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Chapter 7

Conclusions & Discussion

7.1 Conclusions

At the start of my PhD studies, the hypothesis was that RibU would be sufficient
for riboflavin transport in L. lactis, since it was an integral membrane protein that
bound riboflavin and a ribU deletion strain was completely defective in riboflavin
uptake (Duurkens et al., 2007). However, an extensive bioinformatics analysis
suggested that riboflavin transport could be dependent on an additional protein
complex besides RibU. For historic reasons, this complex was called the ECF
(energy coupling factor) module (chapter 2). It consists of a transmembrane domain
(EcfT) and two ATPases (two copies of EcfA or two homologous proteins EcfA
and EcfA’). The ECF module was predicted to be required to couple transport of
substrates across the membrane to the hydrolysis of ATP. To test this prediction,
we determined riboflavin uptake in Bacillus subtilis cells, where RibU, EcfT or (as
a control) another unrelated protein was inactivated at the gene level (chapter 2).
These experiments unambiguously showed that riboflavin transport indeed did
not only depend on RibU but also was completely reliant on EcfT. The ECF module
was predicted to be required not only for transport of riboflavin in conjunction with
RibU, but also for transport of many other substrates (often vitamins or transition
metal ions); the uptake of these would require a specific membrane protein ana-
logous to RibU. These integral membrane proteins were called S-components to
distinguish them from the widely known soluble substrate proteins/domains that
are associated with type I and II ABC importers (chapter 1).
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The genes coding for some ECF modules are organized in an operon with a single
S-component gene. These ECF modules may be dedicated to form a complex with
the S-component coded in the operon. In addition there are shared ECF modules
(chapter 2). In these modules the ecfAA(’)T genes are in an operon structure,
without an adjacent S-component gene. Instead, several genes encoding different
S-components are scattered in the genome and the EcfAA(’)T module is expected to
form complexes with each of them (D. Rodionov et al., 2009). In chapter 3, we show
that indeed all eight predicted S-components from L. lactis can interact with the
same ECF module and that different EcfAA’T-S-component complexes transport
different substrates. The subunit stoichiometry of the complexes was analyzed by
light scattering and was found to be 1:1:1:1 (EcfT:EcfA:EcfA’:S-component). This
result showed that the S-component forms an integral part of the ECF-type ABC
importer, since it forms one of the two transmembrane domains that are always
present in ABC transporters (chapter 1). However, the oligomeric state is not
undebated, and others have reported a different stoichiometry for a dedicated
EcfAT-S-component complex (BioMNY from Rhodobacter capsulatus, see below for a
discussion) (Hebbeln et al., 2007). Three of the purified EcfAA’T-S-component com-
plexes from L. lactis were reconstituted in proteoliposomes and substrate transport
was shown to be MgATP-dependent (chapter 3 and 4). The transport measured in
the proteoliposomes by reconstituted complexes proved that no additional soluble
domains were required for transport. Thus, ECF-type ABC transporters are the
smallest characterized ABC importers.

One of the S-components from L. lactis (ThiT specific for thiamin) was characterized
biochemically and the crystal structure was determined (Erkens & Slotboom, 2010;
Erkens et al., 2011). A competing group solved the crystal structure of RibU from
Staphylococcus aureus (Zhang et al., 2010). Recently, we managed to crystallize
an S-component for biotin from L. lactis, BioY (chapter 4). Based on sequence
comparisons, these three S-components are not homologous to each other, but all
three turned out to have a similar structure. All crystallized S-components consist
of a bundle of six transmembrane (TM) helices. The second transmembrane helix
is so short that it does not completely traverse the membrane and therefore a part
of the periplasmic loop between TM helix 1 and 2 (L1) is in the membrane. In
all three cases the substrate is bound at the outside (and thus not halfway the
membrane as is common for many transporters) but shielded from the outside by
the L1 loop. The high affinity ligand binding of RibU (Kd = 0.6 nM (Duurkens et al.,
2007)), ThiT (Kd = 0.1 nM (Erkens et al., 2011)) and BioY (Kd = 0.3 nM, chapter
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4) could be explained by an extensive network of ring stackings, salt bridges,
hydrogen bonds and/or van der Waals interactions. The similarity of the structures
of the S-components could also explain how EcfAA(’)T-complexes can interact
with many different S-components. Surprisingly, no coupling helix and only very
small cytosolic loops were found in all three structures. We therefore expect
that the cytosolic ATPase domains (EcfA and EcfA’) will interact predominantly
with the EcfT subunit and that the interaction between the ECF module and
the S-component are mediated mostly via the EcfT domain. Helix 4-6 and the
extracellular loops have the most interactions with the bound substrate and are
quite different between the different S-component structures. Helix 1, 2 and 3
were more similar between the three structures. Therefore, this N-terminal domain
was predicted to be the side that interacts with the EcfT. An AxxxA motif was
found in the first TM helix of the S-components. The alanines of the motif were
shown to be essential for EcfAA’T-ThiT thiamin transport, while they were not
involved in thiamin binding (Erkens et al., 2011). AxxxA and GxxxG motifs are
known to promote helix-helix interactions in membrane proteins. In this case we
showed that this motif is involved in EcfAA(’)T-S-component complex formation
(Erkens et al., 2011). The EcfT component must somehow confer the conformational
changes during ATP hydrolysis in EcfAA’ to the S-component in such a way that
the substrate is released from its high affinity-binding site and transported over
the membrane. We expect the translocation pathway to be in between the two
transmembrane domains as with any other ABC transporter (chapter 1), since no
translocation through the S-component could be found in the crystal structures
(chapter 4, (Erkens et al., 2011), and figure 7.2). In the case of the ECF-transporter
this means that the pathway is located between the EcfT and the S-component.

In chapter 5, we looked further into the dynamics of EcfAA’T-S-component com-
plexes. Whole cell uptake experiments with Lactobacillus casei by Henderson and
colleagues in the nineteen seventies indicated that substrates of different S-compo-
nents competed with each other for transport but not for binding. Competition was
only observed if the separate binding proteins of the substrates were expressed
(Henderson et al., 1979). Henderson and colleagues therefore already predicted
that the transporters for different substrates might share a protein component
responsible for the coupling of energy to transport (which he termed Energy
Coupling Factor). We now assume that the protein component is the ECF module:
EcfAA’T. We cloned the genes for EcfAA’T from L. lactis with two different S-
components (ThiT and NiaX) and expressed these in E. coli and tested whether
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we could observe competition. ThiT and NiaX were chosen because in E. coli
they show EcfAA’T dependent uptake. When the EcfAA’T was not co-expressed
or the ATPase domains were inactivated, uptake was abolished (chapter 5). A
clear inhibitory effect of NiaX co-expression on thiamin uptake via EcfAA’T-ThiT
was observed. However, it cannot be excluded that this inhibition is in part
due to over-expression stress. More importantly, if in the same cells thiamin
uptake was measured in the presence of niacin (the substrate of NiaX) transport
decreased with 50-80% (depending on NiaX and niacin concentrations). When
NiaX was not expressed the addition of niacin had a minor effect on uptake only.
The reduction in thiamin uptake apparently was caused by a smaller amount
of the ECF modules available for thiamin transport via EcfAA’T-ThiT, since part
of the modules bound to NiaX. This experiment showed that the EcfAA’T-S-
component complexes are dynamic and that different S-components can exchange
in the complex. It also showed that the interaction between S-component and
the ECF module is stimulated by substrate. It was however much more difficult
to observe an effect of ThiT expression on niacin uptake via EcfAA’T-NiaX. Also
in Hendersons data not all S-components competed equally well. Although this
might be due to differences in expression levels of the different S-components, these
results might also indicate that there are differences in the affinity of the EcfAA’T
for different S-components.

Even though the affinity for the ECF module of S-components with substrate bound
was higher than that of S-components in the apo-form, the EcfAA’T-S-component
complexes that we purified did not contain any bound substrate (chapter 6). Pos-
sibly the substrate was bound initially but was lost during purification. I was un-
able to make the EcfAA’T-S-component complexes fall apart in detergent solution
(chapter 6). This was probably due to the detergent micelle, which could force the
two hydrophobic transmembrane domains (EcfT and S-component) together once
they are extracted from the membrane.

Substrate binding studies to different EcfAA’T-S-component complexes indicated
that there is low affinity binding in the absence of MgATP, but when both Mg2+

and ATP are present the binding affinity appeared to increase, even though an exact
Kd could not be determined because the complexes had a tendency to aggregate in
the detergent solution. Aggregation of the complexes was also observed in the size
exclusion chromatography profile when substrate was added (chapter 6).
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7.2 Regulation of the EcfAA’T, the S-components and

their complexes

Most S-components bind to substrates that are only needed in small amounts
such as transition metals, ions and vitamins. These substrates can be scarcely
available, probably explaining the high binding affinity found for all characterized
S-components. The expression of the S-components is tightly regulated by ri-
boswitches such that they are only expressed when their substrate is scarce inside
the cell. The riboswitches can react on the substrate itself but also on metabolic
products of the translocated substrate. Thiamin for instance is the precursor of the
cofactor TPP and the latter molecule regulates translation from the thiT transcript
via a riboswitch (Winkler et al., 2002; Ontiveros-Palacios et al., 2008). Upstream of
the shared ecfAA(’)T operons no regulatory sequence could be found. Probably the
shared ECF module is expressed constitutively.

The regulation of the translation of S-components and the exchange of S-components
in the EcfAA’T-S complex probably give the cells the possibility to quickly adapt
to varying growth conditions. The levels of the different S-components vary
independently from each other, depending on their substrates, while the levels of
the ECF module are probably more constant. When for instance thiamin becomes
scarce the translation of S-component for thiamin (ThiT) will be increased, while
the level of the other S-components remains constant (figure 7.1). In this way most
or even all of the ECF modules will bind to ThiT to transport thiamin. The ECF
module probably becomes rate limiting for thiamin uptake (Erkens & Slotboom,
2010), but the excess of ThiT can bind all available thiamin from the environment.
Once enough thiamin is taken up via the EcfAA’T-ThiT complex, the expression of
ThiT will drop and the level of ThiT in the membrane will go down. When another
substrate becomes scarce, another S-components will be upregulated in a similar
fashion (figure 7.1).

Another way in which the ECF modules are optimally used is that the S-components
bind better to the transporter when they have substrate bound (chapter 5 and
(Henderson et al., 1979)). In this way the S-components can first scavenge the
substrate from the medium and then bind to the transport complex and transport
the substrate over the membrane (figure 7.3).
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Figure 7.1. Schematic overview of the regulation of S-components by riboswitches. Riboswitches
are RNA elements that regulate translation, by forming or releasing hairpins at the position of the
ribosome-binding site (RBS) in response to a trigger. In the case of the S-components riboswitches form
hairpins when the substrate or a metabolic product of the substrate is present. The result is that the
S-components are only expressed when the level of their substrate inside the cell is very low. In the
two panels of the figure two different situations are sketched. In the left panel the substrate of the
first S-component (in yellow) is needed inside the cell, while there is enough substrate for the other S-
component (in green). Therefore the first S-component is expressed at higher levels, while the translation
of the other S-component is blocked by the riboswitch that has substrate bound. Therefore it becomes
more likely that the ECF module will form a complex with the S-component whose substrate is needed
inside the cell. At the same time all the S-components that are not in a complex with the ECF module
will bind the available substrate with high affinity. In the right panel the situation is changed and the
other S-component is expressed. Substrate is indicated as yellow or green circles, the S-component as
a yellow or green rectangle and the RNA as a yellow or green arrow. The ATPase domains of the ECF
module are in red and EcfT is blue.

7.3 Remaining questions:

7.3.1 Can S-components alone mediate transport?

An ongoing debate is whether S-components can mediate transport without the
ECF module. To give an answer to this question we have tried to make a knock-
out of the ECF module in L. lactis, but so far without success, possibly because it is
essential (D. Rodionov et al., 2009). In Streptococcus pneumoniae the knock-out of the
gene for an ATPase of the shared ecfAA’T (SP 2220) was lethal (Thanassi et al., 2002),
while it also has a dedicated ecfAA’T (mtsABC) like L. lactis. Another indication of
the importance of the ecfAA(’)T genes comes from Mycoplasma genitalium. This is
a pathogenic bacterium that has the smallest known genome that can constitute a
cell, with 482 protein coding genes. Remarkably six of those genes code for two
ECF modules and two genes encode S-components for folate (FolT). At least one
of the ECF modules is essential (shown in (Glass et al., 2006), where it is annotated
as possible cobalt transporter). However, in B. subtilis (which has one dedicated
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ECF module for hydroxy-methyl-pyrimidine, one shared ECF module, two S-
components for biotin, one for riboflavin, one for thiamin and one for tryptophan)
a disruption mutant of the shared ecfT is viable.

When the ecfT gene from Bacillus subtilis was disrupted the uptake of riboflavin
was completely abolished. Clearly the RibU from Bacillus subtilis alone could not
support any riboflavin transport under these conditions (chapter 2), indicating that
the ECF module is required for transport.

In an article by Burgess et al. (Burgess et al., 2006), that was published before the
discovery of the ECF-type ABC transporters, riboflavin uptake in whole cells of
L. lactis was studied. Transport in energized cells was completely abolished in
a strain where the gene encoding RibU (now known to be the S-component for
riboflavin) was knocked out. Also wildtype L. lactis cells were studied by following
the binding and/or uptake of radiolabeled riboflavin. When unlabeled riboflavin
was added most of the labeled riboflavin was chased off. When cells were de-
energized riboflavin uptake was significantly lowered, but still an apparent eight-
fold accumulation was found. When a proton motive force was artificially imposed
on the de-energized cells, transport did not increase. Based on these results and
the fact that no ATP binding motif could be found in RibU, it was concluded that
riboflavin transport most probably took place via a facilitated diffusion mechanism.
The main conclusions were as follows:

”The apparent accumulation of radiolabeled riboflavin, which is
not dependent on the proton motive force, is likely to be driven by
equilibration of internal and external riboflavin pools via an exchange
(counterflow) mechanism. This possibility is supported by the fact that
accumulated radiolabeled riboflavin in energized cells could be chased
out of the cell with excess non-labeled external riboflavin. Exchange
would also explain the low but significant apparent riboflavin uptake
in de-energized cells, because de-energized cells may not be completely
depleted of riboflavin. Because the RibU primary sequence does not
reveal any indications for a role of ATP (no Walker A and B motifs,
no similarity to ABC or P-type ATPases, etc.), it is unlikely that ATP
directly provides the driving force for transport. Moreover, the rever-
sibility of the transport reaction and the exchange transport both point
towards a facilitated diffusion mechanism.” (Burgess et al., 2006)
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However now we know that even though RibU does not contain an ATPase
domain, transport is coupled to ATP hydrolysis via the ECF module (as shown in
chapter 3 in proteoliposomes with reconstituted EcfAA’T-RibU). Since the uptake
experiments were done in whole L. lactis cells both RibU and the EcfAA’T were
present. With our current knowledge we would conclude that in the energized state
uptake was mediated by EcfAA’T-RibU. The uptake in de-energized cells could
be transport via EcfAA’T-RibU driven by residual ATP, passive transport (by the
EcfAA’T-RibU complex or by RibU alone) or merely substrate binding. Substrate
binding is very likely since RibU has a very high affinity for riboflavin (the Kd

was later found to be 0.6 nM (Duurkens et al., 2007)). Riboflavin binding could
explain the association of radiolabel with de-energized cells and the release upon
addition of non-labeled substrate. The difference in the amount of binding between
energized and de-energized cells could be due to the EcfAA’T-RibU complexes
which appear to have a higher affinity for riboflavin when ATP is present (chapter
6), while for RibU in isolation the affinity is always high.

ThiT from Leuconostoc mesenteroides showed no uptake of thiamin when it was
expressed in L. lactis unless its ECF module was co-expressed (D. Rodionov et
al., 2009). Another S-component from L. mesenteroides, PanT, showed no uptake
without its EcfAA’T in E. coli (Neubauer et al., 2009). FolT from L. mesenteroides
showed some uptake when it was expressed in L. lactis, but showed no uptake
when expressed alone in E. coli (D. Rodionov et al., 2009). Possibly this difference is
due to the absence of any EcfAA(’)T in E. coli while L. lactis has two ECF modules
(one dedicated and one shared). One of these modules might be able to interact
with the heterologously expressed S-component and mediate some transport.

However, there are more reports of S-components showing uptake activity also
in the EcfAA(’)T-free background of E. coli. The bipartite S-component CbiMN
from Rhodobacter capsulatus showed radiolabeled cobalt uptake or binding above
background, but much less than when it was co-expressed with its dedicated
EcfA2T (CbiO2Q) (Siche et al., 2010); the same result was found for the CbiMN from
Salmonella enterica (D. A. Rodionov et al., 2006). In both cases CbiM alone could
not support transport. It is possible that CbiMN can support transport without
its EcfA2T even if most other S-components are unable to do so, since these S-
components are not single proteins but heterodimers and the substrate (a cobalt
ion) is much smaller than the substrates of most other S-components (chapter 1,
table 1.2). Similarly the heterodimeric S-components for Nickel ions, NikMN,
might also be able to sustain transport. However, only transport assays with the
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whole NikMNOQ complex (this is NikMN with it’s dedicated EcfA2T: NikO2Q)
have been published (D. A. Rodionov et al., 2006).

The S-component for biotin, BioY, from Rhodobacter capsulatus was described as
a low affinity, high capacity transporter in the absence of its dedicated EcfA2T
(BioM2N), that turned into a high affinity, low capacity transporter when its ECF
module was co-expressed (Hebbeln et al., 2007). All uptake experiments with
BioY from Rhodobacter capsulatus (an α-proteobacterium) have been done via over-
expression in E. coli and no chase with unlabeled biotin is described. The substrate,
reported to be taken up by BioY alone, could also be bound to the S-component.
Although binding is expected to be fast, the binding could be slowed (and therefore
look like transport) due to the fact that the S-components already have non-labeled
substrate bound (since the cells were grown on medium containing biotin) and this
slowly exchanges for the newly added radiolabeled substrate. This explanation
can be supported by the low Kd’s found for BioY (chapter 4), which means that
the ko f f will be small, and release will thus be slow (Kd = ko f f /kon). The end
level of biotin uptake shown for BioY could be due to binding since it is below
35 pmol/mg proteins, which would be ∼4200 molecules of biotin per cell. On
the other hand, some genomes of α-proteobacteria contain a bioY gene, while no
genes encoding ECF modules could be found (D. Rodionov et al., 2009). Additional
experiments will be needed to establish unequivocally whether or not BioYRc can
support transport. Based on our data, we favour the hypothesis that S-components
bind ligands with high affinity but do not transport the molecules in the absence of
ECF module.

The structural information available for the S-components points towards a func-
tion as a substrate-binding protein. The three S-components have their substrate
bound at the outward facing side of the protein and not halfway the membrane as
is common for transporters.

When the structure of RibU from S. aureus was published, the authors proposed
a possible translocation pathway through the S-component, lined by somewhat
conserved residues. They proposed this pathway even though they found that
RibU from S. aureus could not transport riboflavin in the absence of the ECF module
(Zhang et al., 2010). The conserved residues in the center of the protein could be
conserved to make sure the protein is folded and the helices are packed properly.
On top of that riboflavin is a molecule of 376 Da and would require quite a large
channel to reach the inside of the cell. This means that the tightly packed helices
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Figure 7.2. Cartoon representation with the conserved residues of the crystallized S-components
highlighted. Gray is not conserved, yellow 85-89% conserved, light orange 90-94% conserved, orange
95-99% conserved (or conserved as aromatic (WYF), positive (KR) or negative (DE) residues), red 100%
conserved. The start methionine is not taken into consideration. The conserved residues are shown
in stick representation (many of them are glycines and therefore show no side-chains). The bound
substrate is shown in green stick representation. For the alignment of BioY, the protein from L. lactis
and the 40 most diverse BioY family members (pfam02632) were used. For the alignment of ThiT the
40 most diverse members of pfam09515 (this includes ThiT from L. lactis) were used. For the alignment
of RibU, the protein from S. aureus with all 11 members of COG3601 (this includes RibU from L. lactis)
were used.

in the crystallized structure have to move far apart. In the structures of ThiT and
BioY from L. lactis no possible translocation pathway could be found (figure 7.2
and chapter 4) (Erkens et al., 2011). When we re-evaluated the conservation of the
residues in RibU, we did not find a conserved translocation pathway (figure 7.2).

The conserved residues of the S-components indicated in figure 7.2 could be grouped
into three classes: 1. Residues involved in binding of substrate, 2. prolines making a
kink in a helix (helix 2 and 6 of RibU and helix 6 in BioY) or 3. small residues such as
glycines, probably needed for structural reasons (sharp turns in the loops between
TM helices and in places where the helices are tightly packed). In RibU there is one
exception: an aromatic residue (Y139 in RibU from S. aureus) that doesn’t seem to
be involved in substrate binding but instead is pointing away from the binding site
to the outside of the cell. At this point we do not know what its role is. Possibly, it
is not modeled in properly since it precedes the loop between transmembrane helix
5 and 6 that could not be modeled because it was disordered.

Since the affinities of the S-components for their substrates are extremely high, it
will require input of energy to break the interactions between the protein and its
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substrate. When complexed to the EcfAA(’)T, this energy is likely coming from ATP
binding/hydrolysis and it is not clear how this would be possible in the absence of
the EcfAA(’)T, especially since the proton or sodium motive force was shown not
to have any effect on transport (as described above) (Burgess et al., 2006).

It has also been suggested that S-components of dedicated ECF modules (such as
the biotin, nickel ions and cobalt ions transporters from R. capsulatus and S. enterica)
can support transport without their EcfAA(’)T, while the S-components of shared
ECF modules cannot. However, S-components for the same substrate of shared
and dedicated ECF modules are homologous to each other and there is no obvious
difference between them at the sequence level. On top of that it is counter intuitive
that the S-components of dedicated ECF modules, which are in an operon with
the ecfAA(’)T genes and thus expressed under the same conditions, would support
transport, while S-components that are expressed independently would not.

7.3.2 Oligomeric state of the S-components and the composition
of the EcfAA’T-S-component complex

The question whether S-components can support transport of their substrates
without the ECF module cannot be viewed completely separate from the question
whether S-components are monomers or oligomers. If the S-components are
monomers the tightly packed helical bundle of the S-component has to open to ac-
commodate a translocation pathway, while in case of an oligomer the translocation
pathway could be between the monomers.

Also on this topic different reports can be found. All crystallized S-components
were found to be non-physiological oligomers in the crystal structure. The monomers
were rotated relative to each other in a way that would not be possible in a lipid
bilayer and were therefore described as monomers (see chapter 4 and (Zhang et
al., 2010; Erkens et al., 2011)). Also, light-scattering on purified S-components
(ThiT (Erkens & Slotboom, 2010) and BioY: chapter 4) and EcfAA’T-S-component
complexes (chapter 3) from L. lactis showed that the S-components are monomers in
detergent solution and that there is only one copy of the S-component per EcfAA’T-
S-component complex.

An analysis of BioY from the dedicated EcfA2T (BioM2N) from R. capsulatus in
whole cells with a lifetime based Frster resonance energy transfer (FRET) method
indicated that this S-component is an oligomer (Finkenwirth et al., 2010). An-
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other conflicting result was that the BioM (EcfT) protein was found to be an
oligomer in the EcfAAT-S-component complex. It was argued that the integral
membrane proteins are in a more natural environment since they are in a lipid
bilayer. However, there are also arguments against this notion, since the proteins
are overexpressed to high levels in a different host with large fluorescent proteins
attached to them. Nonetheless, it is possible that there are differences between
the various ECF transporters. It is also possible that multiple EcfAA’T-S complexes
come together (a dimer of two heteromeric EcfAA’T-S-component complexes could
also be seen in the light scattering experiments, chapter 3), although this would
not explain the oligomeric state of BioY when it was expressed without BioMN.
Whether the S-components are monomers or not, all the proteins studied so far
bind their substrates with a 1:1 ratio ((Duurkens et al., 2007; Eudes et al., 2008;
Erkens & Slotboom, 2010), chapter 4).

7.4 Hypothesis: possible translocation cycle

When S-components are expressed they are inserted into the membrane where
they can bind their substrates with high affinity (so far all studied S-components
have low- or subnanomolar Kd’s). S-components that have substrate bound have
a higher affinity for the ECF module (chapter 5). Presumably the EcfAA(’)T-S-
complex is formed once the S-component has substrate bound, although it is also
possible that the complex is formed before substrate is bound to the S-component
(figure 7.3).

The EcfAA(’)T-S-component complex then transports the substrate over the mem-
brane. We expect that the translocation pathway is in between the two TMDs (EcfT
and the S-component, figure 7.3), as is the case in all other characterized ABC
transporters (chapter 1). The substrate does not have to enter from the outside
of the membrane in between the TMDs in case of the ECF-type ABC transporter.
Instead the substrate comes from the binding site in the S-component that is already
closed off from the outside. Therefore, the outside of the membrane between
the EcfT and the S-component could be permanently blocked in the EcfAA’T-S-
component complex. The translocation pathway is expected to go from the binding
site in the S-component to the cytosol, via the EcfT and S-component interface.

The L1 loop of the S-component that is involved in substrate binding in all the three
crystal structures and also interacts with all transmembrane helices is hypothesized
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to move away to perturb the substrate-binding site and open up a lateral gate to the
interface of the EcfT and the S-component.

The energy for breaking the high affinity substrate-binding site in the S-component
and substrate translocation comes from ATP hydrolysis in the two ATPase domains
(two copies of EcfA or EcfA and EcfA’). It is not yet clear how the conformational
changes in the ATPase domains are transferred to substrate release and transloca-
tion since no coupling helix could be found in any of the S-components.

Whether the S-components are then always released from the EcfAA’T complex
when it has no longer substrate bound, or can remain associated to the EcfAA’T is
also not known. The EcfAA’T-S-component complex probably has to stay intact at
least until the substrate is translocated, since substrate transport is expected to take
place at the EcfT-S-component interface. Another S-component that has substrate
bound can then displace the S-component from the EcfAA’T-S-component complex.

7.5 Future research

It would be very interesting to look further into the dynamics of EcfAA’T-S-
component complexes, to see under which conditions S-components bind to the
ECF module and when complexes are disassembled. It would also be interesting
to see if there are differences between the affinities of different S-components to the
ECF module. If we can learn which S-components bind best to the ECF module, we
would get insight into the precise mechanism of interaction. Both of these questions
could be investigated by fluorescent microscopy. For this the ECF module and S-
components should be labeled differently either by attaching fluorescent malemide
labels to cysteines after purification or by expressing them with fluorescent fusion
proteins. The protein complexes could be studied in whole cells or in reconstituted
systems such as giant unilamellar vesicles (GUVs). The advantage of reconstituted
systems would be that substrate and nucleotide concentrations could be controlled.
It would be worthwhile to see how complexes are affected by the addition of
Mg2+ with ADP, ATP or non-hydrolysable analogs such as AMP-PNP or ATP with
vanadate. Föster resonance energy transfer (FRET) could be used or fluorescence
cross-correlation spectroscopy (FCCS).

Other interesting topics for future research will be the specificity and location of
the interaction between the S-component and the EcfT. It is hard to imagine that
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Figure 7.3. Scheme of proposed substrate translocation mechanism via the ECF-type importers.
The S-components (here indicated with S and in yellow) bind their substrate with high affinity. When
the S-component is expressed it is inserted into the membrane and will bind its substrate, if present,
with a high affinity. When it has substrate bound the affinity of the S-component for the ECF module
(indicated in blue and red) increases. The S-component and the ECF module have to form the EcfAA’T-S-
component complex before transport can take place. Substrate is then transported over the membrane,
probably through a translocation channel in between the EcfT (in blue) and the S-component. The
energy for translocation is provided by ATP hydrolysis in the ATPase domains (EcfA and EcfA’ in red).
The S-component can then dissociate from the ECF module or be replaced by another S-component or
the EcfAA’T-S-component complex may enter a new translocation cycle.

this is solely arranged by the AxxxA motif, and we therefore expect other residues
to be involved. Probably the AxxxA motif mediates a tight packing of one or
more helices from the EcfT with the first helix from the S-component. The side
of interaction in the EcfT component still has to be found. AxxxA motifs are also
present in the EcfT and are a possible candidate. Also the question whether the
ATPases domains (EcfA and EcfA’) interact directly with the S-component or only
via the EcfT subunit remains unanswered. A high-resolution crystal structure of
an entire EcfAA’T-S-component complex would give a lot of insight into these
questions. This is however not easy to accomplish. Therefore it would already be a
step forward to have a structure of an EcfT component. Does it have two cytosolic
helices that could serve as coupling helices? Is there any obvious interaction site
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for the S-component? Is there any structural similarity between the EcfT and the
S-components? MalG and MalF, the two TMDs of the maltose ABC importer, have
a similar structure even though they are not related in sequence.

Other questions that remain are if the translocation path is between EcfT and the
S-component, through the S-component or through EcfT? How can this pathway
translocate all the different substrates? Is ATP hydrolysis in ECF-transporters
blocked by vanadate? This is informative because this is the case in other complete
ABC transporter complexes, but not when the NBDs are studied in isolation and
therefore the interaction (via the coupling helixes) plays a role in trapping the
vanadate.

More information on the unliganded S-component would also give more insight
into the ECF-transporter mechanism. Crystallization studies on unliganded S-
components are on the way. Although so far they have been unsuccessful it will be
worthwhile to continue these efforts. Other options for studying these complexes
and their conformational change upon substrate binding would be with electron
paramagnetic resonance (EPR) or nuclear magnetic resonance (NMR) spectroscopy.
Although for the last technique the size of the membrane proteins makes it more
challenging, the first technique has already started to give some interesting results
(Marysia Majsnerowska, unpublished results).

7.6 Final remarks

The work described in this thesis has given us a first insight in the quaternary
structure and the function of the ECF-type ABC importers and has made it possible
to study EcfAA’T-S-component complexes in isolation, either in detergent solution
or in reconstituted systems. Now further biochemical and structural studies will
need to be done to get more insight in the function of this new group of ABC
importers. The discovery of this new, abundant group of ABC transporters also
raises the question if there are more unidentified groups of (ABC) transporters yet
to be discovered.

Knowledge on the function of the ECF-type ABC transporter could eventually lead
to the development of new antibiotics. ECF transporters are a good candidate
since humans do not have any ABC-importers, the ECF-type is found in many
pathogenic organisms and was indicated to be of vital importance for at least some
of them (D. Rodionov et al., 2009; Thanassi et al., 2002; Glass et al., 2006).




