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Abstract 

The cell is the basic membrane-bound unit that contains the fundamental molecules of life, of 
which all living things are composed. The wall of the cell is something composed by, for 
example, peptide glycan layer which is not simply a passive barrier, but a major interface 
between the cell cytoplasm with the exterior. Exchanging essential compounds and wasteful 
molecules through the membrane requires transporters. Small molecules can potentially pass 
through the lipid bilayer wall by diffusion and osmosis mechanism, where molecules pass 
through the pores built by the phospholipid layer. However, the majority of deliverance is 
accomplished by variety of membrane-affiliated proteins. These proteins distinguish the 
nutrients to be taken, wasteful products to be excreted or directed between the inside and 
outside the cell. In this chapter, I introduce the basic features of the biological membrane, 
protein transporters, and the technique used to examine transport phenomenon. The thesis 
reveals dynamic information of substrate-binding and transport as well as overpasses the 
limitation of established structure determinations. 
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Introduction 

Membrane transport 

The cell represents the basic structural and functional unit of all living organisms. It is defined 
by a lipid membrane, which separates the interior from the extracellular space. The self-
assembled membrane thus functions as a semi-permeable barrier that sustains life. It has the 
essential function of compartmenting molecules and it forms a hydrophobic barrier that is 
relatively impermeable to most (polar) substances. Since it is impermeable for hydrophilic 
molecules, transporters or chemically selective pores are required for both passive (diffusive) 
and active (energy-driven) transport processes. To accommodate the diversity of molecules 
to be acquired from the environment, a cell needs many different transport-systems [1]. These 
conduct various biochemical functions ranging from nutrient uptake [2], antibiotic and drug 
resistance [3], antigen presentation [4], cell-volume regulation [5,6] and many others.  

In this thesis, I present novel approaches to understand mechanisms of primary-active 
transporters. The so-called ATP-binding cassette (ABC) transporters [7-11] can be exporters or 
importers and are involved in various cellular processes [7].  

 

ABC transporters 

ABC transporters are ATP-driven transporters mediating import or export of small and large 
molecules across the cell membrane. They are present in all organisms and represent one of 
the largest protein super-families with transmembrane spanning segments. ABC transporter 
stands for ATP-binding cassette transporter that have the ability to bind and hydrolyze ATP 
for active transport of substrates across the lipid bilayer [12,13]. ABC transporters are found 
in both prokaryotes and eukaryotes and an essential role for various biological processes 
[14,15], multidrug resistance [16,17], several human diseases [18]; they have been extensively 
characterized structurally as well as functionally [19-24]. Several ABC transporters have been 
crystallized in different conformations, which provide detailed insight in the transport 
mechanism.  

These structural studies reveal that ABC transporters have a common molecular architecture. 
They consists of two transmembrane domains (TMDs) and two or more intracellular 
nucleotide ATP-binding domains (NBDs) [25], Figure 1.1. Based on the direction of the 
translocation, ABC transporters can be classified as exporters or importers. As importers, ABC 
transporters use an extracellular substrate-binding domain (SBD) to harvest nutrients and 
other relevant molecules. ABC exporters function without SBDs and excrete toxins, drugs and 
lipids across membranes [26]. ABC exporters bind their substrates directly within a binding 
pocket within the TMDs. It is speculated that the binding pocket is either accessible from the 
membrane or from the cytoplasm, depending on the specific system [27]. ABC transporters 
are present in organisms from all kingdoms of life. In particular, exporters are found in both 
eukaryotes and prokaryotes, while importers are specific to prokaryotic organisms [28]. Some 
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TMDs and NBDs in (bacterial) ABC exporters are fused to one another, resulting in one-, two-
, three- or four-chain transporters, in which the order of the domains can vary [29]. For 
importers, the core TMD and NBD subunits are (often) individual chains, which assemble into 
homo- or hetero-dimeric TMDs that are bound to homodimeric NBDs [30].  

 

 

Figure 1.1 | Four distinct folds of ABC transporters in cartoon representation (A) and crystal structure (B). 
General architecture of NBDs (cyan), TMDs (purple), SBDs (yellow), and regulatory domains RD (blue, found in 
the Type I ABC importer MalFGK2). In Type I (MalFGK2) and II (BtuCDF) importers, the transported compounds 
are delivered to the TMDs by the SBDs, which are located in the periplasm (gram-negative bacteria) or 
extracellular space (gram-positive bacteria and archaea). In ECF, energy coupling factor (FolT), the SBD is 
membrane integrated. ABC exporter, e.g., P-glycoprotein, function as a extrusion system for toxins and 
xenobiotics. 

 

ABC importers 

Based on the overall topology and mechanism of transport, a classification of ABC transporters 
has been proposed [28]: Type I and Type II importers, and energy coupling factor (ECF) 
transporters (also named Type III importers) (Figure 1.1). All three types of ABC importers are 
found in prokaryotes. Type I and II ABC importers depend on additional soluble SBDs which 
specialize in distinct substrates [31] for delivery to the TMDs [32,33]. In some cases, the SBD 
is fused to the TMD into a multi domain protein [5]. ECF transporters do not use periplasmic 



1

INTRODUCTION 11

 
 

 

and thus soluble SBDs [34] but require an additional small integral membrane domain (S-
component), which associates with one transmembrane coupling protein (T-component) [35] 
and functions as substrate-binding domain. 

In general, the type I importers contain fewer and smaller transmembrane helices in 
comparison to Type II importers. In the absence of SBDs and ligand, type I transporters show 
negligible levels of ATPase activity; however, activity is stimulated by ligand-loaded SBDs 
[36,23]. The type I importer class includes the following well-characterized model systems: 
the maltose transporter MalFGK2 [37,38], Figure 1.1, the methionine transporter MetNI [21] 
and the molybdate transporters ModBC [39]. In addition to the ABC core domains, some Type 
I importers feature a regulatory domain (RDattached to the highly conserved NBDs, which 
controls the function of these importers. These domains are poorly characterized model 
systems. Substrate or other regulatory proteins such as the glucose-specific enzyme EIIAglc (for 
the maltose permease[40]) and their binding to the RD controls the conformational states of 
the NBDs and thus ATP hydrolysis and substrate transport.  

Another major difference between type II and type I importers is the differences in the size 
and overall architecture of the core transporters [22,23]. In general, the Type I importers 
contain fewer transmembrane helices in comparison with Type II. Type II transporters are 
generally larger, with the structurally characterized TMD homodimers having 20 TM helices 
(10 helices per monomer). The Type I importer MetNI has a minimal set of 5 TM helices from 
each TMD, which forms a homodimer totaling 10 helices [21]. The type II importer category 
includes: vitamin B12 transporter BtuCD [41-43], heme transporter HmuUV [44], and iron-
siderophore transporter FhuD2 [45]. The effects of ligand on Type II complex formation are 
inverted in Type I transporters, which require nucleotide or substrate for complex formation 
[46]. 

The term energy-coupling factor (ECF) transporters was coined in the 1970s [47], and recently 
classified as a new type of ABC transporter [34,48]. Similar to Type I and II transporters, ECF 
transporters consist of two nucleotide-binding domains (EcfA and EcfA’), a transmembrane 
coupling domain (EcfT) and a substrate-binding component (EcfS). The S component is an 
integral membrane protein that provides substrate specificity to the ECF transporter [49,50]. 
The structural diversity of ECF transporters was revealed with the full-length structures of the 
folate [51] and the hydroxymethyl pyrimidine [51] transporters from Lactobacillus brevis. 

The three different types of ABC importers have overlapping substrate specificities, and hence 
it is not clear why three different importer folds have evolved [30]. In general, the substrates 
of type I importers are compounds required in larger amounts, e.g., for metabolism, such as 
sugars and amino acids [8], whereas Type II importers and ECF transporters are required for 
transport of compounds such as metal chelates [28] and vitamins [41]. It might be speculated 
that type I ABC importers are thus more suitable for high capacity, low affinity transport, 
whereas Type II and ECF importers may better serve for low capacity, yet high affinity 
transport.  
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Mechanism of substrate or ligand binding 

It is commonly accepted that substrate binding via the extracellular domains of an importer is 
the initial step of transport. Based on the available crystal structure, the responsible SBDs can 
exist in several conformations: open-unliganded (O), closed-unliganded (C), open-liganded 
(OL), closed-liganded (CL) forms and potentially also in intermediate conformations such as 
partially closed (PC), Figure 1.2. The investigation of different structural states is a way to gain 
insight into the mechanism of substrate binding by SBDs.  

The most simple binding model is the ‘lock-and-key’ [52], which was introduced by Emil 
Fischer in 1894. Here both partners, i.e,. protein and ligand, are either rigid or have an binding-
compatible conformation. Since crystal structures of SBDs suggest the existence of distinct 
conformational states of SBDs, the lock-and-key seems to be the most unlikely option. Newer 
models take conformational plasticity of SBDs into account: the ‘induced fit’ [53] and 
‘conformational selection’ model [54]. In the induced-fit model, conformational changes occur 
as a result of substrate binding, which drives the protein from its apo open conformation to a 
new closed-liganded conformation (Figure 1.2). In contrast, the conformational selection 
model involves fast dynamic transitions from open to semi-closed or closed without the 
involvement of a substrate. Substrate binding further stabilizes the closed state and therefore 
shifts the equilibrium of the system towards the closed form [55] (Figure 1.2). Also 
combinations of both mechanisms have been suggested [56]. 

 

 

Figure 1.2 | Illustration of conformational states of SBDs and possible binding mechanisms. Lock and key 
models have an exactly complementary unbound (O) and unbound (OL) conformation. Conformational selection 
dictates the unbound protein (O) to have a fast dynamics transition to form partially (PC) or fully closed state (C) 
without the participation of substrate (CL). With the induced-fit model, the bound like conformation state (CL) is 
formed after interaction with a substrate that induces structural changes of the unbound state (O). 
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Experimentally, in the case of an induced fit binding mechanism, the closing rate from open 
to closed state should increase with the substrate concentration. On the contrary, in the 
conformational selection model, it is the life-time of the closed state that increases with the 
substrate concentration (assuming that the lifetime of the closed-liganded and close-
unliganded cannot be distinguished with the respective technique). Since structural 
fluctuations can be fast, i.e., on the millisecond and microsecond timescale, it is almost 
impossible to discriminate between both mechanisms using ensemble structure 
determination, because these provide only static snapshots of the most stabile 
conformations. However, discrimination of both mechanisms is possible by employing single-
molecule techniques. Single-molecules Förster resonance energy transfer (smFRET) studies on 
the maltose-binding protein (MalE) [57,58] and glutamine transporter (GlnPQ) [59] have 
shown that these transporters follow the induced fit mechanism to bind their substrate, unless 
fluctuations occur on timescales < milliseconds.  

 

Mechanism of transport in ABC importers 

The structural diversity among ABC transporters suggests differences in the transport 
mechanism. Comparison of Type I and II ABC importers show that Type I proteins undergo 
wide rigid body movements, whereas conformational changes in Type II are restricted to 
movements of helices and loops in the trans-membrane domains. Regardless of the difference 
in overall architecture of the core transporters, all type transporters use an alternating access 
mechanism in which the transporter cycles between inward- and outward- facing 
conformations, where the translocation pathway and substrate-binding site is exposed to 
either side of the membrane at any given time 

The maltose transporter, MalFGK2 is often referred to as the best characterized system. Here, 
initiation of the transport occurs by binding of the substrate to substrate-binding protein, 
MalE (Figure 1.3 A, State 1). The substrate-loaded closed MalE binds to inward-facing 
conformation of transporter (Figure 1.3 A, State 2). In the consensus model, the closed state 
of MalE triggers a conformational change in MalFGK2 inducing partial closure of MalK dimer 
(Figure 1.3 A, State 3). Binding of two ATP molecules to the NBD dimer brings the NBDs 
subunits together as observed in nucleotide-bound MalFGK, resulting in an outward-facing 
conformation of the transporter (Figure 1.3 A, State 4) [26]. Type I importer structures allowed 
to indirectly infer the substrate transport mechanism: the open NBDs couple the TMDs to with 
the inward-facing conformation and the outward-facing conformation of importers can be 
induced by binding of ATP to the NBDs, resulting in the closed NBD dimer. The alternation 
between these two conformations allows movement of substrate across the membrane. [26]. 
Additionally, the regulatory domain of the maltose transporter controls maltodextrin import 
by MalT and EIIA [60]. This interaction inhibits transport by preventing the closure of the MalK 
dimer and stabilizing MalFGK in the inward-facing resting state (Figure 1.3 A, State 5). 
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As in Type I ABC transporters, the substrate specificity in Type II transporters is regulated by 
the substrate-binding protein. The transport mechanism, however, is distinct. This starts with 
the idea that the TMDs/NBDs of Type II ABC importers are in the outward-facing conformation 
as the resting conformation (Figure 1.3 B, State 1) [46]. The translocation pathway of Type II 
transporter has been described in great detail for the vitamin B12 transporter, BtuCDF [41]. 
Again different static conformations of the transporter provide information on the 
accessibility of the translocation pathway. The mechanism can be described via four states. In 
the resting state, the translocation pathway is in an outward-facing conformation. It is 
assumed that the majority of a BtuCD transporter population can be found in the ADP-bound 
state (Figure 1.3 B, State 1; commonly known as the post-hydrolysis state) [43]. Substrate 
loaded BtuF then binds to BtuCD, delivering substrate to the outward-facing translocation 
pathway via opening of the trans-membrane domain BtuCD (Figure 1.3 B, State 2) [60]. When 
BtuCD-F binds nucleotide (Figure 1.4 B, State 3), the NBDs close, pulling the transmembrane-
helices closer together. This triggers the closing of the periplasmic gate and the opening of the 
cytoplasmic gate, and thus traps substrate in a large translocation chamber (Figure 1.3 B, State 
3) [42]. When ATP is hydrolyzed, the NBDs separate, phosphate and ADP depart, and the 
cytoplasmic gate opens and the translocation chamber collapses with the transmembrane 
helices squeezing vitamin B12 into the cytoplasm [61,62]. After the departure of substrate, 
BtuCD-F is in a stable, occluded conformation (Figure 1.3 B, State 4) [42], which subsequently 
returns to the resting state. 

Energy-coupling factor (ECF) transporters were recently classified as a new type (III) of ABC 
transporter [34]. The Crystal structure of the liganded S components in combination with 
molecular dynamic simulations show that the substrate-binding site is located near the 
extracellular surface of the proteins, in which the binding site is occluded from the periplasmic 
side (Figure 1.3 C) [49]. The crystal structure of the complete ECF transporter reveals an 
unusual orientation of the S component, which is lying almost parallel to the plane of the 
membrane. It has been then proposed that the substrate loaded S component undergoes a 
major rigid-body movement around an axis in the plane of the membrane [48]. 
Conformational changes of the ATPase dimer are then transmitted to the TMD and S-
component for transport [50]. The cytoplasmic α-helixes loop in the S-component forms a link 
between substrate-binding site (Figure 1.3 C, State 1) and the N-terminal domain that 
interacts with the ECF in the ECF module (Figure 1.3 C, State 3); this structural transition is 
induced by ATP binding and hydrolysis (Figure 1.3 C, State 2) before substrate binding and 
release from the S-component (Figure 1.3 C, State 4) [63]. 
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Figure 1.3 | Cartoon sketch of transport mechanisms of ABC importers. TMD are colored purple, NBD cyan, SBD 
yellow, and the substrate is represented by orange sphere. ATP and ADP are shown as a grey and black sphere, 
respectively. A. Mechanism of Type I transporter, MalFGK2. B. Mechanisms of Type II transporter, BtuCDF. C. 
Mechanisms of Type III transporter, FolT.  

 

ABC exporters 

The fourth distinct fold of ABC transporters is found in exporters (Figure 1.1). ABC transporters 
with the exporter fold are present in both prokaryotes and eukaryotes. In all structurally-
characterized ABC exporters, the NBDs are directly linked to the TMDs and form one 
polypeptide chain. ABC exporters thus bind their substrates directly within the TMDs. ABC 
exporters form a large superfamily of transmembrane proteins responsible for transport of a 
large diversity of substrates. Some ABC exporters are involved in multidrug resistance [64]. 
Bacterial ABC exporters are dimers, with each monomer composed of a transmembrane 
domain (TMD), which forms the translocation pathway across the membrane bilayer and 
ensures the substrate specificity, and a nucleotide-binding domain (NBD) where binding and 
hydrolysis of ATP take place [64]. 
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The first high-resolution structure reported for an ABC exporter is the multidrug transporter 
Sav1866 from Staphylococcus aureus [64]. In humans, ABC exporters are crucial participants 
in lipid, fatty-acid and cholesterol export, their malfunction underlies various diseases [65]. 

Independent of their function as importers or exporters, all ABC transporters share 
mechanistic similarities. For both exporters and importers, an alternating access model for 
transport has been suggested as also described in reference 66. The key feature is the 
presence of a substrate binding site that can be accessed either via the extracellular- or the 
intracellular side of the membrane, corresponding to the “outward” and “inward” facing 
conformations of the transporter, respectively [67] (Figure 1.4). The transport event requires 
ATP binding and hydrolysis to drive the necessary conformational changes, which result in the 
alternating exposure of the substrate binding site to the two sides of the membrane [68]. 
There is evidence that the outward facing conformation of an importer is expected to have a 
higher affinity for substrates than the inward facing conformation, while the opposite 
relationship will hold for exporters [25]. 

 
Figure 1.4 | Structural changes in ABC exporters exemplified by crystal structures of P-glycoprotein. The trans-
membrane domains (purple) and nucleotide-binding domains (cyan) are expressed as a single polypeptide, which 
associates to form a single large polypeptide with length 170-180 kDa [69]. P-glycoprotein was crystallized in the 
presence of substrate. In the absence of nucleotide, it adopts an inward facing conformation with the nucleotide-
binding domains spread apart (left). In the presence of ATP, the outward facing conformation is adopted (right), 
where the two nucleotide-binding domain in tightly bound. 

 

Mechanism of transport mechanism in ABC exporters 

The transport mechanism of ABC exporters is considered simpler than that of importers 
because the lack of substrate-binding domains. In an ATP-free (open apo) state, the protein is 
believed to adopt an inward facing conformation, where the two NBDs are separated and, 
consequently, the TMDs are open to the cytoplasmic side (Figure 1.4, left). Upon the binding 
of two ATP molecules, the NBDs dimerize, which pushes the coupling helices towards each 
other; consequently, the TMDs convert into an outward-facing conformation (Figure 1.4, 
right). Upon ATP-hydrolysis, the transporter returns to its inward-facing resting state for the 
next transport-cycle: the NBD dimer opens, consequently pulling the coupling-helices 
outward, causing the conversion to an inward-facing conformation. The first half of the 
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process is thought to be driven by ATP binding and the second half by ATP hydrolysis. 
However, there is much less understanding of the mechanism by which the energy of ATP is 
converted into the mechanical motions of the protein or, in other words, the mechanism of 
chemo-mechanical coupling [67]. 

Single-molecule techniques for mechanistic studies of ABC transporters 

Mechanistic understanding of transport processes requires methods to analyze structures and 
states but also conformational dynamics of biomacromolecules at room temperature under 
physiologically relevant conditions. Single-molecule Förster resonance energy transfer 
(smFRET) has evolved to a versatile tool for exactly this, i.e., the observation of intra- and 
intermolecular conformational dynamics and interactions of transporter domains [70-73]. 

In smFRET, energy is transferred from a light-absorbing and emitting donor molecule D to an 
acceptor A via non-radiative dipole-coupling, with a transfer efficiency E depending on the 
inverse-sixth-power of the distance R between the donor and acceptor: E = 1/(1+[R/R0]6). Here 
R0 is the distance at which 50% of the energy is transferred from D to A. The dynamic range of 
FRET is 3-8 nm which is ideally suitable for use as a molecular ruler. The ability to determine 
FRET efficiency using a single D/A-pair allows for the study of time-dependent phenomena 
such as protein- and molecular conformational changes, Figure 1.5 [74]. To readout 
conformational states of e.g. SBDs,  the protein is labelled at strategic positions that display 
large distance changes upon conformational transitions.  

Figure 1.5 | Förster resonance energy transfer assay for monitoring SBD conformational states. Crystal 
structure of the open ligand-free state of SBD2 of GlnPQ (gray-red, PDB 4KR5 [59]), superimposed onto the 
structure of one of the rigid domains of the closed ligand-bound state (gray-green, PDB 4KQP). Residues 
mutated to cysteine for labelling are with D/A. Low FRET efficiency a larger distance between the 
labelled residues compared to the liganded-closed state. 
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Thesis outline 

This thesis focuses on single-molecule studies of both substrate-binding proteins of ABC 
importers and ABC exporters via smFRET in order to answer relevant mechanistic questions.  

Chapter 1 (this chapter) provides a short yet concise overview on the structures and transport 
mechanisms of ABC transporters. The focus is to link the information from structural and 
biochemical studies of ABC transporter to the single-molecule FRET approach. 

Chapter 2 introduces protein labelling strategies for fluorescent dyes. This enables 
smFRET investigations of conformational states and transitions of GlnPQ-SBD1/2, 
permitting a direct correlation of structural and kinetic information of SBDs. Since 
information in such assays are restricted by proper labelling of proteins with fluorescent 
dyes, I present a simple approach to increase the amount of protein with FRET information 
based on non-specific interactions between a dye and the size-exclusion chromatography 
(SEC) column material used for protein purification. 

Chapter 3 describes the mechanistic studies on the conformational dynamics of the ABC 
importer GlnPQ from Lactococcus lactis. This transporter has different covalently-linked 
substrate-binding domains (SBDs), thus making it an excellent model system to elucidate the 
dynamics and role of the SBDs in transport. I demonstrate by single-molecule spectroscopy 
that the two SBDs intrinsically transit from open to closed ligand-free conformation, and the 
proteins capture their amino acid ligands via an induced-fit mechanism. High-affinity ligands 
elicit transitions without changing the closed-state lifetime, whereas low-affinity ligands 
dramatically shorten it. We show that SBDs in the closed state compete for docking onto the 
translocator, but remarkably the effect is strongest without ligand. We find that the rate-
determining steps depend on the SBD and the amino acid transported. We conclude that the 
lifetime of the closed conformation controls both SBD docking to the translocator and 
substrate release.  

Chapter 4 provides one of the first smFRET studies on ABC exporters. In this chapter, we 
analyzed the conformational states and dynamics of the antibacterial peptide exporter McjD 
from E. coli in proteoliposomes. I established smFRET for an ABC transporter in a native-like 
lipid environment and directly monitored conformational dynamics in both the 
transmembrane- (TMD) and nucleotide-binding domains (NBD). With this I unravel the ligand-
dependencies that drive conformational changes in both domains, i.e., ATP alone controls the 
NBDs while both ATP and ligand influence the TMD conformational state. Furthermore, we 
observe intrinsic conformational dynamics in the absence of ATP and ligand in the NBDs on a 
sub-second timescale, but nearly static TMDs. ATP-binding and hydrolysis on the other hand 
are slower and can be observed via NBD conformational dynamics on the timescale of several 
seconds – a value compatible with reported biochemical data. 

Publication reported in Scientific Report (2016) 18(6), 33257 describes the possible 
applications of FRET in studies with diffusing and immobilized molecules, indicating the full 
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potential of the technique for mechanistic investigations of biomolecular interactions and 
transport studies. The technique provides a solution to overcome the limitations of FRETs such 
as their restricted distance ranges and the need for labelling with fluorescent dyes. It 
allows observing changes in biochemical structure and interactions by following two 
distances and thus reaction coordinates on two different distance ranges. 

Publication reported in eLife Sciences (2019) (8), 44652 facilitates the funding of 
conformational changes occurring on the OppA and FeuA upon substrate binding detected by 
using single-molecule approach. The results indicate that OppA and FeuA undergo 
conformational changes in the presence of substrate as observed by two distinct FRET state 
(open and closed state) via induced-fit mechanisms.  
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Abstract 

ATP-binding cassette (ABC) transporters play crucial roles in cellular processes, such as 
nutrient uptake, drug resistance, cell-volume regulation and others. Recent findings show that 
transport is initiated by binding of ligand in the substrate-binding domain. Despite their 
importance in transporting the substrate across the membrane, all proposed molecular 
models for either transport or binding are based on indirect evidence, for example 
interpretation of static crystal structures and ensemble measurements of function. Thus, 
classical biophysical and biochemical techniques do not readily visualize dynamic structural 
changes. The conformational states and transitions of ABC-associated substrate-binding 
domains (SBDs) are visualized with single-molecule FRET, permitting a direct correlation of 
structural and kinetic information of SBDs. We also delineated the different steps of the 
transport cycle. Since information in such assays are restricted by proper labelling of proteins 
with fluorescent dyes, we present a simple approach to increase the amount of protein with 
FRET information based on non-specific interactions between a dye and the size-exclusion 
chromatography (SEC) column material used for final purification. 

Key words: ABC importer, transport mechanism, SBD, GlnPQ, fluorophore labelling, FRET, 
single-molecule studies. 

Abbreviations: ABC, ATP-binding cassette; NBD, nucleotide binding domain; TMD, 
transmembrane domain; SBD, substrate binding domain; ALEX, alternating laser excitation; 
ATP, adenosine triphosphate; DA, donor-acceptor; FRET, Förster resonance energy transfer; 
SEC, size-exclusion chromatography; smFRET, single-molecule FRET. 
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Introduction 

In prokaryotic ATP-binding cassette (ABC) importers [1–3], substrate-binding proteins or 
domains (SBDs) [4,5] are used to capture amino acids, sugars [6], vitamins [7], metals [8], 
peptides [9] and various other ligands before their uphill transport via the core of the ABC 
transporter: the dimeric transmembrane domain (TMD) and nucleotide binding domain (NBD) 
[10,11]. Although the molecular model for ligand binding in ABC-related SBDs is still under 
debate, the consequences of the binding model for transport remains largely elusive [6,12–
15]. A key question is which of the conformational states of the SBD interacts with the TMD 
and leads to a productive transport cycle. It is also uncertain whether the kinetics of substrate 
binding directly influences the transport rate and if substrate binding and SBD docking to the 
TMD could trigger events during the translocation cycle [16,17]. To directly observe 
conformational changes in SBDs and by this to clarify binding models of these ABC-associated 
proteins, examination of SBD conformational states by means of single molecule FRET 
(smFRET) is reported [18].  

FRET is a ‘spectroscopic ruler’ that relies on the measurement of energy transfer efficiency 
between two spectrally distinct fluorophores; the dynamic range is 2–10 nm [2]. In smFRET, a 
single donor (D) and acceptor (A) pair are excited and detected. Detecting a single molecule 
over a huge excess of solvent molecules (e.g. 1019 water molecules in 1 μL) is challenging due 
to background contributions by scattering [19,20]. Luckily, fluorescence allows selection of the 
molecules of interest by distinct absorption and emission spectra [20]. Background is 
additionally diminished by the reduction of the illuminated volume, for example in a 
fluorescence microscope [19-21]. The distance between D and A and hence the protein 
conformation, determines the fluorescence intensities upon D excitation (Figure 2.1A). Using 
FRET as a 1D ruler, one can observe (dynamic) conformational changes within a protein, in-
between different proteins or domains. FRET has evolved to be a complementary tool for 
classical structural biology methods [22,23].  

In this chapter, we illustrate the power of using single molecule fluorescence techniques to 
monitor conformational states and the kinetics of conformational transitions of protein 
domains such as the SBDs of ABC importers. These approaches unmask heterogeneity, 
stochastic and dynamic behavior of proteins that are typically hidden in ensemble 
measurements, such as NMR, EPR and others [24]. We can thus observe directly how binding 
interactions drive local conformational changes and how these are transmitted to different 
subunits of an ABC transporter to regulate its function. Although the study of membrane 
transporters with single-molecule approaches such as electrophysiology was already initiated 
decades ago, advanced imaging techniques were introduced to the field only recently. The 
most prominent in vitro single-molecule studies, aiming to verify aspects of published reaction 
models, include investigations of lactose permease [25], secondary active transporters [26], 
an ABC exporter (P-glycoprotein [27]) and, more recently, ABC-associated SBDs such as 
maltose-binding protein (MBP) [28,29] and SBDs from other bacterial importers [18]. 
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Methods 

Cloning and mutagenesis 

To probe conformational changes in SBD1 and SBD2, we introduced two cysteine residues. 
Quick change mutagenesis approach with pfuUltra was used to introduce two cysteine at 
strategic positions on the basis of the SBD1 and SBD2 crystal structures. The cysteine residues 
were introduced at surface-exposed, non-conserved positions and identified using the 
ConSurf Server. The structures of SBD1 (PDB 4LA9) and SBD2 (PDB 4KR5) in the apoprotein 
open state and the closed state with glutamine bound to SBD2 (PDB 4KQP) are available.  

The soluble substrate-binding domains were expressed in Escherichia coli strain MC1061 
carrying pBADnLicSBD1 and pBADnLicSBD2 and derivatives. Site-directed mutagenesis to 
introduce cysteine pair for the labelling approach was accomplished with the QuickChange 
Site-Directed Mutagenesis protocol (Stratagene) and mutations were verified by sequence 
analysis (Seqlab). Briefly, 100 ng of template DNA (pBADnLIC containing either the SBD1 or 
SBD2 gene) was mixed with 0.3 µM of forward and reverse mutagenic primers in a PCR 
reaction with pfuUltra High-Fidelity DNA polymerase (Stratagene). A control PCR reaction, in 
which addition of the polymerase was omitted, was also included. The PCR reaction mixture 
was treated with DpnI (37 oC, 5 h) to digest the parental DNA, and this was followed by 
transformation into E. coli DH5α competent cells. The efficiency of the procedure was >90% 
(verified after sequencing), and the number of colonies varied from 50 to100, whereas in the 
control PCR reaction, no colonies were observed. 

Bacterial strains and growth conditions 

His6SBD1, His6SBD2, and His6SBD12 were over-expressed in E.coli BL21. The cells were grown 
in Luria-Bertani media containing 1% w/v pepton, 1% w/v NaCl, 0.5% w/v yeast extract 
supplemented with 100 µg/ml of ampicillin in shake flasks. Cell was grown at 37 oC overnight 
until an OD600 of about 1.0. Cell culture was then rejuvenated into production media with 
dilution of 500X for about 2 hours until an OD600 of about 0.5 was reached.  Expression was 
triggered by addition of 0.3% (v/v) L-arabinose 10%, and induction was continued for another 
2 h. Cells were harvested by centrifugation (15 min, 6,000 xg) and washed once with buffer A 
(50 mM KPi pH 8.0, 1 M KCl, 20 mM imidazole, 10% glycerol). After resuspension, cells were 
supplemented with 0.1 mg/ml DNase and 1 mM phenylmethylsulfonyl fluoride PMSF, to be 
disrupted by cell disrupter with 25,000 psi (Emulsiflex-C5, Avestin). Supernatant was collected 
after ultracentrifugation (45 min, 150,000 xg) and stored at 4 oC.  

Purification of SBD1 and SBD2 

For purification step, we used Ni2+-Sepharose resin (5.5 mL bed volume of Ni2+-Sepharose per 
wet-weight gram of cells). Supernatant (supplemented with 1 mM DTT) was flown into the 



WATCHING CONFORMATIONAL DYNAMICS OF ABC TRANSPORTERS WITH SINGLE-MOLECULE TOOLS 31

2

resin. Washing step was done with flowing 10 CV (column volume) buffer A and 10CV buffer 
B (50 mM KPi pH 8.0, 50 mM KCl, 50 mM imidazole, 10% glycerol). The histidine-tagged 
proteins were eluted in 5 column volumes of buffer C (50 mM KPi pH 8.0, 50 mM KCl, 500 mM 
imidazole, 10% glycerol). The elution was supplemented with 5 mM EDTA to prevent 
aggregation and then  was concentrated (Vivaspin, Sartorius; ∼5 mg/ml), dialyzed in buffer D 
(50 mM KPi pH 8.0, 50 mM KCl) to remove imidazole for 3 hours. For more protein stability, 
protein was subsequently dialyzed in buffer E (50 mM KPi pH 7.0; 50 mM KCl; 50% glycerol). 
The protein was added with 1 mM DTT in final concentration and stored in aliquots at -20 oC. 

Calorimetric measurements 

Isothermal titration calorimetry (ITC) experiments were performed with using about 400 µM 
purified protein. Briefly, the purified SBDs were dialyzed overnight against 50 mM KPi pH 8.0 
and 150 mM KCl to have final concentration 20 µM. Isothermal titration experiments were 
carried out with an ITC-200 (MicroCal, GE Healthcare). 10 times higher glutamine 
concentration was used as for SBD2 substrate. For these experiments, the substrate was 
prepared and diluted in the dialysis buffer to minimize mixing effects. Further protein dilution 
was also done in the dialysis buffer. All experiments were carried out at 25 oC with a mixing 
rate of 300 rpm.  

Purification of labelled protein 

20-40 mg/ml unlabelled SBD1 and SBD2 cysteine-containing derivatives were used in 100 µL  
total volume buffer labelling A (50 mM KPi pH 7.4, 50 mM KCl and 5% glycerol and 1 mM DTT).  
Stochastic labelling with maleimide derivatives of donor and acceptor fluorophores was carried 
out on ∼5 nmol of protein; SBD derivatives were labelled with Cy3B- and Atto747N-maleimide  
in a ratio of protein/Cy3B/Atto647N = 1:4:5. Briefly, purified proteins were treated with 10  
mM DTT for at least 30 min to fully reduce oxidized cysteines. After dilution of the protein  
sample to a DTT concentration of 1 mM, the reduced protein was bound to a Ni2+-Sepharose  
resin (GE Healthcare) and washed with ten column volumes of buffer labelling A.  
Simultaneously, the applied fluorophore stocks (50 nmol in powder) dissolved in 5 µl of water-
free DMSO, were added at appropriate amounts to buffer A and immediately applied to the  
protein bound to the Ni2+-Sepharose resin (keeping the final DMSO concentration below 1%).  
The resin was incubated overnight and kept at 4 oC (under mild agitation). After labelling,  
unbound dye was removed by sequential washing with 10 column volumes of buffer B (50 mM 
KPi pH 7.4, 1 M KCl and 50% glycerol). The protein was eluted in 1.0 mL buffer elution (50 mM  
KPi pH 7.4, 50 mM KCl, 5% glycerol and 500 mM imidazole) and was applied onto a 
Superdex-200 column (GE Healthcare) equilibrated with 50 mM KPi pH 7.4, 150 mM KCl. We 
enriched for protein labelled with donor and acceptor fluorophores by taking advantage 
of the  nonspecific interaction of the Atto647N dye with Superdex-200 column materials.



CHAPTER 232

Single-Molecule FRET Reveals Transport Mechanism of ABC Transporters 

Single-molecule fluorescence microscopy 

Microscope cover slides (no. 1.5H precision cover slides, VWR Marienfeld) were coated with 
1 mg/mL BSA for about 30 seconds to prevent quenching of the fluorophore to the glass 
material. Excess BSA was subsequently washed with imaging buffer containing 50 mM KPi, 
150 mM KCl, 1 mM Trolox (photo stabilization agent), and 10 mM Cysteamine, pH 7.4. 
Purified labelled protein from size exclusion chromatography was further diluted in imaging 
buffer to obtain 25 pM final concentration. Soluble SBDs proteins were visualized using a 
built confocal FRET microscopy [30] at room temperature. An excitation light pulses 
centered at 532 and 640 nm, the correlated wavelength as the used fluorophore (SuperK 
Extreme, NKT Photonics, Denmark) were used. Alternation between both excitation 
wavelengths was achieved by modulating the light in 50 μs intervals. The beam was coupled 
into a single-mode fiber (PM-S405-XP, Thorlabs, United Kingdom) and re-collimated (MB06, 
Q-Optics/Linos, Germany) before entering an oil immersion objective (60X, NA 1.35, 
UPLSAPO 60XO, Olympus, Germany). Excitation and emission were separated by a dichroic 
beam splitter (zt532/642rpc, AHF Analysentechnik, Germany), which is mounted in an 
inverse microscope body (IX71, Olympus, Germany). Fluorescence emitted by diffusing 
molecules in solution at the focus was collected by the same oil objective, focused onto a 50 
μm pinhole and spectrally separated (640DCXR, AHF  Analysetechnik, Germany) onto two 
APDs (τ-spad, <50 dark-counts/s, Picoquant, Germany) with appropriate spectral filtering 
(donor channel: HC582/75; acceptor channel: Edge Basic 647LP; both AHF Analysentechnik, 
Germany). 

Scanning confocal microscopy 

Confocal scanning experiments were performed using the same homebuilt confocal 
microscope [30]. Data were recorded with constant 532 nm excitation at an intensity of 0.8 
μW (∼125 W/cm2) for OppA and FeuA. A flow-cell arrangement was used as described in [31] 
for studies of surface-immobilized protein. All experiments were carried out in a degassed 
buffer (50 mM KPi, pH 7.4, 50 mM KCl) under oxygen-free conditions obtained utilizing an 
oxygen-scavenging system supplemented with 10 mM of aged Trolox (Merck) as a 
photostabilizer [32]. 

Data analysis 

Fluorescence photons arriving at the two detection channels (donor detection channel: Dem; 
acceptor detection channel: Aem) were assigned to either donor-or acceptor-based excitation 
based on their photon arrival time [33,34]. Collected photon corresponds to donor-based 
donor emission F(DD), donor-based acceptor emission F(DA) and acceptor-based acceptor 
emission F(AA). Fluorophore stoichiometry’s S and apparent FRET efficiencies E* were defined 
by calculating the fluorescent burst yielding in a two-dimensional histogram. Uncorrected 
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FRET efficiency E* is the proximity between the two fluorophores and is calculated according 
to: 

𝐸𝐸∗ =  𝐹𝐹(𝐷𝐷𝐷𝐷)
𝐹𝐹(𝐷𝐷𝐷𝐷) + 𝐹𝐹(𝐷𝐷𝐷𝐷) 

Stoichiometry S is defined as the ratio between the overall green fluorescence intensity over 
the total green and red fluorescence intensity and describes the ratio of donor-to-acceptor 
fluorophores in the sample: 

𝑆𝑆 =  𝐹𝐹(𝐷𝐷𝐷𝐷) + 𝐹𝐹(𝐷𝐷𝐷𝐷)
𝐹𝐹(𝐷𝐷𝐷𝐷) +  𝐹𝐹(𝐷𝐷𝐷𝐷) + 𝐹𝐹(𝐷𝐷𝐷𝐷) 

One-dimensional E* and S distributions were fitted using a Gaussian function, yielding the 
mean values of the distribution and an associated standard deviation .  
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Results 

Monitoring conformational states of SBDs with smFRET 

The core of all ABC-related SBDs, which initiate transport via capturing substrates, consists of 
two structurally conserved rigid domains connected by a flexible hinge region, which allows a 
conformational transition from an open to a closed conformational state [35]. We recently 
studied SBD1 and SBD2 of the ABC transporter for glutamine-importer from Lactococcus lactis 
(GlnPQ), using a combination of single-molecule and biochemical methods to elucidate their 
exact role and function in transport [18].  

To allow FRET investigations of SBDs, two cysteines were introduced at non-conserved and 
solvent-exposed sites that can be labelled stochastically with maleimide-derivatives of 
organic fluorophores (Figure 2.1A, Cy3B as D and Atto647N as A). The crystal structure of 
SBD2 in its open state suggests a distance between residues T369C and S451C of 4.9 nm and 
4.0 nm for the closed state. In such an assay design, the open conformation of the protein 
should have low FRET efficiency, whereas the closed conformation should have a higher 
FRET efficiency; hence, FRET efficiency (E*) is indicative of the conformational state of the 
protein. 

With this assay, we determined the ligand-binding mechanism by stepwise addition of 
substrate, monitoring the hypothesized transition from open-unliganded to closed-liganded 
state using alternating laser excitation (ALEX) [36]. This technique allows to study FRET 
efficiency E* and labelling stoichiometry S of individual molecules during the short 
millisecond-long transit through the excitation volume of a confocal microscope [2,33]. A 
single population is observed around an apparent FRET value E* of 0.50 in the apo-state of 
SBD2 (Figure 2.1B). At saturating concentrations of glutamine (≫Kd ), the population shifts 
to a high FRET state E* = 0.69. These observations are in good agreement with expectations 
from crystal structures, since the apo-state of the protein has a higher distance between 
both attachment points, whereas the liganded state of the protein shows a smaller 
separation. Gradual titration of ligand and plotting the relative population of open to closed 
state yields an apparent Kd -value of ∼1 μM that is in full agreement with values derived 
from isothermal titration calorimetry, as shown in Figure 2.1C [18].  
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Figure 2.1 | A Left: Crystal structure of the open ligand-free state of SBD2 (grey, PDB 4KR5). Right: Crystal
structure of the closed-liganded state (orange, PDB 4KQP). Surface-located and non-conserved residues are
mutated to cysteine for labelling. Glutamine (shown in grey spheres) induces the closed state conformation. The
residues are 4.9 nm apart in the open state and come to 4.0 nm in the closed state. B Confocal single-molecule
analysis with ALEX of SBD2 labelled stochastically with Cy3B- and Atto647N-maleimide. SBD2 in the open state 
has low apparent FRET value of 0.50 (left); with addition of 10 mM glutamine the population shifts to a high FRET 
of 0.69 (right). C Left: ALEX experiments (as in b) were also performed at the indicated concentrations of
glutamine. The Kd value of 1.1 μM was obtained from the ratio of areas [closed-liganded/(open-unliganded +
closed-liganded)] between both populations (shown in b). Right: Binding isotherms of the calorimetric titration 
of SBD2 wild-type with glutamine were performed on a isothermal titration calorimeter (MicroCal VP-ITC, 
Malvern), ITC measurements were performed in 50 mM KPi pH 7.0, 150 mM KCl at 298 K. Purified SBD2 at a final
concentration of 30 μM was placed at the cell in the experiment. Glutamine (2 μl at 500 μM in the syringe) per 
injections was used to titrate the protein in the cell. The normalized enthalpy changes per glutamine injected is
plotted as a function of the protein-to-glutamine ratio, yielding Kd value of 1.27 μM.

Dynamics of the ligand binding process

To investigate the dynamics of the ligand-binding process, smFRET experiments with identical
-
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mutated to cysteine for labelling. Glutamine (shown in grey spheres) induces the closed state conformation. The 
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analysis with ALEX of SBD2 labelled stochastically with  Cy3B- and Atto647N-maleimide. SBD2 in the open state 
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plotted as a function of the protein-to-glutamine ratio, yielding Kd value of 1.27 μM. 

 

Dynamics of the ligand binding process

To investigate the dynamics of the ligand-binding process, smFRET experiments with identical
labelling scheme have to be performed with surface-bound proteins, using a confocal scanning
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microscope. In accordance with ALEX experiments, SBD2 was predominantly (>95 %) in the 
open conformation when no ligand was present (Figure 2.2, left panel). Importantly, however 
we observed rare transitions to a high FRET state with identical FRET values as observed for 
the closed conformation with saturated concentration of glutamine (Figure 2.2, right panel). 
These data reveal that SBD2 can transit to a closed-unliganded state (lifetime of ∼60ms) and 
does so on average every 2s. It is unclear whether these closing events can trigger ATP-
hydrolysis and are one cause for the basal activity of a transporter. In accordance with the Kd-
value, SBD2 shows frequent switching between low and high FRET state with even occupation 
at low ligand concentrations (Figure 2.2, middle panel). These conditions represent direct 
observation of substrate binding and unbinding events that are coupled with conformational 
changes in SBD2. Surprisingly, the lifetimes of the closed-liganded and closed-unliganded state 
were identical within error, thus indicating that the ligand does not ‘stabilize’ the closed 
conformation relative to the transition state. The concentration dependence of both on/off-
rate clearly follows an induced fit mechanism (or ‘Venus fly- trap’), where the on-rate 
increases with increasing ligand concentration whereas the off-rate is found constant.  

To understand the implication of milliseconds-lifetimes of closed-liganded and closed-
unliganded states of the SBDs for transport, the single-molecule data were correlated with 
those obtained from standard biochemical assays. In vivo uptake experiments of radio-
labelled amino acids were used to determine the transport rates [18]. A direct comparison of 
the kinetics of the conformational transitions of SBDs with the respective transport rates of 
wild-type SBDs but also of SBDs with altered conformational dynamics, allowed us to uncover 
salient features of the transport cycle of type-I ABC importers [18]. 

Figure 2.2 | Representative fluorescence time traces of SBD2 labelled with Cy3B- and Atto647N-maleimide with 
the indicated concentrations of glutamine. SBD2 shows an open state at E* = 0.50 and a closed high FRET state
at E* = 0.69 in the presence of saturating concentrations of glutamine. At substrate concentrations around the
Kd, two populations can be resolved. 
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Advancing single-molecule tools: optimized protein labelling 

As shown in Figure 2, single-molecule based assays provide unique opportunities to unravel 
heterogeneity, to observe rare events and to study unsynchronized biochemical processes 
even in real time. The observation of individual biomolecules is however complicated by the 
following major obstacles: (i) a significant number of individual molecules have to be studied 
to obtain statistically significant information about a biochemical process or a conformational 
state/transition. (ii) Single-molecule approaches allow for user-based pre-selection of the 
experimental data, which can ultimately lead to false interpretations and irrelevant models. 
Both problems can only be overcome by collecting large data sets using automated non-biased 
data analysis. (iii) smFRET is further complicated by the need for protein species bearing 
exactly one donor and one acceptor fluorophore. The standard procedure to allow FRET on a 
protein is stochastic labelling of two (typically engineered) cysteine residues, using reactive 
fluorophore derivatives, e.g. maleimides. ‘Informative’ protein molecules are those labelled 
with both donor and acceptor fluorophore and the yield of these molecules can be 50% 
at maximum for stochastic labelling since four possible species with equal probability 
are obtained: donor-only D(cys#1)/D(cys#2), acceptor-only A(cys#1)/A(cys#2) and the 
donor–acceptor (DA) species D(cys#1)/A(cys#2) and A(cys#1)/D(cys#2).  

ALEX- or Pulsed Interleaved Excitation (PIE)- spectroscopy [2,37] provide a bias-free view on 
the populations of conformational states of freely diffusing proteins. With this knowledge 
regarding the relevant conformational states from ALEX, single-molecule experiments of 
surface-immobilized molecules can be obtained without false bias, hence solving problem ii. 
Often however, additional complications such as labelling efficiency restrict the amount of 
available information in single-molecule experiments and render the presented strategy not 
feasible (problems i/iii).  

In Figure 2.3, we show biochemical and single-molecule data from a typical FRET pair, i.e. 
donor Cy3B and acceptor Cy5. The chromatogram of the labelled protein shows a single 
mono-disperse protein species that contains both fluorophores (Figure 2.3A) with ∼65% 
labelling efficiency. Next, we analyzed the different size-exclusion chromatography (SEC)-
fractions for the relative population of DA, donor-only and acceptor-only. This percentage 
was determined from confocal solution ALEX experiments [36] by analyzing single-molecule 
transits through the confocal volume. Two parameters are obtained: labelling 
stoichiometry S and apparent FRET efficiency E*. The 2D E*/S histogram reports on apparent 
FRET E* (x-axis), i.e. a measure of the inter-probe distance and the labelling stoichiometry 
between the two fluorophores on the y- axis (Figure 2.3C). Low stoichiometry (<0.3) 
corresponds to acceptor-only molecules; high stoichiometry (>0.8) corresponds to donor-
only molecules; whereas intermediate values (0.3 < S < 0.8) correspond to DA molecules. 
The percentage of the DA population was determined from the areas under the 
respective S populations. For a standard couple of donor and acceptor, e.g. Cy3B/Cy5, all 
fractions show an average of 20–30 % DA population (Figure 2.3B) [38]. With this sample, 
we performed similar experiments as in Figure 2.1C and [18] to see whether the 
fluorophores have (unwanted) effects on observables such as dissociation 
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constant. A glutamine titration of SBD2 labelled with Cy3B/Cy5 gives rise to an apparent Kd 
value ∼1.0 μM, which is in full agreement with ITC experiments (Figure 2.3D compared with 
Figure 2.1C right) and our previous experiments obtained with Cy3B and Atto647N [18].  

Figure 2.3 | Improved strategy for stochastic labelling of proteins used in smFRET studies. A Chromatogram of 
SBD2 labelled with Cy3B and Cy5. B The percentage of DA population from different fraction was calculated. All 
fractions have an average of 20-30% of DA population. C 2D histogram and 1D histogram of fraction number 5. 
D The Kd value of SBD2 labelled with Cy3B and Cy5 for glutamine, obtained by plotting the peak value of FRET 
from a Gaussian fit as a function of its concentration. We obtained similar results after labelling other positions 
in the SBD or using Cy3B and Atto647N fluorophores [18]. The different ‘donor-only’, ‘DA’ and ‘acceptor-only’ 
populations are depicted in cartoon style.  

We noted, however that the SEC profiles of SBDs labelled with specific fluorophore pairs, e.g. 
Cy3B/ATTO647N showed a less homogenous labelling ratio (Figure 2.4). A relative difference 
in the retention time of molecules with differing labels offers the interesting possibility to 
improve the yield of molecules having both donor and acceptor labelling beyond the possible 
50% for stochastic labelling. To enrich the population of these molecules, we used the 
propensity of specific fluorophores (here Atto647N) to interact non-specifically with the SEC 
column material Superdex-200. SBD labelled with Cy3B and Atto647N was analyzed with SEC, 
showing an average labelling efficiency of ∼67%. As observed, molecules labelled only with 
Cy3B elute at 17.5 ml (like unlabelled molecules, dashed line; Figure 2.4A). Fraction number 
5 has consequently the lowest percentage of DA (∼1.5 %), whereas molecules labelled with 
Atto647N only elute at 21 ml (fraction number 12) with a percentage of DA of ∼43 %. 
Intermediate volumes, e.g. 19 ml (fraction number 8), show the highest percentage of DA 
population ∼59%. Thus, by simply selecting intermediate elution fractions, we were able to 
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enrich the percentage of double-labelled molecules (Figure 2.4B,C). The ability to enrich for 
DA molecules is exclusively due to the non- specific interaction of Atto647N with Superdex-
200 column material, as molecules labelled with Cy3B and Cy5 elute as a single mono-disperse 
peak (Figure 2.3A). Importantly, labelling with both pair dyes does not interfere with protein 
function, as SBD2 labelled with Cy3B–Cy5 has unaffected affinity for glutamine (Figure 2.3D) 
compared with wild-type SBD2 or other fluorophore pairs such as Cy3B/ATTO647N [18].  

Figure 2.4 | Improved strategy for stochastic labelling of proteins used in smFRET studies. A Chromatogram 
of SBD2 labelled with Cy3B and Atto647N; unlabelled protein is represented in black dashes. SBD2 labelled 
with Atto647N is retarded on the column and elutes later than the unlabelled protein. B The percentage 
of DA population from different fractions is depicted. Fraction number 8 has the highest percentage DA 
population, in agreement with the chromatogram. C 2D histogram and 1D histogram of fractions number 13, 8, 
5 respectively. 
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Conclusion  

This chapter focused on the use of single-molecule methodology and its practical 
advancement in terms of labelling to obtain detailed information regarding the 
conformational states and dynamics of SBDs of type I ABC importers. The knowledge of the 
binding mechanism and the correlation of kinetic data with in vivo transport rates allowed us 
for the first time to characterize the initial steps of the translocation cycle of an ABC importer. 
The details of this study are found in [17] and can be summarized as follows: (i) Substrate 
capturing is accomplished by an induced fit mechanism (or Venus fly-trap), (ii) the lifetime of 
the closed-liganded state directly influences the rate of transport, (iii) a closed-unliganded 
state can lock the transport cycle in an non- productive state; (iv) different ligands trigger ATP 
hydrolysis with different efficiencies; (v) docking efficiency depends on the SBD; (vi) SBD 
opening seems faster when the SBD is docked/interacting with the transporter.  

Our findings contribute to a general understanding of the mechanism of ABC transport, 
information that became only accessible by combining single-molecule tools with bio- 
chemical data. Future work will show whether the proposed model for substrate-binding and 
the resulting implications for transport hold for other types of transporters (type II, energy-
coupling-factor ABC transporter or tripartite ATP- independent periplasmic transporters) that 
also use SBDs for substrate transport [4].  
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Abstract 

The conformational dynamics in ABC transporters is largely elusive. The ABC importer GlnPQ 
from Lactococcus lactis has different covalently linked substrate-binding domains (SBDs), thus 
making it an excellent model system to elucidate the dynamics and role of the SBDs in 
transport. We demonstrate by single-molecule spectroscopy that the two SBDs intrinsically 
transit from open to closed ligand-free conformation, and the proteins capture their amino 
acid ligands via an induced-fit mechanism. High-affinity ligands elicit transitions without 
changing the closed-state lifetime, whereas low-affinity ligands dramatically shorten it. We 
show that SBDs in the closed state compete for docking onto the translocator, but remarkably 
the effect is strongest without ligand. We find that the rate-determining steps depend on the 
SBD and the amino acid transported. We conclude that the lifetime of the closed conformation 
controls both SBD docking to the translocator and substrate release.  
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Abbreviations: ABC, ATP-binding cassette; NBD, nucleotide binding domain; TMD, 
transmembrane domain; SBD, substrate binding domain; ALEX, alternating laser excitation; 
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SEC, size-exclusion chromatography; smFRET, single-molecule FRET. 
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Introduction 

ATP-binding cassette (ABC) transporters are integral membrane proteins found in all kingdoms 
of life [1]. The importers are involved in uptake of cellular building blocks and nutrients and 
also in large-scale accumulation of compatible solutes for cell-volume regulation [2,3] and of 
signaling molecules for intercellular communication [4,5]. ABC exporters are involved in 
extrusion of drugs and antibiotics [6], lipid translocation [7], antigen presentation [4] and 
numerous other functions [8]. Both importers and exporters consist of two transmembrane 
domains (TMDs) and two cytoplasmic nucleotide-binding domains (NBDs), which power 
transport through hydrolysis of ATP. Besides TMDs and NBDs, the ABC importers use SBDs or 
substrate-binding proteins (SBPs) to capture substrates from the environment and deliver 
them to the translocator. The SBDs are fused to the TMD, whereas SBPs are separate 
polypeptides, either present in the periplasm or associated with the membrane via a lipid or 
protein anchor [9]. A subset of ABC transporters has two or even three SBDs fused in tandem 
[9, 10], thus giving rise to four or six receptor domains per functional complex. Despite the 
difference in the number of SBDs and their linkage to the cell surface, the basic transport 
mechanism of ABC importers could be similar. However, very little is known of how ABC 
importers interact with multiple (and structurally distinct) SBDs. Do the SBDs operate 
independently of each other, and do they function via a similar mechanism? Do multiple SBDs 
increase the substrate spectrum and/or transport capacity? Do the SBDs compete for docking 
onto the TMD, and in which conformation do they interact? Importantly, the transporters with 
multiple SBDs fused to the TMDs offer unique possibilities for probing the rate-determining 
steps in translocation and the influence of the dynamics of SBDs in translocation.  

In this study, we focus on GlnPQ (Figure 3.1A) from the Gram-positive bacterium L. lactis, 
which uses two different SBDs for import of asparagine, glutamine and glutamate [10, 11]. 
The overall fold of the two SBDs of GlnPQ is very similar even though their primary sequences 
diverge by more than 50%. Numerous crystal structures of SBDs [12] and some structural 
information from NMR are available [13], but the mechanism of ligand binding (‘induced fit’ 
versus ‘conformational selection’) is still under debate [14, 15]. What remains ambiguous, 
however, is how the binding mechanism influences the transport process. Moreover, there is 
no consensus on the conformations of SBDs that lead to a productive translocation cycle. To 
discriminate between the different models of substrate delivery and translocation by ABC 
importers and to understand the role of the individual SBDs in the transport process, a variety 
of different studies have been carried out. A number of crystal structure of GlnPQ are available 
of full-length ABC importer [10]. Crystal structures provide crucial snapshots of discrete states 
of the translocation cycle but do not resolve the dynamics of the processes.  

Additionally, ‘bulk’ biochemical experiments cannot provide insights into rare and/or 
transient events that are crucial for the transport process because these are lost in the 
ensemble averaging. Here, we used single-molecule Förster resonance energy transfer 
(smFRET) to probe conformational dynamics of the SBDs and correlated these findings with 
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isothermal titration calorimetry (ITC) to determine the specificity and thermodynamics of 
ligand binding. In addition, we monitored the overall transport process to relate differences 
in binding activity and protein conformation to translocation efficiency. With this unique 
combination of techniques, we present new mechanistic insight into the transport mechanism 
of ABC importers: (i) SBDs of GlnPQ bind their ligands via an induced-fit mechanism; (ii) the 
lifetime of the closed ligand-bound state determines the rate of transport; and (iii) the closed 
ligand-free state of SBD2 inhibits transport via SBD1.  
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Methods 

Labelling of SBDs derivatives 

Experimental procedures are described in the “Methods” of chapter 2 in this study.. 

Uptake experiments in whole cells 

Uptake experiments were done as described in Wolters et al. [11] (experiments were done in 
the collaboration with Membrane Enzymology group).  L. lactis cells were grown in GM17 to 
an OD600 of 0.4, induced for 1 hour with 0.01% of culture supernatant of the nisin A–producing 
strain NZ9700 (containing 10 mg/L of nisin A) and harvested by centrifugation for 10 min at 
4,000 xg. After being washed twice with 10 mM PIPES-KOH, 80 mM KCl, pH 6.0, cells were 
resuspended to OD600 50 in the same buffer. Uptake experiments were performed at final 
protein concentrations of 2.5–250 mg/mL in 30 mM PIPES-KOH, 30 mM MES-KOH, and 30 mM 
HEPES-KOH, pH 6.0. Before the transport assays, the cells were equilibrated and energized at 
30 oC for 3 min in the presence of 10 mM glucose plus 5 mM MgCl2. After 3 min, the uptake 
reaction was started by addition of either [14C]glutamine or [3H]asparagine; the specific 
radioactivity was adjusted in the different experiments to have disintegrations per minute 
(d.p.m.) at least ten-fold above the background. The final amino acid concentrations are 
indicated in the figures, tables and/or figure legends. At given time intervals, samples were 
taken and diluted in 2 mL ice-cold 100 mM LiCl. Samples were rapidly filtered through 0.45-
mm cellulose nitrate filters (Whatman/GE Healthcare), and the filter was washed once with 
ice-cold 100 mM LiCl. The radioactivity on the filters was determined by liquid scintillation 
counting.  

Results 

GlnPQ is essential for amino acid uptake 

As previously reported [10,11], we determined the structures and amino acid specificity of 
SBD1 and SBD2 of GlnPQ from L. lactis GKW9000 (Figure 3.1A). We obtained the ligand 
dissociation (Kd) values with ITC measurement. SBD1 binds asparagine with high affinity (Kd = 
0.2 µM) as well as glutamine with low affinity (Kd= 92 µM), whereas SBD2 binds only glutamine 
with high affinity (Kd = 0.9 µM). To determine the contribution of the SBDs on amino acid 

transport, we deleted the chromosomal GlnPQ-encoding genes (denoted glnPQ) in L. lactis 
NZ9000 and complemented the null strain (GKW9000). In vivo uptake experiments showed 
that transport of glutamine no longer occurred in L. lactis GKW9000 (Figure 3.1B) either 
complemented or not complemented with GlnPQ-∆SBD, whereas some residual asparagine 
uptake activity (due to an endogenous transport system) was present (Fig. 3.1C).  
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Figure 3.1 | ABC importer GlnPQ and amino acid transport. A Schematic of GlnPQ, featuring two fused SBDs 
(SBD1 (green) and SBD2 (orange)) per TMD, as well as of GlnPQ derivatives lacking both SBDs (GlnPQ-∆SBD) or 
carrying only a single SBD (GlnPQ-SBD1 and GlnPQ-SBD2). B Whole-cell uptake assays with 250 µM 
[14C]glutamine C or 250 µM [3H]asparagine in L. lactis GKW9000.  

We assessed the relationship between substrate binding and the kinetics of the whole 
transport process. We examined GlnPQ and ‘simplified’ transporters with either of the two 
SBDs deleted (GlnPQ-SBD1 and GlnPQ-SBD2). In GlnPQ, SBD2 is situated nearer to the 
translocator, whereas SBD1 is situated further. GlnPQ-SBD1 mediates transport of both 
asparagine (Figure 3.1C) and glutamine (Figure 3.1B). The maximal transport rate (Vmax) of 
glutamine was approximately two-fold higher than that of asparagine (Figure 3.1B,C). In 
contrast, GlnPQ-SBD2 mediates transport of only glutamine, with an approximately two-fold-
higher Vmax than that of GlnPQ-SBD1. The higher rates of transport of GlnPQ-SBD1 and GlnPQ-

SBD2 relative to GlnPQ reflect to the more complete and effective transport process with a 
single SBD. The Km value for glutamine transport via SBD2 approaches the Kd value for its 
binding to SBD2. However, the Km value for asparagine transport via SBD1 is two orders of 
magnitude higher than the corresponding Kd value, whereas the Km value for glutamine 
transport is approximately seven-fold lower than the Kd value. These  remarkable  
observations suggest that the rate-determining step in the overall translocation can vary with 
the SBD used and the substrate transported. To incorporate the relation between substrate 
binding and transport kinetics, we investigated first the conformational dynamics at the 
single-molecule level.  

Cloning, expression and purification of SBD1 and SBD2 derivatives 

Crystal structure of the SBDs had been reported in Fulyani et.al [10]. Based on that, we 
generated cysteine mutants for labelling with maleimide-based fluorophores. The 
distance-dependent transfer of energy between donor and acceptor fluorophores is used to 
probe the conformational states receptor molecules (Figure 3.2). The distances between 
fluorophores were designed to be between 3 and 6 nm in both states; typical distance 
changes are between 0.5 and 1.3 nm (Table 3.1). Conformational state changes toward 
ligand binding are not dependent on the position of the dyes. We determined ligand 
binding by stepwise addition of substrate, monitoring the transition from O to CL based on 
the crystal structure. 
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Open (Å) Closed (Å) Distance changes (Å) 
SBD1 (A136C-S221C) 48.1 52.7 5.4 
SBD1 (T159C-G87C) 44.8 33.8 11.0 
SBD2 (T369C-S451C) 49.0 40.1 8.9 
SBD2 (H392C-H319C) 47.8 34.8 13.0 

Table 3.1 | Expected distances and distance changes of SBDs upon ligand binding based on the crystal structure. 
The structures of SBD1 and SBD2 in the apoprotein open state and the closed state with glutamine bound to 
SBDs are available. Both conformations were overlapped to examine the state changes. The cysteine residues 
were introduced at surface- exposed, non-conserved positions and identified using the ConSurf Server.  

Figure 3.2 | Residues of mutation of SBD1 (left) and SBD2 (right). Crystal structure of the open ligand-free state 
of SBD1 (PDB 4LA9) and SBD2 (PDB 4KR5), superimposed onto the structure of one of the rigid domains of the 
closed ligand-bound state SBD1 (PDB is not available when this study was done) and SBD2 (PDB 4KQP). 
Residues mutated to cysteine for labelling are shown in spheres. Magenta color represents hinge of the 
two dimers; orange-blue structure represents open conformation of the protein; and yellow-light blue 
represents close conformation of the protein. Dots are residues to be mutated into cysteine.  

The genes encoding SBDs mutants were cloned in Escherichia coli DH5α and expressed in E. 
coli BL21. SDS-PAGE shows the protein expression before and after induction with 0.3% L-
arabinose. SBD1 has molecular weight of 24 kDa, SBD2 has molecular weight of 25 kDa, while 
SBD1+2 in tandem has molecular weight of about 50 kDa (Figure 3.3A). To analyze the binding 
mechanism of SBDs, proteins were purified using Ni-NTA (nickel-nitrilotriacetic acid) affinity 
chromatography, resulting in more than 98%?? pure protein (Figure 3.3B). 
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 A      B 

Figure 3.3 | SBDs expression and purification. A  SDS-PA gel stained with coomassie brilliant blue of SBD-
expressing constructs. M is protein marker; (-) proteins which are expressed naturally by E. coli BL21; (1) is SBD1; 
(2) is SBD2; (1+2) is SBD1+2 tandem. Proteins were expressed upon induction with 0.3% L-arabinose. B SDS-PA 
gel with coomassie brilliant blue staining for the expressed and purified proteins. M is protein marker; S is 
supernatant of the protein; FT is flow through protein after eluted from Ni-NTA column; W is protein solution 
after washing with wash buffer; E is protein solution after eluting with elution buffer. 

Conformational states at the single-molecule level 

We examined the conformational states of   the SBDs by smFRET [16] and observed 
conformational changes as a change in FRET efficiency. FRET is referred to as a 
`spectroscopic/molecular ruler´, for example to measure the distance between two active 
sites on a protein that have been labelled with suitable donor-acceptor chromophore. 
Therefore monitoring the conformational changes through the amount of FRET between the 
fluorophores. By design, the open conformation of the protein should feature a low FRET 
efficiency, whereas the closed conformation should have a higher FRET efficiency (Figure 
3.4A). We determined ligand binding by stepwise substrate addition, monitoring the 
hypothesized transition from O to CL. 

SBD2 labelled at T369C and S451C showed a single population normally distributed around an 
apparent lower FRET value (E*) of 0.52 (Figure 3.4B). Saturating concentrations of 50 mM 
glutamine (more than ten-fold Kd) shifted the population to a high FRET state (E* = 0.68), 
whereas we observed both states at Kd concentrations around the of SBD2 for glutamine. In 
agreement with expectations from crystal structures, the low FRET state corresponds to the 
O state, whereas the high FRET state is indicative of the CL state.  

SBD1 labelled at T159C and G87C shifted from a low-FRET (O) conformation to the CL state 
upon binding of asparagine. In contrast to the effect of asparagine, saturating concentrations 
of glutamine shifted SBD1 from the open state at E* = 0.63 to an intermediate value of E* = 
0.74 (Figure 3.4D), which is lower than that observed with asparagine (E* = 0.83) (Figure 3.4C). 
Given the time resolution of alternating-laser excitation (ALEX) experiments [17,18] and the 
width of the FRET distributions, this is likely to be caused by fast conformational dynamics 
between an O and a partial closed (PC) or C state on the sub-millisecond time scale. In the 
presence of glutamine, the SBD1 population gradually shifted to higher FRET values, and the 
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peak had its maximal width at concentrations close to the Kd value. The apparent Kd values of 
SBDs can be determined from the ratio of the areas (CL/(O+CL)) between open and closed 
ligand-bound population as the function of ligand concentration (Figure 3.4B-D, right panel). 
The dissociation constant value reported here is in excellent agreement with values 
determined by ITC approach as reported in reference number 11.  

Figure 3.4 | ALEX histogram of SBDs. A ALEX in 2D histogram separating FRET efficiency E* and stoichiometry S. 
Separation of stoichiometry distinguish populations donor-only,  acceptor-only, donor-acceptor; while E* is 
a measure for inter-probe distance. B (left) ALEX histograms for SBD2 labelled with Cy3B- and 
Atto647Nmaleimide. The one-dimensional E*-histogram displays values in the range of S = 0.4-0.8 (donor-
acceptor labelling). E* is characteristic for the conformational state of the proteins, for instance the open-
unliganded state has low FRET while the closed-liganded has high FRET SBD2 shows an open state at E* = 0.52 
and a closed high FRET state at E* = 0.68 in the presence of saturating concentrations of glutamine. At 
substrate concentrations around the Kd, 
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two populations can be resolved. (right) Ligand dissociation constants (Kd) derived from obtaining the ratio of 
areas (CL/(O+CL)) between open and closed ligand-bound populations as the function of ligand concentration. 
C (left) ALEX histograms for SBD1 labelled with Cy3B- and Atto647Nmaleimide.  SBD1 shows an open state at 
E* = 0.63 and a closed high FRET state at E* = 0.83 at saturating concentrations of asparagine. At 
substrate concentrations around the Kd, both populations can be resolved. D Upon addition of glutamine, 
E* in SBD1 gradually shifts from a low FRET state at E* = 0.63 to a state with E* = 0.74, which is lower than 
what is observed for asparagine. Kd values determination is not provided.  

To verify that the cysteine mutations do not influence SBD function, we analyzed one extra 
double cysteine derivative of SBD1 and SBD2 by FRET which are SBD1 A136C S221C and SBD2 
T369C S451C respectively (Figure 3.5). The results of both double-cysteine derivatives of 
SBD1 and SBD2 show consistent results. SBD2 (T392C H319C) labelled with Cy3B- and 
Atto647N-maleimide occurs from the open state as the unbound state and converts to full 
closed bound state with glutamine. SBD1 (A136C S221C) labelled with Cy3B- and 
Atto647N-maleimide converts from open state to closed state with asparagine via 
fast transitions. Two distinguished population in the Kd concentration cannot be 
resolved anymore, because the distance change between A136 and S221 is smaller than 
that of SBD1 (T159C G87C).  

Figure 3.5 | Influence of the cysteine mutations on the ligand dissociation constants of SBD1 and SBD2. A SBD2 
transits from O (E* = 0.69) to CL (E* = 0.85) at the indicated concentrations of glutamine; the Kd = 0.92±0.03 µM. 
B SBD1 transits from E* = 0.46 to 0.56 in the presence of asparagine; the Kd = 045±0.04 µM with faster transition 
then the other cysteine mutant. SBD1 data with glutamine bounded is not provided, assuming it has the same 
rapid transitions. 
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We conclude from the smFRET measurements in solution that (i) apo-SBD1 and apo-SBD2 are 
predominantly (>95%) in the open conformation; (ii) SBD1 and SDB2 transit to a closed state 
upon binding of high-affinity ligands, presumably via an induced-fit mechanism; and (iii) 
binding of glutamine to SBD1 is of low affinity and induces fast transitions between two 
distinct conformational states.  

 

Binding mechanism of SBD1 and SBD2 at the single-molecule level  

In the induced-fit mechanism [19], the ligand-bound conformation (CL) is formed  
only after interaction with a ligand binding which leads to specific induced structural changes 
(Figure 3.6). In the conformational-selection model, the unbound protein (O) explores to 
bound conformations (C) with predominantly fast dynamics [13,15]. Ligand binding, in the 
conformational-selection model, stabilizes the C form and thereby drives the equilibrium to 
the CL form.  

  

Figure 3.6 | SBDs in a known ligand binding mechanisms. Conformational transitions in SBDs according to the 
induced-fit or the conformational selection binding mechanisms proportional to ligand concentration.  

 

To investigate the dynamics of conformational changes in SBDs, we carried out smFRET 
experiments with surface-bound proteins, using a confocal scanning microscope (Figure 3.7A) 
[20]. In accordance with the ALEX experiments, both SBDs were predominantly in the open 
conformation when no ligand was present (SBD2 in Figure 3.7B; SBD1 in Figure 3.7C); 
representative fluorescent time traces of the apo-proteins showed E* values of 0.50 for SBD2 
and 0.63 for SBD1, which we assign to the open ligand-free state of the proteins. Importantly, 
in the absence of substrate, we observed rare transitions to a state with FRET efficiencies of 
0.70 for SBD2 and 0.83 for SBD1, which are identical to values for the closed conformation 
observed with the high-affinity ligands. The average dwell times of the closed ligand-free 
state (τclosed) are 60 ms for SBD2 and 240 ms  for SBD1 which are identified by plotting time 
traces with ligand concentration. In contrast, we could not observe the closing state of the 
single molecule of SBD1 when binding low-affinity ligand glutamine (Figure 3.7D). This 
indicates the rapid transitions between open and closed states lower than our technique 
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lifetime resolution 1ms. These fast transitions are distinct from the intrinsic slow transitions. 
This implies that glutamine shortens the lifetime of the closed state. With our current time 
resolution, we cannot rule out that SBD1 shows either fast sub-millisecond dynamics between 
O and CL or a structurally distinct partially closed state when the low-affinity ligand is bound.  

To determine which binding mechanisms contemplated in SBDs, we investigated the lifetime 
of the open and closed conformations as a function of substrate concentration. We detected  
substrate concentration is dependent to the closing-rate whereas substrate concentration is 
independent lifetime of the open conformation. The lifetimes of the closed state were similar 
in the absence and presence of high-affinity ligand for both SBD2 (glutamine) and SBD1 
(asparagine), thus indicating that the ligand does not ‘stabilize’ the closed conformation 
relative to the transition state (Figure 3.7B for SBD2).  In contrast, we found that the 
transitions between open and closed states were extremely fast (<1 ms) when the low-affinity 
ligand glutamine binds to SBD1 (Figure 3.7C). This implies that glutamine shortens the lifetime 
of the closed state. With our current time resolution, we cannot rule out that SBD1 shows 
either fast sub-millisecond dynamics between O and CL or a structurally distinct partially 
closed state when the low-affinity ligand is bound.  

We conclude from the smFRET measurements on surfaces that (i) SBD1 and SBD2 display 
intrinsic dynamics to the closed conformation; (ii) the binding of high-affinity ligands enhances 
transition of SBD1 and SBD2 to the closed state more frequently but without relative 
stabilization of this conformation; (iii) binding of glutamine to SBD1 shortens the closed-state 
lifetime; and (iv) in all cases, the binding reaction is dependent on the substrate addition, 
whereas the release reaction is independent of ligand concentration. Collectively, these data 
are compatible with the induced-fit mechanism, despite the unique feature of intrinsic closing 
of the binding sites.  
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Figure 3.7 Single-molecule dynamics of surface-tethered SBDs probed by confocal scanning smFRET. A (left) 
Schematic showing the immobilization of SBDs to the surface: histidine-tagged, dye-labelled SBDs were 
immobilized to a PEG-biotin–coated surface in a flow cell by biotinylated anti-His5 antibody (Ab). (right) A 
typical surface scan is shown in false-color representation at right (orange, double-labelled SBDs; green, SBDs 
with donor fluorophore only; red, SBDs with acceptor fluorophore only). B-D Representative fluorescence time 
traces (blue, donor signal; red, acceptor signal; black, FRET signal; orange, fit) of SBDs labelled with Cy3B- and 
Atto647N-maleimide for SBD2 (T369C S451C) with the indicated concentrations of glutamine B, SBD1 (T159C 
G87C) with asparagine C and SBD1(T159C G87C) with glutamine D. Distribution between opening (τopening) and 
closing (τclosing) rate constants of SBD2 (B right) and SBD1 (C right), determined from the transition rates of 
surface-immobilized molecules as a function of substrate concentration. The τclosing was obtained from the 
slope of the linear fit and τopening  follows zero-order kinetics. 

Cooperativity of fused SBDs toward ligand binding 

To observe the cooperativity between SBD1 and SBD2 (Figure 3.8), each SBD was analyzed 
when fused to another SBD. Both pairs of mutation were engineered in the  fused protein. 
SBD1 labelled in (Q87CT159C) as the tandem protein showed clear populations of both the 
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open and closed state. Without ligand, the distance between the two fluorophores gave E* = 
0.57. After addition of saturated concentration of asparagine, E was shifted to 0.78. Those E* 
values were lower than E* values observed in SBD1 protein because of there is difference in 
the folding protein which might due to slightly different folding of the fused SBDs. Glutamine 
is bound in the SBD1 tandem protein with high affinity and fast transitions. Two distinct 
population between open and closed is not observed. Whereas in SBD2 (S451C T369C) as the 
tandem showed distinguished open and closed state. These behavior fits perfectly with the 
single SBDs mechanism. Therefore, we concluded that there are no significant distinctness of 
the cooperation between two SBDs, either in the binding affinity as well as in binding 
mechanism. In the publication of this study, we reported the effect of having two SBDs with 
competition of substrate transport. We found that high affinity binding proceeds and the 
lifetime of the closed state of the substrate-binding domain is a determining factor for the 
rate of transport. The closed state of the SBD will interact with the TMD resulting transport of 
the substrate. The opening of the substrate-binding domains seems to be linked to the 
transition of the TMD from inward to outward facing conformation.  

Figure 3.8 | ALEX histogram of fused SBD1 SBD2. A ALEX histograms for SBD12 (S451C T369C) labelled with 
Cy3B- and Atto647N in the SBD2. E* is characteristic for the conformational state of the proteins, for instance the 
open-unliganded state has low FRET while the closed-liganded has high FRET SBD2 shows an open state at E* 
= 0.52 and a closed high FRET state at E* = 0.68 in the presence of saturating concentration of glutamine. At 
substrate concentrations around the Kd, two populations can be resolved. B SBD1 shows an open state at E* = 
0.63 and a closed high FRET state at E* = 0.83 at saturating concentrations of asparagine. At substrate 
concentrations around the Kd, both populations can be resolved. C Upon addition of glutamine, E* in SBD1 
gradually shifts from a low FRET state at E* = 0.63 to a state with E* = 0.74, which is lower than what is observed 
for asparagine. Fused SBD1 and SBD2 does not significantly interfere the conformational state changes upon 
substrate binding. 
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Interaction between closed state of SBD2 with the translocator 

It is still debated how and which states of SBDs dock on the translocator complex [21,22]. 
GlnPQ is an excellent model system to address these questions because (i) it has multiple SBDs 
that can be competing with each other for interaction with the TMDs; (ii) the covalent linkage 
of the SBDs to the TMD ensures a high and fixed concentration of receptor protein available 
for transport; and (iii) the selectivity of the SBDs is different, thus allowing the paths of 
transport from SBD1 and SBD2 and their mutual influence to be dissected. Because both SBD1 
and SBD2 show intrinsic closing without involvement of the ligand, we can directly probe 
whether the closed ligand-free state of,  or example, SBD2 competes with SBD1-facilitated 
transport of asparagine, the amino acid that is not bound by SBD2.  

We designed a mutation on SBD2 that abolishes glutamine binding (binding site of SBD2 and 
the position of the D417F substitution shown in Figure 3.9A). D417F is no longer transporting 
glutamine SBD2 (D417F) did not undergo detectable conformational changes upon addition 
of 20 mM glutamine (Figure 3.9B). With surface-immobilized protein, we found that SBD2 
(D417F) is solely in the open conformation and lacks the capacity to transit intrinsically to the 
closed state (Figure 3.9C). Over periods of 30–60 s we did not find a single closing event, thus 
indicating that the protein is trapped in the open ligand free state. 

Figure 3.9 | The closed ligand-free state of SBD2 inhibits transport via SBD1. A Crystal structure of the closed 
state of SBD2 showing the positions (T369C and S451C, orange spheres) used for fluorophore labelling (as 
in Figure 3.2). Asp417 (blue spheres); glutamine (gray sticks) and the hinge region (two nontransparent B-
sheets) are depicted. B SBD2 (D417F) has lost the capacity to transit from the open state to a closed 
state. E*-S histograms of SBD2 (D417F) labelled with Cy3B and Atto647N show a single distribution for the 
unliganded state at E* = 0.45 (top). Addition of 20 mM glutamine (bottom) does not alter the E* value or 
the width of the distribution. Thus, SBD2 (D417F) does not undergo detectable conformational changes, 
irrespective of the presence of ligand. C smFRET analysis of SBD2 (D417F) labelled at Cys369 and Cys451 with 
Cy3B- and Atto647N-maleimide. 

We investigated the impact of the D417F mutation in the context of the full-length transporter 
(Figure 3.10A). We found that GlnPQ (D417F) has about 50% of the glutamine-uptake activity 
of GlnPQ  (Figure 3.10B). Strikingly, the rate of asparagine uptake by GlnPQ (D417F) was 
almost three-fold higher than that of GlnPQ, although both proteins were expressed at similar 
levels (Figure 3.10B top bar). This suggests that the open ligand-free conformation of SBD2 
(D417F) no longer (or poorly) interacts with the TMDs. It implies that in GlnPQ, SBD2 competes 
with SBD1 for delivery of the substrate to the TMD, even in the absence of the SBD2 substrate. 
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Figure 3.10 | The closed ligand-free state of SBD2 inhibits transport via SBD1. A Schematic of GlnPQ and GlnPQ 
(D417F). B Transport assay with 250 MM [3H]asparagine (open bars) and [14C]glutamine (filled bars) in L. lactis 
GKW9000 complemented with either GlnPQ or GlnPQ (D417F). Error bars, s.e.m. calculated from independent 
cell cultures (n = 3).  
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Conclusion 

The constructs of the mutation in SBD1, SBD2, and SBD1+2 tandem were successfully 
generated and expressed. The SBD proteins were also successfully purified and labelled with 
Cy3B (donor) and Atto647N (acceptor) at strategic positions. As indicated for the mutant SBD2 
S451C T369C, the static crystal structures suggest that the distance of the fluorophore was 4.9 
nm (low FRET) for the open and 4.0 nm for the closed conformation (high FRET). Our results 
showed only a single peak in the absence of the ligand as well as for saturating concentrations 
of glutamine. Close to the Kd-value of 1.0 µM, clear populations of both species can be 
observed. Similar results were found for different labelling positions in GlnPQ-SBD2 (mutant 
H319CT392C), indicating a similar binding mechanism independent of the labelling position.  

Substrates are captured via SBDs, which then undergo a conformational change to a closed 
state, according to the induced-fit mechanism. Occasionally, the SBDs of GlnPQ intrinsically  
close. Furthermore, the lifetime of the closed state varies with the SBD and substrate, and C 
or CL inhibit transport differently.  

In summary, we find that high-affinity binding proceeds via the induced-fit mechanism, and  
the lifetime of the closed state of the substrate-binding domain is a determining factor for the 
rate of transport. The opening of the substrate-binding domains seems to be linked to the 
transition of TMD from inward to outward facing. Moreover, we find that SBDs compete  with 
each other in the closed state, but the extent of inhibition is stronger without  ligand. Our 
findings contribute to a general understanding of the mechanism of ABC transport, 
information obtained for the first time, to our knowledge, by single-molecule structural 
studies and a kinetic analysis of substrate translocation. 
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Abstract 

ABC transporters utilize ATP for export processes to provide cellular resistance against toxins, 
antibiotics, and harmful metabolites in eukaryotes and prokaryotes. Based on static structure 
snapshots, it is believed that they use an alternating access mechanism, which couples 
conformational changes to ATP binding (outward-open conformation) and hydrolysis (inward-
open) for unidirectional transport driven by ATP. Here, we analyzed the conformational states 
and dynamics of the antibacterial peptide exporter McjD from Escherichia coli using single-
molecule Förster resonance energy transfer (smFRET). For the first time, we established 
smFRET for an ABC exporter in a native-like lipid environment and directly monitor 
conformational dynamics in both the transmembrane- (TMD) and nucleotide-binding domains 
(NBD). With this, we unravel the ligand dependences that drive conformational changes in 
both domains. Furthermore, we observe intrinsic conformational dynamics in the absence of 
ATP and ligand in the NBDs. ATP binding and hydrolysis on the other hand can be observed 
via NBD conformational dynamics. We believe that the progress made here in combination 
with future studies will facilitate full understanding of ABC transport cycles.  
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Introduction 

ABC transporters are essential membrane proteins found in both eukaryotic and bacterial cells 
that facilitate the uphill transport of ions and chemically diverse compounds in an ATP-
dependent manner [1]. They are involved in numerous cellular processes including nutrient 
import, metal homeostasis, detoxification and antigen processing. The ABC exporter family 
plays a major role for the extrusion of toxic compounds and has relevance for human diseases, 
tumor resistance and bacterial virulence. All ABC transporters share a common architecture 
consisting of a transmembrane domain (TMD) for substrate-recognition and transport, and a 
nucleotide binding domain (NBD) that converts the chemical energy of ATP into 
conformational changes for transport [2]. The structures of several homodimeric [3-5] and 
heterodimeric ABC transporters [6,7] revealed distinct conformations and suggest, in 
combination with biophysical studies (e.g., EPR and NMR) [8-12] that they undergo large 
conformational changes during transport. Their complex architecture is, however, a 
fundamental hurdle to fully understand the coupling between conformational changes, 
substrate-binding, ATP-binding and –hydrolysis and transport. Such detailed mechanistic 
models of transport would not only require the knowledge of conformational states from 
static structural snapshots but also their interconversion dynamics. 

Based on the available structural, biophysical and biochemical data for exporters, two 
transport mechanisms have been proposed, the alternating access mechanism [3,4,8,13] and 
the outward-only mechanism [5]. ABC exporters that use the alternating access mechanism 
switch between inward- and outward-facing states with transmembrane helices intertwining, 
which exposes the ligand binding site alternatively to the inside or outside of the membrane, 
a process that is believed to couple to ATP-binding and hydrolysis. The outward-only 
mechanism was proposed in light of the structural and functional data of the lipid-linked 
oligosaccharide flippase PglK from Campylobacter jejuni [5]; the inward-facing conformation 
is not required for substrate translocation since it can be directly recruited from the 
membrane and ATP hydrolysis at the NBDs is transmitted to the TMD to drive substrate 
release.  

ABC transporters that utilize the alternating access mechanism undergo large conformational 
changes during the transport cycle suggested by crystal structures [3] and EPR-based Double 
Electron Electron Resonance (DEER) measurements [12,15,16] of the lipid A flippase MsbA 
from E. coli. Although, the DEER measurements proposed that ATP triggers the opening of the 
TMD to the periplasmic side for release of the substrate, it is unclear how precisely these 
changes are coupled to ATP binding and hydrolysis. It has been proposed that homodimeric 
transporters employ this mechanism. Opening of the TMD of heterodimeric ABC transporters 
is coupled to ATP hydrolysis rather than binding due to the nature of their NBDs that contain 
a consensus and degenerate site for ATP hydrolysis [9,10,16]. 

In contrary, we have shown that the antibacterial peptide ABC transporter McjD, which 
confers bacterial cells with self-immunity against the antibacterial peptide MccJ25, adopts 
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distinct conformations to other bacterial exporters including MsbA [8,13]. We have 
determined the crystal structure of McjD in two distinct conformations, apo inward-occluded 
and nucleotide-bound outward occluded [8,13]. In both conformations, the TMD is occluded 
to either side of the membrane that was also supported by PELDOR measurements in bicelles 
and predictive cysteine cross-linking in E. coli membranes [8]. Occluded conformations have 
also been reported for other ABC transporters including the peptidase-containing ATP-binding 
cassette transporter (PCAT1) from Clostridium thermocellum [17], PglK from C. jejuni [5] and 
the Type-1 secretion system ABC transporter AaPrtD from Aquifex aeolicus [18]. Unlike MsbA 
and PglK, McjD appears to be unique since it does not display any domain intertwining in the 
presence or absence of nucleotides. We have biochemically shown that McjD adopts a 
transient outward-open conformation that it is probably not long lived or well populated to 
be trapped by PELDOR [8]. The NBDs of McjD do not completely disengage compared to MsbA 
or PglK. Although, both MsbA and McjD utilize the alternating access mechanism for export of 
their substrate, the overall mechanism is not fully conserved. MsbA has been shown to adopt 
stable inward- and outward-open TMD conformations during the transport cycle [12,15,16] 
while McjD only samples these states transiently [8]. 

So far, however, all the conformations that have been reported for ABC transporters are static 
and do not provide insights on the conformational changes and dynamics that govern the 
movement of NBDs upon ATP binding and hydrolysis or that of the TMDs during substrate 
transport across the membrane bilayer. In recent years, it has, however, become apparent 
that transporters show conformational dynamics and that those have to be understood and 
characterized. For this single-molecule Förster-resonance energy transfer (smFRET) has been 
used to monitor these conformational dynamics of transporters, e.g., the P-type Ca2+-ATPase 
(LMCA1) from Listeria monocytogenes [19], secondary transporters such as the aspartate/Na+ 
symporter from Pyrococcus horikoshii [20]  and the leucine/Na+ symporter LeuT from Aquifex 
aeolicus [21]. While there are also smFRET studies of ABC importers regarding the 
conformational dynamics of the substrate binding domains (SBDs) [22] or interactions of SBD-
TMD [23], there are no studies of conformational dynamics and crosstalk between TMDs and 
NBDs in ABC exporters in native-like lipid environment [16]. 

Here, we have analyzed the antibacterial peptide exporter McjD from E. coli in 
proteoliposomes using smFRET via labelling of specific residues in the TMD and NBDs to 
monitor the conformational dynamics during the transport cycle. The developed assay has the 
potential to provide full understanding of the transport mechanism and can be used for both 
ABC importers and exporters. In this study, it was used to answer the following mechanistic 
questions regarding McjD: i) How exactly is ATP binding or hydrolysis coupled to the opening 
of the TMD? In McjD crystal structures and PELDOR data in the presence of the ATP-analogue 
adenosine 5′-(β,-imido)triphosphate (AMPPNP) (mimicking ATP binding) and ADP-vanadate 
(mimicking ATP hydrolysis) could not reveal an open cavity [8,13]. ii) What are the intrinsic 
and ligand-induced conformational dynamics of McjD as a model system for ABC exporters 
and on what timescales do they occur?  
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To answer these questions, we have studied McjD reconstituted in liposomes under 
equilibrium conditions to obtain a picture of the stable conformational states, and non-
equilibrium conditions to understand how conformational changes are triggered by substrates 
using smFRET. We demonstrate that the NBDs have intrinsic conformational dynamics in their 
apo state on the 100 ms timescale, while the TMDs remain static. ATP-binding and hydrolysis 
on the other hand takes much longer and it is observed via NBD conformational dynamics on 
the timescale of several seconds, which is a value compatible with reported biochemical data 
on McjD. Our assays also show that the TMD remains occluded in the presence of nucleotides 
and only opens when both the substrate MccJ25 and ATP are present. Our study represents 
major advances in using smFRET for mechanistic studies of ABC transporters in a native 
environment. Furthermore, this is the first report showing that an ABC exporter requires both 
ATP and substrate binding to drive the formation of the outward-open conformation. Thus, 
we propose that opening of the McjD cavity is tightly coupled to both ATP and MccJ25 binding 
and present a refined model for the transport cycle. 
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Methods 

Gene isolation, protein expression and purification 

The full length cys-less mcjD was subcloned into the pET-28b vector with a non-cleavable His8-
tag from the pWaldo-McjD-GFPd vector [13]. Single cysteine mutations at positions Y64, L67 
and C547 were introduced using the Quick Change Site-Directed mutagenesis kit (Agilent 
Technologies). Expression and purification of the McjD mutants were performed as previously 
described [13,8]. McjD mutants for FRET were purified in a final buffer of 20 mM TrisCl pH 7.5, 
150 mM NaCl and 0.03 % (w/w) DDM. 

 

MccJ25 purification 

Peptide MccJ25 was expressed and purified as previously described in Zirah et al. 2011 [24]. 
MccJ25 was produced from E.coli K12 MC4100 harboring cultures with plasmid pTUC202 and 
then purified from the supernatants by solid phase extraction using Sepak Plus C8 cartridges 
(Waters). The fractions containing the peptide were further purified by HPLC on a Capcell 
reverse-phase C18 semipreparative column (300 × 7 mm, 5 μm, 120 Å; Shiseido).  

 

Protein labelling 

For labelling, 200 µg McjD was incubated with 1 mM DTT for 30 min on ice to fully reduce 
oxidized cysteines. The protein was passed through a Superdex-200 column (GE Healthcare) 
equilibrated in deoxygenized buffer of 20 mM TrisCl pH 7.5, 150 mM NaCl, and 0.03% (w/w) 
DDM. Fractions containing McjD were pooled and diluted at a final concentration of 5 nmol. 
For labelling, Alexa Fluor 555 C2 Maleimide (Thermo Fisher Scientific) and Alexa Fluor 647 C2 
Maleimide (Thermo Fisher Scientific) were added to McjD at a ratio of 1:4:5 for McjD: Alexa 
555: Alexa 647. The protein mixture was degassed under argon for 5 min followed by labelling 
for 5 hours at 277 K with gentle shaking. The protein was passed through a 2 mL Zeba spin 
desalting column (Thermo Fisher Scientific) equilibrated in the same freshly deoxygenized 
buffer. Labelled McjD was subsequently applied into a Superdex-200 column (GE Healthcare). 
Fractions with optimal labelling efficiency were collected for reconstitution. 

 

ATPase assays 

The ATPase activity of the labelled McjD-63C, McjD-67C and McjD-547C were measured as 
described previously [13]. Ligand-induced ATPase activity was measured in the presence of 
0.5 mM MccJ25.  
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Preparation of biotynilated liposomes 

Biotinylated lipids were prepared from a synthetic lipid mixture of 67% (w/w) 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE), 23% (w/w) 1,2-dioleoyl-sn-glycero-3-phospho-(19-
rac-glycerol) (DOPG), 7% (w/w) cardiolipin, and 3% (w/w) 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(cap biotynil) (biotin-DOPE) (Avanti). Approximately 100 µL of lipid 
mixture at 20 mg/mL dissolved in chloroform was dried under vacuum rotary evaporation 30 
oC for about 30 min until a dry film was observed. 1 mL diethyl ether was used to dissolve the 
lipid film and the lipid mixture was further dried by evaporation. Lipids were then hydrated in 
a buffer containing 20 mM TrisCl pH 7.5, 150 mM NaCl to a final concentration of 20 mg/mL 
(w/v). The lipid suspension was sonicated on ice for 16 cycles (15s on, 45s off) with an 
amplitude setting of 70% to generate unilamellar vesicles. Vesicles were flash frozen in liquid 
nitrogen and subsequently thawed slowly at room temperature. The freeze-thaw process was 
repeated two times for homogenous product. Prepared liposomes were aliquoted and stored 
in -80 oC. 

 

Reconstitution of McjD in proteoliposomes 

Labelled McjD mutants were reconstituted in either polar lipids for ALEX measurements or 
biotinylated proteoliposomes for surface measurements using the rapid dilution method as 
previously described [2]. Synthesized liposome was sonicated in water bath for 15 minutes to 
dissolve the lipid. Labelled McjD was added at a ratio of 1:1000 (w/w) protein to lipid. Reaction 
was followed with incubation on ice for about 5 minutes. Reaction was diluted further into 4 
mL of liposome buffer (20 mM TrisCl pH 7.5, 150 mM NaCl) and incubated again on ice for 5 
minutes. Proteoliposomes were collected by centrifugation at 33,000 ×g for 30 min, 
resuspended to 100 µL of the buffer and then used in experiments. Proteoliposomes were 
stabile for few hours. Freshly prepared reconstitution is recommended.  

 

Single-molecule fluorescence microscopy and data analysis 

Experimental protocol was done as mentioned in the “Methods” of chapter 1 in this study.  

 
Confocal scanning microscopy and data analysis  

Protocol was adapted as previously described in [22]. Microscope cover-slides (No. 1.5, 
Marienfeld, Germany) were cleaned by sonication in a series of solvents, followed by plasma 
etching (Plasma Etch, PE-25- JW) for 10 min. Functionalization with PEG-Silane (6-9 PE units, 
CAS 65994-07-2) and Biotin-PEG-Silane (MW3400, Laysan Inc., United States) was done in 
toluene (55 oC overnight) and flow cells were assembled [25].  
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To immobilize labelled McjD within these flow cells, the surface was incubated for 10 min with 
a solution containing 0.2 mg/ml neutravidin (Invitrogen, United States) in 20 mM TrisCl pH 
7.5, 150 mM NaCl. Unbound neutravidin was flushed away in the same buffer. Non-specific 
binding of labelled McjD to the PEG-surface was tested by incubation with 50 pM of labelled 
protein immediately without having neutravidin coverage. All experiments were carried out 
in a degassed buffer under oxygen-free conditions, utilizing an oxygen scavenging system 
supplemented with 10 mM aged Trolox as a photostabilization agent [26].  

To measure conformational kinetics of McjD, the same custom-built confocal microscope was 
used [27]. Surface-scanning was performed using a XYZ-piezo stage with 10010020 µm 
range (P-517-3CD with E- 725.3CDA, Physik Instrumente, Germany). The detector signal was 
registered using a Hydra Harp 400 picosecond event timer and a module for time-correlated 
single photon counting (both Picoquant, Germany). The data, i.e., time traces and scanning 
images, were extracted using custom made LabVIEW software [28,29]. Data were recorded 
with constant 532 nm-excitation at an intensity of 0.5 μW (125 W/cm2). A typical 10-µm-
sized false-color image is shown in Figure 4.7. After each surface scan, the positions of labelled 
proteins were identified manually; the position information was used to subsequently 
generate time traces. Subsequently, FRET trajectories, i.e. donor and acceptor traces of 
double-labelled SBDs, were recorded (seen as orange spot in the false color representation, 
Figure 4.6).  
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Results 

Single-molecule FRET monitors the conformational states of the ABC exporter McjD 

smFRET has emerged as a tool for investigating conformational dynamics of 
biomacromolecules over the past 20 years. This approach relies on mapping a relevant 
reaction coordinate, i.e., for ABC transporters spatial separation of characteristic residues 
between TMD and NBD domains, and provides “low resolution” structural information in the 
form of a distance. On the other hand, however, it is a very powerful technique to measure 
real-time conformational changes and dynamics unlike other biophysical techniques such as 
EPR, where the sample has to be frozen. In this paper, we have established smFRET to directly 
monitor the conformational states of ABC transporters. Our assay is tailored to monitor 
conformational states and dynamics during substrate export and relies on the use of single 
cysteines at the periplasmic side of the TMD, Y64C, and L67C (Figure 4.1A) and the cytosolic 
NBDs, native C547, of McjD ((Figure 4.1A); all single mutants were introduced to cys-less McjD 
(via mutation of native cysteines to serine).  

Figure 4.1 | Biochemical characterization of McjD and smFRET assay design. A) Schematic representation of the 
smFRET assay using crystal-structure snapshots of McjD. On the right side McjD is also shown as a cartoon. In the 
crystal structure nucleotides and ATP-Mg in orange sticks, the peptide MccJ25 in pink. Each half transporter is 
colored in dark and light grey. McjD is shown in a view along the plane of the membrane which is depicted in 
light grey. Colored balls show the position of the cysteines used for probing conformational changes. PBD codes 
for McjD in inward-occluded conformation are 5OFP (left) [8] and in the outward-occluded conformation 4PL0 
(right) [13]. B) Coomassie stained SDS-PAGE of McjD-C547 reconstituted in liposomes. The amount reconstituted 
was evaluated against detergent purified protein. C) Chromatogram of McjD C547 (black) labelled with Alexa 
555 (blue) and Alexa 647 (red) maleimide fluorophore. The fraction containing the highest degree of 
labelling is marked by a square. D) The ATPase activity of all labelled variants C547, Y64C, L67C was determined 
in liposomes and compared to wild-type, wt. All labelled McjD variants show basal- and ligand-induced 
ATPase activities in liposomes comparable to that of wild type protein, indicating that labelling does not 
interfere with their activity. 
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It can be clearly seen that due to the homodimeric nature of McjD, introduction of one 
cysteine results in the possibility to label the protein with two fluorophores that is required 
for FRET, i.e., a donor and an acceptor fluorophore. Furthermore, structural analysis suggests 
that the apo conformation of McjD has distinct distances between the two labelled positions 
for C547 but not for the nucleotide-bound conformation (Y64C and L67C) that allows 
assessment of the biochemical and conformational states of McjD via smFRET. The FRET 
efficiency changes are related to the distance of the respective mutants and thus indicates the 
changes that occur upon addition of ATP or the substrate MccJ25. For example, the crystal 
structure estimates that the nucleotide-free form of McjD should show a larger NBD 
separation (low FRET) while this should be shorter in the nucleotide-bound form (high FRET) 
[8,13]. 

McjD was purified in detergent and reconstituted into proteoliposomes as previously 
described (Figure 4.1B) [8,13]. McjD was labelled stochastically with Alexa555 and Alexa647 
for smFRET experiments. The gel-filtration purification of donor-acceptor-labelled McjD is 
shown in Figure 4.1C. The detergent-solubilized protein runs as a mono-disperse peak with 
significant absorption at both the donor and acceptor wavelengths at 532 nm and 640 nm, 
respectively (Figure 4.1C). The labelling efficiency of the two fluorophores was determined to 
be ~60%. All mutants were biochemically characterized using a previously published ATPase 
assay [8,13]. Neither the introduction of cysteines nor addition of fluorescent labels affected 
the activity of the transporter in proteoliposomes; this is indicated by the similar basal and 
ligand induced ATPase activity compared to wild type McjD (Figure 4.1D). 

We first assessed the conformational states of McjD under equilibrium conditions in the 
detergent-solubilized state. We used three different labelling positions in McjD to monitor the 
conformational states of the periplasmic TMD region and the cytosolic ATPase domain (Figure 
4.1A and 4.2A). Since detergent-solubilized McjD diffuses freely in solution, we used confocal 
microscopy with alternating laser excitation (ALEX) to relate FRET efficiency values of single 
McjD molecules with their conformational states (Figure 4.2B). 
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Figure 4.2 | Freely diffusing McjD in detergent studied by smFRET. Schematic overview of McjD 
labelling schemes and B diffusion-based experiments using confocal microscopy. Stochastic labelling is 
performed in NBD mutants (native cysteine 547) and TMD mutants (Y64C; L67C). C Confocal single molecule 
analysis with ALEX of labelled McjD in detergent. TMD mutants, Y64C and L67C, have primary high FRET and 
are shifted to lower FRET with addition of ATP and MccJ25. The NBD mutant C547 is shifted to higher FRET 
with nucleotide addition. D Ligand binding affinity values of McjD for AMPPNP (top), ATP (middle), and ADP-
vanadate (bottom), obtained from the ratio of areas (C/(O+CL)) between open and closed ligand-bound 
populations at the indicated substrate concentration.  

From the available crystal structures, we can extract Ca-Ca distances between the two labelling 
positions. It is worthwhile to note that in our smFRET assays, we do not determine absolute 
distances, but only use relative distance changes via the setup-dependent apparent FRET 
efficiency E*. The qualitative relation between E* and the Ca-Ca distances do, however, allow 
us to assess whether FRET experiments relate well to distances expected from the crystal 
structures. For the periplasmic TMD mutants, Y64C and L67C, the crystal structures predict Ca-
Ca distances of 2.7 nm and 2.9 nm, respectively (without taking any fluorophore properties 
into account). The Förster radius of Alexa555/647 is R0 = 5.1 nm. At this distance FRET 
efficiency is theoretically expected to be 0.5; interprobe distances above this value have thus 
smaller values of E* while shorter distances are expected to show larger E*-values. Since Ca-
Ca distances are much shorter than R0, we expect high FRET efficiency values significantly 
above 0.5. The data are fully coherent with the crystal structure predictions as seen from 
Figure 4.2C, whereas a FRET distribution of apo McjD centers around 0.95 (L67C) and ~1.05 
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(Y64C). The distance extracted for C547, located at the NBDs, from the crystal structure of the 
apo McjD is 4.8 nm, in agreement with the mean observed FRET efficiency of apo-McjD of 
~0.31. All interpretations are supported by comparison of the observed E*-values of McjD with 
respect to static dsDNA ruler structures (Figure 4.4) that is described in a Chapter 3. 

Figure 4.3 | Additional data for detergent-solubilized McjD. Confocal single molecule analysis of labeled McjD
and variants in detergent using ALEX. Mean values of ligand-free conditions are shown as a reference with a solid 
marker while ligand-bound mean values are shown dashed.

Having established that our smFRET assays are coherent with structural predictions, we tested
conditions that mimic relevant stages of the ABC transport cycle. From diffusion-based
experiments, these show the statistically relevant states and related conformations of McjD
for: (i) ATP-binding and hydrolysis and turnover with/without substrate, (ii) the pre-hydrolysis
state using the ATP-analogue AMPPNP, (iii) the transition-state during ATP-hydrolysis with 
ATP-Vanadate and finally (iv) the post-hydrolysis state using either ADP-vanadate or ADP 
(Figure 4.2 & Figure 4.3).
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Having established that our smFRET assays are coherent with structural predictions, we tested 
conditions that mimic relevant stages of the ABC transport cycle. From diffusion-based 
experiments, these show the statistically relevant states and related conformations of McjD 
for: (i) ATP-binding and hydrolysis and turnover with/without substrate, (ii) the pre-hydrolysis 
state using the ATP-analogue AMPPNP, (iii) the transition-state during ATP-hydrolysis with
ATP-Vanadate and finally (iv) the post-hydrolysis state using either ADP-vanadate or ADP 
(Figure 4.2 & Figure 4.3). 
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Figure 4.4 | Static dsDNA control experiments. Schematic representation of the smFRET assay using 
labelled double-stranded DNA with Alexa 555 and Cy5 fluorophores as indicated. Distances were 
calculated by multiplication of 0.34 nm times number of base pairs for estimation of molecular distances. 
Experimental data similar to those shown in Figure 2 are shown, which establish the validity of 
experimental results and interpretations given in the main text.  

For both TMD mutants, the addition of ATP, its non-hydrolysable or transition-state analogues 
did not alter their conformational states (Figure 4.2C). Interestingly, the addition of MccJ25 
and ATP triggered opening of the periplasmic gate as observed by a small but significant shift 
towards lower FRET efficiency values that is consistent with opening of the TMD. Strikingly, 
the observation of opening occurs under equilibrium conditions and indicates that the 
outward-open conformation is visited by McjD during the transport cycle and is triggered by 
both ATP and the MccJ25 peptide. We observe a slightly smaller opening of the TMDs in the 
absence of nucleotides but the presence of MccJ25 can induce an open TMD. We have shown, 
however, that McjD transports MccJ25 in an ATP-dependent manner. We explain the 
observations by the fact that ABC exporters can transport their substrates bidirectionally, and 
this previously described effect manifests in a structural reorientation of the TMD and opening 
that is similar to that observed during transport with MccJ25 and ATP but only occurs at high 
concentrations of peptide via rebinding [32]. 

On the contrary, the NBDs were very sensitive to ATP (and analogues) and show pronounced 
conformational changes upon ATP, AMPPNP, ADP, ATP-vanadate and ADP-vanadate addition 
(Figure 4.2C). Peptide addition after ATP does not alter the observed conformational state any 
further. The only conditions that are incompatible with conformational change are sole 
addition of either peptide or vanadate alone. The conformational changes occur with 
apparent affinities in the 50-100 µM range for ATP, AMPPNP and ADP-vanadate (Figure 4.2D), 
matching reported values for binding affinities of similar ATPases [13]. The data show that 
binding of the nucleotides ATP, AMPPNP and ADP-vanadate at the NBDs trigger 
conformational changes into their closed dimer form (Figure 4.2C). It is only after ATP-
hydrolysis (ADP-vanadate, Figure 4.3 and ADP, Figure 4.2) that a subtle reopening of the NBDs 
is seen that is linked to a reset of the transporter. 
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Altogether, the data based on detergent-solubilized McjD suggest that it uses an alternating 
access mechanism, where conformational changes are triggered by ATP (engagement of the 
NBDs from inward-open to outward-occluded) and substrate binding (opening of the TMD to 
outward-open). Since we also find subtle differences between the pre- and post-hydrolytic 
states, ATP hydrolysis seems to only reset the transporter whereas ATP binding is coupled to 
conformational changes in the NBD and TMD. The data also suggest tight coupling between 
ATP and MccJ25 binding and subsequent substrate transport and suggest that hydrolysis is 
only required for resetting the system. Since the detergent environment is not very 
physiologically relevant, we further verified these results (and their interpretations) with 
surface-immobilized liposome-reconstituted McjD. 

 

McjD displays similar conformational states and changes in detergent and proteoliposomes 

For studies of surface-immobilized liposomes containing one transporter for smFRET, we used 
a low protein to lipid ratio of ~1:1000 (w/w). We observed the time-duration of fluorescence 
bursts in a confocal microscope with McjD in detergent and in proteoliposomes, and we 
measured nearly identical values in the range of 10-20 ms (Figure 4.5) as reported for other 
diffusing liposome systems [30]. Finally, we verified random insertion (inside-out and inside-
in) of McjD into the proteoliposomes with a ratio of approximately 60:40 (Figure 4.5).
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 A   B C 

Figure 4.5 | Support for liposome-incorporation of McjD into proteoliposomes. A Comparison of lifetime of 
the diffusing labelled McjD in detergent-solubilized and reconstitution of proteoliposomes. Different ratio of 
lipid to protein does not have any significant effect. Proteoliposomes have longer diffusion time due to steric 
hindrance of the lipid environment, whereas it does not exist in the detergent-solubilized condition. B Western 
blot showing orientation of McjD in proteoliposomes. Detergent purified McjD-His (~50KDa) and liposome 
reconstituted McjD-His were incubated with TEV protease (~20KDa), which carries a His-tag, at a 1:1 molar 
ratio of protein to TEV. The reactions were visualized before and after TEV cleavage by anti-His Western blot. 
The McjD His-tag is located at the C-terminus of the NBDs. McjD-His molecules facing the interior of the 
liposomes are inaccessible for TEV cleavage whereas the ones facing outside are accessible for cleavage. 
Comparison of the TEV-treated and untreated McjD-His-containing liposomes shows that cleavage is not 
complete, suggesting that McjD-His has inserted in the liposomes in different orientations. As a control 
experiment, detergent-purified McjD-His (~50 KDa) can no longer be detected after TEV treatment 
suggesting full removal of the His-tag. The reaction conditions for each lane are shown above the gel. 
Bands corresponding to McjD-His and TEV protease-His are labelled. C Densitometry quantification of McjD 
orientation. The ratio of inside to outside McjD-His in liposomes was quantified by measuring the Western blot 
band intensities before and after TEV protease incubation. Values represent mean densitometry counts 
calculated from two independent liposome preparations and indicate a proportion of 44:56 ± 4.0 % McjD-His 
inside to outside. Error bars are shown (mean ± standard deviation, n = 2). 

McjD reconstituted in liposomes was immobilized in custom-made flowcells on PEGylated 
coverslips via liposomes containing biotin-DOPE (Figure 4.6A). Confocal scanning microscopy 
was performed as described before and single liposomes could be identified with 10x10 µm 
search areas (Figure 4.6A). Individual McjD transporters with donor and acceptor dye were 
identified manually. In the data evaluation process, we discarded events with donor- or 
acceptor only character or where >1 bleaching step was seen in either detection channel. 
Using this procedure, we observed fluorescence transients with a time-resolution of 10 ms 
and observation times of multiple seconds (Figure 4.6B, donor = blue, acceptor = red, FRET = 
black, orange = most probable state-trajectory of Hidden Markov Model  (HMM); see also 
Material and Methods). FRET histograms were obtained by projection of all E* values from 
multiple traces (N > 50) for each condition; see Figure 4.6B, right. 

The observed FRET efficiency values for apo-McjD in proteoliposomes are fully consistent but 
not identical with our detergent data. Both TMD mutants show high E* values, mean of 0.69 
(L67C) and 0.81 (Y64C), (Figure 4.3). The differences between both mutants, not the absolute 
FRET values, are consistent with the detergent indicating that the FRET assay correctly 
monitors TMD conformation in the liposomes. Also, the conformational changes triggered by 
addition of peptide and ATP shift the values toward of 0.52 for both mutants (Figure 4.3, L67C, 
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Y64C). The fact that the FRET changes are more pronounced in the liposomes represents the 
increased sensitivity of the FRET assay since the larger absolute distances for both TMD 
mutants in the liposomes make FRET more sensitive (FRET has the greatest sensitivity for 
structural changes around the Förster radius). In summary, the TMD shows opening in the 
presence of both ATP and MccJ25. Considering the absolute values of apparent FRET seems 
to indicate overall larger opening of the TMD in liposomes compared to detergent 
environment.  

The cumulative FRET histograms for both TMD mutants also comply with the fact that only 
60% of McjD transporters have the correct orientation (cytosolic NBD facing the outside of 
the liposome) to react to addition of MccJ25 and ATP, while 40% all of molecules stay in the 
apo state (Figure 4.6). We observed a bimodal distribution of the Y64C in its apo state which 
we associate to be more dynamic since it is located further up TM1, compared to L67C, and it 
is likely be less restricted in motion by the proteoliposome’s lipid bilayer, thus showing a 
broader distribution. This will not manifest itself in detergent experiments since here the 
overall distances are shorter and thus less ideal for the dynamic range of FRET to capture it. 
The NBD FRET data for C547-McjD in liposomes are almost identical with the detergent ones 
and show low-FRET apo molecules shifting toward a high-FRET ATP-bound state (Figure 4.3) 
The only minor difference concerns the FRET efficiency of the ATP-bound state which seems 
slightly more expanded in the liposomes. 

Altogether, the combined data of detergent-solubilized and liposome-reconstituted McjD are 
consistent – a finding that is interesting in itself. Furthermore, the data remain fully 
compatible with the alternating access mechanism, where conformational changes are 
triggered by ATP (closing of NBDs from inward-open) and substrate binding (opening of the 
TMD for outward-open). The data also suggest tight coupling between ATP and MccJ25 
binding and subsequent substrate transport and suggest that hydrolysis is required for 
resetting the transporter.  
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Figure 4.6 | Conformational states of surface-immobilized McjD in proteoliposomes. A schematic showing 
the immobilization of McjD to the surface: labelled McjD reconsituted in biotinylated DOPE lipid was 
immobilized to a Peg-biotin-coated surface in a flow cell via a neutravidin-tag on the proteoliposome. A 
typical surface scan is shown in false-color representation at right (orange, double-labelled McjD; green, McjD 
with donor fluorophore only; red, McjD with acceptor fluorophore only). B-D Representative fluorescence time 
traces (blue, donor signal; red, acceptor signal; black, FRET signal; yellow, fit) of McjDs labelled with 
Alexa555 and Alexa647-maleimide with indicated concentrations of corresponding substrate B McjD L67C with 
10 mM ATP and 200 µM MccJ25 C McjD Y64C with 10 mM ATP and 200 µM MccJ25 D McjD C547 with 10 
mM ATP. Right panel is the projections of accumulated time traces in the absence and presence of 
substrate for each mutant. We note that differences between the setup dependent apparent FRET values 
are not influencing our interpretations since only relative changes of FRET efficiency are interpreted.  
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We also verified ATP-induced NBD switching with detergent solubilized McjD on the surface 
to exclude unwanted effects due to immobilization (Figure 4.7). 

Figure 4.7 | Conformational states of surface-immobilized McjD in detergent environment. A 
schematic showing the immobilization of McjD to the surface: labelled McjD tagged into PEG-biotin and 
Histidine antibody. A typical surface scan is shown in false-color representation at right (orange, double-
labelled McjD; green, McjD with donor fluorophore only; red, McjD with acceptor fluorophore only). 
Representative fluorescence time traces (blue, donor signal; red, acceptor signal; black, FRET signal; yellow, fit) 
of McjDs labelled with Alexa555 and Alexa647-maleimide with indicated concentrations of corresponding 
substrate 1 mM AMPPNP.  

The NBDs show conformational dynamics in the absence of ligands while TMDs are static 

We used smFRET to investigate intrinsic conformational dynamics of McjD, in the absence of 
any ligand or nucleotide. For this we used a time-resolution and data binning of 10 ms. For 
both TMD mutants we did not find any intrinsic FRET changes that go beyond experimental 
noise, when analysing data sets with N > 100 molecules. All traces look similar to those shown 
in Figure 4.6B (L64C, Y67C, apo). These data suggest that the TMD shows no detectable 
conformational changes on timescales > 10 ms in the absence of substrate and ATP. 

In contrast, a significant fraction of 15% of all McjD-C547 FRET traces showed short stepwise 
changes of FRET efficiency from the lower apo level of 0.3 to values > 0.5, similar to those 
found in the presence of ATP (Figure 4.8A, apo vs. ATP-bound). The dwells in the high-FRET 
state are short and the transitions in FRET efficiency were accompanied by 
anticorrelated change of donor- and acceptor fluorescence intensity. These transitions 
occur with low frequency and on average only once per trace (Figure 4.8B). A 
histogram of all observed transition dwells revealed an average lifetime of 82 ± 25 ms of 
the dimerized ATP-free NBD state from an exponential fit of the dwell-time distribution 
(Figure 4.8C).  

These data support the interpretation of intrinsic conformational flexibility of the NBD 
domains but high structural rigidity in the TMD in the absence of ATP and MccJ25. The 
flexibility of the NBD domains might also be a basis for the observed basal ATPase activity of 
McjD and other ABC transporters. The findings show that ATPase activity needs to be less 
controlled than TMD movements since TMDs represent gate towards the extracellular milieu. 
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Figure 4.8 | Intrinsic conformational dynamics of the NBDs in surface-immobilized McjD in 
proteoliposomes. A Representative FRET fluorescence time traces (black, FRET signal; yellow, fit) of McjD NBD 
C547 labelled with Alexa 555 and Alexa 647-maleimide in apo conditions at 10 ms time resolution. Our study 
shows that ~85% of all apo-McjD traces show no significant fluctuations beyond shot-noise. Apo-McjD is thus 
predominantly in the low FRET and thus open state with E* values <0.3. B Within the complete data set of 
N = 80 traces of apo-McjD comprising donor and acceptor, ~15%, show infrequent fluctuations to a higher 
FRET efficiency state with a lifetime of C 82 ± 25 ms where E* values > 0.5 are observed. The data set 
represents a total recording time of 4.6 mins with a temporal resolution of 10 ms. 

ATP-induced conformational dynamics of the NBDs of McjD 

Finally, we aimed to study ligand-induced movements of McjD (Figure 4.9). The complexity of 
the McjD system and its “ligands” MccJ25 and ATP would require testing of multiple 
conditions, i.e., equilibrium and non-equilibrium cases. Both peptide transport or AMPPNP 
would require triggered addition of the compounds; such experiments are best studied with 
TIRF-microscopy with a flow-cell arrangement to quickly exchange buffer and to trigger 
conformational changes of the transporter at distinct time points [23]. Confocal scanning 
microscopy, as used in this study, does not have the parallelized detection and high 
throughput of widefield single-molecule methods but better time-resolution to detect e.g., 
fast events such as intrinsic conformational dynamics (Figure 4.8). 
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Figure 4.9 | ATP-induced conformational dynamics of the NBDs in surface-immobilized McjD in 
proteoliposomes. A Representative FRET time traces (black, FRET signal; yellow, fit) of McjD NBD C547 labelled 
with Alexa 555 and Alexa 647-maleimide in apo conditions at 10 ms time resolution. This panel shows stable ATP-
loaded (left) and ATP-free (right) McjD. B Representative FRET time traces that show switching between ATP-
loaded (high FRET >0.5) and ATP free McjD (E* ~ 0.3) at 2 s (left) and 5 s (right). The traces show photobleaching 
events after ca. 40 s (left, donor-bleaching) and 70 s (right, acceptor-bleaching). C Representative FRET time 
traces that show switching between ATP free McjD (E* ~ 0.3) and ATP-loaded (high FRET >0.5) at ~4s s (left) and 
~1.4 s (right). The traces show photobleaching events of the acceptor after ~10 s (left) and ~3.3 s (right). 

Consequently, we decided to study the basal ATPase activity of liposome-reconstituted McjD 
with our confocal scanning setup and imaged McjD-C547 at concentrations of 120 µM ATP, 
i.e., concentrations close to the Kd-value. From our previously measured basal catalytic ATPase 
activity of McjD in liposomes [13] with a kcat of ~3.5 min-1, we expect that associated 
conformational dynamics occur on a timescale of tens of seconds. Consistent with that the 
experiments show mostly stable FRET traces with either high or low FRET values 
corresponding to the two conformational states of the NBDs that were already described in 
Figure 4.6, since transitions will occur on timescales longer than the average photobleaching 
lifetime of ~10-20 s. The mix of both types of traces also represents the fact that the protein 
is half occupied with ATP and half free, either after ATP hydrolysis or prior to ATP binding 
(Figure 4.9A). Short-lived traces that have the transporter in the inside-in orientation could 
not be considered for the data analysis due to their short photobleaching lifetime and the low 
likehood to detect a transition.

Strikingly, we find examples were switching between both FRET states occurs either from high 
to low (Figure 4.9B) or low to high (Figure 4.9C) with final photobleaching. These data 
represent the first direct observation of intrinsic (Figure 4.8) and ligand-induced 
conformational dynamics (Figure 4.9) of an ABC transporter and reveal the relevant timescales 
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of 100 ms and seconds for conformational switching in the NBD domains, respectively. These 
data are under active ATP hydrolysis conditions and we cannot distinguish between 
occupation of the NBDs by ATP or ADP (as a result of ATP hydrolysis). Our attempts to prepare 
the ATPase deficient E506Q mutant in our C547 construct resulted in aggregated protein, thus 
limiting our in-depth interpretation of these data. 

 

The impact of conformational changes in transport 

From structural and biochemical studies, it is unclear what is the driving force behind NBD 
dimerization in the presence of nucleotides. It has been proposed that nucleotide binding 
brings the NBDs closer to each other but there is no clear consensus on how transporters that 
display large degree of disengagement can form a closed dimer; binding of substrate at the 
TMD has been proposed to bring them closer as a result of inducing conformational changes 
at the TMD upon binding [3].  

Our detergent data revealed that the TMD of McjD does not adopt an outward-open 
conformation in the presence of nucleotides alone consistent with our previous PELDOR 
experiments (Figure 4.2C) [8]. Addition of both ATP and the peptide MccJ25, however, 
resulted in lower E* values suggesting that TMs1-2 from one protomer have moved toward 
the opposite protomer for opening of the periplasmic side of the TMD and release of the 
peptide (Figure 4.2C). Here, we provide the first direct observation that McjD undergoes 
conformational changes in its TMD and adopts an outward-open conformation. Strikingly, we 
also observed similar conformational changes in surface-immobilized McjD in 
proteoliposomes (Figure 4.6B). We observe two main populations, one that has a low E* and 
one with a high E* value suggesting that some McjD molecules have opened up to release the 
bound peptide, and some are reverting back to the occluded conformation upon substrate 
release; we cannot exclude that the population with the high E* values is McjD bound to ATP 
but not MccJ25. In the ALEX data, we cannot distinguish these individual populations but the 
histogram analysis shows a rather broad distribution that could be a mixture of similar states. 
These data suggest that there is a tight coupling between ATP and substrate binding and 
subsequent release that is significantly different from other ABC transporters. Furthermore, 
it is the first report to show that both ATP and substrate are required to induce conformational 
changes in the TMD.  

Our smFRET data in detergent and liposomes revealed that the NBDs of McjD adopt very 
similar disengagement with E* values of 0.3 and larger E* values of 0.5 upon nucleotide 
binding. These trends are in perfect agreement with our crystal structures [8] and suggest 
that, although the crystal structures have been obtained using detergent-purified protein, 
they represent relevant conformations of the transport cycle as supported by the direct 
comparison of detergent and liposome smFRET data. 



CHAPTER 486

Single-Molecule FRET Reveals Transport Mechanism of ABC Transporters 
 

 

From structural and biochemical studies, the driving force behind NBD dimerization in the 
presence of nucleotides remains unclear although molecular simulations have tried to address 
the dimerization process [33]. It has been proposed that nucleotide binding brings the NBDs 
closer to each other, but there is no clear consensus on how transporters that display large 
degree of disengagement can form a closed dimer; binding of substrate at the TMD has been 
proposed to bring them closer as a result of inducing conformational changes at the TMD upon 
binding [3]. Our smFRET data from surface-immobilized McjD in proteoliposomes revealed 
that the NBDs display conformational dynamics in the absence of substrates rather than being 
static NBDs.  

ATP binding alone driving the closure of the NBDs, our data suggest that the apo NBDs can 
sample the dimerized state without any nucleotide (Figure 4.8). This is the first direct 
observation that apo NBDs can sample a dimerized state and it is in agreement with our 
previous cysteine cross-linking studies at the NBDs that showed cross-linking in the absence 
of CuCl2, suggesting a very close proximity to each other [8]. Unlike the NBDs that show 
detectable intrinsic conformational fluctuations, the TMD of McjD did not reveal any dynamics 
in the absence of ligands and even in the presence of nucleotides alone, suggesting that 
opening of the periplasmic gate is even more tightly coupled to ATP and MccJ25 binding. 

In light of the smFRET data and previous structural work we can provide a very detailed 
mechanism for the transport of MccJ25 outside of the producing cells. We propose that in the 
absence of substrate (futile ATP hydrolysis), the NBDs sample different conformations, 
including a nearly closed dimer, that is driven to full closure upon the presence of ATP (Figure 
4.10). As we have previously shown, the TMD does not open up in the presence of nucleotides 
alone and in addition our smFRET data did not show any dynamics either. On the other hand, 
in the presence of both ATP and MccJ25 (transport cycle), the TMD of McjD opens to release 
the bound peptide and collapses to an occluded conformation that is in agreement with our 
structural and PELDOR measurements.  

In conclusion, all our data suggest that ATP and MccJ25 binding is tightly coupled to the 
opening of the TMD that is distinct from other multidrug ABC transporters. We have shown 
that McjD can only transport MccJ25 and no other antibacterial peptides or drugs [31], and 
these data confirm that this tight regulation of opening the TMD to the periplasm might be a 
unique mechanism of natural product self-immunity ABC transporters that distinguishes them 
from multidrug transporters that only require ATP binding to open their TMD; i.e. we propose 
that for multidrug transporters if a ligand can fit in their cavity, they will transport it since its 
binding is not coupled to the opening of the TMD, whereas more specific ABC transporters 
will only open the cavity in the presence of a single specific substrate. 



4

CONFORMATIONAL DYNAMICS OF THE ABC TRANSPORTER MCJD SEEN BY SINGLE-MOLECULE FRET 87

 

 

 

Figure 4.10 | Refined transport mechanism of ABC exporter McjD based on structural, biochemical and 
biophysical data. Schematic representation of the smFRET assay using crystal-structure snapshots of McjD. 
Binding of ATP alone (futile cycle) is not coupled to an opening of the TMD that remains occluded. The smFRET 
data did not reveal any dynamics either. On the other hand, the NBDs are more dynamic and they can sample a 
nearly closed dimer that is driven to full closure in the presence of ATP. Binding of both ATP and MccJ25 is 
coupled to an open TMD, that reverts back to an occluded conformation upon substrate release. ATP hydrolysis 
and ADP release resets the transporter to a new transport cycle.
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Conclusion 

ABC transporters utilize the alternating access mechanism to transport the substrate. This 
usually undergoes large conformational changes upon ATP binding and hydrolysis [3,4], 
whereas McjD appears to be more “rigid”[8]. Our only evidence that McjD adopts an outward-
open conformation was from transport data using a cross-link between TMs1-2 and TMs1’-2’ 
[8]. We have speculated that this conformation might not be sufficiently well populated or 
long-lived to be studied by EPR techniques, therefore, we have probed the opening of the 
McjD TMD by smFRET by placing fluorescent dyes at TM1 and 1’. MsbA adopts an outward 
open conformation in the presence of nucleotides by movement of TMs1-2 towards the 
opposite protomer that causes subunit intertwining [8]. Our detergent ALEX data revealed 
that the TMD of McjD does not adopt an outward open conformation in the presence of 
nucleotides alone, which is consistent with our previous DEER measurements (Figure 4.2C) 
[8]. Addition of both ATP and peptide MccJ25 resulted in lower E* values suggesting that 
TMs1-2 from one protomer has moved towards the opposite protomer, which resulted in the 
opening of the periplasmic side of the TMD for release of the peptide (Figure 4.2C).  

This is the first direct observation that McjD undergoes conformational changes in its TMD 
and adopts an outward-open conformation. We also observed similar conformational changes 
in surface-immobilized McjD in proteoliposomes (Figure 4.6B). We observe two main 
populations, one that has a low E* and one with a high E* value suggesting that some McjD 
molecules have opened up to release the bound peptide, and some are reverting back to the 
occluded conformation upon substrate release; we cannot exclude that the population with 
the high E* values is McjD bound to ATP but not MccJ25. In the ALEX data, we cannot 
distinguish these individual populations but the histogram analysis shows a rather broad 
distribution that could be a mixture of similar states. These data suggest that there is a tight 
coupling between ATP and substrate binding and subsequent release that is significantly 
different from other ABC transporters. This report shows that both ATP and substrate are 
required to induce conformational changes in the TMD. 

Since ATP binding is coupled to opening of the TMD, we also used a native cysteine, C547, at 
the NBDs in order to monitor how ATP binding and hydrolysis affects their conformation. The 
crystal structures of exporters display varying degrees of NBD disengagement in the absence 
of nucleotides [3,5,8,17]. It has been suggested that it could be a detergent artefact or a real 
dynamic nature of the NBDs. DEER data of ABC transporters in liposomes and bicelles show 
broad lines for apo NBDs [8,11,12,15] further suggesting that in the absence of nucleotides 
the NBDs can have different degrees of disengagement. Upon nucleotide binding, the NBDs 
dimerise and display nearly identical distances across different transporters [3,5,8,17]. Our 
smFRET data in detergent and liposomes revealed that the NBDs of McjD adopt very similar 
disengagement with E* values of 0.3 and larger E* values of 0.5 upon nucleotide binding. 
These values are also in close agreement to our crystal structures [8] and suggest that 
although the crystal structures have been obtained using detergent purified protein, they 
represent relevant conformations of the transport cycle as supported by the direct 
comparison of detergent and liposome smFRET data. 
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Summary 

Single-molecule methods are nowadays widely used to study complex biological processes such 
as active membrane transport. In contrast to classic bulk biochemistry experiments, the 
approaches presented in this thesis show the behavior of individual molecules and avoid 
ensemble averaging. Strikingly, in our work we could demonstrate real-time observation of 
conformational changes of membrane transporters under near-native condition to understand 
their structure-function relationships. In the different thesis chapters, I focused on single-
molecule studies of proteins and domains belonging to ABC transporters.  

Chapter 1 provided a comprehensive overview of the biological significance and mechanisms of 
primary active membrane transporters, the ATP-binding cassette transporters. These are known 
to be present in all organisms, represent one of the largest super families of membrane 
transporters and are central to many important biomedical phenomena and diseases [1]. As I 
outline in the chapter, a vast of structural information of ABC transporter has been collected and 
was used to establish mechanistic transport models, which, however, need further verification 
via additional techniques that provide dynamic information (as provided in this thesis). 

In Chapter 2, I describe the development of novel techniques for fluorescence labelling of ABC 
transporter domains for Förster Resonance Energy Transfer (FRET) investigations. I outline a 
general FRET-labelling strategy that is applied to the substrate-binding domains (SBDs) of the 
amino-acid importer GlnPQ of L. lactis. With the improved labelling scheme, I demonstrate 
donor-acceptor containing SBDs of up to 70%. Our studies also show that the fluorophores have 
little to no influence on the biochemical properties of the SBDs based on the finding of 
comparable binding affinity between calorimetry and single-molecule experiments. 
Furthermore, I outline our experimental strategy (used in chapter 4) to visualize conformational 
states of GlnPQ-SBDs in solution and their interconversion dynamics. 

Although a lot of structural information is available for ABC transporters, the conformational 
dynamics in ABC transporters are largely elusive, but such data is required for full mechanistic 
understanding of transport. This limitation is partially resolved in Chapter 3 where I link structural 
and dynamic information of the ABC importer model system GlnPQ from L. Lactis. Our findings 
suggest that amino-acid substrates of the transporter are captured via SBDs, which undergo 
conformational changes from an open-unliganded to a closed-liganded state using to an induced-
fit mechanism. Our FRET-results showed only a single low-FRET peak in the absence of the ligand 
as well as for saturating concentrations of substrate (high FRET). Identical results were found for 
different FRET-labelling positions, indicating the absence of artefacts. A direct correlation of 
kinetic data, i.e., the release time of the substrate from the SBD with in vivo transport rates 
allowed us for the first time to characterize the initial steps of the translocation cycle of an ABC 
importer. In detail, the lifetime of the closed state of the SBD can be one of the determining 
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factors for the overall rate of transport. From a kinetic rate model, we further suggest that the 
opening of the substrate-binding domains is linked to the transition of the transmembrane pump 
switching from an inward to outward facing conformation. These findings contribute to a general 
understanding of the mechanism of ABC transport, information that became only accessible by 
combining single-molecule tools with bio-chemical data. 

In all preceding chapters the smFRET approach was employed to the soluble domains of ABC 
importers. In Chapter 4 it was successfully adopted for an ABC exporter, McjD, in a near-native 
lipid environment. The single-molecule data confirm existing believes of conformational control 
of ATP-binding and hydrolysis for the nucleotide binding domains, NBDs of McjD: ATP triggers 
closing and hydrolysis induces dissociation of the NBDs. Surface-immobilized McjD in 
proteoliposomes revealed that the NBDs also display fast conformational dynamics even in the 
absence of ATP. So, rather than ATP binding alone driving the closure of the NBDs, the data 
suggest that the apo NBDs can sample a nearly closed state without any nucleotide. Nucleotides, 
however, drive the NBDs to a fully closed dimer state and stabilize the closed dimer state and 
thus prohibit reverting back to an open dimer. Unlike the dynamic NBDs, the TMDs of McjD did 
not reveal any conformational fluctuations in the absence or even presence of nucleotides alone, 
suggesting that opening of the periplasmic gate is tightly coupled to ATP and binding of the 
substrate of McjD, the lasso-peptide MccJ25. With smFRET we could also for the first time show 
the opening of the TMDs of McjD, something that was not yet accomplished with standard 
structural biology techniques. In summary, our smFRET data suggest that ATP and MccJ25 binding 
are tightly coupled to the opening of the TMDs which is distinct from multidrug ABC transporters 
which are less selective for their transported ligands. 
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Outlook 

The pioneering single-molecule studies presented in this thesis on the SBD, TMD and NBD 
domains of different ABC transporters pave the way for future mechanistic studies that will allow 
to fully unravel the transport mechanisms of these important molecular machines. A long-term 
goal behind our research was to identify crucial aspects of conformational changes in the 
transport cycle that might allow the development of advanced therapeutic targets. This is 
especially attractive for ABC transporters, since the latter are known to mediate drug resistance 
in cancer cells through a reduction in drug accumulation in tumors [2]. The idea behind this would 
be the development of chemotherapy treatment as binding of the targeted substrates in the cells 
can be observed and potentially manipulated by transport inhibition [3]. It has also been 
hypothesized that ABC transporters mediate drug resistance in cancer through a reduction in 
drug accumulation in tumors. This hypothesis, however, suggests that chemotherapy 
effectiveness increases by inhibiting transporters mediated drug efflux validated in model 
transport systems. Therefore, this thesis might contain useful information and bridge 
mechanistic information of ABC transporters toward use in drug resistance which is currently 
undertaken by the cancer therapeutics community [4].Although we took important steps within 
this thesis, more single-molecule and biochemical studies are need to understand all aspects of 
the transport mechanism. One limitation of our studies is the fact that the initial transport steps 
(substrate binding to SBDs) were not yet done with full transporter complexes. While this 
requires further biochemical work to make our developed FRET assays applicable to entire 
transporters (in liposomes or nanodiscs) also the usage of energy in the systems via ATP 
hydrolysis has not yet been considered here. Furthermore, especially for McjD it is attractive to 
perform more direct probing of the conformational changes in the TMDs and NBDs induced by 
both ligands. Such observations and the determination of kinetic rates would allow full 
mechanistic understanding of the transport pathway of McjD and other medically-relevant 
systems. 
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Samenvatting 

Methoden met één molecuul worden tegenwoordig op grote schaal gebruikt om complexe 
biologische processen, zoals actief membraantransport, te bestuderen. In tegenstelling tot 
klassieke bulk-biochemie-experimenten laten de benaderingen in dit proefschrift het gedrag van 
afzonderlijke moleculen zien en wordt vermeden dat het gemiddelde van een geheel wordt 
bepaald. Opvallend is dat we in ons werk realtime observatie kunnen aantonen van 
conformationele veranderingen van membraantransporteurs in bijna-native omstandigheden 
om hun structuur-functie relaties te begrijpen. In de verschillende hoofdstukken van het 
proefschrift heb ik me gericht op single-molecule studies van eiwitten en domeinen van ABC-
transporters. 

Hoofdstuk 1 gaf een uitgebreid overzicht van de biologische betekenis en mechanismen van 
primaire actieve membraantransporters, de ATP-bindende cassettetransporters. Het is bekend 
dat deze in alle organismen aanwezig zijn, een van de grootste superfamilies van 
membraantransporters vertegenwoordigen en centraal staan in veel belangrijke biomedische 
fenomenen en ziekten [1]. Zoals ik in het hoofdstuk uiteenzet, is een enorme hoeveelheid 
structurele informatie van ABC transporter verzameld en gebruikt om mechanistische 
transportmodellen op te stellen, die echter verdere verificatie nodig hebben via aanvullende 
technieken die dynamische informatie verschaffen (zoals voorzien in dit proefschrift). 

In hoofdstuk 2 beschrijf ik de ontwikkeling van nieuwe technieken voor fluorescentie-labeling 
van ABC-transporterdomeinen voor Förster Resonance Energy Transfer (FRET) -onderzoek. Ik 
schets een algemene FRET-labelingstrategie die wordt toegepast op de substraatbindende 
domeinen (SBD's) van de aminozuurimporteur GlnPQ van L. lactis. Met het verbeterde 
etiketteringsschema demonstreer ik donor-acceptor met SBD's tot 70%. Onze studies tonen ook 
aan dat de fluoroforen weinig tot geen invloed hebben op de biochemische eigenschappen van 
de SBD's op basis van de ontdekking van vergelijkbare bindingsaffiniteit tussen calorimetrie en 
experimenten met één molecuul. Verder schets ik onze experimentele strategie (gebruikt in 
hoofdstuk 4) om conformationele toestanden van GlnPQ-SBD's in oplossing en hun 
interconversiedynamiek te visualiseren. 

Hoewel er veel structurele informatie beschikbaar is voor ABC-transporters, is de 
conformationele dynamiek in ABC-transporters grotendeels ongrijpbaar, maar dergelijke 
gegevens zijn vereist voor een volledig mechanistisch begrip van transport. Deze beperking is 
gedeeltelijk opgelost in hoofdstuk 3, waar ik structurele en dynamische informatie van het ABC-
importeurs modelsysteem GlnPQ van L. Lactis koppel. Onze bevindingen suggereren dat 
aminozuursubstraten van de transporter worden gevangen via SBD's, die conformationele 
veranderingen ondergaan van een open-niet-ligand naar een gesloten-ligand-toestand met 
behulp van een geïnduceerd fit-mechanisme. Onze FRET-resultaten toonden slechts een enkele 
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lage-FRET piek in afwezigheid van het ligand evenals voor verzadigende concentraties van 
substraat (hoge FRET). Er werden identieke resultaten gevonden voor verschillende FRET-
etiketteringsposities, hetgeen de afwezigheid van artefacten aangeeft. Een directe correlatie van 
kinetische gegevens, d.w.z. de vrijgavetijd van het substraat van de SBD met in vivo 
transportsnelheden stelde ons voor het eerst in staat om de eerste stappen van de 
translocatiecyclus van een ABC-importeur te karakteriseren. In detail kan de levensduur van de 
gesloten toestand van de SBD een van de bepalende factoren zijn voor de totale 
transportsnelheid. Uit een kinetisch snelheidsmodel suggereren we verder dat het openen van 
de substraatbindende domeinen gekoppeld is aan de overgang van de transmembraanpomp die 
van een naar binnen naar buiten gerichte conformatie overschakelt. Deze bevindingen dragen bij 
tot een algemeen begrip van het mechanisme van ABC-transport, informatie die alleen 
toegankelijk werd door het combineren van tools met één molecuul met biochemische gegevens. 

In alle voorgaande hoofdstukken werd de smFRET-benadering toegepast op de oplosbare 
domeinen van ABC-importeurs. In hoofdstuk 4 werd het met succes overgenomen voor een ABC-
exporteur, McjD, in een bijna-native lipidenomgeving. De gegevens van één molecuul bevestigen 
dat bestaande overtuigingen van conformationele controle van ATP-binding en hydrolyse voor 
de nucleotide-bindende domeinen, NBD's van McjD: ATP triggers sluiten en hydrolyse induceert 
dissociatie van de NBD's. Oppervlakte-geïmmobiliseerde McjD in proteoliposomen onthulde dat 
de NBD's ook een snelle conformationele dynamiek vertonen, zelfs in afwezigheid van ATP. Dus 
in plaats van alleen ATP-binding die de sluiting van de NBD's drijft, suggereren de gegevens dat 
de apo NBD's een bijna gesloten toestand kunnen bemonsteren zonder enig nucleotide. 
Nucleotiden brengen de NBD's echter naar een volledig gesloten dimeertoestand en stabiliseren 
de gesloten dimeertoestand en verbieden dus terug te keren naar een open dimeer. In 
tegenstelling tot de dynamische NBD's, onthulden de TMD's van McjD geen conformationele 
fluctuaties in de afwezigheid of zelfs aanwezigheid van nucleotiden alleen, wat suggereert dat 
het openen van de periplasmatische poort nauw is gekoppeld aan ATP en binding van het 
substraat van McjD, de lasso-peptide MccJ25 . Met smFRET konden we ook voor het eerst de 
opening van de TMD's van McjD laten zien, iets dat nog niet werd bereikt met standaard 
structurele biologietechnieken. Samenvattend suggereren onze smFRET-gegevens dat ATP- en 
MccJ25-binding nauw zijn gekoppeld aan de opening van de TMD's, wat anders is dan multidrug 
ABC-transporters die minder selectief zijn voor hun getransporteerde liganden. 
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Vooruitzicht 

De baanbrekende single-molecule studies die in dit proefschrift worden gepresenteerd over de 
SBD-, TMD- en NBD-domeinen van verschillende ABC-transporters, effenen de weg voor 
toekomstige mechanistische studies die toelaten om de transportmechanismen van deze 
belangrijke moleculaire machines volledig te ontrafelen. Een langetermijndoelstelling van ons 
onderzoek was om cruciale aspecten van conformationele veranderingen in de transportcyclus 
te identificeren die de ontwikkeling van geavanceerde therapeutische doelen mogelijk zouden 
maken. Dit is vooral aantrekkelijk voor ABC-transporters, omdat van deze laatste bekend is dat 
ze medicijnresistentie in kankercellen bemiddelen door een vermindering van medicijnophoping 
in tumoren [2]. Het idee hierachter zou de ontwikkeling van chemotherapie zijn, omdat binding 
van de beoogde substraten in de cellen kan worden waargenomen en mogelijk gemanipuleerd 
door transportremming [3]. Er is ook een hypothese dat ABC-transporters resistentie tegen 
geneesmiddelen bemiddelen bij kanker door een vermindering van de accumulatie van 
geneesmiddelen bij tumoren. Deze hypothese suggereert echter dat de effectiviteit van 
chemotherapie toeneemt door het remmen van door transporters gemedieerde efflux van 
geneesmiddelen gevalideerd in modeltransportsystemen. Daarom zou dit proefschrift nuttige 
informatie kunnen bevatten en mechanistische informatie van ABC-transporters kunnen 
overbrengen naar gebruik bij geneesmiddelenresistentie die momenteel wordt ondernomen 
door de gemeenschap van kankertherapeuten [4]. Hoewel we belangrijke stappen in dit 
proefschrift hebben genomen, zijn meer enkelmoleculaire en biochemische onderzoeken 
moeten alle aspecten van het transportmechanisme begrijpen. Een beperking van onze studies 
is het feit dat de initiële transportstappen (substraatbinding aan SBD's) nog niet waren gedaan 
met volledige transportcomplexen. Hoewel dit verder biochemisch werk vereist om onze 
ontwikkelde FRET-testen toepasbaar te maken voor volledige transporters (in liposomen of 
nanodiscs), is hier nog geen rekening gehouden met het gebruik van energie in de systemen via 
ATP-hydrolyse. Verder is het, in het bijzonder voor McjD, aantrekkelijk om directer onderzoek te 
doen naar de conformationele veranderingen in de TMD's en NBD's geïnduceerd door beide 
liganden. Dergelijke waarnemingen en de bepaling van kinetische snelheden zouden een volledig 
mechanistisch inzicht in het transportpad van McjD en andere medisch relevante systemen 
mogelijk maken. 
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Ringkasan 

Metodologi molekul tunggal (single-molecule) saat ini telah digunakan secara luas untuk 
mempelajari proses biologi yang kompleks. Salah satu contohnya adalah mekanisme transpor 
yang menjadi fokus utama dalam laporan ini. Berbeda dengan percobaan biokimia, studi-studi 
molekul tunggal mengarah pada perilaku individu dari molekul dan dengan demikian 
karakteristik umum molekul tersebut dapat disimpulkan. Dalam studi molekul tunggal, 
penggunaan pewarna-pewarna fluorofor dideteksi secara mekanis dan respon reseptifnya 
direkam secara langsung. Salah satu keunggulan dari pendekatan ini adalah:  perubahan 
konformasi biologis dapat dideteksi dalam lingkungan berpelarut yang dianggap cenderung 
mendekati kondisi asli di alam.  

Dalam tesis ini, saya berfokus pada studi molekul tunggal untuk protein pengikat substrat dan 
protein pengekspor yang telah disusun ulang di dalam liposom. Bab 1 menguraikan aktifitas 
ekspansif salah satu protein transporpada membran yaitu protein  kaset pengikat ABC (ABC-
binding cassette). Seperti yang telah diketahui, protein transpor ABC ditemukan di semua 
organisme. Protein tersebut mewakili salah satu super-family terbesardari protein trans-
membran yang memegang peranan sentral dalam banyak fenomena biomedis penting [1]. Dalam 
beberapa dekade terakhir, informasi struktur dari domain pembangun maupun mekanisme 
transportasi dari protein transport ABC telah teridentifikasi. 

Dalam Bab 2, saya menguraikan metode fundamental dari pemutakhiran proses pelabelan 
fluorofor yang merupakan dasar kunci dari metode Förster Resonance Energy Transfer (FRET). 
Kombinasi antara metodologi molekul tunggal dan pemutakhiran praktis pada proses pelabelan  
telah terbukti mampu merinci informasi mengenai perubahan konformasi dan dinamika  protein 
pengikat substrat (PPS) pada  protein pengimpor ABC tipe I.  Penempelan pewarna fluorofor tidak 
mempengaruhi proses biokimia dari protein. Hal ini dibuktikan oleh konstanta pengikatan yang 
sebanding antara metodologi molekul jumlah besar (bulk) dan metodologi molekul tunggal. Saya 
juga menemukan bahwa bahwa derajat efisiensi pelabelan juga dipengaruhi oleh pilihan 
pewarna fluorofor (sebagaimana juga dibahas dalam Bab 4). 

Walaupun informasi struktural transporter ABC telah banyak dikemukakan, dinamika konformasi 
pada protein transporABC masih sulit dipahami atau hanya berdasar pada bukti tidak langsung. 
Keterbatasan ini diselesaikan dalam Bab 3 dimana saya menghubungkan temuan struktural 
dengan informasi dinamika protein yang diperoleh dari studi molekul tunggal. Pengetahuan 
tentang mekanisme pengikatan dan korelasi kinetiknya di tingkat transportasi in vivo, 
memungkinkan kami untuk pertama kalinya mengkarakterisasi langkah-langkah awal dari siklus 
translokasi pada importer ABC. Substrat ditangkap melalui protein pengikat substrat (PPS) yang 
kemudian mengalami perubahan konformasi ke keadaan tertutup mengikuti mekanisme 
induced-fit. Hasil studi ini menunjukkan masing-masing satu puncak histogram pada konsentrasi 
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jenuh maupun tanpa substrat. Pengikatan substrat dengan afinitas rendah hanya mampu 
membawa protein ke dalam keadaan semi-tertutup. Hasil yang identik ditemukan untuk 
beberapa sampel protein dengan posisi pelabelan yang berbeda. Hal ini menunjukkan bahwa 
mekanisme pengikatan tidak diperngaruhi oleh posisi pelabelan. Protein pengikat substrat (PPS) 
dari GlnPQ sesekali ditemukan dalam posisi tertutup pada keadaan tanpa substrat. Pembukaan 
domain dari PPS tampaknya terkait dengan transisi domain trans-membran dari pose terbuka 
kedalam menuju pose terbuka keluar. Penemuan ini menunjukan pemahaman umum mengenai 
mekanisme transpor oleh protein ABC, informasi yang hanya dapat diakses dengan 
menggabungkan metodologi molekul tunggal dengan data biokimia. 

Dalam skala yang lebih besar, pendekatan smFRET berhasil diadopsi untuk protein pengekspor 
ABC, McjD, sebagaimana dibahas dalam Bab 4. Data molekul tunggal dari McjD yang diimobilisasi 
dalam proteoliposom mengungkapkan bahwa domain pengikat nukleotida (DPN) memiliki 
dinamika konformasi dan tidak statik. Molekul McjD terkadang menunjukkan nilai E* yang rendah 
(antara 0,3 dan 0,5). Hasil ini menunjukkan bahwa sampel DPN memiliki derajat dimer terbuka 
dan tertutup yang berbeda. Hasil tersebut juga mengindikasikan bahwa DPN pada McjD 
dapatditemukan dalam keadaan tertutup meskipun tanpa nukleotida. Selain itu dapat pula 
disimpulkan bahwa proses pengikatan ATP tidak menginisiasi proses penutupan dari DPN. 
Nukleotida dapat menggerakkan DPN ke keadaan dimer tertutup sepenuhnya dan dengan 
demikian menstabilkan keadaan tersebut.  Hal ini mencegah kembali terbukanya DPN ke keadaan 
dimer tertutup. Tidak seperti DPN yang sangat dinamis, pengukuran Domain Trans-membran 
pada McjD menunjukkan tidak adanya dinamika dengan keberadaan nukleotida saja. Hal ini 
menunjukkan bahwa pembukaan gerbang periplasmik sangat bergantung pada proses 
pengikatan ATP dan MccJ25. DPN memiliki konformasi yang berbeda pada keadaan tanpa 
substrat. Salah satunya adalah pose dimer hampir tertutup yang dapat dipengaruhi oleh ATP 
untuk membentuk keadaan tertutup penuh. Sebaliknya, domain trans-membran tidak terbuka 
dengan keberadaan nukleotida saja.TMD dari McjD terbuka untuk melepaskan peptida dengan 
adanya ATP dan MccJ25 (siklus transportasi). Data smFRET menunjukkan bahwa pengikatan ATP 
dan MccJ25 sangat berpengaruh pada pembukaan TMD. Hal ini sangat berbeda jika dibandingkan 
dengan transport ABC multidrug lainnya. Saya mengusulkan bahwa: apabila ligan dapat masuk 
dalam ronggaprotein transpor multidrug, protein tersebut akan mengangkut ligan keluar sel. Hal 
ini dikarenakan pengikatan ligan tidak mempengaruhi dengan pembukaan TMD. Sedangkan 
transporter ABC yang lebih spesifik hanya akan membuka rongga dengan adanya substrat 
spesifik. 
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Pandangan 

Studi molekul tunggal yang digunakan dalam tesis ini dianggap sebagai langkah awal untuk studi 
lebih lanjut. Dalam tujuan jangka panjang, penemuan terkait perubahan konformasi pada protein 
transpor membran dapat digunakan untuk membawa perubahan dalam tujuan terapetik dimana 
pengaturan asupan dan penyerapan di seluruh membran dapat dimonitor. Transporter ABC 
dikenal untuk memediasi resistensi obat pada kanker melalui pengurangan akumulasi obat pada 
tumor [2]. Hipotesis ini memegang potensi peningkatan kemoterapi efektivitas dengan 
menghambat transportasi [3]. Hubungan antara relevansi transporter ABC dan resistansi obat 
saat ini masih diteliti oleh komunitas terapi kanker [4]. 

Meskipun beberapa penemuan informasi ini telah diselesaikan dalam tesis ini, namun 
dibutuhkan lebih banyak studi molekul tunggal dan biokimia untuk dapat memahami transporter 
ini dalam skala yang lebih besar. Sebagai contoh, tesis ini hanya melaporkan langkah awal 
mekanisme transport, yaitu terikatnya substrat pada domain pengikatan substrat, yang 
diarahkan pada molekul tunggal. Korelasi dengan eksperimen molekul jumlah banyak (bulk) 
dapat membantu terprediksinya mekanisme transportasi. Akan tetapi menghubungkannya 
dengan mekanisme hidrolisis ATP dalam domain pengikat nukleotida masih belum dilakukan di 
sini. Pengamatan terhadap perubahan konformasi dalam domain trans-membran dengan 
pendekatan molekul tunggal juga penting untuk dilakukan agar dapat memahaminya dengan 
lebih dalam. Pendekatan molekul tunggal pada domain pengikat ATP dapat menjadi temuan 
pelengkap ke mekanisme yang diusulkan. 

Penelitian pada transporter membran yang dibahas dalam laporan ini bersifat dasar. Studi 
dengan menggunakan pendekatan molekul tunggal harus menjadi titik awal untuk meningkatkan 
pemahaman tentang mekanisme transportasi. Peningkatan stabilitas pewarna fluorofor dan 
penerapannya dalam studi molekul tunggal serta pendekatan untuk subdomain lain dari 
transporter dapat membawa hasil yang lebih baik. 
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