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CHAPTER 1 

General introduction to ECF-type ABC transporters

In this chapter I will introduce the main molecular components that constitute the biochemical 
systems I have studied during my doctorate research, and will outline the general research 
questions that will be addressed in my thesis. I will briefly discuss the composition of 
lipid bilayers, lipid-protein interactions, protein-protein interactions in lipid bilayers and 
then introduce the proteins that take center stage throughout this thesis: ECF-type ABC 
transporters. At the end of this chapter I will provide an outline of the rest of my thesis. 
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A few words about transport across biological membranes

The plasma membrane separates the cellular content from the environment. The barrier 
function of the membrane can be explained by the structure of the constituent lipids and the 
architecture of the supramolecular ensemble as a sandwich of two layers of lipids facing each 
other with their hydrophobic parts.1 The membrane is a “two dimensional” solvent in which 
proteins are dissolved forming a fluid mosaic of all the components.2 
The amphipathic nature of phospholipids, the central element of membrane, drives them 
to self-assemble into bilayers in the aqueous environment. In the bilayer, the only parts of 
lipids exposed to the solution, either cytoplasm or outside environment, are the polar head 
groups. The interior between lipid head groups is occupied by hydrophobic fatty acid chains. 
Membranes composed exclusively of lipids would be permeable only to small, hydrophobic 
molecules like oxygen, nitrogen or carbon dioxide as well as to small, uncharged, polar 
molecules like water, glycerol or ethanol. Larger molecules (glucose, amino acids) and ions 
cannot easily penetrate through it. Nonetheless, many hydrophilic molecules and ions are 
crucial for functioning of the cell, and therefore there needs to be a path for them to pass 
the membrane. Such routes across the membrane are provided by specialized membrane-
embedded proteins. The transport proteins can be divided into four categories: translocators, 
channels, primary and secondary transporters.3 Channels and translocators support facilitated 
diffusion of the solute between two sides of the membrane. Primary transporters make a use 
of primary sources of energy: from chemical reactions (ATP hydrolysis), electron flow and 
couple it to transport process. Secondary active transporters couple uphill transport of one 
substrate against its electrochemical gradient to downhill transport of another molecule, the 
latter often being a monovalent cation.

Lipid component of membranes

In the lipid mixture of the bacterial plasma membrane the most common apolar chains are fatty 
acids with an average length between 14 to 22 carbon atoms. They can be linked to glycerol, 
sugar or amino acid moieties. The fatty acid chains are mostly saturated or monounsaturated, 
but branched iso forms, cyclopropane fatty acids and polyunsaturated chains also occur in the 
membranes, although much less frequently.4,5 
The most abundant lipid type in all genera of life are glycerophospholipids. In contrast, 
uncharged lipids like monoacylglycerol, diacylglycerols, carotenoids, quinones, waxes, free 
fatty acids, sterols are usually present in trace amounts in most of prokaryotic species. The 
characteristic feature of phospholipids is the linkage of a polar group (serine, ethanolamine, 
choline, glycerol or inositol) with the phosphate via an ester bond. The head group type and 
the length and saturation of the fatty acid chains has strong influence on membrane properties.
Membrane protein orientation, fold, and activity are among others determined by lipid 
bilayer properties.6,7 Membrane properties depend on the lipid composition as a collective 
set of diverse chemical properties from individual lipid components. Not the whole plasma 
membrane need to represent the same composition; increased amount of specific lipids in the 
protein surrounding may be sufficient to support its activity.8,9 
The “positive inside rule” states that the orientation of membrane proteins can be predicted 
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from the distribution of positively charged amino acids, with a bias for positively charged 
amino acid on the cytoplasmic side of bilayer.10 However, the lipid composition of the 
membrane may challenge the rule.11 It was shown with phosphstidylethanolamine (PE) 
content manipulation for LacY and PheP that some of transmembrane helices may flip to 
opposite orientation during the protein insertion into the membrane. It may also occur in 
membranes with changed lipid composition, although it has only been shown for some 
membrane proteins.8

The often observed differences in protein activity in detergent micelle or in lipid bilayers 
of various lipid composition are crucial indicators of how important a specific environment 
is for the functioning of membrane proteins (Chapter 6).12,13 ABC exporters and importers 
were shown to exhibit different levels of basal ATPase activity depending on whether they 
were in a micelle or were reconstituted into liposomes/nanodiscs (summarized in 6). The 
basal ATPase activity of exporters is detected when they are surrounded by lipids and not 
by detergent. In importers decrease of futile ATPase activity is observed when protein is 
reconstituted.14,15 This may suggest that lipids allow to strengthen the typical behavior for 
a given group of proteins. Therefore, finding the lipids necessary for the proper functioning 
of individual membrane proteins may bring a better knowledge of the mechanism of their 
action.

Protein-protein interactions in the lipid bilayer

Proteins are involved in control of a wide variety of processes throughout the life of the 
cell from gene expression to apoptosis. To properly understand the protein functions, it is 
necessary to accurately characterize them in the appropriate biological context. While some 
proteins perform well as an independent peptide, a significant group of proteins need one or 
more specific interaction partners to fulfill their function.16,17 
Many factors influence protein-protein interactions. Those factors are protein composition 
and structure, as well as the localization in the cell, concentration of each component and the 
environment. Additionally, it was hypothesized that it is more energetically efficient from 
a cell perspective to create complex proteins from smaller subunits than to produce bigger, 
single proteins.18

The interactions between proteins, regardless of whether the same or different proteins are 
interacting, can have a transient or permanent character.19–21 The permanent interactions, also 
called PPIs, are stable, usually of high binding affinity, and relatively “irreversible”. The 
transient interactions can be weak or strong. The strong interactions change the oligomeric 
state only as a response to a certain trigger, like ATP binding and hydrolysis. 
There are many models that allow studies on protein-protein interactions. However, mostly 
soluble proteins have been studied leaving a gap in the membrane protein field. A simplified 
model to study membrane protein interaction was a single hydrophobic helix.22–24 A common 
motif responsible for two membrane proteins to associate is represented by GxxxG motif 
and its derivatives, where glycine is exchanged for alanine or serine as well as multiplication 
of the motif.25–28 The GxxxG motif, where two glycines are separated by three, mostly 
hydrophobic amino acids, was found to stabilize helix-helix interaction by allowing compact 
helices packing and formation of van der Waals interactions as well as hydrogen bonds.
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Most of interacting interfaces of membrane proteins are more complex and there is a great 
need for methods to study interactions in the lipid environment. One membrane protein with 
multi-transmembrane helices that is being developed for such studies is the E.coli ClC-
ec1 transporter, which belongs to the ClC superfamily. The ClC family is responsible for 
voltage-dependent chloride transport. It contains both chloride channels and anion-proton 
exchanging transporters.29,30 Despite the differences in the type of transport performed, 
active and passive, all ClCs share the same basic architecture. They form dimers in which 
each monomer consists of a functional transport path.31,32 The dimers are very stable, which 
makes them less useful to study the dynamics of protein interaction in the bilayer. Therefore, 
the E.coli ClC-ec1 transporter was mutated to obtain an equilibrium between dimeric and 
monomeric forms.33 The ‘warts-and-hooks’ approach used in ClC transporters caused 
simultaneous destabilization in protein-protein interface and stabilization of protein-lipids 
interaction. By introducing bulky tryptophans in the interaction surface the complementarity 
between dimers was disrupted. Later, further ClC’s (ClCF-eca and ClCF-rla) were tested 
to prove the universality of the destabilization method.32 Besides monomeric mutants, 
moderately destabilized mutants were found. These mutants in the detergent micelles undergo 
slow equilibrium exchange. Finally, an attempt to quantify physical forces driving protein 
association in the lipid bilayer was made.34 Single-molecule photobleaching experiments 
on wild-type and tryptophan mutants allowed investigation at almost physiological protein 
concentrations in biological membranes. The outcome of the study was that the strength of 
interaction in the ClC homodimer is exceptionally large.
The next step in the field should be the investigation of structure-function relations in 
membrane protein interactions for which heterodimeric membrane protein complexes are 
more versatile than homodimers. The family of ECF transporters is a suitable candidate for 
such studies.

ABC transporters

ATP-binding cassette (ABC) transporters are encoded by both prokaryotic and eukaryotic 
genomes and are considered the largest family of membrane transport proteins. The members 
of this vast family are involved in bacterial virulence, osmotic regulation, export of toxins 
and multidrug resistance, cell division, plant nodulation, and translocation of diverse range 
of solutes across the lipid bilayers (sugars, ions, amino acids, peptides, vitamins etc.).35–38 
They can support substrate translocation in a thermodynamically unfavorable direction at 
the expense of free energy released by phosphoanhydride bond breakage in adenosine-5’-
triphosphate (ATP). 
All members of ABC family share a core architecture consisting of four subunits or domains 
(Figure 1): two transmembrane domains (TMDs) and two nucleotides binding domains 
(NBDs). The NBDs are responsible for ATP binding and hydrolysis. They are highly 
conserved within the ABC transporter superfamily, with well-recognizable amino acid motifs 
and tertiary structure. 
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Figure 1 Comparison of subclasses in the ABC transporters family. The top row depicts examples of importers, 
from the left to the right: a type I importer represented by E.coli maltose transporter MalGFK (PDB ID: 2R6G); 
a type II importer represented by E.coli cobalamine transporter BtuCDF (PDB ID: 2QI9); an ECF transporter 
represented by L.delbrueckii folate transporter ECF-FolT2 (PDB ID: 5JSZ). The bottom row depicts exporters, 
from the left to right: a type I exporter represented by T.maritima TM287/288 (PDB ID: 4Q4H); a type II exporter 
represented by human ABCG5/G8 (PDB ID: 5DO7); the Acidobacter baumannii MacB exporter part of tripartite 
MacA-MacB-TolC complex (PDB ID: 5GKO); another fold of exporter is found in the lipopolysaccharide transporter 
Pseudomonas aeruginosa LptB2FG (PDB ID: 5X5Y). The ATPases are colored in pink, transmembrane domains 
are colored yellow and blue. Additional substrate binding proteins of type I and II importers are colored green, also 
colored in green in exporters are the large periplasmic domain (LPD) from MacB and β-jellyroll-like domain from 
LptB2FG, respectively.

Characteristic amino acid motifs in the NBDs are: the LSGGQ motif, also known as signature 
motif, which is the hallmark of ABC transporters, and involved in coordination of ATP;39,40 
the Walker A (GxxGxGKS/T, where X may be any amino acid), and Walker B (hhhhD, where 
h is a hydrophobic amino acid) motifs41 responsible for binding γ-phosphate of ATP molecule 
and coordination of the Mg2+ ion involved in nucleophilic attack on ATP molecule. 
Conformational changes in the NBDs that take place during ATP binding, hydrolysis, and 
release of ADP and Pi are transmitted to the TMDs, which ultimately leads to alternating 
access and transport of substrate across the membrane. Despite similar functions of the 
transmembrane domains, their structure differs significantly between subclasses of ABC 
transporters. Based on the structural features of the TMDs, five main subclasses of ABC 
transporters can be distinguished: type I importers, type II importers, type I and II exporters 
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(TMDs fused with NBDs) and energy-coupling factor (ECF) transporters,42–45 but additional 
folds have been discovered recently (Figure 1). 

ECF transporters discovery

In 1979 Henderson et al.46 described a new transport system containing specific binding 
proteins (S-components) and a component ensuring coupling of energy (ECF module) to 
the substrate translocation. The work was the crowning of research on the binding and 
transport of folate, thiamin and biotin in Lactobacillus casei.47–51 They were able to isolate 
and characterize small membrane proteins, specific for binding of folate and thiamine from 
L.casei.49,50,52 Carrier-mediated transport of these vitamins was directly dependent on the 
energetic state of cells. In cells with depleted energy reserves or with stopped glycolysis 
either by iodoacetamide (IAA) or by low temperature (4˚C in medium without glucose) 
transport of substrate was abolished. In contrast, substrate binding was independent of the 
energy conditions of cells.48,50,51

In 2006 a bioinformatic approach led to identification of two new members of the ECF 
transporter family (although they were not named “ECF” at the time). Based on a comparative 
analysis of prokaryotic genomes nickel and cobalt transport systems were annotated.53 The 
gene cassettes for cobalt and nickel transporters were identified based on their co-localization 
with genes encoding B12 biosynthesis pathway and a nickel uptake regulatory protein (NikR), 
respectively. The Co2+ and Ni2+ transporter architectures resembled ABC transporters. They 
consist of ATPase subunits and transmembrane subunits. While the ATPases contained the 
typical features of nucleotide binding domains, the transmembrane subunits were unique. 
One of two transmembrane proteins was annotated as a transmembrane transport protein for 
specific substrate. A solute-binding protein typical for ABC importers was absent. 
At the same time the riboflavin specific S-component (RibU) was identified based on 
homology to Bacillus subtilis YpaA, a predicted riboflavin transporter.54,55 It was shown that 
RibU supported accumulation of riboflavin, FMN and roseoflavin in energized Lactococcus 
lactis NZ9000 cells. However, the genome sequencing in the proximity to ribU gene did not 
confirm the presence of any motifs typical for ATPases.
Also, an investigation of biotin transport proteins in prokaryotes was perform based on 
comparative genomics.56 Homology of BioM and BioN to the NBD and TMD from the Co2+ 
transport system discovered before (CbiQ and CbiO, respectively, see above) was found and 
suggested the existence of a new and versatile transporter family. Genes encoding BioY, 
the second membrane protein (S-component), were found in close proximity to the bioMN 
genes in some organisms, but in many others in regions of genome far away. This indicated 
diversity in this novel subgroup of ABC transporters.
Computational analysis was extended and resulted in identification of further members of 
the energy-coupling transporters family.42 As a result of this study, transporters for transition 
metals (cobalt and nickel), amino acids (tryptophan, methionine precursors), nucleosides 
(queuosine precursor, methylthioadenosine), vitamins and their precursors (biotin, riboflavin, 
niacin, thiamine and its precursors, cobalamin precursor, pyridoxine) and lipoate were found 
and some were confirmed experimentally.
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Classification of ECF transporters

A clear distinction between ECF transporter types was made by Rodionov et al.42 According to 
his findings, a division into two distinct typess has been made based on the substrate binding 
subunit (S-component) gene localization relative to the rest of ECF transporter subunits.
In type I ECF transporters the genes encoding substrate specific components and energizing 
module are organized in the same operon. It is predicted that they form a dedicated multi-
subunit protein complex. A common feature is that only a single copy of the ATPase-encoding 
gene occurs in this type of transporters (like in Ni2+ and Co2+ ECF transporters) or that the 
two genes coding for the NBDs are fused leading to a two-domain ATPase (found in almost 
all type I transporters in Archaea, Firmicutes and Spirochaetes, apart from ones specific for 
transition metal ions). 
In type II ECF transporters the S-component genes are scattered around the genome. They 
were identified based on the genome context analysis. The specificity of S-components 
was annotated based on specific riboswitches preceding the genes, regulons or co-localized 
genes involved in metabolic pathways for specific substrates.42,53,54,56 Products of these genes, 
specific for different substrates, are able to form complexes with a shared ECF module to 
form a functional transporter. 
There are examples of transporters specific for one substrate that belong to different types 
of ECF transporters in different organisms. As first observed for biotin transporters, the 
S-component BioY was either associated with the dedicated ECF module BioMN (type I), or 
dependent on a shared ECF module (type II).56 Further analysis revealed that also cobalamin 
and queuosine precursor transporters may belong to type I and II ECFs.42 It is not known yet, 
what factors decide on which of two types of ECF transporters bacteria will have.

Architecture of ECF transporters

In general, ECF transporters consist of four subunits. The soluble subunits are two nucleotide-
binding subunits (in type II ECF transporters called EcfA and EcfA’ or A-components). The 
two transmembrane subunits are: the S-component responsible for substrate binding, and 
EcfT (also called T-component) which forms a complex with the NBDs to form the ECF 
module. Each subunit in the ECF complex can be a separate peptide or subunits can be 
fused together. The fusion of ATPases are commonly observed (AA). Some rare fusions, 
where TAA, ST or SAA are linked, are also found. There are rare cases in which incomplete 
ECF complex were identified within the genome. In Desulfovibrion the biotin transporter 
operon contains only bioY and bioM genes (S-component and ATPase, respectively) and 
misses the T-component in the complex. Moreover, there are cases of solitary components 
existing alone in the genome. The example is BioY from Chlamydia Spp., where only the 
S-component was identified.57 In cyanobacteria and plant genomes genes of T-components 
alone were annotated58, without genes resembling an ECF module. For solitary S-components 
a function as transport proteins has been suggested, but a function of solitary T-components 
in some organisms has not yet been proposed. It is possible that similar membrane proteins 
are used in other protein complexes or the rest of the complex cannot be easily found within 
those genomes.
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1. An energy-coupling – Nucleotide binding domains 

ECF transporters use the free energy released upon ATP hydrolysis for conformational 
changes allowing substrate transport. The nucleotide-binding domain (NBDs) or subunits 
bind and hydrolyze ATP. They form a dimer of head-to-tail arranged ATPases with features 
typical for ATP-binding cassette protein family.36 The NBD structure is conserved within ABC 
transporters family. Each ATPase (EcfA) protein contains a RecA-like subdomain, a helical 
subdomain and additionally a small accessory domain.59,60 In the RecA-like subdomain, four 
highly conserved motifs are found: Walker A (glycine rich motif responsible for nucleotide 
binding), Walker B (consist of conserve glutamate residue enabling nucleophilic attack of 
water on ATP molecules), D-loop (providing contact between NBDs), H-loop (in which 
histidine side chains contribute to the catalytic reaction by contacting with the γ-phosphate 
of ATP). The helical domain contains the signature motif (LSGGQ).
In the genomes of prokaryotes containing ECF transporters there is a diversity in the number 
of genes encoding nucleotide binding subunit. Based on the genome content one or two 
genes coding NBDs could be encountered. In cobalt and nickel transporters (CbiMNQ and 
NikMNQO, respectively) there is always only one nucleotide-binding protein encoded in 
the operon.42,53 Crystal structures of CbiO from Thermoanaerobacter tengcongensis and 
CbiMQO from Rhadobacter capsulatus showed that the two copies of the ATPases form the 
active complex.61,62 The homodimeric CbiO from R.capsulatus was crystalized in complex 
with slowly hydrolysable ATP analogue, AMP-PNP.61 In case of CbiO from T.tengcongensis, 
the protein was crystalized without nucleotides and the extensive interactions between 
NBDs are provided by an antiparallel helix bundle (accessory domain) at the C-terminus 
of each monomer. This bundle of four helices contains amino acids conserved within cobalt 
transporters that contribute to dimerization of the NBDs.62 The interaction via the parallel, 
helical bundle is a common feature of ECF nucleotide-binding domains although the number 
of helices involved may differ between transporters.63 To exclude crystallization artefacts 
the dimeric form of T.tengcongensis CbiO was also confirmed in solution with a calibrated 
gel filtration method.62 The interaction between ATPase subunits was also shown in 
crosslinking studies on the biotin transporter (BioMNY) from R.capsulatus in the membrane 
environment.64 For this type I ECF transporter only a single gene for the NBD is present. The 
protein was modified by introduction of a single cysteine in the Q-loop region or in the helical 
region predicted to be at the dimer interface. Most of the mutants preserved ATPase activity 
when purified proving that mutations did not interfered with full complex stability or activity. 
The single mutants spontaneously formed dimers regardless of their presence in detergent 
solution or in membranes. Furthermore, studies on the oligomeric state of ATPases were 
performed in vivo with the use of a FRET based method.65 In the spectroscopy experiments 
based on lifetime of FRET the influence of acceptor label on the donor label was tracked. The 
conclusion was that BioM forms a dimer when in full complex, but remains monomeric and 
without ATPase activity in the absence of BioN and BioY. 
In the vast majority of type II ECF transporters ATPases are encoded by two separate 
genes.42 It was also shown that the ATPases form heterodimers in solution, which was further 
confirmed by a crystal structure of the T. maritima EcfAA’ dimer and comparison of protein 
retention volume during size exclusion chromatography.63 In vitro experiments from type 
II transporters suggest that formed ATPase dimer interacts with the transmembrane part of 
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the transporter. This conclusion was made based on mutant complex stability studies on 
Leuconostoc mesenteroides folate, pantothenate and riboflavin transporters.58

The examples cited above show that the ATPase domains are dimeric in both types of ECF 
transporters. In prokaryotic genomes ATPase genes can code either separate polypeptides 
or a fusion of two subunits. The homodimeric A-components are common in type I ECF 
transporters. In contrast, in the genomes of organisms with type II ECF transporters one can 
find solely heterodimers of ATP-binding domains.42 

2. An energy-coupling – Transmembrane coupling protein 

The transmission of the molecular motion from the NBDs closing to the transmembrane part 
of the transporter is done by two long, cytoplasmic α-helices (coupling helices) in the EcfT 
subunit. Coupling helices are a common feature of ABC transporters and were shown to 
interact with grooves formed by helical and RecA-like domain of NBDs.66–68 Nevertheless, 
the length and localization of coupling helices differ significantly between different groups 
of ABC transporters.
The T-component of ECF transporters is an integral membrane protein in a L- 69–71 or C-shape 
61,72,73. It is formed by eight helices: five transmembrane and three cytosolic (including the 
two long coupling helices). The transmembrane helices are perpendicular to the coupling 
helices, as visible in all crystal structures of full complexes obtained so far.61,69–73 It is possible 
that type I ECF transporters have an additional, short cytoplasmic helix of not yet known 
influence on complex stability or activity.61 Nevertheless, more high resolution structures of 
type I ECF transporters are needed to confirm significance of the additional helix in the CbiQ 
(T) protein found in cobalt transporter. 
The localization of coupling helices was first predicted based on bioinformatic analysis of 
lactococcal EcfT and Gram-negative BioN amino acid sequences. This analysis indicated the 
presence of coupling helices on the cytoplasmic side of the bilayer.58 Later, crystallization of 
full complex cobalt transporter in lipidic cubic phase (LCP)61 and other full complexes69–73 
provided experimental insight in the position of coupling helices in the relation to the lipid 
membrane.
Despite overall low sequence similarity between different EcfT proteins, the three coupling 
helices generally show higher sequence similarity. Two long coupling helices (CH2 and 
CH3) are organized in an X-shaped bundle. At the C-terminus of each coupling helix there is 
a conserved xRx motif in which the arginine residue is strictly conserved and surrounded by 
residues with small side chains.58,64,69,73 The two arginine motifs were predicted to provide the 
interaction site between nucleotide-binding domains and the membrane part of the transporter 
as well as to stabilize the full complex and mediate signaling in between subunits. Mutational 
analysis of the xRx motif with change of amino acid charge (positive arginine to negatively 
charged glutamic acid) showed lowered transport activity in growth assays of ECF-FolT and 
ECF-PanT from L. mesenteroides58 and transport assay of R.capsulatus CbiMNQO.61 It was 
not unequivocally confirmed which of two motifs is more important because different results 
were obtained between BioMNY, CbiMNQO and type II ECF transporters.
Interaction between the T-component coupling helices and nucleotide binding domains is 
additionally supported by hydrophobic interactions of amino acids around mentioned xRx 
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motifs. It was proposed that coupling helices do not loose contact with NBDs during the 
transport cycle.74 Based on homology modelling a nucleotide bound EcfAA’T with docked 
apo RibU from L. monocytogenes was created and suggested sliding of coupling helices 
along each other with maintained contact with ATPases. That may explain high stability of 
ECF module purified using an affinity tag on the ATPase complex. In vivo confirmation of 
stable ECF module complex formation was provided by Finkenwirth et al. in FRET analysis 
of fluorescently labeled components of biotin transporter form R. capsulatus.65 This work 
confirmed a stable complex of ATPases and T-component protein (BioMN) formed in the 
absence of an S-component. However, expression of BioN membrane protein alone was not 
successful. In type II ECF transporters it was also confirmed that a stable ECF module is 
formed in the absence of the S-component.63

Another function of the interaction between the T- and S-components is disruption of the high-
affinity binding site in the S-component. It is likely that the structural basis for the disruption 
is incompatibility of the surface of the substrate-bound S-component with the shape of EcfT. 
Loops in the S-component cannot adopt the conformation required for high affinity binding 
of the transported substrate if the S-component is associated to EcfT. A conserved serine 
and threonine rich fragment of helix 4 (TM4) in EcfT from Lactobacillus delbrueckii ECF-
FolT2 was pointed as an interaction site with S-component loop 3. This fragment serves 
as an “opener” to the substrate-binding site.70 Also, a conserved proline in TM3 of EcfT 
was hypothesized to contribute to opening the loops covering the substrate binding site in 
the S-component.69,70 Additionally, a kink in the helix introduced by the proline allowed for 
sufficient space for the substrate to diffuse out of the binding site.
For type II ECF transporters it was shown that the same ECF module may interact with 
multiple S-components not related in the amino acid sequence (Chapter 2 and 3).51,75,76 The 
accommodation of different S-components is possible due to flexibility in the transmembrane 
helices of EcfT.70,71,73 Conformational differences were visualized in crystal structures of apo 
and AMP-PNP-bound ECF-FolT270 and conformational dynamics of TM3 and 4 between 
L.brevis transporters.73

3. A substrate-binding (S) component

The second transmembrane subunit of ECF transporters is called the S-component. It is 
responsible for determination of substrate specificity. Functional assignment revealed 
so far the existence of 21 different S-component subfamilies, but it is well possible that 
more subfamilies exist, because S-components cannot always be identified by sequence 
analysis (Rempel, S. et al., submitted manuscript). S-components from different subfamilies 
have widely divergent substrate specificity, from Ni2+ and Co2+ ions,53 vitamins and their 
precursors54,56,77,78 to amino acids, and nucleotides.42 S-components are small proteins 
localized in the cell membrane.65 Alignment of the amino acid sequences of S-components 
revealed at most 21 % of sequence identity between different S-component subfamilies. 
However, numerous crystal structures revealed similarity in their protein fold.61,62,67,69,70,72–

74,79–86 The membrane topology consists of six transmembrane alpha-helices with both ends 
(N- and C-terminal) placed on cytoplasmic side of the cell membrane. Cobalt and nickel 
specific S-components have an additional, seventh helix on the N-terminal side (SM0) and 
an additional loop (L0) connecting this helix with the rest of the S-component. The existence 
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of the extra helix in CbiM and NikM is an adaptation that may be required for a unique 
binding mode for metal cations.61,83 Another unique feature of cobalt and nickel transporters 
is the presence of an additional small protein CbiN or NikN of not yet confirmed function. 
It is hypothesised that CbiN transiently binds to the transport complex in the region of the 
SM0 helix. There are two potential roles postulated for CbiN. It may support transmission of 
movement from ATPases (CbiO) to the S-component (CbiM) or reset of the substrate binding 
site in CbiM. Therefore, metal ion binding S-components differ from other S-components in 
the substrate binding mode dictated by the substrate nature as well as in the mechanism of 
coupling energy due to additional domain (CbiN/NikN).
The S-components developed high affinity for their dedicated substrates as presented in 
Supplementary Table 1. The substrate affinities measured with various methods are in low- 
to sub-nanomolar range.81,87 High affinity was also revealed in the substrate-bound crystal 
structures of solitary RibU,79 ThiT67 and BioY.80 Even though the proteins had been purified 
and crystallized in the absence of substrate, the crystal structures revealed bound substrate. 
Therefore, tightly-bound substrates from the growth medium were not released despite use 
of long purification procedure used.67,70,79,80

There is some debate about the oligomeric state of S-components. In all crystal structures of 
full complex ECF transporters only one S-component per complex was found (Supplementary 
Table 2). Additionally, in the solitary S-component structures dimerization or oligomerization 
is not evident. Despite the occurrence of two or more proteins in the crystal asymmetric unit, 
the lipid bilayer connecting them would be unnaturally bent.67,80 However, in vivo studies on 
the biotin-specific ECF transporter indicated that solitary BioY (in the absence of the ECF 
module) is a dimer or oligomer and that in the complex with ECF module there are two 
copies of BioY present.65 Determination of the oligomeric state of different proteobacterial 
BioY’s was always problematic due to lack of purified monodisperse protein preparations. 
Another study on BioY from R.capsulatus seemed to confirm earlier findings on dimerization 
of the protein.78 Mutational analysis in the artificially created tail-to-head fusions of two 
BioY proteins suggested that only interaction between dimers preserved protein activity. 
Surprisingly, the binding stoichiometry in BioY was lower than 1:1 binding seen in other 
S-components.79,81,87 Biotin captured from the growth media measured with ESI-TOF mass 
spectrometry revealed 1:2 biotin to protein ratio in wild type BioY and 1:4 in the created 
dimeric form. Also in vivo experiments on oligomeric states of BioY were performed. Based 
on changes in anisotropy of mYFP fluorescence in experiments with labeled and wild-type 
BioY it was shown that fused biotin-specific S-components form dimers of dimers.78 It was 
hypothesized that BioY oligomerization should allow to overcome high-affinity binding and 
allow substrate release. It is not yet clear if biotin specific S-components are an exception 
in the ECF family or represent another type of ECF transporters. Despite all similarities in 
protein fold, high affinity binding of dedicated substrate and interaction with ECF module, 
BioY appears to have some distinct features.
The S-components from type II ECF transporters were mostly shown to be monomeric. 
Analysis by size exclusion chromatography coupled to static light scattering confirmed the 
monomeric state of ThiT from L.lactis in the DM micelles.81 Another S-component, RibU 
from T.maritima, was also confirmed as a monomer in detergent solution with the multi-angle 
laser light scattering (MALLS) analysis.84
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Solitary S-component as transporters

There is some evidence that solitary S-components may support transport in the absence of 
the ECF module. It was reported that the solitary biotin specific S-components (BioY) from 
Rhodobacter capsulatus,56,65,78 Chlamydia trachomatis57 and other organisms88 were able to 
transport biotin without support of an energizing module. This hypothesis was supported 
by the fact that about one-third of BioY proteins are encoded in organisms lacking any 
recognizable EcfT proteins. These results were obtained only for heterologously expressed 
protein in E.coli strains lacking biotin transporters and without assigned ECF modules. In 
vitro studies on BioY form L.lactis and R.capsulatus reconstituted into proteoliposomes 
showed no transport activity.80 Probably transport by solitary S-components is less effective 
in comparison with one supported by ECF module but suitable to support cell growth in 
some conditions. Another possibility is requirement of additional, not yet identified features 
of protein to allow substrate transport. It is possible that oligomerization of BioY57,65,80 or 
presence of different membrane proteins may be essential to enable transport. The full complex 
BioMNY always supports growth, and thus function as a transporter in physiological biotin 
concentration, whereas in some cases solitary BioY is sufficient to support biotin transport in 
high substrate concentration.56,89

Another type of type I ECF transporter also has been shown to transport its substrate without 
a need for ECF module. The cobalt90 and nickel53 specific S-components (from R.capsulatus 
and Salmonella enterica, respectively) were able to associate radiolabeled metal ions with 
the cells. However, in T.tengcongensis NikMN83 and R.capsulatus CbiMN61 full complexes 
were necessary for cells to exhibit a transport of nickel or cobalt, respectively. 
In research on type II ECF transporters, S-components were shown to support transport 
only when in complex with energy-coupling module. In that sense folate (Chaper 3),42 
riboflavin,42,63,79 thiamin (Chapter 2),42,67 pantothenate (Chapter 3),73 and niacin (Chapter 2) 
were shown to be transported by the quaternary complexes but not by solitary S-components. 
Invariably, it is assumed that solitary S components are high affinity substrate scavengers from 
external environment of microorganisms43,91 and that they are the only protein making contact 
with the substrate during the translocation process. Available data shows that S-components 
from type II ECF transporters are not able to transport substrates by themselves. As for type 
I S-components the matter is unclear and requires further investigations. However, to assess 
the relevance of these findings, first the question should be answered whether dissociated 
from the complex type I S-components occur in vivo.

S-components orientation in the membrane

The crystal structures of full complexes ECF transporters: R.capsulatus CbiMQO,61 
L.delbrueckii ECF-FolT2,70 L.delbrueckii ECF-CbrT,71 and ECF-FolT,69 ECF-HmpT72 
and ECF-PanT73 from L.brevis revealed an unanticipated and unprecedented orientation 
of S-components. The membrane proteins lie in a “toppled” state with several helices 
oriented approximately parallel to the membrane surface. These helices of the S-component 
are predicted to be membrane-spanning in the solitary state. The orientation of solitary 
S-component was initially predicted based on positive inside rule.10,92 The rule allows to 
determine the orientation based on an increased prevalence of positively charged amino acids 
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(arginine and lysine) in loops at the cytoplasmic side of the membrane. Due to advances in 
crystallography the question about the S-components orientation can now also be addressed 
from a structural viewpoint. The crystal structures of solitary S-components in the LCP 
showed a “straight” conformation in the membrane, with helices spanning the bilayer, rather 
than a “toppled” orientation.82,84

S-components recognizing and binding substrates

As mentioned already S-components bind their dedicated substrates with a low- to sub-
nanomolar affinity. This high-affinity binding mode is a reflection of extensive interactions 
between the protein and substrate molecule. It was shown that in ECF transporters substrate 
binding is independent of interaction with the ECF module or transport. Independence of 
binding and transport was shown using mutants impaired in complex stability or transport 
that were still able to bind the substrate with high affinity.67 
Up to now folate, biotin, thiamin, niacin, riboflavin, pantothenate, cobalamin, cobalt and 
nickel specificities were confirmed experimentally. Additionally, from the crystal structures 
of NikM,83 YkoE,93 RibU,79,84 BioY,80 ThiT,67,86 and FolT70,85 the extensive interactions with 
the specific substrates were visible. A comparative sequence analysis indicated the conserved 
amino acids involved in interaction with individual substrates. In some cases the importance 
of individual amino acids was also confirmed by mutagenesis experiments.78,83,85

Helices 3 to 6 in S-components are predicted to be involved in creating the substrate specific 
binding site since they differ the most in superimposed structures of S-components.73,80 In 
the first two helices only minor differences were observed. The same shape of these two first 
helices is consistent with a common role, which is direct interaction with EcfT.
Structural data has revealed a role of loops connecting helices 1-2, 3-4, and 5-6 in substrate 
binding. The involvement of loop1 (connecting helix 1 and 2) has been unambiguously 
confirmed in many studies.45,61,70,73,80,84,85,94 The role of loop 1 in the process of substrate 
binding was monitored by measuring distance changes between the loop and neighboring 
helices using EPR and additionally confirmed with coarse grain MD simulation.95 The 
study undeniably confirmed that loop 1 closes around the binding site of ThiT upon thiamin 
binding. Furthermore, there is strong evidence for loop 5 participation in the control of 
substrate binding and release together with loop 1,84,94 although involvement of loop 5 could 
be caused by loop 1 stacking against it, thus stabilizing a closed state of loop 5.85 The loop 
between helix 3 and 4 may have some significance in the substrate gating. Its interactions 
with biotin were visible in the L.lactis BioY.80 What’s more, in case of the pantothenate-
specific transporter ECF-PanT from L.brevis, loop 3 was much longer and slightly covering 
an entry route to the binding site.73 In this case, it may be involved in an S-component specific 
gating mechanism for pantothenate.

S-components recognizing and association with energizing module

In ECF transporters S-components interact with the ECF module. It was already predicted by 
Henderson et al.46 that the S-component alone is not sufficient for transport, and an additional 
component is essential. In case of type I ECF transporters S-components have dedicated ECF 
modules to associate with. Possibly, the best possible fit and stronger interaction between 
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S-component and T-component is achieved in case of type I transporters. However, in type 
II ECF transporters many different S-components can associate with the same ECF module. 
Because of low amino acid sequence similarity between S-components, specific interaction 
of different S-components with a common partner is intriguing. One of the possibilities to 
overcome lack of sequence similarity is the use of a shared and structurally conserved interface, 
which could allow recognition of different S-components with poor sequence identity. The 
only highly conserved residues among S-components are alanines (or glycines) forming the 
AxxxA motif, where x is any, mostly hydrophobic amino acid.61,67,70,73,81,82,89 The alanine motif 
in S-components is located at the exposed protein surface of helix 1 that interacts in toppled 
state with coupling helix 2 of EcfT. There are some variations in the motif composition 
between different S-component families. The AxxxA, GxxxG (or the combination of two) 
sequences are known to allow close contact between helices.96 Mutations of the conserved 
alanines to tryptophans caused complete abolition of transport in ECF-ThiT from L. lactis,67 
while maintaining high-affinity substrate binding capacity, indicating the importance of these 
residues in formation of complete and active transporter complex. However, there are some 
differences between distinct transporters in response to mutations in the AxxxA motif and in 
the close proximity to it. In the pantothenate transporter from L.brevis only mutations of the 
second alanine significantly impaired complex formation.73 It was shown that in case of this 
transporter there is a strong contribution of other hydrophobic residues around the AxxxA 
motif on the interaction strength. In contrast, in the R.capsulatus transporter BioMNY strong 
influence on transport activity was attributed to the N-terminal part of the conserved motif 
whereas replacing second alanine to tryptophan brought less pronounced effects.89 
Cross-linking studies with the use of linkers of different length in BioMNY revealed that 
binding of ATP to the transporter complex changes the conformation of the coupling helices 
and AxxxA motif but the interaction between them is not disrupted in presence and absence 
of nucleotides.89

Based on structural data from full complex transporters, an important role in interaction 
between EcfT and S-components was predicted for the groove between helix 1 and 2 (SM1-
2) and loop1 (L1), respectively,73 but the most important and specific contact site between 
coupling helices of EcfT and the S-component is probably the AxxxA motif. There are 
no other structurally conserved sequences in S-components apart from the alanine motif. 
However, the entire interaction surface between S-component and EcfT consist of many, 
unspecific interaction sites. It is still unclear how specificity for S-components in the assembly 
is achieved. Nevertheless, interaction between S-component and ECF module is required for 
proper functioning of the transporters. 

Subunit stoichiometry of ECF transporters

In all crystal structures of full complexes there was a 1:1:1:1 (A:A’:T:S) subunit stoichiometry. 
This stoichiometry had also been proposed based on the organization and fusion of subunits 
in microorganisms containing ECF complexes.42,43 In type I ECF transporters natural fusions 
of different components are commonly occurring. As mentioned above, most often two NBDs 
are fused together forming a protein with two ATP-binding domains. Also three domain 
proteins are present among ECF importers where both EcfA subunits and EcfT are fused into 
a single polypeptide. None of the fusions observed indicated any other dimers than of the 
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ATPases. There is also biochemical data consistent with the 1:1:1:1 stoichiometry, mostly 
from purified proteins in detergent micelles analyzed with SEC-MALLS (light scattering) 
and calibrated size-exclusion chromatography or observed in the crystal asymmetric 
units.61,69–73,75 Nonetheless, there are several reports claiming different stoichiometries. 
Many of them focus on biotin transporters. In vivo experiments on type I BioMNY from 
R.capsulatus argue against a 1:1:1:1 stoichiometry.56 Hebbeln et al. hypothesized that BioY 
alone is able to act as transporter as a consequence of its dimerization (based on SDS-PAGE 
gels). Furthermore, FRET lifetime experiments suggest that at least two copies of BioY are 
needed for transport.65 Fluorescence studies of mutated BioY let the authors to conclude 
that oligomerization of BioY could assist in release of substrate on cytoplasmic side of the 
membrane. Dimerization as substrate release tool was further inferred from BioY fusion 
variants analyzed with quantitative mass spectrometry.78 BioY was found to contain biotin 
at a stoichiometry of 1:2 per domain for solitary BioY and 1:4 per single BioY domain of 
covalently linked dimeric BioY.
Another indication of a different oligomeric state in BioMNY was shown in crosslinking 
studies where dimeric BioN (T-component) was present in the full complex.64 It was 
hypothesized that one BioN associates with one ATPase through the conserved xRx motif 
from coupling helices. 
Apart from biotin ECF transporters also in riboflavin transporters a different subunit 
stoichiometry was suggested. Karpowich and Wang used crosslinking studies in purified 
ECF-RibU (type II ECF transporter) to confirm that multiple EcfT and EcfS subunits may 
be involved in formation of functional transporter. The proposed subunit stoichiometry was 
of 2:2:1:1 ratio (EcfS:EcfT:EcfA:EcfA’).63 Such a stoichiometry would allow S-components 
specific for different substrates to be simultaneously associated with the same transporter 
complex. It is possible that this study captured non-specific protein aggregates forced by 
detergent micelles or by crosslinking. Also, this model ignores the role of coupling helices 
in linking ATPases with the transmembrane part of transporter. The localization of coupling 
helices and their interactions was proved just after Karpowich and Wang published their 
work.69,72

A possible explanation for discrepancies in stoichiometry is that type I and II ECF 
transporters differ structurally or that the basic structural unit of ECF transporter has generally 
1:1:1:1 stoichiometry but with dynamic association and dissociation with respect to extra 
S-components.

ATP-dependence of transport
 
The observation that ECF transporters couple transport to ATP consumption was for the first 
time made by Henderson and colleagues in late 70s.46,51 They showed that accumulation 
of folate in cells is linked with ATP consumption. Confirmations of this result have been 
provided by studies on purified transporters reconstituted in liposomes.63,70,71,75 The homology 
between the NBDs of ECF and ABC transporters helped to understand coupling of the 
transport to ATP hydrolysis in ECF transporters.35,97 Briefly, ATP hydrolysis in nucleotide-
binding domains of ABC transporters involves the two NBDs coming closer when ATP is 
bound. There are two ATP-binding sites on the interface between the NBDs created by highly 
conserved motifs from both monomers. Dimer formation triggers large conformational 
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changes that are transmitted to coupling helices.37 Changes induced in these structures are 
propagated further in the TMDs resulting in alternation between outward- and inward-facing 
conformations.98 ATP hydrolysis and ADP and phosphate release push NBDs away from each 
other.
The NBDs of ECF transporters share all conserved motifs crucial for ATP binding and 
hydrolysis. It is predicted that their behavior resembles that observed in ABC transporters. 
However, the full complex structure with the “closed” state of NBDs has not been solved yet. 
It is known from ABC transporter’s NBDs that binding of Mg-ATP results in formation of 
closed ATPase dimer by ‘tweezers’-like motion with rotation of the C-terminal domain.99 An 
indication for the same behavior in ECF transporters was obtained from a crystal structure 
of the isolated NBDs in a closed conformation. Co-crystallization of the EcfAA’ dimer 
from T.maritima with AMP-PNP74 and a mutated CbiO(E166Q) dimer from R.capsulatus 
with AMP-PCP61 indeed exhibited a closed conformation with the nucleotides sandwiched 
in between two domains. It is assumed that bringing together the ATP-binding domains is 
translated in ECF transporters to scissors-like motion of coupling helices of the EcfT protein.43

The only confirmed state of full ECF transporters is the inward-facing state captured in all 
available crystal structures.61,69–73 Only one full complex structure is with nucleotide, AMP-
PNP, bound.70 That structure shows still the open state of NBDs but with bound nucleotide. 
Other full complex structures are in nucleotide-free states with NBDs separated. The 
conformation of the nucleotide-free state fits into the model presented for the ABC family.
Interestingly, unlike in ABC importers, in ECF transporters it was not observed that the 
presence of transported substrate increased ATPase activity (Chapter 5).97,100,101

How the model of transport mechanism evolved

The first proposed mechanism of transport was based on the observation that only energized 
cells support folate and thiamin uptake, suggesting an active transport mechanism.48,50,51 
Additionally, the active transport was proposed to be mediated by a carrier, an integral 
membrane binding protein.50 It was also concluded that the carrier was directly interacting 
with a common and essential partner.51 Almost thirty years later transport model was extended 
to the involvement of ATP in the substrate release from the S-component.81 S-components 
work according to the alternating access model with substrate-binding site accessible 
only from one side of the membrane at the time.43 Based on crystal structures of solitary 
S-components it was possible to situate the position of binding site close to the extracellular 
membrane plane.67,79,80 However, initially it was assumed that transport of the substrate is 
possible through the center of the S-component in a mechanism resembling a rocker-switch.79 
In this transport model, binding of substrate is gated by the loop1, and the substrate was 
predicted to move through a central channel of RibU due to conformational changes between 
helices 1-3 and 4-6 and triggered by ATP hydrolysis. The ATP hydrolysis would lead to 
switching from an outward- to inward-facing conformation and ADP release would allow 
the reset of the transporter. It would require significant conformational changes to allow 
passage of substrate in protein’s center, which is tightly packed in the crystal structures. A 
steered molecular dynamic (SMD) simulation excluded the possibility for channel existence 
because when it was forced in RibU by applying harmonic forces it was always blocked by 
lipid molecules.94 In this case, it would not be possible to transport riboflavin through the 
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inside of the S-component. However, the channel theory seemed highly probable considering 
the similarity to ABC transporters. Instead of a channel through the S-component another 
proposed path was placed on the interface between transmembrane subunits,80,91 which is 
typical in ABC importers and exporters.102 In that sense the pathway for the substrate in ECF 
transporters could be created by a change in the S-component’s loop 1 position to open the 
connection between the binding site and the space in between two transmembrane proteins.
Later, the movement of loop1 was attributed to control access to the binding site. This 
conformational change upon substrate binding was the only large structural rearrangement 
in the protein upon the substrate binding.95 This suggested that S-components behave as 
rigid bodies with access to the binding site via the loop 1 and possibly also loop 3 and 5.94 
Since there is no visible translocation path in any solitary S-component, another way of 
alternating access must be used. Indeed, the first full complex structures showed that there 
is another possibility for the transport with the participation of the S-component.61,69,70,72,73 
The new proposed mechanism involved toppling of the S-component as a mechanism of 
transport.43 Based on the folate transporter structure the transport mechanism was proposed 
as follow: ATPases during ATP binding and hydrolysis are coming close together causing 
rearrangement in the coupling helices of EcfT. Upon the binding and possibly also hydrolysis 
of ATP the toppled S-component is released from the complex and reorients to the outward-
facing conformation.69 Another model of transport proposed, based on the pyridoxine ECF 
transporter, was similar to the folate one69 and assume existence of two conformations: ATP-
bound and nucleotide-free resting state.72 The resting state with opened EcfA and EcfA’ and 
inward-facing S-component can bind ATP which brings the ATPases close together and causes 
reorientation of the S-component to the outward-facing conformation. The ATP hydrolysis 
and release of ADP and inorganic phosphate leads to the reset of the system and substrate 
transport. The hypothesized mechanism was supported by the coarse-grain modelling of 
the full complex in the lipid bilayer. It showed the possibility of S-component rotation up 
and down adopting outward- and inward-facing conformations, respectively. Another full 
complex crystal structure lead to the conclusion that the EcfT conformation is dynamic. 
Some adjustments in EcfT’s transmembrane part may occur as the rigid complementary 
surface of S-component interacts with it.73 This flexibility may answer the question how 
different S-components interact with the same energizing module. 
The next step missing in the transport cycle is confirmation of the S-component toppling 
mechanism (Chapter 7). Two independent studies were published at the same time and used 
labeling of the S-component’s extracellular loop as an indicator of toppling. The first study 
by Karpowich et al.74 used tetramethylrhodamine-5-malemide (TMRM) fluorophore on the 
riboflavin specific S-component and proved that in the detergent solution solitary RibU has 
external loops exposed to the solvent. In case of the RibU in the complex with ECF module, 
there was drastically reduced labeling observed indicating a significant change of S-component 
orientation. The second study used MIANS-labeling of solitary BioY and the same protein 
in the BioMNY complex.89 Shifts in the fluorescence were observed corresponding to 
ATP-triggered changes of conformation in the full complex to the outward-facing state of 
S-component. In the same study a capture and release mechanism was proposed. It was 
explained as substrate capturing when ATP binding occurred, while ATP hydrolysis allow 
for substrate transport.89 In a similar study it was found that ATP binding and simultaneous 
closure of NBDs and rearrangement of coupling helices causes S-component ejection from 
the complex.74 The last full model proposed takes into account all the knowledge gathered so 



26

far.70 It is in line with previous models where ATP-binding causes dimerization of ATPases 
and changes the conformation of coupling helices. The changed position of coupling helices 2 
and 3 causes disruption of the complementary interaction surface of the coupling helices with 
the S-component and thus release of the S-component from the complex. The S-component 
without substrate bound spontaneously topples back to the outward-facing conformation. In 
this orientation the S-component is again available for the binding of substrate. When the 
substrate is bound and loops on top of the binding site cover the hydrophilic parts of the protein 
toppling may occur again. In the toppled state S-component is able to interact with the ECF 
module. The interaction causes disruption of high-affinity binding site and lead to substrate 
release into the cytoplasm. ATP binding and hydrolysis allow for S-component release from 
the complex and resetting of the ECF module. In this model toppling is characterized as 
an intrinsic feature of substrate-bound S-components.70 Moreover, in this model only one 
turnover (transport cycle) for each S-component is possible. After completing the transport 
cycle the S-component disassembles from the complex making space for replacement with 
another S-component already loaded with substrate (Chapter 2 and 3). The substrate-free 
S-component returns to the pool of available components

Figure 2 A schematic representation of current ECF transporters transport model.

S-components compete for the same ECF module

Besides the toppling mechanism, another unique feature of type II ECF transporters is the 
association of different S-components with a common ECF module. Different S-components 
compete for binding to the same ECF module (Chapter 2 and 3). 
The first observation of competing behavior of different substrate-binding proteins for 
interaction with a common component (ECF module) was made by Henderson et al. in 1979.46 
Their work on folate, thiamine, biotin and niacin transporters expressed in Lactobacillus casei 
revealed competition between some S-components. The competition was only possible when 
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the full complex transporter was expressed in cells. The outcome of Henderson’s studies 
was that competition occurs on the level of the binding protein associating with the ECF 
module, and not at the level of substrate binding to the binding protein. However, the effect 
exerted by various S-components differed in case of folate, thiamin and biotin S-components 
from L.casei. The differences in competition were assigned to dissimilar protein levels in 
the cells. The results were later confirmed by heterologous expression of L.lactis thiamin 
(ThiT) and niacin (NiaX) S-components together with the ECF module (Chapter 2).76 E.coli 
cells expressing the ECF module, ThiT and NiaX simultaneously exhibit transport of thiamin 
and niacin. Moreover, excess of competing substrate in the medium had a dramatic effect 
on transport of the other substrate only when both S-components were present. The results 
confirmed that the competition happens between S-components in the substrate bound form. 
When both S-components were expressed but only one substrate was added to the reaction 
mixture, transport of the observed substrate was also affected a little. However, earlier studies 
on folate and thiamine transporters from L.casei did not show this dependence.46 This may 
indicate that different S-components have different affinity for interaction with EcfT or 
the fact that in L.lactis S-components in the apo form more often topple by themselves. 
In conclusion, highly substrate-specific S-components interact with the same partner. The 
interaction causes decreased chance for other S-components to interact and translocate their 
substrates (assuming that only one S-component at time can interact to form functional 
transporter).
The first in vitro evidence of different S-components interacting with the same ECF 
module came from co-purification of ECF module with different S-components naturally 
occurring in L.lactis.75 This work confirmed the formation of stable complexes with different 
S-components. Exchange of S-components was also shown between wild type and TMRM-
labeled L.maritima RibU.74 The exchange was possible only in the presence of Mg-ATP. 
These results confirmed that ATP binding and hydrolysis are needed for dissociation of the 
S-component from the ECF transporter. The exchange observed by Karpowich et al. was 
dependent on the amount of S-component available, which fits well with the competition 
theory. The more S-components available the less possibility each of them has to associate 
with the common partner.74 When ThiT, TMRM-labeled RibU and ECF-RibU, all from the 
same organism, were mixed together ThiT was detected to be associated to the module at the 
expense of reduced fractions of TMRM-RibU and RibU in the full complex.

OUTLINE OF THIS THESIS

In the rest of this thesis several studies on ECF-type ABC transporters are described.
In chapter 2 and 3 the focus is on the competition between S-components for the same ECF 
module. Chapter 2 describes competition between thiamine and niacin specific S-components 
in vivo in Escherichia coli cells. We show that S-components are more efficient competitors 
in the presence of their dedicated substrate. The data obtained here points toward model 
in which the S-components associate and dissociate from the transport complex. Chapter 
3 focusses on an in vitro system. In this chapter competition of folate- and pantothenate-
specific S-components is studies in the liposome environment.
Dissociation and association of S-components was further investigated with single-molecule 
FRET studies using TIRF microscopy in Chapter 4. This chapter covers also optimization of 
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sample preparation to improved data quality. An optimized protocol for sample preparation 
and preliminary results are described in Chapter 4.
In Chapter 5 biochemical characterization of ECF-PanT and ECF-FolT2 transporters is 
presented. We present data on substrate binding, transport and ATPase activity of pantothenate 
and folate specific ECF transporters. Also the effects of substrate and ATP analogues are 
presented.
An attempt to characterize the lipid environment necessary for ECF transporter function is 
presented in Chapter 6. 
Chapter 7 presents experiments aimed to study toppling of S-components. The chapter 
contains negative results from different techniques we tried.
The last chapter (Chapter 8) describes an attempt to optimize the expression constructs used 
for mutagenesis and production of ECF transporters.
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