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Experimental contributions: Eleonora Diamanti conducted the synthesis of homemade compounds, 
Spyridon Bousis and Leticia Monjas Gómez conducted virtual screening assays, Inda Setyawati and 
Lotteke J. Y. M. Swier conducted biochemical experiments. 

Abstract

The energy-coupling factor (ECF) transporters are a family of transmembrane proteins involved in the 
uptake of micronutrients in a wide range of bacteria. Inhibition of the activity of these proteins could 
reduce the viability of pathogens that depends on vitamins and minerals uptake. Their central role 
in the metabolism of bacteria and absence in humans make the ECF transporters a potential target, 
which can be further investigated making use of a selective chemical probe. Here, we report on the 
virtual screening, design, synthesis and structure–activity relationship (SAR) of the first class of agents 
active against the ECF transporters. We investigated the mechanism of action of this chemical class 
and profiled the best hit compounds regarding their pharmaceutical properties. The optimized hit has 
an MIC value of 2 µg/mL against Streptococcus pneumoniae, which opens up the possibility to use this 
chemical class to investigate the role of the ECF transporters in health and disease.
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Introduction

Energy-coupling factor (ECF) transporters are the part of ATP-binding cassette (ABC) proteins. They are 
corresponded exclusively to import functions. The uptake of a substrate across the membrane coupled 
by the ATP hydrolysis1. Their roles for the micronutrient uptakes already investigated  for vitamins 
(folate2–4, phantothenate5, riboflavin6,7, cobalamin8, biotin9, and thiamine10) and metal ions (Ni2+ 11 and 
Co2+ 12) with high affinity. 

Based on the genomic analysis, the ECF transporters are found only in prokaryotic microorganisms, 
particularly ample in the Firmicutes phylum of Gram-positive bacteria13, whereas many members of this 
group are human pathogens14. Some pathogens such, Streptococcus pneumoniae, Enterococcus faecium, 
E. faecalis, Clostridium tetani, C. novyi and C. difficile are indicated depend on Ecf transporters for 
uptake vitamins15. However, the ECF transporters never have been identified in human, they become 
an interesting target for the development of novel antibiotic because lowers the risk of side effects on 
human health. In addition, emerging crisis of resistant bacteria and the lack of development of new 
antibiotic agents need greatly renew researches16.    

Small molecule binders have been designed for the S-component ThiT from Lactococcus lactis17– 

20. However, no compound has been obtained that could be a promising candidate for starting the 
development of new antibiotics. Here, we describe the discovery of unexplored small molecule binders 
based on the X-ray crystal structure of the folate-specific transporter ECF-FolT2 from L. delbrueckii 
(PDB ID 5JSZ3), which are the first inhibitors of full ECF transporters. The ECF FolT2 belongs to the 
group II ECF transporters in which various S-components with different substrate specificity are able 
to bind the same ECF module (Figure 1). Therefore, the small-molecule binders would not only inhibit 
folate uptake by ECF FolT2, but also the uptake of other vitamins by other ECF transporters present 
in L. delbrueckii. Besides, if those molecules would bind to the EcfT subunit, which is characteristic 
for the ECF transporters, the chance of being specific for this group protein increases. In that way, such 
small-molecules binders would form an interesting scaffold for the development of novel antibiotics. 

The first step in the identification of a new hit for the ECF transporters was the selection of a druggable 
pocket that may interfere in the translocation of the substrate into the cytosol. To do so, we used a fully 
automated algorithm, DogSiteScorer, which afforded drugable pocket with a score > 0.521. A strategic 
localization at the surface of the membrane, where the coupling helixes of the Ecf are expected to 
change conformation during transport and a score of 0.81, guided us to select the so called a P2 pocket 
(Figure 3). The pocket is situated in EcfT and lined by conservative residues from coupling helix 1 
(CH1), the N-terminal part of coupling helix 2 (CH2) of EcfT and the loop L7 connecting coupling helix 
3 (CH3) of EcfT with the final transmembrane helix of this protein. If a small molecule can be found 
to bind in this pocket, movement of the coupling helices could be inhibited the FolT2 from dissociating 
from the ECF module and this might abolish transport activity.
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Figure 1. Architecture of ECF group-II transporters. In green ECF module (EcfT, EcfA and EcfA´) and in 
blue the S-components (e.g., folic acid, panthotenate). All S components interact with a shared ECF module. 
Genes are scattered around the chromosome.

Results and Discussion
Structure-based Virtual Screening (SBVS)

We retrieved a library of over 1.3 million compounds from the Express Collection Princeton BioMolecular 
Research where a virtual screening has been launched, applying a range of filters to focus on drug-
like compounds and exclude frequent hitters29,41.  The final selection of the 100 top-ranked compounds 
involved visual inspection, assessment of the docked pose and estimation of the drug-like properties. 
As a result, we selected twelve distinct molecular scaffolds (1–12, Figure 2) for biochemical screening. 

Transport Assay

Further, we show that the small compounds are able to inhibit the uptake of vitamins in vitro to explore 
the functions of the ECF transporters. Here, the purified ECF FolT2 reconstituted in proteoliposomes 
in a transport assay of radiolabeled folate as described previously3, in which the proteoliposomes were 
loaded with MgATP (full activity), MgADP (no activity) or MgATP plus 5 mm compound and no 
compound presents in the external solution. From this assay, compound 1 and 2 shown in Figure 2 (in 
the cage) were able to reduce the translocation of radiolabeled folate across the membrane  as illustrated 
in Figure 4A and 4B. In addition, the predicted docked poses of the two compounds are shown in 
Figure 3. 
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Figure 2. Chemical structures of hit compounds (1–12) identified through structure-based virtual screening 
using the crystal structure of L. delbrueckii ECF-FolT2 (PDB ID 5JSZ3). The inhibitors in the cage are the 
first selective inhibitors in transport assays. 

Figure 3. P2 pocket of the ECF FolT2 (PDB ID 5JSZ) along with hit 1 and 2. A) Surface representation of P2 
pocket colored in yellow along with EcfA and EcfA’ shown in khaki and coral, EcfT in dark cyan and FolT2 
in gray ribbons. Color code: C skeleton: hit 1 (green); hit 2: blue. B) Predicted docked pose of hit 1 inside 
the P2 pocket. The docking was performed with the LeadIT suite, and the figure was generated with Chimera 
1.12. H bonds below 3.2 Å are shown as black lines. Color code: C skeleton: hit 1 (green); protein: (yellow). 

Then, we measured the apparent IC50 of 1 and 2 with the values 282 µM and 1.2 mM, respectively. The 
IC50 of 1 was determined in the presence of the compound in the lumen of proteoliposomes and external 
solution. Despite hit 2 is weak inhibitory activity, has a comparable ligand efficiency to hit 1 and it 
may be bound in the same region. However, hit 2 suffers from solubility issues given its zwitterionic 
nature. As a result, we selected hit 1 for our study because of its chemical tractability and more favorable 
physicochemical properties. 

A B
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The ECF FolT2 belongs to the group II ECF transporters and the compound 1 is predicted to bind in 
a pocket located on EcfT, the inhibitory effect should be generic for the other ECF transporters from 
L. delbrueckii that use the same ECF module. Therefore, we demonstrated the allosteric behavior and 
selectivity of compound 1 toward an ECF PanT from L. delbrueckii, whereas the S-component is for 
pantothenate uptake. To test this prediction, the assay was measured in the presence of 5 mm compound 
1 (Figure 4C) which is the translocation was inhibited and did not differ from negative control in which 
proteoliposomes were loaded with 5 mm of MgADP. This result clearly indicates that the compound 
inhibited uptake of pantothenate completely at this concentration. The fact that 1 inhibits the uptake of 
both ECF FolT2 and ECF PanT from the same organism, suggests specificity of this compound for the 
ECF module. However, the compound could also interfere with the assay by making the proteoliposomes 
leaky, which would disable uptake of the radiolabeled folate and pantothenate.

In order to test the leakiness of the proteoliposomes and whether the inhibition by compound 1 is specific 
for the ECF transporters from L. delbrueckii, the uptake of glycine betaine by an ABC transporter OpuA 
from L. lactis was measured in the absence and presence of compound 1 and  DMSO 5 % in the lumen 
of proteoliposomes (Figure 4D). Neither the presence of compound 1, nor the presence of DMSO 
affected the transport by OpuA significantly, which not only strengthens the assumption of specificity of 
compound 1 for the ECF transporters from L. delbrueckii, but also showed that the compound did not 
provide false positive results by causing leakiness of the proteoliposomes.

Building on our recent structural druggability assessment of the ECF transporter15, we have identified 
the presence of several potentially druggable pockets in the complex of the whole ECF-FolT2 
transporter (Table S1). These are located on the interface of the S-component, ECF-T as well as on the 
two cytosolic ATPases (ECFA and ECFA’). Although it is difficult and speculative to indicate where 
exactly the compounds of this class bind on the ECF transporter, our experimental studies might safely 
exclude some potential targets. Given that the compounds do not interfere with the binding of the natural 
substrate, as the uptake of both folic acid and pantothenate into the cytosol have been inhibited in the 
in vitro assay, we might exclude the S-component as a binding pocket. In addition, inhibitor 1 does not 
interact with the ATP hydrolysis domain. As a result, the cytosolic ATPases do not seem to be the target 
site of these compounds. These observations show that the inhibitors interact with the ECF-T domain 
of the transporter.



70

Figure 4. Effects of compounds 1 and 2 on the transport activity of ECF transporters (ECF-FolT2 and PanT) 
and an ABC transporter (OpuA). (A) Folate uptake by ECF-FolT2 reconstituted in proteoliposomes filled 
with 5 mm MgATP (black), 5 mm MgADP (purple) or 5 mm MgATP plus 5 mm of compound 1 (red), and a 
final DMSO concentration of 10% (v/v). (B) Same as in Panel A, including proteoliposomes filled with 5 mm 
MgATP plus 5 mm of compound 2 (green). (C) Pantothenate uptake by ECF PanT in proteoliposomes filled 
with 5 mm of MgATP (black), 5 mm of MgADP (purple), 5 mm MgATP plus 5 mm of compound 1 (red), 
and a final DMSO concentration of 5% (v/v). The blue curve represents proteoliposomes filled with 5 mm 
MgATP and no DMSO. (D) Glycine betaine uptake by OpuA in proteoliposomes filled as described in Panel 
C. The error bars represent the standard deviation of three independent measurements, except for the data in 
panel C, where they represent the spread of the data from two independent measurements.

Structure-activity relationship (SAR)

The potency and drug-likeness of hit 1 encouraged us to identify structural features that are critical 
for ECF transporter inhibition using structure–activity relationship (SAR) study. To do this, the ECF 
inhibition was tested using the same transport assay with radiolabeled folate described above, but in the 
presence of 250 µM compounds in the lumen of proteoliposomes and external solution. We focused at 
exploring the SAR of hit 1 in the three stages: the role of 2-hydroxybenzoic acid with a set of compounds 
13–21 (Table 1), the role of linker with a set of compounds 13–21 (Table 2)  and the role of naphthalene 
ring with a set of compounds 26–42 (Table 3). 
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At the first stage of SAR study, removing of one group of the 2-hydroxybenzoic acid at the time 
afforded monosubstituted derivatives 13 and 14. Loss of inhibitory activity was observed in both cases 
supporting the key role played by the salicylic acid portion. The reduction of the carboxylic acid to a 
primary alcohol, its methyl esterification and amidation yielded compounds 15–17. While compound 
15 is two-fold less potent than 1 (14 % inhibition at a concentration of 250 µM), the replacement of the 
carboxylic acid with an amide (17) had no significant effect (27 % inhibition at a concentration of 250 
µM). Unfortunately, the solubility of 16 in the assay buffer is substantially decreased. Next, we turned 
our attention to the role of the hydroxyl group and found that its replacement with a methyl group (18) 
or methylation (19) reduced the inhibitory activity. By contrast, the finding that 20 is able to inhibit ECF 
activity with a 2-fold increase compared to 1 (20, IC50 = 134 µM) supported the notion that a sterically 
bulky carbamate moiety is well-tolerated.

Table 1. Inhibitory potencies (IC50 values and percentages of inhibition) of compound 1 and analogues 13–21 
on ECF FolT-2.

Compound Y X IC50 (% Inh. at 250 µM) ± S.E.M.a

1 COOH OH 282±108 µM (34±9)

13 COOH H No inhibition

14 H OH No inhibition

15 CH2OH OH (14±17)

16 COOCH3 OH n.d.*

17 CONH2 OH (27±3)

18 COOH CH3 (17±3)

19 COOH OCH3 (27±10)

20 COOH NHBoc 134±26 µM (76±4)

21 COOH NH2 (8±5)
*n.d. : not soluble under the conditions of the assay
aS.E.M. derived from at least two experiments
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The next stage, we investigated the role of naphthalene ring. However, we were just able to synthesize 
two compounds (22 and 23) when an ether linker presents between the 2-hydroxybenzoic acid and 
the naphthalene ring as described in Table 2. With Br-substituted naphthalene ring (22), the potential 
inhibition improved by four times (IC50 69 µM) and it is the best inhibitor up to date. Furthermore, a 
sterically bulky carbamate-substituted benzopyrrol (indole) is also well-tolerated in this part (23) by 
three times (IC50 90 µM) higher than hit 1 (IC50 282 µM).

Given by the inhibitory improvement by these naphthalene ring modifications, we sought to find more 
reliable linkers to be synthesized. Three different linkers of analogues were obtained: amine, amide and 
sulfonamide, respectively compounds 24, 25 and 26 as shown in Table 3. However, only compound 24 
had inhibitory effect around 11 % which is less than hit 1 (34 %) at the concentration 250 µM when the 
compounds were introduced in the lumen of proteoliposomes and external solution for transport assay.

Despite compound 24 is a week inhibitor, we made use its analogues to explore the role of naphthalene 
ring in the hit 1. Here we synthesized the compounds at home and assayed them at concentration  75 
or 250 µM to see the improvement of inhibition. Unfortunately, up to date, we did not get any better 
potential inhibitor than compound 22, the best analogue is compound 28 with the same group of Br-
substituted naphthalene ring as 22 shown in Table 5 which has inhibition 21 % (at 75 µM). Replacing 
Br- to OH (26), F (27) and cyclopropyl (29) did not help to improve the inhibitory activity which has 
relative inhibition only 7 % (26) and no inhibition for 27 and 29 at 75 µM.  Also the replacement of the 
naphthalene to quinoline (30) diminished the inhibitory activity to 2 % at 250 µM and 1,4 benzodioxan 
(31) had low inhibition to 13 % (at 250 µM). Not only these analogues reduced the inhibitory effect, 
but also others when the naphthalene ring was replaced by an indole without the bulky carbamate (32), 
indazole (33), benzyl (34), 2,3-dimethyl benzyl (35), 4-bromo benzyl (37), 4-bromo-2-methyl benzyl 
(38), benzyl benzyl (39) and diphenyl ether (40). Surprisingly, the groups diphenyl sulfide (41) and 
benzyl sulfone (42) were in the same range as Hit 1 to inhibit the activity of reconstituted ECF FolT2, 
respectively 30 and 33 % of inhibitory activity at 250 µM.       

Table 2. Inhibitory potencies (IC50 values and percentages of inhibition) of analogues 22 and 23 on ECF 
FolT-2

Compound Structure IC50 (% Inh. at 250 µM ± S.E.M.a)

22 69 µM (89±2 ; 32±5b)

23 90 µM (82±3)

aS.E.M. derived from at least two experiments
b% inhibition was measured at 75 µM 
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Table 3. Inhibitory potencies (percentages of inhibition) of analogues 23–25 on ECF FolT-2.

Compound Z W % Inh. at 250 µM ± S.E.M.a

23 NH CH2 11

24 NH CO No inhibition

25 NH SO2 No inhibition
*n.d. : not soluble under the conditions of the assay
aS.E.M. derived from at least two experiments

Table 4. Inhibitory potencies (percentages of inhibition) of analogues 26–42 on ECF FolT-2.

Compound Ar % Inhibition ± S.E.M.a

26 7±3c

27 No inhibition c

28 21±5 c

29 No inhibitionb,c

30 2 ± 3b 

31 13±5b

32 No inhibitionb

33 No inhibitionb

34 No inhibitionb
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Compound Ar % Inhibition ± S.E.M.a

35 No inhibitionb

36 Not soluble

37 No inhibitionc

38 13 ± 11c

39 No inhibitionc

40 No inhibitionb

41 30 ± 3 b

42 33 ± 11 b

*n.d. : not soluble under the conditions of the assay
aS.E.M. derived from at least two experiments
b% inhibition was measured at 250 µM 
c% inhibition was measured at 75 µM 

In Vivo Assays

After demonstrating that this chemical class interferes with the uptake of folic acid and 
pantothenate via inhibiting the ECF transporter in vitro (Figure 4b-c), we asked whether the 
potential inhibitors might inhibit ECF activity in an in vivo set up. Therefore, we developed 
a new cell-based transport assay using E. coli MC 1061 upon induction and in absence of 
heterologously expressed ECF_FolT2 and evaluated the ability of the inhibitors to interfere 
with the uptake of radiolabeled folic acid. However, up to date we just managed to test 
compound 20 for further evaluation as the candidate antibiotics. By analogy to the in vitro 
experiment, also in an intact biological system the inhibitor 20 showed an inhibition of 93 ± 1 
% at a concentration of 250 µM (Table 5). 
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Table 5. Inhibition of radiolabeled folic acid in Escherichia coli MC1061 induced by 20 with and without 
induction of heterologously expressed ECF_FolT2.

Indicator strains 20
% Inhibition at 250 µM

E. coli MC1061 ECF_FolT2 93 ± 1

E. coli MC1061 no inhibition

The lack of uptake in the absence of heterologous expression (Figure 5A) indicates there is no 
secondary transporter for folic acid that facilitates the uptake of it at nanomolar concentration. Lastly, 
we corroborated the allosteric mode of inhibition of 20 in the in vivo set up by using a 2.5-fold excess 
of the vitamin (Figure 5B), which did not affect the inhibition significantly.

 

Figure 5. A) Uptake of radiolabelled folic acid in E. coli cells in presence and absence of compound 20. 
The E. coli MC1061 strain does not express an ECF-FolT2 transporter (black) and shows no uptake of folic 
acid. In contrast, the E. coli cells MC1061 ECF_FolT2 express the transporter (grey). Inhibitor 20 blocks the 
uptake of radiolabelled folic acid by 93% at 250 μΜ as an average of two independent experiments. B) Uptake 
of radiolabelled folic acid in E. coli cells in presence and absence of compound 20. Inhibitor 20 blocks the 
uptake of radiolabelled folic acid by 20 = 88 ± 2 % at 250 μΜ as an average of two independent experiments. 

We also tested compound 20 for cytotoxic effects on a set of cell lines that includes HEK293 (human 
embryonic kidney cells), HepG2 (human liver cancer cells), and A549 (adenocarcinomic human alveolar 
basal epithelial cells). Notably, 20 does not showed any considerable cytotoxic effects, Figure 6. We also 
assessed the stability of compound 20 in human plasma and liver microsomes and found an adequate 
stability in plasma (20, t½ > 2.5 h), and metabolic stability (20, hepatic Clint < 12 µL/min/mg).
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Figure 6. Cytotoxicity determination of compound 20

Thus, our results confirm compound 20 was the first molecular probe that may be used to investigate the 
role of the ECF transporters both in vitro and in vivo. These encouraging results prompted us to measure the 
effect of compound 20 in a specific strain, which could be affected in the presence of an inhibitor of the ECF 
transporters. 

In line with the role played by the ECF transporters, an auxotrophic cell line lacking the biosynthesis of 
a vitamin should show reduced growth when an ECF inhibitor is added because the vitamin pool could 
decrease. This effect is even more drastic if the inhibitor does not bind to the S-component but rather to the 
ECF module, impeding the uptake by the bacteria of several vitamins at once. On this basis, we chose the 
important human pathogen Streptococcus pneumoniae as a suitable strain to validate the effect of an ECF 
inhibitor as it is auxotrophic for pantothenate and biotin and depends on ECF transporters for their uptake. 
In agreement with that, the MIC (minimum inhibitory concentration) of compound 20 was remarkably low 
compared to in vitro activity as the uptake of more than one vitamin was affected (Table 6). As a negative 
control, we used a Gram-negative strain that does not express the ECF transporter (E. coli K12). As expected, 
we did not see any effect of the presence of the compound. 

Table 6. Antibacterial profile of compound 20.

Indicator strains MIC
MIC [µg/mL]

20 22

S. pneumoniae DSM-11865a 2 4

E. coli K12 >100 not tested
aPRSP: Penicillin-resistant S. pneumoniae.

Lastly, by using a fluctuation test we examined the ability of S. pneumoniae (strain D39V) to become 
resistant to compound 20. In contrast to the rifampicin control, where we could readily select resistant 
mutants (experiment was performed at 2-fold MIC), no mutants resistant to compound 20 (at 2-fold 
MIC) could be isolated, indicating a very low potential for resistance development against this type of 
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ECF transporter inhibitors (Table S4). 

In conclusion, we report the identification of the hydroxy benzoic acid and phenyl furan chemical 
classes as the first inhibitors of ECF transporters. The focused SAR study around the salicylic acid 
scaffold provided a first insight into the shape requirements for fragment growing. We showed both in 
vitro and in cellular that this chemical class has an allosteric mode of inhibition by inhibiting the ECF 
module and potentially bind to the ECF-T.  

The 2-hydroxybenzoic acid is mandatory for activity whilst introduction of a carbamate function in the 
2-position balances potency, metabolic stability and influences the growth of S. pneumoniae as shown 
by compound 20. The lack of cytotoxicity, the promising plasma and metabolic stability and the lack of 
resistance development observed under the conditions tested, establishes compound 20 as an excellent 
molecular probe to foster probe and drug discovery efforts in the field of the ECF transporters, which 
may open a new avenue and promising target in the antibacterial field.

Methods
Prediction of druggable pockets

The DoGSiteScorer server was used to find pockets on the surface of ECF-FolT2 and predict their 
druggability22. DoGSiteScorer was customized to work on the pocket level with the druggability 
estimation for pockets option switched on. Thirty-six pockets were found, of which eleven were 
considered to be druggable.

Druggable pockets tend to be larger, deeper, more hydrophilic and complex in shape, having average 
parameters of a volume of 900 Å3, depth of 21 Å and a lipophilic surface fraction of 0.7, while the non-
druggable pockets have an average volume of 300 Å3, depth of 13 Å and a lipophilic surface fraction of 
0.623. The calculation of these geometric and physicochemical properties results in a druggability score 
spanning from 0 (undruggable pocket) to 1 (druggable pocket). The eleven druggable pockets identified, 
with a druggability score varying from 0.85 to 0.50 (Table 3, chapter 1), are scattered over the whole 
surface of the ECF-FolT2 (Figure 5, chapter 1). 

Structure-based Virtual Screening (SBVS)

Virtual Screening Compounds. The compounds used for the virtual screening were from the Express 
Collection of Princeton BioMolecular Research (http://www.princetonbio.com/, downloaded in May 
2015). Initially, the library was filtered in MONA according to the following criteria: molecular weight 
250–500 g/mol, aromatic fused tricyclic (or bigger) compounds and esters were removed24,25.

Protein Preparation. The crystal structure of ECF FolT2 in the apo state (PDB: 5D7T) was obtained 
from the protein data bank (PDB) and prepared for structure-based virtual screening3. First, the receptor 
was defined by manual selection including the following amino acid residues: F97–P118 and E140–
S142 from EcfA; L69, V70, V73 and I74 from FolT2; P132–T169 and L218–L239 from EcfT. 
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Virtual Screening. The library was screened using the KNIME Analytics Platform26 with the help of the 
suggested workflow and nodes (SeeSAR, Generate 3D Coordinates, LeadIT) from BioSolveIT27.   

Next, the 3D-coordinates were generated by the 3D generator, and the library was docked by using 
LeadIT (version 2.1.8)28. The default settings were used for docking, and ten poses of each molecule were 
generated; promiscuous and toxic compounds were filtered out using the PAINS-filter29 and Eli Lilly-
rules30,31. The resulting poses were scored with HYDE in SeeSAR (version 3.2)32 and ranked according 
to the estimated binding affinity. Poses with red flagged torsions as well as compounds giving only one 
pose were removed. From the first 1000 entries, the best 100 compounds were visually inspected in 
SeeSAR, and the ones with at least two similar poses, which belong to different clusters, were ordered 
from Princeton BioMolecular Research, Inc. for biochemical evaluation.

Characterization of compounds purchased. The compounds were purchased in 10 mg batches and 
directly dissolved in DMSO without further purification, as to obtain 100 mM solutions. Their solubility 
in the assay buffer was tested prior to performing the uptake assay as to reach 5 mM as the highest 
concentration tested in 50 mM kPi pH 7.5 with a final DMSO concentration of 5% (v/v). Most of 
the compounds precipitated under these conditions, except for compound 1, 3 and 11, which were 
subsequently used in the uptake assay. Upon increasing the DMSO concentration to a final concentration 
of 10% (v/v) in 50 mM kPi pH 7.5, compounds 2, 5 and 8 showed to be soluble as well, and were 
therefore used in an uptake assay performed under these conditions. The most active compounds were 
re-ordered in higher amount (typically 100 mg) from Princeton Biomolecular Research and analyzed by 
NMR and MS prior to IC50 determination. 

Biochemical assays 
Expression, purification and reconstitution of ECF-FolT2 in proteoliposomes, and radiolabeled 
uptake assay

The expression, purification and reconstitution of ECF-FolT2 in proteoliposomes was performed as 
described previously using buffer containing 50 mm KPi, pH 7.5, 150 mm NaCl and 0.05% (w/v) DDM 
for size-exclusion chromatography3. For determining the inhibitory effect of the compounds on the 
transport activity of ECF-FolT2, a radiolabeled uptake assay was performed as described previously. 
The proteoliposomes were loaded with 5 mm of MgATP, 5 mm of MgADP or 5 mm of MgATP plus 
5 mm or 0.25 mM compound3. The compound was also added in the external solution with the same 
concentration. Both inside the lumen of proteoliposomes and in the external solution 10% (v/v) of 
DMSO was present. 

Expression, purification and reconstitution of ECF PanT in proteoliposomes, and radiolabeled 
uptake assay

The genes encoding ECF PanT from L. delbrueckii subsp. bulgaricus (LDB_RS01805, ecfA; LDB_
RS01810, ecfA’; LDB_RS01815, ecfT; LDB_RS01970, panT) were cloned in the p2BAD vector 
in the same way as described for ECF-FolT2, and this vector was transformed into Ca2+-competent 
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cells of the E. coli strain MC10613,33,34. The expression, purification and reconstitution of ECF PanT 
in proteoliposomes was performed as described for ECF-FolT2, with the only differences being the 
concentration of L–arabinose used for induction (1.0*10-3% (v/v) of expression of ECF PanT and the 
protein to lipid reconstitution ratio (1:1000 (w/w) for ECF PanT instead of 1:250 (w/w)). The pantothenate 
uptake assay was performed as described for ECF FolT2, with 5 nm of d-[2,3-3H]pantothenic acid and 
95 nm of non-radiolabeled pantothenic acid present in the assay buffer instead of the radiolabeled and 
non-radiolabeled folate. The reaction was started by addition of 0.25 µg of ECF PanT (instead of 1 µg 
of ECF-FolT2) and uptake was followed for 8 minutes. 

Expression, purification and reconstitution of OpuA in proteoliposomes, and radiolabeled uptake 
assay

The expression, purification and reconstitution of OpuA in proteoliposomes was performed as described 
elsewhere, using a protein to lipid reconstitution ratio of 1:100 (w/w)31,35. The radiolabeled uptake assay 
was performed as described previously, hereby loading the proteoliposomes with 5 mm of MgATP 
instead of the ATP-regenerating system36. Additionally, the proteoliposomes were loaded with 5% 
(v/v) of DMSO, 5 mm of compound 1 in DMSO with a final DMSO concentration of 5% (v/v), or an 
equivalent volume of buffer. Encapsulation of the chemicals was achieved by performing five freeze-
thaw cycles, followed by two washing steps with 50 mm KPi, pH 7.0, after which the proteoliposomes 
were resuspended to a final OpuA concentration of about 80 mg/mL. For the uptake assay, the 
proteoliposomes were diluted to a final OpuA concentration of 5 mg/mL in 46.9 mm KPi, pH 7.0, 499.7 
mm KCl, 4.8 µm of [14C]-glycine betaine, 14.9 µm of non-radiolabeled glycine betaine, and the reaction 
was followed for five minutes.

IC50 determination

For determination of the apparent IC50 values of compounds 1, 2 and 20, the ECF-FolT2 proteoliposomes 
and the uptake assays were prepared and performed as described above. However, the proteoliposomes 
were loaded with concentrations of the compounds ranging from 2.0*10-2 to 7.0 mM in the presence 
of 10% (v/v) of DMSO. The compounds were also added in the external solution for compound 1 and 
20, but not for compound 2. The IC50 estimation values were fitted with Dose Response equation using 
OriginPro 8G. 

Antibacterial testing 

Compounds were prepared as DMSO stocks and minimum inhibitory concentrations (MIC) were 
determined as described elsewhere21. Bacteria were handled according to standard procedures and were 
obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ) or were part of 
our internal strain collection. In brief, bacterial cultures were diluted in Tryptic Soy Broth (TSB; 1.7% 
peptone casein, 0.3% peptone soymeal, 0.25% glucose, 0.5% NaCl, 0.25% K2HPO4; pH 7.3) or Müller-
Hinton broth (0.2% beef infusion solids, 1.75% casein hydrolysate, 0.15% starch, pH 7.4) to achieve a 
final inoculum of approximately 104 to 105 cfu/mL. Compounds were tested in serial dilution (0.06 - 128 
µM) in 96-well plates and MIC values were determined by visual inspection after 16-20 h incubation 
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at 37°C. 

Cell-based assay 

E. coli MC1061 p2BAD ECF_FoT2. From a cryo-culture, E. coli MC1061 p2BAD ECF_FoT2 cells 
were inoculated in a 50 mL sterile reaction tube containing 15 mL of LB medium and 15 µL of AMP 
(x1000) and grown at 37 °C for 16 h at 180 rpm. From the overnight culture, 10 mL were taken and 
inoculated in a 2 L flask containing 0.7 L of LB medium and 700 µL of AMP (x1000). The fresh culture 
was grown at 37 °C for 3.15 h at 180 rpm until an OD600 = 1. The expression of the ECF_FolT2 was 
induced with the addition of 0.7 mL of 10% w/v arabinose at 37 °C for 1.2 h, 180 rpm. The culture 
was subsequently centrifuged in the centrifuge universal 320 R (rotor: 1617) at 6,000 rpm for 30 min. 
The cell pellet was washed with 200 mL of PBS (50 mm, pH 7.4) + 10% glycerol, centrifuged and 
resuspended in the same buffer while adjusting the OD600 to 2. The cell solution was placed in aliquots 
of 2 mL, snap frozen in liquid nitrogen and stored a –80 °C until further use. 

E. coli MC1061. From a cryo-culture, E. coli MC1061 cells were inoculated in a 50 mL sterile reaction 
tube containing 15 mL of LB medium and grown at 37 °C for 16 h at 180 rpm. From the overnight 
culture, 10 mL were taken and inoculated into a 2 L flask containing 1 L of LB medium. The fresh 
culture was grown at 37 °C for 2.45 h, at 180 rpm until an OD600 = 0.92. The culture was subsequently 
centrifuged in the centrifuge universal 320 R (rotor: 1617) at 6,000 rpm for 30min. The cell pellet 
washed with 200 mL of PBS (50 mm, pH 7.4) + 10% glycerol, centrifuged and resuspended in the same 
buffer while adjusting the OD600 to 2. The cell solution was placed in aliquots of 1 mL, snap frozen in 
liquid nitrogen and stored a –80 °C until further use. 

The cell suspension was centrifuged at 13,000 rpm for 2 min at 4 °C, followed by washing of the pellet 
two times with PBS (50 mm, pH 7.4). The pellet was resuspended in the same buffer while adjusting the 
OD600 to 2. In 1.5 mL reaction tubes (at room temperature, RT) we mixed 125 μL of PBS (50 mm, pH 
7.4) + 4% w/v D-glucose, 87.5 μL of PBS (50 mm, pH 7.4), 3.75 μL of DMSO, 2.5 μL of compound (10 
mM in DMSO) and 30 μL of the cell suspension. The cells were energized for 10 min at RT, followed 
by the addition of 1.25 μL of hot folic acid (10 µM or 25 μM), reaching the final concentration of 50 nM 
or 125 nM, respectively. The reaction tubes were incubated at 30 °C for 10 min. Afterwards, they were 
cooled on ice for 2 min. The cell pellet was collected by centrifugation at 13,000 rpm for 2 min at 4 
°C and washed once with 500 μL and once with 250 μL of cold PBS (50 mm, pH 7.4). In a next step, 
the cells were resuspended in 200 μL of PBS (50 mm, pH 7.4) and transferred to 2 mL reaction tubes 
followed by the addition of 800 μL of liquid scintillation fluid. The reaction tubes were gently shaken 
on a Vibrax VXR basic shaker for 30 min. Relative amounts of radio-activity was determined for 1 min 
of each tube in a Wallac MicroBeta TriLux BetaCounter. The data were analyzed by using Excel 2016.

Cytotoxicity assay

Hep G2, HEK 293 and A549 cells (2x105 cells per well) were seeded in 24-well in flat-bottomed plates. 
Culturing of cells, incubations and OD measurements were performed as described previously with 
small modifications37. After seeding the cells for 24 h, the incubation was started by the addition of 
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compounds in a final DMSO concentration of 1%. The living cell mass was determined after 48 h. 
Rifampicin has been used as negative control; Doxorubicin as positive control. The medium of the 
experiment contains 10% fetal calf serum. 

Compound 20 did not influence the viability of A549 cells at 100 µM, a slight loss of viability was 
observed in HEK293 and HepG2 cells. Yet, these values were in the range of the antibiotic Rifampicin 
and less pronounced than the effect of Doxorubicin, which was more toxic at an even 20-fold lower 
concentration.

Analytical stability data

Metabolic stability

For vitro assessment of metabolic stability 10 µL of each compound (10 µM) was incubated with 
human pooled liver S9-fraction (1 mg/mL, Corning) in a master mix containing 2 mM NADP, 10 mM 
glucose-6-phosphate, 10 U/mL glucose-6-phosphate dehydrogenase, 1 mM UDPGA, 0.1 mM PAPS, 
10 mM MgCl2. After incubating for 0, 5, 15, 30, and 60 min the reaction was stopped by adding 200 
µL acetonitrile at 4 °C. For plasma stability 5 µL of each compound (40 µM) was incubated in 195 
µL human pooled plasma (Seralab) at 37°C for 0, 5, 60, and 150 min. Reactions were stopped by 
adding 800 µL acetonitrile at 4 °C. In both experiments supernatant was used for LC-MS analysis with 
diphenhydramine as internal standard. Half life time t1/2 was calculated from decreasing concentrations/
peak areas via linear fit after ln-transformation. 

LC conditions

Samples were analyzed with an Ultimate 3000 HPLC (Thermo Fisher) coupled to a TSQ Quantum 
Access Max triple quadrupole mass spectrometer (Thermo Fisher). All runs were performed on 
a Nucleodur C18 Pyramid column (3 µm, 2x150 mm, Macherey-Nagel) with a flow of 0.6 mL/min. 
Analysis for compound 20 was performed with a water (0.1% formic acid) and acetonitrile (0.1% formic 
acid) eluent system. Gradient as follows: 10% acetonitrile for 1 min, 10–90% acetonitrile over 0.7 min, 
90% acetonitrile for 1.8 min, equilibration at 10% acetonitrile for 1 min. 

MS conditions

Calibration of mass spectrometer parameters was performed individually for each compound. The final 
parameters can be found in the following table 7.

Fluctuation test

S. pneumoniae D39V38 was used for fluctuation testing of compound 20. Rifampicin was used as a 
positive control since only a single point mutation, at one of a variety of locations within the rpoB gene, 
is required to provide S. pneumoniae with a significant increase in resistance39. Mueller-Hinton agar 
(Oxoid) plates supplemented with 5% sheep blood containing either rifampicin (0.25 µg/mL and 0.5 µg/
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mL, (1x and 2x MIC)) or compound 20 (64 µg/mL and 128 µg/mL, 1x and 2x MIC)), were used for all 
fluctuation tests. Bacterial pre-cultures were grown at 37 °C in C+Y  medium as described previously40 
until OD600 0.35. Preculture containing either 1 x 108 cfu/mL and 1x109 cfu/mL of bacteria were spread 
across antibiotic-containing Mueller-Hinton Blood plates, dried, and incubated at 37 °C and 5% CO2 
for 48 h. Plates were checked and colonies counted at 24 h and at 48 h. rpoB was amplified from 
colonies growing on rifampicin and Sanger sequenced (Eurofins Genomics) to confirm the presence of 
resistance-conferring mutations. No resistant mutants were identified, even after 48 h of incubation, on 
2-fold MIC of compound 20. In contrast, on rifampicin, resistant mutants (single amino acid changes in 
rpoB) were identified within 24 h of incubation on a 2-times MIC concentration, Table 8.

Table 7.  The final parameters of mass spectrometer. 
Parameters Compound 20

Polarity negative

spray voltage 4000

vaporizer temperature 346

sheath gas pressure 60

aux gas pressure 20

capillary temperature 261

collision pressure 1.5

collision energy 23

tube lens offset 109

precursor ion 392.1

fragment ion 177.2
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Table 8.  Mutations in the rpoB gene of S. pneumoniae D39V in colonies selected during a fluctuation test on 
rifampicin (total sequenced = 15). 

rpoB mutation Frequency

S469D 1

D476V 2

D476L 1

D476Y 5

D476N 1

H486Y 2

H486N 1

R488H 1

N534Y 1
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