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Scope of This Thesis

This thesis presents investigations of small molecule ligands that inhibit vitamin uptake by Energy 
Coupling Factor (ECF) transporters, which form a subclass of ATP-binding cassette (ABC) transporters. 
The long-term vision is that these molecules may lead to development of novel antibiotics with an 
unrivalled mechanism of action. In addition, I explored the mechanism how vitamins are translocated 
across a membrane bilayer via these transporters. For these goals, the ECF transporters from Lactococcus 
lactis and Lactobacillus delbrueckii specific for thiamin, folate and pantothenate were studied using 
biochemical, biophysical and structural biological techniques.

Chapter 1 introduces the family of ECF transporters. It provides information on their abundance 
among microorganisms, substrate specificity, three-dimensional structure and mechanism of action. 
Furthermore, the potential of ECF transporters as targets for new antibiotics is discussed.  

In Chapter 2 the identification of small molecule ligand for the substrate binding subunit (S-component) 
ThiT from L. lactis using a dynamic combinatorial library (DCL) is presented. ThiT was chosen for this 
work for a continuity of the previous studies that led to the discovery of binders based on structure-
based design approaches. This is the first application of dynamic combinatorial chemistry (DCC) used 
for fragment growing to an ill-defined pocket and also the first report in which an integral membrane 
protein as the target. Six acylhydrazone binders were synthesized and we determined the binding affinity 
by isothermal titration calorimetry (ITC). These binders have KD values in the micromolar range and 
are considered as weaker binders compared to the similar compounds that showed KD values in the 
nanomolar range. 

Chapter 3 describes virtual screening, design, synthesis and structure–activity relationship (SAR) of a 
first class of small inhibitors based on the X-ray crystal structure of the folate-specific transporter ECF-
FolT2 from L. delbrueckii. As discussed in chapter 2, small molecule agents have been developed for 
the S-component ThiT from L. lactis. Albeit, no binder has been a promising candidate for developing 
new antibiotics. In this chapter active agents were designed against the ECF module instead of the 
S-component. Since the ECF FolT2 is the group II ECF transporter in which distinct S-components 
with different substrate specificity interact with the same ECF module, the binders would not only 
inhibit folate transport by ECF FolT2, but also the transport of other vitamins that make use of different 
S-components, but the same ECF module in L. delbrueckii. In this way, the inhibitors would form an 
interesting scaffold for the development of novel antibiotics. As the result, the optimized compound 
opens up the possibility to use this chemical class to investigate the role of the ECF transporters in 
health and disease since it has been tested against Streptococcus pneumoniae with an MIC value of 2 
µg/mL. 

In Chapter 4, small-protein (nanobody) binders were generated in vivo, in contrast to the in vitro 
approaches used in chapter 2 and 3. Different from chapter 2 and 3, the binders described in this chapter 
would not be used for antibiotic activity, yet to catch novel conformations of the ECF transporters 
potentially showing the mechanistic action of ECF transporters. Here, an effort was made to raise and 
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characterize nanobodies against the pantothenate-specific ECF-PanT from Lactobacillus delbrueckii. 
The nanobodies (Nbs) were generated by immunizing a llama with the ECF-PanT reconstituted in 
liposomes. We obtained 40 unique Nbs, however currently only nine were assayed that showed their 
association not only to ECF-PanT, but also to ECF-FolT2 or ECF-Pdx, which have identical ECF 
modules as ECF-PanT but different S-components. Three of them were investigated further for their 
binding affinities showing excellent affinity (KD in the low nanomolar range). One of the nanobodies 
(Nb 81) has been extensively characterized and co-crystallized with ECF-PanT which is further 
discussed extensively in chapter 5.   

In chapter 5 an effort was made to show intricate kinetics behavior of group II ECF transporters 
(ECF-Fol2 and ECF-PanT) observed in vivo can be reproduced in an in vitro system. Specifically, 
the both ECF transporters were co-reconstituted into proteoliposomes, and assessed for kinetics of 
transport for the respective substrates. The results show exchange of S-components is part of the 
mechanism of substrate translocation and suggest much slower substrate association with FolT2 than 
with PanT. Using one of the Nbs (Nb 81) discovered in chapter 4, we successfully crystalized ECF-
PanT and solved a structure. Comparison with ECF-FolT2 revealed more substantial conformational 
changes upon binding of folate than pantothenate, which could explain the kinetic differences. 
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Chapter 1

Energy-Coupling Factor Transporters as Novel Antimicrobial 
Targets

Spyridon Bousis1,2,5*, Inda Setyawati3,4*, Eleonora Diamanti1,2, Dirk J. Slotboom3, and Anna K. H. 
Hirsch1,2,5
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1Helmholtz Institute for Pharmaceutical Research Saarland (HIPS) Helmholtz Centre for Infection Research (HZI) 
Department of Drug Design and Optimization Campus Building E8.1, 66123 Saarbrücken, Germany. 
2Stratingh Institute for Chemistry University of Groningen Nijenborgh 7, 9747AG Groningen, The Netherlands.
3Groningen Biomolecular Sciences and Biotechnology Institute University of Groningen Nijenborgh 4, 9747AG 
Groningen, The Netherlands. 
4Department of Biochemistry Bogor Agricultural University Dramaga, 16680 Bogor, Indonesia. 
5Department of Pharmacy Saarland University Saarbrücken, Campus Building E8.1, 66123 Saarbrücken, 
Germany.

Advanced therapeutics, 2019; 2(2), doi: 10.1002/Adtp.201800066 

In this chapter, I explored the properties of ECF transporters and evaluated the presence of de novo biosynthetic 
routes for the vitamins regarding the discovery of antimicrobial drugs.

This chapter was also included in the thesis of Spyridon Bousis

Abstract

In an attempt to find new antibiotics, novel ways of interfering with important biological functions should 
be explored, especially with those which are necessary or even irreplaceable for bacterial survival, 
growth, and virulence. The purpose of this review is to highlight B-type vitamin transporters from the 
energy-coupling factor (ECF) family, which are not present in humans, as potential antimicrobial targets. 
In addition, a druggability analysis of an ECF transporter for folic acid and sequence-conservation 
studies in seven prominent pathogens revealed new druggable pockets. Evaluation of the presence of de 
novo biosynthetic routes for the vitamins in question in the seven pathogens confirmed that this target 
class holds promise for the discovery of antimicrobial drugs with a new mechanism of action, possibly 
on a broad-spectrum level.
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Introduction

Intial organic components of the human diet. According to their solubility, they can be classified into 
two categories: water-soluble (B1, B2, B3, B5, B6, B9, B12, C, and H) and fat-soluble (A, D, E, and 
K). Vitamin deficiency leads to a wide variety of diseases. For example, folic acid (B9) deficiency can 
result in macrocytic anemia, cardiovascular disease, birth defects, carcinogenesis, muscle weakness, 
and Alzheimer’s disease1. Most human vitamins are also essential for bacteria. Whereas many bacterial 
species can synthesize them de novo, it is not uncommon for prokaryotes to be auxotrophic for one or 
more vitamins, which makes them dependent on uptake from the environment. 

For instance, organisms such as Lactobacillus casei2, Pediococcus cerevisiae, and Enterococcus 
faecium3, which do not encode key enzymes for the de novo biosynthesis of folic acid, must acquire 
folate from external sources. Specifically, in this review, we will address B-type vitamins, which mostly 
function as precursors for enzymatic cofactors. In addition, selected pathogens will be evaluated in silico 
for their ability to obtain vitamins either by de novo biosynthesis or by utilizing dedicated membrane 
transporters. 

To tackle infectious diseases, especially in light of the problem of antimicrobial resistance (AMR), it 
is urgent to find new antibiotics against unexplored drug targets with a novel mode of action4. Several 
antibiotics on the market or in development target enzymes involved in the de novo biosynthesis of 
cofactors: Pantothenate kinase, for instance, which is involved in the biosynthesis of coenzyme A, 
lumazine synthase, which regulates the biosynthesis of riboflavin, adenylytransferase, nicotinamide 
adenine dinucleotide synthetase, and nicotinamide adenine dinucleotide kinase, which are involved in 
the biosynthesis of NAD(P)5–7common to both de novo and salvage routes, are catalyzed by NMN/NaMN 
adenylyltransferase (NMNAT. Additionally, dihydrofolate reductase (DHFR) and dihydropteroate 
synthetase (DHPS) are well-known and studied targets in folic acid biosynthesis and a plethora of 
currently used antibiotics target them. For instance, sulfamethoxazole, sulfanilamide, and dapsone are 
DHFS inhibitors8, while methotrexate and trimethoprim are selective inhibitors of DHFR9. 

Besides the inhibition of vitamin biosynthesis, interfering with their import may also reduce their 
availability for pathogens, but this field still remains unexplored from a medicinal point of view. Here, 
we will evaluate the pharmacological importance of the vitamin transporters of the energy-coupling 
factor (ECF) family.

Energy-Coupling Factor and Adenosine 5’-Triphosphate-Binding Cassette 
Transporters

Adenosine 5’-triphosphate (ATP)-binding cassette (ABC) transporters constitute the largest superfamily 
of membrane transport proteins and are found in all prokaryotic and eukaryotic species10–13. ABC 
transporters mediate uptake or extrusion of compounds from cells and organelles. Recently, a subclass 
has emerged, which is present only in prokaryotes and is used for the salvage of B-type vitamins as 
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well as nickel and cobalt ions and a few other micronutrients. This subclass of transporters was named 
as ECF transporters in 1979, in a study of folate, thiamine, and biotin transport by L. casei14. The 
term “ECF” refers to the presence of a shared protein component that is required for coupling of ATP 
hydrolysis to the uptake of different vitamins (folate, thiamine, and biotin). At the time, the identity 
and the function of the postulated common component were unknown. Only in 2009, Rodionov et 
al. performed a genomic analysis in which the identity of the ECF transporters was revealed15. ECF 
transporters are expressed in a great number of bacterial species, in particular among Gram-positive 
bacteria, many of which are pathogens. This finding opened a new avenue for the exploration of vitamin 
transporters as novel drug targets. 

All ABC transporters have a characteristic architecture with two subunits or domains that are embedded 
in the lipid bilayer, which together form a pore, and two peripheral ATPase subunits or nucleotide-
binding domains (NBDs)11. Prokaryotic ABC transporters that mediate the import of nutrients often 
employ a specific substrate-binding protein (SBP) displaying high substrate specificity, which either 
resides in the periplasmic space (in Gram-negative bacteria) or is tethered to the membrane via a lipid 
or protein anchor. ECF transporters do not make use of an extra cytoplasmic SBP but instead use an 
integral membrane protein, called S-component11. The S-component interacts with a ternary complex 
(the ECF module), which consists of two ATPase subunits (EcfA and EcfA’, or A-components) and an 
integral membrane protein (EcfT or T-component), which is characteristic for ECF transporters. 

ECF transporters are classified into two groups11. Group-I consists of a “dedicated” ECF module that 
interacts only with a single S-component. The genes encoding the subunits of group I ECF transporters 
are encoded by the same operon. The biotin transporter (BioMNY)16 and cobalt transporter (CbiMNQO)17 

from Rhodobacter capsulatus are examples of ECF transporters that belong to group-I.

In group-II, the genes that encode multiple S-components are not located in the same operon as those 
encoding the ECF modules but are usually scattered across the chromosomes. The S-components from 
group-II ECF transporters compete with each other for binding to the ECF module (Figure 1)14,18. 
The thiamine and folate transporters ECF-ThiT and ECF-FolT found in Lactococcus lactis12 as well 
as the first ECF transporters for which crystal structures were solved (ECF-FolT and ECF-HmpT in 
Lactobacillus brevis) belong to group-II19,20.
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Figure 1. Schematic representation of an ECF transporter. The ECF group-II transporter can interact with 
different S-components. Substrates are indicated with purple stars. The same color coding is maintained 
throughout the manuscript for schematic figures of this type.

Structural Features of ECF Transporters

While the NBDs are highly conserved in structure and sequence between transporters that belong to 
the ABC transporter super family, including those of the ECF transporters, the membrane subunits 
display substantial differences (Figure 2)20–22. The two NBDs transform the free energy provided by 
the hydrolysis of ATP into work, enabling the transport of substrates into cells. They display twofold 
(pseudo) symmetry and two ATP-binding sites are located at the interface of the monomers23,24.

Figure 2. Cartoon representation of the crystal structure of the group-II ECF-FolT2 transporter for folate 
(PDB code 5JSZ). The image was generated with CHIMERA software.
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The Transmembrane Domain EcfT

The trans-membrane domain of ECF transporters, which connects the two NBDs with the S-component, 
is called EcfT. The interactions between the cytoplasmic NBDs and EcfT are mediated by two long 
α-helices of EcfT protrude from the membrane on the cytoplasmic side and form an X-shape (Figure2)19,20. 
The function of these two coupling helices is likely to transfer conformational changes triggered by 
ATP hydrolysis in the ATPases to the S-component. Amino acid sequences of EcfT proteins are highly 
diverse; they can, however, be identified by two short conserved Ala–Arg–Gly motifs25. These motifs 
are located in the two X-shaped helices of EcfT at the C-terminal ends. One of the motifs interacts 
with EcfA, and the other with EcfA’. Hence, these conserved Ala–Arg–Gly residues act as anchors. 
Although, the T-component usually contains five membrane-spanning α-helices, this number ranges 
from four to eight membrane-spanning α-helices in some homologues26.

S-Component

The second transmembrane subunit of the ECF transporters is the S-component (EcfS). S-components 
are small integral membrane proteins, usually  ̴20 kDa. Although S-components for different substrates 
share the same 3D conformation, their sequence is not well-conserved. Most of them consist of 
six hydrophobic α-helices. Loop L1 connects helices 1 and 2, and loop L3 bridges helices 3 and 4. 
These loops cover the substrate binding pocket, shielding it from surrounding solvent upon substrate 
binding21,22,27. 

Mechanism of Transport

The transport mechanism used by ECF transporters is proposed to be different from any other transport 
protein, but a complete picture is still lacking. We will discuss the model presented in Figure 3 but 
other models have been proposed16,28,29 .The S-component binds the transported substrate with high 
affinity from the extracellular environment30,31. Subsequently, the substrate-bound protein is proposed 
to “topple” in the membrane as a compact body (Figure 3)19,20,32. During the toppling movement, the 
substrate-binding site reorients from the extracellular side of the membrane to the cytoplasmic side. 
Several membrane-spanning helices end up parallel to the plane of the membrane.

Possibly, substrate-loaded S-components can topple over in the lipid bilayer without support from the 
ECF module or ATP hydrolysis (step 4, Figure 3), but this issue is debated33. This spontaneous toppling 
may be possible because the substrate-loaded S-components form compact structures without exposing 
charged residues to the outward face of the membrane. In contrast, the apo S-component cannot topple 
over spontaneously because its open loops L1 and L3 expose charged and hydrophilic residues. 

The toppled S-component interacts with a hydrophobic binding platform on the T-unit, which breaks 
the high-affinity binding of the substrate and promotes release of the substrate into the cytoplasm (step 
5, Figure 3). ATP binding is necessary to reorient the S-component and to dissociate the protein from 
the complex (at least in group-II transporters) so that it can start a new round of transport (steps 1 and 
2, Figure 3). 
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Figure 3. Possible mechanism of transport of group-II ECF transporters. 1) ATP binding releases the empty 
S-component, leading to 2) separation of the ECF module and the S-component oriented in an outward-facing 
state. 3) The S-component binds its transported substrate. 4) The substrate-bound S-component topples over 
in the membrane. 5) The toppled S-component interacts with the ECF module, releasing the substrate into 
the cytoplasm.

The ATPases of the ECF transporters can be in a closed (tightly packed) conformation and an open 
one (partially dissociated)23. Closing is promoted by binding of ATP molecules, which interact with 
both NBDs. The closed conformation of the ATPases presumably pushes the C-terminal ends of the 
X-shaped helices in the EcfT subunit toward each other. After hydrolysis, the dimer is destabilized by 
releasing phosphate and ADP, which allows the NBDs to partially dissociate again10. The chemical 
energy released from the hydrolysis of ATP can be transmitted via the EcfT subunit to the S-component 
to promote alternating access of the substrate-binding site. The S-component does not interact directly 
with the two ATPase units. 

The proposed mechanism is based on the evaluation of crystal structures of ECF FolT2 (the group-II ECF 
transporter for folate from Lactobacillus delbrueckii) in the apo-state, a complex of the ECFFolT2 with 
AMP-PNP, a complex of FolT1 (an S-component from the same organism) with folate, and functional 
data from several publications16,18–20,28,29,31,33. However, crystal structures of ECF transporters with the 
ATPases in a closed, tightly packed state have not yet been reported. An important question that still 
needs to be addressed is in which conformational state the ECF module interacts with the S-component. 
It needs to be demonstrated whether the toppling of the S-component might depend on the hydrolysis of 
ATP as it has been postulated by alternative models29.
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Decrease of Vitamin Uptake: a New Antimicrobial Approach?

Vitamins are essential for the survival and growth of many bacteria. Decreasing the intracellular 
concentration could be an attractive strategy to attenuate growth of infectious bacteria. Vitamins 
can be obtained through de novo biosynthesis and/or via uptake from the environment by membrane 
transporters. In bacteria that use only one of these processes, it is expected that inhibition of the relevant 
process will prevent growth. However, in the case that bacteria have more than one way to obtain these 
micronutrients, the expected physiological outcome of inhibition of one of the routes is difficult to 
predict.

Several research groups demonstrated the vital role of vitamins in different species by adopting a number 
of approaches: Zachary et al. investigated how the growth phenotype of Bacteroides thetaiotaomicron 
is influenced in thiamine-acquisition mutants34. B. thetaiotaomicron is a Gram-negative bacterium that 
obtains thiamine both through biosynthesis and by using uptake mechanisms. Mutants with disturbed 
biosynthesis failed to grow in a thiamine-deficient environment. In order to examine the effect of the 
vitamin transporters on the growth of the bacteria, single and double mutants were generated. Since 
B. thetaiotaomicron utilizes an inner (pnuT) and outer (OMthi) transporter to take up thiamine, 
individual transporter deletions were made. Double mutants containing deletions of both pnuT and 
OMthi transporters are highly attenuated at thiamine concentrations of below 1000 nM, but no effect 
on the growth was observed when only one of the transporters was lacking. Mutants lacking both 
the biosynthesis and one transporter (pnuT or OMthi) exhibit severe defects in grow that thiamine 
concentrations below 100 nM. 

In contrast, the growth of Vibrio cholerae was unaffected when the transport of riboflavin was disrupted35. 
V.cholerae is a highly pathogenic Gram-negative bacterium that is known to utilize both transporters 
and biosynthesis to maintain its riboflavin homeostasis. Flores et al. demonstrated that upon deletion of 
ribN, a gene encoding a riboflavin transporter, no growth defects were observed compared to the WT. 
However, upon deletion of ribD, an essential gene for the biosynthesis of riboflavin, the strains were 
dependent on the presence of external riboflavin. Bacteria bearing a deletion of ribD or ribN faced a 
difficulty to compete against the WT when growing in river water. On the other hand, ribN mutants 
could compete against the ∆ribD strain; this effect was reverted when an excess of riboflavin is added 
to the water. 

Fuller et al. demonstrated for the first time that riboflavin auxotrophic mutants can lead to the attenuation 
of a bacterial pathogen in its natural host. Specifically, a mutation was introduced in  Actinobacillus 
pleuropneumoniae in a bifunctional enzyme containing guanosine triphosphate cyclohydrase (GTPCH) 
and 3,4-dihydroxy-2-butanone-4-phosphate synthase suppressing de novo biosynthesis of riboflavin36. 
A. pleuropneumoniaeisa Gram-negative bacterium, which belongs to the family of Pasteurellaceae, 
and is the causative agent for acute necrotizing hemorrhagic broncho pneumonia in pork. This strain 
was unable to grow in the absence of exogenous riboflavin. Experimental infection studies in pigs 
demonstrated that the riboflavin-requiring mutant was unable to cause the disease on the basis of 
mortality, lung pathology, and clinical signs, at dosages as high as 500 times the LD50 for the wild-type. 
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Following a similar approach, Ahmed et al. immunized adult rabbits and monkeys from lethal 
shigellosis by oral administration of a thiamine-requiring and temperature-sensitive mutant of Shigella 
flexneri Y37. A mutant strain was created in which thyA, the gene responsible for the first step in the de 
novo biosynthesis of thiamine was deleted. The stable thiamine-auxotrophic cells were administered to 
rabbits and monkeys, none of which developed the regular symptoms attributed to Shigella infection.

A more comprehensive study that targets the flavin mononucleotide (FMN) riboswitch that controls 
riboflavin homeostasis in Gram-positive bacteria was published recently38. Staphylococcus aureus among 
other Gram-positive bacteria obtains riboflavin either from external sources or by de novo biosynthesis39. 
Wang et al. demonstrated that in an in vivo model, the bacterial burden within spleens of infected mice 
between MRSA COL ∆ribD and MRSACOL strains showed no significant difference, indicating that 
inhibiting only the biosynthesis of riboflavin in MRSA is not enough to influence its growth in vivo. 
However, use of a small-molecule inhibitor of FMN riboswitches enabled the simultaneous inhibition 
of both riboflavin de novo biosynthesis (rib operon) and riboflavin uptake (ribU) in the same infectious 
setting. This dual inhibition led to a decrease of the bacterial burden within spleens of infected mice 
exhibiting an antibacterial ability, suggesting that in the case of S.aureus, an antibiotic effect can be 
achieved by disrupting the riboflavin homeostasis through simultaneous inhibition of both de novo 
biosynthesis and uptake of riboflavin. 

Although, a direct target validation for ECF transporters has not been conducted yet, there are several 
reports suggesting they may indeed be promising antimicrobial targets. Following a target-identification 
strategy, it has been shown that a gene, which encodes an ECF transporter in Streptococcus pneumoniae40, 
is one of the essential genes for the survival of this bacterium. Furthermore, a targeted gene-disruption 
strategy was applied in which over 300 conserved genes were selectively disrupted using a selectable 
marker for drug resistance. These genes were previously chosen from a list based on common availability 
in at least two bacterial species (Escherichia coli, Bacillus subtilis, E. faecalis, and S. aureus) while, 
proteins with sequence identity of more than 30 % compared to proteins form a yeast were excluded. As 
a result, 113 conserved essential genes were discovered, including “SP 2220” that belongs to the family 
ABC transporters and encodes a part of an ECF transporter. 

Adopting a different approach, Schauer et al. demonstrated in knock-out studies that upon deletion 
of thiT (Imo1429), a gene which encodes the S-component for thiamine, the proliferation of Listeria 
monocytogenesis reduced41. L. monocytogenes is a foodborne pathogen with a high mortality rate that 
has emerged as a model for intracellular parasitism. The ability to replicate within host cells during 
the infection process is due to disruption of the phagosomal membrane leading to its escape from the 
vacuole into the cytoplasm. Since ThiC, a crucial enzyme for the biosynthesis of thiamine, has not been 
identified in the genome of L. monocytogenes42, de novo biosynthesis is not an option for obtaining this 
vitamin. Thus, the requirement for thiamine diphosphate (ThDP) can be satisfied by two alternative 
pathways: thiamine uptake or hydroxy methyl pyrimidine (HMP) salvage coupled to hydroxy ethyl 
thiazole (HET) de novo biosynthesis. The cytosolic replication of L. monocytogenes was reduced 3.3-
fold and 2.2-fold upon deletion of thiD and thiT, which are responsible for HMP salvage and thiamine 
transport, respectively. In addition, it was reported that essential genes of the de novo biosynthesis 
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of thiamine were upregulated in case of a lower concentration of and/or a higher demand for these 
substrates during replication within epithelial cells. As a result, ThDP appears to play a major role for 
the metabolism of L. monocytogenes under nutrient inefficient conditions. Therefore, the availability 
of thiamine, its precursors, and diphosphates is expected to have a significant effect on the in vivo 
replication of L. monocytogenes.

In summary, these examples show that availability of vitamins plays a crucial role in the growth and 
survival of pathogens. As a result, decreasing the intracellular concentration of these micronutrients 
seems to be a viable approach to reduce their proliferation or abolish their pathogenicity in the infected 
host. The examples for S. pneumoniae and L. monocytogenes show that ECF transporters may be 
considered as important antimicrobial targets.

ECF Transporters and Pathogens

Different microorganisms seem to control homeostasis of vitamins in various ways. For example, 
S. aureus relies on de novo biosynthesis of folic acid43, whereas Clostridium tetani has abolished or 
partially lost this ability44,45. As a resulted it solely scavenges folates from an exogenous source. On the 
other hand, a large number of pathogens such as E. faecalis46 and C. botulinum47 are capable of both 
de novo biosynthesis and uptake of thiamine and pantothenate, from an enriched nutrient environment, 
respectively. 

The uptake of nutrients usually requires much less energy than the use of de novo biosynthesis. For 
instance, the complete synthesis of 1 mole of riboflavin requires 25 moles of ATP, whereas two moles 
of ATP, or even fewer depending on the transport system, are consumed for its transportation48,49. As a 
result, microorganisms capable of expressing vitamin transporters presumably preferentially rely on the 
uptake of vitamins in a vitamin-enriched environment. 

Among the firmicutes species, a phylum of Gram-positive bacteria, the transport of vitamins across their 
membranes is often mediated by ECF transporters. This family of proteins is essential for pathogens 
such as L. monocytogenes, Mycoplasma genitalium, S. pneumoniae, and S. aureus. With the aim to 
highlight the importance of ECF transporters, we selected representative pathogenic organisms (S. 
aureus, S. pneumoniae, E. faecium, E. faecalis, C. tetani, Clostridium novyi, and Clostridium difficile) 
and evaluated them in terms of their encoded ECF transporters for six B-type vitamins (folic acid, 
pantothenate, niacin, thiamine, riboflavin, and biotin) as their major transmembrane transport system 
for uptake, as well as their capability to obtain the vitamins through de novo biosynthesis. The selected 
bacteria are responsible for serious infectious diseases and some appear on the WHO priority list as the 
most problematic antibiotic-resistant organisms50. In addition, several of these organisms are referred 
as “ESKAPE pathogens” (E. faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 
Pseudomonas aeruginosa, and Enterobacter species)51. These pathogens are known to cause serious 
nosocomial infections and are known for their mechanisms of drug resistance, leading to a reduced 
intracellular drug concentration (biofilm formation, efflux pumps, and porin loss)52,53.
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Staphylococcus aureus

S. aureus is a Gram-positive coccus bacterium which forms characteristic grape-like clusters. Although 
S. aureus is part of the normal skin microbiota in humans and animals, it is responsible for numerous 
infections54. In the past, infections caused by Staphylococcus species responded well to penicillin 
treatment. However, excessive use of these antibiotics led to the emergence of penicillin-resistant strains, 
followed by methicillin-resistant strains52,53. The methicillin-resistant S. aureus (MRSA) is responsible 
for the death of approximately 19 000 people in the USA every year55.

Streptococcus pneumoniae

S. pneumoniae is a ubiquitous human respiratory bacterial pathogen associated with pneumonia and 
meningitis56. It is considered to be the most important bacterial cause of pneumonia and meningitis 
globally, responsible for an estimated 1 million deaths annually in children alone57. Invasive pneumococcal 
dis-ease (IPD) caused by S. pneumoniae, represents a major clinical and economic burden. Despite the 
availability of the pneumococcal polysaccharide vaccine (PPV), the fatality rate for patients hospitalized 
with IPD has remained relatively stable at about 12% since 1952. It has been estimated that only in 
Europe the treatment of pneumonia costs   ̴10 billion euro per year58,59.

Enterococcus Species

Another class of pathogens that are frequently resistant to a number of important antibiotics is the 
Enterococci, which are Gram-positive facultative anaerobes. Although these organisms are constituents 
of the gut microbiota in humans, they are involved in serious nosocomial infections60, especially in 
immunosuppressed patients61. Enterococci were formerly classified as part of the genus Streptococcus. 
There are more than 20 Enterococcus species, but E. faecium and E. faecalis are clinically the most 
relevant. Specifically, these two are reported to cause a variety of infections including urinary, soft-
tissue, and bloodstream infections60. In addition, as a part of the National Antimicrobial Resistance 
Monitoring System, a large number of clinical isolates of the mentioned pathogens (E. faecalis [67.5%] 
and E. faecium [53.7%]) are resistant to tetracycline, a broad-spectrum antibiotic62.

Clostridium Species

Bacteria of the genus Clostridium appear to cause serious infections with a tremendous impact on the 
healthcare system. Clostridial infections are characterized by a disease produced by toxins. Species of 
Clostridia produce very large clostridial cytotoxins (LCCs)63. Tetanus and botulism are two examples 
of this type of infection, both caused by LCC. C. tetani is a Gram-positive non-encapsulated obligate 
anaerobe that produces round terminal end spores in broth culture. Tetanus inhibits γ -aminobutyric acid 
(GABA) and glycine neurotransmitter release, causing spas-tic paralysis followed by respiratory failure 
and severe impairment of the autonomous nervous system63.

C. novyi is another example of an organism that produces LCC, also causing severe infections in 
injection-drug users64. Furthermore, C. difficile is considered to be responsible for a larger number 
of cases of nosocomial acquired antibiotic-associated diarrhea, causing an estimated 435,000 cases 
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with 29,000 deaths yearly in the USA65. From the economical point of view, C. difficile causes an 
annual economic burden ranging from $436 million to $3 billion in the USA. Incidence and severity are 
increasing, which is in part associated with the emergence and prevalence of fluoroquinolone-resistant 
C. difficile clones66.

B-Type of Vitamins

In this section, we focus on six B-type vitamins: folate, pantothenate, niacin, thiamine, riboflavin, and 
biotin. The de novo biosynthesis of B-type vitamins in prokaryotes will be briefly introduced, limited 
only to the main routes that pathogens utilize to obtain these micronutrients.

Folic Acid

Folic acid (or vitamin B9, Figure 4) plays a major role in numerous biochemical reactions. Tetrahydrofolic 
acid (THF), a reduced analogue of folic acid is involved in a broad set of transformations ranging 
from the synthesis of purines, building blocks of RNA and DNA, and synthesis of thymidylate, to the 
remethylation of homocysteine to methionine. These biochemical transformations are classified as one-
carbon (1C) metabolism, because of the transfer of one-carbon groups into biological molecules during 
anabolism. In addition, 1C metabolism is required for amino-acid homeostasis. Specifically, it functions 
as a regulator and senor of the cell’s nutrient status through cycling of 1C-groups67. In particular, the 
levels of three amino acids (methionine, serine, and glycine) are directly controlled by it.

De novo synthesis of folate was described by Bermingham and Derrick68. The first step in folate 
synthesis is the formation a pterin ring from guanosine-5’-triphosphate (GTP) by GTP-cyclohydrolase 
I, followed by the production of 6-hydroxymethyl-7,8-dihydropterin diphosphate (DHPDP). A kinase, 
an aldolase and a pyrophosphokinase are the enzymes catalyzing these steps. Subsequently, the pterin 
moiety is linked with the para-aminobenzoic acid (PABA), by the formation of a C–N bond, catalyzed 
by the dihydropteroate synthase (DHPS) to produce dihydropteroate. Then, dihydrofolate (DHF) is 
synthesized by the coupling of a glutamate moiety to dihydropteroate accomplished by folylpoly-γ-
glutamate synthetase (FGPS). Finally, DHFR transforms DHF into tetrahydrofolate.

Thiamine

Thiamine (or vitamin B1, Figure 4) plays a crucial role in var-ious cell functions and it is a precursor for 
cofactors of enzymes involved in several metabolic steps69, including energy metabolism and degradation 
of sugars and other carbon-based molecules. ThDP, the phosphorylated form of thiamin, participates in 
the conversion of pyruvate to acetyl-CoA, where NAD+ is the oxidizing agent70. In addition, ThDP is 
crucial in several other functions, for instance, activating an anion channel of large unit conductance in 
neuroblastomal cells and functioning in the intestinal lumen as phosphate ester forms71,72.

In E. coli, thiamine triphosphate (ThTP) is produced from thi-amine monophosphate (ThMP) in a 
diphosphorylation by thiamine phosphate kinase (ThiL)73. Alternatively, thiamin phosphate synthase 
(ThiE) assembles ThMP de novo by coupling hydroxylmethyl pyrimidine diphosphate (HMP-DP) 
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and hydroxyethylthiazole phosphate (HET-P). The two heterocyclic precursors of ThDP, HMP-DP, 
and Thy-P, are biosynthesized through independent pathways. In E. coli, HMP-PP is produced from a 
precursor common to thiamine and de novo purine biosynthesis by ThiC73, whereas, Thy-P is synthesized 
in a series of steps catalyzed by ThiFSGH, ThiI, Dsx, and ThiW.

Figure 4. B-type of vitamins: 1) folic acid (B9), 2) thiamine (B1), 3) pantothenate (B5), 4) niacin (B3), 5) 
riboflavin (B2), and 6) biotin (B7).

Pantothenate

Pantothenate (or vitamin B5, Figure 4) is the precursor of coenzyme A. Its name is derived from the 
Greek “π ´αντ οθεν” meaning “from everywhere” and small quantities of pantothenic acid are found 
in nearly every food. Due to the fact that it is a precursor of coenzyme A (CoA), it is considered 
indispensable for all living organisms74,75. The biosynthesis of CoA from pantothenic acid is an essential 
and universal pathway in prokaryotes and eukaryotes. CoA is assembled in five steps from pantothenic 
acid76. It plays a leading role in cellular metabolism and fatty-acid biosynthesis, and is involved in over 
100 different reactions in intermediary metabolism77.

An intermediate from the biosynthesis of valine and one molecule of aspartate are combined to produce 
pantothenate de novo. This typical pathway is found in most bacteria, such as in E. coli, S. typhimurium, 
and C. glutamicum. In a first step, the acetohydroxy acid isomeroreductase (IlvC) and the ketopantoate 
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reductase (PanE) trasform α-acetolactate to α-ketoisovalerate78. Next, the enzyme ketopantoate 
hydroxymethyltransferase (PanB) transforms α-ketoisovalerate to α-ketopantoate. The enzymes, PanE 
and IlvC reduce the α-ketopantoate to pantoate. In addition, an aspartate is decarboxylated to yield 
β-alanine. In the last step, β-alanine and pantoate are condensed to afford pantothenate79.

Niacin

Niacin (or vitamin B3, Figure 4) is the precursor of the coenzymes NAD+ and NADP, which play an 
important role in oxidative respiration as electron carriers80. NAD+ is also necessary in the catabolism 
of fat, carbohydrates, proteins, and alcohol, as well as in cell signaling and in DNA repair. On the other 
hand, NADP mostly participates in anabolic reactions such as fatty acid and cholesterol synthesis81. 

Nicotinic acid and nicotinamide are collectively termed niacin. Nicotinamide is converted to nicotinic 
acid in E. coli by nicotinamidase homologue (PncA)82. In prokaryotes, quinolinate, a precursor of 
nicotinamide, is synthesized from aspartate and dihydroxyacetone phosphate. However, recent findings 
suggest that some bacteria such as P. fluorescens, Cytophaga hutchinsonii, and Ralstonia metallidurans 
synthesize quinolinic acids from tryptophan83. Specifically, they use an alternative pathway, which 
exists in eukaryotes.

Riboflavin

Riboflavin (or vitamin B2, Figure 4) participates as cofactor in redox metabolic reactions involving 
energy production from carbohydrates, fatty acids, ketone bodies, and proteins, as well as in amino 
acid and fat metabolism. The importance of riboflavin derivatives for mitochondrial function was 
demonstrated in the 1970s and 1980s in studies conducted in riboflavin-deficient animals. Additionally, 
riboflavin is necessary for the production of glutathione, which is a free-radical scavenger81.

Riboflavin is synthesized de novo from one molecule of GTP and two molecules of ribulose 5-phosphate. 
In B. subtilis, the biosynthesis is regulated by a rib operon encoding all the essential enzymes, namely 
pyrimidine deaminase/reductase (RibG), the α- and β-subunits of a riboflavin synthase, and GTP 
cyclohydrolase (RibA)/3,4-dihydroxy 2-butanone 4-phosphate (3,4-DHBP) synthase84.

Biotin

Biotin (or vitamin B7, Figure 4) plays an essential role in metabolism. It is a physiologically active 
cofactor for carbon dioxide carriers in numerous metabolic carboxylation, decarboxylation, and 
transcarboxylation reactions. The biotin biosynthetic pathway is widespread among microbes; B. subtilis 
and E. coli served as model system to elucidate the biosynthesis.

The pathway consists of two stages, the synthesis of the pimeloyl-CoA precursor and an assembly of the 
bicyclic ring structure of biotin. In B. subtilis, the biosynthesis involves bioI and bioW genes to produce 
pimeloyl-CoA from pimelic acid (a seven-carbon α,ω-dicarboxylate), whereas in E. coli, pimeloyl-CoA 
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is synthesized from malonyl-CoA instead of pimelic acid. The pathway in E. coli uses products of bioC 
and bioW genes. The pathway of biotin assembling is similar in both organisms, involving products of 
the bioF, bioA, bioD, and bioB genes85.

Vitamins and Bacteria

As mentioned before, many bacteria and plants have the ability to utilize de novo biosynthesis to obtain 
vitamins. In contrast, humans merely depend on their uptake through food. This fact ex-plains why the 
biosynthesis of vitamins has emerged as an effective and attractive target in drug discovery. The bacteria 
described in chapter four are considered the cause of several diseases with an enormous economic 
burden. In addition, the development of AMR against last-line-defense antibiotics poses an increasing 
de-mand on discovering novel strategies to combat these infections. In this context, we will evaluate how 
these bacteria (S. aureus, S. pneumoniae, E. faecium, E. faecalis, C. tetani, C. novyi, and C. difficile) are 
able to obtain their essential vitamins (folic acid, pantothenate, niacin, thiamine, riboflavin, and biotin) 
through biosynthesis.

We searched the genome of each bacterium for the existence of genes that encode proteins which are 
involved in key steps in the biosynthesis of vitamins by searching the KEGG database for signature 
enzymes that catalyze biosynthetic reactions for each of the mentioned vitamins86linking genomic 
information with higher order functional information. The genomic information is stored in the GENES 
database, which is a collection of gene catalogs for all the completely sequenced genomes and some 
partial genomes with up-to-date annotation of gene functions. The higher order func- tional information 
is stored in the PATHWAY database, which contains graphical representations of cellular processes, 
such as metabolism, membrane transport, signal transduction and cell cycle. The PATHWAY database 
is supplemented by a set of ortholog group tables for the information about conserved subpath- ways 
(pathway motifs. Furthermore, we summarize any experimental evidence whether or not each of these 
organisms relies on de novo biosynthesis to obtain the vitamins mentioned above.

Since not all the selected pathogens encode the same S-components, we focused our search only on 
the biosynthetic pathways to the vitamins for which S-components of group-II of ECF transporters 
are expressed in the respective bacteria (Table 1). For example, in S. aureus, only RibU, ThiW, the 
S-components for riboflavin and a thiamine precursor, respectively, and BioY, the S-component for 
biotin, are expressed. In E. faecalis all six S-components for vitamins and for a thiamine precursor are 
encoded (PanT, RibU, FolT, NiaX, ThiT, ThiW, BioY for pantothenate, riboflavin, folic acid, niacin, 
thiamine, a precursor of thiamine and biotin, respectively).
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Table 1. Collection of pathogenic bacteria that have genes for expressing group-I and group-II ECF transporters; 
the ability to biosynthesize specific vitamins (folic acid, pantothenate, niacin, thiamine, riboflavin, and biotin) 
is indicated. S-components that have been experimentally verified to bind the indicated substrate are depicted 
in bold. Organisms with the ability to biosynthesize the respective vitamins are represented with (+), while 
those that cannot synthesize de novo are represented with (−). The experimental evidence is depicted in 
blue color, while the in silico evaluation is shown in red. The presence of de novo biosynthesis was only 
investigated for pathogens that express the corresponding S-component. In that regard, N/A refers to cases in 
which no S-component for the given vitamin is present.

No Organism ECF 
group-I

ECF group-II Biosynthesis

S-components Folic acid Pantothenate Niacin Thiamine Riboflavin Biotin

1 S. aureus YkoEDC RibU, ThiW,
BioY N/A N/A N/A +/+87 +/+88 +/+89

2 S. pneumoniae
HisTUV, 
YkoEDC, 
MtsABC

PanT, RibU, 
NiaX, QueT, 
PdxU, ThiW,

BioY

N/A − +/+90 +/+89 + −

3 E. faecium QrtTUVW, 
HisTUV

PanT, QueT, 
PdxU, RibU, 
FolT, NiaX, 
ThiT, BioY

−/−90,91 −/−91 −/+91 −/+91 −/+91 −/−82

4 E. faecalis

QrtTUVW, 
HisTUV, 
YkoEDC, 
MtsABC

PanT, RibU, 
FolT, NiaX, 
ThiT, QueT, 
PdxU, ThiW,

BioY

+/+92 +/+93,94 −/−95 −/+46 −/+96 −

5 C. tetani CbiMNQO, 
CbrTUV

PanT, QueT, 
CblT, PdxU, 
ThiW, TrpP, 
RibU, ThiT, 
NiaX, FolT, 

BioY

−/−44,45 −/−44,45 −/−45 +/+44,45 +/+44 −/−97,98

6 C. novyi CbiMNQO

PanT, QueT, 
PdxU, TrpP, 
RibU, NiaX, 
ThiT, FolT,

BioY

− + + + + −

7 C. difficile CbiMNQO, 
QrtTUVW

PanT, QueT, 
PdxU, TrpP, 
RibU, BioY

N/A +/+93,94 N/A N/A +/+93,94 −/−93,94

Staphylococcus aureus

According to the KEGG database, S. aureus seems to have all the essential genes required for de novo 
biosynthesis of thiamine, riboflavin, and biotin (Table 1). In particular, it has clustered genes (tenA, 
thiD, thiM, and thiE) suggested to be organized in operons and a GTPase for thiamine biosynthesis99. 
S. aureus has access to all seven enzymes used for the synthesis of riboflavin, starting from guanosine 
5’-triphosphate (GTP) derived from purine metabolism. O’Kane demonstrated that riboflavin is not 
an es-sential growth factor for Staphylococci88. Specifically, S. aureus can grow in a synthetic medium 
without riboflavin but with ammonium salts as the sole source of nitrogen, suggesting that riboflavin 
is biosynthesized. The same experimental indications showed that biotin is not essential as long as 
the medium contains glucose as a carbon source. In contrast, this vitamin became a growth factor 
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requirement when glutamic acid was used as a carbon source100.

Streptococcus pneumoniae

S. pneumoniae only encodes the S-components PanT, NiaX, RibU, and BioY for pantothenate, niacin, 
riboflavin, and biotin, respectively (Table 1). According to the KEGG database, it encodes all the 
essential genes responsible for the de novo biosynthesis of niacin, thiamine, and riboflavin, but lacks 
more than one gene involved in the biosynthesis of pantothenate and biotin. Regard-ing the biosynthesis 
of thiamine, it has several essential genes: tenA1 and 2, thiM1 and 2, thiE, thiW, thiE2, and thiD87. In 
detail, among the missing genes are panB and panC encoding 3-methyl-2-oxobutanoate hydroxymethyl 
transferase and pantoate-beta-alanine ligase, respectively. In an attempt to correlate these results with the 
experimental evidence, we found out that S. pneumoniae is able to grow in a chemically defined medium 
lacking niacin by upregulating putative genes from the biosynthetic route to niacin such as nadC90. No 
experimental evidence concerning pantothenate, riboflavin, and biotin biosynthesis is available.

Enterococcus faecium

E. faecium encodes all six S-components (FolT, PanT, NiaX, ThiT, RibU, and BioY) for the selected 
vitamins (Table 1). According to our search in KEGG database, this bacterium does not appear to 
have access to de novo biosynthesis of any of the six vitamins, because in each case it is missing one 
or more crucial genes for each biosynthetic pathway. Several genes are missing, which are involved in 
folic acid biosynthesis, namely: folE, phoZ, folB, folk, and folP. It is considered that E. faecium can 
only grow in presence of a folic acid derivative such as folic acid, pteroic acid, DHF, and leucovorin, 
enriched with serine, methionine, purines, and pyrimidines or grow slowly in a relatively large amount 
of thymidine91,97,98.

According to the KEGG database, E. faecium does not encode PanB and PanC: two crucial enzymes for 
pantothenate biosynthesis. In addition, it does not grow in CDM without the presence of pantothenate 
indicating the essentiality of this vitamin91.

As far as niacin biosynthesis is concerned, nadC is the missing gene. In the case of riboflavin, the 
whole biosynthetic arsenal is absent. Experimental evidence suggests that E. faecium can still grow 
in the absence of these two vitamins but only at a very low rate; the presence of both of them in 
the medium produces a stimulatory effect to the growth91. Biosynthesis of thiamine is not possible 
according to the KEGG database, since at least three genes are missing, including thiC, thiE, and thiM. 
The essential genes (bioF, bioA, bioD, and bioB) involved in biotin biosynthesis are also absent in E. 
faecium. Nevertheless, this pathogen grows well and produces enterocin in CDM lacking biotin81. In 
other words, this pathogen may not depend on biotin for its growth.

Enterococcus faecalis

The pathogen E. faecalis, encodes all six S-components: FolT, PanT, NiaX, ThiT, RibU, and BioY 
(Table 1). Based on our in silico study using the KEGG database, the biosynthesis of folic acid and 
pantothenate is feasible for this pathogen, while de novo biosynthesis of niacin, thiamine, riboflavin, and 



29

biotin is not. E. faecalis lacks most of the essential genes for enzymes involved in riboflavin synthesis, 
among them ribA, ribD, ribH, and ribE, and at least two genes, nadC and nadA, from the niacin pathway. 
In addition, it lacks ThiC, the first enzyme involved in thiamine biosynthesis. As far as the first three 
vitamins (folic acid, pantothenate, and niacin) are concerned, the experimental results are in line with 
our in silico study, proving that E. faecalis grows in the absence of folic acid92 and has putative operons 
encoding enzymes for pantothenate biosynthesis93, while its growth in a CDM depends on the presence 
of niacin95. Although it lacks the first enzyme in the biosynthesis of thiamine, it is still able to grow in 
a CDM without thiamine46. Since the missing gene is at the very beginning of the pathway, this effect 
may be explained by the existence of a transporter for a precursor of thiamine. It was shown that in E. 
faecalis, riboflavin is biosynthesized in the presence of folic acid96 and no experimental result showed 
that biotin is essential for the growth of E. faecalis.

Clostridium tetani

In C. tetani, all six S-components (FolT, PanT, NiaX, ThiT, RibU, and BioY) are encoded (Table 1). 
According to the KEGG database, de novo biosynthesis of both thiamine and riboflavin are feasible 
for C. tetani, while folic acid, pantothenate, niacin, and biotin demands must be completely satisfied 
from an exogenous source. In more detail, this pathogen lacks the majority of the genes required for 
the biosynthesis of folic acid including folB, folK, folP, and folE, three genes from the biosynthesis of 
niacin, and at least three essential genes (panB, panC, and panE) for the biosynthesis of pantothenate. 
This bacterium does not contain bioF, bioA, and the genes to produce the pimeloyl moiety, all of which 
are involved in the biosynthesis of biotin. In this case, the experimental data are in excellent agreement 
with the results obtained from our in silico analysis. C. tetani is unable to grow in CDM lacking folic 
acid, pantothenate, niacin or biotin, respectively, while the absence of thiamine and riboflavin in the 
CDM does not arrest the cell cycle of the bacterium, still allowing a slow growth44,45.

Clostridium novyi

C. novyi like E. faecium, E. faecalis, and C. tetani encodes all six S-components (FolT, PanT, NiaX, 
ThiT, RibU, and BioY) (Table 1). According to the KEGG database, it encodes all the essential enzymes 
for the de novo biosynthesis of pantothenate, niacin, thiamine, and riboflavin. In particular, it has access 
to all of the required enzymes for folic acid biosynthesis except PhoZ. Due to a lack of experimental 
evidence, it cannot be clarified if this pathogen is able to grow in the absence of folic acid. Since C. 
novyi misses only one enzyme for the de novo biosynthesis of folic acid, it is possible that this specific 
enzyme may have been overlooked in the genome sequence of this organism. In addition, this pathogen 
misses some essential genes for biotin syn-thesis just like C. tetani.

Clostridium difficile 

C. difficile encodes only the S-components PanT, RibU, and BioY for pantothenate, riboflavin, and 
biotin, respectively (Table 1). The biosynthetic pathways of these micronutrients are available according 
to the KEGG database. This pathogen has all the essential genes to obtain these vitamins through de 
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novo biosynthesis. In addition, experimental evidence seems to confirm our finding, given that the lack 
of riboflavin does not arrest the cell cycle of C. difficile in a CDM, while Miller et al. demonstrated that 
this pathogen has putative operons encoding the enzymes for pantothenate biosynthesis93,94. However, 
the biosynthetic route to biotin is not available. Some essential genes are missing. In parallel, the 
experimental evidence seems to confirm this statement, as biotin is an essential vitamin for C. difficile 
growth93,94. Due to the fact that not all bacteria have access to de novo biosynthesis, we investigated 
the way in which these pathogens obtain vitamins, through either synthesis or by taking them up from 
the environment. Considering that all of the organisms mentioned utilize ECF transporters for the 
uptake of specific vitamins, by inhibiting this transport mechanism, the uptake of various vitamins 
will be affected. For example, since C. tetani expresses all six S-components, the inhibition of the ECF 
transporter may lead to a reduction of the concentration of all six vitamins inside the cell, of which only 
two can be obtained via biosynthesis.

Druggability Assessment 

In order to evaluate the potential of ECF transporters as valuable antimicrobial drug targets, we 
performed in silico studies. Although, a direct target validation has not been reported so far, our findings 
indicate that these transporters may be broad-spectrum targets against several pathogenic bacteria. The 
first step in this approach is the discovery of potentially druggable pockets. Due to the fact that only 
a handful of crystal structures of the whole ECF transporter is reported in the literature (Table 2), we 
chose the X-ray crystal structure of ECF-FolT2 from L. delbrueckii (PDB code 5JSZ) given that it has 
the highest resolution. In particular, this protein belongs to the group-II of ECF transporters and its 
S-component is dedicated to the uptake of folic acid. Second, we conducted a sequence-conservation 
study in specific organisms. 

Table 2. Published X-ray crystal structures of ECF type-I or type-II transporters in complex with (+) or 
without ligands (−).

PDB code Name Ligand ECF group Resolution (Å) Reference

5X3X CbiMQO Cobalt (−) I 2.79 17

5X41 CbiMQO Cobalt (−) I 3.47 17

4MKI CbiMNQO Cobalt (−) I 2.3 101

5X40 CbiMQO AMPPCP (+) I 1.45 17

5JSZ ECF-FolT Folic acid (−) II 3.0 28

4HUQ ECF-FolT Folic acid (−) II 3.0 19

5D3M ECF-FolT AMPPNP (+) II 3.3 28

4RFS ECF-PanT Pantothenate (−) II 3.23 102

4HZU ECF-HmpT Pantothenate (−) II 3.53 20
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Druggable Pockets 

DogSiteScorer, a fully automated algorithm, enables identification of pockets and prediction of their 
druggability. Druggability is the likelihood of finding a selective, low-molecular weight molecule that 
binds with high affinity to the target103. The program provides a druggability score from 0 (undruggable) 
to 1 (druggable). Druggable pockets tend to be larger, deeper, more hydrophobic, and complex in 
shape. The geometric and physicochemical properties, such as volume, surface, lipophilic surface, and 
depth are calculated for the predicted pockets by DoGSiteScorer. For the ECF-FolT2 X-ray crystal, 
DoGSiteScorer identified 36 pockets of which twelve are considered druggable (Table 3; Figure 5). In 
addition, we used CHIMERA software to illustrate the figure104. 

We filtered the identified pockets by applying a threshold of ≥0.5 based on their “Drug Score” feature 
(Table 3). Nine of the twelve pockets identified are found at the interface of two or three out of the four 
subunits that constitute the whole complex of the ECF-FolT2 transporter: P3 (orange), P4 (magenta), 
and P9 (firebrick) located between EcfT and the S-component; P2 (yellow) and P8 (purple) between 
EcfT, EcfA’, and the S-component; P5 (magenta) between EcfT and EcfA’; and P0 (medium blue), P6 
(green) and P7 (gray) between EcfA and EcfA’. The remaining three pockets: P1 (red), P10 (pink) and 
P11 (aquamarine) are located within EcfT, EcfA, and the S-component, respectively (Figure 5).
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Figure 5. Druggability assessment of the ECF-FolT2 transporter. The ECF-FolT2 transporter (PDB code 5JSZ) 
is represented in cartoon and colored in cyan. A. Side view (from the membrane plane) of ECF-FolT2 along 
with the 12 identified pockets: P0, P1, P2, P3, P4, P5, P6, P7, P8, P9, P10, and P11 colored in medium blue, 
red, yellow, forest green, orange, magenta, green, gray, purple, firebrick, pink, and aquamarine, respectively. 
B. Top view (from the extracellular side) of ECF-FolT2. Images were generated with CHIMERA software. 
The color coding of the pockets and the ECF-FolT2 transporter is maintained throughout the manuscript for 
figures showing the ECF transporter in ribbon.
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Table 3. The druggable pockets predicted by DoGSiteScorer103. Main shape descriptors for each pocket and 
their druggability scores.

Pocket Volume (Å3) Surface (Å2) Drug Score Simple Score

P0 875.57 1100.26 0.82 0.51

P1 781.58 991.62 0.86 0.52

P2 778.12 939.3 0.79 0.45

P3 601.18 949.15 0.74 0.38

P4 490.74 644.65 0.77 0.33

P5 478.18 462.55 0.84 0.19

P6 432.05 681.12 0.77 0.26

P7 408.23 829.87 0.74 0.21

P8 310.77 536.82 0.68 0.13

P9 279.15 445.69 0.49 0.16

P10 272.22 374.62 0.64 0.11

P11 242.99 368.93 0.5 0.07

Sequence Conservation 

To find out whether the pockets hold the potential to be valuable drug targets for the development of 
broad-spectrum antibiotics, we performed a sequence alignment of the ECF module of the seven selected 
pathogens: S. aureus, S. pneumoniae, E. faecium, E. faecalis, C. tetani, C. novyi, and C. difficile. Since 
the ECF module of the group-II ECF transporters is predicted to interact with different S-components, 
it can be considered a particularly appealing drug target, because by inhibiting the function of the ECF 
module, the uptake of different vitamins is disrupted. As a result, we limited the sequence alignment 
only to the group-II ECF module.

In order to align the protein sequences of the selected organisms, we retrieved the FASTA files of the 
seven organisms from the UniProtKB database105 using the accession numbers indicated in Table 4. 
The FASTA files represent the three parts of the ECF module: EcfT, EcfA, and EcfA’ of each of the 
pathogens indicated above. We conducted three different multiple-sequence alignments between each 
of the three domains (Figures 6–8). 

Even though the sequence conservation of the ECF module among the selected pathogens does not 
exhibit a high total identity score (Table 5), it is still considered a protein worth targeting. As depicted 
in Figure 6, there are areas in the module with very high sequence-identity conservation, which are 
colored in bright red. These sites are located primarily in the areas where subunits of the ECF complex 
interact with each other and natural ligands are bound. The EcfA and EcfA’ interface as well as the ATP-
binding pocket are highly conserved (Figure 6). In addition, the locations where the EcfT-unit interacts 
with the EcfA and EcfA’ or where EcfT binds to the S-component are depicted in bright red color. The 
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high conservation of specific residues in these seven pathogens indicates that these regions are essential 
for maintaining the transport function of the ECF complex. Thus, it can be hypothesized that molecules 
which interact with these residues may lead to the inhibition of the transport process.

Table 4. Accession numbers of the ECF module (EcfT, EcfA & EcfA’) of S. aureus, S. pneumoniae, E. faecium, 
E. faecalis, C. tetani, C. novyi and C. difficile. These codes were retrieved from UniProtKB database105.

Organisms EcfT EcfA EcfA’

S. aureus A0A1D4PI88-1 A0A0D6H6V0-1 A0A224B4M9-1

S. pneumoniae A0A0E8TP51-1 A0A098Z5P3-1 A0A064BXD6-1

E. faecium A0A132P5J5-1 Q8VNL9-1 A0A1A7TPC6-1

E. faecalis A0A1B4XKU5-1 C7D021-1 C7D022-1

C. tetani A0A1T4MR28-1 A0A1T4MRQ1-1 A0A1T4MRA9-1

C. novyi A0PXX9-1 A0PXX7-1 A0PXX8-1

C. difficile Q18CJ3-1 Q18CJ0-1 Q18CI9-1

Table 5. Sequence similarity of the parts that constitute the ECF module (EcfT, EcfA and EcfA’). The 
sequences of the proteins from S. aureus are compared with those from the six indicated organisms.

Organisms EcfT Identity (%) EcfA Identity (%) EcfA' Identity (%)

S. pneumoniae 46 48 35

E. faecium 44 49 33

E. faecalis 46 51 35

C. tetani 42 42 32

C. novyi 41 42 33

C. difficile 40 42 37
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Figure 6. Sequence alignment of EcfT trans membrane domain of S. aureus, S. pneumoniae, E. faecium, E. 
faecalis, C. tetani, C. novyi and C. difficile. A color gradient from dark blue to white represents higher to 
lower conservation of amino acids between the various homologues. The residues with conservation ratio 
of 100% are colored in deep blue, while the ones with less than <50% shown in white. The alignment was 
prepared on the UniProtKB website105 and the figure was produced using the program Unipro UGENE106.
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Figure 7 Sequence alignment of EcfA domain of S. aureus, S. pneumoniae, E. faecium, E. faecalis, C. tetani, 
C. novyi and C. difficile. 
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Figure 8. Sequence alignment of EcfA’ domain of S. aureus, S. pneumoniae, E. faecium, E. faecalis, C. tetani, 
C. novyi and C. difficile.
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Figure 9. Sequence conservation projected on the structure of the ECF-FolT2 transporter. The ECF-FolT2 
transporter (PDB code 5JSZ) is represented in solid surface. The sequence conservation of the ECF modules 
of S. aureus, S. pneumoniae, E. faecium, E. faecalis, C. tetani, C. novyi, and C. difficile is displayed. In deep 
blue color, 0% identity of residues between the seven organisms is depicted. Bright red color corresponds to 
100% identity. FolT2 (S-component for folic acid) is represented in gray color. The color coding of the surface 
is maintained throughout the manuscript for figures of this type. Image was generated with CHIMERA 
software.

Finally, residues depicted in deep blue do not seem to play a conserved role in the transport mechanism 
(Figure 9). This can be hypothesized based on the high percentage of dissimilarity between the species 
mentioned, which is likely to affect the binding interactions of potential inhibitors between species. 
Furthermore, this region is mostly exposed to the solvent with few hydrophobic grooves to target, 
making it less suitable for the design of small-molecule inhibitors. 
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Combined Features 

In an attempt to identify druggable pockets for structure-based drug design (SBDD), we combined the 
results of the druggability assessment (Table 3) with our analysis of the sequence conservation of the 
ECF module from the seven different pathogens (Table 1). 

Few of the identified pockets are predicted not to be good drug targets for the development of broad-
spectrum antibiotics because of the low conservation: Pockets P7 (gray), P9 (firebrick), and P11 
(aquamarine) in Figure 10 exhibit a very poor overall score, in particular a low drug score and a small 
volume (Table 3). 

Figure 10. Sequence conservation and druggability assessment. ECF-FolT2 transporter (PDB code 5JSZ) 
represented in cartoon. Solid surface of ECFFolT2 transporter colored in red to blue gradient representing a 
scale from high to low conservation, respectively. A. Side view of ECF-FolT2 along with the 12 identified 
pockets. B. Surface of ECF-FolT2 transporter focused on pockets P2 and P5. c) Surface of ECF-FolT2 
transporter focused on pockets P0 and P10. Image was generated with CHIMERA software.

In contrast, pockets such as P0 (medium blue), P2 (yellow), and P5 (magenta) in Figure 10 and P1 (red), 
P3 (forest green), and P6 (green) in Figure 11 exhibit very good drug scores, with a reasonable volume 
and sequence conservation. All of them can be considered good drug targets from the in silico point 
of view. However, one should be aware of the mechanism of the ECF transporter before addressing an 
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identified pocket as future target for an SBDD project. For instance, although P0 and P5 seem to be good 
targets, these pockets contain residues that are responsible for ATP binding and hydrolysis. So, these 
residues should be avoided, otherwise selectivity over other human ABC transporters might be lost. 
Finally, pockets such as P8 (purple) and P10 (pink) have acceptable sequence-identity scores, but do not 
exhibit a good drug score or volume, resulting in a lower priority.

Figure 11 Sequence conservation and druggability assessment. ECF-FolT2 transporter (PDB code 5JSZ5) 
represented in cartoon. Solid surface of ECFFolT2 transporter colored in red to blue gradient representing a 
scale from high to low conservation, respectively. A. Side view of ECF-FolT2 along with the 12 identified 
pockets. B. Surface of ECF-FolT2 transporter focused on pocket P3. C. Surface of ECF-FolT2 transporter 
focused on pocket P1. D. Surface of ECF-FolT2 transporter focused on pocket P6. Image was generated with 
CHIMERA software.
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Targeting S-Components 

An alternative approach to prevent vitamin transport is either the inhibition of binding of the 
S-components to the ECF module or the inhibition of their ability to bind vitamins. Their unique features, 
namely the mechanism of transport and their structure, can enable the discovery of novel compounds, 
which interfere with the uptake of vitamins into the bacterial cell. These components are present only 
in prokaryotes, making them potential antibiotic targets. We performed chemical-biology studies with 
substrate analogues to unravel the intriguing mechanism of transport. In Table 6, all available X-ray 
crystal structures of S-components are listed. 

Table 6. Available X-ray crystal structures of ECF type I or II transporters which have been published so far 
along with their respective ligands.

PDB code S-component Vitamin/ligand ECF type Resolution Å Reference

4M58 TtNikM2 Nickel I 3.21 107

4M5B TtNikM2 Nickel I 1.83 107

4M5C TtNikM2 Cobalt I 2.5 107

5EDL YkoE Thymine I 1.95 108

3RLB ThiT Thymine II 2.0 22

4MUU ThiT Pyrithiamine II 2.1 109

4DVE BioY Biotin II 2.09 110

4Z7F FolT Folic acid II 3.19 111

5D0Y FolT Folic acid II 3.01 28

5KBW RibU Riboflavin II 2.61 112

3P5N RibU Riboflavin II 3.6 21

5KC0 RibU Riboflavin II 3.2 112

5KC4 RibU Riboflavin II 3.4 112

4POP ThiT
  

II 2.2 109

4POV ThiT II 2.2 109

4MES ThiT II 2.0 109

4MHW ThiT
 

II 2.5 109

4N4D ThiT II 2.4 109
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We reported the first binders of S-components in 2015109,113. Specifically, we designed thiamine 
derivatives for ThiT, a thiamine-dedicated S-component, expressed in L. lactis. Our molecules were 
designed to bind in a similar way as thiamine but their bulky substituents would induce a conformational 
change, preventing the loop 1 from closing like a lid required to occlude the vitamin. These probes 
should interfere with the binding of thiamine and inhibit its uptake. 

To realize these goals, in a first step, we examined how the natural substrate is bound in the S-component 
(PDB code 3RLB)22. By designing and synthesizing a series of derivatives of the vitamin, we evaluated 
the contribution of each of the functional groups of the substrate to the binding affinity. We determined 
six new crystal structures (Table 6) of ThiT in complex with our derivatives109. Even though the binding 
affinity and the structure of these derivatives differed from those of thiamine, the substrate-binding site 
in ThiT remained almost unchanged, providing new insights into the mode of action of S-components. 

In a second step, we designed and synthesized a new series of thiamine analogues aiming to improve 
the selectivity over other thiamine-binding proteins in mammalian cells, such as human thiamine 
pyrophosphokinase 1, human transketolase, and human thiamine triphosphatase. Importantly, the 
methyl group of the pyrimidine ring of thiamine can be modified without a significant loss of its high 
binding affinity113. A docking study of our thiamine derivatives and four human thiamine-dependent 
enzymes (human thiamine pyrophosphokinase 1, human transketolase, human thiamine triphosphatase, 
and human branched chain α-ketoacid dehydrogenase) suggested that modification of the methyl group 
may provide selectivity over these human enzymes. 

An analysis of the substrate-binding pocket of ThiT led to the discovery of a new subpocket. Apparently, 
the natural ligand seems to partially occupy a hydrophobic groove extending in the direction of 
the hydroxyethyl moiety of thiamine. This time, our workflow included design (using the software 
KRIPO)114, synthesis as well as biochemical evaluation and molecular-dynamics (MD) simulations115. 
We determined the binding affinities of the compounds designed to fill this groove of ThiT by isothermal 
titration colorimetry (ITC), exhibiting KD values in the nanomolar range.

Concluding Remarks 

Vitamins are essential micronutrients for the growth and survival of bacteria. However, not all pathogens 
are able to utilize de novo biosynthesis. An alternative means of obtaining vitamins is the use of 
membrane transporters. Given that ECF transporters are expressed in a great number of bacterial species 
and given that they are absent from eukaryotes, they are considered potential drug targets. To highlight 
the importance of ECF transporters and investigate their druggability, we selected seven pathogens 
(S. aureus, S. pneumoniae, E. faecium, E. faecalis, C. tetani, C. novyi, and C. difficile), which are 
responsible for serious diseases, leading to an enormous societal economic burden. Although they have 
not yet been validated as drug targets, experimental findings demonstrating their necessity for bacterial 
growth have been reported. We evaluated these pathogens in terms of their ability to utilize de novo 
biosynthesis or to take up vitamins by using ECF transporters. Since they are not well-explored, from the 
medicinal point of view, a sequence-alignment study shed light on their potential to be broad-spectrum 
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antibiotic targets. Use of the algorithm DoGSiteScorer enabled the discovery of potentially druggable 
pockets. Initial chemical-biology studies have helped to elucidate the intriguing mechanism of transport. 
Combined with the recently reported structures of full ECF transporters, the data available set the stage 
for medicinal-chemistry campaigns aimed at the discovery of the first inhibitors of this important protein 
family as novel antibiotics with an unprecedented mechanism of action.
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Abstract

We applied dynamic combinatorial chemistry (DCC) to identify ligands of ThiT, the S-component of the 
energy-coupling factor (ECF) transporter for thiamine in Lactococcus lactis. We used a pre-equilibrated 
dynamic combinatorial library (DCL) and saturation-transfer difference (STD)-NMR to identify ligands 
of ThiT. This is the first report in which DCC is used for fragment growing to an ill-defined pocket, and 
one of the first reports for its application with an integral membrane protein as target. 
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Dynamic combinatorial chemistry (DCC) is a powerful tool for hit identification and optimization. Over 
the past 20 years, DCC has been successfully applied in medicinal chemistry and chemical biology for the 
discovery of binders to DNA, RNA and protein targets1–3. The DCC technique involves the generation of 
a library of compounds by reversible reaction of different building blocks. The main advantage of DCC 
is that several potential ligands for a protein can be screened simultaneously, avoiding the individual 
synthesis, purification and biochemical evaluation of every member of the dynamic combinatorial 
library (DCL). Up to date, there are only a few reports in which DCC has been applied to identify binders 
of transmembrane proteins4–6. Here, we have applied DCC to identify possible binders for ThiT, the 
S-component of the energy-coupling factor (ECF) transporter for thiamine (Figure 1A) in Lactococcus 
lactis7,8. ECF transporters represent an interesting target for the development of antibacterial agents with 
a novel mode of action by blocking vitamin transport9. 

Figure 1. A) Structures of thiamine and deazathiamine. B) Crystal structure of ThiT in complex with thiamine 
(PDB ID: 3RLB)8: close-up of the thiamine binding pocket, with ThiT shown in surface representation, except 
for the Trp34 residue and thiamine that are shown in stick representation to visualize the substrate binding 
pocket,. Color code: ThiT in gray, with the residues of the loop L1 (residues Leu26–Ile39) highlighted in 
darker gray, and thiamine with the C atoms in green, O in red, N in blue and S in yellow.

In our previous work, we studied binding of thiamine derivatives to ThiT, including compounds 
that occupy a subpocket within the substrate binding pocket of ThiT at the hydroxy end of thiamine 
(Figure 1B)10–12. Although we described strong binders (KD values in the nano- and micromolar range), 
our predicted KD values did not always correlate very well with the experimental values. A possible 
explanation is that when the unliganded substrate binding pocket is ‘open’ to the surrounding solvent 
(the loop L1 is in a different conformation), this subpocket adopts a different conformation than the one 
in the available crystal structure, in which the loop L1 closes the substrate binding pocket as a lid (PDB 
ID: 3RLB)8. This could then be the reason why structure-based design was unsuccessful in this case.

To obtain new extended thiamine derivatives, we here use DCC for fragment growing, maintaining 
the deazathiamine moiety (Figure 1A), and screen various substituents to occupy the possibly flexible 
part of the thiamine binding pocket. Fragment growing by DCC has been done but not into flexible 
pockets.1 Identification of ligands for ill-defined pockets is challenging and DCC is an ideal method to 
address this challenge. We used an acylhydrazone motif as a linker, which has been extensively used 
in DCC1–3,14,15, and selected aldehyde A and eight hydrazides (H1–H8) to form a small pre-equilibrated 
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dynamic combinatorial library of eight acylhydrazones (AH1–AH8) (Scheme 1).

Scheme 1. Dynamic combinatorial library (DCL) to afford acylhydrazones as binders of ThiT.

We synthesized aldehyde A as previously described.10 Hydrazides H1–H8 were obtained from their 
corresponding methyl esters (ethyl ester in the case of H6), which were commercially available or 
synthesized by esterification of the corresponding carboxylic acid, using HCl in methanol at reflux, 
in 91–93% yield. Next, the reaction of the corresponding ester with hydrazine monohydrate at reflux 
afforded the hydrazides in 24–97% yield (details of the synthesis are available in the Supporting 
Information).

We used saturation-transfer difference (STD)-NMR spectroscopy to identify which of the eight 
compounds bound to ThiT. STD-NMR is a powerful technique to study protein-ligand interactions 
in solution. Usually, the concentration of ligand(s) is 10–100-fold the concentration of protein, which 
allows to work with low protein concentrations (in the micromolar range)16. 1H-STD-NMR spectroscopy 
has been successfully applied in combination with DCC in some studies17,18, and in a few cases to study 
ligand binding to transmembrane proteins19,20. In previous reports in which STD-NMR spectroscopy 
was applied to transmembrane proteins, these proteins were embedded in the lipid bilayer of a liposome 
or in a membrane preparation derived from cells, and not in detergent solution as in our case. Hence we 
wanted to show that DCC can be conveniently analyzed by STD-NMR also for a transmembrane protein 
in detergent solution. Using ThiT in a detergent-solubilized state, allowed us to work at higher protein 
concentrations than if we would have performed the additional reconstitution step into liposomes. In 
addition, having the protein solubilized in a detergent micelle eased the buffer-exchange procedure 
that we performed to obtain a sample of ThiT in deuterated buffer. For our target, we first ran a control 
experiment with ThiT and a known binder (B1) (Figure S1). This control experiment served two 
purposes: first, the amounts of ThiT that we can obtain are not enough to record a 1H-NMR spectrum 
to identify a suitable irradiation frequency (i.e., a frequency where only the protein resonates and not 
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the ligands); second, we wanted to establish whether the conditions we use are optimal and enable us 
to detect a known binder.  The final concentration of ThiT in 500 μL deuterated buffer (pD 7.0) in the 
NMR tube was 7.8 μm . Running the 1H-STD-NMR experiment using a 100-fold excess of ligand, 
and measuring for 11 h irradiating at –1 ppm or –2 ppm, resulted in difference spectra featuring peaks 
corresponding to our known binder B1, as well as the detergent (n-decyl-β-d-maltopyranoside) that is 
present in the buffer (Figure S1). As a result, any of these frequencies are suitable for the experiment with 
the DCL. We performed the experiment with our library of compounds using a 100-fold excess of ligand 
and irradiation at –1.1 ppm for 11 h. To analyze our DCL, we divided it into two sublibraries, containing 
the aldehyde and four hydrazides each as building blocks, selected in a way that the characteristic NMR 
signals did not overlap. For the experiment with ThiT, the building blocks were left to react in a buffer 
at pD 5.0 with shaking for 24 h. We checked the DCL by UPLC-MS and NMR spectroscopy before 
adding the protein, and all the constituents were formed in about equal amounts. Then, the DCL was 
added to the solution of ThiT in buffer at pD 7.0, given than ThiT does not tolerate lower pD, forcing 
us to use a static DCL21, and the on-resonance and off-resonance spectra were recorded. For the first 
library, DCL-A, we included the aldehyde A and the hydrazides H1, H2, H6 and H7. The second 
library, DCL-B, consisted of the same aldehyde A and the hydrazides H3, H4, H5 and H8 (Figure 
S2). In DCL-A, we observed that three of the four possible acylhydrazones bind to ThiT. In principle, 
after 24 h of incubation to form the DCL, all of the aldehyde A was consumed according to 1H-NMR 
spectroscopy, but apparently, a small amount was still in solution, and after many scans during the 
experiment with protein we could see it in the 1H-STD-NMR spectrum. In DCL-B, three of the other 
four possible acylhydrazones emerged as binders of ThiT. Taken together, the analysis of both libraries 
shows that all the compounds derived from aromatic hydrazides (AH1–AH6) bind to ThiT, whereas the 
ones derived from aliphatic hydrazides (AH7 and AH8) do not bind.

We synthesized the six identified binders by reaction of aldehyde A and the corresponding hydrazides 
H1–H6 at reflux in MeOH, affording the desired products AH1–AH6 in 32–86% yield (Scheme 2).

Scheme 2. Synthesis of the acylhydrazones identified as binders of ThiT.
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We determined the binding affinity of the synthesized acylhydrazones by isothermal titration calorimetry 
(ITC), and tested the compounds as mixtures of E/Z isomers using ThiT stabilized with detergent as we 
performed the STD-NMR experiments (Table 1). We observed that ThiT has a higher binding affinity 
for acylhydrazones AH1, AH4 and AH5 than for acylhydrazones AH2, AH3 and AH6.

Table 1. Binding affinities of ThiT for thiamine, deazathiamine and the acylhydrazones AH1–AH6 determined 
by ITC with the errors indicated as standard deviations.

Compound KD ± S.D. (μM)

Thiamine7 (0.122 ± 0.013) x 10-3

Deazathiamine10 (4.23 ± 1.69) x 10-3

AH1 5.30 ± 1.19a

AH2 28.8 ± 6.89b

AH3 20.9 ± 10.5a

AH4 3.02 ± 0.172a

AH5 8.41 ± 5.54c

AH6 44.5 ± 8.06a

a–c The error represents the standard deviation obtained from a4, b6 or c3 experiments.

In conclusion, we successfully applied DCC in combination with STD-NMR spectroscopy to identify 
binders of ThiT. The advantage of this method is that it requires a low concentration of unlabeled 
protein (in the micromolar range), which is particularly advantageous for proteins that are difficult or 
expensive to produce, such as integral membrane proteins. The disadvantages are the limited size of the 
library and the requirement to determine the 1H-NMR reference spectrum of each individual product 
for comparison with the 1H-STD-NMR spectrum. This study is the first example in which DCC is 
applied to a challenging target for fragment growing to an ill-defined pocket. In addition, it is one of 
the first applications of 1H-STD-NMR spectroscopy to transmembrane proteins, and the first one that 
uses detergents instead of liposomes to embed the protein. The acylhydrazones identified by 1H-STD-
NMR spectroscopy bind to ThiT with KD values in the micromolar range. Comparing their binding 
affinities with similar compounds,12 in which most of the compounds show KD values in the nanomolar 
range, the acylhydrazones are weaker binders. We need to take into account, however, that the KD 
values were determined for mixtures of E/Z isomers, and probably only one of them binds with high 
affinity to ThiT. Furthermore, the linker required for acylhydrazone formation makes these compounds 
longer and more rigid than those previously reported. As a result, the compounds may not be able to 
adopt a favorable conformation to interact with ThiT, explaining the decrease in binding affinity. Even 
if the acylhydrazones are not better binders than the compounds reported previously, it is remarkable 
that DCC enables fragment growing into flexible pockets that cannot be addressed by structure-based 
design, opening up opportunities in medicinal chemistry.
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Methods
Synthesis

General methods. All reagents were purchased from Sigma-Aldrich, Acros Organics, TCI Europe 
or Fluorochem, and were used without further purification unless noted otherwise. All solvents were 
reagent-grade, and if necessary, dried and distilled prior to use. Reactions were monitored by thin-layer 
chromatography (TLC) on silica-gel-coated aluminum foils (silica gel 60/Kieselguhr F254, Merck). 
Flash-column chromatography was performed on silica gel (SiliCycle 40–63 μm). Melting points were 
determined with a Buchi B-545 apparatus. Optical rotations were measured on a Schmidt & Haensch 
polarimeter (Polartronic MH8) with a 10 cm cell (c given in g/100 mL). NMR spectra were recorded 
on a Varian AMX400 spectrometer at 25 °C. Chemical shifts (δ) are reported in ppm relative to the 
residual solvent peak. Splitting patterns are indicated as (s) singlet, (d) doublet, (t) triplet, (q) quartet, 
(m) multiplet and (br) broad. Coupling constants (J) are reported in Hertz (Hz). FT-IR spectra (neat) 
were recorded on a Perkin Elmer FT-IR spectrometer. High-resolution mass spectra were recorded on 
a Thermo Scientific LTQ Orbitrap-XL mass spectrometer. Aldehyde A was synthesized as previously 
reported10. Esters E3, E5, E6 and E8 are commercially available.

General procedure for the synthesis of esters E1, E2, E4 and E7 (GP-A) 

To a solution of the corresponding carboxylic acid (1.0 eq) in anhydrous MeOH (0.1 M), HCl・MeOH 
(1.25 M HCl in MeOH, 0.2 eq) was added, and the reaction mixture was stirred at reflux (90 °C, pre-
heated oil bath) for 1–3 h. Then, a saturated aqueous solution of NaHCO3 was added, and the reaction 
mixture was extracted 3 times with CH2Cl2, the combined organic layers were washed once with water, 
once with a saturated aqueous solution of NaCl, dried over MgSO4, filtered, and concentrated under 
reduced pressure. The corresponding esters were obtained in 91–93% yield.

General procedure for the synthesis of hydrazides H1–H8 (GP-B)

To a solution of the corresponding ester (1.0 eq) in MeOH or EtOH (0.1 M, EtOH only in the case of H6, 
for which the starting material was the commercially available ethyl ester), NH2NH2・H2O (NH2NH2 
64–65%, 2.0–4.0 eq) was added, and the reaction mixture was stirred at reflux (90 °C for MeOH or 
105 °C for EtOH, pre-heated oil bath) for 1–3 days. Then, the reaction mixture was concentrated under 
reduced pressure, and the crude was purified as indicated in each case. The corresponding hydrazides 
were obtained in 24–97% yield. Hydrazide H6 was synthesized according to GP-B and its spectroscopic 
data correspond to those reported in the literature22.

General procedure for the synthesis of acylhydrazones AH1–AH6 (GP-C)

To a solution of aldehyde A (1.0 eq) in MeOH (ca. 0.07 M), the corresponding hydrazide (1.2 eq; 
except for compound AH4, see specific procedure) was added, and the reaction mixture was stirred 
at reflux (90 °C, pre-heated oil bath) for 1–2 days. Then, the reaction mixture was concentrated under 
reduced pressure, and the crude was purified by flash column chromatography. The corresponding 
acylhydrazones were obtained as mixtures of E/Z isomers in 32–86% yield, and the peaks of both 
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isomers are reported in the 1H- and 13C-NMR spectra.

Expression and purification of ThiT

The expression and purification of wild-type, substrate-free ThiT were performed as described 
previously10.

DCC experiments

Buffers were prepared as follows:

- buffer pH 5.0: McIlvaine’s system (citric acid (0.1 M) and Na2HPO4 (0.2 M)).

- buffer pH 7.0: potassium phosphate buffer (KPi (pH 7.0, 50 mM), KCl (150 mM), n-decyl-β- 
maltopyranoside (DM, Anatrace, 0.15%, w/v)), prepared from stock solutions of KPi (pH 7.0, 1.0 M, 
using K2HPO4 (1.0 M) and KH2PO4 (1.0 M)), KCl (2.0 M) and DM (20%, w/v). Deuterated buffers 
were prepared in the same way but using D2O instead of H2O, and adjusting the pH to pH 4.6 (pD 5.0) 
and pH 6.6 (pD 7.0).

1H-STD-NMR spectroscopy

General remarks. 1H-STD-NMR experiments were performed on a Varian Inova 600 MHz spectrometer 
equipped with a 5 mm indirect detection probe head, at a temperature of 25 °C. Selective saturation was 
achieved by a train of Gauss-shaped pulses of 50 ms each, separated by a 0.1 ms delay. A number of 60 
selective pulses were applied, leading to a total length of the saturation train of 3 s. The on-resonance 
irradiation on the protein was performed at a chemical shift of –1 or –2 ppm for the control experiments 
with a known binder, and –1.1 ppm for the experiment with the DCL with protein, and the off-resonance 
irradiation was set to –25 ppm in all cases, where no protein signals were present. The number of 
scans used was 8192 (4096 for on- and 4096 for off-resonance). NMR spectra were multiplied by an 
exponential line broadening function of 1 Hz prior to Fourier transformation. All spectra were recorded 
with a 20 ms spin-lock pulse, which minimizes the background protein resonances. The ‘DPFGSE 
sculpted solvent suppression’ was enabled. The data were acquired interleaved with blocks of 4 scans. 
The spectra were subtracted manually in MestReNova.

Control experiment with a known binder of ThiT

First, a buffer-exchange column was used to transfer ThiT from the buffer pH 7.0 (0.5 mL, 12.8 μM) 
to the same buffer but with D2O (pD 7.0), using a NAP-5 column (GE Healthcare), which afforded 
~400 μL of 9.8 μM ThiT. To this solution of ThiT, compound B1 (4 μL, stock solution of 20 mM in 
DMSO-d6), buffer pD 7.0 (75 μL) and DMSO-d6 (21 μL) were added. Given that a 20-fold excess of 
compound B1 with respect to the protein was not enough to obtain a good 1H-STD-NMR spectrum, 
the concentration was increased to 100-fold by addition of B1 (3.2 μL, stock solution of 100 mM in 
DMSO-d6).
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Experiment with ThiT and DCL. Preparation of ThiT and the DCLs 

First, a buffer-exchange column was used to transfer ThiT from pH 7.0 (0.7 mL, 20.7 μM) to the same 
buffer but with D2O (pD 7.0), using a NAP-5 column (GE Healthcare), which afforded ~950 μL of 10.0 
μM ThiT. Knowing the volume and concentration of ThiT available for the experiment, the amount of 
building blocks was calculated to have a 100-fold excess of aldehyde A. In each DCL, 1.2 eq of each 
hydrazide with respect to the aldehyde were added (there were 4 hydrazides in each DCL: in total 4.8 eq 
of hydrazides with respect to the aldehyde).

For each DCL, 450 μL of 10.0 μM ThiT were used, in a final volume of 550 μL, which gives a final 
concentration of 8.2 μM ThiT in the NMR tube. Therefore, the final concentration of aldehyde (100-
fold) is 820 μM, and 984 μM for each hydrazide. To achieve these final concentrations, each DCL of 
100 μL has 4.51 mM of aldehyde A and 5.42 mM of each hydrazide H1–H8. Taking into count that the 
maximal concentration of DMSO tolerated by ThiT is 5% (27.5 μL in 550 μL), each DCL was prepared 
as follows: buffer pD 5.0 (72.5 μL), aldehyde A (2.3 μL, stock solution of 200 mM in DMSO-d6), 4 
hydrazides (4 x 2.7 μL each, stock solutions of 200 mM in DMSO-d6) and DMSO-d6 (14.4 μL). For 
DCL-A, hydrazides H1, H2, H6 and H8 were included, and for DCL-B, hydrazides H3, H4, H5 and 
H7. Each DCL was incubated at room temperature for 24 h in a rotary mixer.

Experiment of each DCL with ThiT 

After the incubation, each DCL was added to ThiT. Subsequently, the 1H-STD-NMR spectrum were 
recorded. For each DCL, a control experiment was carried out: an identical DCL was added to 450 μL 
of buffer pD 7.0 (without ThiT), and the 1H-STD-NMR spectrum was recorded to check that there were 
no signals of acylhydrazones in the absence of protein.

Reference spectrum of individual acylhydrazones

To identify which acylhydrazones appeared in the 1H-STD-NMR spectrum, a sample of each 
acylhydrazone was prepared individually: hydrazide (2 μL, stock solution of 200 mM in DMSO-d6), 
aldehyde A (10 μL, stock solution of 200 mM in DMSO-d6), DMSO-d6 (13 μL) and buffer pD 5.0 (75 
μL). After incubation at room temperature for 24 h in a rotary mixer, buffer pD 7.0 (450 μL) was added, 
and the 1H-NMR spectra were recorded on a Varian AMX 400 spectrometer at 25 °C.

Binding-affinity determination

The binding affinities of the acylhydrazones AH1–AH6 for ThiT were determined by Isothermal Titration 
Calorimetry (ITC) as described previously10. The measurements were performed with concentrations of 
10 to 19 μM of ThiT, and the concentrations of acylhydrazones used were 26.5 to 150 times the protein 
concentration, depending on the affinity of the protein for the specific acylhydrazones.
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Abstract

The energy-coupling factor (ECF) transporters are a family of transmembrane proteins involved in the 
uptake of micronutrients in a wide range of bacteria. Inhibition of the activity of these proteins could 
reduce the viability of pathogens that depends on vitamins and minerals uptake. Their central role 
in the metabolism of bacteria and absence in humans make the ECF transporters a potential target, 
which can be further investigated making use of a selective chemical probe. Here, we report on the 
virtual screening, design, synthesis and structure–activity relationship (SAR) of the first class of agents 
active against the ECF transporters. We investigated the mechanism of action of this chemical class 
and profiled the best hit compounds regarding their pharmaceutical properties. The optimized hit has 
an MIC value of 2 µg/mL against Streptococcus pneumoniae, which opens up the possibility to use this 
chemical class to investigate the role of the ECF transporters in health and disease.



66

Introduction

Energy-coupling factor (ECF) transporters are the part of ATP-binding cassette (ABC) proteins. They are 
corresponded exclusively to import functions. The uptake of a substrate across the membrane coupled 
by the ATP hydrolysis1. Their roles for the micronutrient uptakes already investigated  for vitamins 
(folate2–4, phantothenate5, riboflavin6,7, cobalamin8, biotin9, and thiamine10) and metal ions (Ni2+ 11 and 
Co2+ 12) with high affinity. 

Based on the genomic analysis, the ECF transporters are found only in prokaryotic microorganisms, 
particularly ample in the Firmicutes phylum of Gram-positive bacteria13, whereas many members of this 
group are human pathogens14. Some pathogens such, Streptococcus pneumoniae, Enterococcus faecium, 
E. faecalis, Clostridium tetani, C. novyi and C. difficile are indicated depend on Ecf transporters for 
uptake vitamins15. However, the ECF transporters never have been identified in human, they become 
an interesting target for the development of novel antibiotic because lowers the risk of side effects on 
human health. In addition, emerging crisis of resistant bacteria and the lack of development of new 
antibiotic agents need greatly renew researches16.    

Small molecule binders have been designed for the S-component ThiT from Lactococcus lactis17– 

20. However, no compound has been obtained that could be a promising candidate for starting the 
development of new antibiotics. Here, we describe the discovery of unexplored small molecule binders 
based on the X-ray crystal structure of the folate-specific transporter ECF-FolT2 from L. delbrueckii 
(PDB ID 5JSZ3), which are the first inhibitors of full ECF transporters. The ECF FolT2 belongs to the 
group II ECF transporters in which various S-components with different substrate specificity are able 
to bind the same ECF module (Figure 1). Therefore, the small-molecule binders would not only inhibit 
folate uptake by ECF FolT2, but also the uptake of other vitamins by other ECF transporters present 
in L. delbrueckii. Besides, if those molecules would bind to the EcfT subunit, which is characteristic 
for the ECF transporters, the chance of being specific for this group protein increases. In that way, such 
small-molecules binders would form an interesting scaffold for the development of novel antibiotics. 

The first step in the identification of a new hit for the ECF transporters was the selection of a druggable 
pocket that may interfere in the translocation of the substrate into the cytosol. To do so, we used a fully 
automated algorithm, DogSiteScorer, which afforded drugable pocket with a score > 0.521. A strategic 
localization at the surface of the membrane, where the coupling helixes of the Ecf are expected to 
change conformation during transport and a score of 0.81, guided us to select the so called a P2 pocket 
(Figure 3). The pocket is situated in EcfT and lined by conservative residues from coupling helix 1 
(CH1), the N-terminal part of coupling helix 2 (CH2) of EcfT and the loop L7 connecting coupling helix 
3 (CH3) of EcfT with the final transmembrane helix of this protein. If a small molecule can be found 
to bind in this pocket, movement of the coupling helices could be inhibited the FolT2 from dissociating 
from the ECF module and this might abolish transport activity.
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Figure 1. Architecture of ECF group-II transporters. In green ECF module (EcfT, EcfA and EcfA´) and in 
blue the S-components (e.g., folic acid, panthotenate). All S components interact with a shared ECF module. 
Genes are scattered around the chromosome.

Results and Discussion
Structure-based Virtual Screening (SBVS)

We retrieved a library of over 1.3 million compounds from the Express Collection Princeton BioMolecular 
Research where a virtual screening has been launched, applying a range of filters to focus on drug-
like compounds and exclude frequent hitters29,41.  The final selection of the 100 top-ranked compounds 
involved visual inspection, assessment of the docked pose and estimation of the drug-like properties. 
As a result, we selected twelve distinct molecular scaffolds (1–12, Figure 2) for biochemical screening. 

Transport Assay

Further, we show that the small compounds are able to inhibit the uptake of vitamins in vitro to explore 
the functions of the ECF transporters. Here, the purified ECF FolT2 reconstituted in proteoliposomes 
in a transport assay of radiolabeled folate as described previously3, in which the proteoliposomes were 
loaded with MgATP (full activity), MgADP (no activity) or MgATP plus 5 mm compound and no 
compound presents in the external solution. From this assay, compound 1 and 2 shown in Figure 2 (in 
the cage) were able to reduce the translocation of radiolabeled folate across the membrane  as illustrated 
in Figure 4A and 4B. In addition, the predicted docked poses of the two compounds are shown in 
Figure 3. 
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Figure 2. Chemical structures of hit compounds (1–12) identified through structure-based virtual screening 
using the crystal structure of L. delbrueckii ECF-FolT2 (PDB ID 5JSZ3). The inhibitors in the cage are the 
first selective inhibitors in transport assays. 

Figure 3. P2 pocket of the ECF FolT2 (PDB ID 5JSZ) along with hit 1 and 2. A) Surface representation of P2 
pocket colored in yellow along with EcfA and EcfA’ shown in khaki and coral, EcfT in dark cyan and FolT2 
in gray ribbons. Color code: C skeleton: hit 1 (green); hit 2: blue. B) Predicted docked pose of hit 1 inside 
the P2 pocket. The docking was performed with the LeadIT suite, and the figure was generated with Chimera 
1.12. H bonds below 3.2 Å are shown as black lines. Color code: C skeleton: hit 1 (green); protein: (yellow). 

Then, we measured the apparent IC50 of 1 and 2 with the values 282 µM and 1.2 mM, respectively. The 
IC50 of 1 was determined in the presence of the compound in the lumen of proteoliposomes and external 
solution. Despite hit 2 is weak inhibitory activity, has a comparable ligand efficiency to hit 1 and it 
may be bound in the same region. However, hit 2 suffers from solubility issues given its zwitterionic 
nature. As a result, we selected hit 1 for our study because of its chemical tractability and more favorable 
physicochemical properties. 

A B
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The ECF FolT2 belongs to the group II ECF transporters and the compound 1 is predicted to bind in 
a pocket located on EcfT, the inhibitory effect should be generic for the other ECF transporters from 
L. delbrueckii that use the same ECF module. Therefore, we demonstrated the allosteric behavior and 
selectivity of compound 1 toward an ECF PanT from L. delbrueckii, whereas the S-component is for 
pantothenate uptake. To test this prediction, the assay was measured in the presence of 5 mm compound 
1 (Figure 4C) which is the translocation was inhibited and did not differ from negative control in which 
proteoliposomes were loaded with 5 mm of MgADP. This result clearly indicates that the compound 
inhibited uptake of pantothenate completely at this concentration. The fact that 1 inhibits the uptake of 
both ECF FolT2 and ECF PanT from the same organism, suggests specificity of this compound for the 
ECF module. However, the compound could also interfere with the assay by making the proteoliposomes 
leaky, which would disable uptake of the radiolabeled folate and pantothenate.

In order to test the leakiness of the proteoliposomes and whether the inhibition by compound 1 is specific 
for the ECF transporters from L. delbrueckii, the uptake of glycine betaine by an ABC transporter OpuA 
from L. lactis was measured in the absence and presence of compound 1 and  DMSO 5 % in the lumen 
of proteoliposomes (Figure 4D). Neither the presence of compound 1, nor the presence of DMSO 
affected the transport by OpuA significantly, which not only strengthens the assumption of specificity of 
compound 1 for the ECF transporters from L. delbrueckii, but also showed that the compound did not 
provide false positive results by causing leakiness of the proteoliposomes.

Building on our recent structural druggability assessment of the ECF transporter15, we have identified 
the presence of several potentially druggable pockets in the complex of the whole ECF-FolT2 
transporter (Table S1). These are located on the interface of the S-component, ECF-T as well as on the 
two cytosolic ATPases (ECFA and ECFA’). Although it is difficult and speculative to indicate where 
exactly the compounds of this class bind on the ECF transporter, our experimental studies might safely 
exclude some potential targets. Given that the compounds do not interfere with the binding of the natural 
substrate, as the uptake of both folic acid and pantothenate into the cytosol have been inhibited in the 
in vitro assay, we might exclude the S-component as a binding pocket. In addition, inhibitor 1 does not 
interact with the ATP hydrolysis domain. As a result, the cytosolic ATPases do not seem to be the target 
site of these compounds. These observations show that the inhibitors interact with the ECF-T domain 
of the transporter.



70

Figure 4. Effects of compounds 1 and 2 on the transport activity of ECF transporters (ECF-FolT2 and PanT) 
and an ABC transporter (OpuA). (A) Folate uptake by ECF-FolT2 reconstituted in proteoliposomes filled 
with 5 mm MgATP (black), 5 mm MgADP (purple) or 5 mm MgATP plus 5 mm of compound 1 (red), and a 
final DMSO concentration of 10% (v/v). (B) Same as in Panel A, including proteoliposomes filled with 5 mm 
MgATP plus 5 mm of compound 2 (green). (C) Pantothenate uptake by ECF PanT in proteoliposomes filled 
with 5 mm of MgATP (black), 5 mm of MgADP (purple), 5 mm MgATP plus 5 mm of compound 1 (red), 
and a final DMSO concentration of 5% (v/v). The blue curve represents proteoliposomes filled with 5 mm 
MgATP and no DMSO. (D) Glycine betaine uptake by OpuA in proteoliposomes filled as described in Panel 
C. The error bars represent the standard deviation of three independent measurements, except for the data in 
panel C, where they represent the spread of the data from two independent measurements.

Structure-activity relationship (SAR)

The potency and drug-likeness of hit 1 encouraged us to identify structural features that are critical 
for ECF transporter inhibition using structure–activity relationship (SAR) study. To do this, the ECF 
inhibition was tested using the same transport assay with radiolabeled folate described above, but in the 
presence of 250 µM compounds in the lumen of proteoliposomes and external solution. We focused at 
exploring the SAR of hit 1 in the three stages: the role of 2-hydroxybenzoic acid with a set of compounds 
13–21 (Table 1), the role of linker with a set of compounds 13–21 (Table 2)  and the role of naphthalene 
ring with a set of compounds 26–42 (Table 3). 
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At the first stage of SAR study, removing of one group of the 2-hydroxybenzoic acid at the time 
afforded monosubstituted derivatives 13 and 14. Loss of inhibitory activity was observed in both cases 
supporting the key role played by the salicylic acid portion. The reduction of the carboxylic acid to a 
primary alcohol, its methyl esterification and amidation yielded compounds 15–17. While compound 
15 is two-fold less potent than 1 (14 % inhibition at a concentration of 250 µM), the replacement of the 
carboxylic acid with an amide (17) had no significant effect (27 % inhibition at a concentration of 250 
µM). Unfortunately, the solubility of 16 in the assay buffer is substantially decreased. Next, we turned 
our attention to the role of the hydroxyl group and found that its replacement with a methyl group (18) 
or methylation (19) reduced the inhibitory activity. By contrast, the finding that 20 is able to inhibit ECF 
activity with a 2-fold increase compared to 1 (20, IC50 = 134 µM) supported the notion that a sterically 
bulky carbamate moiety is well-tolerated.

Table 1. Inhibitory potencies (IC50 values and percentages of inhibition) of compound 1 and analogues 13–21 
on ECF FolT-2.

Compound Y X IC50 (% Inh. at 250 µM) ± S.E.M.a

1 COOH OH 282±108 µM (34±9)

13 COOH H No inhibition

14 H OH No inhibition

15 CH2OH OH (14±17)

16 COOCH3 OH n.d.*

17 CONH2 OH (27±3)

18 COOH CH3 (17±3)

19 COOH OCH3 (27±10)

20 COOH NHBoc 134±26 µM (76±4)

21 COOH NH2 (8±5)
*n.d. : not soluble under the conditions of the assay
aS.E.M. derived from at least two experiments
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The next stage, we investigated the role of naphthalene ring. However, we were just able to synthesize 
two compounds (22 and 23) when an ether linker presents between the 2-hydroxybenzoic acid and 
the naphthalene ring as described in Table 2. With Br-substituted naphthalene ring (22), the potential 
inhibition improved by four times (IC50 69 µM) and it is the best inhibitor up to date. Furthermore, a 
sterically bulky carbamate-substituted benzopyrrol (indole) is also well-tolerated in this part (23) by 
three times (IC50 90 µM) higher than hit 1 (IC50 282 µM).

Given by the inhibitory improvement by these naphthalene ring modifications, we sought to find more 
reliable linkers to be synthesized. Three different linkers of analogues were obtained: amine, amide and 
sulfonamide, respectively compounds 24, 25 and 26 as shown in Table 3. However, only compound 24 
had inhibitory effect around 11 % which is less than hit 1 (34 %) at the concentration 250 µM when the 
compounds were introduced in the lumen of proteoliposomes and external solution for transport assay.

Despite compound 24 is a week inhibitor, we made use its analogues to explore the role of naphthalene 
ring in the hit 1. Here we synthesized the compounds at home and assayed them at concentration  75 
or 250 µM to see the improvement of inhibition. Unfortunately, up to date, we did not get any better 
potential inhibitor than compound 22, the best analogue is compound 28 with the same group of Br-
substituted naphthalene ring as 22 shown in Table 5 which has inhibition 21 % (at 75 µM). Replacing 
Br- to OH (26), F (27) and cyclopropyl (29) did not help to improve the inhibitory activity which has 
relative inhibition only 7 % (26) and no inhibition for 27 and 29 at 75 µM.  Also the replacement of the 
naphthalene to quinoline (30) diminished the inhibitory activity to 2 % at 250 µM and 1,4 benzodioxan 
(31) had low inhibition to 13 % (at 250 µM). Not only these analogues reduced the inhibitory effect, 
but also others when the naphthalene ring was replaced by an indole without the bulky carbamate (32), 
indazole (33), benzyl (34), 2,3-dimethyl benzyl (35), 4-bromo benzyl (37), 4-bromo-2-methyl benzyl 
(38), benzyl benzyl (39) and diphenyl ether (40). Surprisingly, the groups diphenyl sulfide (41) and 
benzyl sulfone (42) were in the same range as Hit 1 to inhibit the activity of reconstituted ECF FolT2, 
respectively 30 and 33 % of inhibitory activity at 250 µM.       

Table 2. Inhibitory potencies (IC50 values and percentages of inhibition) of analogues 22 and 23 on ECF 
FolT-2

Compound Structure IC50 (% Inh. at 250 µM ± S.E.M.a)

22 69 µM (89±2 ; 32±5b)

23 90 µM (82±3)

aS.E.M. derived from at least two experiments
b% inhibition was measured at 75 µM 



73

Table 3. Inhibitory potencies (percentages of inhibition) of analogues 23–25 on ECF FolT-2.

Compound Z W % Inh. at 250 µM ± S.E.M.a

23 NH CH2 11

24 NH CO No inhibition

25 NH SO2 No inhibition
*n.d. : not soluble under the conditions of the assay
aS.E.M. derived from at least two experiments

Table 4. Inhibitory potencies (percentages of inhibition) of analogues 26–42 on ECF FolT-2.

Compound Ar % Inhibition ± S.E.M.a

26 7±3c

27 No inhibition c

28 21±5 c

29 No inhibitionb,c

30 2 ± 3b 

31 13±5b

32 No inhibitionb

33 No inhibitionb

34 No inhibitionb
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Compound Ar % Inhibition ± S.E.M.a

35 No inhibitionb

36 Not soluble

37 No inhibitionc

38 13 ± 11c

39 No inhibitionc

40 No inhibitionb

41 30 ± 3 b

42 33 ± 11 b

*n.d. : not soluble under the conditions of the assay
aS.E.M. derived from at least two experiments
b% inhibition was measured at 250 µM 
c% inhibition was measured at 75 µM 

In Vivo Assays

After demonstrating that this chemical class interferes with the uptake of folic acid and 
pantothenate via inhibiting the ECF transporter in vitro (Figure 4b-c), we asked whether the 
potential inhibitors might inhibit ECF activity in an in vivo set up. Therefore, we developed 
a new cell-based transport assay using E. coli MC 1061 upon induction and in absence of 
heterologously expressed ECF_FolT2 and evaluated the ability of the inhibitors to interfere 
with the uptake of radiolabeled folic acid. However, up to date we just managed to test 
compound 20 for further evaluation as the candidate antibiotics. By analogy to the in vitro 
experiment, also in an intact biological system the inhibitor 20 showed an inhibition of 93 ± 1 
% at a concentration of 250 µM (Table 5). 
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Table 5. Inhibition of radiolabeled folic acid in Escherichia coli MC1061 induced by 20 with and without 
induction of heterologously expressed ECF_FolT2.

Indicator strains 20
% Inhibition at 250 µM

E. coli MC1061 ECF_FolT2 93 ± 1

E. coli MC1061 no inhibition

The lack of uptake in the absence of heterologous expression (Figure 5A) indicates there is no 
secondary transporter for folic acid that facilitates the uptake of it at nanomolar concentration. Lastly, 
we corroborated the allosteric mode of inhibition of 20 in the in vivo set up by using a 2.5-fold excess 
of the vitamin (Figure 5B), which did not affect the inhibition significantly.

 

Figure 5. A) Uptake of radiolabelled folic acid in E. coli cells in presence and absence of compound 20. 
The E. coli MC1061 strain does not express an ECF-FolT2 transporter (black) and shows no uptake of folic 
acid. In contrast, the E. coli cells MC1061 ECF_FolT2 express the transporter (grey). Inhibitor 20 blocks the 
uptake of radiolabelled folic acid by 93% at 250 μΜ as an average of two independent experiments. B) Uptake 
of radiolabelled folic acid in E. coli cells in presence and absence of compound 20. Inhibitor 20 blocks the 
uptake of radiolabelled folic acid by 20 = 88 ± 2 % at 250 μΜ as an average of two independent experiments. 

We also tested compound 20 for cytotoxic effects on a set of cell lines that includes HEK293 (human 
embryonic kidney cells), HepG2 (human liver cancer cells), and A549 (adenocarcinomic human alveolar 
basal epithelial cells). Notably, 20 does not showed any considerable cytotoxic effects, Figure 6. We also 
assessed the stability of compound 20 in human plasma and liver microsomes and found an adequate 
stability in plasma (20, t½ > 2.5 h), and metabolic stability (20, hepatic Clint < 12 µL/min/mg).
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Figure 6. Cytotoxicity determination of compound 20

Thus, our results confirm compound 20 was the first molecular probe that may be used to investigate the 
role of the ECF transporters both in vitro and in vivo. These encouraging results prompted us to measure the 
effect of compound 20 in a specific strain, which could be affected in the presence of an inhibitor of the ECF 
transporters. 

In line with the role played by the ECF transporters, an auxotrophic cell line lacking the biosynthesis of 
a vitamin should show reduced growth when an ECF inhibitor is added because the vitamin pool could 
decrease. This effect is even more drastic if the inhibitor does not bind to the S-component but rather to the 
ECF module, impeding the uptake by the bacteria of several vitamins at once. On this basis, we chose the 
important human pathogen Streptococcus pneumoniae as a suitable strain to validate the effect of an ECF 
inhibitor as it is auxotrophic for pantothenate and biotin and depends on ECF transporters for their uptake. 
In agreement with that, the MIC (minimum inhibitory concentration) of compound 20 was remarkably low 
compared to in vitro activity as the uptake of more than one vitamin was affected (Table 6). As a negative 
control, we used a Gram-negative strain that does not express the ECF transporter (E. coli K12). As expected, 
we did not see any effect of the presence of the compound. 

Table 6. Antibacterial profile of compound 20.

Indicator strains MIC
MIC [µg/mL]

20 22

S. pneumoniae DSM-11865a 2 4

E. coli K12 >100 not tested
aPRSP: Penicillin-resistant S. pneumoniae.

Lastly, by using a fluctuation test we examined the ability of S. pneumoniae (strain D39V) to become 
resistant to compound 20. In contrast to the rifampicin control, where we could readily select resistant 
mutants (experiment was performed at 2-fold MIC), no mutants resistant to compound 20 (at 2-fold 
MIC) could be isolated, indicating a very low potential for resistance development against this type of 
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ECF transporter inhibitors (Table S4). 

In conclusion, we report the identification of the hydroxy benzoic acid and phenyl furan chemical 
classes as the first inhibitors of ECF transporters. The focused SAR study around the salicylic acid 
scaffold provided a first insight into the shape requirements for fragment growing. We showed both in 
vitro and in cellular that this chemical class has an allosteric mode of inhibition by inhibiting the ECF 
module and potentially bind to the ECF-T.  

The 2-hydroxybenzoic acid is mandatory for activity whilst introduction of a carbamate function in the 
2-position balances potency, metabolic stability and influences the growth of S. pneumoniae as shown 
by compound 20. The lack of cytotoxicity, the promising plasma and metabolic stability and the lack of 
resistance development observed under the conditions tested, establishes compound 20 as an excellent 
molecular probe to foster probe and drug discovery efforts in the field of the ECF transporters, which 
may open a new avenue and promising target in the antibacterial field.

Methods
Prediction of druggable pockets

The DoGSiteScorer server was used to find pockets on the surface of ECF-FolT2 and predict their 
druggability22. DoGSiteScorer was customized to work on the pocket level with the druggability 
estimation for pockets option switched on. Thirty-six pockets were found, of which eleven were 
considered to be druggable.

Druggable pockets tend to be larger, deeper, more hydrophilic and complex in shape, having average 
parameters of a volume of 900 Å3, depth of 21 Å and a lipophilic surface fraction of 0.7, while the non-
druggable pockets have an average volume of 300 Å3, depth of 13 Å and a lipophilic surface fraction of 
0.623. The calculation of these geometric and physicochemical properties results in a druggability score 
spanning from 0 (undruggable pocket) to 1 (druggable pocket). The eleven druggable pockets identified, 
with a druggability score varying from 0.85 to 0.50 (Table 3, chapter 1), are scattered over the whole 
surface of the ECF-FolT2 (Figure 5, chapter 1). 

Structure-based Virtual Screening (SBVS)

Virtual Screening Compounds. The compounds used for the virtual screening were from the Express 
Collection of Princeton BioMolecular Research (http://www.princetonbio.com/, downloaded in May 
2015). Initially, the library was filtered in MONA according to the following criteria: molecular weight 
250–500 g/mol, aromatic fused tricyclic (or bigger) compounds and esters were removed24,25.

Protein Preparation. The crystal structure of ECF FolT2 in the apo state (PDB: 5D7T) was obtained 
from the protein data bank (PDB) and prepared for structure-based virtual screening3. First, the receptor 
was defined by manual selection including the following amino acid residues: F97–P118 and E140–
S142 from EcfA; L69, V70, V73 and I74 from FolT2; P132–T169 and L218–L239 from EcfT. 
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Virtual Screening. The library was screened using the KNIME Analytics Platform26 with the help of the 
suggested workflow and nodes (SeeSAR, Generate 3D Coordinates, LeadIT) from BioSolveIT27.   

Next, the 3D-coordinates were generated by the 3D generator, and the library was docked by using 
LeadIT (version 2.1.8)28. The default settings were used for docking, and ten poses of each molecule were 
generated; promiscuous and toxic compounds were filtered out using the PAINS-filter29 and Eli Lilly-
rules30,31. The resulting poses were scored with HYDE in SeeSAR (version 3.2)32 and ranked according 
to the estimated binding affinity. Poses with red flagged torsions as well as compounds giving only one 
pose were removed. From the first 1000 entries, the best 100 compounds were visually inspected in 
SeeSAR, and the ones with at least two similar poses, which belong to different clusters, were ordered 
from Princeton BioMolecular Research, Inc. for biochemical evaluation.

Characterization of compounds purchased. The compounds were purchased in 10 mg batches and 
directly dissolved in DMSO without further purification, as to obtain 100 mM solutions. Their solubility 
in the assay buffer was tested prior to performing the uptake assay as to reach 5 mM as the highest 
concentration tested in 50 mM kPi pH 7.5 with a final DMSO concentration of 5% (v/v). Most of 
the compounds precipitated under these conditions, except for compound 1, 3 and 11, which were 
subsequently used in the uptake assay. Upon increasing the DMSO concentration to a final concentration 
of 10% (v/v) in 50 mM kPi pH 7.5, compounds 2, 5 and 8 showed to be soluble as well, and were 
therefore used in an uptake assay performed under these conditions. The most active compounds were 
re-ordered in higher amount (typically 100 mg) from Princeton Biomolecular Research and analyzed by 
NMR and MS prior to IC50 determination. 

Biochemical assays 
Expression, purification and reconstitution of ECF-FolT2 in proteoliposomes, and radiolabeled 
uptake assay

The expression, purification and reconstitution of ECF-FolT2 in proteoliposomes was performed as 
described previously using buffer containing 50 mm KPi, pH 7.5, 150 mm NaCl and 0.05% (w/v) DDM 
for size-exclusion chromatography3. For determining the inhibitory effect of the compounds on the 
transport activity of ECF-FolT2, a radiolabeled uptake assay was performed as described previously. 
The proteoliposomes were loaded with 5 mm of MgATP, 5 mm of MgADP or 5 mm of MgATP plus 
5 mm or 0.25 mM compound3. The compound was also added in the external solution with the same 
concentration. Both inside the lumen of proteoliposomes and in the external solution 10% (v/v) of 
DMSO was present. 

Expression, purification and reconstitution of ECF PanT in proteoliposomes, and radiolabeled 
uptake assay

The genes encoding ECF PanT from L. delbrueckii subsp. bulgaricus (LDB_RS01805, ecfA; LDB_
RS01810, ecfA’; LDB_RS01815, ecfT; LDB_RS01970, panT) were cloned in the p2BAD vector 
in the same way as described for ECF-FolT2, and this vector was transformed into Ca2+-competent 
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cells of the E. coli strain MC10613,33,34. The expression, purification and reconstitution of ECF PanT 
in proteoliposomes was performed as described for ECF-FolT2, with the only differences being the 
concentration of L–arabinose used for induction (1.0*10-3% (v/v) of expression of ECF PanT and the 
protein to lipid reconstitution ratio (1:1000 (w/w) for ECF PanT instead of 1:250 (w/w)). The pantothenate 
uptake assay was performed as described for ECF FolT2, with 5 nm of d-[2,3-3H]pantothenic acid and 
95 nm of non-radiolabeled pantothenic acid present in the assay buffer instead of the radiolabeled and 
non-radiolabeled folate. The reaction was started by addition of 0.25 µg of ECF PanT (instead of 1 µg 
of ECF-FolT2) and uptake was followed for 8 minutes. 

Expression, purification and reconstitution of OpuA in proteoliposomes, and radiolabeled uptake 
assay

The expression, purification and reconstitution of OpuA in proteoliposomes was performed as described 
elsewhere, using a protein to lipid reconstitution ratio of 1:100 (w/w)31,35. The radiolabeled uptake assay 
was performed as described previously, hereby loading the proteoliposomes with 5 mm of MgATP 
instead of the ATP-regenerating system36. Additionally, the proteoliposomes were loaded with 5% 
(v/v) of DMSO, 5 mm of compound 1 in DMSO with a final DMSO concentration of 5% (v/v), or an 
equivalent volume of buffer. Encapsulation of the chemicals was achieved by performing five freeze-
thaw cycles, followed by two washing steps with 50 mm KPi, pH 7.0, after which the proteoliposomes 
were resuspended to a final OpuA concentration of about 80 mg/mL. For the uptake assay, the 
proteoliposomes were diluted to a final OpuA concentration of 5 mg/mL in 46.9 mm KPi, pH 7.0, 499.7 
mm KCl, 4.8 µm of [14C]-glycine betaine, 14.9 µm of non-radiolabeled glycine betaine, and the reaction 
was followed for five minutes.

IC50 determination

For determination of the apparent IC50 values of compounds 1, 2 and 20, the ECF-FolT2 proteoliposomes 
and the uptake assays were prepared and performed as described above. However, the proteoliposomes 
were loaded with concentrations of the compounds ranging from 2.0*10-2 to 7.0 mM in the presence 
of 10% (v/v) of DMSO. The compounds were also added in the external solution for compound 1 and 
20, but not for compound 2. The IC50 estimation values were fitted with Dose Response equation using 
OriginPro 8G. 

Antibacterial testing 

Compounds were prepared as DMSO stocks and minimum inhibitory concentrations (MIC) were 
determined as described elsewhere21. Bacteria were handled according to standard procedures and were 
obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ) or were part of 
our internal strain collection. In brief, bacterial cultures were diluted in Tryptic Soy Broth (TSB; 1.7% 
peptone casein, 0.3% peptone soymeal, 0.25% glucose, 0.5% NaCl, 0.25% K2HPO4; pH 7.3) or Müller-
Hinton broth (0.2% beef infusion solids, 1.75% casein hydrolysate, 0.15% starch, pH 7.4) to achieve a 
final inoculum of approximately 104 to 105 cfu/mL. Compounds were tested in serial dilution (0.06 - 128 
µM) in 96-well plates and MIC values were determined by visual inspection after 16-20 h incubation 
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at 37°C. 

Cell-based assay 

E. coli MC1061 p2BAD ECF_FoT2. From a cryo-culture, E. coli MC1061 p2BAD ECF_FoT2 cells 
were inoculated in a 50 mL sterile reaction tube containing 15 mL of LB medium and 15 µL of AMP 
(x1000) and grown at 37 °C for 16 h at 180 rpm. From the overnight culture, 10 mL were taken and 
inoculated in a 2 L flask containing 0.7 L of LB medium and 700 µL of AMP (x1000). The fresh culture 
was grown at 37 °C for 3.15 h at 180 rpm until an OD600 = 1. The expression of the ECF_FolT2 was 
induced with the addition of 0.7 mL of 10% w/v arabinose at 37 °C for 1.2 h, 180 rpm. The culture 
was subsequently centrifuged in the centrifuge universal 320 R (rotor: 1617) at 6,000 rpm for 30 min. 
The cell pellet was washed with 200 mL of PBS (50 mm, pH 7.4) + 10% glycerol, centrifuged and 
resuspended in the same buffer while adjusting the OD600 to 2. The cell solution was placed in aliquots 
of 2 mL, snap frozen in liquid nitrogen and stored a –80 °C until further use. 

E. coli MC1061. From a cryo-culture, E. coli MC1061 cells were inoculated in a 50 mL sterile reaction 
tube containing 15 mL of LB medium and grown at 37 °C for 16 h at 180 rpm. From the overnight 
culture, 10 mL were taken and inoculated into a 2 L flask containing 1 L of LB medium. The fresh 
culture was grown at 37 °C for 2.45 h, at 180 rpm until an OD600 = 0.92. The culture was subsequently 
centrifuged in the centrifuge universal 320 R (rotor: 1617) at 6,000 rpm for 30min. The cell pellet 
washed with 200 mL of PBS (50 mm, pH 7.4) + 10% glycerol, centrifuged and resuspended in the same 
buffer while adjusting the OD600 to 2. The cell solution was placed in aliquots of 1 mL, snap frozen in 
liquid nitrogen and stored a –80 °C until further use. 

The cell suspension was centrifuged at 13,000 rpm for 2 min at 4 °C, followed by washing of the pellet 
two times with PBS (50 mm, pH 7.4). The pellet was resuspended in the same buffer while adjusting the 
OD600 to 2. In 1.5 mL reaction tubes (at room temperature, RT) we mixed 125 μL of PBS (50 mm, pH 
7.4) + 4% w/v D-glucose, 87.5 μL of PBS (50 mm, pH 7.4), 3.75 μL of DMSO, 2.5 μL of compound (10 
mM in DMSO) and 30 μL of the cell suspension. The cells were energized for 10 min at RT, followed 
by the addition of 1.25 μL of hot folic acid (10 µM or 25 μM), reaching the final concentration of 50 nM 
or 125 nM, respectively. The reaction tubes were incubated at 30 °C for 10 min. Afterwards, they were 
cooled on ice for 2 min. The cell pellet was collected by centrifugation at 13,000 rpm for 2 min at 4 
°C and washed once with 500 μL and once with 250 μL of cold PBS (50 mm, pH 7.4). In a next step, 
the cells were resuspended in 200 μL of PBS (50 mm, pH 7.4) and transferred to 2 mL reaction tubes 
followed by the addition of 800 μL of liquid scintillation fluid. The reaction tubes were gently shaken 
on a Vibrax VXR basic shaker for 30 min. Relative amounts of radio-activity was determined for 1 min 
of each tube in a Wallac MicroBeta TriLux BetaCounter. The data were analyzed by using Excel 2016.

Cytotoxicity assay

Hep G2, HEK 293 and A549 cells (2x105 cells per well) were seeded in 24-well in flat-bottomed plates. 
Culturing of cells, incubations and OD measurements were performed as described previously with 
small modifications37. After seeding the cells for 24 h, the incubation was started by the addition of 
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compounds in a final DMSO concentration of 1%. The living cell mass was determined after 48 h. 
Rifampicin has been used as negative control; Doxorubicin as positive control. The medium of the 
experiment contains 10% fetal calf serum. 

Compound 20 did not influence the viability of A549 cells at 100 µM, a slight loss of viability was 
observed in HEK293 and HepG2 cells. Yet, these values were in the range of the antibiotic Rifampicin 
and less pronounced than the effect of Doxorubicin, which was more toxic at an even 20-fold lower 
concentration.

Analytical stability data

Metabolic stability

For vitro assessment of metabolic stability 10 µL of each compound (10 µM) was incubated with 
human pooled liver S9-fraction (1 mg/mL, Corning) in a master mix containing 2 mM NADP, 10 mM 
glucose-6-phosphate, 10 U/mL glucose-6-phosphate dehydrogenase, 1 mM UDPGA, 0.1 mM PAPS, 
10 mM MgCl2. After incubating for 0, 5, 15, 30, and 60 min the reaction was stopped by adding 200 
µL acetonitrile at 4 °C. For plasma stability 5 µL of each compound (40 µM) was incubated in 195 
µL human pooled plasma (Seralab) at 37°C for 0, 5, 60, and 150 min. Reactions were stopped by 
adding 800 µL acetonitrile at 4 °C. In both experiments supernatant was used for LC-MS analysis with 
diphenhydramine as internal standard. Half life time t1/2 was calculated from decreasing concentrations/
peak areas via linear fit after ln-transformation. 

LC conditions

Samples were analyzed with an Ultimate 3000 HPLC (Thermo Fisher) coupled to a TSQ Quantum 
Access Max triple quadrupole mass spectrometer (Thermo Fisher). All runs were performed on 
a Nucleodur C18 Pyramid column (3 µm, 2x150 mm, Macherey-Nagel) with a flow of 0.6 mL/min. 
Analysis for compound 20 was performed with a water (0.1% formic acid) and acetonitrile (0.1% formic 
acid) eluent system. Gradient as follows: 10% acetonitrile for 1 min, 10–90% acetonitrile over 0.7 min, 
90% acetonitrile for 1.8 min, equilibration at 10% acetonitrile for 1 min. 

MS conditions

Calibration of mass spectrometer parameters was performed individually for each compound. The final 
parameters can be found in the following table 7.

Fluctuation test

S. pneumoniae D39V38 was used for fluctuation testing of compound 20. Rifampicin was used as a 
positive control since only a single point mutation, at one of a variety of locations within the rpoB gene, 
is required to provide S. pneumoniae with a significant increase in resistance39. Mueller-Hinton agar 
(Oxoid) plates supplemented with 5% sheep blood containing either rifampicin (0.25 µg/mL and 0.5 µg/
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mL, (1x and 2x MIC)) or compound 20 (64 µg/mL and 128 µg/mL, 1x and 2x MIC)), were used for all 
fluctuation tests. Bacterial pre-cultures were grown at 37 °C in C+Y  medium as described previously40 
until OD600 0.35. Preculture containing either 1 x 108 cfu/mL and 1x109 cfu/mL of bacteria were spread 
across antibiotic-containing Mueller-Hinton Blood plates, dried, and incubated at 37 °C and 5% CO2 
for 48 h. Plates were checked and colonies counted at 24 h and at 48 h. rpoB was amplified from 
colonies growing on rifampicin and Sanger sequenced (Eurofins Genomics) to confirm the presence of 
resistance-conferring mutations. No resistant mutants were identified, even after 48 h of incubation, on 
2-fold MIC of compound 20. In contrast, on rifampicin, resistant mutants (single amino acid changes in 
rpoB) were identified within 24 h of incubation on a 2-times MIC concentration, Table 8.

Table 7.  The final parameters of mass spectrometer. 
Parameters Compound 20

Polarity negative

spray voltage 4000

vaporizer temperature 346

sheath gas pressure 60

aux gas pressure 20

capillary temperature 261

collision pressure 1.5

collision energy 23

tube lens offset 109

precursor ion 392.1

fragment ion 177.2
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Table 8.  Mutations in the rpoB gene of S. pneumoniae D39V in colonies selected during a fluctuation test on 
rifampicin (total sequenced = 15). 

rpoB mutation Frequency

S469D 1

D476V 2

D476L 1

D476Y 5

D476N 1

H486Y 2

H486N 1

R488H 1

N534Y 1
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Abstract

Mechanistic understanding of transport mediated by energy-coupling factor (ECF) transporters is limited 
because all available structures of the full complexes of four subunits are in the same conformational state. 
Other states might be energetically less favoured, which may have hampered structure determination. 
One way to overcome this obstacle is by finding appropriate ligands that stabilize an ECF transporter 
in novel conformations. In this study, we focussed on raising Nanobodies (Nbs) against the ECF 
transporter ECF-PanT from Lactobacillus delbrueckii. Nanobodies have potential  to stabilize previously 
undetected structural states of the proteins and have been extensively used as crystallization chaperones 
due to their tight binding to the target protein, which provides persistance to harsh environments such as 
detergent solution. Here, Nbs were generated by immunizing a llama with the antigen of ECF-PanT, in 
a membrane-reconstituted state. From the first round of selection, we obtained 40 unique Nbs that were 
classified into 21 families based on the sequence variation in the so-called CDR3 region, which is one 
of the variable regions in nanobodies. Up to date, we have been able to investigate nine of 40 Nbs. Using 
co-elution in gel filtration chromatography experiments, we observed the association of all nine Nbs, 
not only to ECF-PanT, but also to ECF-FolT2 or ECF-Pdx, which have identical ECF modules as ECF-
PanT but different S-components. We also characterized the inhibitory effect of the Nbs on the transport 
activity of the ECF transporters (ECF-PanT and ECF-FolT2). Three of nine Nbs were assessed further 
for their affinities of binding, revealing excellent affinity (KD in the low nanomolar range). Currently, 
not all Nbs have been extensively characterized, but one of the nanobodies (Nb 81) was successfully 
co-crystallized with ECF-PanT (see chapter 5).   
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Introduction

Energy-coupling factor (ECF) transporters constitute a group of membrane proteins included in the 
superfamily of ATP-binding cassette (ABC) transporters that couple the uptake of substrates across the  
membrane to ATP hydrolysis1–6. ECF transporters are dedicated to import of trace elements (vitamins 
and minerals) and found frequently in bacteria and archaebacteria7–11. A mechanistic understanding 
of ECF transporters is still incomplete due to a lack of structural insight into the ensemble of 
conformations adopted during the catalytic cycle. Currently there are only two conformations known 
from crystal structures. A substrate-bound state has been revealed for solitary S-components for 
vitamins3,12–16 and transition metals17 and a substrate-free state was found for full ECF complexes2,4,18–21. 
Based on the available crystal structures, and combined with molecular dynamics, biochemical and 
microbiological data, it has been proposed that S-components can adopt different orientations relative 
to the membrane, and relative to the ECF-module. Combining the available data, a working model for 
the transport postulates that a toppling motion of the S-components in the membrane can take place 
after binding the substrate2, and that conformational changes in the ECF module, instigated by binding 
and hydrolysis of ATP, are needed for the association of the S-component with and dissociation from 
the module. However, no differences were found in the conformation of ECF module in the available 
crystal structures, regardless of the presence of absence of ATP and non-hydrolyzable ATP analogues. 
Therefore, the possible role of the ECF module in the toppling and association-dissociation processes 
is still not entirely clear. 

The intermediate states of the ECF module might be energetically unstable in the detergent solution, 
which may have hampered structure determination. In this study, we tried to overcome this obstacle by 
finding appropriate ligands to stabilize the group II ECF transporter from Lactobacillus delbrueckii. 
One class of potentially powerful ligands to study previously undetected structural states of the proteins 
are nanobodies (Nbs)22–24.  

A nanobody is a small antigen-binding fragment of   ̴15 kDa that is derived from an antibody that contains 
only a heavy-chain (Figure 1). It is approximately ten times lighter than a conventional antibody25 and 
found in camelids and sharks as a variable VHH domain of their antibodies as shown in Figure 1. 
Due to their small and compact structures, Nbs are able to access cavities or clefts on the surfaces of 
proteins23. Compared to a conventional antibody, a Nb exhibits superior stability and is easily produced 
recombinantly (e.g. in Escherichia coli). Nbs have been extensively used as crystallization chaperones 
due to their resistance to additives, and extremes of pH and temperature26. 

Structurally, a nanobody consists of four framework (FR) domains which are less sequence variable 
and three highly variable loops CDR1, CDR2, and CDR3. These loops contribute to the antigen-
interacting surface, called paratope, which determines the Nb antigen-binding specificity25. The length 
and sequence of the loops affect how tightly and specifically the nanobodies bind to their antigens27.  
Here, the sequence variation in the CDR3 region was used to classify the nanobodies generated from the 
same antigen in different families that may potentially attach to a distinct epitope of the antigen.    
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Figure 1. Schematic features of conventional antibody, camelid antibody and nanobody. Nanobody is a single 
domain of variable chains found in camelids. Constant domain of the heavy chain, CH; Variable domain of 
the heavy chain, VH; N-terminal variable domain of the heavy chain-only antibody, VHH; Variable domain 
of the light chain, VL.

Here, we investigated Nbs against ECF-PanT. Using co-elution in gel filtration chromatography 
experiments, we were able to demonstrate the association of the Nbs, not only to ECF-PanT, but also to 
ECF-FolT2 or ECF-Pdx, which have identical ECF modules as ECF-PanT but different S-components. 
In addition, we tested whether binding of the Nbs inhibited the transport activity of the ECF transporters 
(ECF-PanT and ECF-FolT2). A few Nbs were assessed further for their affinities of binding, showing 
excellent affinity (KD in the low nanomolar range) for all of them. Up to date, not all Nbs have been 
extensively characterized, but one of the nanobodies (Nb 81) was successfully co-crystallized with 
ECF-PanT (Figure 2) and the structural information brought new insight on the dynamics of subunit 
interactions in ECF-PanT and ECF-FolT2.  

Results

For nanobody generation, a llama (Lama glama) was immunized with 800 µg ECF-PanT which had 
been reconstituted into liposomes consisting of a mixture of E. coli polar lipids and phosphatidylcholine 
(1:3 w/w ratio), at the protein to lipid ratio of 1:125 (w/w). An immune library was constructed after 
RNA purification and cDNA synthesis from blood lymphocytes collected from the immunized llama. 
To select the Nbs from the immune library, a phage display selection was established consisting 
of 7*109 independent Nb clones (so-called a phage display library). The selection for binders was 
performed using either solid-phase immobilized ECF-PanT proteoliposomes or proteoliposomes that 
were captured on anti-Strep-tag mAbs coated plates. 

From the solid phase selections shown in Table 1, 46 randomly selected clones were screened using 
ELISA, of which 29 were positive. In addition, from the strep-captured selections, also 46 clones were 
screened, which yielded 38 positive clones. In total, 67 clones of 92 were found to be positive in ELISA. 
The positive clones were subsequently sequenced, which revealed 40 unique Nbs that were classified 
into 21 families. A family was defined as a group of nanobodies which has high similarity of amino acids 
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in the CDR3 region. By default, we assumed that nanobodies belonging to the same family bind to the 
same target epitope26,28 because CDR3 loops with identities in length and <20% sequence variations27 

have previously been found frequently to bind the same antigen epitope26 (Table 1). How many times a 
family was identified after ELISA and sequence analysis was defined as well, and named “occurrence”. 
It gives an indication of potentially high affinity binders. We also took a few clones along that give low 
signals in the ELISA screen (Nb 80, Nb 85 and Nb 93), as it is possible that they still might be specific 
binders. 

Expression and purification of soluble Nbs

In order to purify Nbs, we used E. coli WK6 cells as host for recombinant expression. Not all expression 
plasmids were successfully transformed as described in Table 1. In total, 31 (out of 40) recombinants 
were transformed into E. coli WK6, the inserts were sequenced and the sequences were matched to the 
early databases (immune and phage display libraries) by sequencing. The immune library was generated 
when the genetic information of the nanobodies was extracted from lymphocyte cDNA. On the other 
hand, the phage display library resulted from the selection of the nanobodies against the antigen by 
phage display and confirmed by ELISA measurement, these results were also cross-checked to the 
immune library. 

Next, we used 16 clones for a first screening in an expression test. The sequences of the 16 clones 
covered all the distinctive big families (Figure 2). We cultivated the transformants in 3 mL of growth 
medium and extracted the soluble Nbs from the periplasm by osmotic shock, resulting in crude extracts. 
The crude extracts were evaluated by Western blot to check for expression of nanobodies of the expected 
size. Protein levels as detected by Western blot analysis are shown in Figure 2a. Only in one case (Nb 
60) was expression not observed in the small-scale batch culture. 
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Table 1 Phage display properties of ECF-PanT Nbs from the naïve library

Family Reference 
number Nanobodies Occurrence

Selection conditions in which the family 
is found Transform to 

E. coli WK6
Solid phase coated Anti-strep 

captured

1

CA14358 58

20 v v

fail

CA14359 59 fail

CA14360 60 v

CA14361 61 fail

CA14362 62 v

CA14363 63 v*

2

CA14370 70

12 v v

v

CA14371 71 v

CA14372 72 v

CA14373 73 v

CA14374 74 fail

CA14375 75 v

CA14376 76 v

CA14377 77 v

3

CA14388 88

6 v v

v

CA14389 89 v

CA14390 90 v

4
CA14383 83

3 v v
v

CA14384 84 v

5
CA14368 68

2 v  
v

CA14369 69 v

6 CA14367 67 1 v  v

7 CA14379 79 1 v  fail

8 CA14381 81 1 v  v

9 CA14386 86 1 v  v

10 CA14387 87 1 v  fail

11 CA14391 91 1 v  v

12 CA14396 96 1 v  v

13 CA14397 97 1 v  v

14

CA14364 64

4  v

v

CA14365 65 v

CA14366 66 v

15 CA14382 82 3  v v*

16
CA14394 94

2  v
v

CA14395 95 v

17 CA14378 78 1  v fail

18 CA14380 80 1  v v

19 CA14385 85 1  v v

20 CA14392 92 1  v v

21 CA14393 93 1  v v

v* sequences were not matched to the  phage display library
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Figure 2. A. Western blots against His-tag of different Nbs overexpressed in small amount of culture, B. 
alignment of Nbs from different families, and C. variable loops of Nb 81 with CDR1 (blue), CDR2 (green) 
and CDR3 (red). The size of the bands of the PageRuler Plus molecular weight marker (in kDa) and a 10x-his-
tagged EcfA band as a positive control shown in panel A. The grey background (panel B) on the sequences 
of Nb 81 indicate that the residues were involved in the binding interactions between ECF-PanT and Nb 81 
in the crystal structure29.
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To further assess the properties of the nanobodies, we selected nine Nbs from different families. Figure 
2b provides an overview of the sequence alignment of the nine Nbs used in this study. To do the 
characterization, we needed milligram quantities of high-purity Nbs. For most Nbs expression in 1−3 L 
of culture was required to obtain sufficient amounts. However, the expression of Nb 69 was much higher, 
and adequate amounts of pure protein could be isolated (1.3 mg) from 250 mL of culture (Table 2). In all 
cases, we extracted Nbs with the same technique of osmotic shock treatment, and subsequently purified 
them on a Ni-NTA sepharose gravity flow column. To remove the imidazole that was used for elution, 
we exchanged the buffer using a desalting column.

 Table 2. Properties of ECF-PanT Nbs from the naïve library

Nbs MWa 
(kDa) ɛ (g/L )b

Yield 
(250 mL of 

culture) 

Binding assay by co-elution Percentage 
inhibitionc

ECF-PanT ECF-FolT2 ECF-Pdx

65 13.333 12.95 ND Binding ND Binding 32 ± 6d

67 13.522 14.44 ND Binding ND Binding 27 ± 8d

69 14.754 19.94 1.3 mg Binding ND Binding 37 ± 0e

72 13.047 16.96 0.5 mg Binding ND ND 86 ± 0f

81 14.962 33.92 0.4 mg Binding Binding ND 37 ± 3f

84 13.889 18.45 ND Binding ND Binding 19 ± 9d

86 13.741 24.41 ND Binding ND Binding 94 ± 1d

89 13.958 23.95 ND Binding ND BInding 3 ± 5d

91 13.635 22.46 ND Binding ND Binding 12 ± 10d

aMolecular weight (Mw) includes His6 and EPEA tags.
a,b Theoretical Mw and extinction coefficient (ε) were calculated by the ExPAsy ProtParam Tool.
cLoading Mg2+-ATP and the Nb into the lumen of proteoliposomes was conducted by freezing-thawing cycles for three times.  
dInibition was measured to the reconstituted ECF-PanT with 5 µM of the respective Nb in the lumen of the proteoliposomes.
eInhibition was measured to the reconstituted ECF-PanT with 1 µM of the respective Nb in the lumen of the proteoliposomes.
fInhibition was measured to the reconstituted ECF-FolT2 with 5 µM of the respective Nb in the lumen of the proteoliposomes.
All binding assays were performed in duplicate and the error bars indicate the standard deviation (s.d.).
ND: not determined
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Figure 3. Assessment of Nb 65 binding to ECF-PanT by gel filtration and SDS-PAGE. A) Gel filtration 
profiles of Nb65-coeluted ECF-PanT (solid line), ECF-PanT (dotted line) and Nb 65 (thick dashed line). 
B) The SDS-PAGE analysis with fractions of co-eluted-imidazole Ecf-PanT (E1 and EN1), gel filtration 
fractions from the left peak of ECF-PanT elution (E2 and E3), gel filtration fractions from the left peak of Nb 
65-coeluted ECF-PanT (EN2 and EN3), gel filtration fractions from the right pick of Nb 65-coeluted ECF-
PanT (EN4 and EN5), gel filtration fractions from the peak of Nb 65 (N1 and N2), and the PageRuler Plus 
molecular weight marker in kDa (M).

Assessment of Nbs binding by co-elution 

We used gel filtration chromatography to monitor the binding Nbs to the ECF transporters. We evaluated 
the elution profile of ECF-PanT, Nb-bound ECF-PanT and Nb alone. To ensure all the ECF-PanT 
molecules were saturated with Nb, we added a threefold excess of the Nb which is shown by a retention 
peak eluting after the peak of Nb-bound ECF-PanT (Figure 3A). In some cases (Nbs 65, 81, 86 and 
91), we observed differences in elution volumes between ECF-complexes (ECF-PanT or ECF-Pdx) 
and Nb-bound ECF complexes (Figure 3A, 6A and 6C), which might indicate a dimerization of Nb-
bound ECF complexes. For Nb 81, dimerization is consistent with the crystal structure of Nb 81-bound 
ECF-PanT (Chapter 5). However, the shifted volume from the gel filtration profile was not confirmed 
yet for all nine nanobodies at this stage. In addition, to confirm the co-elution of Nbs with the ECF-
transporter, we conducted SDS-PAGE analysis. For each of the nine Nbs tested, a protein of 13‒15 kDa 
eluted along with ECF PanT complex, strongly indicating that binding took place in the experimental 
conditions (Figure 3‒5). This method was also used to detect whether the Nbs bound ECF-FolT2 or 
ECF-Pdx which have identical ECF modules as ECF-PanT, but different S-components (specific for 
folate and putatively pyridoxine, respectively (Figure 6)). The ability of all nine Nbs to bind these ECF 
transporters showed that the epitopes were located on the ECF module, and not on the S-component 
(Table 2). 
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Figure 4. Assessment of ECF-PanT binding without Nb (A), with Nb 65 (B), Nb 67 (C), Nb 69 (D), Nb 72 (E) 
and Nb 81 (F) by gel filtration and SDS-PAGE. The left curves are gel filtration profiles of the Nbs-coeluted 
ECF-PanT (solid line), ECF-PanT (dotted line) and the right figures are SDS-PAGE analysis with fractions of 
Nbs-coeluted Ecf-PanT. The PageRuler Plus molecular weight marker in kDa (M) is shown.
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Figure 5. Assessment of ECF-PanT binding with Nb 84 (A), Nb 86 (B), Nb 89 (C) and Nb 91 (D) by gel 
filtration and SDS-PAGE. The left curves are gel filtration profiles of the Nbs-coeluted ECF-PanT and the 
right figures are SDS-PAGE analysis with fractions of Nbs-coeluted Ecf-PanT. The PageRuler Plus molecular 
weight marker in kDa (M) is shown.
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Figure 6. Assessment of ECF-Pdx binding with Nb 65, Nb 86 and Nb 91 (A), Nb 67, Nb 84 and Nb 89 (B) and 
ECF-FolT2 binding with Nb 81 (C) by gel filtration and SDS-PAGE. The left curves are gel filtration profiles 
of the Nbs-coeluted ECF-Pdx or ECF-FolT2 and the right figures are SDS-PAGE analysis with fractions of 
Nbs-coeluted Ecf-PanT. The PageRuler Plus molecular weight marker in kDa (M) is shown.

Nbs inhibit pantothenate and folate transport 

The inhibitory effects of different Nbs were tested in uptake assays using proteoliposomes that 
contained the purified and reconstituted full complexes ECF-PanT or ECF-FolT2, and the respective 
radiolabelled substrates pantothenate and folate. To test whether the transport of pantothenate into the 
proteoliposomes was inhibited by the Nbs, we added the Nb (concentrations between 1 and 5 µM)  both 
in the lumen of proteoliposomes and in the external solution. By loading the Mg2+-ATP in the lumen of 
proteoliposomes and providing radiolabelled pantothenate on the outside, only the transport activity of 
ECF-PanT present in a right-side-out orientation (the ATPases located in the inside) was measured.  The 
ECF-PanT can adopt also opposite (inside-out) orientation30, but these molecules remained invisible 
in the transport assay.    
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To rank the inhibitory effect, we calculated the percentage of inhibition by comparing initial transport 
rates of Nb-exposed proteoliposomes and proteoliposomes without Nb, both in the presence of Mg2+-
ATP. As the negative control, we loaded Mg2+-ADP in the lumen of proteoliposomes which cannot 
support transport by ECF-PanT. The results in Table 2 and Figure 7 show that Nb 86 almost completely 
inhibited the transport to the level background (96 % of relative inhibition, Figure 7A), while the other 
Nbs caused partial on no inhibition. 

From the co-elution assay (Figure 3‒6, Table 2), we suspected that all nine Nbs would bind to the ECF 
module. To confirm that the inhibition by Nb 86 was indeed caused by binding to the ECF module, we 
first made use of an assay in which 5 µM Nb 86 was added only in the external solution instead of on 
both sides. We did not observe any inhibition of the activity of reconstituted ECF-PanT with Nb 86 
supplemented in the external solution (Figure 8B). This result shows that Nb 86 does not inhibit the 
right-side-out oriented ECF-PanT transporters by binding to the external part. 

Second, we also validated that the epitope of Nb 86 is located on the ECF module by testing folate 
transport by ECF-FolT2 with the same approach as above. We observed that the inhibition of the activity 
of ECF-FolT2 (in contrast to ECF-PanT) by Nb 86 to was not complete but only around 82 % (Figure 
8C).  Nonetheless, also in this case the nanobodies inhibited from the lumen of the proteoliposomes.

Nb 81 which was revealed to cause dimerization of the ECF-PanT molecules in the crystal structure 
(Chapter 5), did not fully inhibit the transport (only 37 %) as shown in Figure 7B. To exclude the 
possibility that the Nb was incompletely incorporated in the proteoliposome’s lumen, we repeated the 
experiment for Nb 81 with an increased number of freezing-thawing cycles (six times instead of three) 
before the extrusion through polycarbonate filters. It has previously been shown that the number of 
freeze-thaw cycles plays an important role in the completeness of the exchange of the lumenal buffer31. 
With the same approach, we compared also the inhibitory effect of the ECF-FolT2 for the folate 
transport by Nb 81. From the result in Figure 9, we observed a different level of inhibition between 
EFC-PanT and ECF-FolT2 when the lumen Nb 81 presents at concentrations of 3 and 7.7 µM. The Nb 
81 resulted around 80 % of inhibition in the uptake activity of the ECF-PanT at the both concentrations 
(Figure 9a). However, the ECF-FolT2 was inhibited more strongly, and at 7.7 uM of Nb uptake was at 
the background level (Figure 9b).
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Figure 7. Transport assay for pantothenate (A and B) and folate (C) in the presence of Nbs, in reconstituted 
proteoliposomes of ECF-PanT and ECF-FolT2, respectively. (a) The proteoliposomes were loaded with 
Mg2+-ATP (full circles), Mg2+-ATP and 5 μM lumen and external Nbs (respective shapes), and Mg2+-ADP 
(open circles). Loading Mg2+-ATP and the Nb into the lumen of proteoliposomes was conducted by freezing-
thawing cycles for three times. All experiments were performed in duplicate and the error bars indicate the 
standard deviation (s.d.).
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Figure 8. Transport assay for pantothenate (A and B) and folate (C) in the presence of Nb 86, in reconstituted 
proteoliposomes of ECF-PanT and ECF-FolT2, respectively. The proteoliposomes were loaded with Mg2+-
ATP (full circles), Mg2+-ATP and 5 μM lumen and external Nb 86 (red diamond), Mg2+-ATP and 5 μM 
external Nb 86 (blue diamond), and Mg2+-ADP (open circles). Loading Mg2+-ATP and the Nb into the 
lumen of proteoliposomes was conducted by freezing-thawing cycles for three times. All experiments were 
performed in duplicate and the error bars indicate the standard deviation (s.d.).

Figure 9. Transport assay for pantothenate (A) and folate (B) in the present of Nb 81, in reconstituted 
proteoliposomes of ECF-PanT and ECF-FolT2, respectively. The proteoliposomes were loaded with Mg2+-
ATP (full circles), Mg2+-ATP and 3 μM  Nb 81 (full squares), Mg2+-ATP and 7.7 μM Nb 81 (full triangles), and 
Mg2+-ADP (open circles). Loading Mg2+-ATP and the Nb into the lumen of proteoliposomes was conducted 
by freezing-thawing cycles for six times. All experiments were performed in duplicate and the error bars 
indicate the standard deviation (s.d.). 

Affinity analysis

As we wanted to further test the properties of three Nbs (69, 81 and 86) selected from the previous 
characterization, we measured the affinities by ITC. The ITC assay of the Nbs against the ECF-PanT 
was not possible because we could not purify sufficient amounts of ECF-PanT to reach the required 
concentration. Therefore, the binding affinity of Nbs for the ECF transporters was determined by 
making use of ECF-Pdx which could be produced in higher amounts (yield of   ̴1 mg/mL of pure protein 
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from 1 L of culture). The binding affinities are presented in Table 3.  The three Nbs showed equilibrium 
dissociation constants (KD) in the low nanomolar range which provides a great possibility for further 
application in studies of the ECF transporter mechanism. To test whether the two Nbs (69 and 86) are 
able to bind the ECF module simultaneously, we performed the ITC assay by titrating purified Nb 69 to 
Nb 86-bound ECF-Pdx. To do this experiment, we prepared the Nb 86-bound ECF-Pdx complex from 
co-elution of Nb 86 and ECF-Pdx in the gel filtration column, resulting in a fraction of purified complex 
Nb 86-bound ECF-Pdx. The ITC data (Table 3) still indicated a low nano molar affinity binding between 
Nb 69 and the complex,   ̴6 nM  with approximately one binding site. Due to a very similar molecular 
weight of the two Nbs, we were not able to confirm this result by SDS-PAGE analysis after co-elution 
in the gel filtration.  

Table 3 Nb Affinities by ITC binding assays with ECF-Pdx

Ligand Sample cell KD (nM) Binding site (number)

Nb 69 ECF-Pdx 1.3 ± 0.3 a 0.9 ± 0.05

Nb 81 ECF-Pdx 1 ± 0.0 a 0.7 ± 0.14

Nb 86 ECF-Pdx 5.5 b 0.6

Nb 69 Nb86-bound ECF-Pdx 6.0 ± 1.1 a 0.9 ± 0.03
aBinding assays were performed in duplicate and the error bars indicate the standard deviation (s.d.).
bBinding assay was performed in singlet.

Discussion

For Nb selection, we reconstituted the antigen (ECF-PanT) into a lipid environment to maintain a native 
conformation of the ECF transporters. As we show in chapter 5, indeed Nb 81 did not induce an artificial 
conformation ECF-PanT. The ratio of protein to lipids in the reconstitution was 1:125 (w/w), aimed to 
provide liposomes containing complexes in both orientations, right-side-out and inside-out. By this 
approach, we expected to have varied epitopes exposed for llama Nbs binding following immunization. 

The ECF-PanT Nbs library has a high diversity based on the sequencing results of the randomly picked 
clones. We classified the NBs in 21 distinct families based on the sequence of the CDR3 regions. 
We analyzed the ECF-PanT epitopes of the highly divers naïve Nb library using size exclusion 
chromatography by co-eluting the Nbs with distinct ECF complexes, however containing the identical 
ECF module. All nine tested Nbs from diverse families, bound not only to ECF-PanT, but also to ECF-
FolT2 or ECF-Pdx showing that the epitopes were located on the common ECF module. One of them, 
Nb81, was extensively characterized, and a crystal structure has been solved in complex with ECF-PanT, 
tightly binding the ECF-PanT on the ECF module epitope (chapter 5). In fact, because the ATPases of 
the ECF module protrude away from the membrane, it gave a higher chance for the Nbs to attach to this 
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surface when reconstituted ECF-PanT was immunized to the llama. 

We show here that binding Nbs to the ECF module affects transport by ECF-PanT to different extents. 
It is important to validate further whether the amount of encapsulated Nbs was sufficient to bind the 
all ECF modules oriented with the ATPase subunits in the lumen of proteoliposomes. In case of Nb 81 
it was confirmed that by increasing the number of freezing-thawing cycles to six instead of three, the 
extent of transport inhibition was increased. It suggests that more Nb was entrapped in the lumen. 

Not only the freezing-thawing factor, but also the ratio between protein and lipids of the reconstitution 
seems affect the level of inhibition. Unfortunately, we did not yet show this conclusively by comparing 
the ratio for the same complex. Here, we speculate that Nb81 inhibited more ECF-FolT2 reconstituted 
in a ratio of protein:lipids 1:250 (w/w) than ECF-PanT reconstituted with 1:500 ratio(w/w) (Figure 
4). Here, we observed that at the concentration 7.7 µM, Nb was not sufficiently present in the lumen 
of proteoliposomes to inhibit all reconstituted ECF-PanT in a ratio 1:500 (w/w). From the above 
explanation, we need further validation to see the inhibitory effect of the Nbs toward the transport 
activity of ECF-PanT and ECF-FolT2. 

Methods

Expression and purification of Antigen ECF-PanT

We used reconstituted ECF-PanT for the immunization of llama, prepared by the following expression 
and purification methods. 

To express the ECF-PanT, the genes encoding ECF-PanT were cloned in a p2BAD vector and 
transformed into E. coli strain MC1061 for the expression. Those genes were initially engineered with 
an N-terminal His8 tag on the ecfA, TEV protease cleavage site and C-terminal Strep tag on the panT. 
To overexpress the ECF-PanT, a batch fermentation was performed in 2 L of LB Miller Broth with 0.1 
mg/mL ampicillin in a 5 L flask, at 37 oC and continuous shaking at 200 rpm. After the stationary phase 
at OD600 around 0.8, the vector was induced with 0.1 mg/mL of L-arabinose and the temperature was 
switched to 25 oC for three hours. Then, cells were harvested subsequently by centrifugation for 15 min 
at 6268 x g, 4 oC to pool the cell pellet. We extracted membrane vesicles by lysing the pellet using high-
pressure disruption (Constant Cell Disruption System Ltd, UK, two passage at 25 kPsi). 1 mM MgSO4 
and around 50–100 µg/mL of DNAase were added to the cells before disruption. To remove unbroken 
cell debris, we centrifuged the disrupted pellet for 30 min at 12074 x g, 4 oC. The membrane vesicles 
were pooled after the following ultracentrifugation (120 min, 1937272 x g, 4 oC) and suspended in 50 
mM kPi pH 7.5. To extend the shelf life, we stored the membrane vesicles at -80 oC after flash freezing 
in liquid nitrogen. 
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To purify ECF-PanT, the membrane vesicles were solubilized in 1 % (w/v) of n-dodecyl-β-D-
maltopyranoside (DDM, Anatrace) solution containing 300 mM NaCl and 50 mM kPi pH 7.5. The 
solubilization took place for an hour at 4 oC. To remove non-solubilized protein, centrifugation was 
conducted for 30 mins, 286286 x g, 4 oC. The next purification step was mixing the protein with nickel-
Sepharose resin. Before that, we equilibrated the resin with an equilibration buffer containing 50 mM 
kPi pH 7.5, 150 mM NaCl, 50 mM imidazole pH 7.5 and 0.05 % (w/v) DDM. The incubation with the 
nickel resin took place for 45 minutes with gentle rocking at 4 oC. The ECF-PanT was eluted from the 
Ni-Sepharose column using an elution buffer containing 500 mM imidazole pH 7.5 combined with 50 
mM KPi pH 7.5, 150 mM NaCl, and 0.05 % (w/v) DDM. The fraction containing pooled ECF-PanT 
was subsequently purified with the size-exclusion chromatography using a Superdex 200 10/300 gel 
filtration column (GE Healthcare) with a buffer containing 50 mM KPi pH 7.5, 150 mM NaCl and 
0.05 % (w/v) DDM. The purified fractions after size-exclusion chromatography were used directly for 
reconstitution. The purified ECF-PanT was reconstituted in E. coli polar lipids-phosphatidylcholines 
(1:3 w/w ratio) mixture, with the protein to lipids ratio 1:125 (w/w), using established methods31. 

Nbs Generation

After immunization of one llama with 800 µg of reconstituted ECF-PanT, a purification of total RNA 
and a synthesis of cDNA were conducted from peripheral blood lymphocytes. From the cDNA, Nbs 
encoding open reading frames were amplified by PCR and cloned into a pMESy4 vector after a pelB 
pre-signal (MKYLLPTAAAGLLLLAAQPAMA). The signal directs Nbs to the periplasmic space when 
they were expressed as previously described26. These constructs were also modified by introducing a 
C-terminal His8 and EPEA tags via PCR. These constructs subsequently transformed to E. coli TG1 to 
performed phage display selections.

The Nbs selection was performed by two approaches of phage display, solid phase and strep-captured 
selections. By the solid phase approach, we used ECF-PanT as a solid phase coated in a coating buffer 
(NaHCO3 pH 8.2), then the selections were done in PBS buffer. However, in the strep-captured selection, 
the ECF-PanT was trapped via anti-strep mAb in 50mM KPi pH 7.5, and selections were done in 50 
mM KPi pH 7.5. After the selections, the gained clones were screened further using the two similar 
approaches and only positive clones were sequence analyzed. 

Expression analysis 

The expression test was conducted from small volume (3 mL) cell culture in the same media and 
condition as explained below. However, to detect the Nb present from low volume of culture, we 
used a periplasmic or crude extract instead of a purified fraction. To confirm the expression quality 
of the Nbs Western blot against His-tag was used. Prior Western blot, the proteins were separated by 
electrophoresis on 12 % polyacrylamide gels. Subsequently, the separated proteins were transferred 
into polyvinylidene (PVDF) membrane in Trans-Blot® SD Semi-Dry Transfer System (Bio-Rad). The 
proteins were detected by primary antibodies against 4xHis-tag (Qiagen) and secondary antibodies anti-
mouse (Qiagen). To visualize the proteins on PVDF membrane, we used chemiluminescence with the 
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Western light kit (Tropix, Inc) in the LAS-3000 imaging system (Fujifilm). 

Nbs expression and purification

The Nbs were expressed in the cells of E. coli strain WK6 (su-) instead of TG1 as described previously26. 
Briefly, 1-L cultures in Terrific Broth were grown to an OD600 of 1.0–1.2 at 37 oC and induced with 
1 mM isopropyl-b-D-thiogalactoside (IPTG). After induction, cells were growth at 25 oC for 4 hours, 
and harvested by centrifugation for 15 min at 6268 x g, 4 oC. The Nbs were extracted from periplasmic 
space by osmotic shock using TES (Tris EDTA Sucrose) buffer. From the periplasmic extract, the 
Nbs were purified further using Ni-Sepharose column. Non-specific proteins were washed away using 
subsequently 10 mL of 1 M NaCl in the NaPi pH 6 and 30 mL of 1 M NaCl in the NaPi pH 7 buffers. To 
elute the Nbs from the Ni-Sepharose column, an elution buffer containing 300 mM imidazole, 50 mM 
KPi pH 7.5 and 150 mM NaCl was used, and after that  the imidazole was removed without delay from 
the Nb fraction by using desalting column (GE Healthcare).

Co-Elution of ECF complexes and Nbs 

The purified Nb from the previous step was co-eluted with Ni-Sepharose fraction of ECF-PanT with a 
buffer containing 50 mM Tris HCl pH 7.5, 150 mM NaCl and 0.05 % (w/v) DDM, by the size-exclusion 
chromatography on a gel filtration column (Superdex 200 10/300, GE Healthcare) as described above. 
The Nb presence in the purified complex fraction was confirmed by SDS-PAGE analysis (around 20 μL 
of purified fractions). We used 15 % polyacrylamide gels to separate protein domains from the purified 
fraction. 

Reconstitution of ECF-PanT or ECF-FolT2 into proteoliposomes, and radiolabeled uptake assay

The reconstitution of purified ECF-PanT or ECF-FolT2 in proteoliposomes was performed as described 
above. We reconstituted 5 µg of purified ECF-PanT with 2.5 mg of E. coli lipids into proteoliposomes 
(ratio 1:500, w/w) in 250 µL of 50 mM KPi pH 7.5. Into each 5 µg of the ECF-PanT, we added an 
excess of single Nb (final concentration 5 µM) together with Mg2+-ATP at final concentration 10 
mM, followed by three consecutive cycles of flash-freezing in liquid nitrogen and thawing at room 
temperature , followed by washing step with 50 mM KPi, pH 7.5.  In the external assay buffer, 5 nM of 
D-[2,3-3H] pantothenic sodium salt (American Radiolabeled Chemicals) and 95 nM of non-radiolabeled 
pantothenic acid were added for ECF-PanT uptake assay and 5 nM of [3,5,7,9-3H] folic sodium salt 
(American Radiolabeled Chemicals) and 95 nM of non-radiolabeled folic acid were added for ECF-
FolT2 uptake assay respectively. On the other hand, for the reconstitution of ECF FolT2, we used lipids 
in ratio 1:250 (w/w) instead of 1:500 (w/w). Our data showed that the ratio 1:500 was not sufficient to 
accumulate folate in the lumen of proteoliposomes when the duration of uptake assay took place for less 
than five minutes. 
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Binding Assay by Isothermal Titration Calorimetry (ITC)

The nanobody-binding assay was performed by titration of 79−100 μM purified Nbs with the 6−12 μM 
purified ECF-Pdx. The purification steps for the nanobody and ECF-Pdx were performed as described 
above. Both proteins were diluted in the gel filtration buffer containing 50 mM KPi pH 7.5, 150 mM 
NaCl and 0.05 % (w/v) DDM.   The titration of nanobody was done in 2 μL step additions to the 300 
μL of ECF-Pdx in the cell of nanoITC (TA Instruments) at 25 oC. The data obtained were analyzed with 
NanoAnalyze software (TA).

References

(1)  Henderson, G. B.; Zevely, E. M.; Huennekens, F. M. Coupling of Energy to Folate Transport 
in Lactobacillus Casei. J. Bacteriol. 1979, 139 (2), 552–559.

(2)  Swier, L. J. Y. M.; Guskov, A.; Slotboom, D. J. Structural Insight in the Toppling Mechanism 
of an Energy-Coupling Factor Transporter. Nat. Commun. 2016, 7, 1–11. https://doi.
org/10.1038/ncomms11072.

(3)  Erkens, G. B.; Berntsson, R. P. A.; Fulyani, F.; Majsnerowska, M.; Vujiĉić-Žagar, A.; Ter 
Beek, J.; Poolman, B.; Slotboom, D. J. The Structural Basis of Modularity in ECF-Type 
ABC Transporters. Nat. Struct. Mol. Biol. 2011, 18 (7), 755–760. https://doi.org/10.1038/
nsmb.2073.

(4)  Xu, K.; Zhang, M.; Zhao, Q.; Yu, F.; Guo, H.; Wang, C.; He, F.; Ding, J.; Zhang, P. Crystal 
Structure of a Folate Energy-Coupling Factor Transporter from Lactobacillus Brevis. Nature 
2013, 497 (7448), 268–271. https://doi.org/10.1038/nature12046.

(5)  Karpowich, N. K.; Wang, D. Assembly and Mechanism of a Group II ECF Transporter. Proc. 
Natl. Acad. Sci. U. S. A. 2013, 110 (7), 2534–2539. https://doi.org/10.1073/pnas.1217361110.

(6)  Jones, P. M.; George, A. M. The ABC Transporter Structure and Mechanism: Perspectives 
on Recent Research. Cell. Mol. Life Sci. 2004, 61 (6), 682–699. https://doi.org/10.1007/
s00018-003-3336-9.

(7)  Rodionov, D. A.; Hebbeln, P.; Eudes, A.; Ter Beek, J.; Rodionova, I. A.; Erkens, G. B.; 
Slotboom, D. J.; Gelfand, M. S.; Osterman, A. L.; Hanson, A. D.; Eitinger, T. A Novel Class 
of Modular Transporters for Vitamins in Prokaryotes. J. Bacteriol. 2009, 91 (1), 42–51. https://
doi.org/10.1128/JB.01208-08.

(8)  Rodionov, D. A.; Hebbeln, P.; Gelfand, M. S.; Eitinger, T. Comparative and Functional 
Genomic Analysis of Prokaryotic Nickel and Cobalt Uptake Transporters: Evidence for a 
Novel Group of ATP-Binding Cassette Transporters. J. Bacteriol. 2006, 188 (1), 317–327. 
https://doi.org/10.1128/JB.188.1.317-327.2006.

(9)  Eitinger, T.; Rodionov, D. A.; Grote, M.; Schneider, E. Canonical and ECF-Type ATP-Binding 
Cassette Importers in Prokaryotes: Diversity in Modular Organization and Cellular Functions. 
FEMS Microbiol. Rev. 2011, 35 (1), 3–67. https://doi.org/10.1111/j.1574-6976.2010.00230.x.

(10)  Slotboom, D. J. Structural and Mechanistic Insights into Prokaryotic Energy-Coupling Factor 
Transporters. Nat. Rev. Microbiol. 2014, 12 (2), 79–87. https://doi.org/10.1038/nrmicro3175.



108

(11)  Rempel, S.; Stanek, W. K.; Slotboom, D. J. ECF-Type ATP-Binding Cassette 
Transporters. Annu. Rev. Biochem. 2019, 88, 551–576. https://doi.org/10.1146/
annurev-biochem-013118-111705.

(12)  Zhang, P.; Wang, J.; Shi, Y. Structure and Mechanism of the S Component of a Bacterial ECF 
Transporter. Nature 2010, 468 (7324), 717–720. https://doi.org/10.1038/nature09488.

(13)  Song, J.; Ji, C.; Zhang, J. Z. H. Unveiling the Gating Mechanism of Ecf Transporter Ribu. Sci. 
Rep. 2013, 3, 1–7. https://doi.org/10.1038/srep03566.

(14)  Finkenwirth, F.; Kirsch, F.; Eitinger, T. Solitary Bio Y Proteins Mediate Biotin Transport 
into Recombinant Escherichia Coli. J. Bacteriol. 2013, 195 (18), 4105–4111. https://doi.
org/10.1128/JB.00350-13.

(15)  Zhao, Q.; Wang, C.; Wang, C.; Guo, H.; Bao, Z.; Zhang, M.; Zhang, P. Structures of FolT in 
Substrate-Bound and Substrate-Released Conformations Reveal a Gating Mechanism for ECF 
Transporters. Nat. Commun. 2015, 6 (May), 1–7. https://doi.org/10.1038/ncomms8661.

(16)  Rempel, S.; Colucci, E.; de Gier, J. W.; Guskov, A.; Slotboom, D. J. Cysteine-Mediated 
Decyanation of Vitamin B12 by the Predicted Membrane Transporter BtuM. Nat. Commun. 
2018, 9 (1), 1–8. https://doi.org/10.1038/s41467-018-05441-9.

(17)  Yu, Y.; Zhou, M.; Kirsch, F.; Xu, C.; Zhang, L.; Wang, Y.; Jiang, Z.; Wang, N.; Li, J.; Eitinger, 
T.; Yang, M. Planar Substrate-Binding Site Dictates the Specificity of ECF-Type Nickel/Cobalt 
Transporters. Cell Res. 2014, 24 (3), 267–277. https://doi.org/10.1038/cr.2013.172.

(18)  Wang, T.; Fu, G.; Pan, X.; Wu, J.; Gong, X.; Wang, J.; Shi, Y. Structure of a Bacterial Energy-
Coupling Factor Transporter. Nature 2013, 497 (7448), 272–276. https://doi.org/10.1038/
nature12045.

(19)  Zhang, M.; Bao, Z.; Zhao, Q.; Guo, H.; Xu, K.; Wang, C.; Zhang, P. Structure of a 
Pantothenate Transporter and Implications for ECF Module Sharing and Energy Coupling of 
Group II ECF Transporters. Proc. Natl. Acad. Sci. 2014, 111 (52), 18560–18565. https://doi.
org/10.1073/pnas.1412246112.

(20)  Bao, Z.; Qi, X.; Hong, S.; Xu, K.; He, F.; Zhang, M.; Chen, J.; Chao, D.; Zhao, W.; Li, D.; 
Wang, J.; Zhang, P. Structure and Mechanism of a Group-I Cobalt Energy Coupling Factor 
Transporter. Cell Res. 2017, 27 (5), 675–687. https://doi.org/10.1038/cr.2017.38.

(21)  Santos, J. A.; Rempel, S.; Mous, S. T.; Pereira, C. T.; ter Beek, J.; de Gier, J.-W.; Guskov, A.; 
Slotboom, D. J. Functional and Structural Characterization of an ECF-Type ABC Transporter 
for Vitamin B12. Elife 2018, 7, 1–16. https://doi.org/10.7554/eLife.35828.

(22)  Domanska, K.; Vanderhaegen, S.; Srinivasan, V.; Pardon, E.; Dupeux, F.; Marquez, J. A.; 
Giorgetti, S.; Stoppini, M.; Wyns, L.; Bellotti, V.; Steyaert, J. Atomic Structure of a Nanobody-
Trapped Domain-Swapped Dimer of an Amyloidogenic Β2-Microglobulin Variant. Proc. Natl. 
Acad. Sci. U. S. A. 2011, 108 (4), 1314–1319. https://doi.org/10.1073/pnas.1008560108.

(23)  Manglik, A.; Kobilka, B. K.; Steyaert, J. Nanobodies to Study G Protein-Coupled Receptor 
Structure and Function. Annu. Rev. Pharmacol. Toxicol. 2017, 57, 19–37. https://doi.
org/10.1146/annurev-pharmtox-010716-104710.

(24)  Ruprecht, J. J.; King, M. S.; Zögg, T.; Aleksandrova, A. A.; Pardon, E.; Crichton, P. G.; 
Steyaert, J.; Kunji, E. R. S. The Molecular Mechanism of Transport by the Mitochondrial 
ADP/ATP Carrier. Cell 2019, 176 (3), 435-447.e15. https://doi.org/10.1016/j.cell.2018.11.025.

(25)  Muyldermans, S. Nanobodies: Natural Single-Domain Antibodies. Annu. Rev. Biochem. 2013, 



109

82, 775–797. https://doi.org/10.1146/annurev-biochem-063011-092449.

(26)  Pardon, E.; Laeremans, T.; Triest, S.; Rasmussen, S. G. F.; Wohlkönig, A.; Ruf, A.; 
Muyldermans, S.; Hol, W. G. J.; Kobilka, B. K.; Steyaert, J. A General Protocol for the 
Generation of Nanobodies for Structural Biology. Nat. Protoc. 2014, 9 (3), 674–693. https://
doi.org/10.1038/nprot.2014.039.

(27)  Mitchell, L. S.; Colwell, L. J. Comparative Analysis of Nanobody Sequence and Structure 
Data. Proteins Struct. Funct. Bioinforma. 2018, 86 (7), 697–706. https:// doi.org/10.1002/
prot.25497.

(28)  De Genst, E.; Silence, K.; Decanniere, K.; Conrath, K.; Loris, R.; Kinne, J.; Muyldermans, 
S.; Wyns, L. Molecular Basis for the Preferential Cleft Recognition by Dromedary Heavy-
Chain Antibodies. Proc. Natl. Acad. Sci. U. S. A. 2006, 103 (12), 4586–4591. https://doi.
org/10.1073/pnas.0505379103.

(29)  Setyawati, I.; Stanek, W. K.; Majsnerowska, M.; Swier, L. J. Y. M.; Pardon, E.; Steyaert, 
J.; Guskov, A.; Slotboom, D. J. In Vitro Reconstitution of Dynamically Interacting Integral 
Membrane Subunits of Energy-Coupling Factor Transporters. Elife 2020, 1–21. https://doi.
org/10.7554/eLife.64389.

(30)  Weronika Stanek. Insight into the Transport Mechanism of Energy-Coupling Factor 
Transporters, University of Groningen, 2018.

(31)  Geertsma, E. R.; Nik Mahmood, N. A. B. B.; Schuurman-Wolters, G. K.; Poolman, B. 
Membrane Reconstitution of ABC Transporters and Assays of Translocator Function. Nat. 
Protoc. 2008, 3 (2), 256–266. https://doi.org/10.1038/nprot.2007.519.





111

CHAPTER 5

In vitro reconstitution of dynamically interacting integral 
membrane subunits of Energy-Coupling Factor transporters

Inda Setyawati*1,2, Weronika K. Stanek*1, Maria Majsnerowska*1 , Lotteke J.Y.M. Swier1, Els 
Pardon3,4, Jan Steyaert3,4, Abert Guskov1, Dirk J. Slotboom1

*share equal contributions
1Groningen Biomolecular Sciences and Biotechnology Institute, University of Groningen, Netherlands; 
2Biochemistry Department, IPB University, Indonesia; 
3Structural Biology Brussels, Vrije Universiteit Brussel, VUB, Belgium; 
4VIB-VUB Center for Structural Biology, VIB, Belgium; 

eLife 2020; 9: e64389; DOI: 10.7554/eLife.64389

Experimental contributions: Inda Setyawati conducted structural investigation and nanobody 
characterization, Weronika K. Stanek, Maria Majsnerowska and Lotteke J.Y.M. Swier  performed 
kynetics investigation, Els Pardon and team conducted immunization and nanobody generation.

This chapter was also included in the thesis of Weronika K. Stanek

Abstract

Energy-coupling factor (ECF) transporters mediate import of micronutrients in prokaryotes. They consist 
of an integral membrane S-component (that binds substrate) and ECF module (that powers transport by 
ATP hydrolysis). It has been proposed that different S-components compete for docking onto the same 
ECF module, but a minimal liposome-reconstituted system, required to substantiate this idea, is lacking. 
Here, we co-reconstituted ECF transporters for folate (ECF-FolT2) and pantothenate (ECF-PanT) into 
proteoliposomes, and assayed for crosstalk during active transport. The kinetics of transport showed that 
exchange of S-components is part of the transport mechanism. Competition experiments suggest much 
slower substrate association with FolT2 than with PanT. Comparison of a crystal structure of ECF-
PanT with previously determined structures of ECF-FolT2 revealed larger conformational changes upon 
binding of folate than pantothenate, which could explain the kinetic differences. Our work shows that 
a minimal in vitro system with two reconstituted transporters recapitulates intricate kinetics behaviour 
observed in vivo.
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Introduction

ATP-binding cassette (ABC) transporters are membrane protein complexes that mediate translocation 
of molecules across the bilayer fuelled by ATP hydrolysis. All ABC transporters contain two ATPase 
domains or subunits (also called Nucleotide Binding Domains, NBDs) that share highly conserved 
motifs, and two transmembrane subunits or domains (TMDs) (for reviews see references1,2). In 
prokaryotes three major classes of ABC transporters involved in import have been distinguished based 
on the fold of the transmembrane domains. In two of these classes (named Type I and Type II ABC 
transporters)3, extracellular or periplasmic proteins are required for substrate binding and delivery to the 
transporter, called Substrate Binding Proteins or Domains (SBP or SBDs).

The third class (Type III ABC transporters) consists of Energy Coupling Factor (ECF) transporters.  
Like all ABC transporters, ECF transporters contain two cytosolic ATPases (often a heterodimer of 
EcfA and EcfA’) and two transmembrane domains4, the latter with unique architecture. In ECF type 
ABC transporters, the two membrane subunits are not related in structure, and only one transmembrane 
protein (EcfT) interacts with the NBDs via two long coupling helices5–8. The single membrane subunit 
EcfT and the two ATPases together form the so-called energy-coupling factor or ECF module. In contrast, 
in Type I and Type II ABC transporters, the membrane subunits are homologous or identical and both 
contain a coupling helix to transmit conformational changes from the NBDs to the transmembrane part 
of transporter9–11. 

Substrate binding in ECF transporters is mediated by the second integral membrane subunit, termed 
S-component. Despite their highly diverse amino acid sequences, all structurally-characterized 
S-components have a fold of six α-helices5,12,13. It has been proposed that the association with and 
dissociation from the ECF module are steps of the transport mechanism4,14,15. In the solitary state, the 
α-helices of  S-components adopt a classical transmembrane orientation (approximately perpendicular to 
the membrane plane)5,16, and the proteins invariably exhibit high affinity  for their specific substrates, with 
low- to subnanomolar KD values5,8,12,15,17,18. The high affinity allows them to scavenge scarce substrates 
form the environment. Association with the ECF complex has two consequences: First, the S-component 
topples over in the membrane, thereby moving the bound substrate across the membrane in an elevator-
type mechanism, with some of the α-helical segments eventually orienting themselves parallel to the 
membrane plane6–8. Second, the substrate-binding site is disrupted leading to facilitated release into 
the cytosol15,18. While in ‘group I’ ECF transporters the ECF module is dedicated for interaction with a 
single S-component, in group II ECF transporters, the same ECF module can associate with different 
S-components, and hence be used to assist the transport of different substrates4. Organisms using group 
II ECF transporters produce the S-components according to the need for a particular substrate, which 
forces them to compete for the limiting amount of ECF modules for transport4,19,20.

The unusual transport mechanism of group II transporters with a shared ECF module was hypothesized 
first by Henderson et al.14, who showed that transport of one vitamin in cells of Lactocbacillus casei 
is inhibited by other vitamins with complex inhibition kinetics. More recently, investigations in a 
heterologous expression system revealed that indeed different S-components can compete for a shared 
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ECF module in a substrate-concentration dependent manner20. In detergent solution, biochemical and 
structural studies have provided insight in the shared use of the ECF module and revealed a common 
interaction surface of different S-components18,21,22. The available data indicate that association and 
dissociation of S-components take place as a part of transport cycle, but a minimal experimental in 
vitro system with multiple ECF transporters reconstituted in liposomes, is necessary to substantiate the 
observations. 

Here, we used two purified group II ECF transporters from L. delbrueckii (the folate transporter 
ECF-FolT2 and the pantothenate transporter ECF-PanT), which we reconstituted in liposomes to test 
whether competition between S-components is intrinsic to the proteins, or that it might be dependent 
on unidentified interaction partners present in the cellular environment. We chose to perform these 
studies on purified proteins in proteoliposomes instead of detergent solution because the detergent 
micelle could affect S-component dissociation and association23. We also decided not to use membrane 
mimicking systems such as lipid nanodiscs for the experiments, because they suffer from a limited 
size of the bilayer, which prevents reconstitution of multiple proteins, and may affect their association 
dynamics24. Furthermore, lack of compartmentalization in detergent or nanodiscs environment makes 
it impossible to assay vectorial transport.  Using the proteoliposomes system we show that the subunit 
composition of ECF transporters is dynamic, with the S-components FolT2 and PanT associating 
with, and dissociating from the same ECF module. Moreover, while these integral membrane proteins 
compete for the same interaction site on the ECF module, the kinetics of competition differs for the 
two substrates. We conclude that dissociation of the S-component from ECF transporter complex and 
subsequent association of the same or different S-component is a part of transport cycle. Because of 
the recurring association and dissociation of S-components, ECF transporters are a potential model for 
studying more general properties of membrane protein interactions in the lipid bilayers.

Results

The Gram-positive bacterium Lactobacillus delbrueckii contains eight different S-components that make 
use of the same ECF module4,15,25. To study the association with and dissociation from the ECF module 
we selected two S-components, namely FolT2, which is specific for folate and PanT, which is predicted 
to bind pantothenate. We overproduced and purified the complete complexes ECF-FolT2 and ECF-
PanT each containing four subunits. In addition, we were able to purify large amounts of the solitary 
S-component FolT2 (in the absence of the ECF module) in a stable state15. Solitary PanT was marginally 
stable in detergent solution in all tested conditions, and only small quantities of purified protein could 
be produced. Therefore, we designed our experiments in such a way that PanT was always purified in 
complex with the ECF module, but was allowed to dissociate from ECF module once reconstituted in 
the liposomes (see below). Only for a few crucial control experiments we used purified, solitary PanT.
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PanT and FolT2 form a functional transport complex with the same ECF module

The purified ECF transporter complexes ECF-FolT2 and ECF-PanT were both active when reconstituted 
into proteoliposomes (Figure 1), and mediated ATP-dependent uptake of folate and pantothenate, 
respectively. The accumulation of radiolabelled substrate in the proteoliposomes’ lumen was strictly 
dependent on the presence of lumenal Mg2+-ATP (Figure 1). Transport of folate and pantothenate was 
possible only in the presence of a dedicated S-component. We could not detect transport of pantothenate 
by ECF-FolT2 or folate transport by ECF-PanT (Figure 1), confirming that the substrate specificity of 
the ECF transporters is determined entirely by the specific S-components (Figure 1).

Figure 1. Transport of [3H]pantothenate and [3H]folate into proteoliposomes. A) Yellow and white circles: 
Pantothenate uptake by ECF-PanT into proteoliposomes containing 10 mM Mg2+-ATP or Mg2+-ADP in the 
lumen, respectively; Yellow squares: Pantothenate uptake by ECF-FolT2 into proteoliposomes containing 10 
mM Mg-ATP in the lumen. B) Green and white squares: Folate uptake by ECF-FolT2 into proteoliposomes 
containing 10 mM Mg2+-ATP or Mg2+-ADP in the lumen, respectively; Green circles: Folate uptake by ECF-
PanT into proteoliposomes containing 10 mM Mg2+-ATP in the lumen. Error bars indicate standard deviation 
of triplicate measurements. The insets show schematic representations of the reconstituted systems used. 
FolT2 and PanT are coloured in green and yellow, respectively. The shared ECF module is shown in grey. The 
membrane boundaries are indicated by the two black lines. In Figures 3–5 we use similar cartoons, and yellow 
and green symbols indicating pantotenate and folate uptake, respectively, with circles and squares indicating 
that the uptake was mediated by ECF-PanT and ECF-FolT2, respectively.

We determined the apparent Km for substrate transport by measuring initial rates of uptake of the vitamin 
substrate into proteoliposomes, at a fixed ATP concentration. The apparent Km values for pantothenate 
and folate transport were in the nanomolar range (Figure 2A and B), consistent with the notion that ECF 
transporters are high-affinity scavengers of micronutrients4,8,26,27. The dependence of the transport rates 
on the vitamin concentrations were hyperbolic, both for pantothenate and folate transport, indicating 
that there was no cooperativity, consistent with a single binding site in the S-component5,13,15,36. We 
also determined the dependence of the transport rates on the concentration of ATP, and found Km 

values in the mM range (Figure 2C and D), in line with Km values reported for other ABC transporters. 
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The dependence of the transport rates on the ATP concentration was sigmoidal, showing that there is 
cooperativity between the ATP binding sites. It is noteworthy that previous assays for ATPase activity 
instead of transport activity revealed hyperbolic relations between the ATP concentration and the 
hydrolysis rate23. This observation underlines that care needs to be taken when using ATPase assays to 
obtain insight in the transport mechanism.  While Km values and Hill coefficients were very similar for 
folate and pantothenate transport, the apparent maximal rates of transport differed somewhat for the two 
substrates, which may suggest intrinsic differences between transport mediated by FolT2 and PanT,  but 
it must be noted that unequal activity losses during purification and reconstitution could also account 
for these differences.

Moreover, both protein complexes can orient either in the right-side-out or inside-out orientation in 
the liposomal membrane15. Therefore, the apparent Vmax values are likely underestimations. In contrast, 
a mixed orientation does not affect the Km because the use of different chemical compositions in the 
lumenal and external solutions (ATP, transported substrate) allowed us to probe the uptake activity of 
proteins in the right-side-out orientation, with the proteins in the other orientation remaining ‘invisible’.
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Parameter ECF-PanT ECF-FolT2

apparent Km 46.1 ± 11 nM 59.8 ± 12 nM

Vmax 22 ± 0.12 pmol/(min.μg) 0.77 ± 0.05 pmol/(min.μg)

Figure 2. Determination of apparent Km and Vmax values for pantothenate and folate transport. (A and C) 
Initial rates of pantothenate transport by ECF-PanT into proteoliposomes as function of the pantothenate 
concentration (panel A, Mg2+-ATP concentration 5 mM) or the ATP concentration (panel C, pantothenate 
concentration 100 nM). The apparent Km and Vmax values in the pantothenate-dependent measurements are 
46 ± 11 nM and 2.2 ± 0.12 nmol/mg/min, respectively. For the ATP-dependent measurements 5.6 ± 1.0 
mM and 4.4 ± 0.5 nmol/mg/min, respectively. (B and D) Initial rates of folate transport by ECF-FolT2 into 
proteoliposomes as function of the folate concentration (panel B, Mg2+-ATP concentration 10 mM) or the 
ATP concentration (panel D, folate concentration 100 nM). The apparent Km and Vmax values in the folate-
dependent measurements are 82 ± 20 nM and 0.93 ± 0.1 nmol/mg/min, respectively. For the ATP- dependent 
measurements 5.6 ± 1.7 mM and 0.5 ± 0.1 nmol/mg/min, respectively. Error bars indicate standard deviation 
of triplicate measurements.
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Exchange of S-components 

We performed two types of experiments to show that the subunit composition of ECF transporters in 
liposomal membranes is dynamic. First, we co-reconstituted in proteoliposomes the whole complex 
ECF-PanT together with separately purified solitary FolT2. On average, one full ECF-PanT transporter 
was present per liposome together with 26 molecules of FolT2 (see below for calculation). The 
proteoliposomes with co-reconstituted ECF-PanT and solitary FolT2 showed transport activity for both 
folate and pantothenate (Figure 3A). Because solitary FolT2 cannot transport folate alone (Figure 3A) 
the observed uptake of radiolabelled folate in the liposomes shows that FolT2 had associated with the 
ECF module from the ECF-PanT complex. 

We could also show that exchange happened in an experiment where ECF-FolT2 was reconstituted 
as a full complex together with solitary PanT, even though the yield and stability of the solitary PanT 
protein were low. These proteoliposomes were able to take up pantothenate (Figure 3B). The uptake 
of pantothenate was observed only when ECF-FolT2 was co-reconstituted, and not observed when the 
same amount of solitary PanT was reconstituted alone (Figure 3B). 

Figure 3. Exchanges of S-components in proteoliposomes reconstituted with complete and incomplete 
transporters. A. Folate uptake into proteoliposomes reconstituted with FolT2 alone (green circles), or FolT2 in 
combination with ECF-PanT (green squares, molar ratio 26:1). B. Pantothenate uptake into proteoliposomes 
reconstituted with PanT alone (yellow triangles), or PanT in combination with ECF-FolT2 (Yellow circles). 
Since PanT was not very stable in detergent solution, the exact molar ratio in the combined reconstitution is 
unknown but likely to be much lower than in the experiment presented in panel A. The low amount of PanT 
could explain the reduced uptake rate. In all cases, 10 mM Mg2+-ATP was present in the lumen. Error bars 
indicate standard deviation of triplicate measurements, apart from panel B, where the experiment was done 
in duplicate.
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Figure 4. Pantothenate uptake into proteoliposomes reconstituted with FolT2 in combination with ECF-PanT.

In the second approach to demonstrate exchange of S-components in liposomes, we used a liposome 
system with two co-reconstituted full complexes: the wild type transporter complex for one substrate, 
and a complex with inactivated ATPase subunits for the other substrate. To inactivate the ATPases we 
created a double mutant, in which the conserved catalytic glutamate residue in the Walker B motif of 
each ATPase subunits (EcfA and EcfA’) was changed into glutamine (E169Q in EcfA and E171Q in 
EcfA’). The glutamates are necessary to coordinate a water molecule for a nucleophilic attack on the 
bond between the γ- and ß-phosphate of ATP10,30. Therefore, glutamate-to-glutamine substitutions (EQ) 
are expected to be able to bind, but not hydrolyze ATP10,30. Folate and pantothenate transport activities 
of the double mutants were indeed at the level of background (Figure 5). 

To test for S-component exchange, wild type and mutant ECF-modules in complex with different 
S-components (FolT2 or PanT) were separately expressed and purified, and subsequently co-reconstituted 
into liposomes. Co-reconstitution of the active ECF-PanT complex with the mutated and inactive ECF-
FolT2 complex resulted in transport of both substrates. The same result was obtained when active ECF-
FolT2 was co-reconstituted with mutated ECF-PanT. These results show that S-component exchange 
had happened (Figure 5 and 6).
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Figure 5. Transport of pantothenate and folate into proteoliposomes co-reconstituted with two full complexes 
one of which contained an ECF module with E-to-Q mutations in the Walker B motifs. In the cartoon insets, 
red crosses indicate the mutated ECF modules. A. Folate uptake into proteoliposomes co-reconstituted with 
ECF-PanT and ECF(E-to-Q)-FolT2, containing 10 mM Mg2+-ATP (green squares) or Mg2+-ADP in the 
lumen (white squares), respectively; Green diamonds: Folate uptake into proteoliposomes reconstituted with 
only ECF(E-to-Q)-FolT2, containing 10 mM Mg2+-ATP in the lumen, respectively;. B. Pantothenate uptake 
into proteoliposomes co-reconstituted with ECF-FolT2 and ECF(E-to-Q)-PanT, containing 10 mM Mg2+-
ATP (yellow circles) or Mg2+-ADP (white circles) in the lumen, respectively; Yellow diamonds: Pantothenate 
uptake by into proteoliposomes reconstituted with only ECF(E-to-Q)-PanT, containing 10 mM Mg2+-ATP in 
the lumen. Error bars indicate standard deviation of triplicate measurements.

Figure 6. Control experiments for the ones shown in  Figure  4, now with the two substrates swapped. 
A.  Pantothonate  uptake into proteoliposomes co-reconstituted with ECF-PanT and ECF(E-to-Q)-FolT2, 
containing 10 mM Mg2+-ATP (yellow circles) or Mg2+-ADP in the lumen (white circles), respectively. 
B.  Folate  uptake by into proteoliposomes co-reconstituted with ECF-FolT2 and ECF(E-to-Q)-PanT, 
containing 10 mM Mg2+-ATP (green squares) or Mg2+-ADP (white circles) in the lumen, respectively. Error 
bars indicate standard deviation of triplicate measurements.
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Competition for a shared ECF module

In order to assay for competition of the two different S-components for association with the ECF module, 
we used the proteoliposomes with co-reconstituted ECF-PanT and solitary FolT2, as described above. 
To study competition of the S-components PanT and FolT2 for the same ECF module, the amount 
of the latter had to be limiting in the transport assays (thus mimicking the in vivo situation23),  and 
therefore we reconstituted an excess of S-components relative to the ECF module in the liposomes. 
For a full ECF transporter complex (Mw ~120 kDa), reconstitution using a protein-to-lipid ratio of 
1:1000 (w/w) was expected to yield on average a single protein complex in each liposome of 400 nm 
diameter. Reconstitution of the solitary S-component FolT2 (Mw ~21 kDa) at a protein:lipid ratio of 
1:250 (w/w), was expected to yield 26 protein molecules in each liposome. As discussed above, the 
proteins may orient either in the right-side-out or inside-out orientation in the liposomal membrane, but 
only transport by the right-side-out orientated proteins was assayed for, because we included ATP in the 
lumen, and added the transported substrates on the outside.

Radiolabelled pantothenate was taken up readily into the proteoliposomes containing ECF-PanT co-
reconstituted with FolT2 (Figure 7A, see also Figure 5). Addition of 5 µM unlabelled folate revealed 
a reduction of [3H]pantothenate uptake (Figure 7A). It therefore appears that the substrate-loaded 
S-component FolT2 competes more effectively for association with the ECF module than the apo-
protein, in line with previous in vivo experiments14,20. As a control, we also tested the effect of folate on 
the transport of pantothenate when only ECF-PanT had been reconstituted (Figure 8). As expected, in 
the absence of FolT2, folate did not affect pantothenate uptake by ECF-PanT. 

Using the same preparation of proteoliposomes containing co-reconstituted ECF-PanT and solitary 
FolT2, we also followed the transport of radiolabelled folate. Folate transport (Figure 7B) was inhibited 
only slightly upon addition of unlabelled pantothenate (Figure 7B). The difference in sensitivity for 
the competing substrate in the panthothenate and folate transport assays could be a reflection of the 
considerable excess of FolT2 over PanT in the liposomes, as in each liposome on average one PanT 
molecule, and 26 molecules of FolT2 were present. To test whether the FolT2 excess could indeed 
explain the decreased sensitivity for added pantothenate, we reduced the amount of co-reconstituted 
FolT2 by fourfold to approximately seven FolT2 molecules per liposome. With the reduced amount 
of FolT2 in the liposomes, the inhibitory effect of pantothenate on folate uptake was indeed more 
pronounced (Figure 5D), showing that not only folate but also pantothenate enhances competition for 
the shared ECF module.  However, there was a prominent difference in the dose dependence of the effect 
of the competing substrate. The transport rate of radiolabelled pantothenate (Figure 7C) was inhibited 
by folate with strong dependence on the concentration in the range of 0.5 to 50 mM folate. In contrast, 
in the same concentration range there was no significant dose-dependence of the inhibitory effect of 
pantothenate on folate transport (Figure 7D). 
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Figure 7. Inhibition of pantothenate uptake by folate and vice versa in proteoliposomes co-reconstituted with 
ECF-PanT and FolT2. A, B: Uptake of radiolabeled pantothenate (A) and folate (B) into proteoliposomes co-
reconstituted with ECF-PanT in protein to lipid ratio 1:1000 (w:w) and solitary FolT2 in ratio 1:250 (w:w), 
and loaded with 10 mM Mg-ATP (black circles) or Mg-ADP (empty circles). Grey triangles: same as the 
conditions used for the black circles, but in the presence of 5 µM unlabeled folate (panel A) or pantothenate 
(panel B) as competing substrate. C, D: same as panels A and B, but with reduced amount of FolT2 
reconstituted (protein to lipid ratio 1:1000 (w:w) for both solitary FolT2 and ECF-PanT). The competing 
substrates were added at three different concentrations: 50 µM (white triangles), 5 µM (grey triangles) and 0.5 
µM (black triangles). Error bars indicate standard deviation of triplicate measurements.  
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Figure 8. Lack of inhibition of radiolabelled pantothenate uptake by unlabelled folate in proteoliposomes 
containing only ECF-PanT. Yellow and white circles: Pantothenate uptake by ECF-PanT into proteoliposomes 
containing 10 mM Mg2+-ATP or Mg2+-ADP in the lumen (as in Figure 1), respectively; yellow and white 
triangles: same in the presence of unlabelled folate.

Crystal structure of ECF-PanT 

The differences in dose-dependence of transport inhibition by folate and pantothenate (Figure 5C 
and D) are remarkable, because ECF-FolT2 and ECF-PanT make use of identical ECF modules, and 
only differ in the S-components. Comparison of the structures of the two transporter complexes might 
provide insight in the structural basis of the kinetic differences. While crystal structures of ECF-FolT2 
form L. delbrueckii were determined previously15, structural information on ECF-PanT from the same 
organism is lacking. A structure of ECF-PanT form L. brevis is known21, but the PanT protein from this 
organism shares only 36 % sequence identity with the one from L. delbrueckii, and thus may not be a 
suitable model. Therefore, we set out to determine a crystal structure of ECF-PanT from L. delbrueckii, 
but despite extensive trials, suitable crystals were not found. To overcome this problem, we generated 
nanobodies against ECF-PanT that could be used as a crystallization chaperone32. One of the selected 
nanobodies (Nb81) bound with high affinity to the ECF module, and the ECF-PanT-Nb81 complex 
formed well-diffracting crystals. We solved a crystal structure of the complex at a resolution of 2.8 
Å, the highest resolution for any ECF-transporter structure to date (Figure 9A, and Table 1). In the 
crystals, the asymmetric unit contains two copies of the ECF-PanT-Nb81 complex. The nanobodies 
are positioned centrally in the asymmetric unit, making extensive contacts with both copies of ECF-
PanT in the unit, but do not participate in crystal contacts with proteins in neighbouring asymmetric 
units (Figure 9A and Figure 10). Consistently, the nanobodies cause dimerization of the ECF-PanT 
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complex in detergent solution (Figure 11). An elaborate network of hydrogen bonds, electrostatic 
interactions, cation-π and π-π interactions between the nanobody and EcfA and EcfA’ seems to stabilize 
the protein in a single conformation, which may have aided crystal formation. Overall, the structure of 
ECF-PanT from L. delbrueckii is very similar to previously solved structures of ECF-FolT2 from the 
same organism (Figure 12). In both protein complexes, the two ATPase subunits (EcfA and EcfA’) 
are separated from each other, adopting an open conformation, which has been interpreted as a post-
hydrolysis state (Figure 13). The residues in ECF-PanT that interact directly with the nanobody adopt 
virtually identical conformations as those of ECF-FolT2, which was crystallized without a nanobody 
chaperone, indicating that the nanobody did not induce an artificial conformation. 

Not only the ATPase subunits, but also the coupling helices of EcfT, which mediate the interaction with 
the NBDs, have almost identical conformations in the structures of ECF-PanT and ECF-FolT2, again 
indicating that the same functional state was captured (Figure 9B and Figure 14). Within the identical 
ECF modules of ECF-PanT and ECF-FolT2 from L. delbrueckii, the most prominent difference is the 
relative positioning of the transmembrane-domain of EcfT compared to the coupling helices. In ECF-
FolT2 the transmembrane domain is rotated further away from the center of the complex than in ECF-
PanT (Figure 9B). Hinging between the two domains has been observed before15,18,21 and is likely needed 
to accommodate structurally different S-components in the complexes18. 

In contrast to the ECF modules of the ECF-FolT2 and ECF-PanT complexes, the S-components display 
large structural differences. While on a global level, PanT and FolT2 share conserved six-helix topologies, 
and both S-components are in the inward-oriented toppled state in complex with the ECF module, there 
are two prominent differences between the proteins. First, only helices 1 and 2 superimpose well in the 
ECF-FolT2 and ECF-PanT complexes, with the positions of helices 3‒6 deviating substantially by up 
to 10 Å (when the structures are aligned on the coupling helices (Figure 9C and D). In PanT, the latter 
helices are oriented more perpendicular to the predicted membrane plane (less toppled) than in FolT2. 
Second, the predicted substrate binding site in ECF-PanT is located in a largely occluded cavity with a 
volume of 880 Å3 (Figure 15A), whereas in ECF-FolT2 the site is fully accessible from the cytoplasmic 
side of the membrane. A non-protein patch of electron density was found in the substrate binding cavity 
of PanT (Figure 15B and C). Since pantothenate was not added at any stage during purification and 
crystallization the density likely belongs to a molecule from the crystallization condition, most probably 
citrate, which was present at a concentration of 70 mM. Finally, the structures of PanT in the ECF-PanT 
complexes from L. delbrueckii (determined here) and L. brevis21 are very similar despite only 36% of 
sequence identity.  
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Figure 9. Crystal structure of nanobody-bound ECF-PanT. A. Overall structure with two ECF-PanT complexes 
(in surface representation) bridged by the nanobody (in secondary structure cartoon representation). EcfA  
in salmon, EcfA’  in light pink, EcfT  in cyan, PanT in yellow, nanobody 81  in green. B. Comparison of 
the conformations of the membrane domains of EcfT in the structures of ECF-PanT (same colours as in 
panel A), and ECF-FolT2 (in grey, PDB 5JSZ). The structures were aligned on the ATPase domains which 
are not shown for clarity, see Figure 12 and 13. EcfT proteins are shown in secondary structure cartoon 
representation, the S-components in surface representation. C and D.  Comparison of the conformations 
of the S-components in the structures of ECF-PanT (PanT in rainbow from blue at the N-terminus to red 
at the C-terminus), and ECF-FolT2 (FolT2 in grey). EcfT from the ECF-PanT structure is shown in ribbon 
representation. The approximate positions of the membrane boundaries are indicated. The differences in 
membrane orientation of helix 3 (panel C) and helix 5 (panel D) are indicated by the dashed lines.
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Figure 10. Crystal packing of nanobody-bound ECF-PanT. The nanobody is represented in green secondary 
structure cartoon representation, and the two ECF-PanT complexes in the center in colourful surface 
representation with EcfA (salmon), EcfA’ (light pink), EcfT (cyan), and PanT (yellow). The surrounding 
ECF-PanT molecules are in grey surface. It is highlighted that the nanobodies play a role in forming contacts 
within the asymmetric unit instead of forming crystal contacts. The crystal contacts are mediated by EcfA’ 
and EcfT interactions.

Figure 11. Shifted elution volume of ECF-PanT in gel filtration chromatography Black and blue traces 
are in the absence and presence of nanobody, respectively.
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Figure 12. Structural Alignment of nanobody-bound ECF-PanT and ECF-FolT2 (PDB 5JSZ). Colours: EcfA 
(salmon), EcfA’ (light pink), EcfT (cyan), and PanT (yellow), nanobody (Green), ECF-FolT2 (grey). 

Figure 13. Structural alignment of the ATPase subunits in ECF-PanT (salmon) and ECF-FolT2 (grey, PDB 
5JSZ).
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Figure 14. Structural alignment of the coupling helices in ECF-PanT and ECF-FolT2 (PDB 5JSZ). Colours: 
EcfA (salmon), EcfA’ (light pink), EcfT (cyan), and PanT (yellow), nanobody (green), ECF-FolT2 (grey).  
Coupling helices in secondary structure cartoon representation, rest of the structures in transparent surface 
representation.

Figure 15. Pantothenate binding pocket in ECF-PanT. A. Binding pocket (grey) of the PanT (yellow, 
secondary structure cartoon) EcfT is shown in ribbon representation, ATPases are not shown for clarity. The 
approximate positions of the membrane boundaries are indicated. The modelled citrate molecule is shown 
in stick representation. B. Electron density contoured at 1.0 σ for conserved residues in the binding pocket. 
Colouring of the side chains according to conservation as calculated by the Consurf server44. Dark purple 
indicates highly conserved residues. The modelled citrate molecule is shown in stick representation with 
carbon atoms in cyan and oxygen atoms in red. C. Electron density contoured at 1.0 σ for modelled citrate 
molecule in the binding pocket.
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            Table 1. Data collection, phasing and refinement statistics.

Data collection

Space group P1

Cell dimensions

a, b, c (Å) 97.290  110.470  110.500

α, β, ϒ (o) 89.00 102.27 102.24

Resolution (Å) 48.80-2.80

CC1/2 99.7 (19.5)

I/σI 4.7 (0.77)

Completeness (%) 96.7 (95.3)

Multiplicity 1.76 (1.52)

Refinement

Resolution (Å) 48.80-2.80

No. of reflections 104284

Rwork/Rfree 24.3 / 27.6

No. of atoms

Protein 17885

Ligand/ion 338

Water -

B-factors

Protein 108.6

Ligand/ion 130.2

Water -

R.m.s. deviations

Bond lengths (Å) 0.010

Bond angles (o) 1.286
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Discussion

Some membrane transporters have evolved to make a use of a single transmembrane pore for many 
substrates. In the superfamily of ABC transporters, a small number of  classical (Type I) importers 
exist where more than one SBP interacts with the same translocator complex. Different SBPs evolved 
as gene duplications followed by divergent evolution into two homologous periplasmic proteins with 
different substrate specificities or substrate affinities22,33,34. In some cases the SBDs fused to TMDs35,36. 
Single molecule FRET studies on such fused proteins provided insight into the competing behaviour of 
SBDs interacting with shared translocator36. In all these cases, competition of the SBPs or SDBs for 
the shared part of the transporter resembles what is observed in ECF transporters, but exceptionally, 
the latter transporters use integral membrane binding proteins (S-components) instead of SBPs, which 
compete with each other for the ECF module within the lipid bilayer environment. 

To study the dynamic interaction and competition in ECF transporters in vitro, we had to find two group 
II ECF transporters from the same organism that were functional upon purification and reconstitution 
into the proteoliposomes. The transporters ECF-FolT2 and ECF-PanT from L. delbrueckii fulfilled these 
criteria. While ECF-FolT2 had been shown to transport folate in a reconstituted system before, we here 
show for the first time that purified and reconstituted ECF-PanT catalyses pantothenate transport. Co-
reconstitution experiments showed that the S-components PanT and FolT2, which share only 21.5% 
sequence identity, dynamically associate with and dissociate from the common ECF module. Dynamic 
interaction in the lipid bilayer explains the observed transport of folate when an incomplete or inactive 
folate transporter (FolT2 alone, or FolT2 in complex with a mutated ECF module, respectively) was 
reconstituted together with fully active ECF-PanT complexes, and vice versa (Figure 3, 5). The data 
strongly suggest that association and dissociation of S-components is an essential step in the transport 
mechanism in group II ECF transporters. 

Remarkably, the rates of both folate and pantothenate transport were consistently higher in liposomes 
containing both ECF-PanT and FolT2 than in liposomes containing only ECF-FolT2 or ECF-PanT, 
respectively (Compare Figure 1 with Figure 3A and Figure 4). Although this difference may originate 
from the reconstitution procedure, for instance the reconstitution efficiency might be affected on 
the total amount of purified protein used, it is also possible that it reflects a mechanistic feature of 
ECF transporters. The excess of FolT2 molecules in the co-reconstituted system might cause bilayer 
imperfections, which facilitate toppling16 thus leading to increased transport rates. Further experimental 
work is needed to test this speculative explanation.

We also showed that FolT2 and PanT, when bound to their respective transported substrates, compete for 
the same ECF module (Figure 7) thereby nicely recapitulating previous in vivo work14,20, from which it 
was deduced that substrate-bound S-components compete more efficiently for the ECF module than those 
without substrate. Also, the observation that the extent of inhibition of [3H]folate uptake by pantothenate 
and vice versa, depends on the relative amounts of the S-components in the proteoliposomes (Figure 7B, 
7D), is fully consistent with published in vivo observations14,20. 
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Since the number of substrate molecules that was transported into the lumen of the liposomes was 
higher than the number of ECF complexes present in the liposomal membranes, multiple turnovers per 
transporter complex occurred in the experiments presented in Figure 7A–C. Therefore, the observed 
competition is not caused by a half cycle leading to transporters in a dead-end conformation. Only for 
the folate transport experiments presented in Figure 7D, the data could suggest that less than one folate 
molecule is transported per ECF transporter. However, if we take into account that the proteins can 
reconstitute in two orientations in the membrane15, and that most likely some activity was lost during 
the purification and reconstitution procedure, it is reasonable to assume that multiple turnovers also 
took place in this case. This conclusion is further supported by the notion that multiple (unlabelled) 
pantothenate molecules per protein complex must have been transported in the same experiment, as 
deduced from the experiment presented in Figure 7C where more than one turnover of the pantothenate 
transporter was observed when radiolabelled substrate was in an identical liposome preparation as used 
for Figure 7D.

In the co-reconstituted system, we observed that increasing amounts of unlabelled folate compete with 
[3H]pantothenate uptake in a dose-dependent manner in the range of 0.5-50 M folate. Surprisingly, this 
concentration regime is ~3 orders of magnitude higher than the KD for folate binding to FolT215 and 
the Km for folate transport (Figure 2). To explain this discrepancy, we hypothesize that the binding of 
folate must be much slower than the binding of pantothenate, albeit not the rate-limiting step, as the Vmax 
values for substrate transport by both transporters are similar (Figure 2). The presumed slow substrate 
association does not lead to poor affinity of FolT2 for folate (the KD value for folate binding to FolT2 is 
in the nanomolar range), but is most likely caused by a slow conformational change in the protein, either 
preceding binding (conformational selection) or following an initial low affinity association (induced 
fit). In case of [3H]folate uptake, inhibition by pantothenate was also observed, but did not show dose-
dependence in the 0.5‒50M range, which suggests that pantothenate binding is faster compared to folate 
binding. Alternative explanations for the discrepancy, such as differences in the dissociation rate of 
PanT and FolT2 from the ECF module, affected additionally by the presence of substrate, are also 
possible but require more assumptions. For instance, to explain the folate dependence of competition 
(Figure 7A and C) by slower dissociation of FolT2 than PanT from the ECF module, it is necessary 
to postulate that a state must exist in which the full complex (ECF module and FolT2) has an outward 
facing substrate-binding site of low affinity. There is currently no structural evidence for such a state.

In contrast, the explanation based on slow binding of folate can be explained from a structural viewpoint, 
because crystal structures are available of the full complex ECF-FolT2 with the S-component in the apo 
state, and the S-component FolT1 alone with folate bound15. The conformation of the full ECF-FolT2 
complex was interpreted as an inward-open, post-release state, from which the transported substrate 
has been delivered in the cytoplasm, whereas the structure of the solitary S-component with bound 
folate was interpreted as a state in which substrate had been captured from the environment, before 
association with ECF module.  Substantial structural differences between the folate-bound and apo 
S-component may explain the slow binding of folate, particularly in the conformations of loops L1 
and L3 that strongly affect the binding site geometry15. To find a potential structural explanation for 
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the apparent faster binding of pantothenate, we solved a crystal structure of ECF-PanT. Because the 
conformations of the ECF modules in ECF-PanT and ECF-FolT2 are very similar, we also interpret 
the ECF-PanT structure as post-release state. Although we do not have a substrate-bound structure of 
solitary PanT for comparison, the analysis of the ECF-PanT structure provides clues about possible 
differences in kinetics of folate and pantothenate binding. First, the binding pocket in PanT is more 
occluded, with loops L1 and L3 not being splayed out as far as in the ECF-FolT2 structure (Figure 
9A). Therefore, smaller conformational changes are expected upon pantothenate binding to PanT than 
folate binding to FolT2. Second, in contrast to what was observed in ECF-FolT2, residues in ECF-PanT 
that have been shown by mutational analysis to be important for binding of pantothenate (R101(95), 
N139(131), W69(64), residue numbers from PanT form L. brevis in parentheses)21 all point towards 
the center of the binding pocket (Figure 9B and C). This binding site geometry of the apo state again 
suggests that only minor rearrangements are needed for pantothenate binding. It may be argued that the 
structure of ECF-PanT from L. delbrueckii presented here does not represent a true apo state, as a patch 
of electron density was found in the pocket, which likely results from a bound citrate molecule form the 
crystallization condition. However, the binding site geometry in PanT is identical to that of a previously 
published structure of ECF-PanT from L. brevis, which represents a true apo state21, and therefore citrate 
molecule does not appear to affect the binding site geometry of the apo state. 

Possibly, the presumed fast binding of pantothenate to PanT resembles that of thiamin binding to the 
S-component ThiT, where pre-steady-state fluorescence experiments showed very rapid association 
kinetics37. It the case of ThiT, only a structure of the thiamin-bound S-component is available, and 
not a structure of the apo-full complex, which again makes a complete structural comparison as for 
ECF-FolT2 impossible. It is noteworthy that previously, the structures of FolT1 and ECF-FolT2 were 
interpreted as being consistent with fast binding kinetics, albeit without any experimental kinetics 
data15. The work presented here shows that care needs to be taken when extracting kinetic behaviour 
from static structures. 

In conclusion, the relatively simple reconstituted systems that we have used here, is sufficient to 
reproduce the competition between S-components for the same ECF module as observed in vivo, but 
in addition, more intricate kinetic differences between transport of folate and pantothenate also became 
apparent. Combining the kinetic measurements with structural analysis yielded a potential mechanistic 
explanation for the differences in association rates.  More generally, because dissociation and association 
of S-components are essential steps in the transport cycle, and multiple S-components interact with the 
same ECF module, ECF transporters may serve as a model system for studying membrane protein 
interaction in the lipid bilayers.
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Material and Methods 

Mutagenesis

Mutations in EcfA and EcfA’ of ECF-FolT2 and ECF-PanT were introduced by two consecutive rounds 
of QuikChange mutagenesis with primers listed below. 

Primer name (mutation) Primer sequence (5’→3’)

Fw EcfA E177Q Ldb (E169Q in wild type) CATCATCCTGGATCAGTCGACCTCCATG

Rev EcfA E177Q Ldb (E169Q in wild type) CATGGAGGTCGACTGATCCAGGATGATG

Fw EcfA’ E171Q Ldb TGTTTAGATCAGCCGGCAGCTGG

Rev EcfA’ E171Q Ldb CCAGCTGCCGGCTGATCTAAACA

Expression and membrane vesicles preparation

The genes encoding ECF-PanT and ECF-FolT2 from L. delbrueckii subsp. bulgaricus (LDB_RS01805, 
ecfA; LDB_RS01810, ecfA’; LDB_RS01815, ecfT; LDB_RS01970, panT; LDB_RS07030, folT2) 
were cloned in p2BAD vectors and transformed into Ca2+-competent cells of the Escherichia coli 
strain MC1061 as described before15,38.   The ECF module operon (10xHis-TEV-ecfAA’T) was cloned 
downstream the first arabinose promoter and the gene encoding PanT or FolT2 (panT-Strep or folT2-
Strep, respectively) downstream of the second arabinose promoter. The expression from p2BAD 
plasmids was performed in 2 L of LB Miller Broth with 0.1 mg/mL ampicillin in a 5 L flask. The E.coli 
culture was grown at 37 °C with continuous shaking at 200 rpm. At OD600 between 0.6 and 0.8, the 
expression from p2BAD plasmids was induced  with 0.1 mg/mL of L-arabinose and  the temperature 
was reduced to 25 oC for three hours. Cells were harvested by centrifugation for 15 min at 6268 x g, 4 oC.  

Solitary S-components from L. delbrueckii were engineered with N-terminal His-10 tag and cloned 
in pNZ8048 plasmids with the gene coding for either PanT or FolT2 protein downstream of the nisin 
promoter5,15,26. For expression, the constructed vectors were transformed into Lactococcus lactis NZ9000 
cells. This expression was performed semi-anaerobically in a 1 L bottle with M17 media (Difco), 5 µg/
mL chloramphenicol, and 2.0% (w/v) glucose at 30 °C. Overexpression of the solitary S-component was 
induced at OD600  around 0.8 with 0.1% (v/v) supernatant of nisin A producing strain. The cells were 
harvested by centrifugation (15 min, 6268 × g at 4 °C) after the three-hour overexpression.

Membrane vesicles were prepared as described previously39. Briefly, harvested cells were diluted to 
OD600 around 100 with potassium phosphate buffer pH 7.5 and supplemented with 1 mM MgSO4 and 
DNase (~50 μg/mL). The cells were broken in Constant cell Disruption System (Constant Systems 
Ltd) in the presence of 1 mM PMSF and 5 mM EDTA. For E.coli cells one passage at 25 kPsi and 
for L.lactis cells two passages at 39 kPsi were performed. Unbroken cell debris was separated by low-
speed centrifugation (15 min, 27,352 × g at 4 °C). Subsequently, the membranes were concentrated by 
ultracentrifugation (120 min, 193,727 × g at 4 °C), homogenized in 50 mM potassium phosphate buffer 
pH 7.5, flash-frozen and stored at -80 °C. 
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Protein purification and reconstitution into proteoliposomes

For the whole complex ECF transporter purification, membrane vesicles were thawed and incubated 
for 1 hour with 1% (w/v) n-dodecyl-β-D-maltopyranoside (DDM, Anatrace) in buffer containing 50 
mM potassium phosphate pH 7.5, 300 mM NaCl, and 10% (v/v) glycerol. Non-solubilized membrane 
fragments were removed by centrifugation (35 min, 286,286 × g at 4 °C). The solubilized protein solution 
was mixed with nickel-Sepharose resin equilibrated with solubilisation buffer and incubated for 1 hour 
with gentle rocking at 4 °C. Proteins not bound to the resin were drained and subsequently washed away 
with 20 column volumes of 50 mM potassium phosphate buffer pH 7.5 supplemented with 300 mM 
NaCl, 50 mM imidazole pH 7.5 and 0.05% (w/v) DDM. The protein was eluted from the Ni-Sepharose 
column in three steps (fraction volumes 350 μL, 750 μL and 700 μL, respectively) in 50 mM potassium 
phosphate buffer pH 7.5 supplemented with 300 mM NaCl, 500 mM imidazole pH 7.5 and 0.05% (w/v) 
DDM. The second fraction, the one with the highest protein content, was supplemented with 1 mM 
Na-EDTA and further purified on by size-exclusion chromatography on a Sephadex 200 10/300 column 
(GE Healthcare) using 50 mM potassium phosphate buffer pH 7.5 supplemented with 150 mM NaCl 
and 0.05% (w/v) DDM as eluent. Peak protein fractions after the size-exclusion chromatography were 
used for the protein reconstitution into liposomes according to a previously described method15,39,40. 
Liposomes were composed of E.coli polar lipids supplemented with 1/3 (w/w) egg phosphatidylcholine 
with final protein to lipid ratio in liposomes 1:1000 (w/w). 

Solitary FolT2 was purified with the same approach as for whole ECF transporters, but with slight 
modifications. In all buffers NaCl was replaced with KCl in corresponding concentrations. Membrane 
vesicles were solubilized with 1% (w/v) DDM, and thereafter 0.38% (w/v) n-nonyl-β-D-glucopyranoside 
(NG, Anatrace) was used instead of DDM to purify the solubilized FolT2 by Ni-Sepharose and size-
exclusion chromatography. Solitary S-components were reconstituted into the detergent-destabilized 
liposomes with protein to lipid ratios 1:250 or 1:1000 (w/w).

The co-reconstitution of multiple proteins was performed in the same manner as for individual 
reconstitution, always maintaining each protein to lipid ratio separately. 

Transport assays 

Transport assays using radiolabelled substrates were performed as described previously with some 
modifications15. Briefly, inclusion of 10 mM (unless otherwise indicated) Mg2+-ATP or Mg2+-ADP 
into proteoliposomes was achieved by three consecutive cycles of flash-freezing in liquid nitrogen 
and thawing at room temperature, followed by 11 passages of extrusion through a polycarbonate filter 
(Avestin) with the pore size 400 nm. The remaining external nucleotides were removed by 15-fold 
dilution of the proteoliposomes in 50 mM potassium buffer (final volume of 7 mL of (45 min, 286,286 
× g at 4 °C). Subsequently, the proteoliposomes were resuspended in 50 mM potassium phosphate pH 
7.5 to a protein concentration of 1.25–2.5 µg/mL. Substrate uptake assays were performed at 30 °C 
with stirring and initiated by adding the mixture of radiolabeled and non-radiolabeled substrates (5 nM 
and 95 nM, respectively). For folate transport assays a folic acid [3,5,7,9 -3H] sodium salt (American 
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Radiolabeled Chemicals) and for pantothenate transport assays pantothenic acid, D-[2,3-3H] sodium salt 
(American Radiolabeled Chemicals) were used. At given time intervals, 200 µL of the reaction mixture 
was withdrawn and diluted in the ice cold 50 mM potassium phosphate pH 7.5, followed by immediate 
collection of the proteoliposomes by filtration over pre-wetted cellulose nitrate filters. Subsequently, 
filters were washed with 2 mL of 50 mM potassium buffer, dried for at least 1 hour at 80 °C and 
dissolved in 5 mL of Filter Count scintillation liquid (Perkin Elmer). The radioactivity trapped inside the 
proteoliposomes was determined with a Perkin Elmer Tri-carb 2800TR Scintillation counter.

Expression and Purification of Nanobodies

For nanobody generation, a llma (Lama glama) was immunized with ECF-PanT which had been 
reconstituted in E. coli polar lipids-phosphatidylcholines (3:1 w/w ratio) mixture as described above, 
using a protein-to-lipid ratio 1:125 (w/w). A phage display library of nanobodies modified by introducing 
a C-terminal His-6 and EPEA tags via PCR was prepared from peripheral blood lymphocytes, and 
the open reading frame of the nanobodies were cloned as SapI digested fragments in a Golden Gate 
variant of pMESY (GenBank KF415192) and subsequently transformed to E. coli TG1 to establish a 
library of 7*109 independent NB clones. The phage display were performed using either solid-phase 
immobilized ECF-PanT proteoliposomes or was captured on anti-Strep-tag mAbs coated Maxisorp 
plates. 21 nanobody families were identified that specifically had bound the ECF-PanT protein, one 
of which included the nanobody selected for crystallization and structure determination (nanobody 
CA14381 or Nb 81). 

The nanobodies were expressed in the periplasm of E. coli strain WK6 (su-), following methods 
described previously32. Briefly, 1-L cultures in Terrific Broth were grown to an OD600 of 1.0‒1.2 and 
induced with 1 mM isopropyl-b-D-thiogalactoside (IPTG). Cells were harvested after overnight growth 
at 25 oC, and periplasmic extract prepared using TES (Tris EDTA Sucrose) buffer. Nanobodies were 
purified from the periplasmic extract by Ni-Sepharose column. The nanobody was eluted from the Ni-
Sepharose column using an elution buffer containing 50 mM KPi pH 7.5, 150 mM NaCl and 300 mM 
imidazole pH 7.5. Subsequently, the imidazole in the nanobody fraction was removed by using desalting 
column (GE Healthcare).

Co-Purification of ECF PanT with the Nanobody 

The purified nanobody was mixed with ECF-PanT that had been purified by Ni-Sepharose 
chromatography as described above, and the mixture was applied to a gel filtration column (Superdex 
200 10/300, GE Healthcare), using a buffer containing or 50 mM Tris HCl pH 7.5, 150 mM NaCl and 
0.05 % (w/v) DDM, as described above. The purified complex fractions were directly concentrated to 
5‒6 mg/mL by the use a concentrating device (Vivaspin 500, Sartorius, molecular weight cut off 100 
kDa) for crystallization. 
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Crystallization

Initial crystallization conditions were screened for 5 mg/mL of ECF-PanT-Nanobody 81 complex mixed 
with 5 mM MgATPɣS, at 5 oC using the MemGold and MemGold2 HT-96 (Molecular Dimensions, 
UK) in a sitting-drop setup with a Mosquito robot (TTP Labtech, UK) with drop ratios of 100 nL protein 
and 100 nL precipitating solution. The crystals were found in the G9 condition (70 mM sodium citrate, 
pH 4.5 and 22 % (v/v) PEG300) of the MemGold 2 screen. Using this condition, the crystallization was 
set up in a bigger volume (2 μL protein and 2 μL precipitating solution) in 24-well hanging drop vapor 
diffusion plates combined with a streak seeding technique. Crystallization plates were incubated at 5 
oC and rod-shaped crystals appeared within two weeks. Crystals were harvested from the drops, cryo-
protected with a condition containing 70 mM sodium citrate, pH 4.5 and 40 % (v/v) PEG 300, followed 
by flash freezing in liquid nitrogen. 

Data collection and structure determination

Diffraction data for the Ecf PanT-Nanobody crystals were collected at 100 K at Diamond Light Source 
beamline I24 with the highest diffraction limit of 2.8 Å resolution. The crystal belongs to space group 
P1 (unit cell parameters: a=97.290 Å, b=110.470 Å, c=110.500 Å, α=89.00o, β=102.27o, ɣ=102.24o). 
Data sets were indexed, integrated and scaled using the programs XDS41 and molecular replacement was 
carried out with PHASER MR41. Data collection and refinement statistics are summarized in Table 1. 
The apo ECF-FolT2 structure of L. delbruckii  (PDB code 5JSZ)15 was used as a search model for EcfA, 
EcfA’ and EcfT subunits. However, attempts to use published  PanT structure of L. brevis (PDB code 
4RFS)21 to find the position of PanT subunit failed.  To overcome this problem and to reduce possible 
bias Rosetta-based MR  was used42.  The refinement was performed with Phenix refine43, with the model 
building done with COOT28.    
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Summary and Future Perspectives

Energy-coupling factor (ECF) transporters are a group of membrane proteins within the family of 
ATP-binding cassette (ABC) importers that couple the uptake of substrates across the  membrane by 
harnessing the free energy from ATP hydrolysis1–6. The two ATPase subunits found in ECF transporters 
(often heterodimers of EcfA and EcfA’) are connected to a transmembrane domain, EcfT to form a three-
subunit complex (ECF-module). This ECF-module activates another transmembrane domain named 
S-component that translocates the substrate from the environment into the cytosol. A common property 
of the S-components is their high affinity for transported compounds, with dissociation constants in 
the low to sub-nanomolar range to scavenge the substrate: water soluble vitamins (folate, riboflavin, 
cobalamin, biotin, niacin and thiamine), including their precursors; metal ions (for example Ni2+, Co2+ 
and heme); amino acid (tryptophan) and a precursor of methionine2–5,7–14. Those vitamins and minerals 
are micronutrients that are essential components of the diets, however needed in a small amount, and 
most of those human vitamins are also vital for the bacteria.

Like other ABC importers, the ECF transporters are found mostly in prokaryotic microorganisms. They 
are particularly abundant in the Firmicutes phylum of Gram-positive bacteria, where many members 
are human pathogens15. However, they have never been identified in humans. Because of the important 
functions, properties and availability of these transporters in pathogenic bacteria, the transport 
mechanism of ECF transporters may yield potential insights to develop specifically novel antibiotics 
because. 

Here, we investigated B-type vitamin transporters from the energy-coupling factor (ECF) family. For 
my PhD project, I started with the development of the antibacterial agents that bind to the S-component 
of the energy-coupling factor (ECF) transporter for thiamine transport in, ThiT from Lactococcus 
lactis (Chapter 2). In this project, structure-based design was used to generate thiamine derivatives, 
which turned out to be not suitable to produce potential drugs16–18. To obtain new extended thiamine 
derivatives, we used a dynamic combinatorial chemistry (DCC) for fragment growing, maintaining 
a deazathiamine moiety. An acylhydrazone motif was used as a linker along with an aldehyde, and 
eight hydrazides were selected to form a small pre-equilibrated dynamic combinatorial library of eight 
acylhydrazones. To evaluate the quality of the binders, we determined the binding affinity by isothermal 
titration calorimetry (ITC). The binding was weak (KD values in the micromolar range) compared to the 
previous derivatives that showed KD values in the nanomolar range. 

In an in silico study, we assessed the druggability of an ECF transporter for folic acid (ECF-FolT2) from 
L. delbrueckii (PDB code 5JSZ)2 (Chapter 1). This protein was selected because the crystal structure 
had the highest resolution at that time. By aligning sequences of the proteins from seven pathogens 
(S. aureus, S. pneumoniae, E. faecium, E. faecalis, C. tetani, C. novyi, and C. difficile), we considered 
them promising drug targets from the in silico point of view with a reasonable volume and sequence 
conservation. The results revealed potentially new druggable pockets which are located within EcfT and 
EcfA. We also analyzed the presence of de novo biosynthetic routes for the B-type vitamins in question 
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for the above pathogens to confirm that this target class holds promise for the discovery of antimicrobial 
drugs possibly on a broad-spectrum level.

The small binders described in a previous study16–19 and Chapter 2 have been developed for the target 
S-component ThiT from Lactococcus lactis. However, the compounds could not be promising candidates 
for starting the development of new antibiotics, because the KD values did not always correlate very well 
with the experimental values. Based on the in silico study in Chapter 1, new hits for the ECF transporters 
were developed to increase the chance of being specific for a group II of the ECF transporters that was 
extensively discussed in Chapter 3. In the group II, various S-components with different substrate 
specificity are able to bind the same ECF module. Therefore, the small-molecule binders would not 
only inhibit folate uptake by ECF FolT2, but also the uptake of other vitamins by other ECF transporters 
present in L. delbrueckii. Here, the so-called P2 pocket situated between coupling helices of EcfT was 
selected. In this way, movement of the coupling helices could inhibit the FolT2 from dissociating from 
the ECF module and this might abolish transport activity if a small molecule can be found to bind in 
this pocket. The first class of compounds was virtually screened and tested using a transport assay with 
radiolabeled folate resulting in a promising compound 1 (IC50 282 µM). The potency and drug-likeness 
of  1 encouraged us to identify structural features using structure–activity relationship (SAR) study. 
At the first stage of SAR study, we explored the role of 2-hydroxybenzoic acid found compound 20 
with a sterically bulky carbamate moiety that inhibited ECF activity by a 2-fold increase compared 
to 1 (20, IC50 = 134 µM). The next stage, we investigated the role of the naphthalene ring. However, 
we were just able to synthesize two compounds (22 and 23) when an ether linker presents between 
the 2-hydroxybenzoic acid and the naphthalene ring. With Br-substituted naphthalene ring (22), the 
potential inhibition improved by four times (IC50 69 µM) and it is the best inhibitor up to date. 

Given by the inhibitory improvement by these naphthalene ring modifications, we sought to find more 
reliable linkers to be synthesized. Three different linkers of analogues were obtained: amine, amide and 
sulfonamide, respectively compounds 24, 25 and 26. However, only compound 24 had an inhibitory 
effect albeit less potent than hit 1. Despite compound 24 being a weak inhibitor, we made use of its 
analogues to explore the role of naphthalene ring in the hit 1. Unfortunately, up to date, we did not get 
any better potential inhibitor than compound 22.

Not only small binders that were potentially used to develop novel antibiotics against the ECF transporters, 
but also small-protein binders were generated in vivo (nanobody) against ECF-PanT (Chapter 4).  In 
this subproject, I aimed to catch novel conformations of the ECF transporters potentially showing new 
insight of mechanistic transport. By immunizing a llama with the antigen of ECF-PanT, in a membrane-
reconstituted state, we obtained 40 unique Nbs that were classified into 21 families based on the 
sequence in the so-called CDR3 region. Using co-elution in gel filtration chromatography experiments, 
we characterized the binding of all nine Nbs, not only to ECF-PanT, but also to ECF-FolT2 or ECF-
Pdx, which have identical ECF modules as ECF-PanT but different  S-components. Furthermore, the 
inhibitory effect of the Nbs on the transport activity of the ECF transporters (ECF-PanT and ECF-FolT2) 
was also investigated and resulted in a complete inhibition performed by Nb 86. Three of nine Nbs (69, 
81 and 86) were assessed further for their affinities of binding, showing excellent affinity (KD in the 
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low nanomolar range) for all of them. In addition, one of the nanobodies (Nb 81) was successfully co-
crystallized with ECF-PanT yielding a structure with 2.8 Å resolution as described further in Chapter 
5.

Diving into the translocation mechanism of ECF transporters may potentially help to develop the novel 
antibiotics. Therefore, during my PhD, an effort was also made to show the transport mechanism which 
was discussed extensively in chapter 5. Here, the unusual transport mechanism of group II transporters 
with a shared ECF module was reproduced in an  in vitro system instead of in vivo that was revealed first 
by Henderson et al.1. Using the proteoliposomes system, we show that the S-components FolT2 and PanT 
associating with, and dissociating from the identical ECF module showing a dynamic composition of 
the ECF transporter subunits. The exchange is part of the mechanism of  translocation and the transport 
kinetics behavior suggests that the substrate association with FolT2 is much slower than with PanT. The 
differences of those kinetics could be be explained from a structural viewpoint. The  crystal structures of 
the full complex ECF-FolT2 with the apo S-component in an inward-open (post-release state) showed 
a substantially different structure of the S-component compared with folate-bound FolT1, which may 
explain the slow binding of folate. In contrast, in the crystal structure of nanobody-bound ECF-PanT, 
which was also is interpreted as a post-release state, smaller conformational changes are expected upon 
pantothenate binding to PanT than folate binding to FolT2. It could be explained from the structural 
information. First the binding pocket in the PanT is more occluded (loops L1 and L3 not being splayed 
out as far as in the ECF-FolT2 structure). Second, the binding site geometry of the apo state suggests 
that only minor rearrangements are needed for pantothenate binding. 

Remaining Questions

This thesis provides small molecule binders of ECF transporters (chapter 2 and 3). As discussed above, 
the binders in chapter 2 designed to bind the S-component were not promising to develop as antibiotics 
candidates, and in chapter 3 we moved to the new strategy to find new binders that potentially interact 
with the ECF module instead of the S-component. Some candidate compounds were obtained by showing 
inhibitory effect and the best one had an IC50 value of ~69 µM. However, we never have biophysically 
proved using ITC (isothermal calorimeter), spectroscopy, crystallography or single molecule cryo-EM 
(electron microscopy) that the compound really binds to the ECF module. 

In chapter 4, an effort was made to raise small protein binders (nanobodies). However, not all nanobodies 
were yet characterized to find the unique ones that help fundamental experiments to show mechanistic 
action of the ECF transporters. One of the nanobodies (Nb81) seems potentially promising for the 
exploration of ECF transporters properties because it fully inhibits the substrate transport to the level 
of background. One of the powerful strategies   to use is structural study (crystallography or single-
molecule cryo-EM) aiming to trap the ECF transporters in a novel conformation. 

In chapter 5, further experimental work is still needed to test if the excess of FolT2 molecules in the co-
reconstituted system (Compare Figure 1 with Figure 3a and Figure 4) might cause bilayer imperfections, 
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which facilitate toppling20 thus leading to increased transport rates. In addition, we also speculated 
there would be smaller conformational changes upon pantothenate binding to PanT than folate binding 
to FolT2 based on the comparison crystal structures among ECF-FolT2 (5JSZ)2, FolT1 (5DOY)2 and 
ECF-PanT. To test this hypothesis, we need to show a substrate-bound structure of solitary PanT which 
might best be done using a crystallography approach. 

Finally, another big question still remaining is the uncertain complete mechanism of the ECF 
transporters. More experimental work is needed to elucidate the steps of transport. Here, structures of 
new conformations are expected to provide insight, such as an outward-open state, the ECF module 
alone without attached S-component, or the complex with the closed conformation of ATPase subunits.  
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Nederlandse Samenvatting 

ECF transporteurs (Energy Coupling Factor) zijn een groep van membraan eiwitten en ze behoren tot 
de familie van ABC (ATP-binding cassette) importeurs. Met de hulp van de energie die vrijkomt van 
ATP hydrolyse kunnen ze substraten over de membraan transporteren1–6. De energie module van deze 
importeurs bestaat uit drie eiwitten, namelijk; twee ATPase eiwitten (vaak een heterodimer van EcfA en 
EcfA’), en een transmembraan eiwit, EcfT. De energie module werkt samen met een S-component die 
ervoor zorgt dat een substraat getransporteerd kan worden over de membraan; van de buitenkant van de 
cel naar het cytosol. Een belangrijke eigenschap van de S-componenten is dat ze een hoge affiniteit voor 
het substraat hebben met een dissociatie constante van vaak lager dan nano-molair. Hierdoor kunnen de 
S-componenten goed de substraten opvangen uit het milieu buiten de cel. De verschillende beschreven 
substraten voor ECF transporteurs zijn; wateroplosbare vitaminen (foliumzuur, riboflavine, vitamine 
B12, biotine, nicotinezuur en thiamine) en hun voorlopers, metaal ionen (bijvoorbeeld Ni2+, Co2+ en 
heem), aminozuren (tryptofaan) en een voorloper van methionine 2–5,7–14. Deze vitaminen en mineralen 
zijn essentiële micro ingrediënten van het dieet, weliswaar in zeer kleine hoeveelheden. Veel van deze 
vitaminen die essentieel zijn voor mensen zijn ook van vitaal belang voor bacteriën. 

Net zoals veel andere ABC transporteurs zijn ECF transporteurs vooral te vinden in prokaryoten. 
Met name in de Firmicutes stam (fylum) van Gram-positieve bacteriën, veel van deze bacteriën zijn 
pathogeen voor mensen15. De ECF transporteurs komen niet voor in mensen. Het feit dat ze essentiële 
rol in pathogene bacteriën vervullen, gecombineerd met dat mensen deze specifieke transporteurs niet 
hebben, maakt ze een perfect doelwit voor mogelijke nieuwe antibiotica. Hiervoor is het wel belangrijk 
om meer inzicht in de structuur en mechanisme van transport van deze eiwitten te verkrijgen. 

In deze thesis hebben we vooral naar B-type vitamine transporteurs binnen de ECF-transporteurs 
gekeken. We hebben een begin gemaakt met het ontwikkelen van antibacteriële stoffen die binden 
aan de S-component van de ECF-transporteur die thiamine transporteert, het eiwit genaamd ThiT 
(Hoofdstuk 2). Hiervoor hebben we aan de hand van bestaande structuren van ThiT nieuwe thiamine 
derivaten gegenereerd. Helaas heeft dit niet geleid tot nieuwe medicijnen met potentiële antibacteriële 
werking16–18. Om nog meer verschillende thiamine derivaten te verkrijgen is er gebruik gemaakt van 
dynamic combinatorial chemistry (DCC), zodat fragmenten kunnen groeien maar wel altijd een 
deazathiamine gedeelte bevatten. Een acylhydrazone motief diende als linker samen met een aldehyde. 
Acht hydrazides waren gekozen om een vooraf geëquilibreerde dynamische combinatie bibliotheek te 
maken van acht acylhydrazons. Om te kijken hoe goed deze stoffen binden aan ThiT is er isotherme 
titratiecalorimetrie (ITC) uitgevoerd. De binding was matig tot zwak met KD waardes in de micromolaire 
orde van grootte. 

In een in silico onderzoek hebben we de mogelijkheid om een medicijnen te maken wat aan de ECF 
transporteur voor foliumzuur bindt bestudeerd. Het eiwit wat we gebruikt hebben is genaamd ECF-
FolT2 van L. delbrueckii (PDB code 5JSZ)2 (hoofdstuk 1). Er is voor dit eiwit gekozen vanwege de 
hoge beschikbare resolutie op het moment van de start van dit onderzoek. Het in silico bestuderen van dit 



148

eiwit heeft verschillende mogelijke plekken in het eiwit opgeleverd waar eventueel nieuwe medicijnen 
zouden kunnen binden. Met name in EcfT en EcfA hebben we plekken gevonden die geschikt zouden 
kunnen zijn. We hebben ook gecontroleerd dat er geen bio synthetische routes in de pathogenen (S. 
aureus, S. pneumoniae, E. faecium, E. faecalis, C. tetani, C. novyi en C. difficile) aanwezig zijn waardoor 
ze zelf foliumzuur zouden kunnen maken en dus niet afhankelijk van transport zijn. Dit is niet het geval, 
en daarom is ECF-FolT2 is zeer goed startpunt voor de ontwikkeling van nieuwe antibiotica. 

Antibiotica en medicijnen zijn vaak kleine moleculen die binden aan bepaalde eiwitten. De moleculen 
beschreven in andere studies16–19, en in hoofdstuk 2 van deze thesis zijn ontwikkeld om aan de 
S-component ThiT van L. lactis te binden. Helaas bleken deze moleculen geen geschikte kandidaten 
voor nieuwe succesvolle antibiotica omdat de Kd waardes niet goed overeen komen met de experimentele 
waardes. De nieuwe, hoopvolle, kandidaten beschreven in hoofdstuk 1 worden verder bestudeerd in 
hoofdstuk 3. Groep II van de ECF-transporteurs is een groep waarvan de energie module verschillende 
S-componenten kan binden. Hierdoor zouden de moleculen die de energie module remmen niet alleen 
foliumzuur transport blokkeren maar ook transport van andere vitaminen dat gebruikt maakt van 
dezelfde energie module. Een gevonden mogelijke binding plek, P2, bevindt zich tussen de helixen 
van EcfT en was uitgekozen voor verder onderzoek. Als hiervoor een goede remmer wordt gevonden, 
zou de S-component geblokkeerd worden en niet meer loslaten van de energie module en vindt er geen 
transport meer plaats. In eerste instantie zijn verschillende moleculen in silico gescreend. Vervolgens 
zijn ze experimenteel getest met een radioactief gelabeld substraat. Dit heeft geresulteerd in een hoopvol 
molecuul, genaamd 1, met een IC50 van 282 μM. De potentie en gelijkenis met een medicijn van 1 heeft 
ons gemotiveerd verder naar structuur en activiteit te kijken, ook wel structure–activity relationship 
(SAR) genaamd. We hebben gekeken naar de invloed van een hydroxy-benzoëzuur op molecuul 20. 
Bovendien had dit molecuul ook een sterisch omvangrijk carbamaat en remt ECF activiteit tot wel 2 
keer zo veel als 1 (20, IC50 = 134 µM). Vervolgens hebben we ook nog naar de naftaleen ring gekeken, 
en een molecuul gesynthetiseerd met een ether link tussen de 2-hydroxy-benzoëzuur en de naftaleen 
ring. Molecuul 22 heeft een Br-vervangende naftaleen ring en een inhibitie van wel 4 keer zo sterk 
vergeleken met molecuul 1 ( IC50 = 69 µM), het is de beste remmer tot nu toe.

Naast de studies met kleine moleculen die binden aan ECF-transporteurs hebben we ook grote moleculen 
bestudeerd die kunnen binden, namelijk eiwitten genaamd nanobodies. Deze grote moleculen zijn 
kleine eiwitten en worden gemaakt door een immuunreactie in een lama. Om een nieuwe 3D structuur 
van een andere conformatie van een ECF-transporteur te vinden hebben we nanobodies gemaakt die 
binden aan ECF-PanT gereconstitueerd in liposomen (hoofdstuk 4). Een nieuwe 3D structuur van een 
andere conformatie kan bijdragen aan ons inzicht van het mechanisme van transport. We hebben 40 
unieke nanobodies gekregen, die we in 21 verschillende families hebben opgedeeld op basis van de 
sequentie in de CDR3 regio. De binding van deze nanobodies aan de ECF-transporteur was bevestigd 
met co-elutie in-gel-filtratie chromatografie experimenten. We hebben ook gekeken naar de binding van 
deze nanobodies aan andere ECF-transporteurs behalve de PanT combinatie die gebruikt was voor het 
verkrijgen van de nanobodies. ECF-FolT2 en ECF-Pdx hebben dezelfde energie module, en sommige 
nanobodies bonden ook aan deze combinaties. Vervolgens hebben we bestudeerd of deze nanobodies 
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ook de activiteit van de ECF-transporteurs verlagen, en zo hebben we nanobody 86 gevonden. Voor de 
nanobodies 69, 81 en 86 hebben we ook de binding affiniteit kunnen bepalen; KD van in de nanomolaire 
range. Bovendien hebben we ook nog een kristal structuur van nanobody 81 met ECF-PanT kunnen 
bepalen met een resolutie van 2.8 Å zoals beschreven in hoofdstuk 5. 

Het verder bestuderen en begrijpen hoe het mechanisme van ECF-transporteurs precies werkt 
kan helpen bij de ontwikkeling van nieuwe antibiotica. Daarom is de transport cyclus van de ECF-
transporteurs verder beschreven in hoofdstuk 5. Hier, de ongewone manier van transport van groep II 
ECF-transporteurs, die eenzelfde energie module kunnen gebruiken met verschillende S-componenten, 
was gereproduceerd in vitro, in tegenstelling tot de al beschreven in vivo methode door Henderson et al.1. 
Gebruik makend van de proteoliposomes (blaasjes van lipiden met eiwit in de lipide bilaag) proefopzet 
hebben we laten zien dat verschillende S-componenten zoals FolT2 en PanT binden en loslaten van 
dezelfde energie module. De uitwisseling van S-componenten is onderdeel van de transport cyclus, 
met name het loslaten van de S-component is belangrijk. De experimenten hebben ook laten zien dat 
FolT2 veel langzamer associeert met substraat dan PanT. Dit kan ook gezien worden in de 3D structuur, 
namelijk de kristal structuur van het complete ECF-FolT2 complex met de apo S-component in een 
naar binnen toe gekeerde toestand (net na het loslaten van substraat) heeft een andere structuur dan 
de S-component met foliumzuur gebonden, wat de langzamere binding zou kunnen verklaren. Voor 
het binden en loslaten van pantotheenzuur door PanT worden veel kleinere conformatie-veranderingen 
verwacht zoals te zien in de 3D structuren van ECF-PanT met nanobody. De binding plek in PanT is 
meer afgesloten (lussen L1 en L3 zijn niet ver verwijderd van elkaar vergeleken met FolT2). Bovendien, 
de geometrie van de apo toestand laat zien dat slechts kleine herrangschikkingen nodig zijn voor de 
binding van pantotheenzuur. 

Openstaande vragen 

In deze thesis zijn verschillende kleine moleculen beschreven die aan ECF-transporteurs kunnen binden 
in hoofdstukken 2 en 3. De moleculen van hoofdstuk 2 zijn niet hoopvol als antibiotica-kandidaten, maar 
de moleculen uit hoofdstuk 3, die juist aan de energie module binden in plaats van de S-componenten 
zijn wel hoopvol. De beste van de kleine molecuul remmers had IC50 waarde van 69 µM. Maar bio-
fysische data om de binding van dit molecuul aan de ECF-transporteur aan te tonen ontbreken nog, ook 
de precieze plek van binding is nog niet bekend. Methode die hierbij zouden kunnen helpen zijn ITC, 
spectroscopie, en 3D structuur bepaling met behulp van kristallografie of single-molecule cryo-EM 
(electronen microscopie). 

In hoofdstuk 4 hebben we relatief kleine eiwitten (nanobodies) gegenereerd die binden aan ECF-
transporteurs. Nog niet alle nanobodies zijn gekarakteriseerd. Ze zouden kunnen bijdragen aan 
fundamentele vraagstukken met betrekking tot het mechanisme van de ECF-transporteurs. Een van de 
nanobodies (Nb81) is met name veelbelovend omdat het zorgt voor complete inhibitie van transport 
van het substraat. Om het mechanisme van ECF-transporteurs beter te begrijpen zou een nieuwe 3D 
structuur van een andere conformatie waardevol zijn. De binding van Nb81 aan een ECF-transporteur 
zou kunnen helpen om ECF-transporteur in een nieuwe conformatie vast te zetten. 
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Naast de data beschreven in hoofdstuk 5, zou het ook interessant zijn om te kijken hoe ECF-
transporteurs of onderdelen hiervan bijdrage aan deformaties van de lipiden bilaag. Lipiden bilaag 
deformatie zou namelijk een cruciale rol kunnen spelen in het faciliteren van het kantelen en daardoor 
indirect de snelheid van transport. In de beschreven experimenten er is een overvloed van FolT2 eiwit 
in het ge-co-gereconstitueerde systeem (vergelijk Figuur 1 met Figuur 3a en Figuur 4). Juist deze losse 
S-componenten zouden kunnen bijdragen aan een andere kromming van de bilaag waardoor kantelen 
makkelijk zou gaan. Om te bevestigen dat pantotheenzuur binding aan PanT minder conformatie-
veranderingen veroorzaakt dan foliumzuur binding aan FolT2 zijn nieuwe 3D structuren nodig. Dit zou 
gedaan kunnen worden met PanT eiwit in kristallografie structuur bepalingen. 

Als laatste is er nog een heel belangrijke vraag over hoe het transport mechanisme van ECF-transporteurs 
precies werkt. Meer experimenteel werk is nodig om hier achter te komen. Nieuwe 3D structure hebben 
hier een grote rol in, deze 3D structuren zouden bijvoorbeeld nieuwe conformaties kunnen laten zien, 
bijvoorbeeld de naar buiten toe open toestand, het energie module alleen (zonder S-component), of het 
hele complex maar dan met de de twee ATPases in gesloten toestand. 
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