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1.1 ABC proteins 

ATP-binding cassette (ABC) proteins form one of the largest families of proteins, which are 
present in all prokaryotic and eukaryotic cells1, 2. In humans, 49 genes encode for ABC 
proteins3, whereas in the bacterium Escherichia coli, 79 genes for ABC proteins are found4. 
ABC proteins hydrolyse adenosine triphosphate (ATP) into adenosine diphosphate (ADP) 
and inorganic phosphate (Pi) and use the released energy of approximately 20 kBT in a range 
of physiological processes1, 2. Most ABC proteins, known as ABC transporters, use the 
energy to translocate various compounds across cellular or organelle membranes. Other ABC 
proteins, hereinafter collectively referred to as soluble ABC proteins, are not membrane 
associated, but are part of cellular complexes that use the energy of ATP hydrolysis for DNA 
mismatch repair, chromosome organisation, double-strand DNA break repair and mRNA 
translation5. 

Despite their functional diversity, all ABC proteins contain two nucleotide-binding 
domains (NBDs) that bind and hydrolyse ATP (Figure 1.1). In addition to the NBDs, ABC 
transporters contain two transmembrane domains (TMDs), which form the translocation 
pathway for the substrate. The two NBDs and two TMDs together constitute the translocator 
unit. Soluble ABC proteins do not contain TMDs, but have other domains linked to their 
NBDs6-8. Based on the direction of transport, ABC transporters can be subdivided into 
importers and exporters. These importers and exporters can be further classified as Type I, 
II and III importers and Type I and II exporters based on structural and mechanistic 
distinctions9, 10. Type III importers are also known as energy-coupling factor (ECF) 
transporters11. Type I and II importers (the canonical importers) require an additional 
substrate-binding protein (SBP) to bind and deliver the substrate to the translocator unit. 
Some ABC transporters have additional domains fused to their NBDs, which are involved in 
the regulation of transport activity and/or the stabilization of the NBD dimer12, 13.  

 

1.2 Nucleotide-binding domains 

A pair of NBDs is at the core of every ABC protein. The crystal structures of isolated NBD 
dimers and full-length ABC proteins reveal that all NBDs share common structural and 
mechanistic features (Figure 1.2A)14. Each NBD consists of two subdomains, a RecA-like 
and an a-helical subdomain, which both contain highly conserved sequence motifs. The 
RecA-like subdomain contains the Walker A and Walker B sequence motifs. Residues of the 
Walker A motif interact with the phosphate groups of ATP, whereas the Walker B motif 
coordinates a Mg2+ ion and an H2O molecule for ATP hydrolysis. The RecA-like subdomain 
is also present in the Helicase superfamily I, II and III, and the AAA+, V-type and F-type  
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Figure 1.1. The structure and domain organisation of ABC proteins. All ABC proteins contain two 
NBDs (dark and light orange). ABC transporters contain four domains: two NBDs and two TMDs (dark 
and light green). ABC transporters can be further subdivided as Type I, II and III importers and Type I 
and II exporters. Type I and II ABC imports use an SBP (purple) to deliver the substrate to the TMDs. 
The S component (light green) of Type III importer binds the substrate and the T component (dark 
green) is associated with the two NBDs. The DNA mismatch repair protein MutS (PBD ID: 1W7A) 
form E. coli contains two NBDs and an additional domain (light and dark red) that binds to DNA (grey). 
The molybdate transporter ModBCA (PBD ID: 2ONK) from Archaeoglobus fulgidus, the E. coli 
vitamin B12 transporter BtuCDF (PBD ID: 2QI9) and ECF HmpT (HmpT has also been named PdxU2) 
transporter (PBD ID: 4HZU) from Lactobacillus brevis are Type I, II and III importers, respectively. 
The heterodimeric exporter TM287/288 (PDB ID: 3QF4) from Thermotoga maritima and the human 
sterol transporter ABCG5/ABCG8 (PBD ID: 5DO7) are Type I and II exporters, respectively.  

Type I Type II Type III

Type I Type II

ABC importers

ABC exporters Soluble ABC proteins

MutS

BtuCDFModBCA

TM287/288

ECF HmpT

ABCG5/G8
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ATPase families, whereas the a-helical subdomain is uniquely found in ABC proteins15. The 
a-helical subdomain contains the ABC signature motif, which interacts with the g-phosphate 
group of ATP. The Q-loop is located on a loop connecting the RecA-like subdomain to the 
a-helical subdomain. The Q-loop is crucial to couple the NBD conformational changes to 
changes in the TMDs16-18. Other sequence motifs that are part of the ATP binding site are the 
A-loop, D-loop and H-motif.  

The two NBDs are arranged in a ‘head-to-tail’ manner, with two ATP binding sites 
located at the dimer interface (Figure 1.2A). Each ATP binding site is formed by the RecA-
like subdomain of one NBD and the a-helical subdomain of the other NBD6, 19. The two 
NBDs associate as homo- or heterodimer, and in the latter case this can lead to an asymmetry 
between the ATP binding sites20. Asymmetry can also originate from other domains of the 
ABC protein or interacting ligands21. Binding of ATP causes conformational changes in the 
dimer, switching the NBDs from an extended (open) to a more packed (closed) dimer 
configuration (Figure 1.2B)22-25. ATP hydrolysis triggers the reverse reaction, switching the 
NBDs from the closed to the open conformation. The common mechanistic feature of every 
ABC protein is that the opening and closing of the NBDs are used to drive conformational 
changes in the other domains of the ABC protein. This process is termed the ‘power stroke’ 
of the NBDs and converts the energy of ATP hydrolysis into mechanical work. 

Figure 1.2. The dimer of the nucleotide-binding domains MalK2. (A) X-ray crystal structure of the 
NBDs MalK2 (PBD ID: 3RLF) with two ATP molecules bound (yellow). The RecA-like and α-helical 
domain are shown in green and purple, respectively. (B) X-ray crystal structure of nucleotide-free 
MalK2 (top, PBD ID: 3PV0) and with two ATP molecules (not shown) bound (bottom, PBD ID: 3RLF). 
NBDs are believed to switch between open and closed conformations by the binding and hydrolysis of 
ATP. The C-terminal regularity domain and the MalF, MalG and MalE domains are not shown. 

A B

ATP ADP + Pi

RecA-like domain

α-helical domainA-loop

Walker B Q-loop

Walker A

ATP
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1.3 ABC Exporters 

1.3.1 Structure and function of ABC exporters 

ABC exporters are located in the plasma membrane and transport substrates from the 
cytoplasm into the extracellular or periplasmic space. ABC exporters are also found in 
organelles of eukaryotes and transport substrates from the cytoplasm into the organelle. In 
case of chloroplast and mitochondria, substrates are transported from the stroma or matrix 
space into the intermembrane space26. Substrates transported by ABC exporters include 
peptides, proteins, lipids, sterols and polysaccharides1. Some ABC exporters transport 
antibiotics or (anticancer) drugs out of the cell27, 28. 

Every ABC exporter consists of two NBDs and two TMDs. An NBD and TMD are fused 
as a single polypeptide chain that assembles into a homodimeric (e.g., Sav186629) or 
heterodimeric (e.g., TM287/28830) complex. All four domains are encoded on a single 
polypeptide chain in some eukaryotic ABC exporters (e.g., the human exporter 
P-glycoprotein31). ABC exporters can be subdivided as Type I and II based on structural 
features of the TMDs. Only little structural information is available for Type II exporters32, 
compared to the wealth of structural17, 29-31, 33 and spectroscopic34-36 data that is available for 
Type I exporters. It is seen that in all ABC exporters, the TMDs consist of 6 transmembrane 
(TM) helices, resulting in a total of 12 TM helices per exporter. However, the TM helices of 
Type I exporters are longer than in Type II exporters, and, in contrast to TM helices of Type II 
exporters, extend further into the solution (Figure 1.1).   

 
1.3.2 Transport mechanism of ABC exporters 

X-ray crystallography17, 29-31, 33, 37, cryo-electron microscopy (cryo-EM)38, electron 
paramagnetic resonance (EPR) spectroscopy35, 36 and recent single-molecule Förster 
resonance energy transfer (smFRET)34 data show that ABC exporters adopt different 
conformations. The TMD interior is exposed to the cytoplasm in the inward-facing (IF) 
conformation and is open to the extracellular space in the outward-facing (OF) conformation. 
In the OF conformation, the NBDs are closed and contain two molecules of ATP or ATP 
analogues. In the IF conformation, the NBDs are open and contain ADP or are nucleotide 
free. Some exceptions are the crystal structures of the IF conformations of TM287/28830 and 
ABCB1039 that are formed with certain ATP analogous and the OF conformations of 
Sav1866 and PgKl that are formed with ADP29, 40. 

A popular model for the transport mechanism of ABC exporters is the ATP-switch 
model41 or the alternating access mechanism (Figure 1.3)42. In this model, a substrate binds 
to the IF conformation from the cytoplasm or, in case of highly hydrophobic substrates, from 
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the inner leaflet of the membrane. In the IF conformation, the NBDs are open and free of 
nucleotide. However, the ATP concentration in the cytoplasm might be sufficiently high so 
that the ATP free state is only short-lived. Thus, before the substrate binds, the exporter might 
already contain ATP, but closing of the NBDs is prevented because the substrate is absent34. 
Once the substrate and ATP are bound, the exporter goes via an outward-occluded 
intermediate state to the OF conformation. In the outward-occluded state, the substrate is 
trapped within the TMD interior and the NBDs are closed37, 38. The substrate is released on 
the other side of the membrane once the OF conformation is formed. Finally, ATP hydrolysis 
opens the NBDs, leading to the formation of the IF conformation.  

Some heterodimeric ABC exporters contain only a single ATP binding site that can 
hydrolyse ATP30, 38, 43. The site that cannot hydrolyse ATP might always contain an ATP 
molecule and prevents thereby the complete opening of the NBDs30. This could lead to 
further complexity of the transport mechanism that is not included in the ATP-switch 
model35.  

 

1.4 ABC importers 

1.4.1 Function of ABC importers  

ABC importers are only found in prokaryotes and transport substrates from the extracellular 
space into the cytoplasm. ABC importers of Gram-negative bacteria are located in the inner 
membrane and transport substrates from the periplasm into the cytoplasm. Type I ABC 
importers mediate the uptake of nutrients, such as amino acids, peptides, sugars, ions and 
oligosaccharides44. In addition, some Type I ABC importers, such as OpuA of Lactococcus 
lactis45, control the volume of the cell via the uptake of so-called compatible solutes (e.g., 
glycine betaine). Type II and III importers are involved in the uptake of metal ions, metal-

Out

In

ATP ADP

Pi

Figure 1.3. Mechanism of transport by ABC exporters. Schematic representation of the proposed 
transport mechanism of ABC exporters. The mechanism involves switching between inward- and 
outward-facing conformations, which is regulated by ATP binding and hydrolysis and substrate 
binding. The membrane is shown in light brown, the substrate in brown, ATP in yellow and ADP in 
orange. The exporter consists of two NBDs (located on the inside) and two TMDs (located in the 
membrane) and are all shown in dark grey.  
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siderophore complexes and vitamins11, 44. In general, Type II and III importers facilitate the 
uptake of substrates that are present in low concentrations in the external environment and 
are needed by the cell in low quantities, whereas Type I importers transport substrates that 
are present in higher concentrations and are needed in larger amounts. The substrate 
availability in the environment is reflected by the dissociation constants (KD) for substrate 
binding: Type I importers have typical KD values of 0.1-10 µM, whereas KD values of 
0.1-10 nM are common in Type II and III importers11, 44.  

Prokaryotes use multiple distinct ABC importers for the uptake of many essential 
nutrients. Most of these importers are specific for only a few chemically similar substrates. 
For instance, GlnPQ of L. lactis transports the related amino acids asparagine and glutamine46 
and MalFGK2 of E. coli transports unmodified, linear maltodextrins ranging in length from 
two to seven glucosyl units47, 48. Other ABC importers have a broader transport specificity. 
This is possible because some SBPs can bind substrates that are chemically less related. For 
instance, the SBP OppA of L. lactis can bind peptides ranging in size from 4 to 35 residues 
with only minor sequence preference49. The transport specificity of some other ABC 
importers is broadened because different SBPs with non- or partially overlapping substrate 
specificities can deliver their substrates to the same translocator. For instance, the SBP HisJ 
is specific for histidine and the SBP LAO binds lysine, arginine and ornithine, with both 
SBPs donating their substrates to the translocator HisQMP2 of Salmonella typhimurium50. 
 
1.4.2 Transmembrane domains of ABC importers 

In ABC importers the NBDs and TMDs are separate proteins that assemble into a tetrameric 
complex. In this complex, either (i) all proteins are different (e.g., OppBCDF49), (ii) the 
NBDs are identical but the two TMDs are different (e.g., MalFGK251) or (iii) the NBDs are 
identical and the TMDs are identical (e.g., GlnPQ52). Contrary to ABC exporters, the number 
of TM helices per TMD varies in ABC importers. TMDs of Type I importers consist 
minimally of 6 TM helices per TMD. In case of the E. coli maltose importer, the TMDs MalF 
and MalG contain 8 and 6 TM helices, respectively, resulting in a total of 14 TM helices per 
translocator18. The TMDs of Type II importers consist of 10 TM helices per TMD and are 
more densely packed than in Type I importers. In both Type I and II importers the two TMDs 
together form the translocation pathway for the substrate, which faces towards the cytoplasm 
in the IF conformation and towards the external environment or periplasm in the OF 
conformation13, 16, 18, 51, 53-55. 

It remains unknown if all TMDs of Type I and II importers contain a substrate-binding 
site. In the crystal structures of the Type I importers MalFGK256 and Art(QM)255 well-defined 
substrate-binding sites are present. Mutational57 and homology modelling55 studies indicate 
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that some other Type I ABC importers also contain a binding site in their TMDs. In contrast, 
no specific binding sites have been identified in the crystal structures of the Type II 
vitamin B12 importer BtuCDF58, suggesting that the SBP BtuF determines the transport 
specificity and that the TMDs BtuC simply form an inert cavity for vitamin B12.  

Type III importers are structurally and mechanistically completely different from other 
ABC importers9, 10. The two TMDs of Type III importers are termed the T and S component. 
The T component consists minimally of 4 TM helices and interacts with the two NBDs via 
two long, crossed a-helices (the coupling helices)59-62. The complex formed between the 
T component and the two NBDs is termed the ECF (energy coupling factor) module. The 
S component consists minimally of 6 TM helices and contains the binding site for the 
substrate63, 64.  
 
1.4.3 Substrate-binding proteins 

Type I and II ABC importers require an SBP to bind and deliver the substrate to the 
translocator. In Gram-negative bacteria, SBPs freely diffuse in the periplasm, whereas in 
prokaryotes that lack a periplasm, they are attached to the membrane via either a lipid or 
protein anchor or are directly linked to the TMDs (Figure 1.4)65. In the latter case, importers 
have been identified with a minimum of one and a maximum of six SBPs attached to the 
translocator (Figure 1.4)65, 66. For instance, the Type I importer GlnPQ from L. lactis has two 
SBPs (called SBD1 and SBD2) linked to each TMD, leading to a total of four SBPs per 
translocator (Figure 1.4D)52. SBPs that are directly linked to the TMDs are sometimes called 
substrate-binding domains (SBDs)67.  

Out

In

A B C D E

Figure 1.4. Schematic representation of the domain organisation of SBPs. Type I and II ABC 
importers require an extra-cytoplasmic SBP for function. SBPs can be free proteins that are located in 
the periplasm (A). In prokaryotes that lack a periplasm the SBPs are attached to the outer membrane 
via a protein (B) or lipid anchor (C) or are directly linked to the TMDs (D-E). In the latter case, ABC 
importers with a total of one to six SBPs fused have been identified68. A homodimeric and a 
heterodimeric transporter complex with four (e.g., GlnPQ of L. lactis) (D) and one (e.g., MalEGK2E of 
Dellovibrio bacteriovorus) (E) SBP(s), respectively, are depicted.  
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SBPs are not only associated with Type I and II ABC importers, but are also part of other 
protein complexes. For example, tripartite ATP-independent periplasmic (TRAP) 
transporters, tripartite tricarboxylate transporters (TTT) and G-protein coupled receptors 
(GPCRs) employ SBPs68, 69. Moreover, some SBPs are part of more than one protein system. 
For instance, the E. coli SBP MalE is the receptor domain of both the ABC importer 
MalFGK2 and the chemotactic signal transducer Tar70. SBPs are not only associated with 
membrane proteins, but are also involved in transcription regulation in bacteria. For example, 
LysR-type transcriptional regulators (LTTRs) use SBPs71. SBPs of the LTTR family have a 
DNA-binding domain fused to its N-terminus71.  

To date, around 400 crystal structures of SBPs are solved, started with the firstly solved 
structure in 1974 of arabinose-binding protein72, 73. This tremendous amount of structural 
information revealed that all SBPs have a common structural fold44. SBPs consist of two 
structurally conserved subdomains, both having a so-called a/b fold, i.e., an internal b-sheet 
surrounded by a-helices. The two subdomains are connected via a hinge region44. SBPs can 
be classified into six structural clusters (cluster A to F), wherein the hinge region is the most 
defining feature of each cluster44, 72. SBPs of Type II importers are solely found in cluster A 
and contain a single rigid a-helix as hinge. The hinges of Type I SBPs are structurally more 
diverse, containing multiple connections of b-strands and/or a-helices, and are found in four 
of the six structural clusters (cluster B, C, D and F). Cluster E contains only SBPs that are 
part of TRAP transporters.  

In the crystal structures of the SBPs, the two subdomains are separated (open 
conformation) in the absence of substrate and are closer together (closed conformation) when 
a substrate is present at the interface of the two subdomains (Figure 1.5)74, 75. The switching 
between the open and closed conformation has been called the ‘Venus-flytrap’ mechanism76, 
as the process is reminiscent to a Venus flytrap catching a fly. The crystal structures show 
that the degree of opening varies between different SBPs, ranging from openings angles of 

Figure 1.5. Open and closed conformations of the SBP MalE. X-ray crystal structure of E. coli MalE 
without (left; PDB ID: 1OMP) and with (right; PDB ID: 1ANF) maltose bound. The maltose molecule 
is not shown for clarity. The two subdomains are shown in grey and purple and the hinge in red.  

Hinge region

N-terminal
subdomain

C-terminal
subdomainBinding site
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almost 60° in the SBP LivJ77, to only a few degrees for many SBPs that belong to Type II 
importers78. Crystal structures of the same SBP, but with different substrates bound, 
generally report the same degree of closing79-82. For instance, the crystal structures of MalE 
with maltose, maltotriose or maltotetraose are virtually identical82. An exception is the 
substrate β-cyclodextrin, which induces only a minor conformational change in MalE83, 84. 
Despite the fact that β-cyclodextrin is bound by MalE, it cannot be transported by the maltose 
importer85. This suggests that only substrates that induce closing of the SBP are transported. 

There are also indications that SBPs undergo conformational changes in the absence of 
substrate67, 86-88, thereby questioning the precise mechanism of substrate binding by the SBP. 
Two basic mechanisms that describe how substrate binding is coupled to SBP conformational 
changes are the induced-fit89 and conformational selection mechanism90 (Figure 1.6). In the 
induced-fit mechanism, the open conformation binds the substrate and subsequently triggers 
closing of the SBP. In the conformational selection mechanism, the apo SBP already exists 
in an equilibrium between open and closed conformations. Contrary to the induced-fit 
mechanism, in the conformational selection mechanism, the substrate binds directly to the 
intrinsic closed conformation.  

 
1.4.4 Transport mechanism of Type I importers 

The model for the transport mechanism of Type I importers is largely based on the crystal 
structures91 and the spectroscopic22, 92 and functional47, 93 data of the E. coli maltose importer 
(Figure 1.7A). The model starts from the IF conformation, with the NBDs open and free of  

Induced fit

Conformational
selection

Figure 1.6. The induced-fit and conformational selection mechanism. Two basic mechanisms that 
connect the open and closed conformations of the SBP with the substrate-free and substrate-bound 
states are the induced-fit and the conformational selection mechanism. In the induced-fit mechanism, 
the substrate binds to the open conformation and triggers subsequently closing of the SBP. In the 
conformational selection mechanism, the substrate is directly bound by the intrinsic closed 
conformation of the SBP. 
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Figure 1.7. Mechanistic diversity of ABC importers. Type I (A), II (B) and III (C) ABC importers 
use different mechanisms to transport substrates across the membrane. The common features and 
differences are highlighted in the schematic and are disused in more detail in section 1.4. The membrane 
is shown in light brown, the substrate in dark brown, ATP in yellow and ADP is shown in orange. The 
translocator consists of two NBDs and two TMDs, which are shown in dark grey and the SBP is shown 
in light grey. Both Type I and II importers use an SBP, which are here depicted in an open and closed 
conformation without and with substrate bound, respectively. The periplasmic and cytoplasmic gates 
of the Type II importer are depicted in purple and green, respectively. In the schematic of the Type III 
importer, the S component is shown in the horizontal and vertical orientation. The two large, crossed 
α-helices of the T component are shown and interact with both NBDs.  
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nucleotide94. The high ATP concentration in the cytoplasm ensures that ATP is rapidly bound 
by the NBDs. Substrate binding by the SBP switches the SBP from the open to the closed 
conformation95. In the step that follows, the substrate-bound SBP docks onto the IF 
conformation51. Next, closing of the NBDs triggers formation of the OF conformation18. 
Simultaneously with the formation of the OF conformation, the SBP opens and releases the 
substrate into the TMD interior. The majority of the interactions with the substrate are lost 
when the SBP is in the open conformation95, so ensuring that the substrate is rapidly released 
once the docked SBP opens. Moreover, in the E. coli maltose importer, a periplasmic loop 
of the TMD MalF inserts into the binding site of MalE, thereby preventing rebinding of the 
substrate18. Next, ATP hydrolysis opens the NBDs, leading to the formation of the IF 
conformation. Finally, the SBP dissociates from the translocator, ADP is released and the 
substrate diffuses into the cytoplasm.  
 
1.4.5 Transport mechanism of Type II importers 

The model for the transport mechanism of Type II importers is largely based on the crystal 
structures16, 58, 96-98 and the spectroscopic99, 100 and functional101 data of the E. coli vitamin B12 
importer BtuCDF (Figure 1.7B). In contrast to the large rigid-body rearrangements of the 
TMDs of other ABC transporters, the conformational changes in the TMDs of Type II 
importers are smaller and are more localized. In Type II importers, the conformational 
changes are centred around the so-called periplasmic and cytoplasmic gates16, 58, 98, which are 
located on the periplasmic and cytoplasmic faces of the TMDs, respectively.  

The transport model starts from the OF conformation with the periplasmic gate open and 
the cytoplasmic gate closed58. In this state, the NBDs are closed and contain ATP. An SBP 
captures a substrate and subsequently docks onto the translocator. The docked SBP opens 
and releases the substrate into the TMD interior. In the following step, the periplasmic gate 
closes98, which results in an occluded state with the substrate trapped within the TMD 
interior. ATP hydrolysis opens the NBDs, leading to the opening of the cytoplasmic gate and 
the subsequent diffusion of the substrate into the cytoplasm54. Next, an asymmetric importer 
state is formed, which is characteristic for Type II importers96, 97. In this state, both the 
periplasmic and cytoplasmic gates are closed. In the final step, the NBDs bind ATP, the SBP 
dissociates from the translocator and the OF conformation is formed by opening of the 
periplasmic gate.  
 
1.4.6 Transport mechanism of Type III importers 

The study of the transport mechanism of Type III importers has been complicated by the fact 
that all crystal structures of Type III importers have been solved in the same conformational 
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state59-62. Moreover, the crystal structures of isolated S components are only solved with 
substrate bound and no apo structure has been solved to date63, 64. Nevertheless, based on the 
combined functional102, structural59-62 and spectroscopic103 data on various Type III 
importers, a transport model has been proposed, termed the toppling mechanism 
(Figure 1.7C)10, 11.  

The model starts from the nucleotide-free state, the state that has been captured by X-ray 
crystallography59-62. In this state, the NBDs are open and the S component lies almost 
horizontally in the membrane. ATP binding induces closing of the NBDs. This pushes the 
coupling helices together, resulting in a rotation of the S component to a more vertical 
orientation. Now the S component can bind a substrate. In the next step, ATP hydrolysis 
opens the NBDs, leading to the toppling of the S component to the more horizontal 
orientation. Now the substrate can leave the S component and diffuse into cytoplasm62, 104, 

105. In this model, transport is mediated by Jardetzky’s alternating access model106. However, 
contrary to other ABC transporters, transport in Type III importers does not involve 
switching between IF and OF conformations, but involves a toppling of the S component to 
expose the substrate-binding site on alternate sides of the membrane. 
 

1.5 Soluble ABC proteins 

1.5.1 Function and domain architecture  

ABC proteins are arguably best known for their function in solute transport across 
membranes. However, some ABC proteins are soluble proteins and serve other functions5. 
For instance, soluble ABC proteins play crucial roles in functions such as DNA mismatch 
repair107, double-strand DNA break repair108 and mRNA translation7. In humans, 4 out of the 
49 ABC genes encode for soluble ABC proteins and are the only members of ABCE and 
ABCF subfamilies3.  

In soluble ABC proteins, the two NBDs are fused together (e.g., in ABCE1109) or two 
separate proteins that each contain an NBD subunit assemble together (e.g., in MutS8). In 
addition to the NBDs, soluble ABC proteins require additional domains for function. For 
instance, the E. coli DNA mismatch repair protein MutS (Figure 1.1) contains a DNA-
binding domain, a DNA mismatch recognition domain and a third domain that is important 
for the interaction with the endonuclease MutL110. Other examples are the HEAT domain 
and chromodomain of the yeast specific elongation factor eEF3. The HEAT domain is 
important for ribosome association and the chromodomain removes the tRNA from the 
ribosmome111. The additional domains of soluble ABC proteins can be fused to the termini 
of the NBDs or they can be inserted directly within the NBD structure. For instance, the 
HEAT domain is fused to the N-terminus of eEF3, whereas the chromodomain is inserted 
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within one of the NBDs111. One remarkable example of a domain insertion is the 50 nm long 
coiled-coil helix that is inserted in both NBDs of the ABC protein Rad50112. 

Soluble ABC proteins and ABC transporters share common mechanistic principles. Both 
use the binding and hydrolysis of ATP to couple the opening and closing of the NBDs to 
conformational changes in the other domains7, 112. For instance, NBD opening and closing of 
Rad50 displaces the long coiled-coils to organize the DNA112, whereas in ABC transporters 
the opening and closing of the NBDs are coupled to conformational changes in the TMDs. 
 
1.5.2 ABCE1 

We take ABCE1 as an example to discuss in more detail how ATP hydrolysis, NBD 
conformational changes and function are linked in a soluble ABC protein. ABCE1 is a highly 
conserved protein and is essential in all archaea and eukaryotes109. The two NBDs of ABCE1 
are linked via two flexible loops. In addition, ABCE1 contains a cysteine-rich N-terminal 
region, which binds two diamagnetic [4Fe-4S]2+ clusters109, 113. This domain is termed the 
FeS cluster domain. These domains are generally involved in electron transfer processes, 
however, in ABCE1, the structural rigidity and positive charge of the FeS cluster domain are 
probably used to efficiently bind and split the ribosome7. ABCE1 plays a vital role in 
ribosome splitting, but has also been implicated in other functions, such as innate immunity, 
tissue homeostasis, HIV capsid assembly, ribosome biogenesis and translation initiation114.  

Translation of the mRNA sequence into a polypeptide chain occurs at the ribosome114. 
The ribosome consists of a small (30S in archaea and 40S eukaryotes) and a large subunit 
(50S in archaea and 60S eukaryotes). Translation is terminated when a stop-codon in the 
mRNA sequence is reached. The release factor e/aRF1 subsequently removes the synthesized 
polypeptide chain from the ribosome. After polypeptide release, a stalled ribosome complex, 
which consist of the 70S/80S ribosome (70S in archaea and 80S eukaryotes), mRNA, tRNA 
and e/aRF1, is formed. ABCE1 splits the stalled ribosome complex109, 115, 116.   

The current model of ribosome splitting is shown in Figure 1.8 and is revised in 
Chapter 7. Free ABCE1 is in an open conformation, with the two NBDs separated109. Binding 
of ATP and a stalled ribosome complex induces formation of an intermediate conformation 
of ABCE1. This complex is termed the pre-splitting complex and has been observed with 
cryo-EM117. The NBDs are slightly closer together in the intermediate conformation. Next, 
full closing of the NBDs displaces the FeS cluster domain, resulting in steric classes between 
the ribosomal subunits118, 119. This leads to the release of the large ribosomal subunit, while 
the small subunit remains bound to ABCE1109. This latter complex is termed the post-
splitting complex and has recently been observed with cryo-EM119. Finally, ATP hydrolysis 
opens the NBDs, causing ABCE1 and the small ribosomal subunit to dissociate.  
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1.6 Outline of the thesis 

X-ray crystal structures combined with biochemical data provided valuable insight into the 
working mechanism of ABC proteins. However, the mechanism is inherently dynamic and 
is thus difficult to study solely with X-ray crystallography, cryo-EM or any other related 
method. Methods like NMR and EPR can provide information on the protein dynamics. 
However, the interpretation of these data is complicated by the fact that the measured signal 
is averaged over a huge number of molecules. To avoid this problem, single-molecule 
methods have been developed that measure individual molecules120, 121. In this thesis, single-
molecule detection in combination with Förster resonance energy transfer (smFRET; Box 1) 
is used to study the conformational changes of ABC proteins and structurally homologous 
domains. By using smFRET, it is possible to study the protein conformation, the 
conformational dynamics and occurrences of rare events as well as any heterogeneity120-122.  

70S/80S

50S/60S

30S/40S

pre-splitting
complex

splitting
post-splitting

complex

free ABCE1

ATP ADP

Figure 1.8. Mechanism of ribosome recycling by ABCE1. Schematic representation of the soluble 
ABC protein ABCE1. The two NBDs of ABCE1 are shown in dark grey. The NBDs are connected via 
two loops (only one is shown for clarity). The N-terminal FeS cluster domain is shown in brown. ATP 
and ADP are shown in yellow and orange, respectively. Apo and ADP-bound ABCE1 are in the open 
conformation. Binding of ATP and a stalled 70S/80S ribosome complex induces formation of an 
intermediate conformation. This complex is termed the pre-splitting complex. Full closing of ABCE1 
displaces the FeS cluster domain and releases the 50S/60S ribosomal subunit. ABCE1 remains bound 
to the 30S/40S subunit to form the post-splitting complex, which is released upon ATP hydrolysis. 
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In Chapter 2, we investigated the effect of substrates on the conformation of six SBPs, 
namely MalE, OppA SBD1, SBD2, PsaA and OpuAC. These SBPs belong to both Type I 
and II ABC importers. By using smFRET, we show that a unique, single closed conformation 
does not exist for SBPs. Instead, SBPs sample a range of conformations that activate 
transport. Some non-cognate (i.e., non-transported) substrates induce an SBP conformation 
that cannot initiate transport. In other cases, failure of transport arises from the slow SBP 
conformational dynamics that is induced by the non-cognate substrate. The results provide a 
new view on the relationship between SBP conformational changes, SBP-substrate 
interactions and transport function 
 
In Chapter 3, the results of Chapter 2 were combined with mathematical modelling to 
investigate the effect of non-cognate substrates on the inhibition of transport. We show that, 
depending on how the non-cognate substrate influences the SBP conformation and the SBP 
conformational dynamics, drastic differences can exist in the amount of transport inhibition.  
 
In Chapter 4, we studied the conformational changes of two SBPs that are not part of ABC 
importers: SiaP from Vibrio cholerae and the regulatory domain (RD) of CynR from E. coli. 
SiaP is part of a TRAP transporter and the transcription factor CynR belongs to the LTTR 
family. We show that ligand binding switches SiaP from an open to a closed conformation, 
while no such conformational changes could be detected for CynR. Therefore, transcription 
activation by CynR is probably based on minor and localized structural changes in the SBP, 
rather than the rigid-body rearrangements that are common to SBPs of membrane protein 
complexes. 
 
In Chapter 5, a single-molecule fluorescence assay and data analysis procedure was 
developed to simultaneously observe substrate binding and the conformational changes in 
FeuA. The SBP FeuA is part of the Type II ABC importer FeuABC, which is involved in 
iron uptake in Bacillus subtilis. The conformational changes of FeuA were determined via 
FRET, whereas the presence of the substrate was probed by fluorophore quenching. We 
observed that FeuA uses the induced-fit mechanism, although closing without substrate is 
also possible. The results provide a detailed kinetic and thermodynamic view on how 
substrate binding and SBP conformational changes are coupled.  
 
In Chapter 6, we determined the effect of length and structure of the linkers, which connect 
the SBPs SBD1 and SBD2 to each other and to the translocator GlnPQ, on transport. By 
combining transport assays with mathematical modelling, we reveal that varying the linker 
length impacts transport in a manner that depends on both the conformational dynamics of 
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the SBP and the substrate concentration in the external environment. Furthermore, we show 
that not only linker length but also sequence features of the linkers are important for 
transport.  
 
In Chapter 7, we studied the soluble ABC protein ABCE1 and its function in ribosome 
recycling. Confocal microscopy was used to determine the conformations of the two ATP 
binding sites via FRET and the association with the ribosome was determined by measuring 
the diffusion constant of ABCE1. In contrast to the deterministic models of ABC proteins, 
we found that both sites are always in a dynamic equilibrium between three conformations: 
open, intermediate and closed. The two sites behave asymmetrically, allowing, for example, 
one site to close, while the other remains open. Moreover, the interaction of ABCE1 with 
ribosomes influences the conformational equilibrium of both sites differently. The results 
reveal a remarkable conformational plasticity and asymmetric behaviour of the highly 
conserved NBDs of ABCE1. 
 
In Chapter 8, we used classical statistical mechanics to describe the conformational 
ensemble of a protein. We found that changes in the apo conformational equilibrium biases 
the holo conformational equilibrium in the same direction. Furthermore, the affinity for the 
substrate is found to be sensitive to changes in the apo conformational equilibrium. These 
theoretical findings show that an ABC protein, or any other protein, could modify its apo 
conformational equilibrium to alter its response to substrate.  
 
In Chapter 9 and Chapter 10, we summarize our findings and provide an outlook about 
future directions.   
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Box 1. Energy transfer via Förster resonance energy transfer (FRET) occurs between 
a donor and acceptor fluorophore (Figure 1.9A)123. The donor de-excitation rate via 
FRET is 

 
𝑘"#$% = 𝑘' (

𝑅*
𝑟
,
-

 (1.1) 

where 𝑘' is the rate of donor de-excitation in the absence of acceptor, 𝑟 is the 
distance between the transition dipoles of the donor and acceptor fluorophore and 𝑅* 
is a constant that depends on the interaction between the transition dipoles and is 
equal to 

 
𝑅*- =

9000 ln 10𝜅4𝑄'𝐽
128	𝜋;𝑛=𝑁?

 (1.2) 

where 𝑄' is the donor fluorescence quantum yield, 𝐽 is the overlap integral between 
the donor and acceptor density of states, 𝑁? is Avogadro’s number, 𝑛 is the refractive 
index of the medium and 𝜅4 is a factor that depends on the orientation of the 
transition dipoles124.  
 

 
Figure 1.9. FRET. (A) FRET occurs via dipole-dipole resonance interaction. (B) FRET 
efficiency as function of the distance between a donor and an acceptor fluorophore.  
 

The FRET efficiency is defined as the probability of donor de-excitation via FRET: 

 
𝐸 =

𝑘"#$%
𝑘"#$% + 𝑘'

=
𝑅*-

𝑅*- + 𝑟-
 (1.3) 

The FRET efficiency can be determined experimentally by measuring the donor and 
acceptor fluorescence intensities during donor excitation125. 𝐸 is most sensitive to 
distance changes around 𝑅* (Figure 1.9B). Commonly used fluorophore pairs have 
𝑅* values of 4-6 nm124. Thus, the sensitive range of FRET matches with the typical 
size of proteins, making FRET ideal to use as a ‘spectroscopic ruler’ to study the 
conformational changes of proteins120, 121.  
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Substrate-binding proteins (SBPs) are associated with ATP-binding cassette (ABC) 
importers and switch from an open to a closed conformation upon substrate binding. We 
investigated the effect of substrates on the conformational dynamics of six SBPs and the 
impact on transport. Using single-molecule FRET, we reveal an unrecognized diversity of 
plasticity in SBPs. We show that a unique closed SBP conformation does not exist for 
transported substrates. Instead, SBPs sample a range of conformations that activate transport. 
Certain non-transported substrates leave the structure largely unaltered or trigger a 
conformation that is distinct from that of transported substrates. Intriguingly, in some cases, 
similar SBP conformations are formed by both transported and non-transported substrates. In 
this case, the inability for transport arises from slow opening of the SBP or the selectivity 
provided by the translocator. Our results reveal the complex interplay between substrate-SBP 
interactions, SBP conformational dynamics and substrate transport. 

2
Conformational and dynamic plasticity in substrate-binding 

proteins underlies selective transport in ABC importers
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2.1 Introduction 

ATP-binding cassette (ABC) transporters facilitate the unidirectional trans-bilayer 
movement of a diverse array of molecules using the energy released from ATP hydrolysis1. 
ABC transporters share a common architecture, with the translocator unit comprising two 
transmembrane domains (TMDs), which form the translocation pathway for the substrate, 
and two cytoplasmic nucleotide-binding domains (NBDs), which bind and hydrolyse ATP 
(Figure 1.1). ABC importers require an additional extra-cytoplasmic accessory protein 
referred to as a substrate-binding protein (SBP)2-4. ABC importers that employ SBPs can be 
subdivided as Type I or II based on structural and mechanistic distinctions5, 6. A unifying 
feature of the transport mechanism of Type I and II ABC importers is the binding and 
delivery of substrate from a dedicated SBP to the translocator unit for import into the 
cytoplasm (Figure 1.7). 

Prokaryotes use multiple distinct ABC importers to facilitate the acquisition of essential 
nutrients such as sugars, amino acids, peptides, vitamins and metal ions1, 7. Many ABC 
importers can transport more than one type of substrate molecule using high affinity 
interactions between the SBP and the transported substrate (herein termed cognate 
substrates)2. Despite the low sequence similarity between SBPs of different ABC importers, 
they share a common architecture comprising two structurally conserved subdomains 
connected by a flexible hinge region (Figure 2.1)2. Numerous biophysical8 and structural 
analyses9 indicate that substrate binding at the interface of the two subdomains facilitates 
switching between two conformations, i.e., from an open to a closed conformation. Bending 
and unbending of the hinge brings the two subdomains together (closed conformation) or 
apart (open conformation), respectively (Figure 1.5). Crystallographic analysis shows that 
the amount of opening varies between different SBPs. The subdomain-movements observed 
range from small rearrangements as in the SBP BtuF10, to complete reorientation of both 
subdomains by angles as large as 60° in the SBP LivJ11. Nevertheless, the wealth of structural 
data permits a structural classification of SBPs, wherein the hinge region is the most defining 
feature of each cluster (Figure 2.1)2, 3. Crystal structures of the same protein, but with 
different substrates bound, generally report the same degree of closing of the SBP11-15. 

It is assumed that the conformational switching of the SBPs enables the ABC transporter 
to allosterically sense the loading state of the SBP-substrate complex (‘translocation 
competency’), thereby contributing to the transport specificity7, 9. For example, crystal 
structures of the SBP MalE (also termed maltose-binding protein or MBP) show that the 
protein adopts a unique closed conformation when interacting with cognate substrates 
maltose, maltotriose and maltotetraose15, while the non-transported substrate β-cyclodextrin 
is bound by MalE16, 17 but cannot induce full closing17-19. Substrates that are bound by the 
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SBP, but cannot be transported, are termed herein non-cognate substrates. Such findings 
suggest that only SBPs that adopt the closed conformation can productively interact with the 
translocator and initiate transport. However, the TMDs of certain ABC importers were also 
shown to interact directly with their substrates. In MalFGK2E20 from Escherichia coli and 
Art(QM)221 from Thermoanaerobacter tengcongensi substrate-binding pockets have been 
identified inside the TMDs, and these might be linked to the regulation of transport. Similar 
binding pockets within the TMDs have not been observed in the high-resolution structures 
of other ABC importers, although cavities through which the substrate passes in the transition 
of the TMD from outward- to inward-facing must be present in all the transporters22-24. 
Additional complexity exists for the coupling of SBP conformational switching and the 
substrate recognition process, as crystallographic25, 26, nuclear magnetic resonance (NMR)27 
and single-molecule28, 29 studies indicate that SBPs undergo conformational changes in the 
absence of substrate. Furthermore, crystal structures of the SBPs MalE and a D-xylose SBP 
in an open substrate-bound conformation were obtained30, 31. Such observations question the 
precise relationship between SBP-substrate interactions, SBP conformational changes and 
their involvement in transport function.  

A range of biophysical and structural approaches have already been used to decipher the 
mechanistic basis of SBP-substrate interactions8, 9, 11, 17, 19. However, these techniques only 
provide information on the overall population of molecules. Recent advances in single-
molecule methodologies now permit new insight into the conformational heterogeneity, 
dynamics and occurrences of rare events in SBPs and other proteins28, 29, 32-35, which are 
difficult to obtain in bulk measurements. Here, we combined single-molecule Förster 

Figure 2.1. Representative SBPs from different structural clusters, categorized by their hinge 
region. X-ray crystal structures of PsaA (3ZK7; cluster A), MalE (1OMP; cluster B), OppA (3FTO; 
cluster C), OpuAC (3L6G; cluster F), SBD1 (4LA9; cluster F) and SBD2 (4KR5; cluster F) are all 
shown in the open substrate-free conformation. Hinge regions are shown in blue and the two rigid lobes 
in grey. For classification of the proteins in clusters see Berntsson et al. and Scheepers et al.2, 3. 

SBD2

OppAMalEPsaA
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resonance energy transfer (smFRET)36 and transport measurements to investigate how 
cognate and non-cognate substrates influence the conformational states and the underlying 
dynamics of SBPs. Six distinct SBPs were selected (Figure 2.1)37-41, based on two criteria. 
First, they cover the breadth of SBP structural classes: PsaA (cluster A), MalE (cluster B), 
OppA (cluster C), SBD1 and SBD2 of GlnPQ, and OpuAC (all cluster F). The selected SBPs 
provide coverage of hinge region diversity2, 3, thereby addressing a hypothesized key 
determinant in SBP conformational dynamics. Moreover, subtle structural or sequence 
differences among SBPs that belong to the same cluster are addressed by examining SBD1, 
SBD2 and OpuAC that all belong to cluster F. Second, the selected SBPs belong to Type I 
and II importers with extensively characterized substrate (cognate and non-cognate) 
interactions, such as metal ions (PsaA)40, sugars (MalE)42, peptides (OppA)43, amino acids 
(SBD1 and SBD2)37 and compatible solutes (OpuAC)38.  
 

2.2 Results 

2.2.1 Multiple SBP conformations are translocation competent  

Crystal structures of SBPs suggest that substrate binding is coupled to switching between 
two protein conformations, an open and a closed conformation. Mechanistically, this process 
has been linked to the allosteric regulation of substrate transport7-9, 44-48. Here, we assessed 
this model by investigating the interaction of six SBPs, PsaA, MalE, OppA, SBD1, SBD2 
and OpuAC, with a range of cognate substrates. We employed single-molecule FRET to 
analyse the SBP conformations, wherein each of the two SBP subdomains was labelled with 
either a donor or an acceptor fluorophore (Figure 2.2A)29, 49. Surface-exposed and non-
conserved residues, showing largest distance changes according to the crystal structures of 
the open and closed states, were chosen as suitable cysteine positions for labelling. Labelling 
and surface-immobilization of the proteins did not alter the substrate dissociation constant 
KD (Table S2.1). In our assays, the interprobe distance reports on the relative orientation and 
distance between the subdomains of the SBP and is thus indicative for the degree of closing. 
The relative interprobe distance can be accessed via the apparent FRET efficiency of freely-
diffusing or surface-immobilized protein molecules. Although this approach monitors only 
a single distance in the SBP, it permits rapid screening of substrate induced conformational 
changes in physiologically relevant conditions.  

The apparent FRET efficiency of individual and freely-diffusing SBPs were measured 
in the presence and absence of their cognate substrates using confocal microscopy. We 
observed that at saturating concentrations of cognate substrate, i.e., above the KD 

(Table S2.1), the FRET efficiency histograms and the fitted Gaussian distributions are shifted 
to higher values compared to substrate-free conditions (Figure 2.2B-G; Table S2.2). This 
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indicates a reduced distance between the SBP subdomains and inferred to be closure of the 
proteins. For individual surface-immobilized SBPs we observed substrate induced opening 
and closing transitions in the presence of substrate concentrations at the respective KD value 
(Figure S2.1). The solution-based FRET distributions of substrate-bound and substrate-free 
SBPs are unimodal and thus do not reveal any substantial conformational heterogeneity, such 

Figure 2.2. Conformational states of SBPs probed by smFRET reveal multiple active 
conformations. (A) Experimental strategy to study SBP conformational changes via FRET. Solution-
based apparent FRET efficiency histograms of OpuAC(V360C/N423C) (B), PsaA(V76C/K237C) (C), 
MalE(T36C/S352C) (D), SBD1(T159C/G87C) (E), SBD2(T369C/S451) (F) and 
OppA(A209C/S441C) (G) in the absence (grey bars) and presence of cognate substrate (green bars). 
The OppA substrates are indicated by one-letter amino acid code. Bars are the data and the solid line a 
Gaussian fit. The 95% confidence interval of the Gaussian distribution mean is shown in Table S2.2, 
and the interval center is indicated by a vertical line (solid and dashed). (H) Mean of the Gaussian 
distribution of MalE labelled at T36/S352 (black), T36/N205 (orange) and K34/R352 (blue). Error bars 
indicate 95% confidence interval.  
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as a pronounced closing in the absence of substrate or a substantial population of the open 
state when the protein has a substrate bound (Section 2.2.2). This strongly suggests that 
substrates are bound via an induced-fit mechanism, unless dynamics occurs on timescales 
faster than milliseconds. This inference was further substantiated by examining individual 
surface-immobilized OppA proteins and observing that substrate induced SBP closing 
follows first-order kinetics while the opening obeys zeroth-order kinetics (Figure S2.2)32.  

Further examination of the FRET distributions shows that multiple substrate-bound SBP 
conformations exist for SBD1, SBD2 and MalE (Figure 2.2D-F). For the amino acid binding 
proteins SBD1 and SBD2, the cognate substrates37 asparagine and glutamine for SBD1, and 
glutamine and glutamate for SBD2 all stabilize a distinct protein conformation, as shown by 
the FRET efficiency histograms and fitted Gaussian distributions (Figure 2.2E-F; 
Table S2.2). Notably, closure of SBD1 by asparagine reduces the interprobe distance 
compared to the substrate-free protein by ~9 Å (Table S2.2). In contrast, glutamine binding 
reduces the distance by ~5 Å, suggesting that only a partial closing of SBD1 occurs. In SBD2, 
glutamine and glutamate reduce the distance ~9 and ~7 Å, respectively (Table S2.2).  

For the maltodextrin-binding protein MalE we examined the effect of cognate 
maltodextrins39, ranging from two to seven glucosyl units, on the protein conformation. 
Comparison of the FRET efficiency histograms of the different MalE-substrate complexes 
shows that at least three distinct substrate-bound MalE conformations exist (Figure 2.2D; 
Figure S2.3A; Table S2.2). In contrast to SBD1 and SBD2, some cognate substrates did not 
induce a unique MalE conformation (Figure S2.3A). For instance, maltopentaose and 
maltohexaose elicited the same FRET change, and triggered the formation of a partial closed 
MalE conformation with a ~7 Å reduction in the interprobe distance. This conformation is 
different from the fully closed form of MalE, that is formed with maltose, maltotriose and 
maltotetraose, wherein the interprobe distance is reduced by ~10 Å. Further, it is also distinct 
from the other partially closed conformation induced by maltoheptaose where the interprobe 
distance is reduced by ~5 Å. These results were confirmed by examining different labelling 
positions (Figure 2.2H; Figure S2.4). However, whether this conformational plasticity is a 
universal feature among SBPs needs to be investigated further, because in OppA the four 
examined cognate substrates43 elicited the same FRET change (Figure 2.2G; Figure S2.3B). 
The findings on the conformational changes (and differences) for each SBP were statistically 
robust by the non-parametric two-way Kolmogorov-Smirnov (KS) test (data not shown), 
which indicates the absence of any fitting bias. Thus, these data indicate that although the 
examined SBPs have a single open conformation, a productive interaction between the SBP 
and the translocator does not require a single, unique closed SBP conformation. The 
structural flexibility of the SBP permits the formation of one or more conformations, all of 
which are able to interact with the translocator and initiate transport37-40, 43.  
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2.2.2 Intrinsic conformational changes of SBPs 

We then investigated whether the conformational changes in the SBPs that were triggered by 
their substrates, can also occur in their absence. To address this, we investigated surface-
tethered SBPs in the absence of substrate. Compared to the solution-based smFRET 
experiments, measuring individual surface-tethered SBPs greatly increases the sensitivity to 
detect rare events. Proteins were immobilized on a glass-coverslip via an anti-his antibody 
(Figure 2.3A). The positions of the individual proteins were identified by using confocal 
scanning microscopy (see Materials and Methods). The position information was 
subsequently used to generate fluorescence trajectories with millisecond temporal resolution. 
In contrast to other studies28, 29, 32, 33, the labelled proteins were supplemented with high 
concentrations of unlabelled protein (10-20 µM), or the divalent chelating compound 
ethylenediaminetetraacetic acid (1 mM EDTA for PsaA), to remove any potential 
contaminating substrates (Figure 2.3A). Contaminations could otherwise lead to FRET 
changes that are misinterpreted as intrinsic closing.  

Consistent with the solution-based measurements of Figure 2.2, we observed that all 
SBPs were predominantly in a low FRET state (open conformation; Figure 2.3B-G; 
Figure S2.5). For substrate-free MalE, PsaA and OpuAC, no transitions to higher FRET 
states were observed within a total observation time of at least 8 min for each SBP 
(Figure 2.3B-D; Table S2.3). In SBD1, SBD2 and OppA rare transitions to a high FRET state 
were observed and have an average lifetime of 205 ± 36, 90 ± 11 and 211 ± 42 ms (mean ± 
s.e.m.), respectively (Figure 2.3E-G; Figure S2.5D-F). Transitions towards these states occur 
only rarely, on average only ~4 times per minute (Figure 2.3H; Table S2.3). To rule out that 
these infrequent FRET transitions are caused by rare binding events arising from any non-
chelated substrate, we recorded an additional data set of fluorescence trajectories for SBD1, 
SBD2 and OppA in the presence of a 4 to 10-fold lower concentration of unlabelled protein. 
We observed that in these fluorescence trajectories the FRET transitions occur with a similar 
frequency and have the same average lifetime compared to when 10-20 µM unlabelled 
protein was present (Figure S2.6). This suggests that all potential substrate contaminations 
are efficaciously scavenged by the unlabelled protein, thus providing compelling evidence 
that the rare FRET transitions observed in SBD1, SBD2 and OppA represent intrinsic closing 
of the protein. Therefore, some SBPs have the ability to also close without substrate. 
However, not all SBPs undergo intrinsic conformational transitions, e.g., MalE, PsaA and 
OpuAC, unless these occur below the temporal resolution of the measurements (millisecond 
timescale). Overall, the data indicate that diversity exists in the conformational dynamics of 
substrate-free SBPs.   
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Figure 2.3. Rare conformational states of substrate-free SBPs. (A) Schematic of the experimental 
strategy to study the conformational dynamics of substrate-free SBPs. Representative fluorescence 
trajectories of OpuAC(V360C/N423C) (B), PsaA(V76C/K237C) (C), MalE(T36C/S352C) (D), 
SBD1(T159C/G87C) (E), OppA(A209C/S441C) (F) and SBD2(T369C/S451) (G) in the absence of 
substrate. 10-20 µM of unlabelled protein or 1 mM EDTA (for PsaA) was added to scavenge any 
substrate contaminations. In all fluorescence trajectories presented in the figure: top panel shows 
calculated apparent FRET efficiency (blue) from the donor (green) and acceptor (red) photon counts as 
shown in the bottom panels. Orange lines indicate average apparent FRET efficiency value or most 
probable state-trajectory of the Hidden Markov Model (HMM). Statistics can be found in Table S2.3. 
(H) Percentage of time an SBP is in the high FRET state.  
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2.2.3 How do non-transported substrates influence the SBP conformation? 

Ensemble FRET measurements using all proteinogenic amino acids and citrulline were 
performed to obtain full insight into the substrate specificity of SBD1 and SBD2 of GlnPQ. 
Asparagine, glutamine and histidine trigger a FRET change in SBD1, and glutamine in SBD2 
(Figure S2.7). Glutamate triggers only a change in SBD2 at low pH, i.e., when a substantial 
fraction of glutamic acid is present. No other amino acid affected the apparent FRET 
efficiency. However, arginine and lysine competitively inhibit the conformational changes 
induced by asparagine binding to SBD1 and glutamine binding to SBD2 (Figure S2.8). 
Uptake experiments in whole cells and in proteoliposomes show that histidine, lysine and 
arginine are not transported by GlnPQ, but these amino acids can inhibit the uptake of 
glutamine (via SBD1 and SBD2) and asparagine (via SBD1) (Figure 2.4A-C). Thus, some 
amino acids interact with the SBPs of GlnPQ but fail to trigger transport. Similar substrates 
have been identified for MalE, OpuAC and PsaA16, 38-40, and we refer to these as non-cognate 
substrates. We then used smFRET to test whether or not substrate induced SBP 
conformational changes allow discriminating cognate from non-cognate substrates.  

We observed that at saturating concentrations of most non-cognate substrates the FRET 
efficiencies are altered compared to the substrate-free conditions (Figure 2.4D-H; 
Table S2.2). This shows that, similar to cognate substrates (Figure 2.3B-G), non-cognate 
substrate binding is coupled to SBP conformational changes. However, this is not true in all 
cases, as the binding of the non-cognate substrates arginine and lysine in SBD1 and arginine 
in SBD2 do not alter the FRET efficiency histograms (Figure 2.4D-E), suggesting that these 
substrates bind in the open conformation of the SBP and do not trigger a conformational 
change.  

Further analysis of the non-cognate substrate induced conformational changes reveals 
states that vary, from larger opening (carnitine-OpuAC in Figure 2.4G), to partial closing 
(histidine-SBD1 in Figure 2.4D; various maltodextrin-MalE complexes in Figure 2.4F; 
proline-OpuAC in Figure 2.4G) or full closing (Zn2+-PsaA in Figure 2.4H) of the SBP 
relative to the substrate-free state of the corresponding protein. The data of full closing by 
Zn2+ (non-cognate) and Mn2+ (cognate) were confirmed by examining different labelling 
positions in PsaA (Figure S2.9) and are in line with prior crystallographic analyses40, 50. 
Noteworthy, the non-cognate substrate histidine and the cognate substrate glutamine induce 
both partial closing of SBD1 (Figure 2.4D). However, histidine elicited a larger FRET shift 
in SBD1 (~7 Å reduction in interprobe distance) than cognate glutamine (~5 Å), but smaller 
than the cognate substrate asparagine (~9 Å), which induced full closing (Figure 2.4D; 
Table S2.2). In contrast, the FRET shift induced with certain non-cognate substrates in MalE 
(β-cyclodextrin, maltotriitol and maltotetraitol) and OpuAC (proline) are smaller, and 
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correspond to a reduction in the interprobe distance of ~3-4 Å, than with their cognate 
substrates, which reduce the interprobe distance ~5-10 Å (Figure 2.4F-G; Table S2.2). 
Intriguingly, the data also suggest that the partially closed SBP-substrate complexes of MalE 
formed with the non-cognate substrates maltooctaose or maltodecaose are similar to that of 

Figure 2.4. Substrate specificity of GlnPQ and SBP conformations with non-cognate substrates. 
(A) Time-dependent uptake of [14C]-asparagine (5 µM), [14C]-glutamine (5 µM), [14C]-arginine 
(100 µM), [14C]-histidine (100 µM) and [3H]-lysine (100 µM) by GlnPQ in L. lactis GKW9000 
complemented in trans with a plasmid for expressing GlnPQ. Points are the data and the solid line 
a hyperbolic fit. Time-dependent uptake of glutamine (B) and asparagine (C) in proteoliposomes 
reconstituted with purified GlnPQ (see Materials and Methods). The final concentration of 
[14C]-glutamine and [14C]-asparagine was 5 µM; the amino acids indicated in the panel were added 
at a concentration of 5 mM. Solution-based apparent FRET efficiency histogram of 
SBD1(T159C/G87C) (D), SBD2(T369C/S451) (E), MalE(T36C/S352C) (F), OpuAC(V360C/N423C) 
(G) and PsaA(V76C/K237C) (H) in the presence of non-cognate (red bars) substrates as indicated. Bars 
are the data and solid line a Gaussian fit. The 95% confidence interval for the distribution mean is 
shown in Table S2.2. The interval center is indicated by a vertical line (solid and dashed). 

G
600

300

320

160

0

500 mM
proline

100 mM
carnitine

0.2 0.6 1.0
Apparent FRET

Ev
en

ts

glycine betaineapo

130

260

0

100 μM Zn2+

0.2 0.6
Apparent FRET

Ev
en

ts
H

apo

OpuAC

PsaA0.2 0.6 1.0
Apparent FRET

0

75

150

100

200

100

200

Ev
en

ts

asparagineapo
glutamine

10 mM 
arginine

100 mM 
lysine

10 mM 
histidine 

0.2 0.6 1.0
Apparent FRET

glutamineapo
250

125

0

Ev
en

ts

10 mM 
arginine

D SBD1

E SBD2

Mn2+

glutamate

0

35

70

0 9 18 27

Su
bs

tra
te

 u
pt

ak
e

(n
m

ol
/m

g 
to

ta
l p

ro
te

in
) asparagine

glutamine
arginine
histidine
lysine 

Time (min)

170

340

95

190

140

280 10 mM 
β-cyclodextrin

10 mM 
maltotriitol

10 mM 
maltotetraitol

F

Ev
en

ts

maltoseapo
maltopentaose

MalE maltoheptaose

0.2 0.6 1.0
Apparent FRET

240

120

280

140

0

100 μM
maltooctaose

100 μM
maltodecaose

0 2 4
Time (min)

0

20

40

60

G
lu

ta
m

in
e 

up
ta

ke
(n

m
ol

/n
m

ol
 G

ln
PQ

)

0 3 6 9
Time (min)

0

3

6

9

As
pa

ra
gi

ne
 u

pt
ak

e
(n

m
ol

/n
m

ol
 G

ln
PQ

)

no addition
glutamine
arginine
histidine
lysine 

no addition
asparagine
arginine
histidine
lysine 

A B C

1.0



 43 

the cognate substrate maltoheptaose (Figure 2.4F). Again, this result was confirmed by 
examining different labelling positions (Table S2.2). The findings on the conformational 
changes for each SBP were statistically robust by the two-way KS test.  

In summary, similar to cognate substrates, non-cognate substrates do not induce a single 
unique substrate-bound SBP state, and solely from the degree of SBP closing a translocator 
cannot readily discriminate cognate from non-cognates substrates. Notable exceptions are 
the substrates that do not induce closing and keep the SBP in the open state. This raises 
fundamental questions as to the mechanistic basis for how certain non-cognate substrates are 
still excluded from import. 
 
2.2.4 Altered SBP opening renders PsaA permissive for Zn2+ transport 

The inability of certain substrates to be transported, while they appear to induce SBP 
conformations that are similar to those associated with cognate substrates, was observed for 
MalE (Figure 2.4F) and PsaA (Figure 2.4H). First, this was investigated further for PsaA. 
Upon addition of 1 mM EDTA to PsaA-Mn2+, lower FRET efficiencies are instantaneously 
recorded (Figure 2.5A), indicating that the lifetime of the closed PsaA-Mn2+ conformation is 
shorter than a few seconds. By contrast, Zn2+ kept PsaA closed, irrespective of the duration 
of the EDTA treatment (up to 15 min) (Figure 2.5B). Irreversible and reversible binding of 
these metals was shown previously51, which can now be explained by the extremely slow 
and fast opening of PsaA in the presence of Zn2+ and Mn2+, respectively. The extremely slow 
opening of PsaA may explain why Zn2+ is not transported by PsaBCA, as opening of the SBP 
is required for release of the substrate to the translocator. However, it is also possible that the 
translocator controls the transport specificity20, 21. To discriminate between these two 
scenarios, we examined the impact of altered SBP dynamics on the transport activity of 
PsaBC. We substituted an aspartate in the binding site with asparagine (D280N), which has 
previously been shown to perturb the stability of the Zn2+-bound SBP51. Analysis of PsaA 
and PsaA(D280N), at saturating Zn2+ concentrations, revealed similar FRET efficiency 
histograms for the two proteins (Figure 2.5C; Table S2.2). However, in contrast to the 
Zn2+-PsaA complex, opening of the PsaA(D280N) complex renders Zn2+ accessible to 
EDTA, similar to the cognate substrate Mn2+ (Figure 2.5A, C). The ability of PsaA(D280N) 
to open and release Zn2+ was then assessed by measuring the cellular accumulation of Zn2+ 
within Streptococcus pneumoniae, the host organism. This was achieved by replacement of 
the psaA gene with the D280N mutant allele (WpsaAD280N) in a strain permissive for Zn2+ 
accumulation, i.e., incapable of Zn2+ efflux due to deletion of the exporter CzcD 
(WpsaAD280NDczcD)52. Our data show that cellular Zn2+ accumulation increases in the strain 
expressing PsaBC with PsaA(D280N) but not with PsaA (Figure 2.5D). These results show 
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that the altered conformational dynamics of the PsaA derivative renders substrate release 
permissive for transport of Zn2+ ions. The data also show that translocator activity is not 
directly influenced by the nature of the metal ion released by PsaA. Collectively, our findings 
demonstrate that transport specificity of PsaBCA is dictated by the opening kinetics of PsaA.  
 
2.2.5 MalE conformational dynamics with cognate and non-cognate substrates  

Next, we determined the conformational dynamics of MalE induced by maltoheptaose, 
maltooctaose and maltodecaose. Similar to Zn2+ and Mn2+ in PsaA (Figure 2.4H), these 
substrates appear to induce similar MalE conformations (Figure 2.4F) but only 
maltoheptaose is transported39. Measurements on individual surface-tethered MalE proteins, 
in the presence of maltoheptaose, maltooctaose or maltodecaose, show frequent switching 

Figure 2.5. Opening transition in PsaA dictates transport specificity. Solution-based apparent 
FRET efficiency histograms of PsaA(V76C/K237C) in the presence of Mn2+ (A) or Zn2+ (B) and 
PsaA(D280N) in the presence of Zn2+ (C) upon addition of 10 mM EDTA and incubated for the 
indicated duration. Bars are the data and the solid line a Gaussian fit. The 95% confidence interval for 
the mean of the Gaussian distribution can be found in Table S2.2, and the interval center is indicated 
by vertical lines (solid, metal-free and dashed, metal-bound). (D) Zn2+ accumulation in S. pneumoniae 
D39 and mutant strains in CDM supplemented with 50 µM ZnSO4 as determined by ICP-MS. Data 
correspond to mean ± s.d. µg Zn2+·g-1 dry cell weight from three independent biological experiments. 
Statistical significance was determined by one-way analysis of variance with Tukey post-test 
(***p<0.005 and ****p<0.0001). 
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between low and higher FRET states, corresponding to opening and (partial) closing of MalE 
(Figure 2.6A-D). Consistent with the solution-based smFRET measurements, the average 
apparent FRET efficiency of the high FRET state is similar for these maltodextrins and lower 
than with maltose (Figure S2.10). The mean lifetime of the substrate-bound conformations, 
i.e., the mean lifetime of the high FRET states, are 328 ± 8 ms for cognate maltoheptaose 
and 319 ± 12 ms and 341 ± 8 ms for non-cognate maltooctaose and maltodecaose, 
respectively (mean ± s.e.m.; Figure 2.6A, Figure S2.11). So, contrary to PsaA-Zn2+, a slow 

Figure 2.6. Lifetime of MalE substrate-bound conformations and relation to activity. (A) Mean 
lifetime of the substrate-bound conformations of MalE, obtained from all single-molecule fluorescence 
trajectories in the presence of different maltodextrins as indicated. Data corresponds to mean ± s.e.m.. 
Statistical significance was determined by the two-tailed unpaired t-tests (***p<0.005 and 
****p<0.0001). (B-G) Representative fluorescence trajectories of MalE(T36C/S352C) in the presence 
of different cognate substrates as indicated. In all fluorescence trajectories presented: top panel shows 
calculated apparent FRET efficiency (blue) from the donor (green) and acceptor (red) photon counts as 
shown in the bottom panels. Most probable state-trajectory of the HMM is shown (orange). (H) 
Published ATPase activity16 versus the lifetime of the closed conformation as function of different 
cognate substrates as indicated. Points are the data and the solid line a simple linear regression fit. 
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opening of MalE and inefficient substrate release kinetics cannot explain why maltooctaose 
and maltodecaose are not transported; the average lifetimes with maltooctaose or 
maltodecaose are not significantly different from that with maltoheptaose (p=0.68, one-way 
analysis of variance; Figure 2.6A). Most likely, the failure of the maltose importer to 
transport maltooctaose and maltodecaose originates in the size limitations of the translocator 
domain of MalFGK220.  
 
2.2.6 Translocator/SBP interplay determines the rate of transport 

Finally, we sought to elucidate the mechanistic basis for how substrate preference arises in 
the maltose system and to what degree the translocator contributes to this process. First, we 
investigated how the MalE conformational dynamics influences the transport rate of the 
substrate maltose. For this we used the hinge-mutant variant MalE(A96W/I329W) that has 
different conformational dynamics compared to the wild type MalE protein (Figure 2.6E; 
Figure S2.12A-B)32. The mutations are believed to not affect SBP-translocator interactions 
since they are situated on the opposite side of the interaction surface of the SBP44, 53.  

At saturating concentrations of maltose the FRET efficiency distributions of MalE and 
MalE(A96W/I329W) are indistinguishable (Figure S2.12C). This could be confirmed by two 
different interprobe positions in each protein. Therefore, changes in the rate of maltose 
transport unlikely arise from differences in SBP docking onto the TMD, since similar SBP 
conformations are involved. Nonetheless, cellular growth and the maltose-induced ATPase 
activity are reduced for MalE(A96W/I329W)53, 54. Analysis of the mean lifetime of the closed 
conformation of MalE(A96W/I329W) shows that the opening of the protein is almost three 
orders of magnitude slower than in the wild type protein (63 ± 6 ms (mean ± s.e.m.) in MalE 
versus 28 ± 5 s (mean ± s.e.m.) in MalE(A96W/I329W); Figure 2.6A; Figure S2.12B). These 
observations suggest that the maltose-stimulated cellular growth and ATPase activity are 
reduced due to the slower substrate release of MalE(A96W/I329W) compared to wild type 
MalE. This negative correlation between the MalE lifetime and the transport activity is in 
line with the observation that Zn2+-PsaA(D280N) opens fast, so that Zn2+ transfer to the 
translocator and import can occur, whereas in wild type Zn2+-PsaA the opening is (extremely) 
slow and import does not occur (Figure 2.5).  

We then investigated the relationship between maltodextrin-specific lifetimes of the 
MalE closed conformations and published transport rates or ATPase activities of the full 
transport system16. Here, we focused on the cognate substrates maltose, maltotriose and 
maltotetraose. Analysis of individual surface-tethered MalE proteins in the presence of these 
substrates shows that the average lifetime of the closed conformation with maltose, 
maltotriose and maltotetraose are 63 ± 6, 124 ± 4, and 150 ± 8 ms (mean ± s.e.m.), 



 47 

respectively (Figure 2.6A; Figure 2.6E-G; Figure S2.11). Thus, these lifetimes correlate 
positively with their stimulation of the ATPase activity (Figure 2.6H)16. A positive 
relationship also exists between the lifetimes with maltose and maltotetraose (63 ± 6 and 
150 ± 8 ms, respectively) and their corresponding transport rates (transport of maltotetraose 
is ~1.5-fold faster than of maltose)16. This positive correlation is inconsistent with our earlier 
findings that a shorter SBP lifetime results in a faster rate of transport. However, this 
relationship only holds when the SBP conformational dynamics are altered, while leaving all 
other rate-determining steps of the transport process unaffected. Thus, the observation that 
some maltodextrins induce a faster opening of MalE, while their corresponding transport 
and/or stimulation of ATP hydrolysis are slower, implies that the kinetics of certain other 
rate-determining steps are substrate-dependent. Faster transport or ATP hydrolysis can 
arise when certain maltodextrins trigger these steps more efficiently than others, thereby 
overcoming the slower opening of MalE. These steps most likely occur after opening of 
MalE, as these differences in transport activity are unlikely to arise from differences in 
docking of MalE onto the TMDs (crystallographic15 and smFRET data (Table S2.2) shows 
that maltose, maltotriose and maltotetraose induce similar MalE conformations) or arise from 
differences in the binding affinity of MalE16. Thus, although the precise molecular 
mechanism of the rate-determining steps remains elusive, the positive correlation between 
lifetime of the SBP closed conformation and the activity of the transporter strongly 
suggests involvement of the translocator MalFGK2 in influencing the transport rate of certain 
maltodextrins.  
 

2.3 Discussion 

Prokaryotes occupy diverse ecological niches within terrestrial ecosystems. Irrespective of 
the niche, their viability depends on selective acquisition of nutrients from the extracellular 
environment. However, the diversity of the external milieu poses a fundamental challenge 
for how acquisition of specific compounds can be achieved within the constraints of the 
chemical selectivity conferred by their import pathways. Numerous studies on SBPs of ABC 
importers have established that these proteins share a common architecture, contain a high 
affinity substrate-binding site and form a distinct apo and holo conformation, i.e., open and 
closed2, 7, 8. Building on this knowledge, we investigated the relationship between SBP 
conformational dynamics, SBP-substrate interactions and transport. 

The general view of SBP conformational changes serving as a binary switch to 
communicate transport competency may hold for some SBPs, such as OppA, while others 
employ multiple distinct substrate-bound conformations (Figures 2.2 and 2.4). To our 
knowledge, such extreme conformational plasticity of SBPs has not been observed before. 
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MalE shows a remarkable structural flexibility of at least five different substrate-bound 
conformations (Figure 2.2D; Figure 2.4F). SBD1 can sample at least four distinct substrate-
bound conformations and SBD2 and OpuAC at least three (Figures 2.2 and 2.4). Moreover, 
MalE, SBD1 and SBD2 have multiple distinct substrate-bound conformations that can all 
interact with the translocator, as they all facilitate substrate import (’multiple conformations 
activate transport’ in Figure 2.7; Figure 2.2D-F). Thus, a productive SBP-translocator 
interaction in Type I ABC importers can be accomplished without relying on strict structural 
requirements for docking. This generalization may not apply to all Type I ABC importers 
since in the Opp importer the translocator might only interact with a unique closed 
conformation of the SBP OppA (Figure S2.3B), and Opp has no measurable affinity for its 
open substrate-free conformation46. 

Exclusion of non-cognate substrates is also a critical biological function for SBPs. Our 
work has uncovered a hitherto unappreciated complexity in protein-substrate interactions and 
how this is coupled to the regulation of substrate import. Similar to transport, exclusion of 
non-cognate substrates might be achieved by multiple distinct mechanisms. We have shown 
that although multiple SBP conformations can activate transport (Figure 2.2), not all SBP 
conformational states appear to provide the signal to facilitate transport. For example, the 
binding of certain non-cognate substrates induces a conformational change in SBD1, MalE 
and OpuAC that are distinct from those that facilitate transport (Figure 2.4). However, non-
cognate substrate binding is not always coupled to an SBP conformational change, as 
observed for the binding of arginine or lysine to SBD1 and arginine to SBD2 
(Figure 2.4D-E). These observations provide a general explanation on how substrate import 
can fail in Type I ABC importers, which would be due to the SBP-substrate complex 
assuming a conformation that cannot initiate allosteric interactions with the translocator 
(‘conformational mismatch’ in Figure 2.7). A similar hypothesis was put forward based on 
the observation that binding of β-cyclodextrin fails to fully close MalE17-19. However, the 
sole observation of partial closing of MalE cannot explain why transport of β-cyclodextrin 
fails, as we here show that also cognate maltodextrins are able to induce partial closing of 
MalE (Figure 2.2D).  

In contrast, in the Mn2+ transporter PsaBCA, a different mechanism is used. In PsaA, the 
binding site composition of the SBP precludes the ability of the protein to exclude the non-
cognate substrate Zn2+ from interacting. As a consequence, both metals bind and trigger 
formation of similar PsaA conformations (‘conformational match’ in Figure 2.7; 
Figure 2.4H)40, 50. Despite this, the two ions induce starkly different conformational 
dynamics of PsaA, with Zn2+ forming a highly stable closed conformation, such that it cannot 
open and release the substrate to its translocator (‘SBP cannot open’ in Figure 2.7; 
Figure 2.5). By altering the binding site interactions between PsaA and Zn2+, opening is faster 
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and transport of the metal ion can occur (Figure 2.5). Similar observations were made for 
GlnPQ29, 55 and MalE (Figure 2.6E; Figure S2.12A), in which a slower opening of the SBP 
resulted in a lower transport rate and ATP hydrolysis rate (‘faster SBP opening – faster 
transport’ in Figure 2.7). We therefore conclude that for substrates that induce highly 
stabilized SBP-substrate conformations, which require more energy (thermal or ATP-
dependent) to open, transport becomes slower or is abrogated. Based on these findings, we 
infer that biological selectivity in ABC importers is largely achieved via a combination of 
substrate release kinetics and its influence on the conformational state of the SBP. This 
provides a mechanism to facilitate the import of selective substrates, while excluding other 
compounds. However, our data also implicate a role for the translocator in contributing to 
the specificity of ABC importers (‘rejected by translocator’ in Figure 2.7), consistent with 
previous studies20, 21, 48, 56.  

The presence of a substrate-binding site in the translocator of the maltose system is well-
established20, 48, although its role, if any, in influencing the rate of transport of maltodextrins 
is yet unknown. We observed that the average time required for the different maltodextrin-
MalE complexes to open and release the substrate, correlates positively with the transport 

Figure 2.7. The conformational changes and dynamics of SBPs and transport function. Schematic 
summarizing the plasticity of substrate binding and solute import via ABC importers. Intrinsic closing 
of an SBP is a rare event or absent in some SBPs (‘little intrinsic closing’). Substrates are bound via the 
induced-fit mechanism (‘substrate-binding via induced fit’). SBPs can acquire one or more 
conformations that can activate transport (‘multiple conformations activate transport’). Variations in 
cognate substrate transport are caused by: (i) openings rate of the SBP and substrate transfer to the 
translocator (‘faster SBP opening – faster transport’) and (ii) substrate-dependent downstream steps 
(‘kinetics of downstream steps are substrate-dependent’). Although some SBPs form a conformation 
that could activate transport (‘conformational match’), transport still fails when: (i) the SBP cannot 
open and release the substrate to the translocator (‘SBP cannot open’) or (ii) due to the specificity and 
size limitations of the translocator (‘rejected by translocator’). Transport could also fail when the SBP 
has no affinity for the translocator and/or cannot make the allosteric interaction with the translocator 
(‘conformational mismatch’). 

rejected by translocator

SBP
cannot open

faster SBP opening
- faster transport

kinetics of downstream steps
are substrate-dependent

multiple
conformations

activate transport

Conformational
mismatch 

Conformational 
match

little intrisic closing

substrate-binding via induced fit

non-cognate
substrates

cognate
substrates

Inside

Outside

fully closed partial closed I fully closed partial closed I

fully closedopen

open

partial closed III

partial closed II



 50 

and ATP hydrolysis rate (Figure 2.6H)16. This suggests that the substrate, after it has been 
transferred from MalE to the translocator, acts as a trigger for subsequent steps, for 
example, the transition from the outward- to the inward-facing transporter conformation or 
the stimulation of ATP hydrolysis and/or Pi and ADP release (‘kinetics of downstream 
steps are substrate-dependent’ in Figure 2.7). Irrespective of the precise molecular 
mechanism, the positive correlation between the lifetime of the SBP closed state and 
activity of the transporter implies that some maltodextrins trigger certain steps more 
efficient than other maltodextrins, thereby overcoming the slower opening of MalE, and 
leading to a preferred uptake of certain maltodextrins over others. When transport is solely 
altered by changing the SBP conformational dynamics, for example in MalE(I329W/A96W) 
and PsaA(D280N), the kinetics of these steps remains unaltered, as the same substrates are 
involved, thus explaining the observed negative correlation between the lifetime of the SBP 
and transport in these specific cases.  

The volume of the binding cavities in the translocator could be a limiting factor for 
transport via ABC importers. Analysis of the large non-cognate substrates maltooctaose and 
maltodecaose shows that these are bound reversibly by MalE (Figure 2.6A) and induce MalE 
conformations similar to that of the cognate substrate maltoheptaose (‘conformational match’ 
in Figure 2.7; Figure 2.4F). Therefore, failure of the maltose system to transport maltooctaose 
and maltodecaose most likely arises due to size limitations of the translocator rather than 
failure of MalE to close and release the bound substrate. This supposition is supported by an 
analysis of the binding cavities in the crystal structure of MalFGK2-MalE20. These data 
suggest that the transporter could only accommodate maltodextrins as large as 
maltoheptoase. In contrast, MalE could accommodate larger maltodextrins, including 
β-cyclodextrin (Figure 2.4F), probably due to its greater structural flexibility (Figure 2.2D; 
Figure 2.4F), thereby allowing the binding pocket to adapt and substrates to extend into the 
solvent phase.  

The presence of two consecutive binding pockets, one in the SBP and one in the 
translocator, in at least some ABC importers could indicate that specificity of transport 
occurs through a proofreading mechanism in a manner analogous to aminoacyl-tRNA 
synthetases and DNA polymerase57, 58. In such a mechanism, a substrate can be rejected even 
if it has been bound by the SBP. Although we show that intrinsic closing is a rare event (‘little 
intrinsic closing’ in Figure 2.7; Figure 2.3), it might influence transport in a cellular context 
where the ratio between SBP and translocator can be high59. Moreover, other fast (µs-ms) 
and short-range conformational changes might be present as shown by NMR analysis on 
MalE27. We speculate that in Type I ABC importers the wasteful conversion of chemical 
energy is prevented by a proofreading mechanism, as any thermally driven closing event 
would not be able to initiate the translocation cycle, as the substrate is absent. In accordance, 
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ATP hydrolysis and transport are tightly coupled in the Type I importer GlnPQ60 that, based 
on the crystal structure of the homologous Art(QM)221, contains an internal binding pocket 
located within the TMDs. By contrast, high futile hydrolysis of ATP in the Type II BtuCDF61 
appears to correlate with the lack of a defined binding pocket inside the TMDs. 

 

2.4 Materials and Methods 

Gene expression and SBP purification. N-terminal extension of the soluble SBPs with a 
Hisxtag (His10PsaA, His10SBD1, His10SBD2, His10OppA and His6OpuAC) were expressed 
and purified as previously described29, 38, 43, 51. Protein derivatives having the cysteine point 
mutations were constructed using QuickChange mutagenesis62 or Megaprimer PCR 
mutagenesis63 protocols. OppA, OpuAC, PsaA and PsaA(D280N) derivatives were 
constructed using as templates the vectors pNZcLIC-OppA64, pNZOpuCHis65, 
pCAMcLIC01-PsaA51 and pCAMcLIC01-PsaAD280N51, respectively. Construction of 
SBD1 and SBD2 cysteine derivatives was accomplished as described previously29. The malE 
gene (UniProt: P0AEX9) was isolated from the genome of Escherichia coli K12. The primers 
were designed to exclude the signal peptide (amino acids 1-26). Primers introduced NdeI and 
HindIII restriction sites, and the gene product was sub-cloned in the pET20b vector (Merck). 
MalE derivatives having the cysteine or other point mutations were constructed using 
QuickChange mutagenesis62 and Megaprimer PCR mutagenesis63 protocols. All sequences 
were checked for correctness by sequencing. His6MalE was over-expressed in E. coli BL21 
DE3 cells. Cells harbouring plasmids expressing the MalE wild type and derivatives were 
grown at 30 ºC until an optical density (OD600) of 0.5 was reached. Protein expression was 
then induced by addition of 0.25 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). After 
2 h induction cells were harvested. DNase 500 ug/ml (Merck) was added and passed twice 
through a French pressure cell at 1,500 psi and 2mM phenylmethylsulfonyl fluoride (PMSF) 
was added to inhibit proteases. The soluble supernatant was isolated by centrifugation at 
50,000´g for 30 min at 4 ºC. The soluble material was then purified and loaded on 
Ni2+-Sepharose resin (GE Healthcare) in 50 mM Tris-HCl, pH 8.0, 1 M KCl, 10% glycerol, 
10 mM imidazole and 1 mM dithiothreitol (DTT). The immobilized proteins were washed 
(50 mM Tris-HCl, pH 8.0, 50 mM KCl, 10% glycerol, 10 mM imidazole and 1 mM DTT 
plus 50 mM Tris-HCl, pH 8.0, 1 M KCl, 10% glycerol, 30 mM imidazole and 1 mM DTT 
sequentially) and then eluted (50 mM Tris-HCl, pH 8.0, 50 mM KCl, 10% glycerol, 300 mM 
imidazole and 1 mM DTT). Protein fractions were pooled (with 5 mM EDTA and 10 mM 
DTT), concentrated (10.000 MWCO Amicon; Merck-Millipore), dialyzed against 100-1000 
volumes of buffer (50 mM Tris-HCl, pH 8.0, 50 mM KCl, 50% glycerol and 10 mM DTT) 
and stored at -20 ºC. 
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Uptake experiments of GlnPQ in whole cells. L. lactis GKW9000 carrying pNZglnPQhis66 
was cultivated semi-anaerobically at 30 ºC in M17 (Oxoid) medium supplemented with 1% 
(w/v) glucose and 5 µg/ml chloramphenicol. For uptake experiments cells were grown in 
GM17 to an OD600 of 0.4, induced for 1 h with 0.01% of culture supernatant of the nisin 
A-producing strain NZ9700 and harvested by centrifugation for 10 min at 4000´g; the final 
nisin A concentration is ~1 ng/ml. After washing twice with 10 mM PIPES-KOH, 80 mM 
KCl, pH 6.0, the cells were resuspended to OD600 of 0.5 in the same buffer. Uptake 
experiments were performed at 0.1–0.5 mg/ml total protein in 30 mM PIPES-KOH, 30 mM 
MES-KOH, 30 mM HEPES-KOH (pH 6.0). Before starting the transport assays, the cells 
were equilibrated and energized at 30 °C 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, [14C]-histidine, [14C]-lysine (all from PerkinElmer), [14C]-arginine 
(Moravek) or [3H]-asparagine (ARC); the specific radioactivity was adjusted for each 
experiment (amino acid concentration) to obtain sufficient signal above background; the final 
amino acid concentrations are indicated in the figure legends. At given time intervals, 
samples were taken and diluted into 2 ml ice-cold 100 mM LiCl. The samples were rapidly 
filtered through 0.45 µm pore-size cellulose nitrate filters (Amersham) and the filter was 
washed once with ice-cold 100 mM LiCl. The radioactivity on the filters was determined by 
liquid scintillation counting. 
 
Purification and membrane reconstitution of GlnPQ for in vitro transport assays. 
Membrane vesicles of L. lactis GKW9000 carrying pNZglnPQhis66 were prepared as 
described before60. For reconstitution into proteoliposomes, 150 mg of total protein in 
membrane vesicles was solubilized in 50 mM KPi, pH 8.0, 200 mM NaCl, 20% glycerol and 
0.5% (w/v) DDM for 30 min at 4 °C. The sample was centrifuged (12 min, 300,00´g) and 
the supernatant was collected. Subsequently, GlnPQ was allowed to bind to Ni2+-Sepharose 
resin for 1 h at 4 °C after addition of 10 mM imidazole. The resin was rinsed with 20 column 
volumes of wash buffer (50 mM KPi, pH 8.0, 200 mM NaCl, 20% glycerol, 50 mM imidazole 
and 0.02% (w/v) DDM). The protein was eluted with 5 column volumes of elution buffer 
(50 mM KPi, pH 8.0, 200 mM NaCl, 10% glycerol, 500 mM imidazole and 0.02% (w/v) 
DDM). The purified GlnPQ was used for reconstitution into liposomes composed of egg yolk 
L-α-phosphatidylcholine and purified E. coli lipids (Avanti polar lipids) in a 1:3 ratio (w/w) 
as described before67 with a final protein/lipid ratio of 1:100 (w/w). An ATP regenerating 
system, consisting of 50 mM KPi, pH 7.0, creatine kinase (2.4 mg/ml), Na2-ATP (10 mM), 
MgSO4 (10 mM) and Na2-creatine-phosphate (24 mM) was enclosed in the proteoliposomes 
by two freeze/thaw cycles, after which the vesicles were stored at -80 °C. On the day of the 
uptake experiment, the proteoliposomes were extruded 13 times through a polycarbonate 
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filter (200-nm pore size), diluted to 3 ml with 100 mM KPi, pH 7.0, centrifuged (265,000´g 
for 20 min), and then washed and resuspended in 100 mM KPi, pH 7.0, to a concentration of 
50 mg of lipid/ml. Uptake in proteoliposomes was measured in 100 mM KPi, pH 7.0, 
supplemented with 5 µM of [14C]-glutamine or [3H]-asparagine. This medium, supplemented 
with or without unlabelled amino acids (asparagine, arginine, glutamine, histidine or lysine), 
was incubated at 30 °C for 2 min prior to adding proteoliposomes (kept on ice) to a final 
concentration of 1-5 mg of lipid/ml. At given time intervals, 40 µl samples were taken and 
diluted with 2 ml of ice-cold isotonic buffer (100 mM KPi, pH 7.0). The samples were 
collected on 0.45 µm pore size cellulose nitrate filters and washed twice as described above. 
After addition of 2 ml Ultima Gold scintillation liquid (PerkinElmer), radioactivity was 
measured on a Tri-Carb 2800TR (PerkinElmer). A single time-dependent uptake experiment 
is shown in Figure 2.4A-C and consistent results were obtained upon repetition with an 
independent sample preparation. 
 
Zinc accumulation in whole cells. The S. pneumoniae D39 mutant strains WpsaAD280N and 
∆czcD were constructed using the Janus cassette system68. Briefly, the upstream and 
downstream flanking regions of psaA and czcD were amplified using primers with 
complementarity to either psaAD280N (WpsaAD280N), generated via site-directed mutagenesis 
of psaA following manufacturer instructions (Agilent), or the Janus cassette (∆czcD) and 
were joined by overlap extension PCR. These linear fragments were used to replace by 
homologous recombination psaA and czcD, respectively, in the chromosome of wild type 
and ∆czcD strains. For metal accumulation analyses, S. pneumoniae strains were grown in a 
cation-defined semi-synthetic medium (CDM) with casein hydrolysate and 0.5% yeast 
extract, as described previously69. Whole cell metal ion accumulation was determined by 
inductively coupled plasma-mass spectrometry (ICP-MS) as previously described52. Briefly, 
S. pneumoniae strains were inoculated into CDM supplemented with 50 µM ZnSO4 at a 
starting OD600 of 0.05 and grown to mid-log phase (OD600 of 0.3-0.4) at 37 ºC in the presence 
of 5% CO2 . Cells were washed by centrifugation 6 times in PBS with 5 mM EDTA, 
harvested, and desiccated at 95 ºC for 18 h. Metal ion content was released by treatment with 
500 µl of 35% HNO3 at 95 ºC for 1 h. Metal content was analysed on an Agilent 8900 QQQ 
ICP-MS51.  
 
Isothermal titration calorimetry. Purified OppA was dialyzed overnight against 50 mM 
Tris-HCl, pH 7.4 and 50 mM KCl. Isothermal titration calorimetry experiments were carried 
out on an ITC200 calorimeter (MicroCal). The peptide (RPPGFSFR) stock solution 
(200 µM) was prepared in the dialysis buffer and was stepwise injected (2 µl) into the 
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reaction cell containing 20 µM OppA. All experiments were carried out at 25 ºC with a 
mixing rate of 400 rpm. Data were analysed with a one site-binding model. 
 
Ensemble FRET. Fluorescence spectra of labelled SBD1 and SBD2 proteins were measured 
on a scanning spectrofluorometer (Jasco FP-8300; λex = 552 nm, 5 nm excitation and 
emission bandwidth; 3 s integration time). The apparent FRET efficiency was calculated via 
IAcceptor/(IAcceptor+ Idonor), where IAcceptor and Idonor are fluorescence intensities around the 
emission maxima of the acceptor (660 nm) and donor fluorophore (600 nm), respectively. 
Measurements were performed at 20 ºC with ~200 nM labelled protein dissolved in buffer A.  
 
Protein labelling for FRET measurements. Stochastic labelling was performed with the 
maleimide derivative of dyes Cy3B (GE Healthcare) and ATTO647N (ATTO-TEC) for 
OpuAC. The proteins MalE, SBD1, SBD2, OppA and PsaA were labelled with Alexa555 
and Alexa647 maleimide (ThermoFisher). The purified proteins were first treated with 
10 mM DTT for 30 min to fully reduce oxidized cysteines. After dilution of the protein 
sample to a DTT concentration of 1 mM the reduced protein was immobilized on a 
Ni2+-Sepharose resin and washed with ten column volumes of buffer A (50 mM Tris-HCl, 
pH 7.4, 50 mM KCl for MalE and OppA. 25 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 µM 
EDTA for PsaA. 50 mM KPi, pH 7.4, 50 mM KCl for OpuAC, SBD1 and SBD2) to remove 
the DTT. To make sure that no endogenous substrate was left, for some experiments, and 
prior to removing the DTT, we unfolded the immobilized-SBPs by treatment with 6 M 
urea supplemented with 1 mM DTT and refolded them again by washing with buffer A. 
The resin was incubated 1-8 h at 4 °C with the dyes dissolved in buffer A. To ensure a high 
labelling efficiency, the dye concentration was ~20-times higher than the protein 
concentration. Subsequently, unbound dyes were removed by washing the column with at 
least twenty column volumes of buffer A. Elution of the proteins was done by supplementing 
buffer A with 400 mM imidazole. The labelled proteins were further purified by size-
exclusion chromatography (Superdex 200, GE Healthcare) using buffer A. Sample 
composition was assessed by recording the absorbance at 280 nm (protein), 559 nm (donor), 
and 645 nm (acceptor) to estimate the labelling efficiency. For all proteins the labelling 
efficiency was ~90%. Anisotropies were determined as described in ref. 29 and were equal 
to or less than 0.23 for all fluorophores and proteins.  
 
Solution-based smFRET and ALEX. Solution-based smFRET and alternating laser 
excitation (ALEX)49 experiments were carried out at 25-100 pM of labelled protein at room 
temperature in buffer A supplemented with additional reagents as stated in the text. 
Microscope cover slides (no. 1.5H precision cover slides, VWR Marienfeld) were coated 
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with 1 mg/mL BSA for 30-60 s to prevent fluorophore and/or protein interactions with the 
glass material. Excess BSA was subsequently removed by washing and exchange with 
buffer A. All smFRET experiments were performed using a home-built confocal microscope. 
In brief, two laser-diodes (Coherent Obis) with emission wavelength of 532 and 637 nm were 
directly modulated for alternating periods of 50 µs and used for confocal excitation. The laser 
beams were coupled into a single-mode fibre (PM-S405-XP, Thorlabs) and collimated 
(MB06, Q-Optics/Linos) before entering a water immersion objective (60X, NA 1.2, 
UPlanSAPO 60XO, Olympus). The fluorescence was collected by excitation at a depth of 
20 µm. Average laser powers were 30 µW at 532 nm (~30 kW/cm2) and 15 µW at 637 nm 
(~15 kW/cm2). Excitation and emission light was separated by a dichroic beam splitter 
(zt532/642rpc, AHF Analysentechnik), which is mounted in an inverse microscope body 
(IX71, Olympus). Emitted light was focused onto a 50 µm pinhole and spectrally separated 
(640DCXR, AHF Analysentechnik) onto two single-photon avalanche diodes (TAU-
SPADs-100, Picoquant) with appropriate spectral filtering (donor channel: HC582/75; 
acceptor channel: Edge Basic 647LP; AHF Analysentechnik). Registration of photon arrival 
times and alternation of the lasers was controlled by an NI-Card (PXI-6602, National 
Instruments).  

An individual labelled protein diffusing through the confocal volume generates a burst 
of photons. To identify fluorescence bursts a ‘dual-channel burst search’70 was used with 
parameters M = 15, T = 500 µs and L = 25. In brief, a fluorescent signal is considered a burst, 
when a total of L photons having M neighbouring photons within a time window of length T 
centred on their own arrival time. A first burst search was done that includes the donor and 
acceptor photons detected during the donor excitation, and a second burst search was done 
including only the acceptor photons detected during the acceptor excitation. The two separate 
burst searches were combined to define intervals when both donor and acceptor fluorophores 
are active. These intervals define the bursts. Only bursts having >150 photons were further 
analysed. 

Three photon counts per burst were measured: 𝑁"#$  (acceptor emission upon donor 
excitation), 𝑁""$  (donor emission upon donor excitation) and 𝑁##$  (acceptor emission upon 
acceptor excitation) and assignment is based on the excitation period and detection channel49. 
The apparent FRET efficiency is calculated via 𝑁"#$ 	 (𝑁""$ + 𝑁"#$ )⁄  and the Stoichiometry S 
by (𝑁"#$ + 𝑁""$ 	) (𝑁""$ + 𝑁"#$ + 𝑁##$ )⁄ 49. The accurate FRET efficiency E was calculated by 
correcting the apparent FRET efficiency for background, direct excitation of the acceptor, 
leakage of donor fluorescence in the acceptor detection channel and relative differences in 
the efficiencies of the detectors and the quantum yield of the dyes71. Corrections were made 
using established protocols as described in Lee et al71. From the average E (see below) the 
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mean interprobe distance R was calculated via E = 1/(1+(R/R0)6), using R0 of 5.1 nm for 
Alexa555/Alexa647 and 6.2 nm for Cy3B/ATTO647N. 

Binning the detected bursts into a 2D (apparent) FRET/S histogram allowed the selection 
of the donor and acceptor labelled molecules and reduce artefacts arising from fluorophore 
bleaching49. The selected (apparent) FRET histogram were fitted with a Gaussian distribution 
using nonlinear least square, to obtain a 95% confidence interval for the distribution mean.  
 
Scanning confocal microscopy. Excitation was achieved with a spectrally filtered laser 
beam of a pulsed supercontinuum source (SuperK Extreme, NKT Photonics) with an 
acousto-optical tuneable filter (AOTFnc-VIS, EQ Photonics), which led to excitation pulses 
centred at 532 nm. The beam was coupled into a single-mode fibre (PM-S405-XP, Thorlabs) 
and the collimated beam (Focussing collimator MB06, Q-Optics/Linos) was coupled into an 
oil-immersion objective (60×, NA 1.35, UPLSAPO 60XO, Olympus) by using a dichroic 
beam splitter (zt532/642rpc, AHF Analysentechnik) mounted on an inverse microscope body 
(IX71, Olympus). Data were recorded with constant 532 nm excitation at an intensity of 
0.5 µW (~125 W/cm2) for SBD1, SBD2, PsaA, OppA and MalE, but 1.5 µW (~400 W/cm2) 
for OpuAC. Surface scanning was performed by using a XYZ-piezo stage with 
100´100´20 µm range (P-517-3CD with E-725.3CDA, Physik Instrumente). Emitted light 
was focused onto a 50 µm pinhole and spectrally separated (640DCXR, AHF 
Analysentechnik) onto two single-photon avalanche diodes (TAU-SPADs-100, Picoquant) 
with appropriate spectral filtering (donor channel: HC582/75 and acceptor channel: 
ET700/75; AHF Analysentechnik). The detector signal was registered by using a HydraHarp 
400 multichannel picosecond event timer and a module for time-correlated single photon 
counting (both Picoquant). Scanning images of 10´10 µm were recorded with 50 nm step 
size and 2 ms integration time at each pixel. After each surface scan, the positions of labelled 
proteins were identified manually; the position information was used to subsequently 
generate fluorescence trajectories.  

Microscope cover-slides (No. 1.5, Marienfeld, Germany) were cleaned by sonication in 
subsequently ethanol, acetone and MQ water for 10 min each, followed by plasma etching 
(Plasma Etch, PE-25- JW) for 10 min. Functionalization with PEG-Silane (6-9 PE units) and 
Biotin-PEG-Silane (MW3400, Laysan Inc.) was done in toluene (55 °C; o/n) and flow cells 
were assembled according to ref29, 72. To immobilize the labelled proteins within these flow 
cells, the surfaces were first incubated for 10 min with a solution containing 0.2 mg/ml 
neutravidin (Invitrogen) in buffer A. Unbound neutravidin was washed away with buffer A. 
Next, the surface was incubated with 1 nM biotinylated penta-His antibody (Qiagen) in 
buffer A for 10 min. Then, labelled proteins were immobilized by incubating with 5-50 pM 
of labelled protein in buffer A for 5 min. Unbound proteins were washed away with buffer A. 
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MalE was studied on standard functionalized cover-slides, since MalE was extremely 
sensitive to contaminations of maltodextrins in double-sided tape or other flow-cell parts. All 
experiments of OpuAC and PsaA were carried out in degassed buffer A supplemented with 
10 mM of (±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) and 
under oxygen-free conditions, obtained via an oxygen-scavenging system. For the other 
SBPs, experiments were performed in buffer A with 1 mM Trolox and 10 mM Cysteamine.  
 
Analysis of fluorescence trajectories. The fluorescence trajectories were analysed by 
integrating the detected red and green photon streams in time-bins as stated throughout the 
text and/or figure captions. Only traces lasting longer than 50 time-bins, having on average 
more than 10 photons per time-bin and showed clear bleaching steps, were used for further 
analysis. The number of analysed molecules, transitions and the total observation time are 
indicated in Table S2.3. The apparent FRET per time-bin was calculated by dividing the red 
photons by the total number of photons per time-bin. The state-trajectory of the FRET time-
trace was modelled by a Hidden Markov Model (HMM)73. For this an implementation of 
HMM was programmed in MATLAB (MathWorks), based on the work of Rabiner73. In the 
analysis, we assumed that the FRET time-trace (the observation sequence) can be considered 
as an HMM with two states having a one-dimensional Gaussian-output distribution. The 
Gaussian output-distribution of state 𝑖 (𝑖 =1, 2) is parameterized by the mean and variance. 
The maximum likelihood estimates of the parameters 𝜆 (transition probabilities that connect 
the states and parameters of output-distribution) was iteratively found using the Baum-Welch 
algorithm, which is an implementation of the Expectation-Maximisation algorithm74. Care 
was taken to avoid floating point underflow and was done as described73. With the maximum 
likelihood estimate of 𝜆, the most probable state-trajectory is then found using the Viterbi 
algorithm75. The time spent in each state (open, closed) was inferred from the most probable 
state-trajectory. 
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2.6 Supplementary Information 

Figure S2.1. Substrate-induced conformational dynamics of SBPs. (A-E) Fluorescence trajectories 
(left) and apparent FRET efficiency histograms from all fluorescence trajectories (right) of the 
indicated SBPs and indicated substrate concentrations. In the fluorescence trajectories: the top panel 
shows the calculated apparent FRET efficiency (blue) from the donor (green) and acceptor (red) photon 
counts as shown in the bottom panels. The most probable state-trajectory of the HMM is shown by the 
orange line. Statistics can be found in Table S2.3. The histogram was fitted with two Gaussian 
distributions to obtain the relative population of the high FRET state. We ignored the small contribution 
of intrinsic closing (Figure 2.3H) and used the one site-binding model to determine 𝐾" (Table S2.1).   
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Figure S2.2. OppA uses the induced-fit mechanism. (A) Representative fluorescence trajectories of 
OppA(A209C/S441C) at different peptide (RPPGFSFR) concentrations; donor (green) and acceptor 
(red) photon counts. The top panel shows the calculated apparent FRET efficiency (blue) with the most 
probable state-trajectory of the HMM (orange). Lifetime histogram of the high FRET state (closed 
conformation) (B) and low FRET state (open conformation) (C) as obtained from the most probable 
state-trajectory of the HMM. Bars are the data and the solid line is an exponential fit. Statistics can be 
found in Table S2.3. (D) Average closing rate (rate from low to high FRET state; black) and average 
lifetime of the substrate-bound conformation (lifetime high FRET state; purple). Data correspond to 
mean ± s.e.m. and the solid line is a linear fit. Slope and intercept of the fit are shown (95% confidence 
interval). From the fit a KD of 14 ± 5 µM (95% confidence interval) is obtained. (E) Isothermal 
calorimetry binding isotherm of the titration of OppA with RPPGFSFR, obtaining KD of 5 ± 3 µM 
(mean ± s.d., n = 3). Points are the data and the solid line is a fit to a one site-binding model.   
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Figure S2.3. Translocation competent conformation(s) of MalE and OppA. Solution-based 
apparent FRET efficiency histogram of MalE(T36C/S352C) (A) and OppA(A209C/S441C) (B) in the 
absence and presence of different cognate substrates as indicated. The OppA substrates are indicated 
by one-letter amino acid code. Bars are the data and solid line a Gaussian fit. The 95% confidence 
interval for the mean of the Gaussian distribution is shown in Table S2.2, and the interval centers are 
indicated by vertical lines (solid and dashed). 
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Figure S2.4. MalE conformations studied by smFRET. Solution-based apparent FRET efficiency 
histogram of MalE(T36C/N205C) (left) and MalE(K34C/R354C) (right) in the absence and presence 
of different cognate substrates as indicated. Bars are the data and the solid line a Gaussian fit. A 95% 
confidence interval for the mean is indicated   
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Figure S2.5. Conformational dynamics of substrate-free and substrate-bound SBPs. Fluorescence 
trajectories of OpuAC(V360C/N423C) (A), PsaA(V76C/K237C) (B), MalE(T36C/S352C) (C), 
SBD1(T159C/G87C) (D), OppA(A209C/S441C) (E) and SBD2(T369C/S451) (F). In the absence of 
substrate, 10-20 µM of unlabelled protein or 1 mM EDTA (for PsaA) was added. The top panels show 
the calculated apparent FRET efficiency (blue) from the donor (green) and acceptor (red) photon counts 
as presented in bottom panels. The orange line indicates the average apparent FRET efficiency value 
or the most probable state-trajectory of the HMM. Statistics can be found in Table S2.3.  
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Figure S2.6. Intrinsic conformational dynamics in the presence of unlabelled protein. Closing rate 
(A) and average lifetime of the closed conformation (B) in the absence of substrate and in the presence 
of different concentrations of unlabelled protein to scavenge potential substrate contaminations. 
Examples of the high FRET transitions are shown in Figure 2.3 and Figure S2.5. Error bars correspond 
to s.e.m.. The closing rate was determined by dividing the total number of high FRET transitions by 
the total observation time of all molecules. The statistical significance of the closing rate was 
determined by testing for the difference in the proportion of time-bins in which a low to high FRET 
transition is made and using the z-test. The statistical significance of the average closed state lifetime 
was determined by a two-tailed unpaired t-tests. 
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Figure S2.7. Substrate binding studied by ensemble FRET. The mean apparent FRET changes of 
SBD1 (top) and SBD2 (bottom) in the presence of 5 mM of the indicated amino acids relative to their 
absence. Amino acids are indicated by their three letter abbreviation. Data correspond to mean ± s.d. 
of the apparent FRET change of duplicate measurements with the same labelled protein sample. 
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Figure S2.8. Non-cognate substrate binding by SBD1 and SBD2. Solution-based apparent FRET 
efficiency histograms of SBD1(T159C/G87C) (A and C) and SBD2(T369C/S451) (B) in the presence 
of different substrate concentrations as indicated. Bars are the data and the solid lines a fit to a mixture 
model with two Gaussian distributions or a fit with a single Gaussian distribution as shown. The mean 
of the Gaussian distributions was obtained from the extreme conditions and fixed in the mixture model. 
Fraction of SBD1 bound to asparagine (D), SBD2 bound to glutamine (E) and SBD1 bound to histidine 
(F). Points are the data and the solid line a fit to a one site-binding model. (G) Estimated dissociation 
constants KD as obtained from the fit. Error bars represent a 95% confidence interval.  
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Figure S2.9. PsaA(E74C/K237C) conformational changes probed by smFRET. Solution-based 
apparent FRET efficiency histogram of PsaA(E74C/K237C) in the presence and absence of metal ions 
as indicated. Bars are the data and solid line a Gaussian fit. The 95% confidence interval for the 
distribution mean is shown in Table S2.2. The interval center is indicated by a vertical line (solid and 
dashed). 
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Figure S2.10. Surface-based smFRET histogram of MalE. Surface-based apparent FRET efficiency 
histogram of MalE(T36C/S352C) in the presence of different maltodextrin substrates as indicated. 
From the most probable state-trajectory of the HMM the apparent FRET efficiencies of the low 
(substrate-free conformation) and high FRET state (closed substrate-bound conformation) were 
obtained and used for the histogram. The histogram was constructed from all fluorescence trajectories. 
Representative fluorescence trajectories are shown in Figure 2.6B-G. Bars are the data and solid line a 
Gaussian fit. The 95% confidence interval for the distribution mean is indicated. The average apparent 
FRET efficiencies of the solution-based smFRET measurements (Figure S2.3A) are indicated by 
vertical lines.   
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Figure S2.11. Distribution of the substrate-bound conformations of MalE. Lifetime histogram of 
the high FRET state as obtained from the most probable state-trajectory of the HMM of all molecules 
per condition as shown in Figure 2.6B-G. Grey bars are the data and the solid line an exponential fit. 
Statistics can be found in Table S2.3.  

Lifetime (ms)

240

120

0
0 100 200

Ev
en

ts

0 400 800

600

300

0

0 400 800

180

90

0

Ev
en

ts
Ev

en
ts

300

150

0

Ev
en

ts
160

80

0

Ev
en

ts

0 750 1500

0 800 1600

300

150

0

Ev
en

ts

0 800 1600

maltose maltoheptaose 

maltodecaose 

maltooctaose 

maltotriose 

maltotetraose

Lifetime (ms)

Lifetime (ms) Lifetime (ms)

Lifetime (ms) Lifetime (ms)



 69 

Figure S2.12. Conformational changes of MalE(A96W/I329W). (A) Fluorescence trajectory of 
MalE(T36C/S352C/A96W/I329W). The top panel shows the apparent FRET efficiency (blue) and the 
donor (green) and acceptor (red) photon counts are shown in the bottom panel. The most probable state-
trajectory of the HMM is shown (orange). (B) Lifetime histogram of the high FRET state. Solid line is 
an exponential fit. (C) Solution-based apparent FRET efficiency histogram of MalE and 
MalE(A96W/I329W) in the presence of 1 mM maltose for the indicated interprobe positions. Bars are 
the data and solid line a Gaussian fit. The 95% confidence interval for the mean of the Gaussian 
distribution is indicated. The FRET distributions of the wild type and mutant proteins are not 
significantly different; p=0.28 (T36C/S352C) and p=0.30 (K34C/R354C) using the two-way KS test.  

0.2 0.6 1.0
Apparent FRET

0

200

400

160

320

Ev
en

ts

MalE(A96W/I329W)
0.860 ± 0.002

MalE
0.865 ± 0.002

0.2 0.6 1.0
Apparent FRET

0

75

150

30

60

Ev
en

ts

MalE(A96W/I329W)
0.717 ± 0.003

MalE
0.725 ± 0.006

T36C/S352C K34C/R354CC

0 60 120
0

7

14

MalE(A96W/I329W) + 10 nM maltose 

40 800

0.5

1.0

0

150

300
C

ou
nt

s
(/3

00
 m

s)
Ap

pa
re

nt
FR

ET

Ev
en

ts

A

Time (s) Lifetime of closed conformation (s)

B



 70 

Table S2.1. Dissociation constant KD of SBPs 

  KD (µM)  

Proteina  Substrate Freely-diffusing 
Surface-
tethered KD WTf (µM) 

OpuAC(V360C/N423C) glycine betaine 3.4 ± 0.4b 3.1c 4-538  
OppA(A209C/S441C) RPPGFSFR 7.0 ± 1b 14 ± 5e 5 ± 3e  
SBD2(T369C/S451) glutamine 1.2 ± 0.2d 0.5c 0.9 ± 0.129 

SBD1(T159C/G87C) asparagine 0.34 ± 0.03d 0.3c 0.2 ± 0.029 
MalE(T36C/S352C) maltose 1.7 ± 0.3b   2.2c 1-216, 32 
MalE(T36C/S352C) maltotriose 0.6 ± 0.2b 0.9c 0.2-216, 32 

a. KD could not be determined reliably for labelled PsaA due to metal contaminations.  
b. Population of the closed conformation 𝑃 in the presence of a substrate concentration 𝐿 was 

determined using solution-based smFRET. The 𝐾" = 𝐿	(1 − 𝑃) 𝑃⁄  for a one-binding site 
model. Data corresponds to mean ± s.d. of duplicate experiments with the same protein 
sample.  

c. Figure S2.1 
d. Figure S2.8 
e. Figure S2.2 
f. The KD values of wild type (WT) proteins are obtained from the indicated references. 
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Table S2.2. Apparent FRET efficiency values of solution-based measurements  

Proteina Condition 
Apparent 
FRETb  

Interprobe  
distance 
change (Å)b 

Cα-Cα 
distance 
change in 
crystal (Å)c 

OpuAC(V360C/N423C) no substrate 0.501 ± 0.004   
 carnitine 0.479 ± 0.003 -1.2 ± 0.3  
 proline 0.543 ± 0.004 3.4 ± 0.3  
 glycine betaine 0.646 ± 0.003 9.0 ± 0.3 9.4 
SBD2(T369C/S451) no substrate 0.492 ± 0.003   
 glutamate  0.633 ± 0.004 7.2 ± 0.4 9.3 
 glutamine 0.677 ± 0.002 9.4 ± 0.4  
 arginine  0.496 ± 0.002 0.0 ± 0.3  
SBD1(G87C/T159C) no substrate 0.612 ± 0.003   
 glutamine 0.710 ± 0.003 4.6 ± 0.6  
 asparagine 0.805 ± 0.002 9.4 ± 1.2  
 histidine 0.761 ± 0.003 7.2 ± 1.0  
 arginine 0.610 ± 0.002 0.0 ± 0.4  
 lysine 0.613 ± 0.002 0.0 ± 0.4  
MalE(T36C/S352C) no substrate 0.646 ± 0.003   
 β-cyclodextrin 0.696 ± 0.003 2.7 ± 0.2  
 maltotriitol 0.725 ± 0.003 3.7 ± 0.2  
 maltotetraitol 0.725 ± 0.003 3.7 ± 0.2  
 maltose 0.824 ± 0.002  9.8 ± 0.3 10.2 
 maltotriose 0.826 ± 0.003 9.7 ± 0.3  
 maltotetraose 0.824 ± 0.002 9.6 ± 0.3  
 maltopentaose 0.777 ± 0.004 6.8 ± 0.3  
 maltohexaose 0.779 ± 0.003 6.8 ± 0.2  
 maltoheptaose 0.746 ± 0.002 5.2 ± 0.2  
 maltooctaose 0.745 ± 0.003 5.1 ± 0.2  
 maltodecaose 0.742 ± 0.003 5.2 ± 0.2  
MalE(T36C/N205C) no substrate 0.538 ± 0.007   
 maltoheptaose 0.755 ± 0.005 6.4 ± 0.5  
 maltooctaose 0.758 ± 0.005 6.5 ± 0.5  
 maltodecaose 0.757 ± 0.006 6.4 ± 0.5  
MalE(K34C/R354C) no substrate 0.524 ± 0.010   
 maltoheptaose 0.669 ± 0.008 8.7 ± 0.6  
 maltooctaose 0.662 ± 0.007 8.8 ± 0.6  
 maltodecaose 0.666 ± 0.008 8.8 ± 0.6  
OppA(A209C/S441C) no substrate 0.621 ± 0.004   
 RPPGFSPFR 0.803 ± 0.003 9.3 ± 0.4 12.7 
 RDMPIQAF 0.803 ± 0.003 9.2 ± 0.4  
 SLSQSKVLPVPQ 0.807 ± 0.004 9.3 ± 0.4  
 SLSQSKVLP 0.801 ± 0.003 9.3 ± 0.4  
PsaA(V76C/K237C) no substrate 0.615 ± 0.003   
 Mn2+ 0.681 ± 0.004 4.0 ± 0.4 3.8 
 Zn2+ 0.688 ± 0.004 4.1 ± 0.4  
PsaA(E74C/K237C) no substrate 0.518 ± 0.003   
 Mn2+ 0.567 ± 0.003 3.2 ± 0.3 3.5 
 Zn2+ 0.570 ± 0.003 3.2 ± 0.3  
PsaA(D280N/V76C/K237) no substrate 0.617 ± 0.003   
 Zn2+ 0.689 ± 0.005 4.1 ± 0.4  

a. Only data of the same construct can be compared, due to differences in microscope settings. 
b. Error denotes 95% confidence interval for the mean.  
c. Distance calculated from crystal structures with PDB codes: OpuAC (3L6G, 3L6H), SBD2 

(4KR5, 4KQP), PsaA (3ZK7, 1PSZ), OppA (3FTO, 3DRG) and MalE (1OMP, 1ANF).  
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Table S2.3. Statistics of confocal scanning experiments of immobilized molecules 

Proteina Conditionb 
Molecules 
analysed  

Total time 
(min) 

Transitions 
observed 

OpuAC(V360C/N423C) no substrate + 20 µM protein 702 8.2 0 
 3.9 µM glycine betaine 102 1.2 2692 
 1 mM glycine betaine 94 2.3 0 
OppA(A209C/S441C) no substrate + 2 µM protein 202 6.4 21 
 no substrate + 10 µM protein 311 6.6 26 
 2.5 µM RPPGFSPFR 43 1.4 267 
 5 µM RPPGFSPFR 168 4.6 1080 
 10 µM RPPGFSPFR 143 4.5 1800 
 20 µM RPPGFSPFR 76 2.2 1683 
 200 µM RPPGFSPFR 31 0.5 0 
SBD1(G87C/T159C) no substrate + 1 µM protein 133 6.2 18 
 no substrate + 20 µM protein 292 20.6 50 
 200 nM asparagine 22 1.5 207 
 50 µM asparagine  72 8.0 0 
SBD2(T369C/S451) no substrate + 4 µM protein 148 6.1  51 
 no substrate + 16 µM protein 166 5.1 38 
 200 nM glutamine 23 1.8 498 
 50 µM glutamine  82 1.0 0 
MalE(T36C/S352C) no substrate + 20 µM protein 503 10.9 0 
 1 mM maltotetraose 32 1.2 0 
 1.2 µM maltose  37 1.6 378 
 400 nM maltotriose 144 7.2 968 
 450 nM maltotetraose 70 1.8 345 
 2 µM maltoheptaose 61 4.9 591 
 2 µM maltooctaose 50 2.2 491 
 4 µM maltodecaose 75 4.9 257 
MalE(T36C/S352C/ 
A96W/I329W) 

10 nM maltose 20 20.4 30 

PsaA(76C/K237C) no substrate + 1 mM EDTA 254 26.3 0 
 200 µM Mn2+ 35 5.8 0 

a. Fluorescence trajectories of 2 independent labelled proteins samples were pooled. 
b. Unlabelled protein was added to study apo protein (details in Section 2.2.2). 

  



 73 

2.7 References 

1. Higgins, C. F. ABC transporters: from microorganisms to man. Annu. Rev. Cell Biol. 8, 67-113 
(1992). 
2. Berntsson, R. P., Smits, S. H., Schmitt, L., Slotboom, D. J. & Poolman, B. A structural classification 
of substrate-binding proteins. FEBS Lett. 584, 2606-2617 (2010). 
3. Scheepers, G. H., Lycklama A Nijeholt, J. A. & Poolman, B. An updated structural classification of 
substrate-binding proteins. FEBS Lett. 590, 4393-4401 (2016). 
4. van der Heide, T. & Poolman, B. ABC transporters: one, two or four extracytoplasmic substrate-
binding sites? EMBO Rep. 3, 938-943 (2002). 
5. Locher, K. P. Mechanistic diversity in ATP-binding cassette (ABC) transporters. Nat. Struct. Mol. 
Biol. 23, 487-493 (2016). 
6. Swier, L. J. Y. M., Slotboom, D. J. & Poolman, B. in ABC transporters - 40 years on (ed George, 
A. M.) 3-36 (Springer International Publishing, 2016). 
7. Davidson, A. L., Dassa, E., Orelle, C. & Chen, J. Structure, function, and evolution of bacterial ATP-
binding cassette systems. Microbiol. Mol. Biol. Rev. 72, 317-64 (2008). 
8. Shilton, B. H., Flocco, M. M., Nilsson, M. & Mowbray, S. L. Conformational changes of three 
periplasmic receptors for bacterial chemotaxis and transport: the maltose-, glucose/galactose- and 
ribose-binding proteins. J. Mol. Biol. 264, 350-363 (1996). 
9. Quiocho, F. A. & Ledvina, P. S. Atomic structure and specificity of bacterial periplasmic receptors 
for active transport and chemotaxis: variation of common themes. Mol. Microbiol. 20, 17-25 (1996). 
10. Karpowich, N. K., Huang, H. H., Smith, P. C. & Hunt, J. F. Crystal structures of the BtuF 
periplasmic-binding protein for vitamin B12 suggest a functionally important reduction in protein 
mobility upon ligand binding. J. Biol. Chem. 278, 8429-8434 (2003). 
11. Trakhanov, S. et al. Ligand-free and -bound structures of the binding protein (LivJ) of the 
Escherichia coli ABC leucine/isoleucine/valine transport system: trajectory and dynamics of the 
interdomain rotation and ligand specificity. Biochemistry 44, 6597-6608 (2005). 
12. Nishitani, Y. et al. Recognition of heteropolysaccharide alginate by periplasmic solute-binding 
proteins of a bacterial ABC transporter. Biochemistry 51, 3622-3633 (2012). 
13. Pandey, S., Modak, A., Phale, P. S. & Bhaumik, P. High resolution structures of periplasmic 
glucose-binding protein of Pseudomonas putida CSV86 reveal structural basis of its substrate 
specificity. J. Biol. Chem. 291, 7844-7857 (2016). 
14. Magnusson, U., Salopek-Sondi, B., Luck, L. A. & Mowbray, S. L. X-ray structures of the leucine-
binding protein illustrate conformational changes and the basis of ligand specificity. J. Biol. Chem. 
279, 8747-8752 (2004). 
15. Quiocho, F. A., Spurlino, J. C. & Rodseth, L. E. Extensive features of tight oligosaccharide binding 
revealed in high-resolution structures of the maltodextrin transport/chemosensory receptor. Structure 
5, 997-1015 (1997). 
16. Hall, J. A., Ganesan, A. K., Chen, J. & Nikaido, H. Two modes of ligand binding in maltose-binding 
protein of Escherichia coli. Functional significance in active transport. J. Biol. Chem. 272, 17615-
17622 (1997). 
17. Hall, J. A., Thorgeirsson, T. E., Liu, J., Shin, Y. K. & Nikaido, H. Two modes of ligand binding in 
maltose-binding protein of Escherichia coli. Electron paramagnetic resonance study of ligand-induced 
global conformational changes by site-directed spin labeling. J. Biol. Chem. 272, 17610-17614 (1997). 
18. Sharff, A. J., Rodseth, L. E. & Quiocho, F. A. Refined 1.8-A structure reveals the mode of binding 
of beta-cyclodextrin to the maltodextrin binding protein. Biochemistry 32, 10553-10559 (1993). 



 74 

19. Skrynnikov, N. R. et al. Orienting domains in proteins using dipolar couplings measured by liquid-
state NMR: differences in solution and crystal forms of maltodextrin binding protein loaded with beta-
cyclodextrin. J. Mol. Biol. 295, 1265-1273 (2000). 
20. Oldham, M. L., Chen, S. & Chen, J. Structural basis for substrate specificity in the Escherichia coli 
maltose transport system. Proc. Natl. Acad. Sci. U. S. A. 110, 18132-18137 (2013). 
21. Yu, J., Ge, J., Heuveling, J., Schneider, E. & Yang, M. Structural basis for substrate specificity of 
an amino acid ABC transporter. Proc. Natl. Acad. Sci. U. S. A. 112, 5243-5248 (2015). 
22. Woo, J. S., Zeltina, A., Goetz, B. A. & Locher, K. P. X-ray structure of the Yersinia pestis heme 
transporter HmuUV. Nat. Struct. Mol. Biol. 19, 1310-1315 (2012). 
23. Pinkett, H. W., Lee, A. T., Lum, P., Locher, K. P. & Rees, D. C. An inward-facing conformation 
of a putative metal-chelate-type ABC transporter. Science 315, 373-377 (2007). 
24. Locher, K. P., Lee, A. T. & Rees, D. C. The E. coli BtuCD structure: a framework for ABC 
transporter architecture and mechanism. Science 296, 1091-1098 (2002). 
25. Flocco, M. M. & Mowbray, S. L. The 1.9 A x-ray structure of a closed unliganded form of the 
periplasmic glucose/galactose receptor from Salmonella typhimurium. J. Biol. Chem. 269, 8931-8936 
(1994). 
26. Oswald, C. et al. Crystal structures of the choline/acetylcholine substrate-binding protein ChoX 
from Sinorhizobium meliloti in the liganded and unliganded-closed states. J. Biol. Chem. 283, 32848-
32859 (2008). 
27. Tang, C., Schwieters, C. D. & Clore, G. M. Open-to-closed transition in apo maltose-binding 
protein observed by paramagnetic NMR. Nature 449, 1078-1082 (2007). 
28. Feng, Y. et al. Conformational dynamics of apo-GlnBP revealed by experimental and 
computational analysis. Angew. Chem. Int. Ed Engl. 55, 13990-13994 (2016). 
29. Gouridis, G. et al. Conformational dynamics in substrate-binding domains influences transport in 
the ABC importer GlnPQ. Nat. Struct. Mol. Biol. 22, 57-64 (2015). 
30. Duan, X. & Quiocho, F. A. Structural evidence for a dominant role of nonpolar interactions in the 
binding of a transport/chemosensory receptor to its highly polar ligands. Biochemistry 41, 706-712 
(2002). 
31. Sooriyaarachchi, S., Ubhayasekera, W., Park, C. & Mowbray, S. L. Conformational changes and 
ligand recognition of Escherichia coli D-xylose binding protein revealed. J. Mol. Biol. 402, 657-668 
(2010). 
32. Kim, E. et al. A single-molecule dissection of ligand binding to a protein with intrinsic dynamics. 
Nat. Chem. Biol. 9, 313-318 (2013). 
33. Seo, M. H., Park, J., Kim, E., Hohng, S. & Kim, H. S. Protein conformational dynamics dictate the 
binding affinity for a ligand. Nat. Commun. 5, 3724- (2014). 
34. Husada, F. et al. Watching conformational dynamics of ABC transporters with single-molecule 
tools. Biochem. Soc. Trans. 43, 1041-1047 (2015). 
35. Lerner, E. et al. Toward dynamic structural biology: two decades of single-molecule Forster 
resonance energy transfer. Science 359, aan1133 (2018). 
36. Ha, T. et al. Probing the interaction between two single molecules: fluorescence resonance energy 
transfer between a single donor and a single acceptor. Proc. Natl. Acad. Sci. U. S. A. 93, 6264-6268 
(1996). 
37. Fulyani, F., Schuurman-Wolters, G. K., Slotboom, D. J. & Poolman, B. Relative rates of amino 
acid import via the ABC transporter GlnPQ determine the growth performance of Lactococcus lactis. 
J. Bacteriol. 198, 477-485 (2015). 



 75 

38. Wolters, J. C. et al. Ligand binding and crystal structures of the substrate-binding domain of the 
ABC transporter OpuA. PLoS One 5, e10361 (2010). 
39. Ferenci, T. The recognition of maltodextrins by Escherichia coli. Eur. J. Biochem. 108, 631-636 
(1980). 
40. McDevitt, C. A. et al. A molecular mechanism for bacterial susceptibility to zinc. PLoS Pathog. 7, 
e1002357 (2011). 
41. Berntsson, R. P., Thunnissen, A. M., Poolman, B. & Slotboom, D. J. Importance of a hydrophobic 
pocket for peptide binding in lactococcal OppA. J. Bacteriol. 193, 4254-4256 (2011). 
42. Ferenci, T., Muir, M., Lee, K. S. & Maris, D. Substrate specificity of the Escherichia coli 
maltodextrin transport system and its component proteins. Biochim. Biophys. Acta 860, 44-50 (1986). 
43. Doeven, M. K., Abele, R., Tampe, R. & Poolman, B. The binding specificity of OppA determines 
the selectivity of the oligopeptide ATP-binding cassette transporter. J. Biol. Chem. 279, 32301-32307 
(2004). 
44. Oldham, M. L. & Chen, J. Crystal structure of the maltose transporter in a pretranslocation 
intermediate state. Science 332, 1202-1205 (2011). 
45. Hor, L. I. & Shuman, H. A. Genetic analysis of periplasmic binding protein dependent transport in 
Escherichia coli. Each lobe of maltose-binding protein interacts with a different subunit of the 
MalFGK2 membrane transport complex. J. Mol. Biol. 233, 659-670 (1993). 
46. Doeven, M. K., van den Bogaart, G., Krasnikov, V. & Poolman, B. Probing receptor-translocator 
interactions in the oligopeptide ABC transporter by fluorescence correlation spectroscopy. Biophys. J. 
94, 3956-3965 (2008). 
47. Hollenstein, K., Frei, D. C. & Locher, K. P. Structure of an ABC transporter in complex with its 
binding protein. Nature 446, 213-216 (2007). 
48. Davidson, A. L., Shuman, H. A. & Nikaido, H. Mechanism of maltose transport in Escherichia coli: 
transmembrane signaling by periplasmic binding proteins. Proc. Natl. Acad. Sci. U. S. A. 89, 2360-
2364 (1992). 
49. Kapanidis, A. N. et al. Fluorescence-aided molecule sorting: analysis of structure and interactions 
by alternating-laser excitation of single molecules. Proc. Natl. Acad. Sci. U. S. A. 101, 8936-8941 
(2004). 
50. Lawrence, M. C. et al. The crystal structure of pneumococcal surface antigen PsaA reveals a metal-
binding site and a novel structure for a putative ABC-type binding protein. Structure 6, 1553-1561 
(1998). 
51. Counago, R. M. et al. Imperfect coordination chemistry facilitates metal ion release in the Psa 
permease. Nat. Chem. Biol. 10, 35-41 (2014). 
52. Begg, S. L. et al. Dysregulation of transition metal ion homeostasis is the molecular basis for 
cadmium toxicity in Streptococcus pneumoniae. Nat. Commun. 6, 6418 (2015). 
53. Gould, A. D., Telmer, P. G. & Shilton, B. H. Stimulation of the maltose transporter ATPase by 
unliganded maltose binding protein. Biochemistry 48, 8051-8061 (2009). 
54. Bao, H. & Duong, F. Discovery of an auto-regulation mechanism for the maltose ABC transporter 
MalFGK2. PLoS One 7, e34836 (2012). 
55. Schuurman-Wolters, G. K., de Boer, M., Pietrzyk, M. K. & Poolman, B. Protein linkers provide 
limits on the domain interactions in the ABC importer GlnPQ and determine the rate of transport. 
J. Mol. Biol. 430, 1249-1262 (2018). 
56. Speiser, D. M. & Ames, G. F. Salmonella typhimurium histidine periplasmic permease mutations 
that allow transport in the absence of histidine-binding proteins. J. Bacteriol. 173, 1444-1451 (1991). 
57. Shevelev, I. V. & Hubscher, U. The 3' 5' exonucleases. Nat. Rev. Mol. Cell Biol. 3, 364-376 (2002). 



 76 

58. Kotik-Kogan, O., Moor, N., Tworowski, D. & Safro, M. Structural basis for discrimination of 
L-phenylalanine from L-tyrosine by phenylalanyl-tRNA synthetase. Structure 13, 1799-1807 (2005). 
59. Schmidt, A. et al. The quantitative and condition-dependent Escherichia coli proteome. Nat. 
Biotechnol. 34, 104-110 (2016). 
60. Lycklama A Nijeholt, J. A., Vietrov, R., Schuurman-Wolters, G. K. & Poolman, B. Energy coupling 
efficiency in the Type I ABC transporter GlnPQ. J. Mol. Biol. 430, 853-866 (2018). 
61. Borths, E. L., Poolman, B., Hvorup, R. N., Locher, K. P. & Rees, D. C. In vitro functional 
characterization of BtuCD-F, the Escherichia coli ABC transporter for vitamin B12 uptake. 
Biochemistry 44, 16301-16309 (2005). 
62. Bok, J. W. & Keller, N. P. Fast and easy method for construction of plasmid vectors using modified 
quick-change mutagenesis. Methods Mol. Biol. 944, 163-174 (2012). 
63. Vander Kooi, C. W. Megaprimer method for mutagenesis of DNA. Methods Enzymol. 529, 259-
269 (2013). 
64. Berntsson, R. P. et al. Selenomethionine incorporation in proteins expressed in Lactococcus lactis. 
Protein Sci. 18, 1121-1127 (2009). 
65. Biemans-Oldehinkel, E. & Poolman, B. On the role of the two extracytoplasmic substrate-binding 
domains in the ABC transporter OpuA. EMBO J. 22, 5983-5993 (2003). 
66. Schuurman-Wolters, G. K. & Poolman, B. Substrate specificity and ionic regulation of GlnPQ from 
Lactococcus lactis. An ATP-binding cassette transporter with four extracytoplasmic substrate-binding 
domains. J. Biol. Chem. 280, 23785-23790 (2005). 
67. Geertsma, E. R., Nik Mahmood, N. A., Schuurman-Wolters, G. K. & Poolman, B. Membrane 
reconstitution of ABC transporters and assays of translocator function. Nat. Protoc. 3, 256-266 (2008). 
68. Sung, C. K., Li, H., Claverys, J. P. & Morrison, D. A. An rpsL cassette, janus, for gene replacement 
through negative selection in Streptococcus pneumoniae. Appl. Environ. Microbiol. 67, 5190-5196 
(2001). 
69. Plumptre, C. D. et al. AdcA and AdcAII employ distinct zinc acquisition mechanisms and 
contribute additively to zinc homeostasis in Streptococcus pneumoniae. Mol. Microbiol. 91, 834-851 
(2014). 
70. Nir, E. et al. Shot-noise limited single-molecule FRET histograms: comparison between theory and 
experiments. J Phys Chem B 110, 22103-22124 (2006). 
71. Lee, N. K. et al. Accurate FRET measurements within single diffusing biomolecules using 
alternating-laser excitation. Biophys. J. 88, 2939-2953 (2005). 
72. Roy, R., Hohng, S. & Ha, T. A practical guide to single-molecule FRET. Nat. Methods 5, 507-516 
(2008). 
73. Rabiner, L. A. in Readings in speech recognition (ed Waibel, A. & Lee, K.) 267-29 (Morgan 
Kaufmann, 1990). 
74. Baum, L. E. & Petrie, T. Statistical inference for probabilistic functions of finite state Markov 
chains. Annals of Mathematical Statistics 37, 1554-1563 (1966). 
75. Viterbi, A. J. Error bounds for convolutional codes and an asymptotically optimum decoding 
algorithm. IEEE Trans. Inf. Theory 13, 260-269 (1967). 
  
 



Marijn de Boer

ATP-binding cassette (ABC) importers require a substrate-binding protein (SBP) for the 
capture and delivery of the substrate to the transmembrane domain (TMD) of the transporter. 
Compounds have been identified that bind to the SBP but are not transported. These 
non-transported substrates (hereafter termed non-cognate substrates) do not trigger the 
necessary conformational change in the SBP, and they may have lost affinity for the TMD or 
the ability to activate the transporter. Alternatively, transport is inhibited because the SBP 
cannot release the substrate. Here, we used rate equations to model these inhibition 
mechanisms. Under low non-cognate substrate concentrations, inhibition does not occur for 
each of the mechanisms. In contrast, at high non-cognate substrate concentration, transport is 
not, partial or completely inhibited, depending on the inhibition mechanism. Our work shows 
that, under the limitations of the model, the different inhibition mechanisms have distinct 
consequences for transport.

3
Mathematical treatment of transport inhibition in ABC 

importers
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3.1 Introduction 

ATP-binding cassette (ABC) transporters form a large family of membrane transport 
proteins1-3. ABC transporters share a common architecture, with the translocator unit 
comprising two transmembrane domains (TMDs), which form the translocation pathway for 
the substrate, and two cytoplasmic nucleotide-binding domains (NBDs), which hydrolyse 
ATP (Figure 1.1). ABC transporters mediate the transport of various compounds, such as 
sugars, amino acids, vitamins, compatible solutes, metal ions, antibiotics, lipids and 
polypeptides and many others1. Some ABC transporters are specific for a single compound4, 
whereas others have a broader substrate specificity and are able to transport multiple 
compounds5,6. The proposed transport mechanism of ABC transporters is the alternating 
access model7,8, in which the translocator switches between inward- and outward-facing 
conformations to expose a substrate cavity on alternate sides of the membrane (Figure 1.3 
and Figure 1.7).  

ABC importers can be subdivided as Type I, II and III based on structural and 
mechanistic distinctions9, 10. Both Type I and II importers require an additional substrate-
binding protein (SBP) for function11,12. In Gram-negative bacteria, SBPs freely diffuse in the 
periplasm, whereas in Gram-positive bacteria and archaea the SBPs are attached to the 
membrane via a lipid or protein anchor or are directly fused to the TMDs13,14. The SBP binds 
the transported substrate (i.e., the cognate substrate) and delivers it to the translocator unit. 
SBPs share a common fold, consisting of two subdomains connected by a flexible hinge 
region (Figure 1.5). Binding of a cognate substrate brings the two subdomains together, 
thereby switching the SBP from an open to a closed conformation15,16. In Chapter 2, we 
showed that different closed conformations are formed with different cognate substrates 
(Section 2.2.1). The closed conformations productively interact with the translocator and 
activate the ATPase17-19.  

Various compounds have been identified that SBPs can bind, but are not transported by 
their ABC importer (Section 2.2.3)6,19-25. These non-transported molecules are termed non-
cognate substrates, whereas the molecules taken up are named cognate substrates. To date, 
non-cognate substrates have been identified for the maltose importer MalFGK2 of 
Escherichia coli25, the amino acid importer GlnPQ of Lactococcus lactis (Section 2.2.3), the 
Mn2+ importer PsaBCA of Streptococcus pneumoniae26, the osmoregulatory transporter 
OpuA of L. lactis20, the peptide importer OppABCDF of L. lactis23, the alginate importer 
AlgM1M2SS of Sphingomonas sp.19 and the Zn2+ importer ZnuABC of Salmonella 
Typhimurium24. The non-cognate substrates can severely affect the transport in vitro and in 
vivo (Section 2.2.3)21,24,25. In Chapter 2, we showed that many non-cognate substrates induce 
a conformational change in the SBP that is distinct from those induced by cognate substrates. 
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For instance, the SBP MalE can bind maltotetraitol, β-cyclodextrin and maltotriose with high 
affinity, but only maltotriose is transported21. Maltotriose induces full closing of MalE, 
whereas maltotetraitol and β-cyclodextrin induce a MalE conformation that is different from 
the conformations formed with maltotriose or any other cognate maltodextrin. In other cases 
we found that the non-cognate substrate leaves the SBP structure largely unaltered. These 
observations provide a general explanation on how transport can fail: either due to the SBP-
substrate complex assuming a conformation that has no affinity for the translocator or, even 
when it can still dock onto the translocator, it might not be able to make the required 
interactions with the translocator to initiate transport.  

In the Mn2+ importer PsaBCA of S. pneumoniae another mechanism exists 
(Section 2.2.4)22,27. Both cognate Mn2+ and non-cognate Zn2+ induce full closing of PsaA. 
However, in contrast to Mn2+, the PsaA-Zn2+ complex forms a highly stable closed 
conformation, such that PsaA cannot open and release the substrate to the translocator. 
Altogether, transport inhibition by non-cognate substrates might be largely based on a 
combination of the substrate release kinetics and its influence on the SBP conformation.  

Here, we used rate equations to analyse how these different non-cognate interaction 
mechanisms influence the uptake rate. We considered the following non-cognate interaction 
mechanisms: (1) the non-cognate substrate binds reversibly to the SBP, but the formed 
complex has no affinity for the translocator, (2) the non-cognate substrate-bound SBP 
complex cannot initiate the steps after the SBP has docked onto the translocator and (3) the 
non-cognate substrate binds irreversibly to the SBP, such that the SBP cannot open and 
transfer the substrate to the translocator. 

 

3.2 Model description 

We modelled the transport cycle of an ABC importer by a minimal mathematical model 
based on available biochemical and structural data1-3. We focus on Type I ABC importers, 
as they are mechanistically different from the Type II and III families (Figure 1.7). We 
constructed four reaction schemes that model how a cognate substrate is transported and how 
a non-cognate substrate interacts with the importer but is not transported (Figure 3.1). These 
models are termed model 0, A, B and C. The transport of cognate substrate is modelled in 
the absence of non-cognate substrate (model 0) and in its presence (model A, B and C). The 
difference between model A, B and C is how the non-cognate substrate interacts with the 
importer. 

First, we describe the common steps of model 0, A, B and C, that are the steps that 
involve the transport of cognate substrate (Figure 3.1). The first step is the reversible binding 
of cognate substrate X6 to the open conformation of the SBP X1 with an association and 
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dissociation rate constant k1 and k2, respectively. Binding of the cognate substrate induces 
closing of the SBP15,16. The substrate-free (open) and substrate-bound (closed) states of the 
SBP are denoted by X1 and X2, respectively. In our models, we ignore any other SBP states, 
such as a substrate-free closed or a substrate-bound open conformation, as these states 
represent only a very small fraction of the total SBP population (Section 2.2.2 and 5.2.3). In 
the following step, the substrate-bound SBP docks onto the inward-facing conformation of 
the translocator, with an association rate constant k3. The formed complex is denoted by X3 
and the free translocator by X5. Once docked onto the translocator, the SBP can either undock 
(with a rate constant k4) or transfer the cognate substrate to the TMDs. In this latter step, the 
SBP has to open and release the substrate into the TMD cavity of the outward-facing 
conformation28. This step is assumed to occur irreversibly with a rate constant k5 and the 
formed complex is denoted by X4. In the final step, ATP hydrolysis triggers formation of the 
inward-facing conformation to subsequently release the cognate substrate into the cytoplasm. 
We assume that all these processes can be treated as a single step, with a rate constant k6. 
This process is considered to be irreversible due to the large decrease in free energy that is 
provided by the hydrolysis of ATP.  

Next, we describe the steps of model A, B and C that models how a non-cognate substrate 
interacts with the importer, but fails to be transported (Figure 3.1). In model A (Figure 3.1), 
the non-cognate substrate X7 binds to the open conformation of the SBP X1 with an 
association and dissociation rate constant k7 and k8, respectively. The SBP with a non-
cognate substrate bound is denoted by X8. In model A, the non-cognate substrate does not 
trigger the correct conformational change in the SBP (Section 2.2.3)29,30, leading to a 
complete loss of affinity between the SBP and the translocator. Thus, the key characteristic 
of model A is that transport fails because the substrate-bound SBP cannot dock onto the 
translocator. One probable example of model A are the non-cognate substrates arginine and 
lysine of GlnPQ, as these compounds leave the structure of SBD1 unaltered (Section 2.2.3). 

In model B (Figure 3.1), the non-cognate substrate is bound reversibly by the SBP with 
an association and dissociation rate constant k7 and k8, respectively. Contrary to model A, 
the non-cognate substrate-bound SBP can still dock onto the translocator with an association 
and dissociation rate constant k9 and k10, respectively. Transport fails in model B because the 
SBP cannot activate the importer after it has docked onto the TMDs. In Chapter 2, we showed 
that many non-cognate substrates induce a conformational change in the SBP that is distinct 
from those induced by cognate substrates. Thus, transport might fail because the required 
allosteric interactions between the SBP and TMD are not made. Potential examples of 
model B are the substrates histidine of GlnPQ and maltotetraitol and β-cyclodextrin of the 
E. coli maltose importer, which all induce an SBP conformation that is different from that 
with cognate substrates (Section 2.2.3)29,30.  
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Transport of non-cognate substrate fails in model C (Figure 3.1) because the non-cognate 
substrate binds irreversibly to the SBP (at least on any biological relevant timescale). This 
has been shown for the Mn2+ importer PsaBCA, that cannot transport Zn2+  because PsaA 
cannot open and transfer the metal ion to the translocator (Section 2.2.4). In model C, the 
non-cognate substrate binds to the SBP with a non-zero association rate constant k7 and a 
dissociation rate constant that is equal to zero. After the complex between the non-cognate 
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Figure 3.1. Transport model of Type I ABC importers. Reaction scheme of model 0, A, B and C. 
Rate constants 𝑘" are denoted above the arrows and the states Xj are depicted as cartoon. The cognate 
and non-cognate substrates are shown in green and red, respectively. The SBP is depicted in light grey 
and the translocator in dark grey. Details of the models can be found in Section 3.2.  
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substrate and the SBP has formed, it can dock onto the translocator with an association rate 
constant k9. The SBP can undock again (with a rate constant k10) but it cannot open and 
transfer the substrate to the TMDs. 
 

3.3 Results 

3.3.1 Comparing models 

By using the law of mass action for each step of the reaction mechanism, we can formulate 
the equations that describe the time evolution of the concentrations of state Xj (see 
Supplementary Information for details). We calculated the steady-state transport rate of 
model 𝑖 (𝑖 ∈ {0, 𝐴, 𝐵, 𝐶}): 

 𝑣- = 𝑘/ ∙ 𝑋2-  (3.1) 

where 𝑋2-  is the steady-state concentration of state X4 of model 𝑖. For model A, B and C, we 
calculated the steady-state transport rate relative to model 0: 

 𝑗- =
𝑣-
𝑣4

 (3.2) 

where 𝑖 ∈ {𝐴,𝐵, 𝐶}. The 𝑗- value is indicative for the amount of inhibition by the non-cognate 
substrate: transport is not influenced by the presence of non-cognate substrate when 𝑗- = 1, 
transport is completely inhibited when 𝑗- = 0 and transport occurs with a reduced rate when 
0 < 𝑗- < 1. Formally, 𝑣- and 𝑗- are functions of the rate constants, the total non-cognate 
substrate concentration 𝐿, the total cognate substrate concentration 𝑙, the total SBP 
concentration 𝑏 and the total translocator concentration 𝑡. However, for notational 
convenience we will omit this explicit dependence throughout this chapter. 

To compare the steady-state transport rates for the different models, we numerically 
solved the steady-state concentrations for a particular set of parameter values. We chose 
parameters that reflect known cases and typical assumptions and conditions of Type I 
importers. First, 𝑏 was set to 20 µM and 𝑡 to 1 µM, so that the SBP to translocator ratio is 
20:131-34. The rates k1 and k7 were set to 10 µM-1 s-1 and k2 and k8 to 10 s-1, thereby fixing the 
cognate and non-cognate dissociation constant KD to 1 µM17,25. The rates k3 and k9 were set 
to 1 µM-1 s-1 and k4 to 10 s-1 and k10 to 20 s-1, thereby fixing the KD between the SBP and the 
translocator to 10 µM when the SBP has a cognate substrate bound and to 20 µM when a 
non-cognate substrate is bound33,35-37. We chose k5 and k2 to be equal, because both steps 
involve the opening of the SBP and release of substrate. Finally, k6 was set to 4 s-1, so that 
the maximal turnover rate is k5 k6 /(k5+k6) » 3 s-1. Unless stated otherwise, we used these rate 
constants throughout this chapter.  
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Figure 3.2 shows 𝑣- for a total cognate substrate concentration between 0 and 60 µM and 
in the presence and absence of 15 µM non-cognate substrate. We observe that 𝑣4 increases 
with cognate substrate and approaches a maximum at high concentrations. This behaviour is 
also commonly observed experimentally17. Interestingly, in the presence of 15 µM non-
cognate substrate, we see that the amount of inhibition is model dependent. Transport is most 
severely inhibited when the non-cognate substrate binds irreversibly to the SBP (model C). 
Inhibition is less than in model B and C, when the non-cognate substrate binds reversibly 
and the substrate-bound SBP cannot dock onto the translocator (model A). This conclusion 
seems to hold for every cognate substrate concentration, however, at low concentrations the 
difference between the models becomes smaller or even disapears (see Section 3.3.2). To put 
it more formally, Figure 3.2 shows that 𝑗; ≥ 𝑗= ≥ 𝑗> irrespective of the precise cognate 
substrate concentration.  

To analyse if this conclusion depends on the particular choice of model parameters, such 
as the total SBP concentration or the rate constants, we compared a large set of 𝑗;, 𝑗=  and 𝑗> 
values, which were calculated with random model parameters (details in Supplementary 
Information). The model parameters (i.e., the rate constants and 𝐿, 𝑙,	𝑏 and 𝑡) were randomly 
drawn from a broad distribution. In total, 8·104 random model parameter combinations were 
drawn and used to calculate 𝑗;, 𝑗=  and 𝑗>. In Figure 3.3, the histograms for the resulting 
(𝑗;,	𝑗=), (𝑗= ,	𝑗>) and (𝑗;,	𝑗>) pairs are shown. We observe that the amount of inhibition in 
model A is always less than or equal to model B and C (𝑗; ≥ 𝑗= and 𝑗; ≥ 𝑗>), and that the 
inhibition in model B is always less than or equal to model C (𝑗= ≥ 𝑗>) (Figure 3.3). 
Therefore, we conclude that: 𝑗; ≥ 𝑗= ≥ 𝑗> irrespective of the rate constants or protein and 
substrate concentrations. Secondly, we see with certain model parameter combinations that 
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Figure 3.2. Transport rate in the presence and absence of non-cognate substrate. Numerical 
calculation of the steady-state transport rate in the absence of non-cognate substrate (model 0; black 
line) and in the presence of a total non-cognate substrate concentration of L = 15 µM for model A (red 
line), B (blue line) and C (yellow line) at various total cognate substrate concentrations l is shown. The 
total SBP (𝑏) and total translocator (𝑡) concentration are 1 and 20 µM, respectively.  
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transport is not influenced by the presence of non-cognate substrate (𝑗- = 1). Thirdly, with 
certain model parameter combinations, drastic differences are observed between model A, B 
and C, e.g., 𝑗; = 1 and 𝑗= = 0. These cases will be analysed in more detail in next sections. 

For simplicity, we treated many of the downstream steps of the transport cycle as a single 
step. To prevent that the conclusions depend on this simplification, we also considered 
several alternative model topologies (Figure S3.1A-D; Figure S3.2A-D; Figure S3.3A-D). 
Random parameter combinations were simulated and find that the conclusions for the models 
of Figure 3.1 are also valid for the alternative model topologies (compare Figure 3.3 to 
Figure S3.1E, Figure S3.2E and Figure S3.3E). This suggests that our conclusions are not 
strictly model dependent, except for the existence of a few elementary steps that are typical 
for (most) Type I ABC importers.  
 
3.3.2 Low substrate concentration  

Here, we analyse the situation when the substrate concentrations are low. When both cognate 
and non-cognate substrate concentrations are low compared to the SBP and translocator 
concentration, we can make the approximation that 𝑏 = 𝑋@- and 𝑡 = 𝑋A- , where 𝑋B- is the 

steady-state concentration of state Xj of model 𝑖. With this approximation, the models can be 
solved analytically under steady-state conditions (see Supplementary Information). We find 
that the transport rate for model 𝑖 is equal to 

 𝑣- =
𝑘@CA/𝑏𝑡𝑙

𝑘D2/ + 𝑘DA/ + (𝑘@2/ + 𝑘@A/)𝑏 + (𝑘@CA + 𝑘@C/)𝑏𝑡 + 𝑘CA/𝑡
 (3.3) 
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Figure 3.3. Normalized transport rate for model A, B and C with random model parameters. A 
set of model parameters that consist of the rate constants and the total cognate substrate, non-cognate 
substrate, SBP and translocator concentrations were randomly drawn from a broad distribution. For 
each set of random model parameters the 𝑗=, 𝑗> and 𝑗H values were calculated. A total of 8·104 random 
model parameters combinations were drawn. The resulting histograms for the (𝑗;,	𝑗=), (𝑗=,	𝑗>) and 
(𝑗;,	𝑗>) pairs are presented in the figure, with the grey-scale indicating the frequency of occurrence. See 
the Supplementary Information for further details about the sampling procedure.  
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where 𝑖 ∈ {0, 𝐴, 𝐵, 𝐶} and 𝑘"IJ = 𝑘"𝑘I𝑘J. The 𝑣-’s calculated with Eq. 3.3 are in good 
agreement with the numerical calculation with no approximation made, when the substrate 
concentrations become low (Figure 3.4). The fact that 𝑣4, 𝑣;, 𝑣= and 𝑣> are equal, implies 
that  

 𝑗; = 𝑗= = 𝑗> = 1 (3.4) 

Thus, even when the non-cognate substrate concentration is much higher than the cognate 
substrate concentration, but both are low compared to the protein concentrations, transport 
is not inhibited in model A, B and C. Since the typical translocator and SBP concentrations 
are in the µM-mM range31-34, the result of Eq. 3.4 should apply when the cognate and non-
cognate substrates are present in sub-µM concentrations or lower.  
 
3.3.3 High substrate concentration 

Next, we analyse the situation that the substrates are available to the cell at saturating 
concentrations and the SBPs are present in large excess over the translocators; the latter 
condition is typical for many ABC importers in E. coli and presumably other bacteria31-34. In 
other organisms, multiple SBPs are directly linked to the importer, giving rise to more than 
one SBP per transporter complex13. Under these conditions, all free SBPs have a cognate or 
non-cognate substrate bound and a substantial fraction of the translocators are complexed 
with an SBP. Simple analytical results can be obtained in this case (see Supplementary 
Information for details).  
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Figure 3.4. Transport at low substrate concentrations. Numerical calculation of the steady-state 
transport rate in the absence of non-cognate substrate (model 0; black line) and in the presence of non-
cognate substrate for model A (red line), B (blue line) and C (yellow line) at various cognate and non-
cognate substrate concentrations. The grey line denotes the analytic result of Eq. 3.3. In the calculation, 
the cognate (l) and non-cognate (L) substrate concentration are equal (l = L). The total SBP (𝑏) and 
total translocator (𝑡) concentrations are 4 and 1 µM, respectively. The rate constants were used as 
described in Section 3.3.1. 
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The steady-state transport rate in the absence of non-cognate substrate is 

 𝑣4 =
𝑘CA/𝑏𝑡

𝑘2/ + 𝑘A/ + (𝑘CA + 𝑘C/)𝑏
 (3.5) 

and in the presence of non-cognate substrate we have 

 𝑣; =
𝑘@CA/K𝑏𝑡𝑙

(𝑘@CAK + 𝑘@C/K)𝑏𝑙 + (𝑘@2/K + 𝑘@A/K)𝑙 + (𝑘D2/L + 𝑘DA/L)𝐿
 (3.6) 

𝑣= =
𝑘@CA/K𝑏𝑡𝑙

(𝑘@CAK + 𝑘@C/K)𝑏𝑙 + (𝑘@2/K + 𝑘@A/K)𝑙 + (𝑘D2/L + 𝑘DA/L)𝐿 + 𝜃𝑏𝐿
 (3.7) 

with 𝜃 = (𝑘D2/LN + 𝑘DA/LN) 𝑘@4⁄  and  

 𝑣> = 0 (3.8) 

By using Eq. 3.6, 3.7 and 3.8, we calculated the transport rate at high substrate concentrations 
and with a total SBP and translocator concentration of 25 and 0.5 µM, respectively. We see 
that the rates calculated with Eq. 3.6, 3.7 and 3.8 are in good agreement with the numerical 
solution with no approximations made (Figure 3.5A).  

To gain more insight in the amount of inhibition for each non-cognate interaction 
mechanism, we determined the transport rate relative to 𝑣4, 

 
𝑗; =

𝑣;
𝑣4
=

(𝑘@2/K + 𝑘@A/K)𝑙 + (𝑘@CAK + 𝑘@C/K)𝑏𝑙
(𝑘@CAK + 𝑘@C/K)𝑏𝑙 + (𝑘@2/K + 𝑘@A/K)𝑙 + (𝑘D2/L + 𝑘DA/L)𝐿

 (3.9) 

 

𝑗= =
𝑣=
𝑣4
= 	

(𝑘@2/K + 𝑘@A/K)𝑙 + (𝑘@CAK + 𝑘@C/K)𝑏𝑙
(𝑘@CAK + 𝑘@C/K)𝑏𝑙 + (𝑘@2/K + 𝑘@A/K)𝑙 + (𝑘D2/L + 𝑘DA/L)𝐿 + 𝜃𝑏𝐿

 (3.10) 

and 

 𝑗> =
𝑣>
𝑣4
= 0 (3.11) 

From Eq. 3.9, 3.10 and 3.11 we conclude that transport still occurs when the non-cognate 
substrate binds reversibly to the SBP (model A and B). In contrast, irreversible binding 
(model C) completely inhibits transport under these conditions (see also Figure 3.5A). The 
interpretation of this result is simple. When the non-cognate substrate concentration is higher 
than the SBP concentration (𝐿 > 𝑏) and the binding is irreversible, all the SBPs have a non-
cognate substrate bound, so that no SBPs are available for transport. In model A and B, only 
a fraction of the SBPs have a non-cognate substrate bound (when 0 < 𝐿 (𝐿 + 𝑙)⁄ < 1), so 
leaving the others free to participate in transport.  
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Figure 3.5. Transport at high substrate and high SBP concentrations. (A) Steady-state transport 
rate for model A (red), B (blue) and C (yellow) as function of the relative cognate substrate 
concentration 𝑙 (𝑙 + 𝐿)⁄ , where L and l are the total non-cognate and cognate substrates concentrations, 
respectively. The total SBP (𝑏) and total translocator (𝑡) concentrations are 25 and 0.5 µM, respectively. 
The continuous lines denote the rate calculated with Eq. 3.6, 3.7 and 3.8 and the points are the numerical 
solution with no approximations made. The normalised steady-state transport rate as a function of the 
relative non-cognate substrate concentration 𝐿 (𝑙 + 𝐿)⁄  and various SBP concentrations for 
model A (B) and B (D) calculated with Eq. 3.9. and 3.10, respectively. Relative population of the free 
translocator state 𝑋A; 𝑡⁄  (C) and 𝑋A= 𝑡⁄  (E) as function of the relative non-cognate substrate concentration 
and various SBP concentrations. The total substrate concentration (l + L) is 100 mM is panel (B) to (E). 
The rate constants were used as described in Section 3.3.1. 
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Next, we analyse how 𝑗; and 𝑗=  (as given by Eq. 3.9 and 3.10, respectively) depend on 
the total SBP concentration; a variable that might be adjusted by the cell34. In Figure 3.5B, 
𝑗; for different SBP concentrations is shown. We observe that the amount of inhibition 
decreases with increasing SBP concentration (Figure 3.5B). When the translocator becomes 
saturated with SBP (Figure 3.5C), then the follow limit is obtained 

 𝑗; = 1 (3.12) 

This means that transport becomes insensitive to non-cognate substrate. This conclusion is 
valid irrespective of the rate constants and the substrate, SBP and translocator concentration, 
as long as the substrates and SBPs are both present at saturating concentrations.  

By using Eq. 3.10 we calculated 𝑗=  for different SBP concentrations (Figure 3.5D). We 
see that contrary to model A, an intermediate value of 𝑗=  is obtained when the translocators 
are saturated with SBP (Figure 3.5D-E). From Eq. 3.10 it follows that at high SBP 
concentrations, 𝑗=  approaches the limit 

 𝑗= =
𝜂

𝜂 + 𝐿 𝑙⁄  (3.13) 

where 𝜂 = R𝑘@CK@4(𝑘A + 𝑘/)S R𝑘D/LN(𝑘2 + 𝑘A)ST . Eq. 3.13 shows that the inhibition in 
model B depends on the rate constants and the ratio 𝐿 𝑙⁄ . Thus, in the presence of a high SBP 
concentration, the non-cognate substrate inhibits transport in model B, but not in model A.  

In conclusion, the different non-cognate interaction mechanisms have a radically 
different influence on the inhibition of transport, ranging from a complete inhibition in 
model C to a complete preservation of transport in model A.  

 

3.4 Discussion 

ABC importers form a major uptake pathway for nutrients in prokaryotes, and Type I and II 
importers depend on an SBP for function11. Various compounds have been identified that 
SBPs can bind but cannot be transported by the corresponding ABC importer6,19-24. In 
Chapter 2 we showed that many of these non-cognate substrates induce an SBP conformation 
that is different from the conformation that is formed with cognate substrates (Section 2.2.3). 
Thus, transport can fail because the non-cognate substrate-SBP complex cannot dock onto 
the translocator or the docked SBP cannot activate the transporter. Other non-cognate 
substrates lock the SBP in the closed state and transport fails because the SBP cannot transfer 
the substrate to the translocator (Section 2.2.4). Here, we used rate equations to model these 
different non-cognate interaction mechanisms and analysed their effect on the steady-state 
transport rate. 
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We concluded that when the substrate, SBP and translocator concentrations and the 
common set of rate constants are the same, a hierarchy in the amount of inhibition exists 
among the models (Figures 3.3). More specifically, inhibition is most severe when the non-
cognate substrate binds irreversibly to the SBP (model C; Figure 3.1). Inhibition is less 
prominent, when the binding is reversible and the SBP with a non-cognate substrate bound 
can dock onto the translocator (model B; Figure 3.1). When the binding is reversible, but the 
SBP with a non-cognate substrate bound cannot dock (model A; Figure 3.1), then the amount 
of inhibition is always less than the other two mechanisms. The interpretation of this 
conclusion is simple. In model A, only a fraction of the total SBP population is effectively 
taken out by the binding of non-cognate substrate. In model B, the non-cognate substrate-
bound SBP can dock onto the translocator, so a fraction of both the SBP and translocator 
population is effectively taken out by the non-cognate substrate. This explains why transport 
in model B is always slower than in model A. In model C, the non-cognate substrate binds 
irreversibly, so more SBPs have a non-cognate substrate bound than in model B. Therefore, 
the SBPs that can effectively participate in transport is reduced even further in model C when 
compared to model B. 

Analytic results were obtained in the presence of low and high substrate concentrations 
(Section 3.3.2 and 3.3.3, respectively). We observe that transport in model A, B and C is not 
influenced by the non-cognate substrate when both cognate and non-cognate substrates are 
present at low concentrations (Figure 3.4). The interpretation of this result is simple. When 
the non-cognate substrate concentration is well below the SBP and translocator 
concentration, then these protein concentrations can only be changed by an amount that is 
smaller than the non-cognate substrate concentration, which in this limit is ignorable when 
compared to the total protein concentrations. The conclusion holds irrespective of the rate 
constants. Thus, it should even apply when different cognate and/or non-cognate substrates 
are compared. For example, the non-cognate substrates arginine and lysine have in common 
that they do not trigger closing of SBD1 and both inhibit glutamine and asparagine transport 
via GlnPQ (Section 2.2.3). However, the KD of arginine binding by SBD1 is more than one 
order of magnitude lower than that of lysine. This implies that also their association (k7) 
and/or dissociation (k8) rate constants are different, because KD = k8/k7. Since Eq. 3.3 is 
independent of these rate constants, their effect on transport is the same, i.e., transport of 
glutamine and asparagine by GlnPQ is not inhibited at low concentrations of arginine and 
lysine. These predictions can be verified experimentally, by performing uptake assays at 
substrate concentrations that are below the total SBP and total translocator concentration. 

Contrary to the inhibition at low substrate concentrations, the different non-cognate 
interaction mechanisms inhibit transport completely different in the limit that the SBP and 
the non-cognate and cognate substrates are present at saturating concentrations (see Eq. 3.11, 
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3.12 and 3.13). In this limit, transport is completely inhibited in model C, but not in model A 
and B. Interestingly, transport in model A is unaffected by the presence of non-cognate 
substrate, even if this concentration is much higher than the cognate substrate concentration. 
In contrast, transport is inhibited in model B, with an amount that depends on the rate 
constants and the cognate and non-cognate substrate concentration. The interpretation of this 
result is simple. First, when the non-cognate substrate binds irreversibly to the SBP and the 
non-cognate substrate concentration is higher than the SBP concentration, then all SBPs are 
complexed with non-cognate substrate, and no SBPs are available anymore for transport. In 
contrast to model C, in model A and B, the binding is reversible, so an SBP contains either 
a cognate or non-cognate substrate. In model B, the SBPs with a cognate substrate compete 
for docking onto the translocator with the SBPs that have a non-cognate substrate bound, 
thereby causing partial inhibition of transport. In model A, these SBPs do not compete, so 
that transport becomes unaffected by the presence of non-cognate substrate. These 
conclusions hold irrespective of the rate constants and should therefore even apply when 
different cognate and/or non-cognate substrates are compared.  

As a final comment, we note that we cannot exclude that other non-cognate interaction 
mechanisms exist. For instance, the TMDs of certain ABC importers also interact directly 
with their substrates. In MalFGK238 from E. coli and Art(QM)239 from Thermoanaerobacter 
tengcongensi substrate-binding pockets have been identified inside the TMDs. Similar 
binding pockets within the TMDs have not been observed in the high-resolution structures 
of other ABC importers40-42, although cavities through which the substrate passes in the 
transition of the TMD from outward- to inward-facing must be present in all importers. The 
binding pockets have been linked to the regulation of transport43,44, however, we believe that 
further mechanistic details are required to model these interaction mechanisms. 

 

3.5 Methods 

The system of nonlinear equations was numerically solved with the software package 
MATLAB (MathWorks). The solution was iteratively found using the Trust Region method 
together with the Dogleg approach, as implemented in the fsolve function, using default 
settings. Exact solutions were found with Mathematica (WolframAlpha). 
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3.7 Supplementary Information 

3.7.1  Description of mathematical model 

In this section we give the mathematical details of model 0, A, B and C as shown in 
Figure 3.1. We use the following nomenclature: 𝑋B-(𝑡) is the concentration of state XV	of 

model 𝑖 (where 𝑖 ∈ {0, 𝐴, 𝐵, 𝐶}) at time 𝑡, �̇�B-(𝑡) is the derivative of 𝑋B-(𝑡) with respect to 

time, 𝑘" is a second- or first-order rate constant, 𝐿 is the total non-cognate substrate 
concentration, 𝑙 is the total cognate substrate concentration, 𝑏 is the total SBP concentration 
and 𝑡 is the total translocator concentration.  

The reaction scheme of model 0 (Figure 3.1) results in the following dynamical system: 

�̇�@4(𝑡) = 𝑘D𝑋D4(𝑡) + 𝑘/𝑋24(𝑡) − 𝑘@𝑋@4(𝑡)𝑋/4(𝑡)	
�̇�D4(𝑡) = 𝑘@𝑋@4(𝑡)𝑋/4(𝑡) + 𝑘2𝑋C4(𝑡) − R𝑘D + 𝑘C𝑋A	4(𝑡)S𝑋D4(𝑡)	
�̇�C4(𝑡) = 𝑘C𝑋D4(𝑡)𝑋A4(𝑡) − (𝑘2 + 𝑘A)𝑋C4(𝑡)	
�̇�24(𝑡) = 𝑘A𝑋C4(𝑡) − 𝑘/𝑋24(𝑡)	
�̇�A4(𝑡) = 𝑘2𝑋C4(𝑡) + 𝑘/𝑋24(𝑡)	− 𝑘C𝑋D4(𝑡)𝑋A4(𝑡)	
�̇�/4(𝑡) = 𝑘D𝑋D4(𝑡) + 𝑘/𝑋24(𝑡)	− 𝑘@𝑋@4(𝑡)𝑋/4(𝑡) 

(S3.1) 

The system of differential equations given by Eq. S3.1 is subjected to: 

𝑏 = 𝑋@4(𝑡) + 𝑋D4(𝑡) + 𝑋C4(𝑡) + 𝑋24(𝑡)	
𝑡 = 𝑋C4(𝑡) + 𝑋24(𝑡) + 𝑋A4(𝑡)	
𝑙 = 𝑋D4(𝑡) + 𝑋C4(𝑡) + 𝑋24(𝑡) + 𝑋/4(𝑡) 

(S3.2) 

For model A (Figure 3.1) we have: 

�̇�@;(𝑡) = 𝑘D𝑋D;(𝑡) + 𝑘/𝑋2;(𝑡) + 𝑘K𝑋K;(𝑡) − 𝑘@𝑋@;(𝑡)𝑋/;(𝑡) − 𝑘L𝑋@;(𝑡)𝑋L;(𝑡)	
�̇�D;(𝑡) = 𝑘@𝑋@;(𝑡)𝑋/;(𝑡) + 𝑘2𝑋C;(𝑡) − R𝑘D + 𝑘C𝑋A;(𝑡)S𝑋D;(𝑡)	
�̇�C;(𝑡) = 𝑘C𝑋D;(𝑡)𝑋A;(𝑡) − (𝑘2 + 𝑘A)𝑋C;(𝑡)	
�̇�2;(𝑡) = 𝑘A𝑋C;(𝑡) − 𝑘/𝑋2;(𝑡)	
�̇�A;(𝑡) = 𝑘2𝑋C;(𝑡) + 𝑘/𝑋2;(𝑡) − 𝑘C𝑋D;(𝑡)𝑋A;(𝑡)		
�̇�/;(𝑡) = 𝑘D𝑋D;(𝑡) + 𝑘/𝑋2;(𝑡) − 𝑘@𝑋@;(𝑡)𝑋/;(𝑡)		
�̇�L;(𝑡) = 𝑘K𝑋K;(𝑡) − 𝑘L𝑋@;(𝑡)𝑋L;(𝑡)	
�̇�K;(𝑡) = 𝑘L𝑋@;(𝑡)	𝑋L;(𝑡) − 𝑘K𝑋K;(𝑡) 

(S3.3) 

together with the equations, 

𝑏 = 𝑋@;(𝑡) + 𝑋D;(𝑡) + 𝑋C;(𝑡) + 𝑋2;(𝑡) + 𝑋K;(𝑡)	
𝑡 = 𝑋C;(𝑡) + 𝑋2;(𝑡) + 𝑋A;(𝑡)	
𝑙 = 𝑋D;(𝑡) + 𝑋C;(𝑡) + 𝑋2;(𝑡) + 𝑋/;(𝑡)	
𝐿 = 𝑋L;(𝑡) + 𝑋K;(𝑡) 

(S3.4) 
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For model B (Figure 3.1) we have: 

�̇�@=(𝑡) = 𝑘D𝑋D=(𝑡) + 𝑘/𝑋2=(𝑡) + 𝑘K𝑋K=(𝑡) − 𝑘@𝑋@=(𝑡)𝑋/=(𝑡) − 𝑘L𝑋@=(𝑡)𝑋L=(𝑡)	
�̇�D=(𝑡) = 𝑘@𝑋@=(𝑡)𝑋/=(𝑡) + 𝑘2𝑋C=(𝑡) − R𝑘D + 𝑘C𝑋A=(𝑡)S𝑋D=(𝑡)	
�̇�C=(𝑡) = 𝑘C𝑋D=(𝑡)𝑋A=(𝑡) − (𝑘2 + 𝑘A)𝑋C=(𝑡)	
�̇�2=(𝑡) = 𝑘A𝑋C=(𝑡) − 𝑘/𝑋2=(𝑡)	
�̇�A=(𝑡) = 𝑘2𝑋C=(𝑡) + 𝑘/𝑋2=(𝑡) + 𝑘@4𝑋N=(𝑡) − R𝑘C𝑋D=(𝑡) + 𝑘N𝑋K=(𝑡)S𝑋A=(𝑡)	
�̇�/=(𝑡) = 𝑘D𝑋D=(𝑡) + 𝑘/𝑋2=(𝑡)	− 𝑘@𝑋@=(𝑡)𝑋/=(𝑡)	
�̇�L=(𝑡) = 𝑘K𝑋K=(𝑡)	− 𝑘L𝑋@=(𝑡)𝑋L=(𝑡)	
�̇�K=(𝑡) = 𝑘L𝑋@=(𝑡)𝑋L=(𝑡) + 𝑘@4𝑋N=(𝑡)	− R𝑘K + 𝑘N𝑋A=(𝑡)S𝑋K=(𝑡)	
�̇�N=(𝑡) = 𝑘N𝑋A=(𝑡)𝑋K=(𝑡)	− 𝑘@4𝑋N=(𝑡) 

(S3.5) 

with 

𝑏 = 𝑋@=(𝑡) + 𝑋D=(𝑡) + 𝑋C=(𝑡) + 𝑋2=(𝑡) + 𝑋K=(𝑡) + 𝑋N=(𝑡)	
𝑡 = 𝑋C=(𝑡) + 𝑋2=(𝑡) + 𝑋A=(𝑡) + 𝑋N=(𝑡)	
𝑙 = 𝑋D=(𝑡) + 𝑋C=(𝑡) + 𝑋2=(𝑡) + 𝑋/=(𝑡)	
𝐿 = 𝑋L=(𝑡) + 𝑋K=(𝑡) + 𝑋N=(𝑡) 

(S3.6) 

For model C (Figure 3.1) the dynamical system is given by: 

�̇�@>(𝑡) = 𝑘D𝑋D>(𝑡) + 𝑘/𝑋2>(𝑡) − 𝑘@𝑋@>(𝑡)𝑋/>(𝑡) − 𝑘L𝑋@>(𝑡)𝑋L>(𝑡)	
�̇�D>(𝑡) = 𝑘@𝑋@>(𝑡)𝑋/>(𝑡) + 𝑘2𝑋C>(𝑡) − 𝑘D𝑋D>(𝑡) − 𝑘C𝑋A>(𝑡)𝑋D>(𝑡)	
�̇�C>(𝑡) = 𝑘C𝑋D>(𝑡)𝑋A>(𝑡) − (𝑘2 + 𝑘A)𝑋C>(𝑡)	
�̇�2>(𝑡) = 𝑘A𝑋C>(𝑡) − 𝑘/𝑋2>(𝑡)	
�̇�A>(𝑡) = 𝑘2𝑋C>(𝑡) + 𝑘/𝑋2>(𝑡) + 𝑘@4𝑋N>(𝑡) − R𝑘C𝑋D>(𝑡) + 𝑘N𝑋K>(𝑡)S𝑋A>(𝑡)	
�̇�/>(𝑡) = 𝑘D𝑋D>(𝑡) + 𝑘/𝑋2>(𝑡)	− 𝑘@𝑋@>(𝑡)𝑋/>(𝑡)	
�̇�L>(𝑡) = −𝑘L𝑋@>(𝑡)𝑋L>(𝑡)	
�̇�K>(𝑡) = 𝑘L𝑋@>(𝑡)𝑋L>(𝑡) + 𝑘@4𝑋N>(𝑡)	− 𝑘N𝑋A>(𝑡)𝑋K>(𝑡)	
�̇�N>(𝑡) = 𝑘N𝑋A>(𝑡)𝑋K>(𝑡)	− 𝑘@4𝑋N>(𝑡) 

(S3.7) 

with 

𝑏 = 𝑋@>(𝑡) + 𝑋D>(𝑡) + 𝑋C>(𝑡) + 𝑋2>(𝑡) + 𝑋K>(𝑡) + 𝑋N>(𝑡)	
𝑡 = 𝑋C>(𝑡) + 𝑋2>(𝑡) + 𝑋A>(𝑡) + 𝑋N>(𝑡)	
𝑙 = 𝑋D>(𝑡) + 𝑋C>(𝑡) + 𝑋2>(𝑡) + 𝑋/>(𝑡)	
𝐿 = 𝑋L>(𝑡) + 𝑋K>(𝑡) + 𝑋N>(𝑡) 

(S3.8) 

We want to obtain the steady-state solution to the above systems of differential 
equations. The steady-state solution satisfies 𝑋B-(𝑡 + 𝜏) = 𝑋B-(𝑡) for every 𝑡 and 𝜏.	We define 

𝑋B- ≡ 𝑋B-(𝑡 + 𝜏) = 𝑋B-(𝑡) as the steady-state concentration of state 𝑋B  of model 𝑖. To find 𝑋B4, 

we set �̇�B4(𝑡) = 0 for every state 𝑗 in Eq. S3.1 and solve: 

0 = 𝑘@𝑋@4𝑋/4 + 𝑘2𝑋C4 − (𝑘D + 𝑘C𝑋A	4)𝑋D4	
0 = 𝑘C𝑋D4𝑋A4 − (𝑘2 + 𝑘A)𝑋C4	
0 = 𝑘A𝑋C4 − 𝑘/𝑋24 

(S3.9) 

together with Eq. S3.2.  
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The steady-state solution of model A satisfies:  

0 = 𝑘@𝑋@;𝑋/; + 𝑘2𝑋C; − (𝑘D + 𝑘C𝑋A;)𝑋D;	
0 = 𝑘C𝑋D;𝑋A; − (𝑘2 + 𝑘A)𝑋C;	
0 = 𝑘A𝑋C; − 𝑘/𝑋2;	
0 = 𝑘L𝑋@;𝑋L; − 𝑘K𝑋K; 

(S3.10) 

together with Eq. S3.4. For model B we have: 

0 = 𝑘@𝑋@=𝑋/= + 𝑘2𝑋C= − (𝑘D + 𝑘C𝑋A=)𝑋D=	
0 = 𝑘C𝑋D=𝑋A= − (𝑘2 + 𝑘A)𝑋C=	
0 = 𝑘A𝑋C= − 𝑘/𝑋2=	
0 = 𝑘L𝑋@=𝑋L= + 𝑘@4𝑋N= 	− (𝑘K + 𝑘N𝑋A=)𝑋K=	
0 = 𝑘N𝑋A=𝑋K= 	− 𝑘@4𝑋N= 

(S3.11) 

together with Eq. S3.6. Finally, for model C we need to solve:  

0 = 𝑘@𝑋@>𝑋/> + 𝑘2𝑋C> − (𝑘D + 𝑘C𝑋A>)𝑋D>	
0 = 𝑘C𝑋D>𝑋A> − (𝑘2 + 𝑘A)𝑋C>	
0 = 𝑘A𝑋C> − 𝑘/𝑋2>	
0 = 𝑘L𝑋@>𝑋L> + 𝑘@4𝑋N> 	− 𝑘N𝑋A>𝑋K>	
0 = 𝑘N𝑋A>𝑋K> 	− 𝑘@4𝑋N> 

(S3.12) 

together with Eq. S3.8.  
The steady-state transport rate of model 𝑖 is  

𝑣- = 	𝑘/𝑋2-  (S3.13) 
Formally, we have 𝑣4(𝑙, 𝑏, 𝑡, 𝑘@,… , 𝑘/), 𝑣;(𝐿, 𝑙, 𝑏, 𝑡, 𝑘@,… , 𝑘K), 𝑣=(𝐿, 𝑙, 𝑏, 𝑡, 𝑘@,… , 𝑘@4) and 
𝑣>(𝐿, 𝑙, 𝑏, 𝑡, 𝑘@,… , 𝑘L, 𝑘N, 𝑘@4), but for notational convenience we omit this explicit notation 
throughout this chapter.  
 
3.7.2 Random parameter simulation 

Let 𝑌- (𝑖 = 1, … ,17) denote an independent and identically distributed random variable 
having a standard uniform distribution and let 𝑦- be a sample drawn from 𝑌-. During each 
round of random sampling from 𝑌- for 𝑖 = 1,… ,17, the model parameters were calculated as 
follows. For the rate constants 𝑘` = 10aCb/Ic, where 𝑤 = 1,… ,13	and for the substrate and 
protein concentrations we have 𝑙 = 10aCb/Ifg, 𝐿 = 10aCb/Ifh, 𝑏 = 10aCb/Ifi and 
𝑡 = 10aCb/Ifj. This transformation ensures that the model parameters are drawn from a 
broad distribution, that ranges from 10-3 to 103. In addition, it is easy to show that the 
cumulative distribution of 𝑍 = 10albDlm, where 𝑎 is a positive constant and 𝑋 has a standard 
uniform distribution, is 𝐹(𝑧) = 1 2⁄ ∙ (1 + 𝑎a@ log 𝑧) with 10al < 𝑧 < 10l. Therefore the 
probability to draw a model parameter value between 10u and 10ub∆ (−𝑎 < 𝛾 < 𝑎 and 
−𝑎 < 𝛾 + ∆< 𝑎) is 𝐹(𝛾 + ∆) − 𝐹(𝛾) = ∆ 2𝑎⁄  and is thus independent of 𝛾. This ensures, 
for example, that a substrate concentration between 10 and 100 nM have an equal probability 
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to be sampled as concentrations between 10 to 100 µM. Finally, with the random model 
parameters, we numerically solved the system of equations as described in Section 3.7.1. In 
total 8·104 random model parameter combinations were drawn for each model.  
 
3.7.3 The limit of low substrate concentration 

When the cognate and non-cognate substrate concentration are (much) lower than the total 
SBP and total translocator concentration, we can make the approximation that:  

𝑏 = 𝑋@-	
𝑡 = 𝑋A-  

(S3.14) 

We can use Eq. S3.14 to replace this for 𝑏 and 𝑡 in Eq. S3.2, S3.4, S3.6 and S3.8. The steady-
state solution of model 0 is found from solving Eq. S3.9 together with the conservation laws: 

𝑏 = 𝑋@4	
𝑡 = 𝑋A4	
𝑙 = 𝑋D4 + 𝑋C4 + 𝑋24 + 𝑋/4 

(S3.15) 

For model A the solution satisfies Eq. S3.10 together with 

𝑏 = 𝑋@;	
𝑡 = 𝑋A;	
𝑙 = 𝑋D; + 𝑋C; + 𝑋2; + 𝑋/;	
𝐿 = 𝑋L; + 𝑋K; 

(S3.16) 

For model B the solution satisfies Eq. S3.11 and 

𝑏 = 𝑋@=	
𝑡 = 𝑋A=	
𝑙 = 𝑋D= + 𝑋C= + 𝑋2= + 𝑋/=	
𝐿 = 𝑋L= + 𝑋K= + 𝑋N= 

(S3.17) 

For model C we solve Eq. S3.12 with  

𝑏 = 𝑋@>	
𝑡 = 𝑋A>	
𝑙 = 𝑋D> + 𝑋C> + 𝑋2> + 𝑋/>	
𝐿 = 𝑋L> + 𝑋K> + 𝑋N> 

(S3.18) 

By solving these systems of equations we obtain the steady-state transport rate of model 𝑖: 

𝑣- =
𝑘@CA/𝑏𝑡𝑙

𝑘D2/ + 𝑘DA/ + (𝑘@2/ + 𝑘@A/)𝑏 + (𝑘@CA + 𝑘@C/)𝑏𝑡 + 𝑘CA/𝑡
 (S3.19) 

where 𝑘"IJ = 𝑘"𝑘I𝑘J and 𝑘"IJ` = 𝑘"𝑘I𝑘J𝑘`. 
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3.7.4 The limit of high substrate and high SBP concentrations 

Here, we provide the details when both (i) the cognate and non-cognate substrate are 
available under saturating concentrations and (ii) the SBP concentration is substantially 
higher than the translocator concentration. Formally, in this limit we have 𝑙 ≫ 𝑏, 𝐿 ≫ 𝑏 and 
𝑏 ≫ 𝑡. First, in this limit we can make the approximation that 𝑙 = 𝑋/-  and 𝑏 = 𝑋D-  for model 0 
and	𝑙 = 𝑋/- , 𝐿 = 𝑋L-  and 𝑏 = 𝑋D- 	+ 𝑋K-  for model A, B and C. Secondly, in this limit we can 
make the approximation that 𝑘@𝑋@-𝑋/- ≫ 𝑘2𝑋C-  and 𝑘D ≫ 𝑘C𝑋A- . We note that the term 𝑋@-𝑋/-  
is roughly proportional to 𝑏, whearas 𝑋C-  is roughly proportional to 𝑡. Since 𝑏 ≫ 𝑡, if follows 
that 𝑘@𝑋@-𝑋/- ≫ 𝑘2𝑋C- . Moreover, in this limit we have 𝑋A- → 0, justifying the approximation 
𝑘D ≫ 𝑘C𝑋A- . Note that the solution with the approximation agrees well with the solution with 
no approximations made when condition (i) and (ii) are satisfied (see Figure 3.5A). 

For model 0 and with the above approximations made, the system of equation of Eq. S3.2 
and S3.9 reduces to: 

0 = 𝑘@𝑋@4𝑋/4 − 𝑘D𝑋D4	
0 = 𝑘C𝑋D4𝑋A4 − (𝑘2 + 𝑘A)𝑋C4	
0 = 𝑘A𝑋C4 − 𝑘/𝑋24	
𝑏 = 𝑋D4	
𝑡 = 𝑋C4 + 𝑋24	
𝑙 = 𝑋/4 

(S3.20) 

For model A, from Eq. S3.4 and S3.10 together with the above approximations we obtain the 
following system:  

0 = 𝑘@𝑋@;𝑋/; − 𝑘D𝑋D;	
0 = 𝑘C𝑋D;𝑋A; − (𝑘2 + 𝑘A)𝑋C;	
0 = 𝑘A𝑋C; − 𝑘/𝑋2;	
0 = 𝑘L𝑋@;𝑋L; 	− 𝑘K𝑋K;	
𝑏 = 𝑋D; + 𝑋K;	
𝑡 = 𝑋C; + 𝑋2;	
𝑙 = 𝑋/;	
𝐿 = 𝑋L; 

(S3.21) 

Similarly, for model B, Eq. S3.6 and S3.11 become:  

0 = 𝑘@𝑋@=𝑋/= − 𝑘D𝑋D=	
0 = 𝑘C𝑋D=𝑋A= − (𝑘2 + 𝑘A)𝑋C=	
0 = 𝑘A𝑋C= − 𝑘/𝑋2=	
0 = 𝑘L𝑋@=𝑋L= + 𝑘@4𝑋N= 	− (𝑘K + 𝑘N𝑋A=)𝑋K=	
0 = 𝑘N𝑋A=𝑋K= 	− 𝑘@4𝑋N=	
𝑏 = 𝑋D= + 𝑋K=	
𝑡 = 𝑋C= + 𝑋2= + 𝑋N=	
𝑙 = 𝑋/=	
𝐿 = 𝑋L= 

(S3.22) 
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For model C, Eq. S3.8 and S3.12 become: 

0 = 𝑘@𝑋@>𝑋/> − 𝑘D𝑋D>	
0 = 𝑘C𝑋D>𝑋A> − (𝑘2 + 𝑘A)𝑋C>	
0 = 𝑘A𝑋C> − 𝑘/𝑋2>	
0 = 𝑘L𝑋@>𝑋L> + 𝑘@4𝑋N> 	− 𝑘N𝑋A>𝑋K>	
0 = 𝑘N𝑋A>𝑋K> 	− 𝑘@4𝑋N>	
𝑏 = 𝑋D> + 𝑋K>	
𝑡 = 𝑋C> + 𝑋2> + 𝑋N>	
𝑙 = 𝑋/>	
𝐿 = 𝑋L>  

(S3.23) 

The solution of Eq. S3.20, S3.21, S3.22 and S3.23 is used with Eq. S3.13 to obtain the steady-
state transport rate of model 0, A, B and C and is given by Eq. 3.5, 3.6, 3.7 and 3.8, 
respectively. 
 
3.7.5  Alternative model topologies 

We considered three extensions to model 0, A, B and C, which are shown in Figure S3.1A-D, 
Figure S3.2A-D and Figure S3.3A-D, respectively. The models of Figure S3.1A-D are 
termed model D, E, F and G and the system of equations for 𝑋B- are given in Table S3.1. The 

models in Figure S3.2A-D are termed model H, I, J and K, and the system of equations for 
𝑋B- are given in Table S3.2. The models in Figure S3.3A-D are termed model M, N, O and P, 

and the system of equations for 𝑋B- are given in Table S3.3.  
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Figure S3.1. Alternative model topologies of model D, E, F and G. (A-D) Reaction schemes of 
model D, E, F and G. Rate constants ki are denoted above the arrows and the states Xi are depicted as 
cartoon representations. The cognate and non-cognate substrates are shown in green and red, 
respectively. The SBP is depicted in light grey and the translocator in dark grey. (E) The normalized 
transport rate 𝑗- was calculated for model E, F and G with random model parameters. A total of 8·104 

random model parameters combinations were simulated. The resulting histograms for the (𝑗z,	𝑗{), 
(𝑗{,	𝑗|) and (𝑗z,	𝑗|) pairs are presented in the figure, with the grey-scale indicating the frequency of 
occurrence. See Section 3.7.2 for further details about the sampling procedure.  
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Figure S3.2. Alternative model topologies of model H, I, J and K. (A-D) Reaction schemes of model 
H, I, J and K. Rate constants ki are denoted above the arrows and the states Xi are depicted as cartoon 
representations. The cognate and non-cognate substrates are shown in green and red, respectively. The 
SBP is depicted in light grey and the translocator in dark grey. (E) The normalized transport rate 𝑗- was 
calculated for model I, J and K with random model parameters. A total of 8·104 random model 
parameters combinations were simulated. The resulting histograms for the (𝑗},	𝑗~), (𝑗~,	𝑗�) and (𝑗},	𝑗�) 
pairs are presented in the figure, with the grey-scale indicating the frequency of occurrence. See 
Section 3.7.2 for further details about the sampling procedure.  
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Figure S3.3. Alternative model topologies of model M, N, O and P. (A-D) Reaction schemes of 
model M, N, O and P. Rate constants ki are denoted above the arrows and the states Xi are depicted as 
cartoon representations. The cognate and non-cognate substrates are shown in green and red, 
respectively. The SBP is depicted in light grey and the translocator in dark grey. (E) The normalized 
transport rate 𝑗- was calculated for model N, O and P with random model parameters. A total of 8·104 

random model parameters combinations were simulated. The resulting histograms for the (𝑗�,	𝑗�), 
(𝑗�,	𝑗�) and (𝑗�,	𝑗�) pairs are presented in the figure, with the grey-scale indicating the frequency of 
occurrence. See Section 3.7.2 for further details about the sampling procedure.  
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Table S3.1. System of equations for model D, E, F and G. 

Model D 0 = 𝑘@𝑋@H𝑋/H + 𝑘2𝑋CH − (𝑘D + 𝑘C𝑋A	H)𝑋DH	
0 = 𝑘C𝑋DH𝑋AH − (𝑘2 + 𝑘A)𝑋CH	
0 = 𝑘A𝑋CH − 𝑘/𝑋2H	
0 = 𝑘/𝑋2H − 𝑘@@𝑋@4H 	
𝑏 = 𝑋@H + 𝑋DH + 𝑋CH + 𝑋2H + 𝑋@4H 	
𝑡 = 𝑋CH + 𝑋2H + 𝑋AH + 𝑋@4H 	
𝑙 = 𝑋DH + 𝑋CH + 𝑋2H + 𝑋/H + 𝑋@4H  

Model E 0 = 𝑘@𝑋@z𝑋/z + 𝑘2𝑋Cz − (𝑘D + 𝑘C𝑋Az)𝑋Dz	
0 = 𝑘C𝑋Dz𝑋Az − (𝑘2 + 𝑘A)𝑋Cz	
0 = 𝑘A𝑋Cz − 𝑘/𝑋2z	
0 = 𝑘L𝑋@z	𝑋Lz − 𝑘K𝑋Kz	
0 = 𝑘/𝑋2z − 𝑘@@𝑋@4z 	
𝑏 = 𝑋@z + 𝑋Dz + 𝑋Cz + 𝑋2z + 𝑋Kz + 𝑋@4z 	
𝑡 = 𝑋Cz + 𝑋2z + 𝑋Az + 𝑋@4z 	
𝑙 = 𝑋Dz + 𝑋Cz + 𝑋2z + 𝑋/z + 𝑋@4z 	
𝐿 = 𝑋Lz + 𝑋Kz	
𝑗z = 𝑋@4z 𝑋@4H⁄  

Model F 0 = 𝑘@𝑋@{𝑋/{ + 𝑘2𝑋C{ − (𝑘D + 𝑘C𝑋A{)𝑋D{	
0 = 𝑘C𝑋D{𝑋A{ − (𝑘2 + 𝑘A)𝑋C{	
0 = 𝑘A𝑋C{ − 𝑘/𝑋2{	
0 = 𝑘L𝑋@{𝑋L{ + 𝑘@4𝑋N{ 	− (𝑘K + 𝑘N𝑋A{)𝑋K{	
0 = 𝑘N𝑋A{𝑋K{ 	− 𝑘@4𝑋N{	
0 = 𝑘/𝑋2{ − 𝑘@@𝑋@4{ 	
𝑏 = 𝑋@{ + 𝑋D{ + 𝑋C{ + 𝑋2{ + 𝑋K{ + 𝑋N{ + 𝑋@4{ 	
𝑡 = 𝑋C{ + 𝑋2{ + 𝑋A{ + 𝑋N{ + 𝑋@4{ 	
𝑙 = 𝑋D{ + 𝑋C{ + 𝑋2{ + 𝑋/{ + 𝑋@4{ 	
𝐿 = 𝑋L{ + 𝑋K{ + 𝑋N{	
𝑗{ = 𝑋@4{ 𝑋@4H⁄  

Model G 0 = 𝑘@𝑋@|𝑋/| + 𝑘2𝑋C| − R𝑘D + 𝑘C𝑋A|S𝑋D|	
0 = 𝑘C𝑋D|𝑋A| − (𝑘2 + 𝑘A)𝑋C|	
0 = 𝑘A𝑋C| − 𝑘/𝑋2|	
0 = 𝑘L𝑋@|𝑋L| + 𝑘@4𝑋N| 	− 𝑘N𝑋A|𝑋K|	
0 = 𝑘N𝑋A|𝑋K| 	− 𝑘@4𝑋N|	
0 = 𝑘/𝑋2| − 𝑘@@𝑋@4| 	
𝑏 = 𝑋@| + 𝑋D| + 𝑋C| + 𝑋2| + 𝑋K| + 𝑋N| + 𝑋@4| 	
𝑡 = 𝑋C| + 𝑋2| + 𝑋A| + 𝑋N| + 𝑋@4| 	
𝑙 = 𝑋D| + 𝑋C| + 𝑋2| + 𝑋/| + 𝑋@4| 	
𝐿 = 𝑋L| + 𝑋K| + 𝑋N|	
𝑗| = 𝑋@4| 𝑋@4H⁄  
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Table S3.2. System of equations for model H, I, K and K. 

Model H 0 = 𝑘@𝑋@�𝑋/� + 𝑘2𝑋C� − (𝑘D + 𝑘C𝑋A	�)𝑋D�	
0 = 𝑘C𝑋D�𝑋A� − (𝑘2 + 𝑘A)𝑋C�	
0 = 𝑘A𝑋C� − 𝑘/𝑋2�	
0 = 𝑘/𝑋2� − 𝑘@D𝑋@@� 	
𝑏 = 𝑋@� + 𝑋D� + 𝑋C� + 𝑋2� + 𝑋@@� 	
𝑡 = 𝑋C� + 𝑋2� + 𝑋A� + 𝑋@@� 	
𝑙 = 𝑋D� + 𝑋C� + 𝑋2� + 𝑋/� 

Model I 0 = 𝑘@𝑋@}𝑋/} + 𝑘2𝑋C} − (𝑘D + 𝑘C𝑋A})𝑋D}	
0 = 𝑘C𝑋D}𝑋A} − (𝑘2 + 𝑘A)𝑋C}	
0 = 𝑘A𝑋C} − 𝑘/𝑋2}	
0 = 𝑘L𝑋@}	𝑋L} − 𝑘K𝑋K}	
0 = 𝑘/𝑋2} − 𝑘@D𝑋@@} 	
𝑏 = 𝑋@} + 𝑋D} + 𝑋C} + 𝑋2} + 𝑋K} + 𝑋@@} 	
𝑡 = 𝑋C} + 𝑋2} + 𝑋A} + 𝑋@@} 	
𝑙 = 𝑋D} + 𝑋C} + 𝑋2} + 𝑋/}	
𝐿 = 𝑋L} + 𝑋K}	
𝑗} = 𝑋2} 𝑋2�⁄  

Model J 0 = 𝑘@𝑋@
~𝑋/

~ + 𝑘2𝑋C
~ − R𝑘D + 𝑘C𝑋A

~S𝑋D
~	

0 = 𝑘C𝑋D
~𝑋A

~ − (𝑘2 + 𝑘A)𝑋C
~	

0 = 𝑘A𝑋C
~ − 𝑘/𝑋2

~	
0 = 𝑘L𝑋@

~𝑋L
~ + 𝑘@4𝑋N

~ 	− R𝑘K + 𝑘N𝑋A
~S𝑋K

~	
0 = 𝑘N𝑋A

~𝑋K
~ 	− 𝑘@4𝑋N

~	
0 = 𝑘/𝑋2

~ − 𝑘@D𝑋@@
~ 	

𝑏 = 𝑋@
~ + 𝑋D

~ + 𝑋C
~ + 𝑋2

~ + 𝑋K
~ + 𝑋N

~ + 𝑋@@
~ 	

𝑡 = 𝑋C
~ + 𝑋2

~ + 𝑋A
~ + 𝑋N

~ + 𝑋@@
~ 	

𝑙 = 𝑋D
~ + 𝑋C

~ + 𝑋2
~ + 𝑋/

~	
𝐿 = 𝑋L

~ + 𝑋K
~ + 𝑋N

~	
𝑗~ = 𝑋2

~ 𝑋2�T  

Model K 0 = 𝑘@𝑋@�𝑋/� + 𝑘2𝑋C� − (𝑘D + 𝑘C𝑋A�)𝑋D�	
0 = 𝑘C𝑋D�𝑋A� − (𝑘2 + 𝑘A)𝑋C�	
0 = 𝑘A𝑋C� − 𝑘/𝑋2�	
0 = 𝑘L𝑋@�𝑋L� + 𝑘@4𝑋N� 	− 𝑘N𝑋A�𝑋K�	
0 = 𝑘N𝑋A�𝑋K� 	− 𝑘@4𝑋N�	
0 = 𝑘/𝑋2� − 𝑘@D𝑋@@� 	
𝑏 = 𝑋@� + 𝑋D� + 𝑋C� + 𝑋2� + 𝑋K� + 𝑋N� + 𝑋@@� 	
𝑡 = 𝑋C� + 𝑋2� + 𝑋A� + 𝑋N� + 𝑋@@� 	
𝑙 = 𝑋D� + 𝑋C� + 𝑋2� + 𝑋/�	
𝐿 = 𝑋L� + 𝑋K� + 𝑋N�	
𝑗� = 𝑋2� 𝑋2�⁄  
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Table S3.3. System of equations for model M, N, O and P. 

Model M 0 = 𝑘@𝑋@�𝑋/� + 𝑘2𝑋C� − (𝑘D + 𝑘C𝑋A	�)𝑋D�	
0 = 𝑘C𝑋D�𝑋A� − (𝑘2 + 𝑘A)𝑋C�	
0 = 𝑘A𝑋C� − 𝑘/𝑋2�	
0 = 𝑘/𝑋2� − 𝑘@C𝑋@D�	
𝑏 = 𝑋@� + 𝑋D� + 𝑋C� + 𝑋2�	
𝑡 = 𝑋C� + 𝑋2� + 𝑋A� + 𝑋@D�	
𝑙 = 𝑋D� + 𝑋C� + 𝑋2� + 𝑋/� + 𝑋@D�  

Model N 0 = 𝑘@𝑋@�𝑋/� + 𝑘2𝑋C� − (𝑘D + 𝑘C𝑋A�)𝑋D�	
0 = 𝑘C𝑋D�𝑋A� − (𝑘2 + 𝑘A)𝑋C�	
0 = 𝑘A𝑋C� − 𝑘/𝑋2�	
0 = 𝑘L𝑋@�𝑋L� − 𝑘K𝑋K�	
0 = 𝑘/𝑋2� − 𝑘@C𝑋@D� 	
𝑏 = 𝑋@� + 𝑋D� + 𝑋C� + 𝑋2� + 𝑋K�	
𝑡 = 𝑋C� + 𝑋2� + 𝑋A� + 𝑋@D� 	
𝑙 = 𝑋D� + 𝑋C� + 𝑋2� + 𝑋/� + 𝑋@D� 	
𝐿 = 𝑋L� + 𝑋K� 
𝑗� = 𝑋@D� 𝑋@D�⁄  

Model O 0 = 𝑘@𝑋@�𝑋/� + 𝑘2𝑋C� − R𝑘D + 𝑘C𝑋A�S𝑋D�	
0 = 𝑘C𝑋D�𝑋A� − (𝑘2 + 𝑘A)𝑋C�	
0 = 𝑘A𝑋C� − 𝑘/𝑋2�	
0 = 𝑘L𝑋@�𝑋L� + 𝑘@4𝑋N� 	− R𝑘K + 𝑘N𝑋A�S𝑋K�	
0 = 𝑘N𝑋A�𝑋K� 	− 𝑘@4𝑋N�	
0 = 𝑘/𝑋2� − 𝑘@C𝑋@D� 	
𝑏 = 𝑋@� + 𝑋D� + 𝑋C� + 𝑋2� + 𝑋K� + 𝑋N�	
𝑡 = 𝑋C� + 𝑋2� + 𝑋A� + 𝑋N� + 𝑋@D� 	
𝑙 = 𝑋D� + 𝑋C� + 𝑋2� + 𝑋/� + 𝑋@D� 	
𝐿 = 𝑋L� + 𝑋K� + 𝑋N�	
𝑗� = 𝑋@D� 𝑋@D�⁄  

Model P 0 = 𝑘@𝑋@�𝑋/� + 𝑘2𝑋C� − (𝑘D + 𝑘C𝑋A�)𝑋D�	
0 = 𝑘C𝑋D�𝑋A� − (𝑘2 + 𝑘A)𝑋C�	
0 = 𝑘A𝑋C� − 𝑘/𝑋2�	
0 = 𝑘L𝑋@�𝑋L� + 𝑘@4𝑋N� 	− 𝑘N𝑋A�𝑋K�	
0 = 𝑘N𝑋A�𝑋K� 	− 𝑘@4𝑋N�	
0 = 𝑘/𝑋2� − 𝑘@C𝑋@D� 	
𝑏 = 𝑋@� + 𝑋D� + 𝑋C� + 𝑋2� + 𝑋K� + 𝑋N�	
𝑡 = 𝑋C� + 𝑋2� + 𝑋A� + 𝑋N� + 𝑋@D� 	
𝑙 = 𝑋D� + 𝑋C� + 𝑋2� + 𝑋/� + 𝑋@D� 	
𝐿 = 𝑋L� + 𝑋K� + 𝑋N�	
𝑗� = 𝑋@D� 𝑋@D�⁄  
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Substrate-binding proteins (SBPs) form a large class of structurally related proteins that are 
best-known for their association with ATP-binding cassette (ABC) importers. Here, we 
studied two SBPs that are not part of ABC importers: SiaP and the regulatory domain of 
CynR. SiaP is part of a tripartite ATP-independent periplasmic (TRAP) transporter and CynR 
belongs to the LysR-type transcriptional regulator (LTTR) family. By using single-molecule 
FRET, we show that SiaP switches from an open to a closed conformation. By surface 
immbilizing SiaP we could directly observe the opening and closing transitions that are 
driven by the binding and unbinding of ligand. In contrast to SiaP, ligand binding induces no 
or only localized conformational changes in CynR. The different responses to ligand binding 
in SiaP and CynR are in line with the proposed mechanistic diversity of these SBP classes.

4
Conformational states of the substrate-binding proteins 

SiaP and CynR probed by single-molecule FRET
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4.1 Introduction 

Substrate-binding proteins (SBPs) form a large class of proteins that are part of ATP-
binding cassette (ABC) importers1. ABC importers constitute the primary uptake pathway 
of prokaryotes2. SBPs are required to capture the substrate and deliver it to the membrane 
subunit for import into the cytoplasm. However, SBPs are not only associated with ABC 
importers, but are also part of other membrane protein complexes. For instance, tripartite 
ATP-independent periplasmic (TRAP) transporters, tripartite tricarboxylate transporters 
(TTT) and G-protein coupled receptors (GPCRs) employ SBPs3, 4. SBPs are not only 
associated with membrane protein complexes, but also function in bacterial transcription 
regulation5.  

Despite their functional diversity and low sequence similarity, SBPs share a common 
structural fold1, 6. They consist of two structurally conserved rigid subdomains connected 
by a hinge region, with the ligand-binding site located at the interface of the two 
subdomains (Figure 1.5). Numerous biophysical7, 8 and high-resolution structural studies9 
on SBPs of ABC importers showed that ligand binding causes the two subdomains to come 
closer together, switching the protein from an open to a closed conformation. However, in 
Chapter 2 we showed that the coupling between ligand binding and conformation changes 
is more complex in some SBPs of ABC importers. It was shown that the closed 
conformation is also formed in the absence of ligand (Section 2.2.2) and that the binding of 
certain functionally inactive ligands (i.e. non-cognate ligands) leaves the SBP structure 
largely unaltered (Section 2.2.3). Furthermore, different ligands induce different 
conformations in the same SBP, so a unique closed conformation does not exist for all 
SBPs (Section 2.2.1). How ligand binding is coupled to SBP conformational changes is not 
as well understood in SBPs not associated with ABC importers.  

In this work, we studied the SBP SiaP, which is part of the TRAP importer SiaPQM of 
Vibrio cholera, and the SBP CynR of Escherichia coli, which belongs to the family of 
LysR-type transcriptional regulators (LTTRs). SiaPQM is a TRAP transporter that is 
involved in the uptake of N-acetylneuraminic acid (Neu5Ac)10. SiaPQM consists of a 
freely-diffusing SiaP protein that binds the ligand Neu5Ac and two transmembrane 
domains (SiaQ and SiaM) that form the translocator unit10, 11. Contrary to ABC importers 
that use the energy released from ATP hydrolysis to power transport, in TRAP transporters, 
the energy is provided by ion-electrochemical gradient3. In case of SiaPQM, a Na2+ 
gradient is used to translocate Neu5Ac across the inner membrane11.  

CynR belongs to the LTTR family, which forms a large class of bacterial transcription 
regulators5. The E. coli transcription regulator CynR regulates the cyn operon (encoding the 
genes cynT, cynS and cynR) by sensing the presence of cyanate and azide12. CynR and 
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other LTTRs consist of a N-terminal DNA-binding domain, which contains the winged 
Helix-Turn-Helix (wHTH) structural motif, and a C-terminal regulatory domain (RD), 
which has the characteristic SBP-fold (Figure 4.1A)5. Full-length LTTRs form a 
homotetramer and ligand induced structural changes of this complex have been proposed to 
provide the signal for transcription regulation in the LTTR family13-15.  

Here, we used single-molecule detection in combination with Förster resonance energy 
transfer (FRET)16 to analyse the conformations of SiaP and the RD of CynR in solution and 
at room temperature. We labelled each of the two SBP subdomains with either a donor or 
an acceptor fluorophore and probed the distance between them by measuring the FRET 
efficiency. We show that ligand binding switches SiaP from an open to a closed 
conformation, while no such conformational changes could be detected in CynR. 

 

4.2 Results  

4.2.1 The conformational states of CynR  

We used single-molecule FRET (smFRET) to analyse the CynR conformation in the 
absence and presence of the ligand azide. We deleted the N-terminal DNA-binding domain 
(residue 1-59) and studied only its RD (residue 59-299), hereinafter denoted as CynRRD 

(Figure 4.1B). Each of the two subdomains of CynRRD was stochastically labelled with 
either a donor (Alexa555) or an acceptor fluorophore (Alexa647). Surface-exposed and 
non-conserved residues, were chosen as cysteine positions for fluorophore labelling 
(C137/R233C; Figure 4.1B). In our assay, the interprobe distance reports on the relative 
orientation and distance between the subdomains and is thus indicative for the degree of 
closing.  

Figure 4.1. Crystal structures of SBPs from the LTTR family and TRAP transporters. (A) 
Crystal structure of full-length CysB monomer (PDB ID: 1IXC). The regulatory domain (RD) is 
shown in green, the DNA-binding domain with the winged Helix Turn Helix (wHTH) motif is shown 
in pink and the linker helix that connect these domains is shown in orange. (B) Crystal structure of 
the RD of CynR from Escherichia coli without ligand bound (PDB ID: 2HXR). (C) Crystal structure 
of apo SiaP from Vibrio cholerae (PDB ID: 4MAG). In (B) and (C) the two subdomains are coloured 
dark and light grey and the hinge region is shown in blue. 
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C137
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First, we used confocal microscopy with alternating laser excitation (ALEX)17 to 
explore the conformational states of individual and freely-diffusing CynRRD proteins 
(Figure 4.2A). During its diffusional transit through the excitation volume of the confocal 
microscope, the labelled protein generates a short fluorescent burst, allowing the 
determination of the apparent FRET efficiency and confirm the presence of the acceptor 
fluorophore via direct acceptor excitation (Figure 4.2B). The apparent FRET efficiency of 
many individual proteins were acquired in the absence and presence of 5 mM sodium azide 
(NaN3) (Figure 4.2C). The dissociation constant (KD) of NaN3 binding by the unlabelled 
protein is ~1 µM (personal communication, Economou Laboratory, KU Leuven), so 5 mM 
NaN3 should be sufficient to saturate the protein with ligand. Interestingly, the apparent 
FRET efficiency histograms with and without 5 mM NaN3 are similar. No shift in the 
distribution mean can detected; the fitted Gaussian distributions are centred around an 
apparent FRET efficiency of 0.703 ± 0.003 and 0.707 ± 0.005 (95% confidence interval) in 
the absence and presence of NaN3, respectively. In conclusion, the interprobe distance 
remains unaffected by NaN3, suggesting that ligand binding induces no or only localized 
conformational changes in the RD of CynR. 
 
4.2.2 The conformational states of SiaP 

We used the same experimental strategy to study the SiaP conformation as was done for 
CynR. For SiaP, surface-exposed and non-conserved residues were chosen as cysteine 
positions for stochastic labelling with the Alexa555 and Alexa647 fluorophores 
(Q54C/L173C; Figure 4.1C).  

The apparent FRET efficiencies of many individual SiaP proteins were acquired in the 
presence and absence of 1 mM Neu5Ac (Figure 4.2D). This saturating concentration of 
Neu5Ac11, 18 shifts the apparent FRET efficiency histograms and the fitted Gaussian 
distributions to higher values compared to the ligand-free protein (Figure 4.2D; top and 
bottom panel). This indicates a reduced distance between the two subdomains and thus 
closing of SiaP upon Neu5Ac binding. This observation is in agreement with the recent 
pulsed electron-electron double resonance (PELDOR)19 measurements on SiaP from Vibrio 
cholerae. By using the formalism outlined in Chapter 5 we estimate that the average 
interprobe distance is reduced 21 ± 3% when the ligand binds. 

We note that the solution-based FRET distributions in the absence (Figure 4.2D; top 
panel) and presence (Figure 4.2D; bottom panel) of saturating concentrations of ligand are 
unimodal, thus do not reveal any substantial conformational heterogeneity, such as a closed 
state in the absence of Neu5Ac or an open state when Neu5Ac is bound.  
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We next determined the apparent FRET efficiency of individual SiaP proteins in the 
presence of 500 nM Neu5Ac (Figure 4.2D; middle panel). This concentration is close to the 
KD value as determined by isothermal titration calorimetry (ITC)18 and intrinsic tryptophan 
fluorescence11. At this concentration SiaP is in an equilibrium between the low FRET 
(open) and high FRET (closed) state (Figure 4.2D). By fitting the histogram with a 
weighted sum of the Gaussian distributions of the open and closed states, we find that 70% 
of the proteins are in the closed state and 30% in the open state. With these percentages we 
can obtain an approximate estimate for the KD. By using the Hill-Langmuir equation 
𝑃 = 𝐿 (𝐿 + 𝐾')⁄ , where 𝑃 is the relative population of the ligand-bound state and 𝐿 the 
ligand concentration, we obtain an approximate KD value of 200 nM. This value is in good 
agreement with ITC (300 nM)18 and intrinsic tryptophan fluorescence (100 nM)11. 
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Figure 4.2. Conformational states of SiaP and CynR probed by smFRET. (A) Cartoon view of 
labelled proteins diffusing trough the excitation volume of the confocal microscope. (B) Fluorescence 
bursts of individual SiaP(Q54C/L173C) proteins that are labelled with Alexa555 and Alexa647. NXY 
denotes the measured photon count rate (per ms) during the X (Donor/Acceptor) excitation period 
and photons arriving in the Y (Donor/Acceptor) detection channel. Apparent FRET efficiency 
histogram of the RD of CynR(C137/R233C) (C) and SiaP(Q54C/L173C) (D) labelled with Alexa555 
and Alexa647 under different conditions as indicated. The bars are the data and the solid line a 
Gaussian distribution fit.  
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The observations that (i) the apparent FRET distributions of SiaP are unimodal and 
centered around different values in the presence and absence of ligand and (ii) the close 
correspondence between KD obtained by smFRET and methods that directly probe ligand 
binding11, 18, suggest that a strong coupling between ligand binding and protein 
conformational changes exists in SiaP.  

 
4.2.3 Ligand-free conformational dynamics of SiaP 

From the solution-based smFRET measurements only limited insight into the structural 
dynamics can be obtained. For each labelled protein that transits through the excitation 
volume, the information is limited by both the short observation time (~1 ms) and the small 
number of detected photons per individual molecule (~200 photons). Hence, to obtain 
insight in the conformational dynamics of SiaP, we carried out smFRET experiments on 
surface-tethered proteins. In addition, compared to the solution-based smFRET 
experiments, measuring individual surface-tethered SBPs also increases the sensitivity to 
detect rare events. Proteins were immobilized on a glass-coverslip via an anti-his antibody 
(Figure 4.3A) and the positions of the individual proteins were identified by using confocal 
scanning microscopy (see Materials and Methods). The position information was 
subsequently used to generate fluorescence trajectories (Figure 4.3B). All the analysed 
trajectories showed a single bleaching step (data not shown), indicating that single 
molecules are examined. 

First, we investigated SiaP in the absence of Neu5Ac. To investigate a truly ligand-free 
protein, ~20 µM of unlabelled SiaP was added to scavenge any potential ligand 
contamination. We recorded a total number of 701 fluorescence trajectories, with a total 
observation time of 13 min. In all the trajectories we observe that SiaP is in a single FRET 
state (Figure 4.3B; left panel). All these trajectories show FRET fluctuations, but those 
could not be separated from noise or did not originate from clear anti-correlated donor and 
acceptor fluorescence changes, as expected for true changes in the FRET efficiency. This 
suggests that the ligand is required to close SiaP. However, we cannot rule out that the 
conformational transitions are too fast to be observed with our time resolution of 5 ms or 
that they occur on timescales that extend our total observation time of 13 min.  
 
4.2.4 Opening and closing transitions in SiaP 

Next, we investigated individual, surface-tethered SiaP proteins in the presence of 500 nM 
Neu5Ac, a concentration close to the KD. We recorded a total number of 49 fluorescence 
trajectories. In these traces we see the stochastic switching between a low and high FRET 
state (Figure 4.3B; middle panel). The low and high FRET state have an average apparent 
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FRET efficiency of 0.814 and 0.892, respectively, and are highly similar to the average 
efficiencies in the absence (0.810) and presence of saturating (0.899) concentrations of 
Neu5Ac (Figure 4.3C). Thus, these FRET fluctuations represent the opening and closing of 
SiaP that is coupled to the unbinding and binding of Neu5Ac.  

To characterize the kinetics of the conformational transitions, we modelled the 
underlying state-trajectory of the fluorescence trajectories by a Hidden Markov Model 
(HMM)20 with two states, open and closed (Figure 4.3B; middle panel). From the state 
assignment of the HMM the individual lifetimes of the closed state could be extracted. The 
distribution of these lifetimes can be well described by an exponential distribution (p=0.11, 
Lilliefors test; Figure 4.3D), with an average lifetime of 98 ± 2 ms (95% confidence 
interval). Thus, once SiaP is in the closed conformation, it takes on average around 
98 ± 2 ms to open and release the ligand. The exponential nature of the lifetime suggests 
that there is a single step that dominates the opening transition. 
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Figure 4.3. Opening and closing events of individual SiaP proteins. (A) Schematic of surface-
immobilization procedure. (B) Representative fluorescence trajectories of SiaP(Q54C/L173C) 
labelled with Alexa555 and Alexa647 under different conditions as indicated in the figure. The top 
panel shows the apparent FRET efficiency (blue) and donor (green) and acceptor (red) photon counts 
in the bottom panel. Orange lines are the most probable state-trajectory of the Hidden Markov Model 
(HMM). (C) Apparent FRET efficiency histogram of all fluorescence trajectories recorded in the 
absence and presence of 1 mM Neu5Ac. (D) Cumulative distribution function (CDF; black line) for 
the lifetime of the closed conformation (high FRET state) from all fluorescence trajectories recorded 
in the presence 500 nM Neu5Ac. The red line is a fit to the CDF of an exponential distribution. A 
95% confidence interval for the mean lifetime is indicated.  
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4.3 Discussion 

A single-molecule approach was used to study the conformational changes of SiaP and the 
RD of CynR. By using smFRET, we show that SiaP switches from an open to a closed 
conformation upon ligand binding, whereas in the RD of CynR no large conformational 
changes are induced by the ligand.  

The results on SiaP are in line with the crystal structures of other SBPs associated with 
membrane protein complexes1, 21. Crystal structures of the ligand-free and ligand-bound 
protein are only available for the homologous protein SiaP of Haemophilus influenza (50% 
sequence identity)22, 23. In agreement with our results, the subdomains are apart in apo 
structure and are closer together with Neu5Ac. PELDOR measurements showed that the 
spin-probe distance between residues Q54 and L173 is reduced by Neu5Ac19, which is in 
agreement with our data. Although (sm)FRET measurements require the specific 
attachment of fluorescent probes to the protein, they have the advantage over X-ray 
crystallography and PELDOR measurements that they can be performed both in solution 
and at room temperature. 

The drastic change of the SiaP conformational equilibrium may have been driven by 
mechanistic determinants to couple the conformational changes in SiaP with transporter 
function in SiaQM, similar as for SBPs of ABC importers9. Ligand binding in SiaP and 
related proteins via a tightly regulated induced-fit (or ‘Venus flytrap’) mechanism24, 25 
would allow the membrane protein complex to discriminate between ligand-free and 
ligand-bound receptor proteins26. The distinct conformation of the ligand-bound protein 
could be used to sense the presence of the correct ligand and initiate the translocation 
reaction.  

Within the detection limit of smFRET, we observed that SiaP is exclusively in the open 
state when the ligand is absent and is closed when the ligand is bound. Contrary to some 
SBPs of ABC importers (Section 2.2.2 and 5.2.3)27-29, no ligand-free closed or ligand-
bound open state could be detected in SiaP. However, we cannot exclude that fast closing 
transitions occur that cannot be detected with our millisecond time resolution or that the 
transitions are so rare that they require a longer observation time to be detected. For 
instance, conformational transitions on the nanosecond to microsecond timescale were 
detected in the SBP MalE by NMR27, but these could not be resolved by smFRET 
(Figure 2.3). To further elucidate this for SiaP, methods with high(er) temporal resolution 
such as NMR27, pulsed interleaved excitation (PIE) spectroscopy30 or multiparameter 
fluorescence detection (MFD)31 would be required. Certain observations already suggest 
that some SBPs of TRAP transporters undergo intrinsic conformational changes. For 
instance, stopped-flow measurements suggest the existence of intermediate states in ligand-
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free DtcP32. Furthermore, molecular dynamics calculations indicate that TeaA could sample 
a thermodynamically unstable ligand-free closed and ligand-bound open state33. 

In the E. coli transcription factor CynR a different mechanism is used to couple ligand 
binding with conformational changes in the protein. Full-length LTTRs associate as 
homotetramer and bind to DNA with and without effector34, 35. Effector binding by CynR 
induces bending of DNA and activation of transcription35. In the ‘sliding dimer’ hypothesis, 
effector binding induces a change in the tetrameric structure, switching the complex from a 
so-called compact to an extended configuration, thereby forcing the DNA to bend13-15. It 
must be noted that the experimental evidence for the different tetrameric structures is 
minimal. To date, various members of the LTTRs have been crystallized in either the 
compact36-38 or extended configuration14, 39-41, but no full-length LTTRs have been 
crystallized in both states. Here, we showed that binding of the effector NaN3 leaves the 
interprobe distance between residues C137 and R233 unaltered. This suggest that effector 
binding induces no closing of the RD of CynR. It is possible that localized conformational 
changes occur that are missed in our FRET assay. However, preliminary hydrogen/ 
deuterium exchange mass spectrometry (HDX-MS) measurements indicate that the 
complete structure of CynRRD remains largely unaltered when NaN3 binds (personal 
communication, Economou Laboratory, KU Leuven). The crystal structure of the CynR 
RD has been deposited in the Protein Data Bank, without (PBD ID: 2HXR) and with azide 
bound (PDB ID: 3HFU). Superimposing the backbone of both structures gives a RMSD of 
0.26 Å, implying that both structures are virtually identical. Similar observations were 
made for OxyR, in which the crystal structures of the RD remains overall same in its 
reduced and oxidized states, except for a single loop that is localized on one of its 
subdomains42. Thus, transcription activation by CynR and other LTTRs is probably based 
on minor and/or localized structural changes in the RD, rather than the rigid-body 
rearrangements that are common to SBPs that interact with membrane protein complexes.  

 

4.4 Materials and Methods 

Gene isolation, protein expression and purification. SiaP(Q54C/L173C) was expressed 
and purified as described previously19. The cynR gene (UniProt: P27111) was isolated from 
the genome of Escherichia coli DH5α. The primers were designed to exclude the DNA-
binding domain (residue 1-58), and include the DNA sequence coding the RD of CynR 
(residue 59-299). Primers introduced NdeI and BamHI restriction sites, and the gene 
product was sub-cloned into the pET16 vector (Novagen, EMD Millipore). By using 
QuickChange mutagenesis43 we removed the two natural cysteines (C290A/C208G) and 
introduced the R233C mutation for labelling. All sequences were checked for correctness 
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by sequencing. Cells harbouring the expression plasmid were grown at 37 ºC until an 
optical density (OD600) of 0.5 was reached. Protein expression was then induced by 
addition of 0.25 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). After 3 h of induction 
cells were harvested. DNase 500 ug/ml (Merck) was added and passed twice through a 
French pressure cell at 1,500 psi. 2 mM phenylmethylsulfonyl fluoride (PMSF) was added 
to inhibit proteases. The soluble supernatant was isolated by centrifugation at 50,000´g for 
30 min at 4 ºC. The soluble material was purified and loaded on Ni2+-Sepharose resin 
(GE Healthcare) in 50 mM Tris-HCl, pH 8.0, 1 M KCl, 10% glycerol, 10 mM imidazole 
and 1 mM dithiothreitol (DTT). The immobilized proteins were washed (50 mM Tris-HCl, 
pH 8.0, 50 mM KCl, 10% glycerol, 10 mM imidazole and 1 mM DTT, and subsequently 
with 50 mM Tris-HCl, pH 8.0, 1 M KCl, 10% glycerol, 30 mM imidazole and 1 mM DTT) 
and eluted (50 mM Tris-HCl, pH 8.0, 50 mM KCl, 10% glycerol, 300 mM imidazole and 
1 mM DTT). Protein fractions were pooled (supplemented with 5 mM EDTA and 10 mM 
DTT), concentrated (10.000 MWCO Amicon; Merck), dialyzed against 100-1000 volumes 
of buffer (50 mM Tris-HCl, pH 8.0, 50 mM KCl, 50% glycerol and 10 mM DTT) and 
stored at -20 ºC. 
 
Protein labelling. Labelling was performed with the maleimide dyes Alexa555 and 
Alexa647 (ThermoFisher). In brief, the purified proteins were treated with 10 mM DTT at 
4 ºC and diluted to 1 mM DTT after 30 min of incubation, immobilized on an equilibrated 
Ni2+-Sepharose resin and washed with 10 column volumes of buffer A (50 mM Tris-HCl, 
pH 7.4 and 50 mM KCl). The resin was incubated 2-8 h at 4 °C with the dyes dissolved in 
buffer A. The molar dye concentration was 20-times higher than the protein concentration. 
Unbound dyes were removed by washing the column with 20 column volumes of buffer A 
and eluted with 500 mM imidazole. The labelled proteins were further purified by size-
exclusion chromatography (Superdex 200; GE Healthcare) using buffer A and 
simultaneously recording the absorbance at 280 nm, 559 nm and 645 nm to assess the 
sample composition.  
 
Microscopy. smFRET experiments and data analysis was done as described in Chapter 2. 
Surface immobilization of SiaP and the preparation of the flow-cell arrangement was done 
as described in Chapter 2. All smFRET measurements were done at room temperature in 
buffer A. For the surface-based experiments, we supplemented the buffer with 1 mM 
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) and 10 mM Cysteamine 
for photostabilization of the fluorophores.  
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The specific binding of ligands by proteins and the coupling of this process to conformational 
changes are fundamental to protein function. We designed a single-molecule fluorescence 
assay and data analysis procedure that allows the simultaneous observation of ligand binding 
and conformational changes in FeuA. The substrate-binding protein FeuA binds the ligand 
ferri-bacillibactin and delivers it to the ABC importer FeuBC, which is involved in bacterial 
iron uptake. The conformational dynamics of FeuA was assessed via FRET, whereas the 
presence of the ligand was probed by fluorophore quenching. We show that ligand binding 
shifts the conformational equilibrium of FeuA from an open to a closed conformation. 
Moreover, FeuA uses the induced-fit mechanism, i.e., the ligand binds to the open state and 
subsequently triggers a rapid closing of the protein. However, FeuA also rarely samples the 
closed conformation without the involvement of ligand. This shows that ligand interactions 
are not required for conformational changes in FeuA. However, ligand interactions accelerate 
the conformational change 10000-fold and temporally stabilizes the formed conformation 
250-fold. 

5
Single-molecule observation of ligand binding and 

conformational changes in FeuA
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5.1 Introduction 

The non-covalent and specific interactions between ligands and proteins underlies almost all 
biological processes. The coupling of these binding events to conformational changes allows 
proteins to act as highly efficient enzymes, signal transducers, motors, switches or pumps1. 
Two basic models that describe the coupling between protein conformational changes and 
ligand binding are the induced-fit mechanism2 and conformational selection mechanism3. In 
the induced-fit mechanism, ligand binding drives a conformational change in the protein, 
whereas in the conformational selection mechanism, all conformations already exist in the 
unliganded protein and the ligand selectively binds to one of them (Figure 5.1A). Both 
mechanisms rely on the formation of intermediate states. For example, when a protein 
switches between two conformations, such as an open and a closed conformation 
(Figure 5.1A), an open-liganded state in the induced-fit mechanism and a closed-unliganded 
state in the conformational selection mechanism, are essential intermediate states. However, 
the study of such transient and thermodynamically unstable states remains experimentally 
challenging. 

Primarily driven by high-resolution structural analysis of proteins adopting different 
conformations when free and in complex with ligand, the induced-fit mechanism was 
assumed to be the mechanism for ligand binding. However, single-molecule spectroscopy 
(Section 2.2.2 and 7.2.2)4-6, nuclear magnetic resonance (NMR)7-9 and other data10, 11, 
revealed that proteins are highly flexible and undergo large conformational changes 
intrinsically, that is, in the absence of ligand. Examples are substrate-binding proteins of 
Type I ABC importers (Section 2.2.2), ABCE1 (Section 7.2.2), ABC exporters6, 
adenylate kinase8, RNase A9, dihydrofolate reductase12, ubiquitin13 and DNA 
polymerase14, 15. Due to the occurrence of intrinsic conformational changes, a 
conformational selection mechanism has been proposed to be the ligand-binding mechanism 
of many proteins3. However, the unambiguous determination of the binding mechanism of 
the ligand requires the simultaneous observation of the protein conformation and the ligand. 
Moreover, the intrinsic conformational ensemble can in principle be investigated by studying 
the protein in the absence of ligand. However, trace contaminations of ligand can make this 
assessment experimentally difficult, especially under single-molecule conditions. To bypass 
these problems, we here developed a single-molecule fluorescence assay and data analysis 
procedure that allows the simultaneous observation of conformational changes and ligand 
binding in FeuA.  

The substrate-binding protein FeuA is part of the ATP-binding cassette (ABC) 
transporter FeuABC from Bacillus subtilis16. This Type II ABC importer is involved in the 
uptake of Fe3+ ions, via the transport of the siderophore bacillibactin (BB) in complex with 
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Fe3+ (FeBB)16. FeuA and other structurally related substrate-binding proteins (SBPs)17 or 
domains (SBDs)18 are the receptor domains of ABC importers19, tripartite ATP-independent 
periplasmic (TRAP) transporters20 and other systems17. These proteins capture the ligand 
from the external environment and deliver it to the membrane complex for import into the 
cell (Figure 1.7). The structure of FeuA has a characteristic SBP-fold17, consisting of two 
subdomains connected by a hinge region (Figure 5.1B)21. In the crystal structures of FeuA, 
the two subdomains are separated in the free protein and are closer together when FeBB is 
bound between the two subdomains21.  
 

5.2  Results 

5.2.1  Direct observation of ligand binding and unbinding 

To investigate ligand binding by FeuA at the single-molecule level, we labelled FeuA with 
the Alexa647 fluorophore in one of its subdomains, by introducing a single cysteine residue 
at a non-conserved position, which is solvent-exposed and distant from the binding pocket 
(Q112C; Figure 5.1B). First, we determined the emission spectra of FeuA-Alexa647 and free 
Alexa647 in the presence and absence of the ligand FeBB. We observed that the fluorescence 
intensity of FeuA-Alexa647 was quenched in the presence of 5 µM FeBB (Figure 5.1C). 
Since no quenching was observed for free Alexa647 (Figure 5.1C), we attribute this to 
binding of FeBB to FeuA.  

To directly observe the binding and unbinding events, we measured the fluorescence 
intensity of individual, surface-tethered proteins over time (Figure 5.1D). Representative 
fluorescence trajectories of FeuA in the presence of 40 nM FeBB are shown in Figure 5.1E. 
All analysed fluorescence trajectories show a single bleaching step, indicating that single 
molecules are examined (Figure 5.1E). Only in the presence of FeBB we observed stochastic 
switching between two intensity levels (Figure 5.1E), caused by fluorescence quenching of 
Alexa647 by FeBB. Thus, the intensity fluctuations can be interpreted as individual binding 
and unbinding events of FeBB to FeuA. To substantiate this claim, we determined the relative 
population of the lower intensity level and use this information to estimate the dissociation 
constant (KD) of FeBB binding. From the analysis of 50 traces in the presence of 40 nM 
FeBB, we find that 66% of the time FeuA is complexed with ligand. By using the Hill-
Langmuir equation 𝑃 = 𝐿 (𝐿 + 𝐾()⁄ , where 𝑃 is the relative population of the ligand-bound 
state and 𝐿 the ligand concentration, we estimate that the KD is 20 ± 3 nM (s.d. from 
bootstrapping; see also Figure S5.1). This is in good agreement with the value obtained from 
intrinsic tryptophan fluorescence (KD = 27 ± 1 nM)22. In summary, our assay can be used to 
directly probe the presence and absence of FeBB in FeuA. However, how the binding and 
unbinding events are coupled to the FeuA conformational changes remains unclear.  
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5.2.2 Conformational states of FeuA 

We used Förster resonance energy transfer (FRET) to investigate if ligand binding alters the 
FeuA conformation in solution and at room temperature. In our assay, each of the two 
subdomains was stochastically labelled with either a donor (Alexa555) or an acceptor 
fluorophore (Alexa647). Surface-exposed and non-conserved residues, showing the largest 
distance change according to the crystal structures of the open and closed states21, were 
chosen as cysteine positions for fluorophore labelling (Q112C/I255C; Figure 5.1B).  

We used confocal microscopy with alternating laser excitation (ALEX)23 to probe the 
conformational states of individual and freely-diffusing proteins. During its diffusional 
transit through the excitation volume of the confocal microscope, the labelled protein 
generates a short fluorescent burst, allowing the determination of the apparent FRET 
efficiency and stoichiometry S of individual protein molecules (see Materials and Methods 
for details). The proximity ratio EPR was obtained by correcting the apparent FRET efficiency 
for background and spectral crosstalk. In our assays, changes in the apparent FRET efficiency 
and EPR can originate from interprobe distance changes, but also due to fluorophore 
quenching caused by FeBB. Finally, the stoichiometry S relates the total fluorescence 

Figure 5.1. Direct observation of ligand binding in FeuA using fluorescence quenching. (A) 
Ligand-binding mechanisms. (B) X-ray crystal structure of the open-unliganded state of FeuA 
(PBD ID: 2WI8). Hinge region is indicated in blue. (C) Emission spectra of FeuA(Q112C) labelled 
with Alexa647 and free Alexa647 in the presence and absence of 5 µM FeBB. (D) Schematic of surface-
tethering FeuA proteins. (E) Fluorescence trajectories of FeuA(Q112C)-Alexa647 in the presence of 
40 nM FeBB. The fluorescence intensity (red) with the most probable state-trajectory of the Poisson 
Hidden Markov Model (PHMM) (black) are shown. The number of analysed molecules is provided in 
Table S5.1. 
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detected after donor excitation, to the total fluorescence detected after donor and acceptor 
excitation, and serves as an additional observable for fluorophore quenching. 

The EPR and S values of many individual proteins were acquired in the absence and 
presence of saturating concentrations of FeBB (100 µM) (Figure 5.2A-B). The EPR histogram 
of ligand-free FeuA is unimodal and well-fitted by a single Gaussian distribution 
(Figure 5.2C). In the presence of 100 µM FeBB, two populations of donor-acceptor labelled 
proteins are seen in Figure 5.2B and are centred around different EPR and S values 
(Figure 5.2B-C). FRET analysis of surface-tethered proteins in the presence of 100 µM FeBB 
(83 traces), reveals that FeuA does not switch between these FRET states, i.e., fluorescence 
trajectories are obtained in either FRET state, with no switching between them (Figure 5.2D).  

Due to the stochasticity of the labelling reaction, two different donor and acceptor 
labelling positions are present in our sample, i.e., Q112C labelled with an acceptor and I255C 
with a donor and vice versa. Since Q112 and I255 have different distances to the ligand-
binding site, the two different donor and acceptor labelling positions could cause differences 
in fluorophore quenching by FeBB and thus differences in EPR and S values. Indeed, analysis 
of individual acceptor- and donor-only labelled proteins shows that quenching is position 

Figure 5.2. Conformational changes of FeuA in solution. EPR and S values of FeuA(Q112C/I255C) 
in the absence (A) and in the presence of 100 µM FeBB (B). The two donor and acceptor labelled 
protein populations in (B) are indicated in red and orange and the single population in (A) in pink. (C) 
EPR histograms of the selected molecules in (A) and (B). Solid line is a Gaussian fit. A 95% confidence 
interval for the average EPR is shown. (D) Representative fluorescence trajectories of surface-
immobilized FeuA(Q112C/I255C) in the presence of 100 µM FeBB. Top panel shows the calculated 
apparent FRET efficiency (blue) from the donor (green) and acceptor (red) photon counts as shown in 
the bottom panels. Black line indicates the average efficiency. The number of analysed molecules is 
provided in Table S5.1. 
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and fluorophore dependent (Figure 5.3; Table S5.1). Therefore, the two FRET states most 
likely arise due to the different donor and acceptor labelling positions.  

To correct the FRET efficiencies for fluorophore quenching, we related the populations 
in Figure 5.2B to their corresponding labelling position. The low S value of the high FRET 
population in Figure 5.2B (orange population) implies that the quenching of the donor is 
more prominent than the acceptor. To quantify the quenching, we constructed and studied all 
four single cysteine FeuA variants that were used in our FRET assay (Figure 5.3). The 
quenching behaviour of the high FRET population in Figure 5.2B (orange population) was 
observed when Q112C was labelled with a donor and I255C with an acceptor 
(Figure 5.3A-B). The largely unaltered S value of the low FRET population in Figure 5.2B 
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Figure 5.3. Fluorescence quenching in FeuA depends on the labelling position and the 
fluorophore. Fluorescence trajectories (left) of single-fluorophore labelled FeuA in the presence of 
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(red population) suggests that the donor and acceptor quenching is similar and was observed 
when the labelling position is reversed, i.e., Q112C is labelled with an acceptor and I255C 
with a donor (Figure 5.3C-D). 

To evaluate whether ligand binding causes conformational changes in FeuA, we 
developed an analysis scheme that (i) takes into account the influence of donor and acceptor 
quenching and (ii) considers FRET between the donor and acceptor fluorophores. We show 
in the Supplementary Information that 

 0
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2
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5 4
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𝑁.∙(/
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5 (5.1) 

is an unbiased and consistent estimator for (𝑟, 𝑟.⁄ )3, where 𝑟,  and 𝑟.  are the true and 
unknown interprobe distance of the ligand-bound (B) and ligand-free (F) protein, 
respectively, and 𝑅, and 𝑅. are the measured distance of 𝑟,  and 𝑟., respectively. In Eq. 5.1, 
𝑁7∙89 denotes the measured count rate of Y emission (Donor, Acceptor) upon X excitation 
(Donor, Acceptor) when being in state 𝑖 (Bound, Free) and ⟨∙⟩ denotes the average. 
Noteworthy, the distance ratio is independent of donor quenching, i.e., of 𝑁,∙(( 𝑁.∙((⁄ .  

The ratios 𝑁,∙(( 𝑁,∙(/⁄  and 𝑁.∙(/ 𝑁.∙((⁄  were obtained for the selected molecules in 
Figure 5.2A-B and noting that EPR = 𝑁7∙(/ (𝑁7∙(/ + 𝑁7∙(()⁄  (Figure 5.2C). The ratio 
𝑁,∙// 𝑁.∙//⁄  was obtained from individual acceptor-only labelled proteins, by calculating 
the ratio between the acceptor fluorescence intensity of the ligand-bound and ligand-free 
state (Figure 5.3B, D). All values used for the interprobe distance ratio estimation are 
summarized in Table 5.1. Finally, by using Eq. 5.1, we find that the interprobe distance ratio 
𝑟, 𝑟.⁄ , when Q112C is labelled with the donor and I255C with the acceptor, is estimated to 
be 0.90 ± 0.01 (95% confidence interval) and remains unaltered (0.91 ± 0.01) when the 
labelling position is revered (Table 5.1). These values are in good agreement with the 
predictions from the crystal structures21, as the Ca-Ca distance between residues Q112 and 
I255 in the ligand-bound structure is 86% of the distance in the ligand-free structure.  

 

Table 5.1. Interprobe distance ratio estimation 

Assumed labelling position 4
𝑁,∙//
𝑁.∙//

5 4
𝑁,∙((
𝑁,∙(/

5 4
𝑁.∙(/
𝑁.∙((

5 0
𝑅,
𝑅.
2
3

 
𝑅,
𝑅.

 

Q112C-donor and I255C-
acceptor 

0.733 ± 
0.010 

0.671 ± 
0.021 

1.113 ± 
0.016 

0.547 ± 
0.020 

0.904 ± 
0.006 

Q112C-acceptor and I255C-
donor  

0.432 ± 
0.008 

1.168 ± 
0.045 

1.113 ± 
0.016 

0.562 ± 
0.025 

0.908 ± 
0.007 

Error denotes a 95% confidence interval. 
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In summary, the analysis reveals that FeBB induces a conformational change in FeuA. 
Moreover, the reduced interprobe distance in the presence of ligand is consistent with the 
view that the conformational transitions between the open and closed state in FeuA and 
related SBPs17 are driven by the ligand. However, the ligand-binding mechanism and 
whether there are any short-lived intermediate states cannot be concluded from these 
measurements.  

 
5.2.3 Rare intrinsic conformational transitions in FeuA 

To directly observe how binding and unbinding of ligand is coupled to the conformational 
changes in FeuA, and to obtain insight into the conformational dynamics of the protein, 
individual surface-tethered FeuA proteins were studied over time by using confocal scanning 
microscopy. In the surface-based smFRET assays we do not determine absolute distances, 
but only monitor relative interprobe distance changes by determining the apparent FRET 
efficiency. 

First, we investigated the dynamics of ligand-free FeuA and addressed whether the 
protein can also close intrinsically, i.e., without ligand. Compared to the solution-based 
smFRET experiments, examining individual surface-tethered proteins greatly increases the 
sensitivity to detect rare events. To investigate a truly ligand-free protein, unlabelled FeuA 
protein was added (~20 µM) to scavenge any ligand contamination. 

Consistent with the data of Figure 5.2C, FeuA is in a single FRET state (the open 
conformation) in the majority of the fluorescence trajectories (437 out of 459; Figure 5.4A). 
However, in a small number of traces (22 out of 459), we observed rare transitions to a high 
FRET state, suggesting that FeuA can intrinsically close (Figure 5.4B). Indeed, by using 
Eq. S5.7 (Supplementary Information) the average interprobe distance ratio between this 
high and low FRET state is 0.88 ± 0.02 (95% confidence interval). This shows that the 
interprobe distance is reduced and inferred to be closure of the protein. Importantly, the 
absence of additional quenching effects provides direct evidence that the conformational 
change occurs independently of FeBB. Despite the low number of closing transitions that 
were observed in the 459 traces (22 events), approximate estimates for the kinetics can be 
made. The ligand-free closed state has an average lifetime of 42 ± 7 ms (mean ± s.e.m.; 
Figure 5.4C), and from the total observation time of ~15 min we estimate that this state is 
formed on average only once every ~40 s (15 min / 22 transitions). In summary, ligand-free 
FeuA is predominantly in an open conformation and extremely rarely forms an unstable 
closed conformation.  
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5.2.4  Ligand-bound FeuA is in the closed conformation  

We then investigated the conformational dynamics of the ligand-bound protein. In our assay, 
the total fluorescence intensity reports on the presence of the ligand, whereas additional 
apparent FRET efficiency changes are indicative for protein conformational changes. 
However, in the 173 fluorescence trajectories that were recorded in the presence of ~KD 
concentrations of FeBB, we could not observe any FRET changes within the period a ligand 
was bound (Figure 5.5A; Figure S5.1A). The average apparent FRET efficiency of the initial 
and final 200 ms of the ligand binding events are not significantly different from the period 
in between that (p=0.28, one-way analysis of variance; Figure 5.5B). This suggests that 
once the ligand is bound, FeuA remains closed and any intermediate state, such as the open-
liganded state, does not exist or is shorter lived than our time resolution of 200 ms. 

Next, we determined the lifetimes of the ligand-bound state at varying FeBB 
concentrations (173 traces total). The average lifetime is 10.0 ± 0.6 s (mean ± s.e.m.) and is 
concentration independent (p=0.80, one-way analysis of variance; Figure 5.5C-D). 
Interestingly, the ligand-bound closed conformation is on average 250-fold longer lived than 
the ligand-free closed state (10.0 ± 0.6 s versus 42 ± 7 ms).  
 
5.2.5 The ligand is bound via the induced-fit mechanism 

Next, we investigated whether the intrinsic closed or the open state binds the ligand, and 
thus, if the ligand binds via the conformational selection or induced-fit mechanism, 
respectively (Figure 5.1A). When the intrinsic closed state would bind the ligand, then the 
ligand binding frequency would be limited by the intrinsic closing rate (~1.5 min-1). To 
address this, we determined the average lifetime of the ligand-free state at varying FeBB 
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Figure 5.4. Ligand-free conformational dynamics of FeuA. (A and B) Fluorescence trajectories of 
surface-immobilized FeuA in the absence of ligand. The top panel shows the apparent FRET efficiency 
(blue) and the donor (green) and acceptor (red) photon count rates are shown in the bottom panel. The 
number of analysed molecules is provided in Table S5.1. (C) Histogram of the lifetime of the ligand-
free closed state. The cartoon depicts the ligand-free open and closed states with the estimated lifetimes.  
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concentrations (Figure 5.5C-D; Figure S5.1A). We observed that the binding and closing 
frequency increases with FeBB concentration and is already 6.5 ± 0.6 min-1 (mean ± s.e.m.) 
in the presence of 10 nM FeBB (Figure 5.5D). Thus, ligand binding occurs more frequently 
than intrinsic closing. These data are consistent with an induced-fit mechanism. In addition, 
in 60 time traces that were recorded with a time resolution of 5 ms, we observed that FeuA 
is in the open state just before the ligand binds (Figure 5.5E). The average apparent FRET 
efficiency of the 10-ms-period before the ligand binds (0.511 ± 0.014, mean ± s.e.m.) and 
the period prior to that (0.516 ± 0.001, mean ± s.e.m.), when the protein is in the open 
conformation, are not significantly different (p=0.70, two-tailed unpaired t-test). This shows 
that the open conformation binds the ligand, and thus, that FeuA uses the induced-fit 
mechanism to bind FeBB.  
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Figure 5.5. FeuA binds ligand via the induced-fit mechanism. (A) Fluorescence trajectory of 
FeuA(Q112C/I255C). In all fluorescence trajectories presented in the figure, the top panel shows the 
apparent FRET efficiency (blue) and donor (green) and acceptor (red) photon counts are shown in the 
bottom panel. Orange line is the most probable state-trajectory of the HMM. (B) Apparent FRET 
efficiency histogram of the first and last 200 ms of the binding event and the period between that. Mean 
± s.e.m. is indicated. (C) Cumulative distribution function (CDF) of the time FeuA has FeBB bound 
(tbound; top) and is free (tunbound; bottom) at different FeBB concentrations. (D) tbound (purple) and the rate 
of binding (1/tunbound; green) as function of FeBB concentration. Data is mean ± s.e.m. and solid line a 
linear fit. From the fit a binding and unbinding rate of ~107 M-1s1 and 0.10 s-1 are obtained. (E) 
Fluorescence trajectories of FeuA showing a single binding event. Number of analysed molecules is 
provided in Table S5.1. 
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5.2.6 The open-liganded state is extremely short-lived  

An essential intermediate state of the induced-fit mechanism is the open-liganded state 
(Figure 5.1A). Based on the data of Figure 5.5, we concluded that the open-liganded state 
has to be shorter lived than 200 ms (Section 5.2.4). To further investigate the lifetime of this 
state, we increased the laser excitation intensity to obtain a time resolution of 4 ms. To probe 
the open-liganded state, we used saturated concentrations of FeBB. Under these conditions, 
the ligand-free open conformation is expected to be absent and any detectable open state 
would consequently correspond to the open-liganded form. However, in the 94 fluorescence 
trajectories, that have a total observation time of 104 s, no opening transitions were seen 
(Figure 5.6). All these traces show FRET fluctuations, but those could not be separated from 
noise or did not originate from a clear anti-correlated donor and acceptor fluorescence 
change. Although we could not directly observe the open-liganded state, we can provide an 
upper bound for its lifetime. Based on the time resolution of the measurement, we can 
conclude that the open-liganded state should be shorter lived than 4 ms. Thus, closing is more 
than 10000-fold faster when FeuA is in complex with FeBB compared to when the ligand is 
absent (from <4 ms to 40 s; Section 5.2.3). This suggests a mechanism in which the ligand 
drastically accelerates a conformational change that is already encoded in the ligand-free 
protein.  
 
5.2.7 The energy landscape of FeuA  

So far, we focused on the dynamical aspect of the molecular recognition process, which 
ultimately originates from the energy landscape of the protein. Here, we use our single-
molecule results to determine the thermodynamic properties of FeuA (Figure 5.7).  
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Figure 5.6. Ligand-bound conformational dynamics of FeuA. Representative fluorescence 
trajectories of surface-immobilized FeuA(Q112C/I255C) in the presence of 100 µM FeBB. Time 
resolution is 4 ms. The top panel shows the calculated apparent FRET efficiency (blue) from the donor 
(green) and acceptor (red) photon counts as presented in bottom panel. Orange line indicates the 
average apparent FRET efficiency of the corresponding time trace. The cartoon depicts the ligand-
bound open and closed states with the estimated lifetimes indicated. The number of analysed molecules 
is provided in Table S5.1. 
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The binding process can most easily be treated within the context of Gibbs ensembles. 
The grand partition function Ω(𝑇, 𝜇) of the protein and ligand system as shown in Figure 5.7 
is  

 Ω(𝑇, 𝜇) = 𝑒BCDE + 𝑒BCDF + 𝑒BC(DFGBH) + 𝑒BC(DEGBH) (5.2) 

where 𝛽 is (𝑘,𝑇)BK, 𝑘L is the Boltzmann constant, 𝑇 is the absolute temperature, 𝐺7 is the 
free energy of state i (O is the open-unliganded state, C is the closed-unliganded state, OL is 
the open-liganded state and CL is the closed-liganded state) and 𝜇 is the chemical potential. 
We assume that the ligand solution can be treated as an ideal solution, so that 𝜇 = 𝜇N +
𝑘,𝑇 ln 𝐿, where 𝐿 is the ligand concentration (relative to 1 Molar) and 𝜇N is the standard 
chemical potential (𝜇 = 𝜇N when 𝐿 = 1).  

The probability that the protein is in the intrinsic closed conformation is 

 𝑃(𝐶; 𝐿 = 0) = lim
H→BX

𝑒BCDF
Ω(𝑇, 𝜇) = 	

1
1 + 𝑒C∆ (5.3) 

where ∆	= 𝐺[ − 𝐺]. From the fraction of time the ligand-free protein is in the intrinsic closed 
conformation (Figure 5.4), we obtain that 𝑃(𝐶; 𝐿 = 0) is 10-3 so ∆	= 7	𝑘,𝑇. 

In the presence of ligand, the fraction of proteins occupied by a ligand is  

 𝑃({𝑂𝐿, 𝐶𝐿}; 𝐿) =
𝑒BC(DFGBH) + 𝑒BC(DEGBH)

Ω(𝑇, 𝜇)  (5.4) 

By treating 𝜇 as an ideal ligand solution (𝑒CH = 𝑒CHb𝐿) we find that Eq. 5.4 is equal to 

 𝑃({𝑂𝐿, 𝐶𝐿}; 𝐿) =
c𝑒BC(DFGBHb) + 𝑒BC(DEGBHb)d𝐿

𝑒BCDF + 𝑒BCDE + (𝑒BC(DFGBHb) + 𝑒BC(DEGBHb))𝐿 (5.5) 

Eq. 5.5 can be expressed as the Hill-Langmuir equation, i.e., 

 𝑃({𝑂𝐿, 𝐶𝐿}; 𝐿) =
𝐿

𝐾( + 𝐿
 (5.6) 

where 𝐾( is the dissociation constant as determined in our study (Figure S5.1B). By making 
the approximation that 𝑒BCDFG ≫ 𝑒BCDEG  (see below) we find that 𝐾( is equal to  

 𝐾( = 𝑒Cf	(1 + 𝑒C∆)	 (5.7) 

where Λ =	 (𝐺[h − 𝜇N) − 𝐺[ . FeuA binds FeBB with a 𝐾( of 15-20 nM, so Λ = −25	𝑘,𝑇.  
The probability of forming the closed conformation when the protein is ligand-bound is 

 𝑃(𝐶𝐿; 𝐿 = ∞) = lim
H→X

𝑒BC(DFGBH)

Ω(𝑇, 𝜇) = 	
1

1 + 𝑒Cl (5.8) 
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where 𝜃 = 	𝐺[h − 𝐺]h and 𝑃(𝑂𝐿; 𝐿 = ∞) = 1 − 𝑃(𝐶𝐿; 𝐿 = ∞). Although we could not 
directly observe the open-liganded state (Figure 5.6), we can obtain an upper bound for 
𝑃(𝑂𝐿; 𝐿 = ∞). An estimator for 𝑃(𝑂𝐿; 𝐿 = ∞) is 

 𝑃(𝑂𝐿; 𝐿 = ∞) 	=	
𝜏]h

𝜏]h + 𝜏[h
 (5.9) 

where 𝜏]h and 𝜏[h are the average lifetimes of the open-liganded and closed-liganded states, 
respectively. By using 𝜏]h < 4 ms and 𝜏[h = 10.0 s (Section 5.2.4 and 5.2.6), we find that 
𝑃(𝑂𝐿; 𝐿 = ∞) < 4	10Bq, so that 𝜃 < −8	𝑘,𝑇. Finally, we find that 𝜎 = (𝐺]h − 𝜇N) − 𝐺] =
∆ + Λ − 𝜃 > −10	𝑘,𝑇.  

In conclusion, in the absence of ligand, the closed conformation is thermodynamically 
unstable and requires an energy input of ∆	= 7	𝑘,𝑇 for its formation. The situation is 
completely reversed when FeuA has a ligand bound: the open conformation is 
thermodynamically unstable and requires an energy input of more than −𝜃 = 8	𝑘,𝑇 for its 
formation. Furthermore, from the fact that Λ − 𝜎 = (𝐺[h − 𝐺[) − (𝐺]h − 𝐺]) < −15	𝑘,𝑇 
we conclude that the protein-ligand interactions are at least 15 𝑘,𝑇 stronger in the closed 
conformation than in the open conformation. 
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Figure 5.7. The conformational landscape of FeuA. Schematic representation of the thermodynamics 
of ligand binding and the conformational states of FeuA. Details on the determination of the energy 
values and rates can be found in Section 5.2.  
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5.3 Discussion 

Modulation of the protein conformational landscape by ligand interactions is fundamental to 
the function and regulation of many proteins. Here, we used a single-molecule approach to 
investigate the ligand binding process and to understand how this is coupled to the 
conformational dynamics of the protein. For this, we analysed the protein conformation and 
changes thereof via FRET and probed the presence of the ligand via fluorophore quenching.  

From the analysis of FeuA, combined with recent work on other proteins (Section 2.2.2 
and 7.2.2)6, 8, 9, 12, a picture emerges where the complete conformational ensemble already 
exists in the unliganded protein. It appears that ligand binding only alters the free energies 
of the conformations and the barriers between them. For FeuA, the equilibrium lies towards 
the open conformation in the absence of ligand, with the closed conformation being 7	𝑘,𝑇 
higher in free energy. On the other hand, when FeuA has a ligand bound, the closed 
conformation is more than 8	𝑘,𝑇 lower in free energy than the open conformation. Because 
of these large free energy differences, it is clear that in FeuA there is a strong, but not an 
absolute, coupling between ligand binding and protein conformational changes.  

Two basic mechanisms that connect the open and closed conformation with the 
unliganded and liganded state are the induced-fit and the conformational selection 
mechanism (Figure 5.1A). In the induced-fit mechanism, the ligand binds to the open-
unliganded state, whereas in the conformational selection mechanism, it binds directly to the 
closed-unliganded state (Figure 5.1A). We concluded that FeuA uses the induced-fit 
mechanism to bind FeBB, because we observed that the ligand binds to the open 
conformation and subsequently triggers closing of the protein (Figure 5.5). However, the 
mechanism deviates from Koshland’s original induced-fit formulation2, in the sense that the 
protein can also close without ligand. 

By using sensitive single-molecule methods, we observed that ligand-free FeuA can 
sample a temporally and thermodynamically unstable state (Figure 5.4). We provide direct 
evidence that this state is formed independently of the ligand FeBB, as the FRET change 
occurs without any additional quenching effects that would occur when FeBB binds. Further 
investigations would be required to characterize this conformation on a molecular level, but 
based on the reduced interprobe distance relative to the open state we infer that this rare 
protein state represents a closed conformation. We also note that we cannot exclude the 
existence of other conformations that exchange with the open conformation on the 
nanosecond to microsecond timescale. Such conformations could be other short-lived 
conformations, such as a semi-closed state, as has been observed for the SBP MalE7. For 
such scenarios, the ligand-binding mechanism could be more complex and might involve 
ligand binding to a short-lived conformation in addition to, or instead of, the open 
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conformation. To further elucidate this, methods with high(er) temporal resolution such as 
NMR7, pulsed interleaved excitation (PIE) spectroscopy24 or multiparameter fluorescence 
detection (MFD)25 would be required. 

In Chapter 2 we showed that some SBPs of Type I ABC importers can close intrinsically 
(Section 2.2.2). To our knowledge, no intrinsic closing has been observed before in SBPs of 
Type II ABC importers. Because FeuA belongs to a Type II ABC importer, we thus reveal 
that intrinsic closing is possible for SBPs of both Type I and II importer families. Thus, some 
SBPs can close spontaneously as well as by binding of ligand. In FeuA, the ligand interaction 
accelerates the closing transition more than 10000-fold compared to the intrinsic closing rate 
(<4 ms versus 40 s; Figures 5.4 and 5.6). Probably, once the open-liganded state is formed, 
direct ligand interactions pull the SBP subdomains together, resulting in a drastic 
acceleration of the closing transition.  

In FeuA, the ligand does not only accelerate closing, it also temporally stabilizes the 
closed state by a factor of 250 (Figures 5.4 and 5.5D). Some insight into this temporal 
stabilization can be obtained from the crystal structures of FeuA21. In the holo structure, the 
ligand is engulfed by the protein, making favourable interactions with the residues of the 
ligand-binding site. Hence, a substantial input of (thermal) energy would be required to break 
these interactions and cross the energetic barrier to open the protein. In contrast, in the 
intrinsic closed conformation, these interactions are not formed, thereby allowing a more 
rapid crossing of the energy barrier.  

Taken together, ligand interactions are not necessary for the conformational change in 
FeuA, however, these interactions accelerate the conformational change (10000-fold) and 
temporally stabilize the formed conformation (250-fold). Both effects bias the 
conformational equilibrium towards the closed state. This shift may have been driven by 
mechanistic determinants to couple ligand-induced conformational changes in FeuA with 
transport function in FeuBC. Ligand binding by FeuA via the induced-fit mechanism would 
allow the ABC transporter to discriminate the ligand-bound state from the ligand-free state26. 
The ligand-bound FeuA protein can be used to sense the presence of the correct substrate and 
initiate the transport process. Some SBPs have additional roles, as they are known to interact 
with chemoreceptors27. Switching between two conformations would allow the SBP to 
transduce a signal, which is allosterically regulated by the ligand. Furthermore, we speculate 
that a wasteful conversion of chemical energy is prevented by the transient nature and high 
free energy of the closed-unliganded state, as any thermally driven mimic of the ligand-
bound FeuA complex might be able to initiate ATP hydrolysis.  

As a final comment, we note that our data analysis approach to derive the interprobe 
distance ratio of two (conformational) states with altered quantum yield of donor/acceptor 
dyes could also be used when FRET is changed due to protein-induced fluorescence 
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enhancement (PIFE)28, 29. The approach suggested here is particularly attractive for PIFE, 
since the interprobe distance ratio is independent of the donor quantum yield, and thus Cy3, 
which is the most popular dye for PIFE, could be used in a straightforward fashion without 
additional knowledge of its quantum yield (changes).  
 

5.4 Materials and Methods 

Gene isolation, protein expression and purification. The feuA gene (Uniprot: P40409) was 
isolated by PCR from the genome of Bacillus subtilis subsp. subtilis str. 168. The primers 
were designed to exclude the signal peptide (amino acids 1-19), and cysteine 20 (which is 
probably post-translationally lipidated) with NdeI/HindIII restriction sites. The generated 
PCR fragment was A-tailed and ligated into the PGEM-T Easy Vector System (Promega)30. 
After removing the NdeI restriction site internal to the feuA gene by a silent mutation, the 
gene was sub-cloned in the pET20b vector (Merck) using the NdeI/HindIII sites. Protein 
derivatives including the cysteine and the silent mutation were constructed using 
QuickChange mutagenesis. All the sequences were checked for correctness by sequencing. 
Cells harbouring plasmids expressing the FeuAHis6 wild type and derivatives were grown at 
37 ºC until an optical density (OD600) of 0.5 was reached. Protein expression was then 
induced by addition of 0.25 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). After 3 h of 
induction cells were harvested. DNase 500 ug/ml (Merck) was added and passed twice 
through a French pressure cell at 1,500 psi. 2 mM phenylmethylsulfonyl fluoride (PMSF) 
was added to inhibit proteases. The soluble supernatant was isolated by centrifugation at 
50,000´g for 30 min at 4 ºC. The soluble material was purified and loaded on Ni2+-Sepharose 
resin (GE Healthcare) in 50 mM Tris-HCl, pH 8.0, 1 M KCl, 10% glycerol, 10 mM 
imidazole, 1 mM dithiothreitol (DTT). The immobilized proteins were washed (50 mM Tris-
HCl, pH 8.0, 50 mM KCl, 10% glycerol, 10 mM imidazole, 1 mM DTT and subsequently 
with 50 mM Tris-HCl, pH 8.0, 1 M KCl, 10% glycerol, 30 mM imidazole, 1 mM DTT) and 
eluted (50 mM Tris-HCl, pH 8.0, 50 mM KCl, 10% glycerol, 300 mM imidazole, 1 mM 
DTT). Protein fractions were pooled (supplemented with 5 mM EDTA and 10 mM DTT), 
concentrated (10.000 MWCO Amicon), dialyzed against 100-1000 volumes of buffer 
(50 mM Tris-HCl, pH 8.0, 50 mM KCl, 50% glycerol, 10 mM DTT) and stored at -20 ºC. 
 
Protein labelling. Labelling was performed with the maleimide dyes Alexa555 and 
Alexa647 (ThermoFisher). The purified proteins were treated with 10 mM DTT for 30 min 
at 4 ºC to reduce oxidized cysteines. The protein sample was diluted to 1 mM DTT, 
immobilized on a Ni2+-Sepharose resin and washed with 10 column volumes of buffer A 
(50 mM Tris-HCl, pH 7.4, 50 mM KCl). The resin was incubated 2-8 h at 4 °C with the dyes 
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dissolved in buffer A. The molar dye concentration was 20-times higher than the protein 
concentration. Unbound dyes were removed by washing the column with 20 column volumes 
of buffer A and eluted with 500 mM imidazole. The labelled proteins were further purified 
by size-exclusion chromatography (Superdex 200; GE Healthcare) using buffer A. The 
sample composition was assessed by absorbance measurement at 280 nm (protein), 559 nm 
(Alexa555), and 645 nm (Alexa647) to estimate the labelling efficiency. The labelling 
efficiency was ~90%. Anisotropies were determined as described in ref. 31 and were 0.21 
for FeuA(Q112C/I255C) labelled with Alexa555 and 0.18 with Alexa647. 
 
Ensemble fluorescence measurements. The fluorescence spectra were recorded on a 
scanning spectrofluorometer (Jasco FP-8300; Jasco). Emission spectra were recorded by 
excitation at 635 nm (5 nm bandwidth) in steps of 2 nm (2 nm emission bandwidth and 8 s 
integration time). Fluorescence measurements were performed in buffer A at a concentration 
of 100-250 nM labelled protein and free fluorophores at room temperature.  
 
Solution-based smFRET and ALEX. Solution-based smFRET and alternating laser 
excitation (ALEX)23 experiments were performed using a home-built confocal microscope 
as described in Chapter 2. Measurements were carried out at 25-100 pM of labelled protein 
at room temperature in buffer A in the absence or presence of ferri-bacillibactin (EMC 
biochemicals). Microscope no. 1.5H precision cover slides (VWR Marienfeld) were coated 
with 1 mg/mL BSA for 1 min and unbound BSA was removed by washing with buffer A.  

Photons were binned in 1 ms intervals and only bins with a total of >200 photons 
considering all detection channels were analysed. Three photon count rates were measured: 
𝑁(/u  (acceptor emission upon donor excitation), 𝑁((u  (donor emission upon donor excitation) 
and 𝑁//u  (acceptor emission upon acceptor excitation)23. The background counts were 
estimated by excluding all time-bins containing more than 20 counts and calculating the 
mean count rate over all remaining time-bins. The leakage and direct excitation contributions 
were determined from the donor- and acceptor-only labelled molecules as described by 
Lee et al32. Crosstalk and background correcting 𝑁89u  yields 𝑁89. The proximity FRET 
efficiency 𝐸wx is  

 𝐸wx =
𝑁(/

𝑁(/ + 𝑁((
 (5.10) 

and the Stoichiometry S is  

 𝑆 =
𝑁(/ + 𝑁((

𝑁(/ + 𝑁(( + 𝑁//
 (5.11) 
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The donor and acceptor labelled protein (sub)populations within 𝐸wx and S dataset where 
clustered using a Gaussian mixture model, with one (apo) or two (holo) multivariate normal 
distributions. Molecules were assigned to the component yielding the highest posterior 
probability and are within 98% of the probability mass. For each cluster the average 
𝑁(/ 𝑁((⁄ , 𝑁(( 𝑁(/⁄  and 𝐸wx was calculated. All post-processing steps were programmed in 
MATLAB (MathWorks). 
 
Scanning confocal microscopy. Confocal scanning microscopy was performed using a 
home-built confocal scanning microscope as described in detail in Chapter 2. Surface 
immobilization and a flow-cell arrangement was prepared as described in Chapter 2. 
Measurements were done at room temperature in buffer A with 10 mM Cysteamine and 
1 mM 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox). 

Fluorescence trajectories were recorded in time-bins of varying length as stated in the 
text and/or figure captions. We use the following notation: 𝑁(9u  is the uncorrected count rate, 
𝑁(9uu  is the background corrected count rate and 𝑁(9 the background and spectral crosstalk 
corrected count rate of Y emission (Donor, Acceptor) upon donor excitation. The apparent 
FRET efficiency is 𝑁(/u 	 (𝑁((u + 𝑁(/u )⁄ . Only traces lasting longer than 20 time-bins, having 
on average more than 10 photons per time-bins, and showed clear bleaching steps were used 
for further analysis.  

Eq. S5.7 was used to estimate the interprobe distance ratio, with 

 
𝑁(/
𝑁((

=
𝑁(/uu − (𝑙 + 𝑑𝛽𝛾)𝑁((uu

(1 + 𝑑𝛽)𝑁((uu
 (5.12) 

where l, d, g and b are correction factors32 and 𝑁(( 𝑁(/⁄  is simply the reciprocal of Eq. 5.12. 
Background was determined as the average count rate per channel when the fluorophores 
have bleached. The correction factors were determined using solution-based ALEX32. In 
brief, the l and d factors were determined from the donor- and acceptor-only labelled FeuA 
molecules and the b and g factors using MalE as reference standard. All correction factors 
were determined on the same microscope also used for the surface-based measurements.  

The state-trajectories were modelled by a Hidden Markov Model (HMM)33. For this an 
implementation of HMM was programmed in MATLAB (MathWorks) as described in 
Chapter 2. We assume that the FRET and acceptor-only and donor-only fluorescence 
trajectory can be considered as an HMM with only two states having a one-dimensional 
Gaussian- or a Poisson-output distribution, respectively. The Gaussian distribution of state 𝑖 
(𝑖 =1, 2) is defined by the average and variance. The Poisson distribution of state 𝑖 (𝑖 =1, 2) 
is defined by the average intensity of the acceptor or donor in state 𝑖. The most probable 
state-trajectory was found using the Viterbi algorithm34. The individual lifetimes of state 𝑖 
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were interfered from the most probable state-trajectory. Lifetimes that were only partial 
observed due to fluorophore bleaching were not included in the analysis. The relative 
population of state 𝑖 was determined from total number of time-binds the most probable state-
trajectories are in state 𝑖 divided by the total number of time-binds of all trajectories. The 
uncertainty of the relative population was determined from the s.d. of 105 bootstrapping steps 
on all trajectories. The quenching ratio for each molecule was obtained by taking the ratio of 
the intensity levels as obtained from the Poisson HMM. 

 

5.5 Author contribution 

M.d.B., G.G. and T.C. designed the project. T.C. supervised the project. G.G. and Y.A.M. 
performed the molecular biology. M.d.B. labelled the protein, performed the measurements, 
analysed the data, developed the theoretical work and drafted the manuscript. All authors 
contributed to discussion of the research and writing of the manuscript.  
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5.6 Supplementary Information 

The distance between the donor and acceptor fluorophore 𝑟 is related to the FRET efficiency 
𝐸 via  

 𝐸 =
𝑅N3

𝑅N3 + 𝑟3
=

𝑛(/
𝑛(/ + 𝛾𝑛((

 (S5.1) 

where 𝑅N is the Förster radius, 𝑛(( and 𝑛(/ are the background- and spectral crosstalk-
corrected donor and acceptor emission count rates when the donor is excited, respectively. 
𝛾 = 𝜙/𝜂/ 𝜙(𝜂(⁄  depends on the donor and acceptor quantum yields, 𝜙(  and 𝜙/, 
respectively, and the detection efficiencies of the donor and acceptor emission detection 
channels, 𝜂( and 𝜂/, respectively32. Eq. S5.1 can be rewritten as 

 0
𝑟
𝑅N
2
3
= 𝛾

𝑛((
𝑛(/

 (S5.2) 

Let 𝑟K  and 𝑟�  denote the (average) donor and acceptor fluorophore distance of two states, 
here denoted by state 1 and 2. By using the definition of 𝛾 and noting that 𝑅N3 is proportional 
to 𝜙( , we find that the ratio between 𝑟K and 𝑟�  satisfies 

 0
𝑟K
𝑟�
2
3
=
𝜙K∙/
𝜙�∙/

𝑛K∙((
𝑛K∙(/

𝑛�∙(/
𝑛�∙((

 (S5.3) 

where 𝑛7∙(/ and 𝑛7∙((  are the count rates 𝑛(/ and 𝑛(( of state 𝑖 (𝑖 = 1,2), respectively, and 
𝜙K∙/ and 𝜙�∙/ are the acceptor quantum yields of state 1 and 2, respectively. Eq. S5.3 holds 
when the refractive index of the medium, the dipole orientation factor k2, the molar extinction 
coefficient of the acceptor and the normalized donor emission spectra are the same for state 
1 and 2. 

Here, we will consider how the distance ratio (𝑟K 𝑟�⁄ )3 can be estimated from the data. 
We use the following notation: 𝑁7∙89 represents the measured count rate of 𝑛7∙89, that is, the 
background- and spectral crosstalk-corrected count rate of Y emission (Donor, Acceptor) 
upon X excitation (Donor, Acceptor) when being in state 𝑖 (𝑖 = 1,2), and 𝑅7 and 𝑟7 are the 
measured and true distance of state 𝑖 (𝑖 = 1,2), respectively. In other words, 𝑅7 and 𝑁7∙89 are 
point estimators for 𝑟7 and 𝑛7∙89, respectively. In the derivation below we assume that the 
relaxation times of the excited states of the fluorophores are short compared to the time in 
between two detected photons, so that there is no correlation between the photons. Under 
these conditions, the distribution for 𝑁7∙89 can be approximated by a Poisson distribution 
with parameter 𝑛7∙89	35.  
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Then, an unbiased and consistent estimator for (𝑟K 𝑟�⁄ )3 is 

 0
𝑅K
𝑅�
2
3

= 4
𝑁K∙//
𝑁�∙//

5 4
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with  
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(S5.5) 

where 𝑘, 𝑝 and 𝑤 denote the number of observations. The sum in Eq. S5.5 extends over all 
observations, i.e., the total number of traces or time-bins. Noteworthy, in the absence of 
additional fluorophore quenching we have 𝜙K∙/ = 𝜙�∙/, so that  

 0
𝑟K
𝑟�
2
3
=
𝑛K∙((
𝑛K∙(/

𝑛�∙(/
𝑛�∙((

 (S5.6) 

and can be estimated from the data by using the estimator  

 0
𝑅K
𝑅�
2
3

= 4
𝑁K∙((
𝑁K∙(/

5 4
𝑁�∙(/
𝑁�∙((

5 (S5.7) 

Note that the estimation of the interprobe distance ratio does not require the determination 
of the gamma factor 𝛾 or the Förster radius 𝑅N. Below we will focus on the more general 
scenario as given by Eq. S5.3 and S5.4 and note that the same conclusions apply to the more 
specific case of Eq. S5.6 and S5.7. 

First, we will show that (𝑅K 𝑅�⁄ )3 is an unbiased estimator for (𝑟K 𝑟�⁄ )3. In others words, 
𝔼[(𝑅K 𝑅�⁄ )3] = (𝑟K 𝑟�⁄ )3, where 𝔼[𝑋] is the expectation value of the random variable 𝑋. 
Each term in the product of Eq. S5.4 is independent of each other, so that 
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Furthermore, it holds that 
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because the terms in the sum of Eq. S5.5 are independent and have the same distribution.  
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By combining Eq. S5.8 and S5.9 we have 
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We can approximate each term in the product of Eq. S5.10 further by approximating it to 
second-order 

 𝔼 �
𝑋
𝑌
� ≅

𝔼[𝑋]
𝔼[𝑌] �1 −

Cov(𝑋, 𝑌)
𝔼[𝑋]𝔼[𝑌] +

Var(𝑌)
𝔼[𝑌]� � (S5.11) 

The covariances between 𝑁K∙// and 𝑁�∙//, 𝑁K∙(( and 𝑁K∙(/	and of 𝑁�∙(/ and 𝑁�∙(( are 
zero35, 36. Further, under our assumption that 𝑁7∙89 has a Poisson distribution we have that 
Var(𝑁7∙89) 𝔼[𝑁7∙89]�⁄ = 1 𝑛7∙89⁄  and is thus is negligible when 𝑛7∙89 ≫ 1. Hence, we can 
safely make the approximation that 
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The count rate 𝑛7∙// is the product of the probabilities that (i) the acceptor is excited by the 
laser (𝑝�8), (ii) the acceptor decays to its ground state by photon emission (𝜙7∙/) and (iii) the 
emitted photon is detected (𝜂/)35, 36: 

 𝑛7∙// = 𝑝�8𝜙7∙/𝜂/ (S5.13) 

By using Eq. S5.12 and S5.13 we have 
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 (S5.14) 

when 𝑝�8 and 𝜂/ remain the same. By combing Eq. S5.10, S5.12 and S5.14 it follows that   
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Finally, from Eq. S5.3 and S5.15 we have 
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 (S5.16) 

and shows that (𝑅K 𝑅�⁄ )3 is an unbiased estimator for (𝑟K 𝑟�⁄ )3.  
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Next, we will look at the variance of the estimator (𝑅K 𝑅�⁄ )3. If the random variables 
𝑋7 ⋯𝑋� are independent, then  

 Var(𝑋7 ⋯𝑋�) = ∏ (Var(𝑋7) + 𝔼[𝑋7]�)�
7�K −∏ 𝔼[𝑋7]��

7�K . (S5.17) 

where Var(𝑋7) is the variance of 𝑋7. The terms in the product of Eq. S5.4 are independent so 
by using Eq. S5.17 we find that  
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As before, each term in the sum of Eq. S5.5 are also independent and have the same 
distribution, so  
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By combining Eq. S5.9, S5.18 and S5.19 we obtain   
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To show that (𝑅K 𝑅�⁄ )3 is a consistent estimator, we need to show that (𝑅K 𝑅�⁄ )3 
converges in probability to (𝑟K 𝑟�⁄ )3. In order to show this, we should proof that for any 
𝜀 > 0 it holds that 

 lim
���(�, ,¡)→X

𝑃(|(𝑅K 𝑅�⁄ )3 − (𝑟K 𝑟�⁄ )3| > 𝜀) = 0 (S5.21) 



 144 

By using Chebyshev's inequality and 𝔼[(𝑅K 𝑅�⁄ )3] = (𝑟K 𝑟�⁄ )3 we can obtain an upper bound 
for 𝑃(|(𝑅K 𝑅�⁄ )3 − (𝑟K 𝑟�⁄ )3| > 𝜀) 

 𝑃(|(𝑅K 𝑅�⁄ )3 − (𝑟K 𝑟�⁄ )3| > 𝜀) ≤
Var((𝑅K 𝑅�⁄ )3)

𝜀�  (S5.22) 

From Eq. S5.20 it follows that  

 lim
���(�, ,¡)→X

Var((𝑅K 𝑅�⁄ )3) = 0 (S5.23) 

thereby proving that for any 𝜀 > 0 Eq. S5.21 is true. In conclusion, (𝑅K 𝑅�⁄ )3 is an unbiased 
and consistent estimator for (𝑟K 𝑟�⁄ )3.   
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Figure S5.1. Ligand dependence on the protein conformational equilibrium. (A) Representative 
fluorescence trajectories of FeuA in the absence and presence of varying concentrations of FeBB as 
indicated. In all fluorescence trajectories presented: top panel shows calculated apparent FRET 
efficiency (blue) from the donor (green) and acceptor (red) photon counts as shown in the bottom 
panels. Orange lines indicate the most probable state-trajectory of the Hidden Markov Model (HMM). 
(B) Fraction of time FeuA is in the bound (low intensity) level. The points denote the fraction of time 
the molecules are in the low intensity level, relative to the total observation time. The error denotes the 
s.d. of 105 bootstrapping steps on all traces recorded at the same ligand concentration. The continuous 
line is a fit to the Hill-Langmuir equation (see Eq. 5.6), with a 95% confidence interval for KD indicated.   
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Table S5.1. Number of analysed molecules  

Solution-based smFRET 
Condition Number of analysed molecules 
Apo 1572 
100 µM FeBB 1362 

 
Surface-based smFRET 

Condition Number of analysed molecules 
Apo (5 ms) 459 
Apo (100 ms) 50 
10 nM FeBB (100 ms) 66 
25 nM FeBB (100 ms) 73 
25 nM FeBB (5 ms) 60 
75 nM FeBB (100 ms) 63 
100 µM FeBB (100 ms) 83 
100 µM FeBB (4 ms) 94 
  

Surface-based single-fluorophore assay   
Condition Number of analysed molecules 
FeuA(Q112C)-Alexa647 + 40 nM FeBB 50 
FeuA(I255C)-Alexa647 + 40 nM FeBB 87 
FeuA(Q112C)-Alexa555 + 25 nM FeBB 48 
FeuA(I255C)-Alexa555 + 25 nM FeBB 50 
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GlnPQ is an ATP-Binding Cassette (ABC) importer with a unique domain organization and 
intricate transport behaviour. The protein has two extra-cytoplasmic substrate-binding 
domains (SBDs) per membrane subunit, each with different specificity for amino acids and 
different spacing to the translocator domain. We determined the effect of the length and 
structure of the linkers, which connect the SBDs to each other and to the translocator domain, 
on transport by GlnPQ. We reveal that varying the linker length impacts transport in a dual 
manner that depends on the conformational dynamics of the SBD and the substrate 
availability in the environment. Varying the linker length not only changes the time for the 
SBD to find the translocator (docking), it additionally changes the probability to release the 
substrate again, thus altering the transport efficiency. On the basis of the experimental data 
and mathematical modelling, we calculate the docking efficiency as function of linker length 
and lifetime of the closed conformation. Importantly, not only linker length but also features 
in the sequence are important for efficient delivery of substrate from SBD to the translocator. 
We show that the linkers provide a platform for SBD docking and are not merely flexible 
structures.

6
Protein linkers provide limits on the domain interactions in 

the ABC importer GlnPQ and determine the rate of 
transport
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6.1 Introduction 

ATP-Binding Cassette (ABC) transporters can function as importer or exporter. Both 
importers and exporters consist of two transmembrane domains (TMDs) and two 
cytoplasmic nucleotide-binding domains (NBDs), which power the transport through 
hydrolysis of ATP (Figure 1.1). The TMDs and NBDs together constitute the translocator 
unit. ABC importers are on structural and mechanistic grounds subdivided in Type I, II and 
III1-3. The mechanism of transport of Type I and II importers involves the binding and 
release of substrate from a dedicated soluble substrate-binding protein (SBP) or membrane-
tethered substrate-binding domain (SBD) and alternating access of the substrate-binding 
cavity in the TMDs (Figure 1.7).  

SBPs of Gram-negative bacteria are able to freely diffuse in the periplasm4, whereas in 
Gram-positive bacteria and archaea they are tethered to the membrane via a lipid 
modification or covalently linked to the translocator (Figure 1.4). ABC importers with one 
or more SBDs fused to the TMDs are mostly found in the PAO and OTCN families of the 
ABC superfamily5, and these systems transport amino acids and compatible solutes. 
Homologous of the Escherichia coli maltose transporter MalFGK2 with MalE fused to one 
of the TMDs have been discovered recently6. GlnPQ from Lactococcus lactis is a Type I 
ABC importer that has two SBDs (called SBD1 and SBD2) fused to the N-terminus of the 
TMD, leading to a total of four SBDs per translocator (Figure 6.1). The N-terminal SBD1 
binds asparagine with a dissociation constant (KD) below 1 µM and glutamine with a KD 
value of 100 µM, whereas SBD2 binds glutamine with a KD of 1 µM and glutamate with a 
KD value that is higher than 1 mM at natural pH7. Binding of these amino acids switch 
SBD1 and SBD2 from an open to a closed conformation, with each amino acid inducing a 
different closed conformation (Section 2.2.1). Interestingly, the lifetime of the closed 
conformations influences transport in a reciprocal manner, i.e., transport is fast when the 
lifetime is short8. Similar observations were made for the E. coli maltose transporter and 
the Mn2+ importer PsaBCA of Streptococcus pneumoniae (Section 2.2.4 and 2.2.6). Based 
on these observations it can be hypothesised that the faster opening accelerates the transfer 
of substrate from the SBD to the translocator, thereby increasing the overall transport rate. 
However, little is known about the process of SBD docking onto the translocator, how this 
relates to the overall translocation cycle and how the dynamic properties of the SBD 
influence this process. 

In case of soluble or lipid-anchored SBPs of Type I ABC importers, the Michaelis 
constant (𝐾") of the TMD for substrate-bound SBPs is around 50 µM9-11. These low 
affinities may necessitate a high concentration of SBPs in the periplasm, which is in 
accordance with the observation that in the E. coli periplasm MalE can reach a 
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concentration of ~1 mM12. Alternatively, surface-tethering of the SBD to the membrane or 
translocator ensures a high local concentration that may saturate the transport reaction. For 
OpuA it has been shown that complementation of the translocator with soluble SBD is very 
inefficient13. Even at 40 µM of soluble SBD, the rate of transport was only a fraction of 
wild type OpuA, suggesting that the 𝐾" for SBD may be in the submillimolar or even 
millimolar range.  

Little is known about the relationship between linker length (or structure) and the inter-
domain interactions in native multidomain (membrane) proteins. Most often in native 
proteins only the composition of inter-domain linkers is studied. For instance, in the human 
protein tyrosine phosphatase non-receptor 4 the linker composition was shown to be 
important for communication between the two globular domains of the active complex14. 
The importance of protein linker length and structure is well documented for engineered 
fluorescence-based biosensors15. Often repeats of glycine and serine are used to generate 
linkers which are assumed to adopt a random coil structure and do not interfere with the 
protein domains of interest16. For luciferase it was shown that introducing a random linker 
between the two proteins domains affect the substrate affinity but not the 
bioluminescence17.  

Here, we investigated the role of length and structure of the linkers between the SBDs 
and between the SBDs and translocator in GlnPQ from L. lactis. We reveal that varying the 
linker length impacts transport in a dual manner that depends on the conformational 
dynamics of the SBD and the substrate availability in the environment. However, not only 
linker length but also sequence features are important for efficient delivery of substrate 
from the SBD to the translocator unit.  
 

6.2 Results 

6.2.1 Inter-domain linkers of GlnPQ 

Schematics of GlnPQ and deletion constructs are presented in Figure 6.1. We estimated the 
end and start points of the linkers between SBD1 and SBD2 and between SBD2 and the 
TMD of GlnPQ on the basis of the X-ray crystal structures of the SBDs7 and the homology 
model of the full length protein, taking advantage of the crystal structures of GlnPQ 
homologues, the ABC importers Art(QN)2 and MetI18, 19. To assign the linker between 
SBD2 and the TMD we aligned the sequences of ArtQ, GlnP and MetI (data not shown). 
We estimate the linker between SBD2 and TMD to be 19 amino acids long. Based on 
sequence alignment of GlnP homologs with two SBDs (data not shown) we estimate that 
the linker between SBD1 and SBD2 of GlnPQ from L. lactis is 14 amino acids long.  
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6.2.2 Linker between SBD1 and SBD2 

We designed mutants with deletions of 2, 5 and 8 amino acids C-terminal of SBD1 
(C-terminal of A251; denoted as GlnPQ-SBD12-Δ2, Δ5 and Δ8 in Figure 6.2, Table S6.1). 
We performed glutamine and asparagine transport assays at 100 µM, which is well above 
the KD of the SBDs for these amino acids. Under these conditions asparagine is imported 
via SBD1 and the majority of glutamine via SBD27. The transport of glutamine is much 
less affected by shortening of the SBD1-SBD2 linker (Figure 6.2A) than the uptake of 
asparagine (Figure 6.2B). In fact, deleting 8 amino acids diminishes asparagine uptake by 
more than 90%, whereas the uptake of glutamine is not significantly affected. The Western 
blot analysis shows that the proteins are expressed at comparable levels (Figure 6.2C). 
These data suggest that the inter-SBD linker of 14 is minimally needed for SBD1 to deliver 
asparagine to the translocator domain, but this length is not critical for transport of 

Figure 6.1. Schematic representation of GlnPQ and the linkers connecting the SBDs. Single 
SBD transporters were designed on the basis of the sequence identity between SBD1 and SBD2. 
Linker modifications between SBD1 and SBD2 were made C-terminal of A251. For the SBD-TMD 
linker all deletions and insertions were made C-terminal of S482 (see Table S6.1). In the schematic 
on the right we depict the space that is probed by the SBD for three different linker lengths. The 
apparent SBD concentration is calculated as a function of linker length, assuming the inserted 
peptides behave as a random coil. A peptide in extended state has angles F = -135o and Y = +135o 
and spacing of 0.35 nm between amino acids. For a linker of 19 amino (6.7 nm) connected to a 
protein with r = 2 nm, the maximal distance of the center of mass of the protein from the anchor point 
is 8.7 nm, yielding an SBD concentration of 1.2 mM. The concentration is 0.2 and 5.8 mM for linkers 
of 39 and 9 amino acids, respectively, corresponding to the insertion of 20 or deletion of 10 amino 
acids in the linker. 
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glutamine via SBD2. We also inserted a 20 amino acid (GGGS)4AAQL sequence 
C-terminal of A251, but increasing the linker length had little effect on the uptake of 
asparagine or glutamine (denoted as GlnPQ-SBD12#251+20 in Figure 6.2). 
 
6.2.3 Linker between SBD2 and TMD 

In wild type GlnPQ the 19 amino acid linker between SBD2 and TMD is long enough to 
allow docking of SBD2, and SBD2 can be displaced sufficiently to allow docking of 
SBD1. To simplify the analysis of the effect of inter SBD-TMD linker length, we 
constructed GlnPQ-SBD2 (Figure 6.1). It was observed that the deletion of only 4 amino 
acids already gives a 70% reduction in activity, and deletion of 10 or 15 amino acids 
completely abolishes transport (denoted as GlnPQ-SBD2-Δ4, Δ10 and Δ15 in Figure 6.3A). 
If instead of deleting 4 or 10 amino acids, the residues were replaced by a random 
sequence, the activity was ~40% of GlnPQ-SBD2 (denoted as GlnPQ-SBD2-Δ4+4 and 
Δ10+10 in Figure 6.3A). To determine if the same is true for asparagine transport via 
SBD1, we made the Δ10 and Δ10+10 truncations in wild type GlnPQ (denoted as 
GlnPQ-Δ10 and Δ10+10). We find that GlnPQ-Δ10 is completely inactive in both 
asparagine and glutamine transport, whereas GlnPQ-Δ10+10 has full asparagine transport 
and ~50% glutamine transport activity (Figure 6.3B). Although the expression levels may 
differ slightly (Figure 6.3C), the differences in transport activity cannot be explained by the 
variations on the immunoblots. The partial recovery of activity in the Δ10+10 constructs 
suggests that not only linker length but also features in the sequence are important for 
efficient delivery of glutamine from SBD2 to the translocator unit. However, asparagine 

Figure 6.2. Effect of SBD1-SBD2 linker length on transport activity. Initial rates of uptake of 
glutamine (A) and asparagine (B) in L. lactis GKW9000, complemented in trans with the indicated 
constructs (expressed from the nisin A promoter). The final substrate concentrations were 100 µM 
[3H]-glutamine or [3H]-asparagine. (C) Western blot showing the relative expression of the GlnPQ 
proteins. For immunostaining both GlnP (SBD-specific antibody) and GlnQ (his-tag antibody) were 
detected on the same blot. Marker sizes are shown on the left side of the immunoblot. 
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transport via SBD1 seems not to be influenced by the linker composition, only the length is 
important for optimal delivery to the translocator.  

To determine if the composition of the 19 amino acid inter SBD2-TMD linker is 
important for the interactions between the SBDs and the TMD, we designed mutants in 
wild type GlnPQ with a 20 amino acid sequence (GGGS)4AAQL inserted (#482+20, 
#492+20 and #512+20 in Figure 6.4). We find that transport of both asparagine (via SBD1) 
and glutamine (via SBD1 and SBD2) is abolished if we move the insertion to the middle 
position (L492) or after the C-terminal end (L512) of the native linker (Figure 6.4A). 
Western blot analysis showed that expression of each of the insertion mutants is 
comparable to wild type GlnPQ except for GlnPQ#492+20 (Figure 6.4B). The band below 
GlnP is a breakdown product (denoted as GlnP* in Figure 6.4B). Especially the 20 amino 
acid insertion in the middle of the linker region induced breakdown. Overall, the data 
indicate that a 19 amino acid flexible linker is not sufficient for the functional interaction of 
SBD2 with the TMD: the integrity of the native linker is important for transport. 

 
6.2.4 Effect of linker length on transport kinetics 

To get further insight into the docking process and its contribution to the translocation 
cycle we investigated the transport kinetics of GlnPQ with varying linkers. The linker 
length was varied by inserting GGGS repeat sequences at a non-critical position in the 

Figure 6.3. Effect of SBD2-TMD linker length on transport activity. Initial rates of uptake of 
glutamine (grey) and asparagine (sparse) in L. lactis GKW9000, complemented in trans with the 
indicated constructs of GlnPQ-SBD2 (A) and wild type GlnPQ (B) (expressed from the nisin A 
promoter as described in Materials and Methods). The final substrate concentrations were 25 µM 
[3H]-glutamine and 100 µM [3H]-asparagine. All deletions start after S482 and are specified in 
Table S6.1. (C) Western blot showing the relative expression levels of the mutant proteins. Top 
panel: crude cell lysates; bottom panel: protein expression in membrane vesicles. Marker sizes are 
indicated on the left side. For immunostaining antibodies raised against the SBDs were used. 
Experiments for GlnPQ-SBD2 and GlnPQ were done on different days. 
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native SBD2-TMD linker, thereby varying the available volume that is accessible to the 
SBD and thus varying the effective concentration of the receptor. We used the single SBD 
constructs GlnPQ-SBD1 and GlnPQ-SBD2. For GlnPQ-SBD1 we inserted 5, 10, 20 or 40 
amino acids and for GlnPQ-SBD2 20 or 40 amino acids. Transport experiments showed 
Michaelis-Menten behaviour (Figure 6.5A) and were analysed to yield the 𝑉$%&  and 𝐾" 
(Table 6.1).  

In Figure 6.5, the 𝑉$%&  and 𝐾" values are shown as a function of the inserted linker 
length. Independently of the involved SBD or substrate, the 𝑉$%&  decreased when the linker 
length was increased (dashed lines). Interestingly, the 𝐾" was little affected by variations 
in linker length for high affinity glutamine (KD = 0.9 µM; Figure 6.5B) and asparagine 
(KD = 0.2 µM; Figure 6.5C) transport via SBD2 and SBD1, respectively. However, the 𝐾" 
significantly increased when the linker length was increased for low affinity (KD = 92 µM) 
glutamine transport via SBD1 (Figure 6.5D). These observations suggest that the effect of 
linker length variation depends on the affinity between the substrate and SBD. 

We tested this hypothesis further by studying a GlnPQ derivative with an altered 
affinity for the substrate in SBD1. Previously, we showed that two mutations in the ligand-
binding site of SBD1, SBD1(E184D/V185E)8, to mimic the binding pocket of SBD2, 
resulted in a 70-fold higher affinity for glutamine (KD from 92 to 1.3 µM) but the protein 
kept a relatively low KD for asparagine (KD increased from 0.2 to 2.4 µM). We now 
introduced these active site mutations in GlnPQ-SBD1 and probed the effect of linker 
length on the kinetic parameters of transport. We find that, when the linker length is 

Figure 6.4. Positional dependence of inserting 20 amino acid sequences into the SBD2-TMD 
linker. (A) Initial rates of uptake of glutamine (grey) and asparagine (sparse) in L. lactis GKW9000, 
complemented in trans with the indicated constructs (expressed from the nisin A promoter as 
described in Materials and Methods). The final substrate concentrations were 100 µM [3H]-glutamine 
and 100 µM [3H]-asparagine. (B) Western blots showing the relative expression levels of the proteins. 
For immunostaining both GlnP (SBD-specific antibody) and GlnQ (his-tag antibody) were detected 
on the same blot. Marker size is indicated on left side. 
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increased, the 𝑉$%&  of asparagine (Figure 6.6A) and glutamine (Figure 6.6B) transport via 
GlnPQ-SBD1(E184D/V185E) slightly decreased, whereas the 𝐾" is now much less 
affected compared to the wild type protein.  

In conclusion, increasing the linker length impedes transport in GlnPQ, irrespective of 
the SBD or the substrate transported, and the effect is exerted primarily at the level of the 
𝑉$%& . When the KD of the SBD for the substrate is (relatively) high, i.e., low substrate 
affinity, an additional decrease in transport can be observed that is exerted at the level of 
the 𝐾" of transport. 
  

Figure 6.5. Kinetics of transport by GlnPQ-SBD1 and GlnPQ-SBD2 with different linkers. (A) 
Michaelis-Menten kinetics of [14C]-glutamine transport by GlnPQ-SBD2. Squares: GlnPQ-SBD2; 
open circles: GlnPQ-SBD2+20; triangles: GlnPQ-SBD2+40. Kinetic parameters as a function of 
linker length for glutamine transport by GlnPQ-SBD2 (B), asparagine transport by GlnPQ-SBD1 (C) 
and glutamine transport by GlnPQ-SBD1 (D). KM (solid line) and VMAX values (dashed line) are 
plotted. The lengths of the insertions in the SBD-TMD linkers are indicated on the x-axis by the 
number of amino acids. The error bars indicate s.d. of 2-3 experiments (see Table 6.1). 
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Table 6.1. K
inetic param

eters of asparagine and glutam
ine transport.  
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1.7 ± 1.6 
12.8 ± 6.8 

0.25 ± 0.27 

G
lnPQ

-S
BD

2 
 

nd 
nd 

 
4 

2.3 ± 0.3 
71.5 ± 17.5 

1.04 ± 0.29 

G
lnPQ

-S
BD

2+20 
 

nd 
nd 

 
5 

4.2 ± 1.6 
33.9 ± 7.3 

0.27 ± 0.12 

G
lnPQ

-S
BD

2+40 
 

nd 
nd 

 
3 

2.2 ± 1.0 
14.2 ± 6.8 

0.22 ± 0.14 
 Errors are s.d. over n num

ber of experim
ents. 
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6.2.5 Transport model 

To understand the relationship between KD and docking, we performed mathematical 
modelling to describe the transport kinetics of GlnPQ at steady-state. We constructed a 
reaction scheme, which builds on data available for Type I importers and uses data 
specific for GlnPQ (Figure 6.7). In brief, the translocation cycle is initiated by substrate 
binding by the SBD (X1àX2 in the scheme). Once the SBD is in the closed conformation 
(X2), it can dock onto the TMD (X2àX3) and transfer the substrate to the translocator 
(X3àX4). In this step, the SBD has to open to transfer the substrate to the TMDs, which 
undergoes a large conformational change from an inward- to an outward-facing 
conformation. As shown for GlnPQ8, the E. coli maltose transporter (Section 2.2.6) and the 
S. pneumoniae Mn2+ importer (Section 2.2.4) this step depends on the lifetime of the closed 
conformation of the SBD. The final steps of translocation (X4àX1) are for simplicity 
treated as a single step and includes substrate transfer from the TMD to the cell interior 
accompanied by ATP hydrolysis and release of Pi and ADP. Finally, binding of ATP will 
complete the transport cycle and bring the translocator back to the initial state (X1).  

In our derivations, we define 𝑋)(𝑡) as the concentration of state Xi (𝑖 ∈ {1, … ,4}) at 
time 𝑡, 𝑘6 are the rate constants (𝑧 ∈ {−1, … ,4}) and 𝐿 is the substrate concentration in the 
external environment. All rate constants have units of s-1, except 𝑘:, which has units of 
M-1×s-1. By using the law of mass action for each elementary step of the transport cycle, we 
can formulate the equations that describe the time evolution of the concentrations of Xi.  

Figure 6.6. Kinetics of transport by GlnPQ-SBD1(E184D/V185E) with different linkers. 
Transport of [3H]-asparagine (A) and [3H]-glutamine (B) was measured in whole cells of L. lactis 
GKW9000 complemented in trans with GlnPQ-SBD1(E184D/V185E), GlnPQ-
SBD1(E184D/V185E)+10 and GlnPQ-SBD1(E184D/V185E)+20. KM (solid line) and VMAX values 
(dashed line) are plotted. The lengths of the insertions in the SBD-TMD linkers are indicated on the 
x-axis by the number of amino acids. The error bars indicate s.d. of duplicate experiments (see 
Table 6.1) 
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The reaction scheme as depicted in Figure 6.7 results in the following system: 

 

�̇�:(𝑡) = 𝑘=:𝑋>(𝑡) + 𝑘@𝑋@(𝑡) − 𝑘:𝐿𝑋:(𝑡)	
�̇�>(𝑡) = 𝑘:𝐿𝑋:(𝑡) − (𝑘=: + 𝑘>)𝑋>(𝑡)	
�̇�B(𝑡) = 𝑘>𝑋>(𝑡) − 𝑘B𝑋B(𝑡)	
�̇�@(𝑡) = 𝑘B𝑋B(𝑡) − 𝑘@𝑋@(𝑡) 

(6.1) 

where �̇�)(𝑡) is the time derivative of 𝑋)(𝑡). This system is subjected to the constraint 

 𝐸 = 𝑋:(𝑡) + 𝑋>(𝑡) + 𝑋B(𝑡) + 𝑋@(𝑡) (6.2) 

where 𝐸 denotes the total protein concentration. In steady-state we have that �̇�)(𝑡) = 0, so 
that Eq. 6.1 reduces to  

 
0 = 𝑘=:𝑋> + 𝑘@𝑋@ − 𝑘:𝑋:𝐿	
0 = 𝑘:𝑋:𝐿 − (𝑘=: + 𝑘>)𝑋>	
0 = 𝑘>𝑋> − 𝑘B𝑋B 

(6.3) 

where 𝑋) denotes the steady-state concentration of state Xi. The steady-state transport rate 
is then  

 𝑣 = 	𝑘@𝑋@	 (6.4) 

By solving Eq. 6.2 and 6.3 we find that the steady-state transport rate follows Michaelis-
Menten behaviour, i.e.,  

 𝑣 = 𝑉$%&
𝐿

𝐾" + 𝐿
	 (6.5) 

k2k1∙L

k-1

 k4
X1 X2 X3 X4

k3

Figure 6.7. Model of the translocation cycle of GlnPQ with SBD1 and SBD2. Substrate is shown 
in brown, the membrane in light brown and the SBDs and translocator in light and dark grey, 
respectively. 
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with a Michaelis-Menten constant that is given by 

 𝐾" = 𝐾F 		
𝑡> + 𝑡=:

𝑡> + 𝑡B + 𝑡@
, (6.6) 

where 𝑡) = 1 𝑘)⁄  and 𝐾F is the dissociation constant of substrate binding. The 𝐾F is defined 
as 

 𝐾F = 𝑡: 𝑡=:⁄  (6.7) 

where 𝑡=: is the lifetime of the closed conformation (ligand-bound state) and 𝑡: 𝐿⁄  the 
lifetime of the open conformation (ligand-free state) of the SBD. The maximal rate of 
transport is given by 

 𝑉$%& =
𝐸

𝑡> + 𝑡B + 𝑡@
 (6.8) 

The transport data in this work are well described by Michaelis-Menten behaviour and thus 
support the model (Figure 6.5A). From Eq. 6.6, 6.7 and 6.8 it follows that the 𝑉$%&  depends 
only on the steps after substrate binding (X2 and onward), whereas the 𝐾" depends on all 
steps of the model.  
 
6.2.6 Dual role of docking on the transport kinetics 

The model is used to qualitatively explain the transport measurements on GlnPQ. We 
found that independent of the SBD or substrate, the 𝑉$%&  decreases when the linker length 
increases (Figures 6.5 and 6.6). This can be explained by the additional time needed for the 
SBD to find and dock onto the translocator. Indeed, if 𝑡> is increased by ∆𝑡, then from 
Eq. 6.8 it follows that 𝑉$%&(𝑡> + ∆𝑡) < 𝑉$%&(𝑡>). In addition, a small perturbation on 𝑡> 
only has an effect on 𝑉$%&  if 𝑡>	~	𝑡B + 𝑡@, hence docking is one of the rate-determining 
steps of the GlnPQ translocation cycle. 

The 𝐾" is largely unaffected by an increase in linker length when the SBDs binds the 
substrate with high affinity (Figures 6.5 and 6.6), from which we have to conclude that 
𝑡=:~	𝑡>, since we already concluded from the 𝑉$%&  data that 𝑡>	~	𝑡B + 𝑡@. This holds true 
for SBD1 and SBD1(E184D/V185E) binding asparagine and SBD2 and 
SBD1(E184D/V185E) binding glutamine, which suggests that in these cases the lifetime of 
the closed conformation (𝑡=: is between 60 and 280 ms8) is similar to the time needed to 
find and dock onto the translocator (𝑡>). However, in case the 𝐾" increases with increasing 
linker length, as observed for glutamine transport via SBD1, so that we have 
𝑡=: < 	𝑡B + 𝑡@ and thus 𝑡=: < 	 𝑡>, since 𝑡>	~	𝑡B + 𝑡@. This implies that SBD docking is 
slow compared to opening of the SBD and release of substrate back into the external 



 161 

environment, which is in agreement with the extremely short lifetime of the closed 
conformation of SBD1 with glutamine (𝑡=: < 1 ms8), compared to the other SBDs and 
substrates (𝑡=: > 60 ms8).  

From the experimental data and our model an intricate view of the docking process 
emerges. Once an SBD has acquired a substrate it has to dock onto the translocator before 
the SBD opens and releases the substrate back into the external environment. This process 
impedes transport when it is inefficient, i.e., opening of the SBD is faster than docking onto 
the translocator. The efficiency of the processes is quantified by 

 Θ =
𝑡=:

𝑡> + 𝑡=:
 (6.9) 

and is equal to the probability to dock onto the translocator once the SBD has a substrate 
bound (X2àX3 in the model). Here, we define Θ as the docking efficiency. Note that we 
have 0 ≤ Θ ≤ 1, with the docking being maximal efficient when Θ = 1 and most 
inefficient when Θ = 0. By combining Eq. 6.6 to 6.9, we find that Θ can be expressed as 

 Θ = 𝑡:
𝑘N%O
𝐾"

 (6.10) 

where	𝑘N%O = 	𝑉$%&/𝐸 is the maximal rate of transport of a single transporter. We 
calculated 	𝑘N%O from the measured 	𝑉$%&  values and estimated the total transporter 
concentration (𝐸) in our assay by noting that GlnPQ constitutes 0.2-0.5% of total cell 
protein in L. lactis (under the ambient experimental conditions). In addition, we showed in 
our previous work8 and Chapter 2 that 𝑘: is ~20 µM-1 s-1, which allows us to estimate Θ as 
function of linker length (Table 6.1). By using Eq. 6.10, we estimate that Θ is 1.04 ± 0.29 
for glutamine transport via GlnPQ-SBD2. This means that 104 ± 29% of the initial binding 
events by SBD2 are successfully followed by actual translocation. On the contrary, only a 
small fraction (Θ = 10 ± 5%) of the binding events is successfully followed by actual 
translocation when glutamine is transported via SBD1 instead (Table 6.1). In Figure 6.8 we 
show the estimated Θ	as function of linker length and openings rate of SBD1. We conclude 
that Θ decreases when (i) the linker length increases or (ii) the opening of the SBD is faster 
(Figure 6.8). Hence, docking is most inefficient for glutamine transport via SBD1 (Θ = 10 
± 5%; shortest dwell time) and is most efficient when glutamine is transported via 
SBD1(E184D/V185E) (Θ = 125 ± 53%; longest dwell time).   

In conclusion, when the linker length is increased it takes more time to form the SBD-
translocator complex and hence the 𝑉$%&  decreases. When complex formation is slower 
than opening of the SBD, docking is inefficient and will additionally impact the 𝐾". A 
substrate-bound SBD will only manage to dock efficiently onto the translocator when the 
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affinity for the substrate is sufficiently high to prevent premature release of the substrate 
back to the environment. However, as shown in Chapter 2, when the affinity is too high 
(long lifetime of the closed conformation) it can impact and diminish the efficiency of 
other steps in the translocation cycle. 

 

6.3 Discussion 

All known structures of ABC importers are from systems with soluble SBPs and their 
properties are rather well documented. In brief, these studies indicate different modes of 
interactions between TMD and SBP for Type I and II importers20-24. For Type I importers 
the affinity of the TMDs for the SBP is low when inferred from transport measurements 
(𝐾"	in the high micromolar range)25-29. Type II importers show nM affinities for the 
binding of the SBP to the TMDs, and the 𝐾F values become higher in the presence of 
ligand as shown by surface plasmon resonance for the molybdate/tungstate transporter 
hiMolBC-A27 and the vitamin B12 importer BtuCDF28. In vivo the concentration of 
periplasmic binding proteins can reach ~1 mM as shown specifically for maltose (MalE)30 
and histidine binding proteins (HisJ)26. The relative concentration of several periplasmic 
SBPs has been determined in a large proteomic study in E. coli31, which shows up to 
~10-fold differences in SBP expression depending on the growth condition (growth rate, 
absence or presence of inducer).  

Some ABC importers of Gram-positive bacteria have one, two or three SBDs per TMD 
and thus have two, four or six SBDs in the functional dimeric complex5, 7. In addition, 
homologous of the E. coli maltose importers have been identified with one SBD linked to 
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Figure 6.8. Docking efficiency of SBD1 onto the translocator. Docking efficiency of SBD1 in the 
constructs GlnPQ-SBD1 and GlnPQ-SBD1(E184D/V185E) with different linker insertions as 
indicated. Docking efficiency is calculated with Eq. 6.10 and related to the openings rate of the SBD 
as determined in our previous work8.  
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the transporter complex6. Little is known about these receptors, whether they compete with 
each other to form the SBD-translocator complex and what the role is of the linkers 
between the SBDs and between the SBD and TMD.  

Alignment of the linkers of GlnPQ homologues and structure prediction methods do 
not give conclusive information about the nature of the linkers, whether they contain 
structural elements or are fully flexible. We now show that the 19 amino acids bridging 
SBD2-TMD and the 14 amino acids linking SBD1-SBD2 are close to the minimum number 
needed for the transporters to function. Importantly, not only linker length but also features 
in the sequence are important for efficient delivery of substrate from the SBD to the 
translocator. Thus, the linker regions may also serve a structural role and may be part of the 
docking platform for the SBD in the interaction with the TMD. In agreement, removal of 
the linker region and the SBDs from GlnPQ increased the futile hydrolysis of ATP 5-fold32, 
confirming its importance in the transmembrane signalling by the TMD.  

Soluble SBPs of ABC importers, such as MalE of the maltose transporter from E. coli, 
compete with each other for the translocator, and the transport rate saturates at high 
substrate and SBP concentration26. The relatively short linkers between the SBDs and the 
translocator in GlnPQ and related transporters allow the proteins to probe a small volume 
around the translocator, leading to an effective concentration of the SBDs in the 
(sub)millimolar range (Figure 6.1). In contrast to soluble SBPs, we do not see any 
saturation in the transport rate when the linker length is varied, which could indicate that 
the affinity of the TMDs for SBDs in GlnPQ is even lower than reported for ABC 
importers with soluble SBPs. However, it must be noted that mechanistic differences may 
exist between these transporters, which could give rise to different transport kinetics. For 
example, every soluble SBP can interact with every available translocator, whereas the 
SBDs of GlnPQ and related transporters can only interact with the translocator to which 
they are fused.  

In Chapter 2 and our previous work8, single-molecule Förster resonance energy 
transfer (smFRET) was used to probe the conformational dynamics of SBD1 and SBD2 
and correlated this to transport. We now analysed the transport cycle of GlnPQ further by 
perturbing the translocation paths by engineering the linkers between the SBDs and 
between SBD2 and the TMD. We find that increasing the linker length decreases the 𝑉$%& , 
suggesting that the time needed for the substrate-bound SBD to find and dock onto the 
translocator has increased. For the first time, we were able to quantify the docking 
efficiency as function of linker length and as function of the lifetime of the closed 
conformation. Based on our mathematical model, we conclude that the docking process 
takes around 60-280 ms, or longer if the efficiency of the docking process is low. The 𝑉$%&  
of glutamine transport by GlnPQ in vivo is ~10 nmol·min-1 (mg of total protein)-1, that is, at 
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an estimated GlnPQ expression of 0.2-0.5% of total cell protein. Hence, we infer a turnover 
number for glutamine transport of 7-17 s-1. On the basis of these numbers and the fact that 
the 𝑉$%&  varies with linker length, we conclude that the docking process is one of the rate-
determining steps of the translocation cycle of GlnPQ.  

At high substrate concentrations transport does not depend on the docking efficiency, 
as any substrate molecule released from the SBD is quickly replaced by a new one. Under 
these conditions, the decrease in the transport rate with increasing linker length is due to 
the longer time that is needed for the substrate-bound SBD to find the translocator. At low 
substrate concentrations, an additional effect influences the transport process. Now a new 
molecule not rapidly replaces a substrate released from the SBD. Hence, depending on the 
timescales of substrate release (lifetime of closed conformation) and the finding of the 
translocator (length of linker), this will additionally impact transport, as is observed for 
glutamine transport via SBD1. When substrate availability is limiting, the reduction in 
glutamine transport via SBD1 is due to the increase in 𝐾" and decrease in 𝑉$%& , as the 
transport rate at low substrate concentrations scales as 𝑉$%&/𝐾" (see Eq. 6.5). Noteworthy, 
a dominant effect of docking of the ligand-free SBD state would have an effect on the 𝐾" 
and not on the 𝑉$%& , which is not what we observe. Moreover, we showed that intrinsic 
closing occurs only rarely in SBD1 and SBD2 or any of the other studied SBPs 
(Section 2.2.2, 4.2.3 and 5.2.3). We therefore did not include docking of the ligand-free 
SBDs in our model.  

In conclusion, we show that the linkers of GlnPQ, that connect the SBDs to the 
translocator, provide a platform for docking and are not solely flexible structures. The 
linker length determines the effective receptor concentration and impacts transport in a dual 
manner that depends on the conformational dynamics of the SBD and the substrate 
availability in the environment. Our results show how nature might fine-tune the transport 
of essential nutrients into the cell by varying the dynamic properties of the SBDs and the 
linkers that connect them to the translocator.   
 

6.4 Materials and Methods 

Strain construction. L. lactis GKW9000 carrying pNZglnPQhis or derivatives was 
cultivated semi-anaerobically at 30 oC in M17 (Oxoid) medium supplemented with 1% 
(w/v) glucose and 5 µg/ml chloramphenicol, unless indicated otherwise. Strain GKW9000 
is a derivative of NZ9000 with the glnPQ genes deleted. Mutants of GlnPQ were made by 
uracil excision-based cloning, using pfuX7 polymerase, or by inserting gene fragments at 
unique restriction sites using Phusion polymerase (Fermentas).  
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Uptake experiments in whole cells. Cells were grown in GM17 to an OD600 of 0.4, 
induced for 1 h with 0.01% of culture supernatant of the nisin A producing strain NZ9700 
and harvested by centrifugation for 10 min at 4000´g; the final nisin A concentration was 
~1 ng/ml. After washing twice with 10 mM PIPES-KOH, 80 mM KCl, pH 6.0, the cells 
were resuspended to OD600 of 50 in the same buffer. Uptake experiments were performed 
at 0.1–0.5 mg/ml total protein in 30 mM PIPES-KOH, 30 mM MES-KOH, 30 mM 
HEPES-KOH (pH 6.0). Before starting the transport assays, the cells were equilibrated and 
energized at 30 °C 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 (PerkinElmer), 
[3H]-glutamine (PerkinElmer) or [3H]-asparagine (ARC); the specific radioactivity was 
adjusted in the different experiments to have the radioactive counts at least 10-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 into 2 ml 
ice-cold 100 mM LiCl. The samples were rapidly filtered through 0.45 µm pore-size 
cellulose nitrate filters (Amersham) and the filter was washed once with ice-cold 100 mM 
LiCl. The radioactivity on the filters was determined by liquid scintillation counting 
 
Western blotting analysis. Parallel to the transport assays, cell samples were frozen for 
subsequent analysis of protein expression by immunoblotting or protein purification when 
deletion mutants prohibited the use antibodies for Western blotting; we note that the 
antibodies are directed against the SBDs rather than the GlnP subunit. Cells were diluted to 
an OD600 of 15 and combined with glass beads (0.1 mm VWR) and broken using a tissue 
lyser LT (Qiagen) at 50 Hz for 5 min. This step was repeated once, after cooling the 
samples on ice for 5 min. After the glass beads settled, the crude cell lysate was separated 
by SDS 12.5% PAA gel electrophoresis, followed by Western blotting. Typically, 24 ug of 
total protein was applied to the gel; mouse anti-Histag antibodies (5-prime/ Qiagen), and/or 
anti-SDB1 or anti-SBD2 from rabbit (Eurogentec) were used for immune detection using 
Chemoluminescence (Tropix). To determine the expression levels in membrane fractions, 
the crude lysate was centrifuged for 10 min at 15,000´g to remove remaining cell debris. 
Subsequently, the membrane vesicles were collected by centrifugation at 227,000´g for 
20 min. The pellet was resuspended in SDS-PAGE loading buffer and analysed by Western 
blotting. We used a pre-stained molecular weight marker (Fermentas) to indicate the 
molecular weight on the blots. 
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6.6 Supplementary Information 

Table S6.1. Mutants used in this study.  

 Linker modifications in GlnPQ-SBD1 and GlnPQ-SBD2 
Native linker SBD2-TMD #483-
501 DAKTIQSSAKENTFFGILQ 

Δ4 ----IQSSAKENTFFGILQ 
Δ10 ----------ENTFFGILQ 
Δ4+4 gggsIQSSAKENTFFGILQ 
Δ10+10 gggsgggsaaENTFFGILQ 
+ 5 gggsaDAKTIQSSAKENTFFGILQ 
+10 gggsgggsaaDAKTIQSSAKENTFFGILQ 
+20 gggsgggsgggsgggsaaqlDAKTIQSSAKENTFFGILQ 

+40 gggsgggsgggsgggsaaql 
gggsgggsgggsgggsaaqlDAKTIQSSAKENTFFGILQ 

 Linker modifications in wild type GlnPQ 
GlnPQ-Δ10 ----------ENTFFGILQ 
GlnPQ-Δ10+10 gggsgggsaaENTFFGILQ 
GlnPQ after #482+20 gggsgggsgggsgggsaaqlDAKTIQSSAKENTFFGILQ 
GlnPQ after #492+20 DAKTIQSSAKgggsgggsgggsgggsaaqlENTFFGILQ 
GlnPQ after #512+20 DAKTIQSSAKENTFFGILQNNWEQIGRGLLgggsgggsgggsgggsaaql 
 Modifications in linker between SBD1 and SBD2 
Native linker SBD1-SBD2 #248-
261 GITATKKATPKKDV 

GlnPQ-SBD12-Δ2 GITA--KATPKKDV 
GlnPQ-SBD12-Δ5 GITA-----PKKDV 
GlnPQ-SBD12-Δ8 GITA--------DV 
GlnPQ-SBD12#251+20 GITAgggsgggsgggsgggsaaqlTKKATPKKDV 

The original linker of GlnPQ is indicated in capital letters, underlined sequences are not part of the 
linker and inserted linkers are indicated in italics. GlnP has a signal sequence, which is cleaved off 
after insertion of the protein in the membrane. The numbering used is for the protein with signal 
sequence, starting from methionine 1 (M1). 
  



 167 

6.7 References 

1. Lewinson, O. & Livnat-Levanon, N. Mechanism of action of ABC importers: conservation, 
divergence, and physiological adaptations. J. Mol. Biol. 429, 606-619 (2017). 
2. Rees, D. C., Johnson, E. & Lewinson, O. ABC transporters: the power to change. Nat. Rev. Mol. 
Cell Biol. 10, 218-227 (2009). 
3. Swier, L. J. Y. M., Slotboom, D. J. & Poolman, B. in ABC transporters - 40 years on (ed George, 
A. M.) 3-36 (Springer International Publishing, 2016). 
4. Sochacki, K. A., Shkel, I. A., Record, M. T. & Weisshaar, J. C. Protein diffusion in the periplasm 
of E. coli under osmotic stress. Biophys. J. 100, 22-31 (2011). 
5. van der Heide, T. & Poolman, B. ABC transporters: one, two or four extracytoplasmic substrate-
binding sites? EMBO Rep. 3, 938-943 (2002). 
6. Licht, A. et al. Structural and functional characterization of a maltose/maltodextrin ABC 
transporter comprising a single solute binding domain (MalE) fused to the transmembrane subunit 
MalF. Res. Microbiol. 170, 1-12 (2019). 
7. Fulyani, F. et al. Functional diversity of tandem substrate-binding domains in ABC transporters 
from pathogenic bacteria. Structure 21, 1879-1888 (2013). 
8. Gouridis, G. et al. Conformational dynamics in substrate-binding domains influences transport in 
the ABC importer GlnPQ. Nat. Struct. Mol. Biol. 22, 57-64 (2015). 
9. Doeven, M. K., Abele, R., Tampe, R. & Poolman, B. The binding specificity of OppA determines 
the selectivity of the oligopeptide ATP-binding cassette transporter. J. Biol. Chem. 279, 32301-32307 
(2004). 
10. Prossnitz, E., Gee, A. & Ames, G. F. Reconstitution of the histidine periplasmic transport system 
in membrane vesicles. Energy coupling and interaction between the binding protein and the 
membrane complex. J. Biol. Chem. 264, 5006-5014 (1989). 
11. Dean, D. A., Hor, L. I., Shuman, H. A. & Nikaido, H. Interaction between maltose-binding 
protein and the membrane-associated maltose transporter complex in Escherichia coli. 
Mol. Microbiol. 6, 2033-2040 (1992). 
12. Manson, M. D., Boos, W., Bassford, P. J. & Rasmussen, B. A. Dependence of maltose transport 
and chemotaxis on the amount of maltose-binding protein. J. Biol. Chem. 260, 9727-9733 (1985). 
13. Biemans-Oldehinkel, E. & Poolman, B. On the role of the two extracytoplasmic substrate-binding 
domains in the ABC transporter OpuA. EMBO J. 22, 5983-5993 (2003). 
14. Caillet-Saguy, C. et al. Regulation of the human phosphatase PTPN4 by the inter-domain linker 
connecting the PDZ and the phosphatase domains. Sci. Rep. 7, 7875 (2017). 
15. van Dongen, E. M. et al. Variation of linker length in ratiometric fluorescent sensor proteins 
allows rational tuning of Zn(II) affinity in the picomolar to femtomolar range. J. Am. Chem. Soc. 
129, 3494-3495 (2007). 
16. Evers, T. H., van Dongen, E. M., Faesen, A. C., Meijer, E. W. & Merkx, M. Quantitative 
understanding of the energy transfer between fluorescent proteins connected via flexible peptide 
linkers. Biochemistry 45, 13183-13192 (2006). 
17. Bahmani, P. & Hosseinkhani, S. Increase of segmental mobility through insertion of a flexible 
linker in split point of firefly luciferase. Int. J. Biol. Macromol. 94, 762-770 (2017). 
18. Yu, J., Ge, J., Heuveling, J., Schneider, E. & Yang, M. Structural basis for substrate specificity of 
an amino acid ABC transporter. Proc. Natl. Acad. Sci. U. S. A. 112, 5243-5248 (2015). 
19. Kadaba, N. S., Kaiser, J. T., Johnson, E., Lee, A. & Rees, D. C. The high-affinity E. coli 
methionine ABC transporter: structure and allosteric regulation. Science 321, 250-253 (2008). 



 168 

20. Oldham, M. L., Khare, D., Quiocho, F. A., Davidson, A. L. & Chen, J. Crystal structure of a 
catalytic intermediate of the maltose transporter. Nature 450, 515-521 (2007). 
21. Hvorup, R. N. et al. Asymmetry in the structure of the ABC transporter-binding protein complex 
BtuCD-BtuF. Science 317, 1387-1390 (2007). 
22. Hollenstein, K., Frei, D. C. & Locher, K. P. Structure of an ABC transporter in complex with its 
binding protein. Nature 446, 213-216 (2007). 
23. Woo, J. S., Zeltina, A., Goetz, B. A. & Locher, K. P. X-ray structure of the Yersinia pestis heme 
transporter HmuUV. Nat. Struct. Mol. Biol. 19, 1310-1315 (2012). 
24. Naoe, Y. et al. Crystal structure of bacterial haem importer complex in the inward-facing 
conformation. Nat. Commun. 7, 13411 (2016). 
25. Merino, G., Boos, W., Shuman, H. A. & Bohl, E. The inhibition of maltose transport by the 
unliganded form of the maltose-binding protein of Escherichia coli: experimental findings and 
mathematical treatment. J. Theor. Biol. 177, 171-179 (1995). 
26. Ames, G. F., Liu, C. E., Joshi, A. K. & Nikaido, K. Liganded and unliganded receptors interact 
with equal affinity with the membrane complex of periplasmic permeases, a subfamily of traffic 
ATPases. J. Biol. Chem. 271, 14264-14270 (1996). 
27. Vigonsky, E., Ovcharenko, E. & Lewinson, O. Two molybdate/tungstate ABC transporters that 
interact very differently with their substrate binding proteins. Proc. Natl. Acad. Sci. U. S. A. 110, 
5440-5445 (2013). 
28. Lewinson, O., Lee, A. T., Locher, K. P. & Rees, D. C. A distinct mechanism for the ABC 
transporter BtuCD-BtuF revealed by the dynamics of complex formation. Nat. Struct. Mol. Biol. 17, 
332-338 (2010). 
29. Doeven, M. K., van den Bogaart, G., Krasnikov, V. & Poolman, B. Probing receptor-translocator 
interactions in the oligopeptide ABC transporter by fluorescence correlation spectroscopy. 
Biophys. J. 94, 3956-3965 (2008). 
30. Hengge, R. & Boos, W. Maltose and lactose transport in Escherichia coli. Examples of two 
different types of concentrative transport systems. Biochim. Biophys. Acta 737, 443-478 (1983). 
31. Schmidt, A. et al. The quantitative and condition-dependent Escherichia coli proteome. Nat. 
Biotechnol. 34, 104-110 (2016). 
32. Lycklama A Nijeholt, J. A., Vietrov, R., Schuurman-Wolters, G. K. & Poolman, B. Energy 
coupling efficiency in the Type I ABC transporter GlnPQ. J. Mol. Biol. 430, 853-866 (2018). 
  
 
 



Giorgos Gkouridis*, Bianca Hetzert*, Kristin Kiosze-Becker*, Marijn de Boer*, Holger 
Heinemann, Elina Nürenberg-Goloub, Thorben Cordes and Robert Tampé

*equal contribution. 
Cell Reports 28, 723-734 (2019)

The ATP-binding cassette (ABC) protein ABCE1 has a vital function in mRNA translation by 
recycling terminated or stalled ribosomes. As for other functionally distinct ABC proteins, 
the mechanochemical coupling of ATP hydrolysis to conformational changes remains 
elusive. Here, we use an integrated biophysical approach to study the conformational 
dynamics of ABCE1 and its association with the ribosome at the single-molecule level. By 
using single-molecule FRET we show that the two ATP sites of ABCE1 are always in a 
dynamic equilibrium between three distinct conformational states: open, intermediate and 
closed. The interaction of ABCE1 with ribosomes and nucleotides influences the 
conformational equilibrium of both ATP sites asymmetrically and creates a complex network 
of conformational states. Our findings suggest a paradigm shift to redefine the understanding 
of the mechanochemical coupling in ABC proteins: from structure-based deterministic 
models to dynamic-based systems.

7
ABCE1 controls ribosome recycling by an asymmetric 

dynamic conformational equilibrium
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7.1 Introduction 

Ribosome recycling is an integral step of mRNA translation and surveillance at the core of 
protein homeostasis, ribosome-based quality control and thus also ribosome related 
diseases1-3. This cyclic process connects termination with initiation4. The ATP-binding 
cassette (ABC) protein ABCE1 facilitates ribosome recycling by splitting archaeal and 
eukaryotic ribosomes into large and small subunits (Section 1.5.2)5-7. ABCE1 has also been 
linked to other functions, such as innate immunity, tissue homeostasis, HIV capsid 
assembly, ribosome biogenesis and translation initiation8-15. However, given the fact that 
ABCE1 is universally conserved, ribosome recycling represents the fundamental function 
in all organisms except bacteria5-7. ABCE1 splits ribosomes either after canonical 
termination facilitated by release factors (e/aRF1) or after recognition of stalled and vacant 
ribosomes by mRNA surveillance factors (e/aPelota, Dom34 in yeast)5-7, 14, 16. 

ABCE1 belongs to the ubiquitous superfamily of ABC proteins (Chapter 1), which use 
ATP binding and hydrolysis in two conserved nucleotide-binding domains (NBDs) for 
mechanochemical work via accessory domains17, 18. In ABCE1, two ‘head-to-tail’ oriented 
NBDs are linked via two hinge regions. Walker A and B motifs in one NBD and the ABC 
signature motif and D-loop in the opposing NBD form the two ATP sites (site I and II 
hereafter) to coordinate Mg2+-ATP for a hydrolytic attack of water, which is polarized by a 
catalytic glutamate residue5, 19-21. A functional asymmetry of the two ATP sites has been 
observed in ABCE15, 22. High-resolution structures of ABCE1 suggest that ATP binding 
and hydrolysis cause a tweezer-like movement of the two NBDs between an open and an 
ATP-occluded state23-25, a mechanism that is also anticipated for other ABC proteins19, 21. 
ABCE1 contains a unique N-terminal FeS cluster domain, harbouring two diamagnetic 
[4Fe-4S]2+ clusters (FeS)26. In combination with an ATP-dependent motion of the NBDs, 
the FeS cluster domain is responsible for ribosome splitting5, 22-25. 

Functional and structural data provided first insights into the role of ABCE1 in 
ribosome recycling5-7, 22, 23, 25. ABCE1 binds to terminated or stalled 70/80S ribosomes in 
the presence of e/aRF1 or e/aPelota, establishing a pre-splitting complex (pre-SC)23. 
Previous studies demonstrated that ribosome splitting depends on a mechanistic link 
between the FeS cluster domain and a conformational switch of the NBDs5. The FeS 
cluster domain swings 150° out of the NBD cleft into the inter-subunit space of the 
ribosome, thereby driving the subunits apart25. The hinge region assists as a pivot point to 
open and close the NBDs. The large subunit is released and the post-splitting complex 
(post-SC) is available for subsequent translation initiation25. In this mechanism, ribosome 
splitting is based on the nucleotide-dependent conformational switching of the ATP sites. 
However, the conformational states of the two ATP sites in ribosome recycling have so far 
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remained elusive. A deeper understanding of the conformational states and particularly of 
the dynamics of the ATP sites, will provide further insight into the molecular mechanism of 
ABCE1 and other ABC proteins27.  

Therefore, we set out to study the ribosome recycling factor ABCE1 using an 
integrated biophysical approach that allows to simultaneously monitor the conformational 
states of ABCE1 and the binding to ribosomal subunits. ABCE1 from the crenarchaeon 
Sulfolobus solfataricus was chosen as a model. Because 70S ribosomes from S. solfataricus 
are intrinsically labile28, we isolated 70S from Thermococcus celer5. We used single-
molecule Förster resonance energy transfer (smFRET) to determine distance changes 
between two fluorophores and to assess the conformational states and dynamics of ABCE1. 
Simultaneously, we monitored the diffusion properties of ABCE1 to probe its association 
with the 70S and 30S ribosomes.  

In contrast to the deterministic two-state model of ABC proteins, we found that both 
sites of ABCE1 are always in an equilibrium between three conformational states: open, 
intermediate and closed. The conformational behaviour of the two sites is asymmetric, 
allowing, for example, one site to close, while the other remains open. The equilibrium is 
biased towards the intermediate state when ABCE1 binds to 70S, and towards the closed 
state within the post-SC. A conformational transition subsequent to ATP binding is the 
rate-limiting step for altering the conformational equilibrium of ABCE1. Dissociation of 
ABCE1 from the 30S ribosomal subunit is induced by ATP hydrolysis, because ADP 
occupancy was found to be incompatible with 30S association. This final step completes 
the recycling process and is followed by opening of the sites. Our study provides 
unprecedented insights into the conformational landscape of ABCE1 and its dynamics at 
the different steps of the ribosome recycling process. 

 

7.2 Results 

7.2.1 Experimental strategy to monitor the conformational changes in ABCE1 

To characterize the dynamic behaviour of the two ATP sites of ABCE1 by smFRET, 
cysteine variants of ABCE1 were constructed (Figure 7.1A). Non-conserved and solvent-
exposed residues were mutated to cysteines to allow site-specific labelling with organic 
fluorophores at strategic positions. Based on the available structural information of ADP-
bound ABCE15, 20, the variants ABCE1(I124C/K430C) and ABCE1(K177C/T393C) were 
created to probe the conformational changes of ATP site I and II, respectively. They were 
named site I and II variants. Stochastic labelling was done by mixing purified ABCE1 with 
donor (Cy3B) and acceptor (ATTO647N) fluorophores. By carefully optimizing the 
purification and labelling conditions (see Materials and Methods) the eight cysteines 
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coordinating the two FeS clusters remained intact and did not lead to any detectable 
background labelling. In our assay, the relative interprobe distance is probed by measuring 
the apparent FRET efficiency and thus reports on the relative orientation and distance 
between the nucleotide-binding sites.  

Expression conditions and the purification strategy, using metal affinity, anion 
exchange and size exclusion chromatography, were optimized for all ABCE1 variants 
(Figure 7.1B-C; see Materials and Methods). Protein absorbance (280 nm) and 
fluorescence intensities (Cy3B: 559 nm, ATTO647N: 645 nm) indicated high degrees of 
labelling (>85%). The characteristic absorbance of the FeS clusters was monitored at 
410 nm and only the labelled ABCE1 samples with correctly assembled FeS clusters were 
further analyzed26. The activity of the labelled ABCE1 variants were determined by 
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Figure 7.1. Biochemical function of FRET pair labelled ABCE1. (A) Cysteine variants of 
ABCE1(I124C/K430C) (site I) and ABCE1(K177C/T393C) (site II) are depicted on the crystal 
structures of ABCE1 and used in this work for fluorophore labelling5, 20. Middle: cryo-EM structure 
of the ribosome-bound (pre-splitting complex) intermediate state of ABCE123. Right: cryo-EM 
structure of the closed (ATP-bound) state bound to the small ribosomal subunit (post-splitting 
complex)25. (B) ABCE1 wild type and variants were purified to homogeneity by metal affinity and 
anion exchange chromatography. SDS-PAGE (12.5%, Coomassie and in-gel fluorescence). (C) 
Labelled ABCE1 variants were analysed by size exclusion chromatography and subsequently used 
for smFRET. (D) ATPase activity of apo ABCE1 before (grey) and after (white) labelling. Data 
represent mean ± s.d. from 3 independent experiments. 
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measuring the basal ATP hydrolysis rate, which was similar to the wild type protein 
(Figure 7.1D; Figure S7.1A-B). Nucleotide-dependent formation of the pre-SC and post-SC 
as well as ribosome splitting were confirmed for all labelled ABCE1 variants 
(Figure S7.1C-F) 

To obtain insight into the conformational dynamics of ABCE1, we aimed to probe the 
conformational states of site I and II at different steps of the splitting cycle that were 
previously assigned to distinct conformational states by chemical cross-linking, mass 
spectrometry and cryo-EM studies23-25, 29. The goal of this study was to arrest intermediates 
of the recycling process in the form of stable, nucleotide-free or nucleotide-bound states 
using ADP or the non-hydrolysable ATP analogue AMPPNP and appropriate conditions 
for ribosome association. Since S. solfataricus ABCE1 operates at physiological 
temperatures of 70–80 °C, the activity of ABCE1 from this organism could be locked at 
any time by rapid cooling to 4 °C5. Thus, any population distribution determined by 
smFRET represents a static snapshot of the respective conformational equilibrium at 
physiological temperatures.  
 
7.2.2 Both ATP sites show distinct equilibria of three conformations  

We used smFRET in combination with alternating laser excitation (ALEX)30 to study the 
conformations of the two ATP sites in freely-diffusing ABCE1 proteins. Fluorescently 
labelled ABCE1 enters the excitation volume of the confocal microscope for milliseconds, 
allowing determination of the apparent FRET efficiency and stoichiometry S (Figure 7.2; 
Figure S7.2A-B). To probe the association of fluorescently labelled ABCE1 to the 70S or 
30S ribosome, we relied on the large increase in molecular mass and correlated slower 
diffusion of 70S- or 30S-bound ABCE1 molecules as an independent observable 
(Figure 7.2B, D; Figure S7.2C). We first analysed the conformational states of site I in free 
ABCE1. The apparent FRET histogram of site I is centred at an efficiency of ~0.60 
(Figure 7.2A; upper panel). Since this distribution is (i) asymmetric and (ii) exceeds shot-
noise expectations (for a comparison of single versus multiple states see, for example, data 
in Figure S7.2A versus Figure S7.2B), we fitted it with a Gaussian mixture model. The 
smFRET data for site I in free ABCE1 is best described by the existence of three 
conformational states: a low (blue fit), an intermediate (green fit) and a high (orange fit) 
FRET state with a relative population of approximately 50%, 30% and 20%, respectively 
(represented with the appropriate transparency in the cartoon). The pre-SC 
(70S·aRF1/aPelota·ABCE1·AMPPNP) purified by sucrose density gradient centrifugation 
exhibits no significant shift of the state distribution of site I (Figure 7.2A; middle panel). 
Interestingly, in the post-SC (30S·ABCE1·AMPPNP), site I still displays all three 
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conformational states (Figure 7.2A; bottom panel). In contrast to site I, site II only shows a 
low and an intermediate FRET state for free ABCE1 (Figure 7.2C; upper panel). Within the 
pre-SC, the state distribution of site II is shifted primarily towards the intermediate FRET 
state, although a small but significant population of the high FRET state is also observed 
(Figure 7.2C; middle panel). Post-SC formation shifts the FRET distribution in both sites 
towards the high FRET state, although the low and intermediate FRET state are still present 
(Figure 7.2A, C; bottom panel).  

The relation between FRET efficiency and interprobe distance (Table S7.1) allowed us 
to link the low FRET state to the open state of the ATP sites as revealed by X-ray 
crystallography5, 20, the intermediate FRET state to the intermediate state23, 24 and the high 
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histogram of site I (A) and site II (C) variants labelled with Cy3B and ATTO647N of free ABCE1 
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FRET state to the closed state25 (Figure 7.1A). The existence of three conformational states 
was substantiated by analysis of ABCE1 labelled with a different fluorophore pair, i.e., 
Alexa555 and Alexa647 (Table S7.1). 

To exclude that conformational dynamics in the (sub)second timescale exists and, in 
this way, to validate the conformational arrest of ABCE1 at low temperature, we studied 
surface-immobilized ABCE1 proteins. Labelled ABCE1 proteins were immobilized on a 
glass-coverslip via an anti-his antibody and the positions of the individual proteins were 
identified by using confocal scanning microscopy. The position information was 
subsequently used to generate fluorescence trajectories. The fluorescence trajectories show 
that the conformational states are fully static, since no interconversion between the states 
could be observed at any time (Figure S7.2D-E).  

To confirm ribosome association of ABCE1 for the pre-SC and post-SC in different 
conformational states, we analysed the respective burst length distributions (see Materials 
and Methods). By taking the distinct hydrodynamic volumes of free and ribosome-
associated ABCE1 into account, we could directly relate the burst length to the diffusion 
properties of the different FRET states (Figure 7.2B, D). Relative diffusion constants D (in 
units of ms-1) were obtained by fitting the tail of the burst length distribution (>2 ms) with 
an exponential distribution (Figure 7.2B, D). Free ABCE1 displays fast diffusion 
(D =1.10± 0.10 ms-1). Binding to the 70S ribosome in the presence of aRF1/aPelota results 
in a significantly slower diffusion (D = 0.65 ± 0.05 ms-1). This decrease in the relative 
diffusion constant is consistent with the Stokes-Einstein equation (D ∝	m-1/3) of a spherical 
particle of mass m having a diffusion constant D (free ABCE1 has a mass of 70 kDa and 
the 70S ribosome has a mass of 2.5 MDa). The measured diffusion constants of ABCE1 in 
the post-SC (D = 0.60 ± 0.07 ms-1) and pre-SC (D = 0.65 ± 0.05 ms-1) are not significantly 
different, most likely due to the relatively small difference in mass between 70S (2.5 MDa) 
and 30S (1 MDa). In conclusion, analyses of the burst length distributions indicate full 
binding of both site I and II variants to 70S and 30S ribosomes. 

Taken together, we demonstrate that both ATP sites of ABCE1 intrinsically sample 
three distinct conformational states at every step of the splitting cycle (free, pre-SC, 
post-SC) with a pronounced asymmetry. For instance, site I of free ABCE1 can sample the 
closed state, while site II only acquires the open and intermediate state.  
 
7.2.3 The FeS cluster domain modulates the conformational equilibrium of site II 

To address the effect of the FeS cluster domain on the ABCE1 conformational equilibrium 
and its association with the ribosome, we created derivatives of ABCE1 with an N-terminal 
truncation. Removal of the FeS cluster domain (∆FeS ABCE1) has a drastic effect on the 
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site II dynamics, i.e., it shifts the conformational equilibrium towards the intermediate state 
(Figure S7.2B). Formation of the post-SC can still be achieved by ∆FeS ABCE1 
(Figure S7.2B-C). Site II fails completely to acquire the open state in the truncated 
derivative at all steps (free, post-SC), while the conformational equilibria of site I remain 
largely unaffected (FigureS7.3A-B). Because the post-SC obtained with ∆FeS ABCE1 is 
short-lived (Figure S7.3A: compare column 5 to column 4; Figure S7.3B: compare 
column 6 to column 5), dissociating on the hour time scale at room temperature, this 
association was not observed previously by sucrose density gradient centrifugation5. In 
conclusion, the FeS cluster domain is required for dynamics in site II and stable ribosome 
interaction5, 20, 25. The distinct effect of the FeS cluster domain on both ATP sites is in line 
with their asymmetric behaviour. 
 
7.2.4 Dissociation of the post-SC precedes opening of the two ATP sites 

We next addressed the release of ABCE1 from the post-SC, because this event terminates 
the recycling process. We observed that dissociation can be induced at physiological 
temperatures (73 °C) either by competition with ADP or by dilution to nullify the 
association rate (Figure 7.3A, see Materials and Methods). Noteworthy, release of ABCE1 
can only be achieved at 73 °C, while the post-SC is stable at low temperature 
(Figure S7.3A-B). Our data demonstrate that at 73 °C, ABCE1 release occurs within 
minutes and shifts the conformational equilibria of both sites towards the open state 
(Figure 7.3B-C; Figure S7.2F). After release, the conformational equilibrium resembles 
that of free ABCE1. However, the 30S-ABCE1 dissociation kinetics appears to be slightly 
faster than the change in the conformational equilibrium of ABCE1 (Figure 7.3B-C), 
suggesting that opening of the ATP sites is an event after post-SC dissociation.  
 
7.2.5 30S ribosome binding by ABCE1  

To understand the molecular mechanism of ABCE1, we investigated the key factors that 
can influence its conformational equilibrium. In more detail, we aimed to unravel the 
requirements for changing the conformational equilibrium in both ATP sites via ligands 
(ribosomal subunits and nucleotides) and physicochemical parameters (temperature). 
Unfortunately, ABCE1 in the pre-SC is difficult to examine, because this state is a short-
lived, unstable intermediate of the recycling cycle22, 23 that can only be stabilized by using 
high magnesium concentrations and low temperatures. These factors render the pre-SC of 
ABCE1 unsuitable for systematic investigations. In contrast, the post-SC can be arrested as 
a stable complex by AMPPNP or by mutations that prevent ATP hydrolysis5, 22. Moreover, 
the conformational equilibrium undergoes the most dramatic change between the post-SC 
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and free state (Figure 7.2). Therefore, the conformational dynamics of ABCE1 was probed 
during incubation with 30S and nucleotides at physiological temperatures (73 °C).  

We first addressed how the ABCE1 conformational equilibrium is altered when the 
30S concentration is varied. Increasing the 30S concentration shifts the conformational 
equilibrium of both sites towards the closed state at the expense of the open state 
(Figure 7.4A-B; Figure S7.3C-D). In site I, the population of the intermediate state remains 
approximately constant over the entire concentration range of added 30S, while it displays 
a maximum in site II at 10 nM 30S (Figure 7.4B; Figure S7.3C-D). The titration of 30S and 
determining the fraction of 30S-bound ABCE1 at each concentration, yields a KD value of 
~20 nM (Figure S7.4A-B). At saturating conditions, all ABCE1 molecules are bound to 
30S ribosomes (Figure S7.4B), but still all three conformational states (open, intermediate, 
closed) are present in both ATP sites (Figure 7.2; Figure 7.4A-B). Because the 
conformational equilibrium of site II is expected to influence ribosome association22, we 
addressed this interaction for each site II conformational state. In particular, we estimated 
the fraction of 30S-bound ABCE1 for each state at 1 nM and 10 nM 30S. This required 
long measurements to acquire sufficient statistics (>25,000 molecules) to distinguish 
between the different degrees of 30S binding (Figure S7.4C). As expected, we observed 
that the steepest repose to 30S ribosomes is the closed state followed by the intermediate 
and open state.  

Figure 7.3. Release of ABCE1 from the small ribosomal subunit and the site II opening. (A) 
Cartoon summarizing post-SC dissociation. Release of ABCE1 from the small ribosomal subunit 
(black) and site II opening (yellow) by ADP competition (B) or by dilution (C) at the indicated time 
points. Data is mean ± s.d. from 4 independent experiments. 
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Figure 7.4. Conformational dynamics at site II depend on ligands. (A) Apparent FRET efficiency 
histogram of site II after incubation with 2 mM AMPPNP and the indicated 30S concentration at 
73 °C for 10 min. (B) As in (A) with the full range of 30S concentrations. At each concentration, the 
percentage of each state was determined and plotted. (C) The conformational equilibrium of site II as 
determined from smFRET. Measurements were performed after 10 min incubation at 20 or 73 °C 
with saturated concentrations of nucleotides (2 mM) and/or 30S ribosomal subunits (1 µM). (D) Burst 
length distribution of the different conditions (as in C). (E) Time-course experiment. ABCE1 was 
incubated at 73 °C with 2 mM AMPPNP and 1 µM 30S for the indicated durations (top 3 panels). 
Same experiment after pre-incubation with 2 mM AMPPNP at 73 °C for 8 min, and adding 
subsequently 1 µM 30S for 5 s at 73 °C (bottom panel). (F) As in the top panels of (E) with the full 
range of time points. At each time point, the percentage of each state was determined and plotted. 
Data is mean ± s.d. from 3-5 independent experiments. (G) Cartoon summarizing the finding of (E) 
and (F).  
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7.2.6 Conformational dynamics of ABCE1 with nucleotide and ribosome 

Site I and II equilibria display the most dramatic shift upon formation of the post-SC 
compared to the free state (Figure 7.2). Only small changes were detected after sole 
binding to different nucleotides (ADP, AMPPNP), 30S in the absence of nucleotides 
(Figure 7.4C; Figure S7.4D-E) or at physiological temperature of 73 °C. At low, non-
physiological temperature, site II acquires a minimal percentage of the closed state in the 
presence of both 30S and AMPPNP (Figure 7.4C). Analysis of the diffusion times reveals 
that binding of ABCE1 to 30S is possible with or without AMPPNP, but is not possible 
with ADP (Figure 7.4D). Notably, changes in the conformational equilibrium that arise 
from the different ligands and conditions, again differ in both sites. For instance, the 
conformational equilibrium of site II changes when interacting with AMPPNP, 30S or 
ADP, while the equilibrium of site I remains largely unaffected (compare Figure 7.4C to 
Figure S7.4E and Figure S7.3A to Figure S7.3B). Further, as discussed in Section 7.2.5, the 
population of the intermediate conformation is distinct for both sites when titrating 30S 
ribosomes (Figure 7.4B; Figure S7.3C-D). These results are in agreement and support our 
interpretations that the conformational asymmetry in the two ATP sites sets the base for 
their functional asymmetry and distinct roles during ribosome recycling5, 22.  

As established in the previous sections, three components are required to bias the ATP 
sites towards the closed state: (i) binding of 30S, (ii) binding of AMPPNP and (iii) ~10 min 
incubation at 73 °C (Figure 7.2; Figure 7.4E; Figure S7.5). However, pre-incubation for 
10 min at 73 °C in the presence of AMPPNP and subsequent addition of 30S are sufficient 
to reach equilibrium already within 5 s (Figure 7.4E; bottom panel). No other experimental 
conditions, e.g., pre-incubation with 30S ribosomes prior to the addition of AMPPNP 
(compare Figure S7.5E to Figure S7.5A) or sole heating before addition of both 30S and 
AMPPNP (compare Figure S7.5F to Figure S7.5A) showed similarly fast changes in the 
conformational equilibrium. Because the observed kinetics do not depend on the AMPPNP 
concentration (Figure S7.5G-H), nucleotide binding cannot be rate-limiting per se. The 
dissociation rate caused by AMPPNP depletion (0.5 min-1; Figure 7.3), together with the 
dissociation constant (KD of ~20 nM; Figure S7.4B), suggests that the association rate of 
ABCE1 to 30S ribosomes is ~4·105 M-1 s-1. So, in the presence of 1 µM 30S, ABCE1 
binding to 30S ribosomes takes on average only 2.5 s. These findings demonstrate that the 
rate-limiting step for site closing is not ribosome association, but involves a step 
subsequent to nucleotide binding (Figure 7.4G). Because the incubation of ABCE1 with 
AMPPNP for 10 min at 73 °C induces no (or only minor) changes in the conformational 
equilibrium of both sites (Figure 7.4C; Figure S7.4E), the step might involve (only) 
localized structural changes in ABCE1, which we could not resolve with FRET.  
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7.3 Discussion 

In this study, we used a single-molecule approach to study the conformational landscape of 
the ribosome recycling factor ABCE1. Previous structural studies provided insight into the 
arrangement of ABCE1 in its free form5, 20 and in the pre-SC23, 24 and post-SC25. However, 
the fundamentals of a true structure-function relationship for ABCE1 remained elusive due 
to the complex conformational behaviour of the protein. Only the most abundant 
conformational states can be stabilized under crystallization conditions or selected in 
cryo-EM analysis. While this information is valuable, the additional knowledge on the 
conformational equilibrium and its dynamics is required to obtain further insight into the 
functional mechanism of ABCE1.  

Our data offers insight on the different factors that influence the conformational 
equilibrium of ABCE1. With our approach, engagement and disengagement of the NBDs 
were shown to proceed over three distinct conformational states (open, intermediate and 
closed) that always are in equilibrium. We also observed conformational asymmetry in the 
two ATP sites, allowing, for example, one site to close, while the other site is in the open or 
intermediate state. Thus, ABCE1 can potentially acquire nine (32) distinct conformations 
when the asymmetry of both sites is taken into account. Noteworthy, this model still 
disregards the additional complexity arising from FeS cluster domain motions. We 
speculate that the high conformational plasticity of ABCE1 might be essential to regulate 
ribosome recycling and to conduct all its other functions4. 

The knowledge regarding the complexity of the ABCE1 conformational landscape in 
combination with previous functional and structural information allows us to propose a 
working model for the mechanism of ABCE1 in ribosome recycling (Figure 7.5). In free 
ABCE1 (state 1), site II predominantly populates the open state, while site I is more plastic, 
adopting all three conformations. Binding of ABCE1 to 70S ribosomes, facilitated by 
A-site factors e/aRF1 or e/aPelota, leads to the formation of the pre-SC (state 2). Here, the 
conformational equilibrium of site II is shifted towards the intermediate state, consistent 
with recent cryo-EM structures23, 24, 31. The ABCE1-70S interaction only affects the 
conformational equilibrium of site II, an observation that is in line with the specific 
requirements of site II acting like a switch to probe the 70S interaction22. The pre-SC is a 
short-lived, unstable complex22, 23, which can only be stabilized by high magnesium 
concentrations and low temperatures. At physiological conditions, ATP- or AMPPNP-
bound ABCE1 mediates splitting of splitting-competent ribosomes (state 2à3). In this 
process, ATP binding to ABCE1, and not hydrolysis, induces ribosome splitting, as 
demonstrated by single-turnover conditions5, 22, 25. In contrast, under multiple-turnover 
conditions, addition of AMPPNP reduces ribosome splitting6, 7. Our data indicates that 
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ribosome splitting coincides with a bias towards the closed state in both sites, which 
requires ATP or AMPPNP binding, but not hydrolysis (Figures 7.2 and 7.4).  

Our study demonstrates that the rate-determining step in shifting the conformational 
equilibrium of ABCE1 towards the closed state, in which the nucleotide is occluded and the 
FeS cluster domain rearranges to promote splitting25, 29, is an allosteric event that occurs 
after AMPPNP binding (Figure 7.4G). Moreover, ATP hydrolysis, which takes place on the 
minute timescale5, causes immediate release of ABCE1 from the small ribosomal subunit. 
Altogether, we conclude that ribosome splitting (Figure 7.5, state 2à3) and non-productive 
ATP hydrolysis (Figure 7.5, state 2à1) are two parallel, competing pathways in the 

Figure 7.5. Dynamics of ABCE1 in ribosome recycling. State 1: free ABCE1 sites are in an 
equilibrium between three states (open, intermediate and closed), but predominantly found in the 
open conformation. ABCE1 displays a basal ATPase activity of 5 ATP molecules per minute 
(Figure 7.1D). State 2: complex formation with the terminated 70S is mediated by the A-site factors 
e/aRF1 or e/aPelota and ATP binding. Upon formation of the pre-SC, only the equilibrium of site II 
shifts to the intermediate state. State 3: during splitting, the conformational equilibrium of the two 
ATP sites shifts to the closed state, and the FeS cluster domain is repositioned 150° on 30S in the 
post-SC. Here, either the FeS cluster domain pushes the A-site factor further into the cleft between 
the subunits or the domain itself splits the subunits apart. State 4: after splitting, 30S-bound ABCE1 
can build a platform for re-initiation25. Acquisition of the ADP state triggers dissociation of the 
post-SC to initiate a new round. ABCE1 is highly dynamic, being at every step in equilibrium 
between the indicated conformational states. The percentage of open, intermediate and closed state 
for the two ATP sites has been experimentally determined for state 1, 2 and 4.  
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in vitro system, which is in line with previously proposed models4. This idea is consistent 
with the observation that both events are triggered and related to the acquisition of the 
closed state of ABCE1 (Figure 7.4). Whenever the occluded state is formed, splitting can 
take place (Figure 7.5, state 2à3). When ATP hydrolysis precedes splitting, in case of 
splitting-incompetent ribosomes, ABCE1 can be released from the 70S ribosome 
(Figure 7.5, state 2à1) and, upon ATP binding, can associate with other ribosomes. We 
also speculate that ribosome splitting (Figure 7.5, state 3) might be an additional trigger for 
ATP hydrolysis. Thus, state 3 may directly decay into free ABCE1 and dissociated 
ribosomes, if ATP hydrolysis is well timed and just occurs after state 3 has been formed. 
We anticipate that in vivo the conformational transitions of ABCE1 are coupled to its 
regulatory role in ribosome recycling within the diverse cellular pathways4.  

If, during detachment of the large ribosomal subunit, ABCE1 remains loaded with 
ATP, the post-SC is formed (Figure 7.5, state 3à4). Alternatively, the post-SC can be 
formed via binding of free 30S ribosomes to ABCE1 (Figure 7.5, state 1à4). In the 
post-SC, ATP hydrolysis is strongly inhibited (Figure S7.1B) and the conformational 
equilibrium is biased towards the closed state in both sites. AMPPNP-bound ABCE1 has a 
very high affinity for 30S (Figure S7.4B) and the post-SC is remarkably stable at 
physiological temperatures (Figure 7.3). At low temperature the post-SC is stable for hours 
(Figure S7.3A-B). Evidently, in vivo, the post-SC itself provides a potential platform for 
the recruitment of initiation factors25 or at least requires additional factors for dissociation 
of ABCE1 and 30S. Consistently, ATP hydrolysis in the post-SC might be allosterically 
controlled by binding of initiation factors to 30S and an allosteric crosstalk through 16S 
rRNA helix 44 within the 30S ribosome. This hypothesis is supported by the fact that the 
FeS cluster domain as well as archaeal IF1A, IF1, and IF2γ bind to helix 4432. Because 
ABCE1 bound to ADP does not associate with 30S ribosomes (Figure 7.3B-C; 
Figure 7.4D), the small subunit detaches after ATP hydrolysis and the conformational 
equilibrium of ABCE1 is shifted towards the open state (Figure 7.5, state 4à1). Finally, 
free ABCE1 is available to initiate a new round of ribosome splitting.  

Further experiments are required for a better understanding of the asymmetry and 
crosstalk between the ATP sites. Functional asymmetry was identified as one key element 
for the mechanism of ABCE15, 22 and has also been discussed for other ABC proteins33-35. 
In addition, by means of X-ray crystallography and molecular dynamics simulations, an 
allosteric crosstalk of both sites was reported for other ABC proteins upon substrate 
binding33, 36, 37. For ABCE1, a simultaneous analysis of site I and II via multicolour FRET 
experiments38-40 could be used to directly probe the crosstalk between them. Since the 
conformational equilibrium of ABCE1 can be frozen at room temperature, multiple 
distances can also be measured by switchable FRET41.  
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Although our data provides insight into the conformational states and dynamics of 
ABCE1 and thus enhance our understanding on ribosome recycling, they also have 
significant implications for the molecular mechanisms of other ABC proteins. According to 
the current model of mechanochemical coupling of ABC transporters, the NBDs are linked 
to the transmembrane domains to coordinate the switching between inward- and outward-
facing conformations, using ATP-driven cycles of opening and closing of the NBDs. The 
two-state model is created by interaction of the NBDs with ATP and ADP/Pi. Recent 
studies examining protein dynamics at the single-molecule level confirmed the two-state 
model in different transport related NBDs42, 43. Our findings on ABCE1 are in strong 
disagreement with such a tightly correlated two-state model. Furthermore, three states were 
proposed for ABCE1 based on functional and structural data obtained by X-ray 
crystallography and cryo-EM, that show that free ABCE1 and ABCE1 in the pre-SC and 
post-SC each adopt a distinct conformation (Figure 7.1A). Our findings show that no such 
tight correlation exists for ABCE1 (Figure 7.2). It is evident that these conclusions could 
only arise from single-molecule approaches, that do not average heterogeneous mixtures.  
 

7.4 Materials and Methods 

Bacterial strains. E. coli strain One Shot™ Mach1™ T1 (Invitrogen) for cloning of 
ABCE1 variants. E. coli strain BL21(DE3) (Novagen) transformed with pRARE plasmid 
(Novagen), coding for rare amino acids, was used for expression of ABCE1 variants and 
release factors.  
 
Plasmids. Wild type ABCE1 and ABCE1(ΔFeS) from S. solfataricus were cloned with a 
C-terminal His6-tag in pSA4 vector, which is based on a pET15b expression vector5, 26. 

Site-directed mutagenesis was used to construct cysteine variants of ABCE1 or 
ABCE1(ΔFeS) by megaprimer PCR. Plasmids were transformed into One Shot™ Mach1™ 
T1 cells and purified using NucleoSpin Plasmid EasyPure kit (Macherey-Nagel) following 
the manufacturers protocol. The identity and integrity of all ABCE1 variants were verified 
by sequencing. ABCE1 constructs, release factors and aIF6 were co-transformed with the 
pRARE plasmid (Novagen) coding for rare tRNAs into the BL21(DE3) E. coli strain 
(Novagen). 
 
Protein purification. ABCE1 variants and aIF6 from S. solfataricus were transformed into 
BL21 (DE3) and expressed in terrific broth (TB) media (1.2% (w/v) peptone, 2.4% (w/v) 
yeast extract, 72 mM K2HPO4, 17 mM KH2PO4 and 0.4% (v/v) glycerol) supplemented 
with 100 µg/ml carbenicillin and 25 µg/ml chloramphenicol at 37 °C, until an OD600 of 0.6 
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was reached. The temperature was lowered to 20 °C and expression was induced after 
reaching an OD600 of 0.8 by adding 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG). 
Cells were harvested 16–18 h after induction at 20 °C. The aPelota and aRF1 constructs5 
were expressed in (BL21 DE3) and grown in LB-Lennox medium (5 g/l yeast extract, 
10 g/l tryptone and 5 g/l NaCl) supplemented with 100 µg/ml carbenicillin and 25 µg/ml 
chloramphenicol at 37 °C. At an OD600 of 0.6, expression was induced as mentioned above. 
The cells were harvested after 3 h of growth. Archaeal IF6 from S. solfataricus was 
expressed and purified as previously described22. 
 
Ribosome purification. To isolate 30S ribosomes from S. solfataricus, a Sulfolink resin 
chromatography was performed as previously described44. SulfoLink Coupling Resin 
(ThermoFisher) was prepared following the manufacturers protocol and equilibrated with 
binding buffer (20 mM Hepes-KOH pH 7.5, 5 mM Mg(OAc)2, 60 mM NH4Cl and 
1 mM dithiothreitol (DTT)). S. solfataricus cells were resuspended in buffer M (20 mM 
Hepes-KOH pH 7.5, 500 mM KCl, 10 mM MgCl2, 0.5 mM EDTA, 2 mM DTT, 1 mM 
PMSF, 1 µg RNase free DNase (ThermoFisher) and 133 U/ml RiboLock RNase inhibitor 
(ThermoFisher)), sonicated and centrifuged for 30 min at 30,000´g. The cleared lysate was 
added onto the column and incubated twice for 15 min on ice. The column was washed 
three times with binding buffer and elution was performed twice with 1.25 ml of elution 
buffer (20 mM Hepes-KOH pH 7.5, 10 mM Mg(OAc)2, 500 mM NH4Cl and 2 mM DTT). 
Ribosomes were pelleted through a glycerol cushion (20 mM Hepes-KOH pH 7.5, 10 mM 
Mg(OAc)2, 500 mM KCl, 2 mM DTT and 50% (v/v) glycerol) at 100,000´g for 15 h at 
4 °C. Pellets were resuspended in 100 µl cushion buffer and separated by sucrose density 
gradient centrifugation (10%/30% (w/v) sucrose, 20 mM Hepes-KOH pH 7.5, 10 mM KCl 
and 1 mM MgCl2) 14 h at 4 °C and 50,000´g (SW41 rotor, Beckman Coulter). Gradients 
were fractionated from top to bottom (Piston Gradient Fractionator, Biocomp) recording 
the absorption at 254 nm. Fractions containing 30S or 50S were pooled and concentrated in 
Hepes buffer using an Amicon Ultra centrifuge device (cut-off 100 kDa, Merck Millipore). 
Concentration of the ribosomes was determined using the absorption at 254 nm, 1 OD 
equals 120 pmol and 60 pmol of 30S or 50S subunit, respectively44. 70S ribosomes from 
S. solfataricus are very labile and dissociate during ribosome purification, even at high 
MgCl2 concentrations28. Therefore, an appropriate model has been established with 70S 
from T. celer being bound and split by ABCE15, 22. To purify 70S from T. celer two 
protocols were adapted23, 32. T. celer cell pellets (provided by Harald Huber, Centre for 
Archaea & Microbiology, University of Regensburg) were resuspended in S30* buffer 
(10 mM Hepes-KOH pH 7.5, 60 mM NH4OAc, 14 mM MgCl2 and 1 mM DTT) and lysed 
on ice by sonification. The lysate was cleared twice by centrifugation for 30 min at 
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30,000´g. Ribosomes were pelleted through a high salt cushion (1.1 M sucrose, 1 M 
NH4OAc and S30 buffer) for 4 h at 170,000´g. The pellet was resuspended in TrB25 
(56 mM Tris-HCl pH 8, 250 mM KOAc, 80 mM NH4OAc, 25 mM MgCl2 and 1 mM 
DTT). 70S were separated from 30S and 50S with a 10–40% linear sucrose gradient 
(10 mM Hepes-KOH pH 7.5, 60 mM NH4OAc, 14 mM MgCl2 and 1 mM DTT) for 14 h at 
68,000´g (SW41, Beckman Coulter). Gradients were fractionated as mentioned above. 70S 
containing fractions were pooled and concentrated with an Amicon Ultra centrifuge device 
(cut-off 100 kDa, Merck Millipore) into S30* buffer. Concentration of 70S was determined 
as mentioned above. 
 
Labelling of ABCE1. 10 nmol protein (50–100 µl volume, for biochemical studies 
100 µM) in buffer A (50 mM Tris-HCl pH 7.2, 100 mM KCl and 5% glycerol) were treated 
with 10 mM DTT for 1 h on ice. DTT treated ABCE1 variant was diluted to 1 ml with 
buffer A and added immediately onto the equilibrated column material (Ni2+-Sepharose, 
GE Healthcare), incubated for 2 min and was subsequently washed twice with buffer A. To 
reach an ABCE1/Cy3B/ATTO647N ratio of 1:10:8, ATTO647N-maleimide (ATTO-TEC, 
50 nmol aliquot) was dissolved in 5.5 µl DMSO, and 5 µl thereof were used to dissolve 
Cy3B-maleimide (GE Healthcare). The dissolved dyes (2.5 µl) were diluted in 1 ml 
buffer A and added onto the resin and incubated over night at 4 °C. The column was 
washed with 3 ml buffer A to remove excess of dyes. The protein was eluted with buffer B 
(500 µl; 50 mM Tris-HCl pH 7.2, 100 mM KCl, 250 mM imidazole and 5% glycerol). 
Subsequently, a preparative gel filtration (Superdex 200 Increase PC 10/300; 
GE Healthcare) was carried in buffer C (50 mM Tris-HCl pH 8.0 and 100 mM KCl) while 
recording the absorbance at 280 nm (protein), 559 nm (Cy3B), and 645 nm (ATTO647N) 
to estimate the labelling efficiency. Anisotropies were determined as described in ref. 45 
and were equal to or less than 0.23 for all fluorophores and protein constructs. 
 
Malachite Green ATPase assay. ATPase assays were performed on all cysteine variants 
with and without attached fluorophores. ATP hydrolysis was measured using the Malachite 
Green assay. Triplicates of each reaction were measured in 25 µl ATPase buffer 
(20 mM Tris-HCl pH 7.5, 100 mM NaCl and 10 mM MgCl2) with 5 µM ABCE1 and 5 mM 
ATP. Reactions were incubated at 80 °C for 10 min and stopped rapidly on ice by adding 
175 µl of ice-cold stop solution (20 mM H2SO4). Complex formation was measured at 
620 nm 10 min after addition of Malachite Green solution (3.5 mM Malachite Green, 
0.18% (v/v) Tween-20 and 1.15% (w/v) (NH4)6Mo7O24). The inorganic phosphate released 
was calculated with a standard curve.  
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Radioactive ATPase assay. ATPase activity of ABCE1 was further analysed by the 
formation of 32Pi upon hydrolysis of γ-32P-labeled ATP as described previously6, 7, 22, 25. 
0.2 µM ABCE1 was incubated with and without 0.5 µM S. solfataricus 30S and 1 mM 
ATP and 0.5 µM [γ-32P]ATP (Hartmann Analytics) in 20 µl hot ATPase buffer (20 mM 
Tris-HCl pH 7.5, 100 mM KCl, 5 mM MgCL2, 0.25 mM spermidine and 1 mM DTT) at 
70 °C. 1 µl was spotted after 0, 2, 5, 10 and 20 min onto polyethylene imine cellulose thin 
layer chromatography plates (Merck Millipore). Triplicates of every time point were 
spotted. The plates were resolved by 0.8 M LiCl and 0.8 M acetic acid. Release of 32Pi was 
monitored by autoradiography (Typhoon 9400, GE Healthcare). Phosphoimages were 
quantified using ImageJ (NIH) and analysed with Prism 8 (Graphpad). Probes containing 
30S and ABCE1 hydrolysis were background corrected22. ATP hydrolysis was calculated 
after 20 min as mentioned above. The s.d. was calculated from three independent 
experiments.  
 
Formation of the pre- and post-splitting complex and ribosome splitting assay. To 
analyse ribosomal binding of non-labelled or fluorescently labelled ABCE1 cysteine 
mutants, 10–30% (30S) or 10–40% (70S) sucrose gradients were performed. Formation of 
the pre-splitting complex was probed by incubation of 1 µM ABCE1, 3 µM purified 
T. celer 70S, 2 µM aRF1/aPelota and 2 mM nucleotide in 20 mM Hepes-KOH pH 7.5, 
100 mM KCl, 50 mM MgCl2, 2 mM DTT and 0.5 mM spermine. T. celer 70S were pre-
incubated with aRF1/aPelota for 30 min at 25 °C. Subsequently, ABCE1 and nucleotides 
were added and incubated for 1 h at 25 °C. The post-splitting complex was probed by 
incubation of ABCE1 variants (5 µM) with purified 30S from S. solfataricus in presence of 
different nucleotides (2 mM) for 4 min at 73 °C. Samples were loaded onto 10–30% (30S) 
or 10–40% (70S) (w/v) linear sucrose gradients. Centrifugation and fractionation were 
performed as mentioned above. 500 µl fractions were mixed with 1 ml acetone and 
precipitated over night at -20 °C. Samples were either analysed by SDS-PAGE combined 
with in-gel fluorescence (Typhoon 9400, GE Healthcare) or by immunoblotting using a 
monoclonal anti-His antibody (Sigma-Aldrich). Splitting was analysed by SDG 
centrifugation and the absorption at 254 nm as mentioned above. ABCE1 (2 µM) was 
incubated with T. celer 70S (0.4 µM), a mixture of the archaeal release factors aPelota and 
aRF1, the anti-reassociation factor aIF6 and AMPPNP (0.125 µM) for 15 min at 45 °C in 
splitting buffer (10 mM Hepes-KOH pH 7.5, 60 mM NH4OAc and 14 mM MgCl2) in a 
total volume of 50 µl. The reaction was cooled down on ice and loaded onto a 10–40% 
(w/v) sucrose gradient in splitting buffer. Gradients were centrifuged 15 h at 68,000´g at 
4 °C (SW41 rotor, Beckman coulter). Gradients were fractionated as mentioned above. The 
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bars represent three independent experiments with a mean of the ratio of the 50S/70S peak 
heights. The bars are normalized to the splitting activity of wild type ABCE1. 
 
Sample preparation for smFRET and ALEX. ABCE1 variants (0.1–50 nM) were mixed 
with different binding partners and ligands such as 70S ribosomes, 30S ribosomal subunits 
or nucleotides. If not stated otherwise, saturating concentrations of 30S (1 µM) or 70S 
(3 µM) ribosomes and AMPPNP/ADP (2 mM) were used. Binding reactions were 
performed in 20 mM Hepes-KOH pH 7.5, 200 mM KCl and 5 mM MgCl2 at 73 °C for 
indicated time periods (max. 10 min). By using ABCE1 from S. solfataricus, the reaction 
could be stopped at any time by cooling down the sample to 4 °C with ice-cold buffer. A 
final ABCE1 concentration of 10–100 pM was reached by dilution. 70S binding reactions 
with T. celer 70S (3 µM) were performed with aPelota/aRF1 (2 µM) and AMPPNP (2 mM) 
in 20 mM Hepes-KOH pH 7.5, 100 mM KCl, 50 mM MgCl2, 0.5 mM spermine and 1 mM 
DTT at 25 °C for 1 h. To enrich the 70S bound fraction, the binding reaction was loaded 
onto a 10-40% (w/v) stepwise sucrose gradient and centrifuged for 150 min at 220,000´g 
(MLS-50, Beckman Coulter). The gradients were fractionated in 200 µl fractions. 30S and 
50S fractions were assigned by 254 nm absorption. The 30S and 70S fractions were diluted 
at least 2-fold in 70S binding buffer and subsequently used for single-molecule 
experiments.  

To study the dissociation kinetics of 30S-bound ABCE1 we used two experimental 
approaches: (i) ADP competition or (ii) removal of AMPPNP by dilution and addition of 
unlabelled ABCE1 protein. (i) Labelled ABCE1 (30 nM) was incubated with AMPPNP 
(10 mM) and 30S (12.5 µM) at 73 °C for 10 min. After 630-fold dilution and addition of 
ADP (5 mM), the dissociation of the post-splitting complex was followed at 73 °C for the 
indicated time periods (0–10 min). (ii) Labelled ABCE1 (30 nM) was incubated with 
AMPPNP (25 µM) and 30S (12.5 µM) at 73 °C for 10 min. After 630-fold dilution by 
addition of unlabelled ABCE1 (2 µM), the dissociation of the post-splitting complex was 
followed at 73 °C for the indicated time periods (0–10 min).  
 
Single-molecule fluorescence microscopy and ALEX. Solution-based smFRET and 
alternating laser excitation (ALEX)30 experiments were performed using a home-built 
confocal microscope as described in Chapter 2. An individual labelled protein diffusing 
through the excitation volume of the confocal microscope generates a short burst of 
photons. To identify fluorescence bursts an ‘all photon burst search’46 was used with 
parameters M = 15, T = 500 µs and L = 50. Only bursts having >250 photons were further 
analysed. The procedure to calculate the apparent FRET efficiency and Stoichiometry S for 
each individual burst is provided in the Materials and Methods section of Chapter 2.  
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The apparent FRET efficiency histograms were fitted with a Gaussian mixture model 
with a variable number of Gaussian distributions (1-3). In the fitting procedure the mean 
and the amplitude were derived from fitting, whereas the standard deviation was fixed or 
allowed to vary over a small region defined from static DNA samples having attached 
fluorophores at specific positions (Table S7.1). We used the minimum number of 
distributions that fitted the experimental data, in which the mean value defines the apparent 
FRET value of the state and the amplitude its relative population. The errors were defined 
from the s.d. of 3–5 measurements.  

 
Filtering of the solution-based smFRET data. To remove unwanted signals from large 
fluorescent aggregates, which generates a sequence of apparent bursts with similar but 
ambiguous high apparent FRET efficiencies, we used a filter based on the correlation 
between subsequent bursts. We define 𝑋% = 0 for 𝐸% < 𝑒 and 𝑋% = 1 for 𝐸% > 𝑒, where 𝐸%  is 
the apparent FRET efficiency of the ith burst and 0 ≤ 𝑒 ≤ 1. Let 𝑃(𝑋% = 1	) = 𝑝′ and 
𝑃(𝑋% = 0	) = 1 − 𝑝′. An estimator for 𝑝′ is the fraction of bursts with 𝐸% > 𝑒 and is 
denoted by	�̂�′. We define a random variable of the ith burst by 𝑇% = ∑ 𝑋%78 + 𝑋%:8;

8<= , 

which has a binominal distribution with parameters 2𝑛 and 𝑝. An estimator for 𝑝 is  
�̂� = (2𝑛)7= ∑ 𝑋%78 + 𝑋%:8;

8<= . If all bursts in a given dataset are uncorrelated then 𝑝 = 𝑝′. 
Since in our measurements the fluorescent aggregates show unrealistically high FRET 
efficiencies, we have 𝑝 > 𝑝′ for an aggregate. We designed a hypothesis test that probes 
whether the ith bursts with 𝑋% = 1 comes from a single labelled fluorescent molecule or 
from a fluorescent aggregate. The hypothesis test is H0: 𝑝 = 𝑝′ versus H1: 𝑝 > 𝑝′. We set 

the critical region of acceptance of H0 from �̂� = 0 to �̂� = �̂�@ + 	𝑤	B�̂�@(1 − �̂�@). If for the ith 

burst 𝑋% = 1 and H0 is rejected, the burst is taken out from further analysis. To control 
type II errors, we chose 𝑤 between 0.5 and 2, depending on the relative amount of 
aggregation present. A fluorescent aggregate creates around 6-12 subsequent bursts with an 
apparent FRET efficiency above 0.9. To select single-molecule bursts from aggregates, we 
set 𝑛 to 3 and 𝑒 to 0.9. If no aggregation is present, the filter removes only 1-4% of the 
data. In case aggregation is present around 10–15% of the data is filtered out. 
 
Relative diffusion constants obtained by smFRET. To directly probe the association of 
fluorescently labelled ABCE1 to the 30S or 70S ribosomes, we used the large increase in 
molecular mass and associated slower diffusion as an independent observable. For this 
purpose, a histogram for the bursts length was constructed with a bin-size of Δ (200-400 µs, 
depending on the amount of data). Hereafter 𝑚% denotes the number of bursts having a 
burst length between iΔ-Δ/2 and iΔ+Δ/2.   



 

 189 

The tail of the burst-size histogram can be approximated by the function  

 𝑃(𝑡; 𝐷) = 𝑁𝐷𝑒7H	I Δ (7.1) 

where 𝑡 = iΔ, 𝐷 is the relative diffusion constant and is proportional to the (translational) 
diffusion coefficient and the size of the excitation volume of the confocal microscope, and 
𝑁 is a constant that depends on the size of the excitation volume and is proportional to the 
number of data points in the histogram47. We analysed the burst-size histogram from 
t1 = nΔ to t2 = mΔ, where k = m – n + 1 and used simple linear regression to obtain an 
estimator for 𝐷, denoted by 𝐷J:  

 𝐷J =
∑ (𝑘7= ∑ ln𝑚%

N
; − ln𝑚%)(𝑖∆ − 𝑘7= ∑ 𝑖∆N

; )N
;

∑ (𝑖∆ − 𝑘7= ∑ 𝑖∆N
; )QN

;
 (7.2) 

where −𝐷J is the linear slope of the histogram on the log-scale. Typically, we used t1=2 ms 
and t2=8 ms. The estimated relative diffusion constants of the 30S/70S bound ABCE1 and 
free ABCE1 are denoted by 𝐷J= and 𝐷JQ, respectively. The tail of the burst-size histogram of 
a mixture of 30S/70S-bound and free-ABCE1 can then be approximated by the function 

 𝑃(𝑡; 𝐷=,𝐷Q, 𝐴) = 𝑁(𝐴	𝐷=	𝑒7HT	I + (1 − 𝐴)	𝐷Q	𝑒7HU	I)Δ	 (7.3) 

where 𝐴 is the fraction of ABCE1 molecules that are bound to 30S/70S (𝐷=), and 1-A is the 
fraction of ABCE1 molecules that are free (𝐷Q). Contrary to Eq. 7.1, Eq. 7.3 is non-linear 
on the log-scale. However, we can still calculate the linear slope −𝐷J by using Eq. 7.2. An 
estimator for 𝐴, denoted by 𝐴W, was found by solving:  

𝐷J =
∑ X𝑘7= ∑ ln𝑃X𝑖∆; 𝐷J=,𝐷JQ,𝐴WYN

; − ln 𝑃X𝑖∆; 𝐷J=,𝐷JQ, 𝐴WYY(𝑖∆ − 𝑘7= ∑ 𝑖∆N
; )N

;
∑ (𝑖∆ − 𝑘7= ∑ 𝑖∆N

; )QN
;

 (7.4) 

Importantly, due to the log-transform, the unknown constant 𝑁 cancels in Eq. 7.4, therefore 
allowing use to obtain an estimator for 𝐴. All calculations were done with Mathematica 
(WolframAlpha).  
 
Confocal scanning microscopy and data analysis. To gain information on possible 
conformational sampling of ABCE1 at room temperature, we used the same home-built 
confocal microscope as described in Chapter 2. Data were recorded with constant 532 nm 
excitation at an intensity of 0.5 µW (~125 W/cm2). Surface immobilization was conducted 
using an anti-His antibody and surface-chemistry protocols as described in Chapter 2. 
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7.6 Supplementary Information 

Figure S7.1. Formation of the pre- and post-SC with FRET pair labelled ABCE1. (A) 
Hydrolysis of γ-32P-labeled ATP resulted in the formation of γ-32Pi, which was separated by thin layer 
chromatography and quantified by autoradiography. (B) ATPase activity of ABCE1. Activity of free 
ABCE1 and with 30S were corrected for auto-hydrolysis and with 30S corrected for hydrolysis of 
30S only. Data is mean ± s.d. from 3 experiments. (C) AMPPNP- and aRF1/aPelota-dependent 
formation of the pre-SC. 3 µM aRF1/aPelota and 3 µM T. celer 70S were pre-incubated for 30 min at 
25 °C. Subsequently, 1 µM ABCE1 and 2 mM AMPPNP were added and incubated for 1 h at 25 °C. 
Binding of labelled site II variant to 70S was analysed by sucrose density centrifugation and in-gel 
fluorescence. (D) AMPPNP-dependent formation of the post-SC. 3 µM ABCE1 was incubated with 
4 µM 30S for 10 min at 73 °C. Binding of labelled ABCE1 to 30S was analysed by sucrose density 
centrifugation, in-gel fluorescence and immunoblotting. (E) Splitting of 0.5 µM 70S by wild type 
ABCE1 and mutants (2 µM) with 125 µM AMPPNP, 3 µM aRF1/aPelota and 3 µM aIF6 for 15 min 
at 45 °C. (F) Splitting efficiency of ABCE1. 50S/70S ratio was calculated from the peak height. Data 
is mean ± s.d. from 3 measurements.   
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Figure S7.2. Conformational states of ∆FeS  variant compared to full-length ABCE1. (A) 
Apparent FRET efficiency and Stoichiometry S histogram of site I after incubation with 25 nM 30S 
and 2 mM AMPPNP for 10 min at 73 °C. Site I is in an equilibrium between an open (blue), 
intermediate (green) and closed (orange) state. (B) Apparent FRET efficiency and Stoichiometry S 
histogram of ∆FeS site II variant labelled with Cy3B and ATTO647N after incubation for 10 min at 
73 °C in the absence and presence of 1 µM 30S and 2 mM AMPPNP. (C) Burst length histogram of 
(B) fitted with an exponential distribution. The relative diffusion constant is indicated. Representative 
fluorescence trajectories of the surface-immobilized ABCE1 site II variant in the apo state (D) and 
post-SC (E). The top panel shows the calculated apparent FRET efficiency (blue) from the donor 
(green) and acceptor (red) photon counts as shown in the bottom panels. (F) The release of ABCE1 
from the small ribosomal subunit (black) and the site I opening (orange) is depicted. Data is mean ± 
s.d. from 3 measurements.  
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Figure S7.3. Conformational states of ∆FeS site I and II in comparison to full-length ABCE1. 
Conformational equilibrium of ∆FeS and full-length site I (A) and site II (B) variants under various 
conditions as indicated. Each measurement was performed under saturating conditions with 1 µM 
30S and 2 mM nucleotide. Data corresponds to mean ± s.d. from 3 measurements. Apparent FRET 
efficiency histogram of site I (C) and site II (D) variants with varying 30S concentrations. All 
measurements were done after 10 min incubation at 73 °C in the presence of 2 mM AMPPNP and the 
30S concentrations as indicated.   
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Figure S7.4. 30S binding strength of the open, intermediate and closed state of ABCE1. (A) 
Relative diffusion constant D as function of the fraction bound to 30S as given by Eq. 7.4 
(Section 7.4) with D1 and D2 set to 0.5 and 1.0 ms-1, respectively. (B) Fraction of ABCE1 bound to 
30S with 2 mM AMPPNP and after 10 min incubation at 73 °C as determined from Eq. 7.4. The data 
was fitted by a Hill equation to yield a KD of ~20 nM. The apparent FRET efficiency histogram of the 
analysed data is shown in Figure S7.3D. (C) Burst length histogram of the open, intermediate and 
closed state of site II. Measurement were done after 10 min incubation at 73 °C in the presence of 
2 mM AMPPNP and 1 nM (top) or 10 nM (bottom) 30S. By using Eq. 7.4 the fraction of ABCE1 
bound to 30S was estimated and is indicated in the figure. (D) Apparent FRET efficiency histogram 
of site II under different conditions as indicated. Each measurement was performed with 1 µM 30S 
and 2 mM nucleotide and incubated for 10 min at 73 °C. (E) Conformational equilibrium of site I 
under various conditions as indicated. Each measurement was performed with 1 µM 30S and 2 mM 
nucleotide and incubated for 10 min at 20 or 73 °C. Data is mean ± s.d. from 3-5 measurements.  

open
intermediate
closed

Burst length (ms)
0 2 4 6 8 10

Lo
g 

(e
ve

nt
s)

8

6

4

2

0

8

6

4

2

0

10 1 nM 30S

10 nM 30S

17%

4%

2%

81%

17%

13%

B

CA

0 200 400 600 800 1000
30S (nM)

0.8

0.6

0.4

0.2

0.0

1.0

80

60

40

20

0

100

30
S 

bo
un

d 
AB

C
E1

 (%
)

Relative diffusion coefficient D (ms-1)

30
S 

bo
un

d 
AB

C
E1

 (%
)

E

%
 o

f s
ta

te

30S
AMPPNP
ADP
10 min, 73 °C
10 min, 20 °C

100

80

60

40

20

0

Ev
en

ts

D

1.00.2 0.4 0.6 0.8

600

300
apo

0

300
30S & 
ADP

0

300
AMPPNP

0

300
30S

0

300
30S &
AMPPNP

0

g ( )

1.00.5 0.6 0.7 0.8 0.9

Apparent FRET

10

Lo
g 

(e
ve

nt
s)

open
intermediate
closed

open
intermediate
closed



 

 195 

Figure S7.5. Formation of the post-SC. (A) Apparent FRET efficiency histogram of site I variant 
after 10 min incubation with 2 mM AMPPNP at 73 °C and subsequently adding 1 µM 30S for the 
indicated time points. (B) Conformational equilibrium addressed by pre-incubated site I variant with 
2 mM AMPPNP for 10 min at 73 °C and subsequently adding 1 µM 30S for the indicated time 
points. Data corresponds to mean ± s.d. from 3 measurements. Data of 5 s is shown in (A). (C) 
Apparent FRET efficiency histogram of site II variant incubated for the indicated time points at 73 °C 
with 1 µM 30S and 2 mM AMPPNP. (D-F) The site II variant was pre-incubated with 2 mM 
AMPPNP (D), 1 µM 30S (E) or solely at 73 °C (F) for 10 min at 73 °C. After incubation, 1 µM 30S 
(D and F) and/or 2 mM AMPPNP (E and F) was added and incubated for the indicated time points at 
73 °C. Afterwards the apparent FRET efficiency histograms were recorded at room temperature. 
(G-H) as in (C), but with different concentrations of AMPPNP and incubated for 100 s (G) or 400 s 
(H). The relative population of each state is depicted as obtained from the fit.   
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Table S7.1. Mean apparent FRET efficiencies of open, intermediate and closed state  

 open intermediate closed 
Site I (Cy3B/ATTO647N) apo 0.55 ± 0.04 0.64 ± 0.04 0.79 ± 0.03 
Site I (Cy3B/ATTO647N) in pre-SC 0.53 ± 0.07 0.65 ± 0.03 0.78 ± 0.08 
Site I (Cy3B/ATTO647N) in post-SC 0.50 ± 0.01 0.61 ± 0.03 0.76 ± 0.04 
Site II (Cy3B/ATTO647N) apo 0.47 ± 0.02 0.60 ± 0.01 – 
Site II (Cy3B/ATTO647N) in pre-SC 0.49 ± 0.06 0.62 ± 0.08 0.83 ± 0.03 
Site II (Cy3B/ATTO647N) in post-SC 0.51 ± 0.01 0.62 ± 0.03 0.80 ± 0.05 
∆FeS Site II (Cy3B/ATTO647N) apo – 0.61 ± 0.02 0.79 ± 0.03 
∆FeS Site I (Cy3B/ATTO647N) in post-SC 0.50 ± 0.01 0.61 ± 0.02 0.75 ± 0.01 
∆FeS Site II (Cy3B/ATTO647N) in post-SC – 0.61 ± 0.01 – 
Site II (Alexa555/Alexa647) in post-SC  0.56 ± 0.02 0.69 ± 0.03 0.86 ± 0.03 
dsDNA (Cy3B-8bp-ATTO647N) 0.90 ± 0.04 
dsDNA (Cy3B-13bp-ATTO647N) 0.64 ± 0.01 
dsDNA (Cy3B-18bp-ATTO647N) 0.45 ± 0.02 
dsDNA (Cy3B-33bp-ATTO647N) 0.17 ± 0.03 

Data corresponds to mean ± s.d. of 2-4 measurements.  
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8
The relation between intrinsic protein conformational 

changes and ligand binding

Marijn de Boer

Structural changes in proteins allow them to exist in several conformations. Non-covalent 
interactions with ligands drive the structural changes, thereby allowing the protein to perform 
its biological function. Recent findings suggest that many proteins are always in an 
equilibrium of different conformations and that each of these conformations can be formed 
by both the ligand-free and ligand-bound protein. By using classical statistical mechanics, we 
derived the equilibrium probabilities of forming a conformation with and without ligand. We 
found, under certain conditions, that increasing the probability of forming a conformation by 
the ligand-free protein also increases the probability of forming the same conformation when 
the protein has a ligand bound. Furthermore, we found that changes in the conformational 
equilibrium of the ligand-free protein can increase or decrease the affinity for the ligand.
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8.1 Introduction 

The polypeptide of proteins -except intrinsically disordered proteins- folds into a three-
dimensional structure. This structure is not rigid but can change in response to specific 
interactions with ligands1. For many proteins these structural changes involve the collective 
motion of many atoms, such as the complete reorientation of a domain. In others, more 
localized changes occur, leading to changes in the relative position of only a few residues, 
such as a loop displacement.  

The coupling of ligand binding to protein conformational changes is fundamental to 
almost all biological processes. For instance, signalling proteins switch from an inactive to 
an active conformation upon the binding of an effector molecule2. The conformational 
change of the signalling protein can be used to transmit a signal to downstream members of 
the signalling pathway. In enzymes, the conformational changes bring the catalytic residues 
in the proper orientation and allow the substrate to bind and the product to be released3. In 
membrane transporter proteins (e.g., ATP-binding cassette (ABC) transporters), switching 
between an inward- and outward-facing conformation exposes a substrate-binding site on 
alternative sides of the membrane4, thereby providing a mechanism to translocate compounds 
across the membrane (Figure 1.3).  

The mechanism in which ligand interactions drive the structural change is termed the 
induced-fit mechanism (Figure 1.6). In the classical induced-fit mechanism5, a ligand-free 
protein is in a single conformation and upon binding of the ligand, a new conformation is 
formed. However, nuclear magnetic resonance (NMR)6-8, electron paramagnetic resonance 
(EPR)9, single-molecule Förster resonance energy transfer (smFRET) (Section 2.2.2, 5.2.3 
and 7.2.2)10-15 and other data16-18, indicate that proteins sample a range of conformations with 
and without ligand bound. This led to the notion that, proteins are inherently dynamic and 
are always in an equilibrium of different conformations19-21. Most interestingly, for many 
proteins, experimental (Section 2.2.2, 5.2.3 and 7.2.2)7, 8, 22-28 and computational29-31 results 
suggest that the structure of the ligand-free and ligand-bound conformations are highly 
similar. Thus, in contrast to the classical induced-fit mechanism, ligand interactions do not 
induce new conformations in these cases, but only redistribute the conformational 
equilibrium that already exists in the ligand-free protein19-21. Examples of proteins with such 
an intrinsic conformational equilibrium include the substrate-binding proteins (SBPs) 
(Section 2.2.2 and 5.2.3) and ABCE1 (Section 7.2.2). Other prominent examples are the 
proteins adenylate kinase15, RNase A7, dihydrofolate reductase26, ubiquitin27, SecA24, the 
Lac repressor22, DNA polymerase13, 14 and others21.  

In this work, classical statistical mechanics is used to describe the conformational 
ensemble of a protein that binds a single ligand. We derived the equilibrium probabilities of 
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forming a conformation with and without ligand bound. By assuming that the Hamiltonian 
is additive, these probabilities can be related to each other. We found that in particular cases, 
increasing the probability of forming a conformation without ligand also increases the 
probability of forming the same conformation with ligand. Moreover, the dissociation 
constant KD between the protein and the ligand is found to be sensitive to changes in the 
conformational equilibrium of the ligand-free protein. 

 

8.2 Results 

8.2.1 The ligand-free and ligand-bound phase space density 

We begin with a description of the protein in the absence of ligand, i.e., the apo protein. In a 
classical system, each microscopic state can be specified by the position and momentum of 
the N atoms of the protein, denoted by the 3N-dimensional vectors 𝒙 and 𝒑, respectively. In 
the canonical ensemble32, the phase space density of the ligand-free protein is 

 
𝜌$(𝒙, 𝒑) =

𝑒*+ℋ-(𝒙,𝒑)

ℎ/0𝑄$
 (8.1) 

where ℋ$(𝒙, 𝒑) is the ligand-free (apo) protein Hamiltonian function, ℎ is the Planck 
constant and 𝛽 = 1/𝑘6𝑇, where 𝑘6 is the Boltzmann constant and 𝑇 the absolute 
temperature. The canonical partition function of the ligand-free protein 𝑄$ is  

 𝑄$ = 8𝑑/0𝑥	𝑒*+<-(𝒙)		=>
2𝜋𝑚B

𝛽ℎC
D
/ C⁄0

BFG

 (8.2) 

where 𝐻$(𝒙) is the configurational part of ℋ$(𝒙, 𝒑) and 𝑚B is the mass of the 𝑖th atom. We 
are interested in the conformational behaviour of the protein, so we integrate out the 
momentum degrees of freedom to obtain the configurational space density,  

 𝜌$(𝒙) = 8𝑑/0𝑝	𝜌$(𝒙, 𝒑) = 	
𝑒*+<-(𝒙)

∫𝑑/0𝑥	𝑒*+<-(𝒙)		
 (8.3) 

In an analogous manner as we did for the protein, we can specify the ligand molecule by 
the position and momentum of the M atoms of the ligand, denoted by the 3M-dimensional 
vectors 𝒙′ and 𝒑′, respectively. The phase space density of the ligand-bound protein is 

 𝜌<(𝒙,𝒑, 𝒙M, 𝒑′) =
𝑒*+ℋN(𝒙,𝒑,𝒙O,𝒑O)

ℎ/(0PQ)𝑄<
 (8.4) 

where ℋ<(𝒙, 𝒑, 𝒙M, 𝒑M) is the Hamiltonian of the ligand-bound (holo) protein.  
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The canonical partition function of the ligand-bound protein 𝑄< is  

 𝑄< = 8𝑑/0𝑥		𝑑/Q𝑥M	𝑒*+<N(𝒙,𝒙O)=>
2𝜋𝑚B

𝛽ℎC
D
/ C⁄0

BFG

=>
2𝜋𝑚R

𝛽ℎC
D
/ C⁄Q

RFG

 (8.5) 

where 𝑚B and 𝑚R are the masses of the 𝑖th and 𝑣th atom of the protein and the ligand, 
respectively, and 𝐻<(𝒙, 𝒙M) is the configurational part of ℋ<(𝒙,𝒑, 𝒙M, 𝒑M).  

If the Hamiltonian function is additive, we can express 𝐻<(𝒙, 𝒙M) as 

 𝐻<(𝒙, 𝒙M) = 𝐻$(𝒙	) + 𝐻U(𝒙M) + 𝑉(𝒙, 𝒙M) (8.6) 

where 𝐻$(𝒙) and 𝐻U(𝒙M) are the configurational parts of the Hamiltonian of the ligand-free 
protein and the free ligand, respectively, and 𝑉(𝒙, 𝒙M) is the interaction potential between the 
protein and the ligand. The separation of 𝐻<(𝒙,𝒙M) holds for all pairwise additive potentials, 
but also for non-pairwise additive potentials, such as three- or higher-order body forces33. 
For example, in the presence of three-body forces: 𝐻<(𝒙,𝒙M) = (𝐻WW + 𝐻WWW) +
(𝐻UU + 𝐻UUU) + (𝐻WU + 𝐻WWU + 𝐻WUU), where 𝐻BX and 𝐻BXY are the pairwise and three-body 
interaction potentials, respectively, between the protein (P) and ligand (L) coordinates.  

We obtain the configurational space density of the ligand-bound protein by integrating 
out the position and momentum degrees of freedom of the ligand and the momentum degrees 
of freedom of the protein,   

 

𝜌<(𝒙) = 8𝑑/0𝑝	𝑑/Q𝑥M𝑑/Q𝑝M	𝜌<(𝒙,𝒑, 𝒙M, 𝒑M)	

𝜌<(𝒙) = 	
𝑒*+Z<-(𝒙)P[(𝒙)\

∫𝑑/0𝑥	𝑒*+Z<-(𝒙)P[(𝒙)\		
 

(8.7) 

with 

 𝑒*+[(𝒙) = 8𝑑/Q𝑥M𝑒*+Z<]Z𝒙O\P^(𝒙,𝒙O)\ (8.8) 

where 𝐻$(𝒙) + 𝑔(𝒙) is an effective Hamiltonian function that depends on the protein 
configurational degrees of freedom and on temperature.  

The integrals of Eq. 8.5, 8.7 and 8.8 should be restricted to configurations that give rise 
to a protein-ligand complex. The definition of this complex is, to some extent, arbitrary and 
has been discussed before34-37. For proteins with a localized binding site, a bound complex 
can be defined by the configurations that have the ligand localized within a specified region 
of the binding site34-37. This region should contain the most important configurations of the 
bound complex, i.e., those configurations with 𝑉(𝒙, 𝒙M) ≪ 0, and should not contain a large 
number of configurations that are unbound, i.e., those configurations with 𝑉(𝒙, 𝒙M)	⪆ 038. 
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8.2.2 The protein conformation  

It has been observed that many proteins exist in several conformations, that can be formed 
both with and without ligand present in its binding site (Chapters 2, 5 and 7)7-9, 22-28, 39-42 
(reviewed in ref. 21). Here, we derive the probabilities of forming the conformations with 
and without ligand, which defines the ligand-bound and ligand-free conformational 
equilibrium of the protein, respectively. First, we need to define a protein conformation in 
the context of classical statistical mechanics. Let Ω denote the set of all configurational 
coordinates that contribute to the ligand-free or ligand-bound partition function or to both. 
These configurations are often termed the native protein configurations. A protein 
‘conformation’ can be defined as a confined region within the configurational space, i.e., 
ΩB ⊂ Ω (Figure 8.1). These regions are of low free energy, with different conformations 
being separated by free energy barriers. In general, proteins exist in only a few conformations 

Ω1

Ω1

Ω2

Ω2

H
A(

x)

x

H
A(

x)
 +

 g
(x

)

x

Ligand-free protein

Ligand-bound protein

Figure 8.1. Energy landscape and the protein conformations. Schematic of the energy landscape of 
the ligand-free (top) and ligand-bound (bottom) protein. The protein can acquire two conformations 
(𝑚 = 2) denoted by conformation 1 and 2. The set of configurations 𝒙 that belong to conformation 1 
and 2 are 𝛺G and 𝛺C, respectively. The probability to form conformation 1 with and without ligand is 
𝜌<G  and 𝜌$G , respectively, and to form conformation 2 with and without ligand is 𝜌<C  and 𝜌$C, respectively. 
We have 𝜌$G + 𝜌$C = 1 and 𝜌<G + 𝜌<C = 1. 
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that are functionally and structurally distinct. The idea of course-graining the configurational 
space into only a few relevant degrees of freedom has been used before in other studies43-46. 
Note that we term 𝒙 a configuration and the set of configurations in ΩB is termed a 
conformation.  

If the native protein conformational ensemble can be described by 𝑚 conformations 
(𝑚 ≥ 1), then the equilibrium probability that the ligand-free protein is in the 𝑖th 
conformation (𝑖 ∈ {1,… ,𝑚}) is  

 𝜌$B = 8 𝑑/0𝑥	𝜌$(𝒙)
kl

 (8.9) 

To form the 𝑖th conformation when the protein has a ligand bound is 

 𝜌<B = 8 𝑑/0𝑥	𝜌<(𝒙)
kl

 (8.10) 

Each native protein configuration belongs to only one conformation, so for every 𝑖 ≠ 𝑗 we 
have ΩB ∩ ΩX = ∅ and thus ⋃ ΩBr

BFG = Ω, so that the probabilities are normalized to one, i.e., 
∑ 𝜌$Br
BFG = 1 and ∑ 𝜌<Br

BFG = 1.  
In concluding this section, we note that in our derivation we do not assume, nor imply 

that the ‘measured structure’ of the 𝑖th conformation with and without ligand bound are 
identical. The measured structure of the 𝑖th conformation corresponds to the average 
configuration over the set ΩB, with the translational and rotational degrees of freedom 
integrated out. Integrating out the translational and rotational degrees of freedom from 𝒙, 
gives rise to 3N-6 internal positional degrees of freedom 𝒓. The measured structure of the 𝑖th 
conformation of the ligand-free protein then corresponds to  

 〈𝒓〉$B =
∫ 𝑑/0*w𝑟	𝒓	𝜌$(𝒓)kl

∫ 𝑑/0*w𝑟	𝜌$(𝒓)kl

 (8.11) 

and 

 〈𝒓〉<B =
∫ 𝑑/0*w𝑟	𝒓	𝜌<(𝒓)kl

∫ 𝑑/0*w𝑟	𝜌<(𝒓)kl

 (8.12) 

when the ligand is bound. Note that the Jacobian for the transformation is approximately 
constant33 and therefore cancels in the division of Eq. 8.11 and 8.12. Since the phase space 
densities 𝜌$(𝒓) and 𝜌<(𝒓)	can be different for 𝒓 ∈ ΩB, also differences can exist between 
〈𝒓〉$B  and 〈𝒓〉<B . An exception is the case when 𝑔(𝒓) (Eq. 8.7) varies only minimally over ΩB, 
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then 〈𝒓〉$B ≈ 〈𝒓〉<B . However, irrespective of 〈𝒓〉$B  and 〈𝒓〉<B , the equilibrium probability that 
the protein is in ΩB with and without ligand can be calculated with Eq. 8.9 and 8.10. 
 
8.2.3 Altering the conformational equilibrium  

Next, we establish how changes in the interactions within the protein, i.e., the intra-protein 
interactions, affect the conformational equilibria. For that, we will analyse how 𝜌$B  and 𝜌<B  
are changed when 𝐻$(𝒙) is changed by a small perturbation 𝜖𝜃(𝒙), with 𝜖 being a small 
positive number, and 𝜃(𝒙) is a function with units energy. The new configurational part of 
the Hamiltonian of the ligand-free protein is  

 𝐻$M (𝒙) = 𝐻$(𝒙) + 	𝜖𝜃(𝒙) (8.13) 

When only the intra-protein interactions are altered, while leaving the protein-ligand 
interactions unaltered (i.e., 𝐻U(𝒙M) and 𝑉(𝒙, 𝒙M) in Eq. 8.6 remain the same), then the new 
configurational part of the Hamiltonian of the ligand-bound protein is  

 𝐻<M (𝒙, 𝒙M) = 𝐻<(𝒙, 𝒙M) + 𝜖𝜃(𝒙) = 𝐻$M (𝒙) + 𝐻U(𝒙M) + 𝑉(𝒙, 𝒙M) (8.14) 

and the new effective Hamiltonian is 𝐻$M (𝒙) + 𝑔(𝒙) = 𝐻$(𝒙) + 𝑔(𝒙) + 𝜖𝜃(𝒙). 
The meaning and purpose of 𝜖𝜃(𝒙) can be best explained trough an example 

(Figure 8.2). Suppose a protein exists in two conformations, termed conformation 1 and 2. 
Now, suppose that a mutation in the protein shifts the energy of each configuration of 
conformation 2 by a constant 𝜖𝛿 (𝜖 > 0), while the energy of the configurations of 
conformation 1 remains unaltered. In this case we have 

 𝜃(𝒙) = ~0 𝒙 ∈ ΩG
𝛿 𝒙 ∈ Ω𝟐

 (8.15) 

In Figure 8.2 the case of 𝛿 < 0 is shown. The configurational part of the Hamiltonian of the 
mutated ligand-free protein is  

 𝐻$M (𝒙) = ~𝐻$(𝒙)										 𝒙 ∈ ΩG
𝐻$(𝒙) + 𝜖𝛿 𝒙 ∈ ΩC

 (8.16) 

where, in this example, 𝐻$(𝒙) is the configurational part of the Hamiltonian of the wild type 
ligand-free protein. If the mutation does not affect the interactions with the ligand, we have 

 𝐻$M (𝒙) + 𝑔(𝒙) = ~𝐻$
(𝒙) + 𝑔(𝒙)										 𝒙 ∈ ΩG

𝐻$(𝒙) + 𝑔(𝒙) + 𝜖𝛿 𝒙 ∈ ΩC
 (8.17) 

where, in this example, 𝐻$(𝒙) + 𝑔(𝒙) is the effective Hamiltonian of the wild type ligand-
bound protein. The energy of conformation 2 will increase when 𝛿 > 0 and decrease when 
𝛿 < 0. We can ask the question, how does the mutation influence the ligand-free and ligand-
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bound conformational equilibrium? The answer is quite simple in this example, however, it 
becomes more complex when 𝜃(𝒙) is not constant over ΩB.  

In the remainder of this section we will analyse how the ligand-free and ligand-bound 
conformational equilibria are changed for any 𝜃(𝒙). First, we will establish how changes in 
the Hamiltonian as given by Eq. 8.13 affect 𝜌$B . The new ligand-free conformational 
equilibrium becomes 

 𝜌$B ′ =
∫ 𝑑/0𝑥	𝑒*+Z<-(𝒙)P��(𝒙)\kl

∫ 𝑑/0𝑥	𝑒*+Z<-(𝒙)P��(𝒙)\k

 (8.18) 

where 𝜌$B ′ is the new equilibrium probability of forming the 𝑖th conformation when the 
protein has no ligand bound.  
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Figure 8.2. Altering the energy landscape of the ligand-free and ligand-bound protein. Example 
of an energy landscape of the ligand-free (top) and ligand-bound (bottom) protein as discussed in 
Section 8.2.3. The protein can acquire two conformations, denoted by conformation 1 and 2. The set of 
configurations 𝒙 that belong to conformation 1 and 2 are 𝛺G and 𝛺C, respectively. A (hypothetical) 
mutation alters the energy of the configurations of conformation 2 by a constant 𝜖𝛿 < 0. The energy 
landscape of the wild type ligand-free and ligand-bound protein are shown in blue and red, respectively, 
and the mutant ligand-free and ligand-bound protein are shown in orange and green, respectively. 
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Expanding the exponent of Eq. 8.18 to first-order in 𝜖 gives 

 𝜌$B ′ =
∫ 𝑑/0𝑥	Z1 − 𝜖𝛽𝜃(𝒙)\𝑒*+<-(𝒙)kl

∫ 𝑑/0𝑥	Z1 − 𝜖𝛽𝜃(𝒙)\𝑒*+<-(𝒙)k

 (8.19) 

and keeping only terms up to first-order in 𝜖 results in 

 Δ𝜌$B = 𝜖𝛽𝜌$B �〈𝜃〉$
X Z𝜌$

X − 𝛿BX\
r

XFG

 (8.20) 

where Δ𝜌$B = 𝜌$B ′ − 𝜌$B , 𝛿BX is the Kronecker delta and 

 〈𝜃〉$
X =

∫ 𝑑/0𝑥	𝜃(𝒙)𝑒*+<-(𝒙)k�

∫ 𝑑/0𝑥	𝑒*+<-(𝒙)k�

 (8.21) 

Eq. 8.20 shows that the new conformational equilibrium of the ligand-free protein is 
determined by the 〈𝜃〉$B  and 𝜌$B  values of the 𝑚 conformations. It can be shown that 
∑ Δ𝜌$Br
BFG = 0, so the probabilities remain normalized when they are changed according to 

Eq. 8.20.  
Next we will look how 𝜌<B  changes when the Hamiltonian is changed by 𝜖𝜃(𝒙). The new 

ligand-bound conformational equilibrium is  

 𝜌<B ′ =
∫ 𝑑/0𝑥	𝑒*+Z<-(𝒙)P[(𝒙)P��(𝒙)\kl

∫ 𝑑/0𝑥	𝑒*+Z<-(𝒙)P[(𝒙)P��(𝒙)\k

 (8.22) 

where 𝜌<B ′	is the new equilibrium probability of forming the 𝑖th conformation with ligand, 
when the Hamiltonian is given by Eq. 8.14. Similar as for the ligand-free protein we obtain 
to first-order in 𝜖  

 Δ𝜌<B = 𝜖𝛽𝜌<B �〈𝜃〉<
X Z𝜌<

X − 𝛿BX\
r

XFG

 (8.23) 

where Δ𝜌<B = 𝜌<B ′ − 𝜌<B  and 

 〈𝜃〉<
X =

∫ 𝑑/0𝑥	𝜃(𝒙)𝑒*+Z<-(𝒙)P[(𝒙)\k�

∫ 𝑑/0𝑥	𝑒*+Z<-(𝒙)P[(𝒙)\k�

 (8.24) 

and have ∑ Δ𝜌<Br
BFG = 0. From Eq. 8.23 it follows that the new conformational equilibrium 

of the ligand-bound protein is determined by the 〈𝜃〉<B  and 𝜌<B  values of the 𝑚 conformations. 
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In case of the example of Eq. 8.15, we have 

 〈𝜃〉$B = 〈𝜃〉<B = �0 𝑖 = 1
𝛿 𝑖 = 2 (8.25) 

So from Eq. 8.20, 8.23 and 8.25 it follows that by the mutation the probabilities to form 
conformation 𝑖 without and with ligand is 

 Δ𝜌$B = (−1)BPG	𝜖𝛽𝛿𝜌$G𝜌$C (8.26) 

and 

 Δ𝜌<B = (−1)BPG	𝜖𝛽𝛿𝜌<G 𝜌<C , (8.27) 

respectively. In Figure 8.2, the energy of conformation 2 decreases (𝛿 < 0), so from Eq. 8.26 
and 8.27 it follows that 𝜌$C′ > 𝜌$C and 𝜌<C ′ > 𝜌<C . In other words, both the ligand-free and 
ligand-bound conformational equilibria are shifted towards conformation 2. If instead the 
energy of conformation 2 increases (𝛿 > 0), we find that 𝜌$C′ < 𝜌$C and 𝜌<C ′	 < 𝜌<C , so both 
the ligand-free and ligand-bound conformational equilibria are shifted towards 
conformation 1. 
 
8.2.4 Altering the energy of the kth conformation  

Hereinafter, we will focus on the situation that the energy of only one conformation is altered. 
The conformation that is altered is denoted as the 𝑘th conformation, where 𝑘 ∈ {1,… ,𝑚}. 
Formally, in this situation: 𝜃(𝒙) = 0 for 𝒙 ∉ ΩY and 𝜃(𝒙) ≠ 0 for some 𝒙 ∈ ΩY. Note that 
𝜃(𝒙) as given by Eq. 8.15 satisfies this criteria.  

The energies of the configurations of the 𝑘th conformation are changed and the energies 
of all the other configurations remains unchanged, when only the intra-protein interactions 
of the 𝑘th conformation are altered and all interactions that are shared with or are unique to 
the other conformations remain unaltered. These intra-protein interactions include those that 
are made when the 𝑘th conformation is formed and are absent in all the other conformations. 
Such interactions have been identified for many proteins and are most often crucial for their 
function and are highly conserved. For instance, residues of MalE (Chapters 1 and 2) that are 
part of the so-called ‘balancing interface’ provide the interactions to stabilize the closed 
conformation of MalE and are absent in the open conformation47.   

Irrespective of the precise molecular interpretation, when only the energy of the 𝑘th 
conformation is altered, we have for 𝑖 ≠ 𝑘, that 

 〈𝜃〉$B =
∫ 𝑑/0𝑥	𝜃(𝒙)𝑒*+<-(𝒙)kl

∫ 𝑑/0𝑥	𝑒*+<-(𝒙)kl

= 0 (8.28) 
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and  

 〈𝜃〉<B =
∫ 𝑑/0𝑥	𝜃(𝒙)𝑒*+Z<-(𝒙)P[(𝒙)\kl

∫ 𝑑/0𝑥	𝑒*+Z<-(𝒙)P[(𝒙)\kl

= 0 (8.29) 

since by definition 𝜃(𝒙) = 0 for every 𝒙 ∉ ΩY. Note that 〈𝜃〉$Y  and 〈𝜃〉<Y  can be non-zero, 
since by definition 𝜃(𝒙) ≠ 0 for some 𝒙 ∈ ΩY. By combining Eq. 8.20 and 8.28 we obtain 
that 

 Δ𝜌$B = 𝜖𝛽〈𝜃〉$Y(𝜌$Y − 𝛿BY)𝜌$B  (8.30) 

and from Eq. 8.23 and 8.29 we have 

 Δ𝜌<B = 𝜖𝛽〈𝜃〉<Y (𝜌<Y − 𝛿BY)𝜌<B  (8.31) 

We will use Eq. 8.30 and 8.31 as a starting point to analyse how a shift in the ligand-free 
conformational equilibrium, which is caused by altering the energy of single conformation, 
will affect the ligand-bound conformational equilibrium. 
 
8.2.5 Relating the ligand-bound and ligand-free conformational equilibrium  

Now that we know how 𝜌$B  and 𝜌<B  change when the intra-protein interactions of the 𝑘th 
conformation are altered (Section 8.2.4), we can analyse how changes in 𝜌$B  will affect 𝜌<B . 
For that, we calculate the ratio Δ𝜌<B 	 Δ𝜌$B⁄ . We are particularly interested in the sign of 
Δ𝜌<B 	 Δ𝜌$B⁄  as this determines how an increased population of the 𝑖th conformation by the 
ligand-free protein (Δ𝜌$B > 0) would lead to an increased (Δ𝜌<B 	 Δ𝜌$B⁄ > 0) or decreased 
(Δ𝜌<B 	 Δ𝜌$B⁄ < 0) probability of forming the 𝑖th conformation with ligand. First, by dividing 
Eq. 8.31 by Eq. 8.30, we obtain  

 
Δ𝜌<B

Δ𝜌$B
=
〈𝜃〉<Y

〈𝜃〉$Y
(𝜌<Y − 𝛿BY)𝜌<B

(𝜌$Y − 𝛿BY)𝜌$B
 (8.32) 

From Eq. 8.32 we see that Δ𝜌<B 	 Δ𝜌$B⁄  has the same sign for every conformation 𝑖 and is solely 
determined by the sign of 〈𝜃〉<Y 	 〈𝜃〉$Y⁄ . Note that the sign of 〈𝜃〉$Y  and 〈𝜃〉<Y  is determined by 
the integral in the numerator of Eq. 8.21 and 8.24, respectively.  

When protein configurations that belong to the 𝑘th conformation (i.e., 𝒙 ∈ ΩY) are 
structurally similar, it is reasonable to assume that when the intra-protein interactions are 
modified, the energy of each configuration of the 𝑘th conformation is shifted in the same 
direction. For instance, increasing the strength of an interaction that is present in the 𝑘th 
conformation, will likely lower the energy of all configurations in ΩY. Note that due to small 
structural differences between the configurations in ΩY, the energy of some of these 
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configurations might be decreased slightly more than the others. Formally, shifting the 
energy of every 𝒙 ∈ ΩY in the same direction can be expressed as: either 𝜃(𝒙) ≥ 0 for every 
𝒙 ∈ ΩY or 𝜃(𝒙) ≤ 0 for every 𝒙 ∈ ΩY. Under these conditions, 〈𝜃〉$Y  and 〈𝜃〉<Y  have the same 
sign (see Eq. 8.21 and 8.24), so from Eq. 8.32 it follows that for every conformation 𝑖 

 
Δ𝜌<B

Δ𝜌$B
> 0 (8.33) 

In conclusion, when the configurations of the 𝑘th conformation are either all increased 
or decreased in energy (and some might remain unaltered), then a shift in the ligand-free 
conformational equilibrium biases the ligand-bound conformational equilibrium in the same 
direction, i.e., 𝜌$B ′ > 𝜌$B  would lead to 𝜌<B ′ > 𝜌<B  and 𝜌$B ′ < 𝜌$B  would lead to 𝜌<B ′ < 𝜌<B . 
 
8.2.6 Constant protein-ligand interactions  

Next, we will provide the result when (i) the energy of only the 𝑘th conformation is altered 
and (ii) the protein-ligand interaction energy is approximately constant for the 𝑘th 
conformation. When the protein-ligand interaction energy is approximately constant for the 
𝑘th conformation, we have 𝑔(𝒙) ≈ 𝑔Y for 𝒙 ∈ ΩY, where 𝑔Y is a constant. Because of the 
structural similarity between the different configurations of a conformation, it seems 
reasonable that only small differences exist in the protein-ligand interaction energies for 
every	𝒙 ∈ ΩY, and thus be approximately constant. When this is the case, we have 

 8 𝑑/0𝑥	𝜃(𝒙)𝑒*+Z<-(𝒙)P[(𝒙)\
k�

= 𝑒*+[� 8 𝑑/0𝑥	𝜃(𝒙)𝑒*+<-(𝒙)
k�

 (8.34) 

and  

 8 𝑑/0𝑥	𝑒*+Z<-(𝒙)P[(𝒙)\
k�

= 𝑒*+[� 8 𝑑/0𝑥	𝑒*+<-(𝒙)
k�

 (8.35) 

By dividing Eq. 8.34 by Eq. 8.35 and using Eq. 8.21 and 8.24 we obtain  

 〈𝜃〉<Y = 〈𝜃〉$Y  (8.36) 

Note that in the simplest case when 𝜃(𝒙)	is a constant for 𝒙 ∈ ΩY, as in the example of 
Section 8.2.3, but without making any assumption about 𝑔(𝒙), Eq. 8.36 is also true. In both 
cases, Eq. 8.32 becomes  

 
Δ𝜌<B

Δ𝜌$B
=
(𝜌<Y − 𝛿BY)𝜌<B

(𝜌$Y − 𝛿BY)𝜌$B
 (8.37) 
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Since the right-hand side of Eq. 8.37 is strictly positive for every 𝑖 (assuming 𝜌$B > 0 for 
every 𝑖 ∈ {1,… ,𝑚}) it follows that Δ𝜌<B  is positively related to Δ𝜌$B . Thus, 𝜌$B ′ > 𝜌$B  would 
lead to 𝜌<B ′ > 𝜌<B  and 𝜌$B ′ < 𝜌$B  would lead to 𝜌<B ′ < 𝜌<B  for every conformation 𝑖. 

Up to this point, we ignored the fact that proteins in their physiological environment are 
surrounded by a large number of solvent molecules. Previous studies showed that the solvent 
degrees of freedom can be simply integrated out and that this results into the addition of a 
solvation free energy term to the energy of each configuration33, 48. In our case, this means 
replacing 𝐻$(𝒙) by 𝐻$(𝒙) + 𝑤(𝒙) and replacing 𝐻$(𝒙) + 𝑔(𝒙) by 𝐻$(𝒙) + 𝑔(𝒙) + 𝑣(𝒙), 
where 𝑤(𝒙) and 𝑣(𝒙) are the solvation free energy terms of the ligand-free and ligand-bound 
protein configuration, respectively. The addition of a solvation free energy term does not 
affect any of our conclusions, except the condition for which Eq. 8.36 is true. In the presence 
of solvent, not only does 𝑔(𝒙) need to be approximately constant over ΩY, but also 𝑤(𝒙) and 
𝑣(𝒙), in order to obtain Eq. 8.36. We argued above that a constant 𝑔(𝒙) over ΩY is expected 
to arise from the structural similarities of the configurations in ΩY. It seems logic that these 
structural similarities would then also give rise to similar protein-solvent interactions and 
thus lead to approximately constant 𝑤(𝒙) and 𝑣(𝒙) terms over ΩY.  
 
8.2.7 Fraction of proteins having a ligand bound  

So far, our analysis focused on the conformational equilibrium of a ligand-free and a ligand-
bound protein. Here, we analyse how the fraction of proteins occupied by a ligand is affected 
by changes in the energy of a single conformation. To do this, we couple the protein to a 
reservoir which contains L ligand molecules within a volume V49. Within the grand canonical 
ensemble, the protein can exchange ligands and energy with the reservoir so that it can 
acquire all the 𝑚 conformations with and without ligand32. The grand partition function of 
the protein is  

 Ξ = 𝑄$ + 𝜆𝑄< (8.38) 

where 𝜆 = 𝑒*+� is the fugacity and 𝜇 the chemical potential. The fugacity is a function of 𝐿, 
with 𝜆 → 0 when 𝐿 → 0 and 𝜆 → ∞ when 𝐿 → ∞.  

In the presence of 𝐿 ligands, the equilibrium probability that the protein has a ligand 
bound is  

 𝑃< =
𝜆𝑄<

𝑄$ + 𝜆𝑄<
 (8.39) 

and the probability that the protein is ligand-free is then simply 𝑃$ = 1 − 𝑃< . If we assume 
the ligand solution behaves as an ideal solution, i.e., the ligand molecules are non-interacting 
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particles, then 𝜆 = 𝜆�𝐿, where 𝜆� is the standard fugacity. In this case, 𝑃<  reduces to the Hill-
Langmuir equation50, i.e., 

 𝑃< =
𝐿

𝐾� + 𝐿
 (8.40) 

In Eq. 8.40 the dissociated constant 𝐾� (the binding or association constant is 1 𝐾�⁄ ) is equal 
to 

 𝐾� =
𝑄$
𝜆�𝑄<

 (8.41) 

By using Eq. 8.2 and 8.5 this can be expressed as  

 𝐾� = 	𝜆�*G �=�
𝛽ℎC

2𝜋𝑚R
�
/ C⁄Q

RFG

�
∫ 𝑑/0𝑥	𝑒*+<-(𝒙)k

∫ 𝑑/0𝑥	𝑒*+Z<-(𝒙)P[(𝒙)\k

 (8.42) 

where 𝑚R is the mass of the 𝑣th atom of the ligand. When 𝐿 ≫ 𝐾� most proteins have a 
ligand bound, when 𝐿 ≪ 𝐾� most are free of ligand and when 𝐿 = 𝐾� half of the proteins 
are ligand-bound. Therefore, 𝐾� determines the affinity between the protein and the ligand. 

When the ligand-free and ligand-bound Hamiltonian is changed by a perturbation 𝜖𝜃(𝒙), 
the new 𝐾� becomes   

 𝐾�M = 	𝜆�*G �=�
𝛽ℎC

2𝜋𝑚R
�
/ C⁄Q

RFG

�
∫ 𝑑/0𝑥	𝑒*+Z<-(𝒙)P��(𝒙)\k

∫ 𝑑/0𝑥	𝑒*+Z<-(𝒙)P[(𝒙)P��(𝒙)\k

 (8.43) 

and the new probability that a protein has a ligand bound is  

 𝑃<M =
𝐿

𝐿 + 𝐾�M
 (8.44) 

To first-order in 𝜖 we have  

 Δ𝐾� = 𝜖𝛽 ��〈𝜃〉<B 𝜌<B − 〈𝜃〉$B 𝜌$B
r

BFG

�𝐾�  (8.45) 

where Δ𝐾� = 𝐾�M − 𝐾�. When only the 𝑘th conformation is altered (〈𝜃〉$B = 〈𝜃〉<B = 0 for 
every 𝑖 ≠ 𝑘), Eq. 8.45 becomes  

 Δ𝐾� = 𝜖𝛽(〈𝜃〉<Y 𝜌<Y − 〈𝜃〉$Y𝜌$Y)𝐾� (8.46) 

In case of the example of Section 8.2.3, we have  

 𝐾�M = 𝐾� + Δ𝐾� = Z1 + 𝜖𝛽𝛿(𝜌<C − 𝜌$C)\𝐾� (8.47) 
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where, in this example, 𝐾�M  and 𝐾� are the dissociation constants of the mutant and wild type 
protein, respectively. In the equilibria as depicted in Figure 8.2 we have that 𝜌$C < 𝜌<C , so 
when 𝛿 < 0 the affinity for the ligand increases (𝐾�M < 𝐾�) by the mutation and when 𝛿 > 0 
we have 𝐾�M > 𝐾�. If 𝛿 < 0 we concluded from Eq. 8.26 that 𝜌$C′ > 𝜌$C and when 𝛿 > 0 that 
𝜌$C′ < 𝜌$C. In other words, if the mutation shifts the ligand-free conformational equilibrium 
towards conformation 2, the affinity for the ligand increases and it decreases when the 
equilibrium is shifted towards conformation 1.  

The above example suggest that a relationship between Δ𝐾� and Δ𝜌$Y exists. To 
investigate this further, we can combine Eq. 8.30 and 8.46,  

 
Δ𝐾�
Δ𝜌$Y

=
𝐾�

1 − 𝜌$Y
�1 −

〈𝜃〉<Y

〈𝜃〉$Y
𝜌<Y

𝜌$Y
� (8.48) 

Now if 

 
〈𝜃〉<Y

〈𝜃〉$Y
>
𝜌$Y

𝜌<Y
 (8.49) 

then 

 
Δ𝐾�
Δ𝜌$Y

< 0 (8.50) 

Thus, when Eq. 8.49 holds, Δ𝐾� and Δ𝜌$Y are negatively related. In other words, when 
𝜌$Y′ > 𝜌$Y, then the affinity between the protein and the ligand would increase (𝐾�M < 𝐾�) and 
when 𝜌$Y′ < 𝜌$Y the affinity would decrease (𝐾�M > 𝐾�). The condition that either 𝜃(𝒙) ≥ 0 
for every 𝒙 ∈ ΩY or 𝜃(𝒙) ≤ 0 for every 𝒙 ∈ ΩY, ensures that Δ𝜌<Y  and Δ𝜌$Y are positively 
related (Section 8.2.5), but it does not imply that Δ𝐾� and Δ𝜌$Y are negatively or positively 
related. However, when the protein-ligand interactions are approximately constant for the 
𝑘th conformation and/or 𝜃(𝒙) is a constant, we have 〈𝜃〉$Y = 〈𝜃〉<Y  (Section 8.2.6), so that 
Eq. 8.48 becomes 

 
Δ𝐾�
Δ𝜌$Y

=
𝜌$Y − 𝜌<Y

1 − 𝜌$Y
𝐾�
𝜌$Y

 (8.51) 

From Eq. 8.51 it follows that Δ𝐾� and Δ𝜌$Y are positively related when 𝜌$Y > 𝜌<Y  and are 
negatively related when 𝜌$Y < 𝜌<Y . These results show that changes in the ligand-free 
conformational equilibrium can increase or decrease the affinity for the ligand and that this 
depends on the precise conformational equilibria of the ligand-free and ligand-bound protein.  
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8.3 Discussion  

By using classical statistical mechanics and assuming that the Hamiltonian function is 
additive, we showed how changes in the ligand-free conformational equilibrium affect the 
ligand-bound conformational equilibrium. We find that, under certain conditions as stated in 
the result section, a shift in the ligand-free conformational equilibrium biases the 
conformational equilibrium of the ligand-bound protein in the same direction. Furthermore, 
changes in the ligand-free conformational equilibrium can increase or decrease the affinity 
for the ligand. Our analysis is concerned only with equilibrium quantities (free energies, 
average structure etc.) and is thus independent of any kinetic pathway that connects the 
conformational states. Therefore, our analysis is valid irrespective of the ligand-binding 
mechanism, i.e., if the ligand binds via the induced-fit5, conformational selection21 or any 
other mechanism51. Furthermore, the results do not only cover the case in which a protein 
binds a simple ligand molecule, but would also apply to enzyme-substrate, protein-DNA, 
protein-RNA, protein-protein interactions and our results also apply to soluble proteins as 
well as membrane proteins.  

From an intuitive perspective, when the stability of a ligand-free conformation is altered 
while at the same time the protein-ligand interactions remain unchanged, then the stability 
of that conformation with a ligand bound should be shifted in the same direction. Indeed, a 
strict positive relation between Δ𝜌$B  and Δ𝜌<B  exists when the energy of only a single protein 
configuration 𝒙 is altered (the numerator of Eq. 8.21 and 8.24 have the same sign when 𝜃(𝒙) 
is a Dirac delta function). A protein conformation consists of an enormous number of 
configurations that are structurally highly similar. So altering the energy of one configuration 
will most definitely also affect the others. Therefore, we considered changes in the energy of 
a set of configurations that all belong to the same protein conformation (denoted in this work 
as the 𝑘th conformation). We showed that when the energies of all the configurations of the 
𝑘th conformation are shifted in the same direction, i.e., they are either all increased or all 
decreased in energy (although some might remain unchanged), then a positive relation 
between Δ𝜌$B  and Δ𝜌<B  is predicted to exists (Section 8.2.5). The assumption that the energies 
are shifted in a similar direction seems reasonable from a structural point of view 
(Section 8.2.5). The structure of the configurations of a protein conformation are expected to 
be highly similar. Therefore, increasing the strength of an interaction is expected to lower 
the energy of all the configurations that belong to a conformation, rather than increasing the 
energy of some of these configurations and decreasing the energy of the others. The positive 
relation between Δ𝜌$B  and Δ𝜌<B  could be tested experimentally, by examining how changes in 
the ligand-free and ligand-bound conformational equilibrium are related when the intra-
protein interactions, which are uniquely formed in a particular conformation, are altered. 
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When only the energy of the 𝑘th conformation is altered and, in addition, the protein-
ligand interaction energy is approximately constant for the 𝑘th conformation, a simple 
relationship between the conformational equilibria is predicated to exist. First, Δ𝜌<B  is 
positively related to Δ𝜌$B , so increasing 𝜌$B  will increase 𝜌<B  and vice versa (Section 8.2.6). 
Secondly, when the intra-protein interactions of the 𝑘th conformation are altered such that 
𝜌$Y increases, then 𝐾� will decrease when 𝜌$Y < 𝜌<Y  and increase when 𝜌$Y > 𝜌<Y  
(Section 8.2.7). Alternatively, when 𝜌$Y decreases, then 𝐾� will decrease when 𝜌$Y > 𝜌<Y  and 
increase when 𝜌$Y < 𝜌<Y . Of course, not only the ligand-free conformational equilibrium, but 
also the direct protein-ligand interaction energy 𝑉(𝒙M, 𝒙) determines the 𝐾� and the ligand-
bound conformational equilibrium. However, proteins with a more pronounced sampling of 
a particular ligand-free conformation, would require less strong protein-ligand interactions 
to form this conformation with ligand. This shows how a protein might fine-tune its function 
by balancing the energetic properties of its structure and the interactions with the ligand.  

The predictions of this work are only qualitative, however, we believe that they are 
experimentally testable and already a number of observations seem to support them. 
Examples include the SBPs (Section 1.4.3), which form a large class of structurally related 
proteins that are associated with ABC importers52, tripartite ATP-Independent periplasmic 
(TRAP)53 transporters and other systems54, 55. These proteins consist of two subdomains 
connected by a flexible hinge. Ligand binds between the two subdomains, causing them to 
come closer together and shift the conformational equilibrium from an open to a closed 
conformation (Chapter 2, 4 and 5)56. Seo et al. designed various point mutations to destabilize 
the open conformation of the SBP MalE57. They found a positive correlation between the 
affinity for the ligand maltose and the sampling of the closed conformation by the ligand-
free protein. This is consistent with the prediction of Eq. 8.51. First, destabilising the open 
conformation would result in Δ𝜌$

���� < 0, as was observed in their work10, 57. Secondly, in 

all their mutants it was observed that 𝜌$
���� > 𝜌<

����, so when the protein-ligand interactions 
are approximately constant for the configurations of the open conformation, then we predict 
that Δ𝐾� < 0 since Δ𝐾� Δ𝜌$

����⁄ > 0, which is in agreement with their findings57. 
Marinelli et al. studied the SBP TeaA using computational methods and X-ray 
crystallography58, and showed that in the absence of the ligand ectoine the closed 
conformation is ~5 𝑘 𝑇 higher in energy than the open conformation. By making a triple 
alanine mutant to destabilize the closed conformation, the ligand-free closed conformation 
becomes now ~24 𝑘 𝑇 higher in energy than the open conformation. Furthermore, the 
mutations increased the 𝐾� 50-fold, from 200 nM to 10 µM. This is again consistent with the 
predictions made, i.e., destabilizing the closed conformation leads to Δ𝜌$¡¢�£�¤ < 0 and since 
𝜌$¡¢�£�¤ < 𝜌<¡¢�£�¤ it follows from Eq. 8.51 that Δ𝐾� Δ𝜌$¡¢�£�¤⁄ < 0 so Δ𝐾� > 0. 
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Another example is the Escherichia coli enzyme Adenylate Kinase (AK) that catalyses 
the conversion of ATP and AMP into two molecules of ADP59. AK populates two 
conformations, an open and closed conformation60. Closing is required for the chemical 
reaction, while opening allows ATP and AMP to bind and ADP to be released. Structural 
analysis with NMR and smFRET demonstrated that the nucleotide-free conformational 
equilibrium of AK lies towards the open conformation15, 61. By breaking a hydrogen bond 
that is uniquely formed in the closed conformation, the conformational equilibrium of 
nucleotide-free AK is further biased towards the open conformation. Furthermore, the 
mutation decreased the affinity of AK for nucleotides62. This is consistent with Eq. 8.51, 
since we have that 𝜌$¡¢�£�¤ < 𝜌<¡¢�£�¤, so Δ𝐾� Δ𝜌$¡¢�£�¤⁄ < 0 and thus Δ𝐾� > 0, since 
Δ𝜌$¡¢�£�¤ < 0. 

A final example is the soluble ABC protein ABCE1, that facilitates ribosome recycling 
in archaea and eukaryotes, by splitting stalled ribosomes into its large and small subunits 
(Section 1.5.2)63. We observed that ABCE1 is in an equilibrium between three 
conformations: open, intermediate and closed (Section 7.2.2). Interactions with ligands such 
as nucleotides and ribosomal subunits influence the conformational equilibrium (Chapter 7). 
In Chapter 7 we showed that ABCE1 derivatives with an N-terminal truncation have the 
conformational equilibrium shifted towards the intermediate conformation under all 
conditions (free, nucleotide, ribosome and nucleotide/ribosome; Section 7.2.3). This is 
consistent with our prediction, namely that changes in 𝜌<B  are positively related to changes 
in 𝜌$B . 

Taken together, the results in this work provide testable hypotheses how the ligand-free 
and ligand-bound conformational equilibrium are related and how changes in these equilibria 
affect the affinity of the protein for the ligand. 
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9.1 Summary 

ATP-binding cassette (ABC) proteins form a large family of proteins that are involved in 
various processes1. ABC transporters translocate compounds across membranes, while 
other ABC proteins are involved in DNA repair, mRNA translation or other processes2. All 
ABC proteins possess a pair of nucleotide-binding domains (NBDs), which bind and 
hydrolyse adenosine triphosphate (ATP). Besides the NBDs, ABC proteins require 
additional domains for function. For instance, many ABC importers require transmembrane 
domains (TMDs) and a substrate-binding protein (SBP)3. All proposed mechanisms of how 
ABC proteins function, are based on the precisely coordinated conformational changes in 
the NBDs, associated domains and interaction partners, as reviewed in Chapter 1. X-ray 
crystallography and many spectroscopic methods provided valuable insight into the 
conformational changes of ABC proteins4-13. However, the interpretation of these data can 
be complicated due to the fact that the measured signal comes from an enormous number of 
molecules. Single-molecule methods overcome this limitation and can provide insight into 
the conformational heterogeneity, dynamics and occurrences of rare events14, 15. In this 
thesis, I used single-molecule fluorescence methods to probe the conformational changes in 
SBPs and in the ABC protein ABCE1 and decipher the role of these conformational 
changes in function.  

 
Type I and II ABC importers require an SBP to capture the substrate and deliver it to the 
translocator unit16. Crystal structures of SBPs suggest that substrate binding is coupled to 
switching between two SBP conformations, an open and a closed conformation17-21, which 
has been linked to the activation of transport22-29. In Chapter 2, we assessed this hypothesis 
by investigating the interaction of six SBPs, namely MalE, OppA, SBD1, SBD2, PsaA and 
OpuAC, with a range of substrates. Based on their transport phenotype, the SBP substrates 
were classified as cognate or non-cognate, depending on whether they are transported or 
not.  

Single-molecule Förster resonance energy transfer (smFRET) was used to probe the 
SBP conformation. These measurements led us to conclude that some SBPs, such as OppA, 
adopt a single closed conformation with different substrates, while others employ multiple 
distinct closed conformations. For instance, MalE does not acquire a single closed state, but 
can form at least five different closed conformations. Moreover, we observed that some 
SBPs, such as MalE, SBD1 and SBD2, have multiple distinct closed conformations that all 
activate transport. This indicates that a productive SBP-TMD interaction in Type I ABC 
importers can be accomplished without relying on strict structural requirements for 
docking. 
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We observed that not all SBP-substrate complexes provide the signal for transport. For 
instance, the binding of certain non-cognate substrates (i.e. non-transported substrates) 
induces a conformational change in the SBPs that is different from those that activate 
transport. In other cases, the binding of non-cognate substrate leaves the SBP structure 
largely unaltered. Thus, transport might fail in these cases, because the SBP-substrate 
complex adopts a conformation that has no affinity for the translocator or, even when it can 
still dock onto the translocator, it might not be able to activate the transporter.  

For the Mn2+ importer of Streptococcus pneumoniae we identified another mechanism 
how substrate transport can fail. Both Mn2+ and Zn2+ trigger formation of virtually identical 
PsaA conformations, yet the two metal ions trigger starkly different conformational 
dynamics in PsaA. Contrary to Mn2+, Zn2+ forms a highly stable closed conformation, such 
that PsaA cannot open and release the substrate to the translocator. These findings show 
that transport by ABC importers depends on the ability of the substrate to induce not only 
the correct SBP conformation but also the correct SBP conformational dynamics. 
 
In Chapter 3, we used mathematical modelling to study the effect of non-cognate 
substrates on the inhibition of cognate substrate transport. Based on the results of 
Chapter 2, we considered three non-cognate interaction mechanisms: (i) the SBP-substrate 
complex is unable to dock onto the translocator, (ii) docking is still possible, but the SBP-
substrate complex cannot activate the transporter and lastly (iii) the SBP cannot open and 
release the substrate to the translocator. We found that under low substrate concentrations, 
inhibition does not occur for each of the mechanisms. However, in the limit that the 
cognate and non-cognate substrates are available at saturating concentrations and all 
translocators are in a complex with an SBP, the most drastic differences in the amount of 
inhibition exist between the mechanisms. More specifically, transport of cognate substrates 
is completely inhibited when the non-cognate substrate cannot be released from the SBP. In 
the other two mechanisms, where substrate release is possible, no inhibition occurs when 
the SBP-substrate complex cannot dock onto the translocator and partial inhibition occurs 
when docking is still possible. The findings of Chapter 3 suggest that transport inhibition 
depends on the effect of the non-cognate substrate on the SBP conformation and the SBP 
conformational dynamics. 
 
SBPs are not only associated with ABC importers but are also part of other protein 
complexes. In Chapter 4, we assessed the effect of substrate on the conformation of SiaP 
and the regulatory domain (RD) of CynR. The SBP SiaP is part of a tripartite ATP-
independent periplasmic (TRAP) transporter30 and the SBP CynR belongs to the LysR-type 
transcriptional regulator (LTTR) family31. By using smFRET, we observed that the 
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substrate switches SiaP from an open to a closed conformation. In contrast, no such 
conformational changes could be detected for CynR. Thus, transcription activation by 
CynR is most likely based on minor and/or localized structural changes in the RD, rather 
than being based on large rigid-body rearrangements that are common to SBPs of ABC 
importers, TRAP transporters and other membrane protein complexes.  
 
In the single-molecule measurements of Chapter 2 and 4 only the conformational changes 
in the SBP could be studied and not directly the binding and unbinding of substrate. To 
circumvent this limitation, and to directly relate the SBP conformational changes with the 
binding of substrate, we developed a single-molecule assay in Chapter 5 to simultaneously 
probe the FeuA conformation via FRET and the substrate Fe3+-bacillibactin via fluorophore 
quenching. The SBP FeuA is part of the Type II importer FeuABC. We observed that FeuA 
is predominantly in the open conformation without substrate and is closed when the 
substrate is bound. However, we found that FeuA can also close without the involvement 
of the substrate, demonstrating that substrate interactions are not required to close FeuA. 
Rare intrinsic closing events were also observed for SBD1, SBD2 and OppA (Chapter 2). 
These observations question the precise mechanism of substrate binding by the SBP. Two 
proposed mechanisms are the induced-fit32 and the conformational selection mechanism33. 
In the induced-fit mechanism, the open state binds the substrate and subsequently closes 
the SBP. In the conformational selection mechanism, the substrate is directly bound by the 
intrinsic closed state. By examining the protein conformation and the moment the substrate 
binds, we directly observed that FeuA uses the induced-fit mechanism. However, the 
mechanism deviates from Koshland’s original induced-fit formulation32, in the sense that 
closing also occurs intrinsically.  
 
In Chapter 6, we further investigated the SBPs SBD1 and SBD2, which belong to the 
Type I ABC importer GlnPQ. This importer has the intricate feature that both SBPs are 
directly linked to the TMD subunit. We investigated the effect of length and structure of 
the linkers, which connect the SBPs to each other and to the translocator, on transport. By 
combining transport assays, single-molecule data and mathematical modelling, we 
concluded that at high substrate concentrations, transport is slower when the linkers 
become longer, because of the extra time needed to find and dock onto the translocator. 
However, at low substrate concentrations, the probability to release the substrate has an 
additional impact on transport. Under these conditions, a released substrate from the SBP is 
not rapidly replaced by a new one. So depending on the timescales of substrate release 
relative to the time needed for docking, variations in linker length have an additional 
impact on transport. These findings, combined with the results of Chapter 2, show how 
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nature might fine-tune the uptake of essential nutrients by varying the conformational 
dynamics of the SBPs and the linkers that connect them to the translocator. 
 
Most ABC proteins function in membrane transport, while others are part of cellular 
complexes that are involved in functions such as mRNA translation and DNA repair2. In 
Chapter 7, we studied the soluble ABC protein ABCE1 at the single-molecule level. 
ABCE1 plays a vital role in ribosome recycling, by splitting the archaeal ribosomes (70S) 
into large (50S) and small (30S) subunits11, 34. Confocal microscopy was used to determine 
the conformations of the two ATP binding sites (termed site I and site II) via FRET and 
simultaneously probe the association with the ribosome by measuring the diffusion 
constant of ABCE1. In contrast to any of the deterministic models of ABC proteins, we 
found that both sites of ABCE1 are always in a dynamic equilibrium between three 
conformations: open, intermediate and closed. The conformational behaviour of the two 
sites is asymmetric, allowing, for example, one site to close, while the other remains open. 
Thus, the NBDs of ABCE1 do not switch between an open and closed state as proposed for 
many ABC proteins but can acquire many more conformations due to the asymmetry 
between the two ATP binding sites. Moreover, we observed that the interaction with the 
ribosome influences the conformational equilibria of both sites differently. For instance, the 
binding of ABCE1 to 70S ribosomes biases the conformational equilibrium of site II 
towards the intermediate state, whereas the equilibrium of site I remains largely unaffected. 
The X-ray crystal structure and cryo-EM data suggest, however, that free ABCE1 and 
ABCE1 in complex with 70S or 30S, each adopt a unique conformation11, 12, 35. Our 
findings are in strong disagreement with such tight correlation and reveal instead a 
remarkable conformational plasticity of the highly conserved NBDs of ABCE1.  
 
A picture emerges from our data on SBPs (Chapters 2 and 5) and ABCE1 (Chapter 7) and 
of data on other proteins33, that suggest that many proteins always exist in an equilibrium of 
different conformations. Ligand binding only seems to redistribute the conformational 
equilibrium of the protein, instead of inducing completely new conformations. In 
Chapter 8, we used classical statistical mechanics to derive the equilibrium probabilities to 
form a protein conformation with and without ligand. By assuming that the Hamiltonian 
function is additive, these probabilities could be related to each other. We concluded that a 
shift in the apo conformational equilibrium biases the conformational equilibrium of the 
holo protein in the same direction. Furthermore, changes in the apo conformational 
equilibrium can increase or decrease the affinity for the ligand. These theoretical findings 
provide insight into how the apo and holo conformational equilibrium are related and how 
changes in these equilibria affect the affinity for the ligand. 
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9.2 Outlook 

The findings of this thesis provide new insight into the working mechanism of ABC 
proteins. However, with any new information, also new questions arise. For instance, it is 
not entirely clear how the conformational and dynamic plasticity of an SBP (Chapter 2) 
influences the interaction with the translocator. For example, it remains unclear if the 
different closed conformations of MalE, SBD1 and SBD2, that all productively interact 
with the translocator, have the same affinity for the translocator and induce the same 
conformational change in the translocator. Moreover, it remains unknown if SBPs with a 
non-cognate substrate can still dock onto the translocator. Single-molecule approaches are 
particularly attractive to study the SBP-translocator interactions, since not only 
thermodynamic constants, such as the dissociation constant KD, but also the dynamics of 
this interaction could be studied.  

Another aspect of major interest are the intrinsic conformational changes of the SBPs 
(Chapters 2 and 5), ABCE1 (Chapter 7) and other proteins33. First of all, it remains elusive 
if other intrinsic SBP conformations exist that have a lifetime below the microsecond 
timescale. Such conformations could be, for example, a partially closed state, as has been 
observed for MalE by NMR13. For such scenarios, the ligand-binding mechanism could be 
more complex as presented in Chapter 5 and might involve elements from both the 
conformational selection and induced-fit mechanism. To further elucidate this, methods 
with high temporal resolution such as NMR13 would be required. Secondly, the theoretical 
predictions of Chapter 8 about the relationship between the conformational equilibria of the 
apo and holo protein and the KD should be tested experimentally. However, it must be 
noted that a few observations already support them (Section 8.3). By using protein 
mutagenesis to perturb the stability of the protein conformations and using single-molecule 
tools to probe the conformational equilibria, it would be possible to test the predictions of 
Chapter 8 in more detail. This could give important insight into the functional relevance of 
intrinsic conformational changes in ABC proteins.  

From our findings in Chapter 7 many questions arise about the conformational 
crosstalk and asymmetry between the two ATP binding sites of ABCE1. For instance, does 
the conformational equilibrium of site I depend on the conformation of site II and vice 
versa? Three- or four-colour smFRET experiments36, 37 could be used to determine the 
conformations of both ATP sites simultaneously, and thus directly reveal the crosstalk and 
asymmetry between them. Alternatively, by exploiting the fact that the conformational 
equilibrium can be frozen at room temperature, multiple distances could be measured with 
switchable FRET38. Besides the conformational changes of the ATP sites, the FeS cluster 
domain movement also requires further investigation. Insight into FeS cluster domain 
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movement is needed to better understand how ABCE1 drives the ribosomal subunits apart 
and, in particular, reveal how the FeS cluster domain movement is coupled to the 
conformational changes in the ATP sites.  
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10.1 Samenvatting 

ATP-bindende cassette (ABC) eiwitten vormen één van de grootste eiwitfamilies die bij tal 
van functies in de cel betrokken zijn1. Een subklasse van ABC-eiwitten, genaamd ABC-
transporters, transporteren moleculen in en uit de cel. Andere ABC-eiwitten zijn betrokken 
bij het repareren van fouten in het DNA en het transleren van mRNA2. Elk ABC-eiwit bestaat 
uit twee nucleotide-bindende domeinen (NBDs) die adenosinetrifosfaat (ATP) hydroliseren. 
Bij de hydrolyse van ATP komt energie vrij die gebruikt kan worden door het ABC-eiwit. 
Naast de twee NBDs bestaan ABC-eiwitten uit nog meer domeinen. Type I en II ABC-
importers bijvoorbeeld bestaan uit twee NBDs en twee transmembraandomeinen (TMDs) en 
daarnaast maken zij gebruik van een substraat-bindend eiwit (SBP)3. Conformationele 
veranderingen in de NBDs en in andere domeinen vormen de basis voor hoe ABC-eiwitten 
werken. Dit is beschreven in hoofdstuk 1. Röntgendiffractie en spectroscopiemethodes 
hebben veel inzicht geven in deze conformationele veranderingen4-13. Deze methoden hebben 
echter als nadeel dat het gemeten signaal van een grote groep moleculen komt waarin de 
moleculen zich allemaal onafhankelijk van elkaar gedragen. Enkel-molecuultechnieken 
maken het mogelijk individuele moleculen te bestuderen en dus inzicht te krijgen in de 
heterogeniteit en dynamica van deze eiwitten14, 15. Voor dit proefschrift heb ik enkel-
molecuultechnieken gebruikt en ontwikkeld om de conformationele veranderingen van SBPs 
en het ABC-eiwit ABCE1 te bestuderen.  
 
Alle Type I en II ABC-importers maken gebruik van SBPs om het substraat te binden en het 
naar de TMDs te brengen16. Röntgendiffractiedata laten zien dat SBPs een open conformatie 
aannemen in de afwezigheid van substraat en dat zij een dichte conformatie aannemen 
wanneer het substraat gebonden is17-21. De hypothese dat deze conformationele verandering 
de basis vormt voor transportactivatie22-28 was onderzocht in hoofdstuk 2. Enkel-molecuul 
Förster resonance energy transfer (smFRET) was gebruikt om de conformationele 
veranderingen in zes SBPs te onderzoeken, namelijk MalE, OppA, SBD1, SBD2, PsaA en 
OpuAC. 

De enkel-molecuuldata laten zien dat sommige SBPs, zoals OppA, slechts één dichte 
conformatie kunnen aannemen met verschillende substraten, terwijl andere SBPs juist 
meerdere conformaties kunnen aannemen met verschillende substraten. MalE kan 
bijvoorbeeld wel zes verschillende conformaties aannemen. Meerdere van deze conformaties 
kunnen transport activeren, wat dus betekent dat transportactivatie niet afhangt van één 
unieke dichte conformatie van de SBP.  

Voorgaand onderzoek29 en onze metingen laten zien dat bepaalde niet-getransporteerde 
substraten het transport remmen door te binding aan de SBP. Uit ons onderzoek blijkt dat 
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bepaalde niet-getransporteerde substraten een conformatie van de SBP induceren die anders 
is vergeleken met de conformaties die gevormd worden met de substraten die wel 
getransporteerd worden. In andere gevallen observeerden we dat bepaalde niet-
getransporteerde substraten helemaal geen conformationele verandering induceren in de 
SBP. Deze observaties verklaren waarom sommige substraten niet getransporteerd worden, 
ook al worden ze wel gebonden door de SBP. Dit kan komen doordat het substraat-SBP 
complex een conformatie aanneemt dat geen affiniteit heeft voor de TMDs of dat het geen 
verdere stappen in de transportketen kan activeren nadat het gebonden is aan de TMDs.  

Onze data laat zien dat in de Mn2+-importer van de bacterie Streptococcus pneumoniae 
een totaal ander mechanisme verantwoordelijk is voor het falen van transport van bepaalde 
substraten. De metaalionen Mn2+ en Zn2+ induceren beide dezelfde dichte toestand van de 
SBP PsaA, maar alleen Mn2+ wordt getransporteerd. We observeerden dat Zn2+ zo stevig 
gebonden wordt dat PsaA niet meer in staat is te openen, terwijl het openen en loslaten van 
het substraat Mn2+ wel plaatsvindt. Dit verklaart waarom Zn2+ niet getransporteerd kan 
worden, aangezien de SBP eerst moet openen om het substraat aan de TMDs af te geven. 
Hieruit kan de conclusie getrokken worden dat transportactivatie en het falen hiervan dus 
niet alleen afhangt van de conformatie van de SBP maar ook van de juiste conformationele 
dynamica.  
 
In hoofdstuk 3 hebben we een wiskundig model gemaakt om het effect van niet-
getransporteerde substraten verder te onderzoeken. We hebben drie mechanismen van 
transportinhibitie door het niet-getransporteerde substraat gemodelleerd die gebaseerd zijn 
op de bevindingen van hoofdstuk 2. We modelleerden drie mechanismen, namelijk (i) dat 
het niet-getransporteerde substraat-SBP complex niet kan binden aan de TMDs, (ii) dat het 
complex wel kan binden aan de TMDs, maar vervolgens niet kan openen en (iii) dat het 
complex kan openen en kan binden aan de TMDs, maar het niet-getransporteerde substraat-
SBP complex geen verdere stappen in de transportketen kan activeren. We concludeerden 
dat in de aanwezigheid van een zeer kleine hoeveelheid niet-getransporteerde substraten in 
alle drie de mechanismen transport onveranderd blijft. Echter, wanneer de concentraties van 
de substraten hoog zijn, bestaan er drastische verschillen tussen de mechanismen. Transport 
van getransporteerde substraten is volledig geremd wanneer de aan de TMD gebonden SBP 
niet kan openen als het een niet-getransporteerde substraat gebonden heeft. Daarentegen 
blijft de transportsnelheid van getransporteerde substraten onveranderd wanneer het niet-
getransporteerde substraat-SBP complex niet kan binden aan de TMDs. Deze bevindingen 
suggereren dat remming van transport sterk afhangt van het inhibitiemechanisme. 
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SBPs zijn niet alleen onderdeel van ABC-importers maar ook van andere eiwitcomplexen. 
We hebben in hoofdstuk 4 onderzocht wat het effect is van substraatbinding op de 
conformatie van SiaP en het regulatiedomein (RD) van CynR. SiaP is een SBP dat behoort 
bij een TRAP-transporter (‘tripartite ATP-independent periplasmic’)30 en het RD van CynR 
is een SBP dat behoort tot de LTTR (‘LysR-type transcriptional regulator’)31 familie. Onze 
enkel-molecuulexperimenten laten zien dat SiaP van een open naar een dichte conformatie 
gaat wanneer het substraat bindt. Daarentegen vinden zulke conformationele veranderingen 
niet plaats in CynR. Het mechanisme van transcriptie-activatie bij CynR hangt dus niet af 
van het open en dicht gaan van de SBP zoals in SiaP of SBPs van ABC-importers 
(hoofdstuk 2 en 5), maar is waarschijnlijk gebaseerd op zeer kleine en lokale veranderingen 
in de structuur.  
 
In de enkel-molecuulmetingen van voorgaande hoofdstukken was het alleen mogelijk om de 
conformatie van de SBP te bestuderen en niet direct substraatbinding. Om deze tekortkoming 
op te lossen hebben we een enkel-molecuulassay ontwikkeld die het mogelijk maakt om 
naast het bepalen van de conformatie van de SBP ook substraatbinding waar te nemen. In 
hoofdstuk 5 beschrijven we deze assay en passen we deze toe op de SBP FeuA. FeuA 
behoort tot de Type II ABC-importer FeuABC die het substraat Fe3+-bacillibactin 
transporteert. We observeerden dat FeuA voornamelijk in een open conformatie is en dicht 
gaat wanneer het substraat bindt. Echter, FeuA kan ook dicht gaan in de afwezigheid van 
substraat. Deze spontane conformationele veranderingen waren eerder ook al waargenomen 
voor sommige SBPs in hoofdstuk 2. Deze observaties leiden echter tot de vraag wat het 
mechanisme is van substraatbinding. In het induced-fit mechanisme32 bindt het substraat aan 
de open conformatie van de SBP waarna het vervolgens dichtgaat. In het conformational 
selection mechanisme33 bindt het substraat aan de dichte conformatie die spontaan gevormd 
wordt door de SBP. We observeerden dat het substraat aan de open conformatie bindt, en dat 
dus FeuA het substraat bindt via het induced-fit mechanisme. Het bindingsmechanisme van 
FeuA wijkt echter wel af van Koshland’s originele induced-fit mechanisme32, aangezien de 
dichte conformatie ook spontaan gevormd kan worden. 
 
In hoofdstuk 6 hebben we de SBPs SBD1 en SBD2 verder onderzocht. SBD1 en SBD2 zijn 
bijzonder door het feit dat ze direct gelinkt zijn aan de TMDs. We hebben de rol van zowel 
de lengte als de structuur van de linkers op de transportsnelheid van de Type I ABC-importer 
GlnPQ onderzocht. Aan de hand van transportmetingen, enkel-molecuuldata en wiskundige 
modellen concludeerden we dat de transportsnelheid bij hoge substraatconcentraties lager 
wordt als de linker langer wordt, aangezien het meer tijd kost voor de SBP om te binden aan 
de TMDs. Bij lage concentraties speelt echter een ander effect ook een rol. Aangezien het 
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meer tijd kost voordat een SBP bindt aan de TMDs, vergroot dit tevens de kans dat de SBP 
het substraat weer loslaat voordat deze bij de TMDs is gebracht. Bij hoge concentratie speelt 
dit geen rol aangezien een losgelaten substraat snel vervangen kan worden door een ander 
substraat. In de voorgaande hoofdstukken hebben we laten zien dat het loslaten van het 
substraat direct gekoppeld is aan het openen van de SBP. Dus ons onderzoek laat zien hoe 
GlnPQ, of een ander gelijksoortig eiwit, de transportsnelheid kan verfijnen door de 
conformationele dynamica van de SBP en de lengte van de linkers te veranderen.  
 
De meeste ABC-eiwitten zijn betrokken bij het transporteren van moleculen in en uit de cel. 
Daarnaast bestaan er ABC-eiwitten die betrokken zijn bij andere activiteiten in de cel, 
bijvoorbeeld bij de translatie van mRNA of bij DNA-reparatie2. In hoofdstuk 7 hebben we 
één van deze ABC-eiwitten, genaamd ABCE1, onderzocht op enkel-molecuulniveau. 
ABCE1 speelt een belangrijke rol in het recyclen van ribosomen door het te splitsen in een 
grote en een kleine subunit11, 34. Confocale microscopie was gebruikt om de conformaties 
van de twee ATP-bindingsplaatsen (genaamd bindingsplaats I en II) in de NBDs te bepalen 
via FRET en daarnaast de binding aan het ribosoom te bepalen door de diffusiecoëfficiënt te 
meten. We observeerden dat beide ATP-bindingsplaatsen altijd in een dynamisch evenwicht 
zijn tussen drie verschillende conformaties: een open, bijna-dichte en volledig-dichte 
conformatie. We laten ook zien dat de conformationele veranderingen van beide ATP-
bindingsplaatsen niet aan elkaar gekoppeld zijn. Bijvoorbeeld, één bindingsplaats kan dicht 
zijn, terwijl de ander open blijft. Dus de NBDs van ABCE1 switchen niet tussen een open en 
dichte conformatie maar kunnen vele verschillende conformaties aannemen door de 
asynchrone bewegingen in beide bindingsplaatsen. Ribosoombinding verschuift het 
evenwicht van bindingsplaats II gedeeltelijk naar de bijna-dichte conformatie, terwijl het 
evenwicht in bindingsplaats I vrijwel onveranderd blijft. Röntgendiffractie en 
elektronenmicroscopie suggereren dat vrije ABCE1 en ribosoom-gebonden ABCE1 
verschillende conformaties aannemen11, 12, 35. Onze metingen zijn dus in tegenspraak met 
deze structuurdata en laten daarentegen zien dat de NBDs van ABCE1 vele conformaties 
kunnen aannemen onafhankelijk van de gebonden toestand.  
 
De data uit voorgaande hoofdstukken suggereren dat SBPs (hoofdstuk 2 en 5), ABCE1 
(hoofdstuk 7) en andere eiwitten33 altijd in een evenwicht zijn dat bestaat uit verschillende 
conformaties. Ligandbinding lijkt in sommige gevallen geen nieuwe conformaties te 
induceren, maar alleen het evenwicht naar een bepaalde conformatie te verschuiven. In 
hoofdstuk 8 hebben we klassieke statistische mechanica gebruikt om de kans te bepalen dat 
een eiwit in een bepaalde conformatie zit wanneer het eiwit vrij is en wanneer het een ligand 
gebonden heeft. We concludeerden dat wanneer de kans verandert om een bepaalde 
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conformatie te vormen zonder ligand, de kans om dezelfde conformatie te vormen met ligand 
ook verandert, en, in het algemeen, in dezelfde richting. Ook vonden we dat de affiniteit 
tussen het ligand en het eiwit beïnvloed kan worden door de kansen te verschuiven om de 
verschillende conformaties te vormen zonder ligand. Deze theoretische bevindingen laten 
zien wat de relatie is tussen de vorming van conformaties met en zonder ligand en hoe deze 
de bindingsaffiniteit voor het ligand beïnvloedt. Verder onderzoek is nodig om deze 
bevindingen experimenteel te valideren, ook al zijn verschillende experimentele 
observaties36-38 nu al consistent met onze voorspellingen.  
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