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CHAPTER 5

Biochemical characterization of transport by type II energy-
coupling transporters specific for pantothenate and folate
 

Weronika K. Stanek, Lotteke J.Y.M. Swier, Maria Majsnerowska, Ria H. Duurkens, Nynke 
van der Veer, Dirk J. Slotboom
 

ABSTRACT

Energy-coupling factor (ECF) transporters are a group of ATP-binding cassette transporters 
responsible for vitamins and micronutrients transport in prokaryotes. Structural 
characterization and analysis of transport activity have revealed that ECF transporters are 
mechanistically unique. However, in depth biochemical characterization is lacking. Here, we 
characterized the pantothenate transporter, ECF-PanT, and complement it with data obtained 
for the folate transporter, ECF-FolT2. Both transporters from Lactobacillus delbrueckii are 
active in proteoliposomes and show similar kinetic parameters. We obtained apparent Km and 
Vmax values for ATP hydrolysis and substrate transport for both transporters. Additionally, the 
Kd value of pantothenate binding to solitary PanT was measured in crude membrane vesicles 
by ITC. The affinity is in nanomolar range similar to the folate-binding affinity to solitary 
FolT2. We also tested series of substrate analogues to explore binding capabilities of both 
ECF-PanT and ECF-FolT2 and confirm that binding is a result of multiple interactions within 
the binding site and many modifications are acceptable. Mutational studies on the external 
loop (Loop3-4) of EcfT revealed that it is not essential for substrate translocation. These data 
provide a more complete picture of ECF transporter functioning.
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INTRODUCTION

Cells need to acquire inorganic and organic compounds for biosynthesis and conservation 
of energy from the extracellular environment. Other compounds, such as waste products, 
hormones or toxins, may be excreted from the cell. Passage through the plasma membrane 
is possible by simple diffusion for nonpolar compounds, or in an assisted way with support 
of membrane proteins (channels and transporters). When transport occurs against the 
concentration or charge gradient, transport must be coupled to an energy-generating process. 
Transporters evolved to facilitate this process. They can be distinguished from channels by 
highly specific binding of the substrate to the binding site and reaching saturation at high 
substrate concentration. 
One of the largest transporter families, conserved throughout all genera of life, is the ATP-
binding cassette transporter (ABC transporter) superfamily. ABC transporters are multi-
domain, or multi subunit protein complexes that consist of highly conserved nucleotide 
binding domains with specific motifs (the Walker A and B, and signature motifs).1–3 The basic 
domain composition in ABC transporters consist of two soluble, ATP hydrolyzing domains 
which interact with two similar, transmembrane domains via protruding coupling helices. 
The membrane-embedded proteins form a pore for the substrate translocation.
A subfamily of ABC transporters, the Energy-Coupling Factor (ECF) transporters, is found 
exclusively in prokaryotes and is responsible for scavenging vitamins and trace elements from 
the environment.4–7 Two nucleotide binding domains (named EcfA and EcfA’) contain all the 
conserved motifs required for ATP hydrolysis and interact with one of the transmembrane 
subunits (the T-component or EcfT) via long coupling helices in the latter subunit. In contrast 
to classical ABC transporters, the second integral membrane subunit (the S-component), is 
distinct from EcfT in amino acid sequence and protein fold.8 The two nucleotide binding 
domains together with EcfT form the energizing module, also called ECF module. The 
important role of the energizing module in providing energy for the transport process was 
postulated in the 1970s by Henderson.9 To date, two distinct types of ECF transporters have 
been characterized based on the localization of the genes encoding the substrate-binding 
protein and the ECF module within the genome. Type I ECF transporters have all genes 
organized in one operon, whereas for type II ECF transporters, the genes encoding substrate 
specific proteins are spread around the chromosome, and not found in the same operon as the 
genes encoding the ECF module. In type II ECF transporters different S-components are able 
to interact with the same ECF module.5,8,10 
Recent crystal structures of complete ECF complexes11–15 combined with biochemical data 
suggest a mechanism in which ECF transporters form a stable complex in a post-translocation 
state. In this conformation, the S-component’s long axis is almost parallel to the membrane 
plane (toppled) with the binding pocket facing the intracellular side and with a tight 
interaction with EcfT. Dimerization of the two nucleotide binding domains (EcfA and EcfA’), 
induced by ATP binding, could lead to reorientation of coupling helices and disturbance of 
the interaction surface between EcfT and S-component. The S-component without substrate 
bound is released from the transporter complex and changes its orientation in the membrane 
to face the outside of the cell. In this orientation, the high affinity binding site is exposed to 
the extracellular side and can scavenge the substrate from the environment,14 followed by 
toppling and re-association with the ECF module. It is noteworthy that complete release of 
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the S-component from the ECF module may not be part of transport cycle in case of type I 
ECF transporters.16

ECF transporters serve as scavengers of essential vitamins, vitamin precursors and trace 
elements from the environment. Dissociation constants for biotin-, thiamine-, folate- and 
riboflavin-specific S-components from a variety of organisms are in the 0.1 – 40 nM 
range.14,17–29 This is in line with the assumption that their role is to acquire substrates present 
in low concentrations and transport them against the gradient into the cell. Although substrate 
binding is well documented in the literature, kinetic parameters of transport have not been 
thoroughly investigated. The most complete study of transport was performed for type I 
transporter BioMNY. Data for type II ECF transporters are not complete and appear to differ 
from the type I transporter BioMNY.
To fill this gap, here we characterize substrate transport and binding, as well as ATP hydrolysis 
by type II ECF transporters specific for pantothenate and folate. In addition, we characterize 
substrate analogues to identify the structural features involved in interaction with the protein 
binding site. Measurements of kinetic and thermodynamic constants for two ECF transporters 
from Lactobacillus delbrueckii were performed. Our goal was to collect binding affinity, 
transport kinetic and ATP hydrolysis data for the same transporter. To investigate ATPase 
activity from a structural point of view, we tested mutants in the Walker B motif and in the 
D-loop, as well as ATP analogues mimicking different stages of ATP hydrolysis. In addition, 
we used mutagenesis to test the role of conserved residues in an extracellular loop of the EcfT 
subunit. 

MATERIALS AND METHODS 

Mutagenesis of ECF-PanT and ECF-FolT2 

To change single amino acids in different parts of the ECF transporter the QuikChange 
strategy (Stratagene) was used with the primers listed in Table 1, 3 and 4. 
Targeted positions for amino acids exchange in EcfT are listed in Table 1, where the first 
letter describes amino acid in the wild type protein with the number of its position in the EcfT 
peptide; the second letter in the primer name describes the amino acid change. The construct 
with removed extracellular loop in the EcfT was created by the PCR method described by 
Hansson et al. with primers listed in Table 2.30 Maltose binding protein (MalK) was used to 
create a large insertion in the external loop of EcfT. The construct, where MBP replaced the 
external loop, was obtained by the Gibson Assembly cloning method with primers listed in 
Table 2.31

Table 1 The list of primers designed for point mutations in the external loop in EcfT 

Mutation 
name Primer sequence (5’→3’)

G89A Forward GACCTTCTTCATGGCCGCTGGAAAAGTCTACTG

G89A Reverse CAGTAGACTTTTCCAGCGGCCATGAAGAAGGTC

G89C Fw GACCTTCTTCATGGCCTGTGGAAAAGTCTACTG

G89C Rev CAGTAGACTTTTCCACAGGCCATGAAGAAGGTC



82

G89W Fw GACCTTCTTCATGGCCTGGGGAAAAGTCTACTGG

G89W Rev CCAGTAGACTTTTCCCCAGGCCATGAAGAAGGTC

G90A Fw CCTTCTTCATGGCCGGTGCAAAAGTCTACTGG

G90A Rev CCAGTAGACTTTTGCACCGGCCATGAAGAAGG

G90C Fw GACCTTCTTCATGGCCGGTTGCAAAGTCTACTGG

G90C Rev CCAGTAGACTTTGCAACCGGCCATGAAGAAGGTC

G90W Fw GACCTTCTTCATGGCCGGTTGGAAAGTCTACTGG

G90W Rev CCAGTAGACTTTCCAACCGGCCATGAAGAAGGTC

V92A Fw GGTGGAAAAGCCTACTGGCACTGGTGGATATTTAC

V92A Rev GTAAATATCCACCAGTGCCAGTAGGCTTTTCCACC

V92C Fw CGGTGGAAAATGCTACTGGCACTGGTG

V92C Rev CACCAGTGCCAGTAGCATTTTCCACCG

V92W Fw CCGGTGGAAAATGGTACTGGCACTGGTGGATATTTAC

V92W Rev GTAAATATCCACCAGTGCCAGTACCATTTTCCACCGG

Y93A Fw CGGTGGAAAAGTCGCCTGGCACTGGTG

Y93A Rev CACCAGTGCCAGGCGACTTTTCCACCG

Y93C Fw GGTGGAAAAGTCTGCTGGCACTGG

Y93C Rev CCAGTGCCAGCAGACTTTTCCACC

Y93W Fw CGGTGGAAAAGTCTGGTGGCACTGGTG

Y93W Rev CACCAGTGCCACCAGACTTTTCCACCG

W94A Fw CGGTGGAAAAGTCTACGCGCACTGGTGG

W94A Rev CCACCAGTGCGCGTAGACTTTTCCACCG

W94C Fw CGGTGGAAAAGTCTACTGTCACTGGTGG

W94C Rev CCACCAGTGACAGTAGACTTTTCCACCG

W96A Fw GTCTACTGGCACGCGTGGATATTTACCCTGTCC

W96A Rev GGACAGGGTAAATATCCACGCGTGCCAGTAGAC

W96C Fw GTCTACTGGCACTGTTGGATATTTACCCTGTC

W96C Rev GACAGGGTAAATATCCAACAGTGCCAGTAGAC

Table 2 The list of primers used for EcfT loop MBP insertion (GA) or loop removal (del)

Primer name Primer sequence (5’→3’)

Fw_GA_MBP CTTCATGGCCGGTGGAAAAGTCTACAAAATCGAAGAAGGTAAACTGGTAATCTGG

Rv_GA_MBP ACAGGGTAAATATCCACCAGTGCCACTTGGTGATACGAGTCTGCGCGTC

Fw_GA_ECF GACGCGCAGACTCGTATCACCAAGTGGCACTGGTGGATATTTACCCTGT

Rv_GA_mid GGCGGTAATACGGTTATCCACAGAATCAGG

Fw_GA_mid CCTGATTCTGTGGATAACCGTATTACCGCC

Rv_GA_ECF CCAGATTACCAGTTTACCTTCTTCGATTTTGTAGACTTTTCCACCGGCCATGAAG
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FwEcfT_del CCTTCTGCAGACCTTCTCCAGCGAGGGCTTGATCAATGG

RvEcfT_del TCAAGCCCTCGCTGGAGAAGGTCTGCAGAAGGGAGG

Point mutations in ATPases (EcfA and EcfA’) where introduced downstream of Walker B (E 
to Q mutants) or in D-loop (D to A) (Table 3). In case of double mutants exchange in both 
nucleotide binding domains was obtained by two consecutive rounds of QuikChange PCR. 

Table 3 The list of primers used for mutagenesis in NBDs from L.delbrueckii

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

Fw EcfA E177Q Ldb (E169Q in wild type) CATCATCCTGGATCAGTCGACCTCCATG

Rev EcfA E177Q Ldb (E169Q in wild type) CATGGAGGTCGACTGATCCAGGATGATG

Fw EcfA’ E171Q Ldb TGTTTAGATCAGCCGGCAGCTGG

Rev EcfA’ E171Q Ldb CCAGCTGCCGGCTGATCTAAACA

Fw EcfA D183A Ldb (D175A in wild type) TCCATGCTGGCTCCGGAAGGCAAG

Rev EcfA D183A Ldb (D175A in wild type) CTTGCCTTCCGGAGCCAGCATGGA

Fw EcfA’ D177A Ldb AGCTGGCCTGGCCCCAATG

Rev EcfA’ D177A Ldb CATTGGGGCCAGGCCAGCT

For determination of protein orientation in proteoliposomes construct with single cysteine 
at C-terminus of PanT was created. Cysteine was introduced with QuikChange PCR and 
primers listed in Table 4.

Table 4 The list of primers to introduce cysteine after the StrepII-tag of PanT

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

p2BAD PanTStrepCys Fw CATCCTCAGTTTGAAAAAtgcTAACTCGAGGTTTAAACGG

p2BAD PanTStrepCys Rv CCGTTTAAACCTCGAGTTAgcaTTTTTCAAACTGAGGATG

Expression and preparation of membrane vesicles

Whole complex ECF transporters from Lactobacillus delbrueckii subsp. bulgaricus were 
expressed in E.coli MC1061 cells transformed with p2BAD vectors.32 The gene organization 
in the expression vector was as follows: downstream the first arabinose promoter ECF 
module operon (10xHis-TEV-ecfAA’T) and further, downstream second arabinose promoter 
gene encoding PanT or FolT2 (panT-Strep or folT2-Strep, respectively). The expression from 
p2BAD plasmids was performed in a 5 L flask in LB Miller Broth with 100 µg/mL ampicillin 
sodium salt. The E.coli culture was grown at 37°C with continuous shaking at 200 rpm. The 
expression of transporter was induced at OD600 between 0.6 and 0.8 with 10-3 % L-arabinose. 
After two hours overexpression, cells were centrifuged for 15 min at 6268 × g at 4°C. 
Solitary S-components from L.delbrueckii, 10xHis-PanT and 10xHis-FolT2, were expressed 
from L.lactis NZ9000 cells transformed with pNZ8048 plasmid bearing the gene of PanT or 
FolT2 protein after the nisin promoter. The expression from pNZ plasmid was performed in 
1 L bottles with M17 media (Difco), 5 µg/mL chloramphenicol, and 2.0% (w/v) glucose at 
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30°C. Overexpression of the solitary S-component was induced at OD600 of 0.8 with 0.1% 
(v/v) supernatant of nisin A producing strain. Cells were harvested by centrifugation (15 min, 
6268 × g at 4°C) after the three-hour overexpression.
Membrane vesicles were prepared as described previously.8 Briefly, harvested cells were 
diluted to OD600 around 100 with potassium phosphate buffer pH 7.5 and supplemented 
with 1 mM MgSO4 and DNase (~50 μg/mL). The cells were broken in Constant cell 
Disruption System (Constant Systems Ltd) with 1 mM PMSF and 5 mM EDTA. For E.coli 
cells one passage at 25 kPsi and for L.lactis cells two passages at 39 kPsi were performed. 
Unbroken cell debris was separated by low-speed centrifugation (15 min, 27352 × g at 4°C). 
Subsequently, the membranes were concentrated by ultracentrifugation (120 min, 186010 × 
g at 4°C), homogenized in 50 mM potassium phosphate buffer pH 7.5 and stored at -80°C. 

Purification and reconstitution into proteoliposomes of wild-type and mutated 
transporters 

For the whole complex ECF transporter purification with n-dodecyl-β-D-maltopyranoside 
(DDM, Anatrace) in buffer potassium phosphate pH 7.5 was performed (as in Chapter 3). 
The reconstitution procedure according to Geertsma et al. with Triton X-100 destabilization 
followed by Biobeads detergent removal was performed.33 The lipid composition of 
liposomes contains E.coli polar lipids supplemented with 1/3 (w/w) egg phosphatidylcholine. 
The protein to lipid ratio in proteoliposomes was 1:1000 (w/w). 

Radiolabeled substrate uptake assay and efflux experiments

The uptake assays were performed as described in previous chapter (Chapter 3). An efflux 
assay of the radiolabeled substrate depends on occurrence of two orientations of transporter in 
liposomes, inside-out and outside-in oriented, and consisted of two parts; at first the standard 
uptake assay until steady-state was performed and followed by actual efflux procedure 
initiated by supplementing the reaction mixture with a tested compound. This procedure 
yielded liposomes with radiolabeled substrate in the lumen after first part. In the second 
part of experiment the substrate could be transported outside. The reaction was monitored 
by withdrawing 0.2 mL from the reaction mixture, dilution in ice cold phosphate buffer and 
collection of proteoliposomes on the cellulose filter.

ATP analogues preparation

The ATP sodium salt (Roche), ADP sodium salt (Roche), ATP-gamma-S lithium salt (Roche), 
AMP-PNP lithium salt (Roche) were buffered to pH 7.0 and mixed with MgSO4 to final 
concentration 5 mM. The sodium orthovanadate (Sigma-Aldrich) was additionally boiled to 
assure presence of vanadate monomers. AlF3 and BeF3

- were prepared by mixing 10 mM NaF 
(Sigma-Aldrich) and 0.4 mM AlCl3 (Sigma-Aldrich) or BeSO4 (Sigma-Aldrich), respectively. 
In used conditions aluminum fluoride is expected to be in a AlF3 form, although AlF4

- form 
cannot be excluded.34,35 Subsequently, AlF3, BeF3

- and vanadate were mixed with appropriate 
magnesium and nucleotide mixture with final concentration of 5 mM.
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ATPase activity assay

ATPase activity of ECF-PanT in proteoliposomes was followed by the decrease in absorption 
at 340 nm in a coupled enzyme assay performed in the SPARK 10M plate reader (Tecan). The 
procedure used was described by Swier et al.14

Isothermal titration calorimetry (ITC) measurements

Membrane vesicles with 10xHis-PanT or 10xHis-FolT2 were from L.lactis cells grown in 
chemically defined media without pantothenate or folate, respectively. Crude membrane 
vesicles were diluted to 5 to 15 mg/ml total protein content. The protein amount in the 
membrane vesicles was determined using Pierce BCA Protein Assay Kit (ThermoScientific). 
The protein titration with substrate was performed in 1 µL step additions to 200 µL membrane 
vesicles solution in nanoITC (TA Instruments) at 25°C. The data obtained were analyzed 
with NanoAnalyze software (TA).

Transporter orientation in proteoliposomes determination 

Proteoliposomes with 10 µg of full ECF transporter containing one cysteine introduced 
after the C-terminal STREP II-tag were split into three prior to labeling. Three 15 min 
parallel incubations were performed with 0.25 mM N-ethyl maleimide (NEM), 0.25 mM 
4-acetomido-4’-maleimidylstilbene-2,2’-disulfonic acid (AMdiS), or 50 mM KPi buffer pH 
7.5 (no labeling) at room temperature. Reactions were stopped by addition of 10-fold excess 
of DTT. Subsequently, liposomes were washed with 50 mM KPi pH 7.5 and concentrated 
(45 min, 286286 × g at 4°C). Liposomes were solubilized in 300 μL 50 mM KPi pH 7.5 
with 2% Triton X-100. Available cysteine residues were labeled with 0.25 mM fluorescein 
5-maleimide for 10 min at room temperature. The reaction was stopped by 10-fold excess of 
DTT. Protein labeled with fluorescein was precipitated by the adjusted trichloroacetic acid 
(TCA) precipitation method.36 Briefly, samples with volume adjusted to 1 mL were mixed 
with 100 μL 1.5% Na-desoxycholate and 100 μL 72% TCA and incubated on ice for 15 min. 
Precipitants were collected by centrifugation for 10 min at 4°C at 20000 x g. Pellets were 
washed with ice cold acetone and centrifuged (25 min, x g at 4°C). After removal of acetone, 
samples were mixed with SDS-PAGE sample buffer and separated by electrophoresis on 
an SDS polyacrylamide gel. Fluorescein labeling was measured on a Typhoon scanner 
(Amersham Biosciences) with excitation at 457 nm.

RESULTS

1. Protein orientation in proteoliposomes

In the process of reconstitution of purified ECF transporters in proteoliposomes the proteins 
could insert in either the right-side out or inside-out orientation (with the EcfA and EcfA’ 
subunits located in the lumen or the outside, respectively), or in a mixture of orientations. 
Because the transport experiments depend on availability of the binding sites for the transported 
substrate and ATP on opposite sites of the bilayer, insight in the protein orientation is required 
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for interpretation of the data. To examine the protein orientation of ECF-PanT, a single 
cysteine mutant of ECF-PanT was created, purified and reconstituted in proteoliposomes. 
The proteoliposomes were incubated with the maleimide compounds AMdiS or NEM, 
which are membrane impermeable and permeable, respectively. Subsequently, unreacted 
cysteines were visualized with fluorescein maleimide. Approximately half of transporters 
were labeled with fluorescein after pre-treatment of liposomes with AMdiS, compared to 
untreated liposomes. Upon pre-treatment of the liposomes with NEM fluorescein labeling 
was completely blocked. This result shows that there is a ratio of approximately 1:1 between 
inside-out and right-side-out orientated complexes in the liposomes.

Figure 1 Orientation of ECF-PanT in proteoliposomes. A) In-gel fluorescence of fluorescein-labeled ECF-PanT. 
Reconstituted single cysteine mutant of ECF-PanT was incubated with membrane-permeable NEM, with membrane-
impermeable AMdiS, or without any compound. Subsequently, proteoliposomes were solubilized and treated with 
fluorescein to visualize unlabeled cysteines. The proteins were analyzed by SDS-PAGE, and fluorescein-labels were 
visualized by in-gel fluorescence detection. B) Schematic representation of ECF transporter with labeled cysteine at 
the C-terminus of S-component indicated by the star. C) Structures of NEM and AMdiS.

2. ECF transporters hydrolyze ATP in the transport cycle

In previous work it was shown that ECF-FolT2 from L.delbrueckii is capable of folate 
transport when purified and reconstituted in liposomes,14 but for pantothenate transport by 
ECF-PanT in vitro data is lacking. To verify that ECF-PanT reconstituted into liposomes is 
able to transport its predicted substrate (pantothenate), we performed uptake assays using 
[3H]pantothenate. The ECF-PanT complex from L.delbrueckii was expressed in E.coli, 
purified and reconstituted into proteoliposomes. We used a low protein to lipid ratio in the 
reconstitution so that most proteoliposomes contained only a single ECF-PanT complex. 
In the assay, the uptake of radiolabeled substrate to the proteoliposomes was tested in the 
presence of Mg2+ATP or Mg2+ADP in the lumen. Pantothenate uptake was observed only in 

   NEM                      no                  AMdiS      

A                                                                   B   

   NEM                                                                              AMdiS      

C

 Grey intensity:
        286                            480                        378 
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proteoliposomes loaded with ATP. The kinetics of uptake showed two phases. First, there is a 
rapid phase of substrate binding to the transporter (difference in starting levels; Figure 2, inset). 
Substrate binding is followed by a slower transport phase until a plateau is reached, as shown 
in Figure 2A. The plateau corresponds to 35 pmol of transported pantothenate molecules per 
8.6 pmol of reconstituted ECF-PanT complexes. Thus, we conclude that multiple turnovers 
had occurred. The number of ~4 turnovers per protein is very likely an underestimation, 
because the calculations were based on the assumption that the reconstitution was 100% 
efficient and that all the complexes were active and oriented with the ATPases to the inside of 
the vesicles. Whereas the loss of activity of the proteins during the reconstitution procedures 
is difficult to quantify, we did quantify the orientation of the complexes in the liposomes 
(Figure 2E). Taking the 1:1 ratio between right-side out and inside out oriented complexes, 
derived for the experiment shown in Figure 1A, 8 turnovers per complex had occurred. The 
plateau also corresponds to 35 pmol transported pantothenate per mg lipids. Using an internal 
volume of 0.9 µL per mg of lipids,33 the numbers indicate that pantothenate is accumulated 
40 times in the liposome lumen.
To confirm unambiguously that the observed association of [3H]pantothenate with the 
proteoliposomes was due to active transport, we made use of an export assay,8 which exploits 
a side-effect from the reconstitution procedure. Because ECF-PanT can adopt either a right-
side-out or inside-out orientation (Figure 1), some liposomes will contain complexes in both 
orientations, and can therefore catalyze import as well as export, depending on the presence 
of substrate and ATP on the correct side of the membrane. It is important to note that the 
number of complexes per liposome depends on the liposome size and protein concentration. 
Liposomes extruded through a 400 nm pore size filter result in a liposome size distribution 
of 350 ± 100 nm.33,37 With a reconstitution ratio of 1:1000 (w/w) proteoliposomes of 250 
nm, 350 nm and 450 nm in diameter statistically contains less than 1 complex, 1 complex, 
and 2 complexes on average, respectively. It is therefore expected that there is a fraction of 
liposomes that contain complexes in both orientations, which can catalyze not only uptake of 
pantothenate, but also efflux.38 
In the efflux assay, radiolabeled pantothenate was first imported by the right-side out oriented 
complexes powered by luminal Mg-ATP (as in first part of Figure 2A). Once the plateau was 
reached, the addition of external Mg-ATP lead to the extrusion of the radiolabeled substrate 
by the inside-out oriented complexes, confirming that ECF-PanT indeed translocates the 
substrate across the membrane (Figure 2A, open circles). We never observed complete 
release of substrate from proteoliposomes, which may be explained by the low protein to 
lipid ratio (a large fraction of liposomes contains only one ECF complex per liposome) or the 
presence of multilayer proteoliposomes (substrate transported to more internal vesicles not 
accessible to externally added ATP) (Supplementary Figure 1). Export is only possible when 
there is scrambled protein orientation in the liposome membrane, which is consistent with the 
labeling experiment used to test the orientation (Figure 1).
With assays available for folate14,39 and pantothenate (Figure 2) transport by ECF-FolT2 and 
ECF-PanT, respectively, we continued to study the ATP dependence of transport in more 
detail. We performed the series of uptake experiments using varying ATP concentrations in the 
liposome lumen and a fixed external substrate concentration of 100 nM folate or pantothenate. 
The initial transport rates plotted against the ATP concentration yielded sigmoidal curves, 
from which we derived values for Km, Vmax, and the Hill coefficient (Table 5).
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Table 5 The apparent kinetic parameters of ATP-dependent transport. The error is an error of the fit.

Parameter ECF-FoT2 ECF-PanT
Km 5.5 ± 1.7 mM 5.6 ± 1.0 mM

Vmax 0.5 ± 0.1 pmol/(min*µg) 4.4 ± 0.5 pmol/(min*µg)
Hill coefficient 1.75 ± 0.4 1.74 ± 0.2

In both cases the Hill coefficient was higher than 1 indicating cooperativity between ATP 
binding sites. As there are two nucleotide binding sites in each transporter complex the data 
suggests that binding, and possibly also hydrolysis, of two ATP molecules is involved in the 
substrate transport. 
To measure the ATP hydrolysis by ECF-PanT in liposomes more directly, we used a coupled 
enzyme ATPase assay.40 The experimental setup allowed for the detection of ATP hydrolysis 
on the outside of the liposomes. Consequently, only ECF complexes that had inserted in the 
inside-out orientation were monitored. We used proteoliposomes preloaded with 100 nM 
pantothenate. Plotting the ATPase activity as function of the ATP concentration revealed a 
sigmoidal curve (Figure 2D), from which apparent values for Km (15.75 mM), Vmax (178.24 
pmol/(min*pmol)), and Hill coefficient (2.34) were derived. Comparison of the values for the 
Vmax in the transport assay (Figure 2C) and the ATPase activity assay (Figure 2D) revealed 
that the ATP hydrolysis rate is around 350 times higher than the substrate translocation rate, 
indicative of futile ATP hydrolysis. The Hill coefficient shows that the two catalytic sites for 
ATP hydrolysis interact in a cooperative way, not only when assayed during the transport 
reaction, but also when the ATPase activity was measured directly. 

3. ATP analogues are not sufficient to support pantothenate transport

To investigate whether full hydrolysis of ATP is needed for transport, or nucleotide binding 
only would be sufficient, we tested the ability of a series of ATP analogues or nucleotides 
in combination with metal complexes to support transport. The compounds mimic various 
states of the ATP molecule during the hydrolysis trajectory (Supplementary Table 5). First, 
we performed uptake assays in proteoliposomes with ECF-PanT. The proteoliposomes were 
loaded with MgSO4 together with ATP, the ATP analogues AMP-PNP and Mg-ATP-γ-S, ATP 
with vanadate, and ADP in combinations with AlF3 or BeF3

-. The assays resulted in uptake of 
the radiolabeled pantothenate only in presence of Mg2+ATP (Figure 3A). We also tested ortho-
vanadate and AMP-PNP influence on folate transport via ECF-FolT2 (Figure 3C). AMP-PNP 
did not support folate transport. In case of 5 mM Mg-ATP mixed with 25 mM vanadate there 
is a low level of folate transport that could be a consequence of one turn-over of hydrolysis 
before ECF-FolT2 bound vanadate. We also tested the compounds in efflux experiments as 
described above (Figure 2A). The proteoliposomes were loaded with [3H]pantothenate by 
the ATP-driven uptake until the plateau, then ATP or its analogues AMP-PNP and Mg-ATP-
γ-S, ATP with vanadate, AlF3 or BeF3

- were added externally. Mg2+ATP and Mg2+ATP with 
AlF3 (to smaller extend) supported substrate efflux, whereas the rest of the analogues did not 
allow export of substrate (Figure 3B). In the case of Mg2+ATP combined with AlF3 the efflux 
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of pantothenate was most probably caused by Mg2+ATP usage and incomplete inhibition by 
AlF3 which in other ATPases binds tightly at the place of the released phosphate moiety upon 
hydrolysis.41 From the above results we can conclude that only Mg2+ATP can fully support 
transport by ECF transporters.

Figure 2 ATP-dependent transport by ECF transporters. A) Pantothenate uptake in the presence of 10 mM Mg-
ATP in the lumen. After reaching the plateau, 10 mM Mg-ATP (open circles) or Mg-ADP (inverted triangles) was 
added externally. B) Kinetic parameters determination for ECF-FolT2. The initial rate of folate transport plotted 
against the concentration of Mg-ATP in the lumen. C) Kinetic parameters determination for ECF-PanT. The initial 
rate of pantothenate transport plotted against the concentration of Mg-ATP in the lumen. D) ATPase activity of ECF-
PanT. The initial rate of ATPase activity plotted against the concentration of Mg-ATP. E) A schematic representation 
of proteoliposome with ECF transporter shown in pink (EcfA and EcfA’), blue (EcfT) and yellow (S-component). 
The arrows indicate the direction of substrate transport. The phospholipid bilayer (not to scale) is shown in gray with 
the phospholipid head groups represented by gray balls and the phospholipids tails as black lines. In all graphs errors 
represent standard deviation between triplicates.

Figure 3 Influence of ATP analogues on transport. A) Uptake assay in proteoliposomes with ECF-PanT and 
inclusion of Mg-ATP (full circles), Mg-ATP-γ-S (full squares), Mg-ADP AlF3 (full diamonds), Mg-ADP BeF3

- 
(empty diamonds), Mg-ATP vanadate (empty squares), Mg-AMP-PNP (empty triangles), Mg-ADP (empty circles). 
B) Efflux assay using proteoliposomes with ECF-PanT. The proteoliposomes were loaded with [3H]pantothenate 
by Mg-ATP dependent uptake. After reaching the plateau phase, ATP analogues were added externally. Mg-ATP 
(full circles), Mg-ADP (empty circles), Mg-AMP-PNP (empty triangles), Mg-ATP-γ-S (full squares), Mg-ATP 
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vanadate (empty squares), Mg-ATP AlF3 (full diamonds), Mg-ATP BeF3
- (empty diamonds), 50 µM pantothenate 

(full circles), 50 mM potassium phosphate pH 7.5 (inverted triangles). C) Uptake assay in proteoliposomes with 
ECF-FolT2. Full circles represent liposomes loaded with Mg-ATP, empty squares - Mg-ATP with 25 mM vanadate, 
empty triangles– Mg-AMP-PNP and empty circles – Mg-ADP.

Surprisingly, the addition of a high concentration (50 µM) of unlabeled pantothenate on the 
outside of the liposomes resulted in a slow release of labeled substrate in the proteoliposomes 
lumen (Figure 2B, full circles). A similar effect has been observed for the niacin (vitamin 
B3) transporter ECF-NiaX from L.lactis at substrate concentrations of 2 µM.42 A possible 
explanation for this observation is that pantothenate can slowly diffuse through the membrane 
without catalysis by a membrane transporter. The plateau that is reached in the uptake 
experiments (Figure 2B) could represent a steady-state situation, in which import against 
the substrate gradient (mediated by ECF-PanT) and passive efflux take place at identical 
rates. The addition of external unlabeled pantothenate would then lead to the internal labeled 
pool to be chased out. We tested this hypothesis in three experiments (Figure 4). In the first 
experiment we followed transport of radiolabeled substrate in the liposomes preloaded with 
non-labeled pantothenate and Mg-ATP (Figure 4A). This experiments showed that ECF-
PanT can transport substrate even without gradient favoring substrate accumulation. Next 
we followed the slow release of radiolabeled substrate from liposomes that were preloaded 
with Mg-ATP and [3H]pantothenate upon to addition of unlabeled pantothenate (Figure 4B). 
This experiment revealed that there is a leakage of pantothenate. Finally, we showed that the 
observed release is much faster upon addition of external ATP (Figure 4C). This experiment 
confirms that leakage is slower than ATP-mediated efflux by inside-out oriented ECF-PanT 
complexes. Therefore, we conclude that the release of labeled pantothenate upon addition of 
external pantothenate (Figure 3B) is due to unaided diffusion across the membrane. 

    A                                        B                                        C

Figure 4 Substrate leakage from proteoliposomes with reconstituted ECF-PanT. A) Uptake assay against a 
pantothenate gradient. B) Assay in which the loss of labeled substrate from the lumen was traced during the uptake 
of unlabeled substrate. Unlabeled pantothenate was added to the reaction after 6 minutes incubation (indicated with 
the star) C) Efflux assay with proteoliposomes preloaded with [3H]pantothenate. Mg-ATP was added externally after 
6 minutes of incubation (indicated with the star).
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4. ATP regenerating system improves substrate accumulation

In other ABC transporters it has been shown that both the ATP concentration, and the ATP:ADP 
ratio affect transport rates. A build-up of ADP can inhibit the ability to transport.38,43 Possibly, 
the same holds for ECF transporters, as not only the presence of Mg2+ATP is crucial for 
transport, but also a low ADP to ATP ratio (Supplementary Figure 2). Our experimental set-
up, with a pool of ATP introduced inside the proteoliposomes, has the disadvantage that the 
ADP to ATP ratio will increase during the uptake experiment. To check whether the transporter 
performance improves when the ADP-ATP ratio was kept constant, we used a novel ATP 
regenerating system inside the liposomes, developed by the Poolman group (T. Pols et. al 
manuscript under preparation): the arginine deaminase (ADI) system. In this system ADP 
is recycled into ATP and leads to constant ADP-ATP ratios.44,45 For the experiments ECF-
PanT was co-reconstituted with ArcD (L-arginine/L-ornithine exchanger). In addition, ArcA 
(arginine deaminase), ArcB (ornithine transcarbamylase), ArcC (carbamate kinase), ornithine 
and Mg2+-ADP were included in liposomes (Figure 5C). The addition of external arginine 
allowed for conversion of ADP to ATP. Using this ATP-regenerating system we obtained 
approximately two-fold higher accumulation of radiolabeled pantothenate compared with the 
conditions in which ATP was not regenerated (Figure 5C). We conclude that the ADI system 
is compatible with ECF-PanT as a ATP consuming protein. 
We used the ADI system in combination with proteoliposomes composed of the E.coli polar 
lipids, in contrast to Pols et al. who developed the system using liposomes composed of 
synthetic lipids. We used E.coli lipids because the activity of the ECF transporter was poorer 
in all tested mixtures of synthetic lipids (Chapter 6). A disadvantage of the ADI system is its 
inherent complexity, as multiple proteins have to be co-reconstituted. 
The ADI system for ATP generation improved the sensitivity of the uptake assay, and allowed 
us to measure more accurately the very low rates of transport of ECF-PanT variants with 
mutations in the ATPase subunits. In classical ABC transporters, mutations in the glutamic 
acid of the Walker B motif (E169 in EcfA and E171 in EcfA’ of the ECF-module form L. 
delbrueckii) or the aspartic acid of the D-loop (D175 (EcfA) and D177 (EcfA’)) have been 
shown to inhibit or abolish ATPase activity.46–49 We created single mutants (E169Q (EcfA), 
E171Q (EcfA’), D175A (EcfA) and D177A (EcfA’)) as well as the double mutants, and tested 
activities in proteoliposomes with ATP provided either by direct loading of Mg-ATP or by 
using the ADI system. 
In ATP-loaded liposomes ECF-PanT with mutation E171Q in EcfA’ was still able to transport 
pantothenate but with half the rate compared to wild type. The same mutation in ECF-FolT2 
had a much bigger effect, reducing the activity by 92%. The E169Q mutant in EcfA of ECF-
PanT and double mutants in the Walker B motifs in ECF-PanT and ECF-FolT2 showed no 
uptake with levels comparable to the negative control with ADP-loaded proteoliposomes. In 
case of the D-loop mutants, mutation in EcfA’ significantly impaired the transport ability of 
transporters with a further decrease in activity for double mutants (Figure 5D). To confirm 
the findings from ATP-loaded proteoliposomes we used liposomes with ADI system to test 
the EQ mutants of ECF-PanT. Only the single E171Q mutant in EcfA’ exhibited residual 
transport activity above background levels, whereas the equivalent mutation in EcfA and the 
double mutation in both Walker B motifs almost completely abolished pantothenate transport 
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(Figure 5A and B). We cannot explain why the effect of the mutations appears more severe 
when using the ADI system instead of ATP-loaded proteoliposomes. 

    A                                                                 B

C                                                                D

ADI system

Mg-ATP

EcfA E169Q mutant

Figure 5 Transport activity of mutants in NBDs. A) Uptake assay in proteoliposomes with co-reconstituted 
arginine deaminase (ADI) pathway. Wild-type ECF-PanT presented with full circles, E169Q mutant in EcfA 
(empty circles), E171Q mutant in EcfA’ (full inverted triangles), double mutant E169Q E171Q (empty triangles), 
proteoliposomes with ECF-PanT and loaded with Mg-ATP (empty squares), Mg-ADP preloaded standard 
proteoliposomes (full squares). Star indicate addition of arginine. B) The same graph as in Panel (A) with the y-axis 
re-scaled to better show the E to Q mutants. C) A schematic representation of a proteoliposome with ECF transporter 
and ADI pathway. The phospholipid bilayer shown in gray with the phospholipid head groups represented by gray 
balls and the phospholipids tails as black lines. The enzymes from ADI pathway are colored in dark blue (membrane 
antiporters with blue square, and soluble enzymes with blue font color). D) Mutants in NBDs tested in standard 
proteoliposomes (not containing the ADI system). In dark bars initial transport rates of ECF-PanT variants are 
shown and with light grey rates of ECF-FolT2. Additionally, mutants in D-loop were tested. E169Q and D175A 
mutants in ECF-FolT2 were not tested.

The aspartate of D-loop is involved in the inter-subunit contact in NBDs as well as in formation 
of full ATP-binding site.50,51 The activity of the D177A mutant in EcfA’ was ~25% of wild 
type activity, but the equivalent mutant in EcfA (D175A) was almost completely inactivated. 
Thus, we conclude that there is asymmetry in nucleotide binding sites of ECF transporters, 
since transporter retained partial activity when mutated in one NBD but not in other one. 
These data were collected only in the uptake assay using ATP-loaded proteoliposomes, and 
not using the ADI system (Figure 5D). 
It is noteworthy that we observed a slow linear increase in radiolabeled substrate associated 
with proteoliposomes even in the case of the negative control, in which liposomes were 
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loaded with ADP (Figure 5B). We speculate that this association could be caused by slow 
diffusion of pantothenate over the membrane (compare to Figure 4B). 

5. Determination of the affinity of the S-component PanT for pantothenate 

The affinity of the S-components FolT1 and FolT2 for folate have been determined in the 
past using the purified proteins. We aimed to do similar experiments for PanT, but it was not 
possible to obtain purified, substrate-free PanT from L.delbrueckii required for the binding 
experiments, because the protein tends to aggregate in detergent solution (see also Chapter 
3). Therefore, the binding affinity of PanT for pantothenate was determined by ITC in crude 
membranes containing overexpressed PanT, without purification. We observed high affinity 
binding with Kd values in the low nanomolar range (Kd 21.4 ± 22.9 nM, Figure 6). The Kd 
for FolT2 measured by the same method was comparable with the previously measured Kd 
for purified protein (Kd 14.4 ± 9.3 nM, see also Supplementary Table 1). The low nanomolar 
substrate affinity found for PanT and FolT2 when present in membranes supports their 
proposed role as efficient substrate scavengers from the environment.

A                                                                                                B

Figure 6 ITC analysis of pantothenate and folate binding to PanT and FolT2, respectively. A) ITC data for 
pantothenate titration of crude membrane vesicles containing PanT at 25°C. B) Folate titration of crude membrane 
vesicles containing FolT2. Negative controls where crude membrane vesicles containing FolT2 were titrated with 
pantothenate and PanT titrated with folate are shown in Supplementary Figure 3.

6. Transport characterization from the substrate perspective

Next, we investigated the dependence of the transport rates on the concentrations of 
pantothenate and folate transport for ECF-PanT and ECF-FolT2, respectively. The rates of 
transport were measured at fixed ATP concentrations with radiolabeled substrate uptake assays 
in proteoliposomes at increasing substrate concentrations (Figure 7A and B). The Michaelis-
Menten equation was fitted to the data, and the resulting parameters are presented at the end 
of Supplementary Table 3. Both transporters exhibit Km values for substrate transport in the 
nanomolar range (59.8 nM for folate and 46.1 nM for pantothenate). The turnover numbers, 
kcat, revealed that transport of pantothenate was three times faster than folate transport.
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Parameter ECF-PanT ECF-FoT2

apparent Km 46.1 ± 11 nM 59.8 ± 12 nM

Vmax 2.2 ± 0.12 pmol/(min*µg) 0.77 ± 0.05 pmol/(min*µg)

Figure 7 The transport of pantothenate and folate. A) Kinetic parameters determination for ECF-PanT. The initial 
pantothenate transport rate in increasing [3H]pantothenate concentrations. B) Kinetic parameters determination for 
ECF-FolT2. The initial folate transport rate in increasing [3H]folate concentrations. Error calculated from the fit 
error for the three measurements.

7. Substrate analogues and their binding

The inhibitory effects of different analogues of pantothenate and folate were tested in 
the uptake assays using the radiolabeled substrate in the presence of a 500x excess of 
each analogue. We tested nine pantothenate analogues (see Figure 8C), of which only the 
cysteamine analogues pantetheine and pantethine inhibited pantothenate transport. The IC50 
values were 244 nM and 1.6 µM for pantetheine and pantethine, respectively (Figure 8A 
and B). This result indicates that substitutions in the carboxyl group of the ß-alanine moiety 
are possible, and that this part of the molecule is not essential for binding. Whether the 
inhibitors only bind, or are also transported substrates themselves cannot be deduced from 
the experiments. Surprisingly, D-panthenol and the derivative panthetonyl ethyl ether did not 
inhibit transport. Apparently, either a free carboxyl group or an amide derivative are required, 
but a hydroxyl group or ether derivative are not accepted.
The lack of inhibition by pantoic acid and ß-alanine uptakes shows that the pantoyl and 
ß-alanine moieties alone are not sufficient for high affinity substrate recognition. Accordingly, 
the set of analogues revealed the carbonyl group on the pantoyl part as being directly 
involved in the interaction with the S-component. Modification on the 4-hydroxy group of 
pantothenate with an adenine nucleotide as in CoA prevented high affinity binding.
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Figure 8 Inhibition of [3H]pantothenate (100 nM) transport by ECF-PanT in proteoliposomes by pantothenate 
analogues (50 µM). A) [3H]pantothenate accumulation (at 25 min time point) in the presence of pantothenate 
analogues (500 fold excess). B) Inhibition constant (IC50) determination for pantethine (triangles and dotted line) and 
pantetheine (circles and dashed line) at a concentration of 100 nM [3H]pantothenate. Error bars represent technical 
duplicates. C) Structures of used pantothenate analogues.
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Of ten folate analogues tested, six inhibited uptake of radiolabeled folate by ECF-FolT2. The 
building blocks of the folate molecule (pterin, aminobezoate, and aminobenzoyl glutamate), 
were not sufficient alone to compete with folate for uptake. Also, the folate variant with a tail 
of seven glutamate moieties (instead of one) was unable to inhibit transport, presumably for 
steric reasons. In contrast, the analogue with only two glutamate moieties did inhibit folate 
transport (Figure 9). Folinic acid with an additional aldehyde group at position 5 of the pterin 
ring also inhibited folate transport. The exchange of oxygen at position 4 in the pterin ring, as 
in aminopterin and methotrexate, resulted in transport inhibition with a IC50 of approximately 
50 µM. In conclusion, the pterin ring, aminobenzoate, and glutamate parts of folate moiety 
are necessary for the substrate high-affinity binding, and folate analogues with modifications 
in the pterin ring inhibited transport to varying extents.

8. Conserved external loop in EcfT in ECF transporters is not necessary in the 
transport cycle or for S-component recognition or toppling

An amino acid sequence alignment of EcfT sequences showed the presence of conserved 
amino acids in the external loop between TMs 3 and 4 (amino acids 86 to 101) (Figure 
10). By introducing mutations, we tested the importance of the loop for the function of 
ECF transporters. Single mutations were introduced to replace conserved residues in ECF-
PanT, and more substantial changes were created by loop deletion or introduction of a long 
insertion (Figure 10B). All the EcfT loop variants of ECF-PanT were overexpressed, purified 
and reconstituted into the proteoliposomes as previously done for the wild type full complex 
ECF transporters. Uptake assays were performed and the results are presented in Figure 
10. Only one mutation, W94C, could not be overexpressed. The rest of mutants showed 
decreased activity in comparison with the wild type, but none of them was completely 
inactive. Mutation of glycine 89 to tryptophan (G89W) most drastically impaired transport, 
with less than 20% activity remaining. It is possible that a bulky side chain of tryptophan 
interferes with the interaction with the S-component or prevents it from toppling. Deletion 
of the external loop as well as insertion of an additional peptide (maltose binding protein, 
MBP, 40.21 kDa) caused decreased ability to transport (remaining activity ~40%) but did 
not block it completely. Thus, we concluded that external long loop in EcfT does not play an 
essential role in the transport mechanism in type II ECF transporters, despite the presence of 
conserved residues.
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Figure 9 Inhibitors of folate uptake. A) Inhibition of 100 nM [3H]folate uptake by ECF-FolT2 in proteoliposomes 
in the presence of 50 µM folate analogues. [3H]folate accumulation (at 16 min time point) is shown in the presence 
of folate analogues (500 fold excess). Error bars indicate technical replicates. B) Structures of used folate analogues.
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Figure 10 Importance of the long external loop in EcfT. A) The structure of EcfT from L.delbrueckii (blue) with 
the external loop in orange and amino acid that were mutated in red; the S-component is colored yellow and the 
NBDs are in pink. PDB ID: 5D7T. B) Loop sequence with position of mutations. The first line represents secondary 
structure of protein, second line indicate amino acid in the sequence, the nucleotide sequence is shown in the third 
line, whereas DNA sequences of loop modifications are shown in last two lines. Loop deletion indicated with dashes 
in red box, insertion of MBP indicated with “M”, and point mutations indicated with stars. C) The consensus amino 
acid sequence logo of periplasmic loop in EcfT scaled to amino acid conservation 52. D) The transport of [3H]
pantothenate into the proteoliposomes with reconstituted ECF-PanT with indicated mutations. The uptake rates 
are normalized to wild type (WT) initial velocity of 0.4 pmol/(µg*min). Error bars represent biological replicates.

DISCUSSION

Kinetic information about substrate translocation mediated by transporters is essential to 
deduce the mechanism of transport. In this study, kinetic and thermodynamic parameters for 
two ECF transporters from Lactobacillus delbrueckii were investigated. Furthermore, parts 
of pantothenate and folate molecules involved in its high affinity binding were identified. 
Finally, we performed mutagenesis studies to investigate the role of the nucleotide binding 
domains and the extracellular loop of EcfT.
We focused primarily on the characterization of ECF-PanT from Lactobacillus delbrueckii, 
and compared the results with previous and new data for ECF-FolT2 from the same 
organism. We confirmed that the two type II ECF transporters are active upon reconstitution 
into liposomes, and that ATP hydrolysis is necessary for transport activity. We obtained the 
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apparent Michaelis constant, Km, and maximal velocity, Vmax, values for ATP and transported 
substrates for ECF-PanT and ECF-FolT2. In vitro transport characterization for other group 
II ECF transporters is not available, therefore we compare our findings with in vivo data 
from the Group I transporter BioMNY.53 The observed 10-fold difference in apparent Km for 
ECF-PanT and ECF-FolT2 (46 and 59 nM, respectively) compared to R.capsulatus BioMNY 
(5 nM) qualitatively correlates with differences in the binding affinity for substrates by the 
S-components (Supplementary Table 1), but other differences between the proteins also exist 
as reflected in the higher speed of transport by biotin transporter (Supplementary Table 4). The 
kinetic parameters of ATP hydrolysis differ from the ones found in literature (Supplementary 
Table 3). Data for ATPase activity are available for different transporters reconstituted into 
proteoliposomes. The apparent Vmax for ATP hydrolysis of Listeria monocytogenes ECF-
RibU, 56 nmol/(min*nmol), is approximately 100-fold higher than maximal velocity of 
hydrolysis catalyzed by L.delbrueckii ECF-PanT (0,5 pmol/(min*pmol)). The apparent Km 
values for the same protein pair differ 30 times, 0.2 mM for ECF-RibU and 5.5 mM for 
ECF-PanT. It is probably due to specific characteristics of the individual transporters, or 
differences in methods used to assess ATPase activity. 
The ATPase activity of ECF-PanT reconstituted in proteoliposomes was approximately 
400 times higher than transport rates (compare between Figure 2C and D). Assuming that 
hydrolysis of two ATP molecules is coupled to transport, there is a huge uncoupled activity. 
Possibly, the passive “leak” of pantothenate (Figure 4) contributes to some extent to the 
apparent discrepancy between ATPase and transport activity. From a purely energetic point, a 
tight coupling of substrate translocation with ATPase activity should be favorable. However, 
it is not uncommon that ABC-type transporters exhibit futile cycles of ATP hydrolysis when 
reconstituted into proteoliposomes.8,14,16,37,54–56 The reasons for existence of futile ATPase 
activity are still not clear. One of the possibilities is that constantly working NBPs are providing 
a proper ensemble of protein conformations for the association with the S-component as soon 
as it is available in the toppled state. Alternatively, the continuous turnover of ATP could 
lead to deformation of the lipid bilayer (via the associated EcfT protein), which could help 
in the toppling step. This hypothesis may be supported by findings for the ABC importer for 
vitamin B12, BtuCDF. This transporter has an increased rate of association with its substrate 
binding protein, BtuF in the “highly hydrolyzing ATP” state.54 However, it is not a common 
feature of all ABC transporters. Moreover, it could be questioned if the behavior exists in vivo 
or is exclusively a reflection of in vitro measurements. 
The affinity of PanT for pantothenate was determined in the bacterial membrane. The results 
presented here for the substrate binding to the S-components are in agreement with the results 
published until now for different S-components (Supplementary Table 1). The data indicate a 
common feature, low to sub-nanomolar Kd range, of S-components as a scavenge mechanism 
for dedicated substrates. Moreover, the parts of pantothenate and folate molecules involved 
in high-affinity binding were found by analyzing substrate analogues. The folate parts 
necessary for its binding were in agreement with observed interactions of folate with its 
specific S-components in resolved crystal structures.14,27

PanT from Lactobacillus delbrueckii has eight conserved residues (Tyr34, Thr45, Trp70, 
Phe91, Arg101, Asn139, Thr140 and Val143 in LdPanT) that were predicted to be involved 
in highly specific binding in Lactobacillus brevis.11 We attempted to deduce their importance 
form the effects of substrate analogues. PanT could still interact with compounds modified 
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at the hydroxyl group of the ß-alanine moiety, but any modifications of the oxygen from 
the carbonyl group on ß-alanine had detrimental effects on transport, as shown by the lack 
of inhibition of pantothenate transport by panthenol and pantothenyl ethyl ether. The only 
compound that contained the carbonyl group but did not inhibit pantothenate transport was 
Coenzyme A. However, the adenosine 3’,5’-diphosphate may be simply too big to fit in the 
PanT binding site. Clearly, a crystal structure of solitary PanT with pantothenate molecule 
bound would be helpful in indicating key interactions for pantothenate binding. In contrast to 
the lack of structural data for PanT, there are two structures of folate bound S-components.14,27 
In these structures, the interactions are concentrated on the pterin ring, and to smaller extend 
on the aminobenzoate and glutamate parts. The results presented here indicate that the keto 
group at position 4 in the pterin ring has influence on folate binding, whereas glutamate part of 
folate is nonessential. Lack of the glutamate part, or addition of another glutamate moiety in 
folate analogues still allows their successful competition for transport. In the FolT1 structure 
there is indeed space to accommodate more than one glutamate residue.14 We also tested the 
reduced form of folate, tetrahydrofolic acid, which has reduced pteridin ring. It was observed 
in some proteins, like in RCF1, that the oxidized and reduced forms are differentiated.57 
In ECF-FolT2 the reduced form of folate inhibited folate transport, indicating that it can 
bind to ECF-FolT2 and that the oxidized and reduced forms are not distinguished. It can be 
concluded that high affinity folate binding is a sum of interactions between the S-component 
and multiple parts of the substrate. 
Finally, the role of the conserved long external loop in the EcfT subunit was investigated. 
Comparison of the amino acid sequences in the loop in EcfT homologues from different 
organisms showed a conservation pattern, which may indicate an important structural or 
functional role. It has been shown for many proteins that loops serve as a functional lid 
for substrate recognition and capturing, solvent exclusion or solute release.14,26,58,59 We 
hypothesized that the loop in EcfT could also act as an important structural motif. In case 
of EcfT, the role could be in S-component recognition or toppling. However, a spectrum 
of mutations tested had only relatively minor effects on transport activity. Therefore, we 
conclude that the loop is not essential for the transport of substrate.
The in vitro experiments of course are performed in non-physiological conditions, but 
experiments performed in vivo often cannot determine all transport parameters. We managed 
to gather an extensive characterization of type II ECF transporters. Better understanding of 
the transport mechanism in ECF transporters may help with designing compounds stopping 
their function and therefore killing pathogenic bacteria. The direction for a future research 
could be a comparison between type I ECF transporters and wider representation of type II 
ECF transporters. 
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SUPPLEMENTARY FIGURES

Supplementary Figure 1 Cryo-Electron nanography of proteoliposomes.

Supplementary Figure 2 Influence of Mg-ADP on pantothenate transport. Pantothenate uptake assay in 
proteoliposomes preloaded with 5 mM Mg-ATP and changing Mg-ADP concentrations, for 100% ATP 5 mM Mg-
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ADP without any ADP was used.

A                                                                                     B

Supplementary Figure 3 Negative control of ITC in crude membrane vesicles. A) Pantothenate titration of 
crude membrane vesicles containing FolT2. B) Folate titration of crude membrane vesicles containing PanT.
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