α-helical content of the TMD did not 

change. Yet, increasing concentrations of SDS led to a monomerization of the TM α-helices 

surrounded by DDM/SDS micelles [193,247] and still no change in the environment of the Trp 

residues W104 and W164 could be determined. On the contrary, the membrane mimicking 

DDM micelles ensured the hydrophobicity of the TMD, thus the hydrophilic urea could not 

interact with this domain, leading to an unfolding of the water exposed more soluble parts of a 

protein [227]. 

The demonstrated differences in the isolated NBD and the isolated TMD showed that the 

isolated domains of the soluble and the membrane integral part of BmrA are differently affected 

by increasing amounts of denaturing agents. However, if the isolated NBDs and isolated TMDs 

were mixed together and unfolded by SDS or urea, the fluorescence spectra (Figure 23A) as 

well as the course of the fluorescence intensities (Figure 23B, Figure 25B) were comparable to 

the full-length wt ABC transporter BmrA. Identical results were obtained when the signals of 

the isolated domains were summed up, to gain the calculated NBD+TMD values. This finding 

contributes to our suggestion that the Trp environment of the full-length BmrA wt is the sum 

of the Trp environments of the isolated NBDs and TMDs. 
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As BmrA functions as a homodimer in vivo, within a membrane, as well as in micellar solutions 

[167], we evaluated the effect of dimerization on the stability of the protein. We examined the 

proteins via SDS PAGE analysis and neither wt BmrA nor the isolated domains formed stable 

dimers, when exposed to SDS. Hence, we incubated BmrA wt, NBD, TMD and the mixed 

NBD+TMD with BS3-crosslinker, to obtain permanently linked proteins. The results showed 

that the full-length BmrA wt stably homodimerizes to some extent (Figure 24). The same, but 

less distinct, was found for the isolated TMD, which did dimerize as well. Whereas the isolated 

NBD did not dimerize, also the mixed isolated domains, showed most probably the dimerization 

of the isolated TMD and not a TMD connected with a NBD. This indicates a weak interaction 

propensity and that the connection between these domains could not be easily restored by solely 

adding crosslinker. Nevertheless, proteins containing a TMD or the isolated TMD itself were 

able to crosslink upon the addition of BS3-crosslink. 

The results obtained in our study clearly indicate that the cytosolic NBD was most prone for 

SDS and urea and subsequently unfolded more easily. Yet, when part of the full-length BmrA, 

the W413 was less vulnerable against urea and even seemed to be stabilized by non-covalent 

interactions at the NBD-TMD interface most likely by hydrophobic interactions [256]. 

Additionally, the interactions of theW413 and the CHs at this NBD-TMD interface might be 

crucial for the stability of BmrA as well as the proximity of the NBD to the membrane 

mimicking detergent. 
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5 Conclusion 

Multidrug resistance is a major problem in human health. Thus, studying the membrane protein 

BmrA, as a model protein for bacterial ABC transporters involved in multidrug resistance, is of 

great interest. In this study, three aspects in investigating BmrA were addressed, regarding the 

inhibition, the dimerization and the stability. 

Myristic acid, found in a fungal secondary metabolite screening, inhibited the activity of BmrA 

(chapter 4.1). Based on the results obtained here, myristic acid could qualify as a drug excipient 

and the drug export by BmrA might be reduced by applying the fatty acid together with an ABC 

transporter substrate. 

The results maintained by investigations on the C-terminal end of BmrA, showed, that this end 

is crucial for the transporter’s activity (chapter 4.2). Several amino acids at the C-terminus seem 

to interact with conserved motifs within the NBD and thereby support the dimerization of the 

NBDs as well as the communication between NBD and TMD during the translocation cycle of 

BmrA. 

Unfolding BmrA showed, that the cytosolic NBD is most vulnerable against denaturing agents. 

Yet, the proximity of the NBD to the membrane as well as non-covalent interactions at the 

NBD-TMD interface of BmrA, especially W413 and the CHs, are important for the stability of 

the ABC transporter. 

The findings regarding factors influencing dimerization and stability of BmrA might help to 

specifically engineer new therapeutics for diseases, which are affected by ABC transporter 

mediated multidrug resistance. 
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7 Abbreviations 

λ Wavelength 

<λ> Average emission wavelength 

°C Degree Celsius 

Å Ångström 

ABC ATP-binding cassette 

ADP Adenosine diphosphate 

Ala/A Alanine 

approx. Approximately 

Arg/R Arginine 

Asn/N Asparagine 

Asp/D Aspartic acid 

ATP Adenosine triphosphate 

B. subtilis Bacillus subtilis 

BmrA Bacillus multidrug resistance ATP 

cal Calculated 

CH Coupling helix 

Cys/C Cysteine 

Da Dalton 

DDM n-dodecyl-β-D-maltoside 

DMPC 1,2-dimyristoyl-sn- glycero-3-phosphocholin 

DNA Deoxyribonucleic acid 

dNTP Deoxynucleoside triphosphate 

DTT Dithiothreitol 

E. coli Escherichia coli 

e.g. Lat. exempli gratia 

Gln/Q Glutamine 

Glu/E Glutamic acid 

Gly/G Glycine 

h Hour 

Hoechst 33342 2'-[4-ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5'-bis-1H-

benzimidazole 

i.e. Lat. id est 

IF Inward-facing 

kDa Kilo Dalton 

LDH Lactate dehydrogenase 

Leu/L Leucine 

Lys/K Lysine 

M Molarity / Marker 

MDR Multidrug resistance 

Met/M Methionine 

min Minute 

n Number of samples 

NADH β-nicotinamide adenine dinucleotide 

NBD Nucleotide-binding site 
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NBS Nucleotide-binding domain 

OD Optical density 

OF Outward-facing conformation 

PCR Polymerase chain reaction 

PDB Protein data bank 

P-gp P-glycoprotein 

Phe/F Phenylalanine 

Pi inorganic phosphate 

PK Pyruvate kinase 

Pro Proline 

PSI Pound-force per square inch 

rel Relative 

rpm Revolutions per minute 

s Seconds 

SD Standard derivation 

SDS Sodium dodecyl sulfate 

PAGE Polyacrylamide gel electrophoresis 

SEM Standard error of the mean 

Ser/S Serine 

Thr/T Threonine 

TM Transmembrane 

TMD Transmembrane domain 

Trp/W Tryptophan 

Tyr/Y Tyrosine 

Val/V Valine 

wt Wild type 

χSDS SDS mole fraction 
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11 Appendix 

11.1 Plasmid 

 

Figure 26: pET303-CT/His BmrA wt plasmid. This plasmid contains an ampicillin resistance 

(AmpR, green). The area coding for BmrA was separated in TMD (red) and NBD (blue). BmrA 

was inserted into the plasmid using the enzymes XbaI and XhoI. The plasmid map was created 

using SnapGene Viewer (SnapGene software (from Insightful Science; available at 

snapgene.com; version 6.0.2) 

 

11.2 Methods 

11.2.1 Screening for BmrA inhibitors using fungal extracts and isolation of myristic acid 

from IBWF 030-11 

This method was performed by Hüseyin Özbek and Anja Schüffler. This is an unmodified 

“Methods” section published in the article “Myristic acid inhibits the activity of the bacterial 

ABC transporter BmrA”. The article can be found in chapter 11.3. 

448 fungal extracts dissolved in DMSO were tested in 384 well plate format in accordance to 

assay methodology described in 3.4.1 at a concentration of 0.5 mg/mL in initial screens. NADH 

decrease was monitored with a multilabel reader (Perkin Elmer Envision 2104). Among the 

active extracts was one isolated from the mycelium of strain IBWF 030-11 (Clavicipitaceae). 

This strain is deposited in the strain collection at the Institut für Biotechnologie und Wirkstoff-
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Forschung (IBWF), Mainz. The active principle was identified by subfractionation of the initial 

extract and retesting whereby the activity was tracked to a natural product which was unknown 

to the IBWF compound library. To isolate the active principle for structure elucidation and 

natural product characterization, strain IBWF 030-11 was regrown and cultivated in a 20 L 

fermenter in YMG medium (YMG: 4 g yeast extract, 10 g malt extract, 10 g glucose, pH was 

adjusted to 5.5 before autoclaving). For inoculation a well-grown flask culture in the same 

medium was used. The mycelium was separated from the culture by filtration 16 days after 

inoculation, freeze-dried (dry weight 122 g) and subsequently extracted with MeOH to yield 

24 g crude extract. Flash chromatography on silica gel 60 (0.04–0.063 mm; Macherey-Nagel) 

yielded a subfraction (750 mg) which was applied to a second silica gel fractionation to yield 

intermediate 1 (628 mg). Preparative HPLC (PrepHT Zorbax Eclipse XDB-Phenyl, 5 µm, 

21 x 250 mm, Agilent Technologies, MeCN: 0.1% TFA in H2O gradient from 50% MeCN to 

70% MeCN in 20 min, 21 mL/min) of intermediate 1 yielded 5 mg of the active substance 

(myristic acid (RT 11.5 min)). The purity of the active substance was checked with mass 

spectrometry. 

 

11.2.2 NMR analysis 

This method was performed by Johannes C. Liermann. This is an unmodified “Methods” 

section published in the article “Myristic acid inhibits the activity of the bacterial ABC 

transporter BmrA”. The article can be found in chapter 11.3.  

Myristic acid was identified by 1H, 13C, COSY, HSQC, and HMBC NMR using a Bruker 

Avance III 600 MHz spectrometer, equipped with an inverse Helium-cooled cryoprobe. All 

shifts are given relative to TMS, using the residual CHCl3 shift as reference (7.26 ppm) [257]. 

1H NMR (600 MHz, CDCl3) δ = 2.36 (t, J = 7.5 Hz, 2H, H-2), 1.63 (pseudo quin, J = 7.5 Hz, 

2H, H-3), 1.44–1.19 (m, 20H, H-4 to H-13), 0.88 (dist. t, J = 6.9 Hz, 3H, H-14) ppm. 13C NMR 

(151 MHz, CDCl3) δ = 176.6* (C-1, by HMBC), 33.4 (C-2), 31.9 (C-12), 29.8–29.0 (C-4 to C-

11), 24.7 (C-3), 22.7 (C-13), 14.2 (C-14) ppm. Shifts are in accordance with literature [258]. 
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Abstract: ATP-binding cassette (ABC) transporters are conserved in all kingdoms of life, 

where they transport substrates against a concentration gradient across membranes. Some ABC 

transporters are known to cause multidrug resistances in humans and are able to transport 

chemotherapeutics across cellular membranes. Similarly, BmrA, the ABC transporter of 

Bacillus subtilis, is involved in excretion of certain antibiotics out of bacterial cells. Screening 
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of extract libraries isolated from fungi revealed that the C14 fatty acid myristic acid has an 

inhibitory effect on the BmrA ATPase as well as the transport activity. Thus, a natural 

membrane constituent inhibits the BmrA activity, a finding with physiological consequences as 

to the activity and regulation of ABC transporter activities in biological membranes. 

 

1. Introduction 

Membrane integral transport proteins mediate and control the translocation of essential 

compounds across biological membranes, involving the uptake and efflux of sugars, inorganic 

ions, nucleotides or drugs [1]. Primary active transporters use the energy gained via ATP 

hydrolysis for transport [1,2], and such transport ATPases are typically represented by ion 

pumps and ATP-binding cassette (ABC) transporters [2]. ABC transporters can be found in all 

kingdoms of life and they either import or export substrates against a concentration gradient. 

While, in bacteria, ABC importers and exporters can be found, eukaryotes mainly contain 

exporters [1,3]. Structurally, all ABC transporters consist of two nucleotide binding domains 

(NBDs) and two transmembrane domains (TMDs). The TMDs consist of α-helix bundles that 

mediate the actual TM flux of the substrates, whereas ATP is hydrolyzed in the NBDs [3–5]. 

In contrast to the NBD, the sequences of the TMDs are typically less conserved and the TM 

topology can vary. The four domains of an ABC transporter can be part of a single polypeptide 

chain, or the transporter assembles from two to four individual subunits [5,6]. One TMD and 

one NBD can be fused to form a so-called half-transporter, which can either form a 

homodimeric (identical half-transporters) or assemble as a heterodimeric (different half-

transporters) full-transporter [1,3,7,8]. 

Many ABC transporters appear to be involved in bacterial multidrug resistances [9]. For 

example, in cervimycin C resistant Bacillus subtilis colonies the bmrA gene, encoding an ABC 

half-transporter, was strongly overexpressed, which led to the assumption that BmrA (Bacillus 

multidrug-resistance ATP) is able to effectively transport this antibiotic out of the cell [10,11]. 

Besides cervimycin C, BmrA can transport a broad range of substrates, which include Hoechst 

33342, doxorubicin as well as 7-aminoactinomycin D [11]. 

BmrA, a homodimeric ABC transporter with a molecular mass of 64.9 kDa, is homologous to 

the bacterial ABC transporters LmrA and MsbA [6,12] as well as to the human P-glycoprotein 

[3,11]. In recent years, BmrA became a paradigm for studying ABC transporters, mostly due to 

the vast number of seemingly unrelated substrates as well as its homology to the human P-

glycoprotein [11–13]. 
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As BmrA is involved in excretion of certain antibiotics out of bacterial cells, we aimed at 

identifying small molecules which inhibit the BmrA transport activity and thus might be used 

to modulate the BmrA transport activity. Screening of extract libraries isolated from fungi 

revealed that the C14 fatty acid myristic acid has an inhibitory effect on the BmrA ATPase as 

well as the transport activity. Thus, BmrA “sleeps with the enemy”, as a natural membrane 

constituent inhibits its activity, a finding with physiological consequences as to the activity and 

regulation of ABC transporter activities in biological membranes. 

 

2. Results 

2.1. Myristic Acid Inhibits the ATPase Activity of the ABC Transporter BmrA 

In total, 448 fungal extracts were tested for an inhibitory effect on the BmrA ATPase activity 

and 22 were found to be active. One of the most promising candidates, the mycelial extract of 

strain IBWF 030-11, was selected for further characterization. To identify the natural product 

responsible for the inhibitory effect, the fungus was cultivated in a 20 L scale and the active 

principle was isolated. Based on NMR analysis, the isolated substance was identified as the 

C14 fatty acid myristic acid (Figure 1a), 0.25 mg of which was isolated per L axenic fungus 

culture. 

 

Figure 1. Inhibition of the BmrA ATPase activity by myristic acid. (a) Structure of the fatty 

acid myristic acid (C14H28O2). (b) Structure of 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

(DMPC), a membrane phospholipid containing two myristic acids as fatty acids. The structures 

were created using ChemSketch [14]. (c): Myristic acid (n ≥ 6, ± SEM; red) inhibits the in vitro 

ATPase activity of detergent solubilized BmrA, whereas the lipid 1,2-dimyristoyl-sn-glycero-

3-phosphocholin (DMPC, n = 12, ± SEM; black) does not. 
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To quantitatively evaluate the inhibitory potential of myristic acid, we next examined the in 

vitro ATPase activity of BmrA at increasing myristic acid concentrations (Figure 1c, red). The 

BmrA ATPase activity was determined in buffer containing myristic acid concentrations 

ranging from 0 to 1000 µM to calculate the IC50 value, i.e., the substance concentration required 

to inhibit 50% of the protein’s ATPase activity. The ATPase activity of BmrA in pure 5 mM 

DDM was 1.0 ± 0.16 µmol/min per mg protein, a value comparable to values previously 

determined under slightly different experimental conditions [15,16]. As expected in the 

presence of an inhibitor, the ATPase activity constantly decreased with increasing myristic acid 

concentrations, until at ~500 µM myristic acid the activity levelled off to about 12%. Based on 

this analysis, the turning point, i.e., the IC50, is at approximately 200 µM myristic acid. 

Furthermore, these results additionally indicate that myristic acid is not a BmrA substrate that 

stimulates the ATPase activity, as has been observed with other ABC transporter substrates 

[17–19]. 

Nevertheless, the concentration for free myristic acid within the membrane is low in vivo, as 

myristic acid typically is part of diacylglycerol lipids. This now raised the question whether the 

ATPase activity of BmrA is also affected by myristic acid-containing phospholipids. Thus, we 

next tested the in vitro ATPase activity of isolated BmrA in the presence of increasing 

concentrations of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, Figure 1b,c black). 

DMPC is a glycerophospholipid, containing two myristic acids as fatty acids attached to the 

glycerol backbone. As the determined ATPase activity of BmrA is not significantly affected by 

DMPC, the inhibitory effects observed before can clearly be linked to the isolated myristic acid. 

2.2. The Stability of BmrA in Micelles Is Not Affected by Myristic Acid 

Myristic acid has detergent properties and can form micelles in solution [20]. As harsh 

detergents can unfold (membrane) proteins [21], at least to some extent, the question arose 

whether myristic acid does not inhibit the BmrA ATPase activity via binding but via 

denaturation of the protein structure, resulting in a diminished protein activity. 

As changes in a local tryptophan environment, e.g., caused by protein denaturation, result in a 

different fluorescence emission spectrum, the stability of purified BmrA in DDM micelles can 

be determined by fluorescence spectroscopy. A well-established approach to unfold membrane 

proteins is to solubilize the protein in a mild detergent, such as DDM, and to subsequently titrate 

in increasing amounts of a harsh detergent, typically SDS [22,23]. Addition of SDS results in 

formation of mixed DDM/SDS micelles, which eventually unfold α-helical membrane proteins. 

It is noteworthy that, while the mixed micelles can indeed unfold soluble regions or domains of 
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membrane proteins, the membrane integral protein parts typically retain their helical structure, 

and the term “unfolding” here in fact describes the separation of previously interacting 

individual TM α-helices [24]. 

When the purified protein was exposed to increasing SDS concentrations, the average emission 

wavelength (<λ>) decreased (Figure 2, black). At a low SDS mole fraction of χSDS = 0.04 the 

<λ> slightly increased, a behavior also observed with other TM proteins [25], whereas higher 

SDS concentrations led to a dramatic decrease in the average emission wavelength. In contrast, 

while addition of low myristic acid concentration also resulted in a slight increase in the <λ>, 

further increasing the myristic acid concentration resulted in a slightly decrease, albeit the <λ> 

myristic acid never changed to an extent as observed with SDS. This indicates that myristic 

acid does not substantially destabilize the protein, in contrast to SDS. 

2.3. Myristic Acid Inhibits the BmrA-Mediated Transport of Hoechst 33342 in Inverted 

Membrane Vesicles 

Hoechst 33342 is a substrate commonly used when the BmrA activity is studied in inverted 

membrane vesicles. Upon spontaneous membrane partitioning, the dye’s fluorescence 

increases. When the dye is actively transported out of the lipid membrane by BmrA and 

expelled to the liquid surrounding, the fluorescence decreases again. Importantly, the transport 

of Hoechst 33342 depends on the BmrA ATPase activity [11]. 

At first, the initial fluorescence of the inverted membrane vesicles was monitored in absence of 

Hoechst 33342 (Figure 3a). Subsequently, upon addition (Figure 3a, 1) and membrane 

incorporation of Hoechst 33342, the fluorescence increased tremendously due to membrane 

partitioning of the dye [26]. After addition of ATP the fluorescence intensity decreased again 

due to the removal of Hoechst 33342 from the membrane. The decrease in the fluorescence 

intensity thus directly correlates with the BmrA transport activity [26]. When the BmrA-

mediated Hoechst 33342 transport was measured in inverted membrane vesicles pre-incubated 

with myristic acid, the initial fluorescence intensities were similar. Upon ATP addition (Figure 

3a, 2), the fluorescence intensity first decreased, as observed in absence of myristic acid, yet 

remained on a higher fluorescence level. This implies that more Hoechst 33342 molecules 

remained incorporated within the lipid bilayer, and thus, less Hoechst 33342 molecules were 

transported by the ABC transporter (Figure 3a, red). For comparison, the absolute value of the 

slope was used to quantify the transport activity. The BmrA wild type transport activity was set 

as 100% and the generated values at increasing myristic acid concentrations were normalized 

to the wild type (Figure 3b). 
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Figure 2. Myristic acid does not destabilize the BmrA structure as SDS. Increasing amounts of 

myristic acid (n = 9, ± SEM; red) or SDS (n = 7, ± SEM black) were titrated to BmrA 

solubilized in DDM micelles. While addition of SDS leads to a larger decrease in the average 

emission wavelength (<λ>), this was not observed when myristic acid was added. 

 

 

Figure 3. Myristic acid inhibits Hoechst 33342 transport in inverted C41(DE3) E. coli 

membrane vesicles. (a) Kinetics of Hoechst 33342 transport followed in absence (black) or 

presence of 1000 µM myristic acid (red), 1: addition of Hoechst 33342, 2: addition of ATP. (b) 

3–1000 µM myristic acid was added to inverted membrane vesicles prepared from BmrA 

expressing cells (black) or E. coli C41(DE3) cells transformed with an empty vector (grey) and 

Hoechst 33342 transport was quantified (n = 3, ± SEM). 

 

To test a (potential) inhibition of the BmrA transport activity, myristic acid was added to 

inverted membrane vesicles at increasing concentrations (3–1000 µM) and the Hoechst 33342 

transport was quantified (Figure 3b). The BmrA transport activity was essentially not affected 
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up to myristic acid concentrations of 10 µM. However, at 20–50 µM myristic acid, the transport 

activity of BmrA massively decreased, and at around 100 µM myristic acid a plateau was 

reached. Based on a Boltzmann fit, an IC50 value of about 25 µM myristic acid was determined 

for the Hoechst transport using inverted vesicles. As expected, the inverted vesicles prepared 

from E. coli C41(DE3) cells transformed with an empty vector did not show activity at any 

given myristic acid concentration. 

Yet, myristic acid might not inhibit the BmrA transport activity, but in fact is a substrate that 

simply competes with Hoechst 33342 for transport. To test this assumption, inverted vesicles 

were first exposed to 0.2 mM myristic acid, and the Hoechst 33342 transport was measured as 

before, but at different Hoechst 33342 concentrations. Upon addition of ATP, the absolute value 

of the slope of the fluorescence decrease was determined at each Hoechst 33342 concentration 

(Figure 4). When Hoechst 33342 and myristic acid compete for transport, addition of small 

amounts of Hoechst 33342 should not result in a measurable transport activity, and only at 

rather high Hoechst 33342 concentrations is an activity expected to be observed. As can be seen 

in Figure 4, the absolute value of the slope increased linearly with increasing Hoechst 33342 

concentrations for the control (no myristic acid). In contrast, the activity of the inverted vesicles 

containing a constant myristic acid concentration but increasing Hoechst 33342 concentrations 

increased linearly up to a concentration of ~0.6 µM Hoechst 33342. At higher Hoechst 33342 

concentrations, the initial slope remained more or less constant. If Hoechst 33342 and myristic 

acid were both substrates competing for binding and translocation, an initial significantly 

slowed down Hoechst 33342 transport would be expected at the (high) constant myristic acid 

concentration. However, this was not observed. Instead, the transport activity leveled off at a 

rather low Hoechst concentration. Consequently, the data indicate that there is no simple 

competitive or non- or uncompetitive inhibition of BmrA by myristic acid. The BmrA activity 

is inhibited by myristic acid via a rather complex mechanism. Noteworthy, the fluorescence 

intensities (without ATP added) of the control and the myristic acid-incubated inverted vesicles 

were more or less equal for each Hoechst 33342 concentration. The increasing amounts of 

Hoechst 33342 lead to a linearly increasing slope (data not shown). 
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Figure 4. BmrA-mediated Hoechst 33342 transport at a constant myristic acid concentration. 

0.2 mM myristic acid (red) or methanol (control; black) were added to inverted membrane 

vesicles and Hoechst 33342 transport was tested at increasing Hoechst 33342 concentrations 

(n = 3, ± SEM). 

 

2.4. Myristic Acid Does Not Solubilize Overexpressed BmrA in Inverted Vesicles 

Due to the detergent properties of myristic acid, it was possible that the fatty acid solubilized 

the overexpressed protein in the inverted vesicles, resulting in the observed decreased BmrA 

transport activity. To finally exclude this, vesicles were incubated with the detergent SDS or 

myristic acid for 1 h. Subsequently, solubilized protein was separated from membranes via 

ultracentrifugation, and solubilized proteins were analyzed via SDS PAGE. As can be seen in 

Figure 5, while BmrA was properly solubilized by SDS, neither at low nor at high myristic acid 

concentrations BmrA was extracted from the membranes. Thus, the inverted vesicles remained 

intact at the here analyzed myristic acid concentrations. 
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Figure 5. Stability of inverted membrane vesicles with overexpressed BmrA. Inverted vesicles 

were exposed to either SDS (3% (w/v), myristic acid (0.1 mM or 1.0 mM dissolved in methanol) 

or methanol (0.5% (v/v). Intact membranes were found in the pellet, whereas solubilized 

membrane proteins were found in the supernatant (solely when SDS was added). 1: BmrA and 

membrane proteins in inverted vesicles not influenced by any substances. 2: Supernatant after 

ultracentrifugation containing solubilized BmrA (and other membrane proteins). 3: Pellet after 

ultracentrifugation comprising of inverted vesicles with overexpressed BmrA. This experiment 

was performed three times with three different inverted membrane vesicle preparations, which 

all showed the same results. 

 

3. Discussion 

In the present study, we identified myristic acid as a potential inhibitor of the BmrA ATPase 

and transport activity. This saturated C14 fatty acid (Figure 1a) is widely distributed in plant 

and animal fat and can naturally be found in high concentrations in coconut oil as well as in 

butter fat. Furthermore, myristic acid is utilized in the food industry as multifunctional food 

additive and flavor excipient [27]. In Bacillus subtilis, around 3.6% of all lipids are myristic 

acid [28]. Yet, myristic acid inhibits the BmrA activity exclusively as a free acid, but not when 

part of phospholipids (Figure 1c, black). Thus, while 3–4% of all lipids in Bacillus subtilis are 

myristic acid, most of these will be part of di- or even triacylglycerols and thus the concentration 

of the inhibiting species, i.e., the free acid, will be low. 

As we have shown here, myristic acid does neither inhibit the BmrA activity indirectly, via 

destabilizing membranes and extracting the protein from membranes (Figure 5), nor via 

detergent-induced denaturation of the protein (Figure 2). Thus, myristic acid appears to directly 
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inhibit the BmrA ATPase and transport activities (Figures 1c and 3b), albeit the inhibitory 

mechanism appears to be complex. 

It is well known that, e.g., the detergent Triton X-100 stimulates the ATPase activity of the 

ABC transporter P-glycoprotein [29], and based on this and other observations, it has been 

concluded that detergents can serve as P-glycoprotein substrates [30]. In many cases, addition 

of substrate even increases the ATPase activity of ABC transporters, which was, however, not 

observed here. ABC transporter substrates have rather diverse structures [11], and also fatty 

acids are transported by ABC transporters [31]. This has been shown for some ABC 

transporters, such as MsbA or LmrA [32,33]. When the lipid A ABC transporter MsbA was 

heterologously expressed in L. lactis cells, it has been observed that myristic acid might be 

transported due to no change in the determined IC50 value [33]. Yet, based on the results 

presented here (Figure 4), myristic acid appears not to simply compete with Hoechst 33342 for 

the substrate binding site and transport. 

But why is the determined IC50 value so much higher when the ATPase activity was monitored 

than when the transport activity was monitored? Although we cannot ultimately answer this 

question, these two measurements can only be compared to some extent. While we have a well-

defined protein and detergent concentration when the isolated protein was analyzed, this was 

not the case in the inverted vesicles. Furthermore, in inverted vesicles we might have other 

components that interact with myristic acid. Yet, this would probably reduce, and not increase, 

the inhibitory activity of myristic acid. In bacterial membranes, most membrane lipids are not 

part of bulk lipids, but are (more or less tightly) bound to membrane proteins (reviewed [34]). 

Thus, the concentration of myristic acid added to the lipid phase is probably much higher at any 

given total myristic acid concentration, compared to the situation in micelles. In the latter, the 

myristic acid will incorporate into free micelles as well as into BmrA-containing micelles to 

form mixed micelles. Thus, myristic acid is likely highly diluted in the micellar system, which 

results in a rather high IC50 value for the determined ATPase activity. Finally, it is also possible 

that myristic acid induces a conformational change or decoupling of the NBD and TMD in the 

lipid environment, as e.g., observed with the mutant BmrA E474R [35]. 
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4. Materials and Methods 

4.1. Screening for BmrA Inhibitors using Fungal Extracts and Isolation of Myristic Acid from 

IBWF 030-11 

448 fungal extracts dissolved in DMSO were tested in 384 well plate format in accordance to 

assay methodology described in 4.6 at a concentration of 0.5 mg/mL in initial screens. NADH 

decrease was monitored with a multilabel reader (Perkin Elmer Envision 2104). Among the 

active extracts was one isolated from the mycelium of strain IBWF 030-11 (Clavicipitaceae). 

This strain is deposited in the strain collection at the Institut für Biotechnologie und Wirkstoff-

Forschung (IBWF), Mainz. The active principle was identified by subfractionation of the initial 

extract and retesting whereby the activity was tracked to a natural product which was unknown 

to the IBWF compound library. To isolate the active principle for structure elucidation and 

natural product characterization, strain IBWF 030-11 was regrown and cultivated in a 20 L 

fermenter in YMG medium (YMG: 4 g yeast extract, 10 g malt extract, 10 g glucose, pH was 

adjusted to 5.5 before autoclaving). For inoculation, a well-grown flask culture in the same 

medium was used. The mycelium was separated from the culture by filtration 16 days after 

inoculation, freeze-dried (dry weight 122 g) and subsequently extracted with MeOH to yield 

24 g crude extract. Flash chromatography on silica gel 60 (0.04–0.063 mm; Macherey-Nagel) 

yielded a subfraction (750 mg) which was applied to a second silica gel fractionation to yield 

intermediate 1 (628 mg). Preparative HPLC (PrepHT Zorbax Eclipse XDB-Phenyl, 5 µm, 

21 × 250 mm, Agilent Technologies, MeCN: 0.1% TFA in H2O gradient from 50% MeCN to 

70%MeCN in 20 min, 21 mL/min) of intermediate 1 yielded 5 mg of the active substance 

(myristic acid (RT 11.5 min)). The purity of the active substance was checked with mass 

spectrometry. 

4.2. NMR Analysis 

Myristic acid was identified by 1H, 13C, COSY, HSQC, and HMBC NMR using a Bruker 

Avance III 600 MHz spectrometer, equipped with an inverse Helium-cooled cryoprobe. All 

shifts are given relative to TMS, using the residual CHCl3 shift as reference (7.26 ppm) [36]. 

1H NMR (600 MHz, CDCl3) δ = 2.36 (t, J = 7.5 Hz, 2H, H-2), 1.63 (pseudo quin, J = 7.5 Hz, 

2H, H-3), 1.44–1.19 (m, 20H, H-4 to H-13), 0.88 (dist. t, J = 6.9 Hz, 3H, H-14) ppm. 13C NMR 

(151 MHz, CDCl3) δ = 176.6* (C-1, by HMBC), 33.4 (C-2), 31.9 (C-12), 29.8–29.0 (C-4 to C-

11), 24.7 (C-3), 22.7 (C-13), 14.2 (C-14) ppm. Shifts are in accordance with literature [37]. 
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4.3. Cloning 

The Bacillus subtilis bmrA gene was amplified via PCR from genomic B. subtilis (strain 168) 

DNA using the following primers: 

Forward: 5′ GCTACCTCTAGAATGCCAACCAAGAAACAAAAATCTAAAAG 3′ and 

reverse: 5′ GCTATTCTCGAGCCCGGCTTTGTTTTCTAAG 3′. 

The PCR product was cloned into the plasmid pET303-CT/His (Invitrogen, Carlsbad, CA, 

USA), whereby the 3´ end was extended by a sequence coding for a short linker and a His6-

tag. 

4.4. Expression 

The pET303-CT/His-BmrA plasmid was transformed in competent BL21(DE3) pLysE E. coli 

cells, and cells were subsequently plated on LB agar containing 100 µg/mL ampicillin. A single 

colony was used to inoculate an overnight culture, which was used the next morning to inoculate 

a 2 L culture, containing 100 µg/mL ampicillin and 30 µg/mL chloramphenicol. The cells were 

cultivated at 37 °C with constant agitation (150 rpm). When the culture reached an OD600 of 

~0.8, protein expression was induced via addition of isopropyl-ꞵ-D-thiogalacto-pyranoside 

(IPTG) to a final concentration of 0.5 mM. Cells were harvested after 3–4 h via centrifugation 

(3050× g, 10 min at 4 °C). The cell pellets then were stored at −20 °C. 

4.5. Purification 

The cell pellets were resuspended in 50 mM phosphate buffer (pH 8.0), 300 mM NaCl, 10% 

glycerol (v/v) and lysed using a microfluidizer (LM20, Microfluidics, Westwood, CA, USA, 

18000 PSi). After centrifuging at 12,075× g (10 min at 4 °C), the supernatant was centrifuged 

again at 165,000× g for 1 h at 4 °C to isolate membranes. The membranes were solubilized in 

solubilization buffer (50 mM phosphate buffer (pH 8.0), 300 mM NaCl, 10% glycerol (v/v) 

with 1% n-dodecyl-ꞵ-D-maltoside (DDM) (w/v)) to extract the membrane-incorporated 

proteins. After 1 h of incubation, insolubilized protein was removed by centrifugation 

(165,000 x g, 20 min) and the equilibrated Protino® Ni-NTA agarose (2 mL resin/L of E. coli 

culture; Macherey-Nagel GmbH & Co. KG, Düren, Germany) was mixed with the solubilized 

proteins and incubated for 1 h. After washing the Ni-NTA agarose with 20 mL washing buffer 

(50 mM phosphate buffer (pH 8.0), 300 mM NaCl, 10% glycerol (v/v) with 0.1% DDM (w/v) 

and 40 mM imidazole), the protein was eluted with 5 mL elution buffer (50 mM phosphate 

buffer (pH 8.0), 300 mM NaCl, 10% glycerol (v/v) with 0.1% DDM (w/v) and 400 mM 

imidazole). To exchange the buffer to the required assay buffer (containing 5 mM DDM), a 
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PD-10 desalting column (Macherey-Nagel GmbH & Co. KG, Düren, Germany) was utilized. 

The concentration of the purified membrane protein BmrA was determined photometrically by 

measuring the absorbance at 280 nm and the calculated extinction coefficient ε = 38850 M-1 

cm-1. 

4.6. ATPase Activity of Purified BmrA 

The ATPase activity of 0.2 µM protein BmrA was measured in DDM micelles at 25 °C in 

50 mM Hepes-KOH (pH 8.0 and 5 mM DDM) with 3.5 mM ATP, 10 mM MgCl2, 0.28 mM 

NADH, 2 mM phosphoenolpyruvate, by adding 2 µL of pyruvate kinase (600–

1000 U/mL)/lactate dehydrogenase (900–1400 U/mL) mix to the 200 µL test volume. 

Absorption changes were measured at a wavelength of 340 nm and a slit width of 4 nm using a 

Lambda 35 UV/Vis spectrophotometer (PerkinElmer, Inc., Waltham, MA, USA). Here the 

usage of NADH was monitored. The NADH decrease was measured for 180 sec and converted 

into the BmrA activity in min-1. 

𝐴𝑇𝑃𝑎𝑠𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = −
∆𝐴340

∆𝑡
∙

1

𝑙∙𝜀𝑁𝐴𝐷𝐻
∙ 𝑀𝑊𝐵𝑚𝑟𝐴 ∙

1

𝑐𝐵𝑚𝑟𝐴
   (1) 

Equation (1) comprises of the slope (
∆𝐴340

∆𝑡
) of the NADH decrease, the optical pathlength (l in 

cm), the extinction coefficient of NADH (εNADH = 6220 M-1cm-1) as well as of the calculated 

molecular weight of BmrA (65584.27 g/mol) and the used BmrA concentration (cBmrA in g/L). 

The ATPase activity without substance was set as 100% and the data points measured at 

different myristic acid and DMPC concentrations were normalized to this level with respect to 

the error propagation. 

For the experiments (except for the screening and NMR), commercially available myristic acid 

(Sigma-Aldrich, Merck KGaA, Darmstadt, Germany, M3128) with a high purity (≥99%) was 

used. Myristic acid (dissolved in methanol) or 1,2-dimyristoyl-sn-glycero-3-phosphocholin 

(DMPC; solved in chloroform) was pipetted at the specified amounts into the reaction tubes. 

Subsequently, the solvent was removed by a constant stream of nitrogen, and these reaction 

tubes were further stored for at least 30 min under vacuum. The dried fatty acid was dissolved 

in sample buffer (50 mM Hepes-KOH, pH 8.0, 5 mM DDM) and the solution was vortexed and 

further incubated for at least 1 h under constant agitation (500 rpm). Thereafter, the protein was 

added, and the solution incubated for another 10 min at 25 °C. After adding the other 

compounds to the solution, the decrease in absorbance was immediately monitored. 
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4.7. Hoechst 33342 Transport Measured Using BmrA-Containing Inverted E. coli Membrane 

Vesicles 

Inverted E. coli membrane vesicles were prepared as described in Steinfels et al., 2002 [38], 

except that a microfluidizer was used at 18000 Psi instead of a French press. 

The membrane protein concentration was determined with a BCA assay (PierceTM BCA 

protein assay kit, Thermo Fisher Scientific, Rockford, IL, USA), following the vendor´s 

instructions. In all, 50 µg of inverted membrane vesicles were dissolved in a final volume of 

200 µL of 50 mM Hepes-KOH (pH 8.0), 2 mM MgCl2, 8.5 mM NaCl, 4 mM 

phosphoenolpyruvate and 20 µg/mL pyruvate kinase. Myristic acid (dissolved in methanol) was 

added to the reaction mixture at various concentrations (3 µM, 7 µM, 10 µM, 20 µM, 30 µM, 

40 µM, 50 µM, 75 µM, 100 µM, 200 µM, 300 µM, 400 µM, 500 µM, 750 µM, 1000 µM) and 

following incubation for more than 10 min. The maximal concentration of methanol in this 

reaction mixture was 0.5% (v/v). Fluorescence emission was measured at 457 nm using a 

FluoroMax-4 fluorometer (Horiba Instruments Inc., Edison, NY, USA) upon excitation at 

355 nm, with excitation and emission slit widths of 2 nm and 3 nm, respectively. After 

monitoring the fluorescence for approximately 50 s, the measurement was stopped. Then, 2 µM 

2′-[4-ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5′-bis-1H-benzimidazole (Hoechst 33342) 

was added and the fluorescence was measured again for approximately 50 s. Then, ATP was 

added to a final concentration of 2 mM and the fluorescence was further monitored for ~500 s. 

Data points were collected every 0.5 s. The slope of the measured fluorescence intensity (after 

addition of ATP) was determined by fitting a linear regression line with a large coefficient of 

determination. Then the absolute value of the slope of the sample containing inverted membrane 

vesicles with overexpressed BmrA (50 µg) plus methanol (0.5% (v/v)) was set as “100% 

transport activity” and the data points measured at different myristic acid concentrations were 

normalized to this considering error propagation. All presented data are based on three 

independent inverted vesicle preparations, and the mean with corresponding SEM is shown. 

For the competition assay, inverted membrane vesicles containing 50 µg protein were incubated 

with 0.2 mM myristic acid for at least 10 min at 25 °C. The fluorescence signal was measured 

as described (exception: slit width of 3 nm). When the measurement was started, the 

fluorescence was monitored for 50 s. Varying concentrations of Hoechst 33342 were added 

(0.03 µM, 0.06 µM, 0.12 µM, 0.24 µM, 0.3 µM, 0.4 µM, 0.5 µM, 0.6 µM, 1.0 µM, 1.2 µM) 

and the measurement and data evaluation continued as described before. 
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4.8. Destabilization of BmrA in DDM Micelles 

Purified BmrA (2 µM) in 50 mM phosphate buffer (pH 8.0), 300 mM NaCl, 10% glycerol (v/v), 

5 mM DDM was mixed with increasing amounts of sodium dodecyl sulfate (SDS; 

concentrations: 0 mM, 0.21 mM, 0.43 mM, 0.68 mM, 0.95 mM, 1.25 mM) or myristic acid 

(concentrations: 0 mM, 0.1 mM, 0.2 mM, 0.3 mM, 0.4 mM, 0.5 mM, 0.75 mM, 1.0 mM). The 

samples were incubated at room temperature for 1 h. Fluorescence spectra were recorded (from 

290–450 nm) using a FluoroMax-4 fluorometer with 280 nm excitation and a slit width of 3 nm. 

The average emission wavelength (<λ>), which represents changes in shape and position of the 

spectrum, was used to characterize the entire measured tryptophan fluorescence emission 

spectrum. The <λ> was calculated as described in the following Equation (2): 

< 𝜆 >=
(Σ𝑖 λ𝑖∙𝐼𝑖)

Σ𝑖𝐼𝑖
     (2) 

Here λ is the wavelength in nm and I is the fluorescence intensity. 

4.9. Stability of BmrA in Inverted Vesicles 

Inverted vesicles (250 µg/mL) were incubated with either 0.1 mM or 1.0 mM myristic acid for 

1 h at room temperature at constant agitation. As a control, 0.5% (v/v) methanol was added to 

inverted vesicles. As a second control, vesicles were incubated with 3% SDS (w/v). After 

incubation, the samples were centrifuged at 140,000× g for 1 h at 25 °C. Samples were taken 

before incubation with the substances and after centrifugation (from the supernatant as well as 

the pellet). A total of 10 µL of each sample was analyzed on a 10% SDS PAGE gel. 

 

5. Conclusions and Implications 

At first, inhibition of an ABC transporter activity by a naturally occurring fatty acid appears to 

be unexpected, albeit the physiological concentration of myristic acid in Bacillus subtilis 

membranes is probably not sufficiently high to compromise the BmrA transport activity. 

However, it might even be beneficial to inhibit a basal ATPase activity, by which ATP might 

be wasted in cells, in vivo using naturally occurring membrane incorporated substances, such 

as myristic acid. 

The initial idea of this project was to identify potential modulators of the BmrA activity. Based 

on the presented results myristic acid might qualify as a drug excipient, as co-application with 

ABC transporter substrates might reduce the risk of drug export out of a cell. Furthermore, as 

mentioned in the discussion, myristic acid is used as a multifunctional food additive and flavor 
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excipient [27]. Thus, this food additive has the potential to interfere with (human) ABC 

transporters, an aspect which, to the best of our knowledge, has never been discussed thus far 

and which we will explore in future experiments. 
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11.4 Additional material 

 

Table 16: SDS concentration and SDS mole fractions used in the different titration 

samples. 

cSDS [mM] χSDS 

0.00 0.00 

0.21 0.04 

0.43 0.08 

0.68 0.12 

0.95 0.16 

1.25 0.20 

1.58 0.24 

1.94 0.28 

2.35 0.32 

2.81 0.36 

3.33 0.40 

3.93 0.44 

4.62 0.48 

5.42 0.52 

6.36 0.56 

7.50 0.60 

8.89 0.64 

10.63 0.68 

12.86 0.72 

15.83 0.76 

20.00 0.80 

26.25 0.84 

36.67 0.88 

57.50 0.92 

95.00 0.95 
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Figure 27: ATPase and Hoechst transport activity of BmrA wt and single Trp variants. 

The two Trp residues (W104 and W164) in the TMD part of BmrA were replaced by Ala, Tyr 

or Phe. These single Trp variants of BmrA were tested for the ATPase (A) and Hoechst transport 

activity (B). The two Trp residues (W104 and W164) of the BmrA-TMD were replaced by Tyr 

and Ala, thus a single Trp variant of BmrA was generated with the residual Trp in the BmrA-

NBD. The double mutated BmrA variant BmrAW104YW164A was still Hoechst transport active. 

The Hoechst transport activity of BmrAW104YW164A was determined by S. Zimmermann 

(Bachelor student). Data show each two independent purifications (A) or two inverted vesicle 

preparations (B) (n ≥ 5, ± SEM). 
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