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CONCLUSIONS AND OUTLOOK

Vitamins are essential nutrients for organisms. Many organisms depend on cofactors obtained 
from the environment. Some organisms didn’t develop complete biosynthetic pathways 
to produce those compounds or while having complete pathway they still have systems to 
scavenge nutrients from the extracellular environment.1 A selective uptake of nutrients is 
entrusted to transport proteins residing in the cell membrane. The importance of nutrient 
transport systems is reflected in high content of transport proteins in prokaryotic genomes 
(up to 16%).2 Transporters are proteins mostly specialized for a specific substrate or a group 
of substrates. The mechanisms of transport of key compounds for the bacterial survival may 
differ significantly. It is extremely interesting how different solutions evolved in nature to 
transport diverse solutes.
Our work is concentrated around Energy-coupling factor (ECF) transporters.3 Those unique 
transporters use energy of ATP to transport vitamins and micronutrients across the lipid 
bilayer.3–7 The architecture of ECF transporters is modular.8–10 Generally, there are four 
building blocks in full complex transporters: two, ABC-type nucleotide-binding domains 
(EcfA and EcfA’), two transmembrane proteins (EcfT and EcfS, also called S-component). 
According to current transport model6 in ECF transporters S-components, responsible for 
substrate binding, need to dissociate from the whole complex to be able to bind a substrate. 
Dissociated S-component topples to the up-right conformation exposing their binding site 
on the extracellular site of the bilayer, which allows transport of consecutive substrate 
molecules. With our radiolabeled vitamin uptake assay both in Escherichia coli cells and in 
proteoliposomens, we were able to prove that indeed dissociation and following association 
occurs during the transport cycle.
In this thesis we explored the molecular mechanism of transport in ECF transporters. We 
started with in vivo competition experiment as an undeniable evidence of S-component 
exchange in the docking site of ECF module (Chapter 2). We reproduced experiments from 
late 70’s but in the E.coli strain that is deprived of naturally occurring ECF transporters or 
their components. In that “clean” system it was clearly observed that S-components compete 
in the substrate dependent manner. We confirmed that in case of niacin and thiamine transport 
presence of its dedicated S-component and a functional ECF module is necessary for the 
transport of those vitamins. We were able to show that S-components can be exchanged in 
the full complex. In type II ECF transporters different S-components compete for a shared 
ECF module and that competition is more pronounced for substrate-bound S-components. 
The next step was reconstitution of ECF transporters into proteoliposomes and observation 
of their dynamic behavior in vitro. In Chapter 3 pantothenate and folate specific transporters 
were studied. We were able to establish an uptake assay for pantothenate specific ECF 
transporter (ECF-PanT) and combined it with the assay for folate transporter.6 We clearly 
showed that S-components different in amino acid sequence (PanT and FolT2) are able to 
form a functional complex with the same ECF module. Uptake assays with co-reconstituted 
ECF-PanT and solitary FolT2 confirmed that exchange between S-components occurs in 
liposomes. Additionally, we tested exchange between co-reconstituted two transporter 
complexes, specific for pantothenate and folate, but with one ECF module bearing the E to 
Q mutation. This mutation causes lack or significantly reduced ATPase activity leading to 
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transport arrest.11,12 The ECF-PanT and ECF-FolT2 inactivating mutants were able to allow 
its S-component to efficiently support transport of dedicated vitamin when coexisting with 
the functional ECF module. It was possible that either dissociation of S-components occurred 
spontaneously as a result of sample preparation or mutants had some residual activity allowing 
for S-component release. We also observed substrate dependent competition of S-components 
for shared ECF module. Our plan was to use single-molecule FRET to observe association 
and dissociation of S-components on the molecule level. Preliminary data supported the 
hypothesis of ATP induced S-component dissociation. Unfortunately, we struggle with the 
sample quality, which necessitated in optimization of ECF transporter sample preparation for 
microscopy studies (Chapter 4). 
In Chapter 5 we started extensive biochemical characterization of ECF-PanT and ECF-FolT2 
reconstituted into proteoliposomes. It proved that these two transporters form Lactobacillus 
delbrueckii exhibit similar substrate binding and transport kinetics. Additionally, pantothenate 
and folate analogues influence on transport was tested, what led to knowledge on substrate 
specificity and binding. We also proved that only Mg-ATP is able to support transport of 
substrates in ECF transporters. That fact reaffirmed that hydrolysis is an indispensable step 
in transport by ECF transporters.
Due to high sensitivity of studied transporters to the time spent outside the lipid bilayer 
as well as to gain a broader picture of transport mechanism we start investigation of lipid 
influence on ECF transporters stability and activity (Chapter 6). Our preliminary results 
suggest that ECF-PanT have higher transport activity in proteoliposomes with higher 
phosphatidylethanolamine (PE) content. Also, PE was the main lipid co-purified with ECF-
PanT and ECF-FolT2 as detected by mass spectrometry. We also determined lipids co-purified 
with S-components (BioY and ThiT) overexpressed in their organism of origin, Lactococcus 
lactis. S-components co-purified mostly with phosphatidylglycerol (PG), to a smaller extent 
with cardiolipins, and with trace amounts of glycolypids.
We tried to follow more directly the toppling mechanism of S-components. Chapter 7 
gathers results from experiments with crosslinking, use of environment sensitive dye, and 
FTIR spectroscopy to demonstrate toppling, but neither method yielded conclusive answer. 
The final experimental chapter (Chapter 8) describes our research on the optimization of 
expression vectors for overexpression of all four components of ECF transporters. Our 
goal was to obtain tunable expression of the ECF transporters. Additional goal was to get 
vectors not bearing identical stretches of DNA like in p2BAD vector.13 We created to types of 
expression systems that yielded satisfactory protein amounts. One system uses two separate 
vectors, pBAD24 and modified pACYC with arabinose promoter, to express ECF module 
and S-component, respectively. The second system was based on the pBAD24 vector with 
the linker containing RBS between ECF module and S-component genes. Both expression 
systems allow for protein production comparable with the p2BAD vector.

Questions still to be answered

We proved in this thesis that association and dissociation of S-components are part of the 
transport cycle in ECF transporters (Chapter 2, 3 and 4). However, the direct observation 
of that process was only preliminary (Chapter 4). Some more experiments are necessary to 



164

gain a proper number of events of dissociation and association by single-molecule FRET 
microscopy. 
Another way to improve single-molecule FRET statistics is to use ECF transporters 
with improved stability. Stable ECF transporters may be obtained from extremophiles.14 
However, the use of different organisms leads to the need of biochemical characterization 
of those transporters and confirmation their similarity to already studied ECF transporters. 
Comparison of extremophile kinetics could show if the adaptation of those organisms to 
extreme conditions affected ECF transporters.
One of really interesting questions is how different are type I and II ECF transporters. We 
only started to compare available kinetic parameters of transport between those two types. 
It is not known if dedicated S-components from type I transporters dissociate from the ECF 
module or are able to topple when still associated with the complex. That question could 
be answered with the single-molecule FRET microscopy and perhaps taking advantage of 
type I ECF transporters form extremophile organisms. Another interesting aspect of type I 
transporters is the occurrence of additional structures like in Ni/Co transporters, NikN and 
CbiN, respectively.15,16 With the same microscopy approach it could be possible to test in the 
controlled environment of proteoliposomes what effect these additional structures have.
The final step in fluorescent microscopy investigation could be tricolor FRET experiments. 
In those experiments two S-components would be labeled with two different fluorescent 
dyes, acceptors. The ECF module would be labeled with the donor dye. This experiment can 
answer the question on the time the S-components reside within the complex. The distinct 
features of S-components, a consequence of different amino acid sequences, may be reflected 
in the association behavior. Additionally, if there are differences in times S-components 
spend associated with the ECF module it may be related to the difference in transport rates 
observed in uptake assays. The tricolor FRET experiments should be performed in the set up 
where whole complex and solitary S-components are used. Therefore, an active and labeled 
full complex as well as active and labeled S-components need to be obtained. The biggest 
challenge we did not overcome yet was the labeling efficiency that should be close to 100%. 
Without it, the time of unlabeled components interacting together could highly interfere with 
the experimental outcome. 
A big challenge is direct observation of S-component toppling. We made attempts to visualize 
toppling (Chapter 7), however without a success. Further improvement in Polarized Fourier 
transform infrared (FTIR) spectroscopy can be still obtained. It is possible that ECF module 
is involved in regulation or help in S-component toppling. Therefore, whole complexes 
should be tested by FTIR spectroscopy to confirm changes in S-component orientation. The 
more possibilities to study toppling events with EPR or FRET microscopy. However, further 
scanning for stable and active mutants will be necessary. It should result in appropriate 
localization for label pairs in the ECF transporter structure. The challenge there is to introduce 
mutations and attach labels on S-component and around the interaction surface between T- 
and S-components.
Questions which were raised during our study was: the effect of lipids on ECF-PanT activity, 
and more specifically influence of cardiolipin. We tested only two different cardiolipin 
concentrations in liposomes but did not yet determine their influence on transport activity. 
Equally interesting is the role of lipid bilayer in toppling. It is likely that changes in 
membrane thickness will indicate the impact the membrane has on toppling or dissociation of 
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S-components. It is possible to use X-ray diffraction (LXD) in oriented multilayers to assess 
changes in membrane thickness around the proteins.17,18 That method could bring an answer 
if ECF module or S-component cause any disturbance of the membrane.
The main focus of this thesis was on the pantothenate specific transporter. However, crystal 
structures of pantothenate-bound PanT was never solved. High-resolution structure would 
shed light on the substrate binding and well supplement our research on transporting abilities 
of different pantothenate analogues (Chapter 5).
The work described here provide some more knowledge on the mechanism and behavior of 
ECF transporters. However, the complete mechanism is still uncertain. More studies need to 
be performed on ECF transporters to clarify this uncertainty and be able to apply the acquired 
knowledge to develop new antimicrobial agents. 
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