
 

 

 University of Groningen

The ABC  of ECF transporters
ter Beek, Josy

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2012

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
ter Beek, J. (2012). The ABC of ECF transporters: discovery and initial characterization of ECF-type ATP-
binding casette (ABC) importers. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/fcd689cd-902e-4a75-a89c-637d05e03843


Chapter 5

EcfAA’T-S-component
complexes are dynamic

5.1 Abstract

The mechanism of transport by ECF transporters that share the ECF module
(EcfAA’T) for different S-components was studied in vivo. The shared ECF mo-
dule and the S-components for thiamin (ThiT) and niacin (NiaX) from Lactococcus
lactis were expressed in Escherichia coli, and uptake of radiolabeled substrates
was assayed. For thiamin and niacin, we show that uptake is dependent on the
presence of the corresponding S-component and an active ECF module. No uptake
was observed without the EcfAA’T or with an EcfAA’T where the ATPases were
inactivated by mutation of the glutamate at the end of the Walker B motifs for
glutamine (E166Q in EcfA and E170Q in EcfA’). For EcfAA’T-ThiT single mutations
in either of the two ATPase domains severely effected thiamin uptake, while in
EcfAA’T-NiaX complexes the single mutants showed niacin uptake levels that
were the same as wildtype. Subsequently, we investigated whether different S-
components are able to compete for the ECF module. Radiolabeled thiamin uptake
via EcfAA’T-ThiT was measured in cells that simultaneously expressed NiaX at
different levels. We show that thiamin uptake correlates negatively with the
amount of NiaX. In addition, thiamin uptake was more strongly reduced when
non-labeled niacin was present during the assay. The effect of niacin was strongly
concentration dependent with an apparent Ki in the low micromolar range. The
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effect of niacin on thiamin uptake indicates that NiaX competes with ThiT for the
ECF module, and that the competition is more effective when NiaX has substrate
bound. Conversely, the presence of ThiT and its substrate thiamin also affected
niacin uptake via EcfAA’T-NiaX, but the observed differences were much smaller.
Possibly NiaX has a higher affinity for the EcfAA’T than ThiT, but differences in
the expression levels of ThiT and NiaX might also play a role. We conclude that
the EcfAA’T-S-component complex is dynamic in composition and different S-
components are able to compete for a shared ECF module. The observation that
S-components compete more efficiently for the ECF module when their substrate
is present indicates that S-components with substrate bound have a higher affinity
for the ECF module than when they are in their apo-form.

5.2 Introduction

Energy coupling factor (ECF) transporters are ABC importers that do not rely on
soluble substrate-binding proteins but instead use integral membrane proteins (S-
components) (D. Rodionov et al., 2009) to bind substrate with very high (sub-
nanomolar) affinity (chapter 1-4) (Duurkens et al., 2007; Erkens & Slotboom, 2010;
Eudes et al., 2008). The ECF module consists of two ATPase subunits that are
similar to those found in all ABC transporters and a transmembrane subunit
(EcfT), which is characteristic for ECF transporters. The ATPase subunits are either
identical (EcfA) or homologous (EcfA and EcfA’). A second transmembrane domain
is formed by the S-component (chapter 3). There are dedicated and shared ECF-
transporters, which are distinguished by the organization of the genes (chapter 2
(D. Rodionov et al., 2009)). Dedicated ECF-transporters are encoded by an operon
containing the genes for a single S-component as well as those for the EcfA/EcfA’
and EcfT subunits. The proteins are predicted to form a single specific transport
complex. For shared ECF transporters the ecfA, (ecfA’) and ecfT genes are in an
operon that does not contain a gene coding for an S-component. In this case various
S-component genes can be found elsewhere on the genome. The EcfA, (EcfA’) and
EcfT of shared ECF transporters are predicted to form complexes with different S-
components, and the substrate transported depends on the S-component present in
the complex (chapter 2). We have shown that L. lactis indeed contains a shared ECF
module (EcfAA’T), which interacts with eight different S-components (only two of
which are homologous, as deduced from sequence similarity) (chapter 3).
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The S-component for biotin (BioYRc) from Rhodobacter capsulatus has been reported
to be able to support transport without its ECF module (Hebbeln et al., 2007).
Similar reports were published for the heterodimeric S-components for cobalt,
CbiMN, from Rhodobacter capsulatus and Salmonella enterica (Siche et al., 2010;
D. A. Rodionov et al., 2006). In chapter 4 we show that the S-component for biotin
from L. lactis, which has 35% sequence identity to BioYRc, cannot sustain transport
without the ECF. Many other S-components have also been shown to rely on the
ECF module for transport (chapter 2 and 4, (D. Rodionov et al., 2009; Eudes et
al., 2008; Erkens et al., 2011)). To look further into this controversy, we investigated
whether the S-component for thiamin (ThiT) and the S-component for niacin (NiaX)
could catalyze transport without the ECF module when overexpressed in E. coli. We
also investigated whether functional ATPase domains are required for thiamin and
niacin transport via EcfAA’T-ThiT and EcfAA’T-NiaX, respectively. In addition, we
determined whether EcfAA’T-S-component complexes are static once formed or
that S-components can be exchanged.

5.3 Materials and methods

5.3.1 Cloning of ecfAA’T, thiT and niaX.

For the transport assays in whole E. coli cells with EcfAA’T-S-component com-
plexes, the previously described p2BAD vector was used (chapter 3). This vector
contains the pBR322 origin of replication, an ampicillin resistance marker gene
and two arabinose-inducible promoters (pBAD), both with a downstream multiple
cloning site and a terminator region (Birkner et al., 2012). In the first step the
gene for the S-component of interest was placed with a STREPII-tag (WSHPQFEK)
behind the second promoter of the p2BAD vector, via XbaI and EcoRI or XhoI re-
striction sites. Then, the ecfAA’T genes were placed behind the first promoter. This
was done by removing part of the pBAD promoter from the p2BAD plasmid and
replacing it with part of the pBAD promoter with ecfAA’T from the pBAD:ecfAA’T
plasmid, which was constructed via ligation-independent cloning LIC (chapter 3
(Geertsma & Poolman, 2007)). p2BAD:s-component and pBAD:ecfAA’T were both
cut with BspE1 and HindIII or BglII. The fragments were ligated with T4 ligase
(NEB), for ∼1 hour at 16 ◦C. In this way, the ecfAA’T operon could be transferred
from pBAD to p2BAD vector. When the ecfAA’T was cloned into the pBAD vector
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via LIC, the ecfT gene was extended with a sequence coding for a TEV cleavage
site and a C-terminal 10-His tag, and this modification is also present in the p2BAD
vector.

For transport assays of an S-component without the EcfAA’T module, the p2BAD
vector was used without the ecfAA’T genes (therefore there is no gene behind the
first promoter). For the uptake experiments with the mutated ECF, point mutations
were made in the ecfAA’T operon in the pBAD:ecfAA’T plasmid one at a time, using
the megaprimer approach (Ray & Nickoloff, 1992; Kammann et al., 1989). In the
first PCR round, the megaprimer was obtained. It was purified from an agarose gel
before it was used in a second round of PCR to obtain the whole ecfAA’T operon.
This was then cloned into the pBAD vector via the LIC method (chapter 3 and
(Geertsma & Poolman, 2007)). To get the double mutation in the ecfAA’T operon,
one of the single mutants was taken as the starting DNA. The obtained mutated
pBAD:ecfAAT were sequenced and subsequently cloned into the vector with the
S-component as described above. The ATPases were mutated by replacing the
glutamate at the end of the walker B motif for a glutamine (E166Q in EcfA and
E170Q in EcfA’).

To monitor possible competition between S-components, the gene coding for a
second S-component was cloned with a C-terminal His-tag in a pACYS derived
vector called pLEMO (Wagner et al., 2008), which contained a rhamnose promoter,
using the BamHI and SalI restriction sites. To increase the over-expression of the
second S-component, an additional copy of the same gene was placed downstream
of the first S-component in the second multiple cloning site of the p2BAD vector
using the XhoI site (12 basepairs downstream of the stopcodon of the first S-
component) and PmeI. This additional copy was amplified by PCR, 8 basepairs
downstream of a ribosome-binding site (RBS) and contained a sequence coding for
an 8 residue long N-terminal His-tag. The specific sequence in between the restric-
tion site and the second S-component was: CTCGAGATTATAAGGAGGCACTCAC
CATG (in italics the XhoI restriction site, in bold the RBS and underlined the
startcodon of the second S-component), the PmeI site was added with a reverse
primer 109 basepairs behind the end of the gene of the second S-component in the
pRE nHIS vector (Erkens & Slotboom, 2010). In this way an (arabinose promoter:
ecfAA’T-His, arabinose promoter:thiT-StrepII,His-niaX) p2BAD vector and a (rham-
nose promoter niaX-His) pACYS vector were made and co-transformed to E. coli
(figure 5.1). Other cells were co-transformed with an (arabinose promoter: ecfAA’T-
His, arabinose promoter:niaX-StrepII,thiT-His) p2BAD vector and a (rhamnose
promoter thiT-His) pACYS vector.
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Figure 5.1. Schematic view of the plasmid systems used for the co-expression of two S-components
and the ECF module (EcfAA’T). On the left the p2BAD vector with the ecfAA’T operon under control
of the first arabinose promoter and the two S-components (in this case thiT and niaX) in a constructed
operon under control of the second arabinose promoter. On the right, the pACYS derived plasmid with
an S-component (in this case niaX) under control of a rhamnose promoter. Only the restriction sites
discussed in the text are indicated.

5.3.2 Growth, expression and transport assays.

E. coli MC1061 cells containing the two vectors were grown in Luria Broth medium
supplemented with 30 µg/mL chloramphenicol and 100 µg/mL ampicillin at 37 ◦C
and with continuous shaking at 200 rpm. Cells with only the tandem arabinose
promoter vector (p2BAD) were grown without chloramphenicol. For transport
assays, cells were grown until OD600nm ∼ 0.8, after which the temperature was
lowered to 25 ◦C and 1*10−3% L-arabinose and the indicated amount of rhamnose
were added (the latter was used only when the pACYS vector was present). After
2 hours, the cells were spun down, washed and resuspended in ice-cold buffer (50
mM potassium phosphate, pH 7.5) to a final OD600nm of 5 and kept on ice. For
the transport assays, the cells were energized with 10 mM glucose for 15 min at
30 ◦C. Subsequently, [3H]thiamin (American Radiolabeled Chemicals) was added
to a final concentration of 25 nM or 50 nM. Two different batches with different
specific activity were used, and the amount was chosen such that each sample had
a radioactivity of ∼1600 Bq. In the experiments for figure 5.2, 5.4, 5.7, 5.8 and 5.9, 50
nM [3H]thiamin was used in the assay, but for figure 5.11 another batch and 25 nM
[3H]thiamin was used. For uptake assays with E. coli cells expressing NiaX with or
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without wildtype or mutated EcfAA’T, 125 nM [3H]niacin (American Radiolabeled
Chemicals) was used. For the niacin uptake experiments where ThiT was also
expressed, 100 nM [3H]niacin was present. At the indicated time points, 200 µL
samples were taken and mixed with 2 mL stop buffer (ice-cold 50 mM potassium
phosphate, pH 7.5). The suspension was rapidly filtered over a BA-85 nitrocellulose
filter, which was subsequently washed once with 2 mL stop buffer. For time point
zero, 200 µL of cell suspension was added to 2 mL stop buffer containing the
radioactive substrate, and this mixture was directly filtered. Filters were dried for
1 hr at 80 ◦C. 2 mL of Emulsifier-Scintillator Plus liquid (PerkinElmer) was added
and the samples were vortexed. The levels of radioactivity were determined with
a PerkinElmer Tri-Carb 2800 TR isotope counter.

5.4 Results

Whether S-components can support transport of substrates in the absence of the
ECF module is still under debate. In figure 5.2 it can be seen that the thiamin-
binding S-component of L. lactis, ThiT, cannot transport thiamin without the EcfAA’T.
When solitary ThiT was expressed in E. coli, cells did not take up thiamin, but when
the ECF module was co-expressed thiamin uptake was observed (figure 5.2 and
(Erkens et al., 2011)).

In chapter 3 it was shown that purified and reconstituted EcfAA’T-NiaX complexes
catalyzed transport of niacin in proteoliposomes. Here, we show that also in E.
coli cells over-expressing EcfAA’T-NiaX niacin transport can be observed (figure
5.3). When NiaX was co-expressed with the ECF module, cells rapidly took up
radiolabeled niacin. Cells expressing only NiaX showed levels of radioactivity
lower than for EcfAA’T-NiaX, but well above background. However the level
rapidly decreased back to background levels when unlabeled niacin was added
in access. Therefore, we interpret the data as binding of radiolabed niacin to NiaX.
The empty vector control showed some uptake of niacin by the E. coli cells not
expressing any proteins, probably mediated by the niacin transporter present in E.
coli (Rowe et al., 1985).

To corroborate these results, we co-expressed ThiT or NiaX with a mutated ECF
module. In this module the ATPases were mutated by a substitution of the gluta-
mate at the end of the Walker B motif by a glutamine (EcfA’: E170Q, EcfA: E166Q).
This glutamate is the proposed general base that polarizes the attacking water
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Figure 5.2. Thiamin uptake by E. coli cells over-expressing EcfAA’T-ThiT (black circles), ThiT
only (white circles) or cells containing an empty vector (black inverted triangles). Error bars show the
variation of two measurements.

Figure 5.3. Niacin uptake in E. coli cells over-expressing EcfAA’T-NiaX (black circles), NiaX only
(black inverted triangles) or the empty vector control (white circles). After 8 minutes (indicated by
dashed line) 10 mM of unlabeled niacin was added. Error bars indicate the standard error of three
measurements.
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Figure 5.4. Thiamin uptake by E. coli cells expressing EcfAA’T-ThiT’; wildtype (black circles),
EcfA’: E166Q (white circles), EcfA’: E170Q (black inverted triangles) or the double mutant where both
EcfA and EcfA’ were mutated (white triangles). Error bars give the variation of two measurements.

molecule (Introduction and (Davidson et al., 2008)) and is expected to inactivate the
ATPase domains, as is the case in many other ABC transporters (Orelle et al., 2003;
Davidson et al., 2008; Geourjon et al., 2001; Moody et al., 2002). Single mutations
of E166Q in EcfA or E170Q in EcfA’ were made alongside a mutant in which both
mutations were present. The results for EcfAA’T-ThiT are shown in figure 5.4. For
EcfA’:E170Q and the double mutant there was a complete inhibition of thiamin
transport, while some residual activity was left for the EcfA:E166A mutant (figure
5.4).

The results for EcfAA’T-NiaX are shown in figure 5.5. Niacin was still transported
by EcfAAT-NiaX when a single ATPase domain was mutated, but transport was
abolished when both ATPase domains were inactivated.

It is an open question whether the EcfAA’T-S-components remain associated once
formed, or whether the complexes are dynamic in composition, i.e. the S-components
may be exchanged for another, e.g. depending on the availability of substrate. To
answer these questions, we expressed ECF modules together with two different S-
components. We chose ThiT and NiaX because they support transport of thiamin
and niacin, respectively, in E. coli and in dependence of EcfAA’T (figures 5.2-5.5).
We tested whether uptake of thiamin via EcfAA’T-ThiT was affected by the co-
expression of NiaX.
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Figure 5.5. Niacin uptake in E. coli cells over-expressing EcfAA’T-NiaX; wildtype (black circles),
EcfA: E166Q (black squares), EcfA’: E170Q (white squares), or EcfA: E166Q and EcfA’: E170Q (white
circles). Black inverted triangles represent cells expressing only NiaX and white triangles represent cells
with an empty vector. After 8 minutes (indicated by dashed line) 10 mM of unlabeled niacin was added.

The expression vectors used for the co-expression are shown in figure 5.1. The
ECF module was expressed from the arabinose-inducible promoter of the p2BAD
plasmid. The same plasmid contained a second pBAD promoter followed by an
artificial operon containing the genes for the two S-components. In addition, we
used a second plasmid to express more of the competing S-component (in this
case NiaX). The second plasmid (a pACYC derivative) has a rhamnose inducible
promoter. The pACYC vector was chosen because it has a p15A origin of replication
and a chloramphenicol resistance marker gene, which makes it compatible for sim-
ultaneous use with the p2BAD vector, which has a pBR322 origin and an ampicillin
resistance marker gene (figure 5.1). At the same time the copy number of the p15A
origin containing vector is similar (10-12 copies per cell) to that of pBR322 origin
containing vectors (15-20 copies per cell) (http://www.qiagen.com/plasmid/ bac-
terialcultures.aspx). In the double vector containing cells, the expression of NiaX
from the pACYC vector can be tuned independently by the addition of rhamnose.
There is some expression of NiaX from the pACYC vector also in the absence
of rhamnose. This can be seen in figure 5.6, where there is niacin uptake also
when niaX is not present in the p2BAD vector and no rhamnose is added. When
rhamnose is added the expression level of NiaX is increased. Also when two copies



102 Chapter 5

Figure 5.6. Niacin uptake in cells containing the p2BAD:efAA’T,thiT and the pACYC:niaX vector
(circles) or the p2BAD:ecfAA’T,thiT,niaX and pACYC:niaX vector (triangles), without (black) or with
(white) rhamnose added. Niacin uptake is observed in all cases by expression from the p2BAD
vector with two arabinose promoters (triangles) or by leaky expression from the pACYC vector with
a rhamnose promoter (circles), but the rates increase when rhamnose is added, indicating a higher
expression level of NiaX.

of niaX are present, one in the p2BAD and the other in the pACYC, rhamnose
increases the rates of niacin uptake (figure 5.6).

To study the effect of NiaX on thiamin uptake via EcfAA’T-ThiT, ecfAA’T, thiT and
niaX were expressed from the p2BAD vector and an additional copy of the niaX
gene was placed on the pACYC vector. The results can be seen in figure 5.7.

The thiamin uptake by cells expressing the EcfAA’T-ThiT complex was reduced
when the NiaX expression was increased (by titrating in rhamnose, figure 5.7). It
cannot be excluded that the effect is (partially) due to stress on the cells because of
the (over-)expression of NiaX. However, most of the reduction is a direct effect of
NiaX competion with ThiT for the EcfAA’T, because the effect was niacin concen-
tration dependent (figure 5.8). The apparent Ki was in the low micromolar range.
In a control experiment with cells that did not express NiaX, but only EcfAA’T-ThiT
complexes, niacin did not affect thiamin uptake (figure 5.9).
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Figure 5.7. Effect of NiaX and niacin on thiamin uptake via EcfAA’T-ThiT. By increasing the
rhamnose concentration NiaX levels could be increased, while EcfAAT-ThiT expression (controlled by
the arabinose promoter) was kept constant. A and B: the expression of NiaX was varied: circles, no
rhamnose added, inverted triangles, 20 µM rhamnose, squares, 100 µM rhamnose and diamonds, 250
µM rhamnose. In all cases EcfAA’T, ThiT and NiaX were present (expressed from the p2BAD vector),
but by adding rhamnose the amount of NiaX was increased (expression from the pACYC vector). Black
symbols (A) represent cells where no niacin was added, while grey symbols (B) represent the same
cells to which 1 mM unlabeled niacin was added during the assay. Error bars show the range of two
datapoints. In C the initial rates of the transport reactions are shown, without added niacin (black bars)
or with 1 mM niacin (grey bars). For the calculation of the initial rates, the first three points were taken
in all cases.
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Figure 5.8. Thiamin uptake in cells expressing EcfAA’T, ThiT and NiaX (induced with 250 µM
rhamnose) with different amounts of unlabeled niacin present. A Thiamin uptake with no niacin
(black circles), 0.5 µM (white circles), 10 µM (black inverted triangles), 100 µM (white triangles) or 1000
µM (black squares). Error bars show the range of two measurements. B initial rates of the uptake
(calculated using all points).

Figure 5.9. Thiamin uptake in E. coli cells expressing EcfAA’T, ThiT and RibU (another S-
component that binds riboflavin, expressed only from the pACYC vector with 250 µM rhamnose)
without niacin added (black circles and black triangles), with 10 µM niacin (white circles) or with 1
mM niacin added (white triangles). Error bars indicated the range of two measurements.
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Figure 5.10. Niacin uptake by E. coli cells containing the p2BAD:ecfAA’T,niaX,thiT vector and the
pACYC:thiT vector (A) or the p2BAD:ecfAA’T,thiT,niaX vector and the pACYC:thiT vector (B). To all
cells 100 µM rhamnose was added during expression. During the transport reaction either no thiamin
was added (black circles) or 1 mM unlabeled thiamin was added (white circles).

In a reciprocal experiment the transport of niacin by EcfAA’T-NiaX was assayed
and the effect of expressing ThiT and adding unlabeled thiamin was measured.
A small effect of thiamin addition on niacin uptake via EcfAA’T-NiaX, in cells
co-expressing ThiT, could be measured (figure 5.10). But the reduction of niacin
uptakes with or without unlabeled thiamin was less than the reduction in thiamin
uptake when niacin was present (figure 5.7).

We tried to increase the differences by changing the expression conditions or
vectors used, but the differences remained small. Possibly (part of) this is due
to differences in expression levels between ThiT and NiaX. The difference could
however also indicate that NiaX has a higher affinity for the EcfAA’T than ThiT.
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Figure 5.11. Thiamin uptake in E. coli cells with the vectors p2BAD:ecfAA’T,niaX and pACYC:thiT

(in circles) or p2BAD:ecfAA’T,niaX,thiT with pACYC:thiT (triangles) induced with arabinose and
with 250 µM rhamnose (black) or without the rhamnose (white).

To verify that the ThiT was expressed from the pACYC vector and could form
complexes with the ECF module, we investigated whether cells containing the
p2BAD:ecfAA’T,niaX and pACYC:thiT vectors could support thiamin uptake (figure
5.11).

E. coli cells containing p2BAD:ecfAAT,niaX and pACYC:thiT, did not support thiamin
transport when ThiT expression was not induced (figure 5.11). This was not
unexpected, but unlike pACYC:niaX which gave leaky expression also in absence
of rhamnose (figure 5.6). When rhamnose was added and ThiT was expressed
from the pACYC vector this was already sufficient to mediate rapid thiamin uptake
similar to ThiT expressed from the p2BAD vector. An additional copy of the thiT
gene on the p2BAD vector further increased the level of thiamin that was taken up.
This shows that ThiT was present (expressed from the pACYC vector) and can bind
to the EcfAA’T when NiaX is present.
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5.5 Discussion

Here, we show that the S-components ThiT (that binds thiamin) and NiaX (that
binds niacin) of L. lactis do not mediate transport without the ECF modules when
overexpressed in E. coli. For NiaX there was niacin association with the cells, well
above background binding. Importantly, this niacin association was quickly chased
off when unlabeled substrate was added and is thus regarded as binding to NiaX.
Because ThiT is expressed to a lower level, a similar binding of thiamin was not
observed.

Niacin uptake via EcfAA’T-NiaX was much faster than thiamin uptake via EcfAA’T-
ThiT. Possibly the high rates of niacin uptake in E. coli cells are due to the high
expression levels of EcfAA’T-NiaX, as compared to EcfAA’T-ThiT. Higher expres-
sion levels could explain the higher rates of uptake in E. coli. It would however
not explain why EcfAA’T-NiaX was also observed to support fast transport in
proteoliposomes (chapter 3), since there the amount of purified protein that is
added to the liposomes is known. However, although equal amounts of purified
protein were used for the reconstitution, it is possible that the protein concentra-
tion in the proteoliposomes varies, because of variations in protein stability and
reconstitution efficiency. When EcfAA’T-S-component complexes were expressed
and purified, EcfAA’T-NiaX was obtained in the largest amounts and appeared
most stable during size exclusion chromatography. Alternatively, it is also possible
that the transport rates of the EcfAAT-S complex differ depending on which S-
component is present.

Single point mutations in the nucleotide-binding domains, known to inactivate
ATPase activity of other ABC transporters, were introduced in EcfA and EcfA’.
When both nucleotide-binding proteins (EcfA and EcfA’) were inactivated, thiamin
transport by EcfAA’T-ThiT or niacin uptake by EcfAA’T-NiaX were abolished.
When the ECF module double mutant was co-expressed with NiaX, less binding
was seen than when NiaX was expressed without ECF module (compare figure
5.3 and 5.5). The reduced binding could be due to a decrease in NiaX expression
levels when co-expressed with the ECF module. However, in figure 5.3 the amount
of niacin that was bound (and thus chased off by non-labeled substrate) was
similar for NiaX and wildtype EcfAA’T-NiaX expressing cells. The mutations in the
EcfAA’T are not expected to influence niacin binding to NiaX directly. However,
it is possible that complex formation between NiaX and inactive EcfAAT affects
niacin binding, i.e., it may lower the affinity of the S-component for its substrate.
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Single mutations in only one of the two ATPase domains did not seem to affect
niacin uptake by EcfAA’T-NiaX complexes (figure 5.5). A different result was
obtained when the same single mutant ECF modules were co-expressed with ThiT
and thiamin uptake was measured. The mutation in EcfA’ completely inhibited
thiamin transport and the mutation in EcfA showed only little residual activity. It
is possible that wildtype EcfA2 or EcfA’2 homodimers are formed, because of the
high-expression levels in the case of EcfAA’T-NiaX, and that these transport the
substrate in a similar way as wildtype EcfAA’T-NiaX complexes.

In other ABC transporters the effect of single ATPase mutations also varied. In the
histidine transporter half of the transporter activity remained when one ATPase
was mutated (Nikaido & Ames, 1999), while in the maltose transporter only 4-6%
activity remained (depending on which mutation was made) (Davidson & Sharma,
1997). In these studies different mutations were used: the lysine of the Walker A
was mutated to an asparagine or the histidine from the H-loop was mutated to an
arginine.

To look at the dynamics of the EcfAA’T-complex, we used a double plasmid
system to simultaneously over-express ECF modules, ThiT and NiaX. The different
promoter used in the second vector allows for changes in expression of one S-
component without changing the expression of the other S-component or the ECF
module (although the cells might be under additional stress from the altered overall
expression).

The data from figure 5.6 and 5.7 indicate that NiaX can compete with ThiT for the
ECF module and that competition takes place in a substrate-dependent manner.
This in turn suggests that NiaX has a higher affinity for the EcfAA’T module
when it has niacin bound. The results indicate that complexes are dynamic rather
than static. In the crystal structures of S-components, substrate is bound near the
outer surface of the membrane and almost completely closed off from the solution
(chapter 4) (Zhang et al., 2010; Erkens et al., 2011). A conformational change is
required to open the substrate-binding site to the bulk solution. Probably this
change in conformation is transduced to the subunit interface with the energizing
module, resulting in different affinities for the interaction between the ECF module
and liganded or unliganded S-components. The L1 loop could play a large role
here. It is directly involved in substrate binding, interacts with the C-terminal
substrate binding domain and is part of the N-terminal domain that is predicted
to interact with the ECF module (chapter 1, 4 and 7).
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Niacin transport was not decreased as much by the co-expression of ThiT and
thiamin addition, as thiamin transport was decreased by NiaX and niacin addition.
This might indicate that NiaX interacts more tightly with the ECF module than
ThiT, although differences in expression level may also have played a role. Niacin
uptake via EcfAA’T-NiaX was much faster than thiamin uptake via EcfAAT-ThiT
(again possibly because of differences in expression levels), which might hinder the
detection of effects on the uptake.

So far only the AxxxA motif in helix 1 of the S-components has been shown to
be important for EcfAA’T-S-component complex formation. All S-components
from L. lactis contain the AxxxA and this cannot be the cause for differences in
affinity for the ECF module (if present). However, it is unlikely that these two
alanines alone would give a specific interaction without any other residues being
involved. In addition the motif is not completely conserved. In some S-components
substitutions of the alanine to glycine, serine or valine can be found. It is likely
that there are more residues at different locations involved in the EcfAA(’)T-
S-component interaction. These residues might differ between the various S-
components, and therefore differences in affinity for the ECF module might exist.

Even though the ECF transporters described here were recently discovered in a
large bioinformatics study, their existence was already predicted in the pre-genomic
era by Henderson and colleagues (Henderson et al., 1979). By adding radiolabeled
folate and thiamin to whole cells of Lactobacillus casei, they observed that these
vitamins were bound with high affinity to binding proteins of unknown identity
(Henderson et al., 1976, 1977; Henderson & Zevely, 1978; Henderson & Potuznik,
1982). These binding proteins were integral membrane proteins and are now
known to be S-components. Uptake experiments with Lactobacillus casei cells also
showed that folate and thiamin competed with each other for transport, but only
when their S-components were co-expressed. Biotin but not niacin transport was
inhibited by thiamin and folate, which is in agreement with the current knowledge
based on genomic data; there are biotin, thiamin and folate binding S-components
in L. casei but there is no S-component for niacin (D. Rodionov et al., 2009).
Although biotin transport was inhibited by folate, biotin did not inhibit folate or
thiamin transport. This situation is similar to what we see with Niax and ThiT
in the reciprocal experiments. Henderson et al. reported that the sensitivity of
the transport of a substrate (folate, biotin or thiamin) to the addition of the other
two substrates was inversely proportional to the amount of the S-component for
that substrate (FolT, BioY or ThiT) present in the membrane (Henderson et al.,
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1979). Differences in expression levels of the S-components may thus have played
an important role, although there could also be differences between the affinities
of the different S-components for the ECF module. Henderson and colleagues
already hypothesized that the binding proteins of folate, thiamin and biotin might
be competing for a protein that was present in limiting amounts, and that was
required to couple energy to the transport process. This limiting protein involved
in energy coupling likely was the ECF module.

The substrate-dependent complex formation between the EcfAA’T and S-component
makes it possible for prokaryotes to adapt to changing growth conditions and to
make efficient use of the ECF module. The S-components are under the control of
so-called riboswitches and are upregulated when the amounts of their substrate (or
a derived metabolite) become scarce (D. Rodionov et al., 2009). In contrast, for the
ecfAA’T genes expression-controlling elements have not been found, which means
that they are probably expressed at a constant level. When multiple S-components
are upregulated simultaneously, the amount of ECF module probably becomes
limiting as was shown to be the case in L. casei (Henderson et al., 1979). Because the
ECF modules most strongly interact with S-components that have substrate bound
and only those S-components are produced that bind substrates that are needed
inside the cell, the limiting amounts of EcfAA’T are efficiently used.


