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Abstract
Listeria monocytogenes is a foodborne bacterium that naturally occurs in the soil. 
Originating from there, it contaminates crops and infects farm animals and their con-
sumption by humans may lead to listeriosis, a systemic life-threatening infectious dis-
ease. The adaptation of L. monocytogenes to such contrastive habitats is reflected by 
the presence of virulence genes for host infection and other genes for survival under 
environmental conditions. Among the latter are ABC transporters for excretion of 
antibiotics produced by environmental competitors; however, most of these trans-
porters have not been characterized. Here, we generated a collection of promoter-
lacZ fusions for genes encoding ABC-type drug transporters of L. monocytogenes 
and screened this reporter strain collection for induction using a library of natural 
compounds produced by various environmental microorganisms. We found that the 
timABR locus (lmo1964-lmo1962) was induced by the macrodiolide antibiotic tartrolon 
B, which is synthesized by the soil myxobacterium Sorangium cellulosum. Tartrolon B 
resistance of L. monocytogenes was dependent on timAB, encoding the ATPase and 
the permease component of a novel ABC transporter. Moreover, transplantation of 
timAB was sufficient to confer tartrolon B resistance to Bacillus subtilis. Expression 
of the timABR locus was found to be auto-repressed by the TimR repressor, whose 
repressing activity was lost in the presence of tartrolon B. We also demonstrate 
that tartrolon sensitivity was suppressed by high external potassium concentrations, 
suggesting that tartrolon acts as potassium ionophore. Our results help to map the 
ecological interactions of an important human pathogen with its co-residing species 
within their joint natural reservoir.
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1  |  INTRODUC TION

Listeria monocytogenes is the causative agent of listeriosis, a dreaded 
foodborne infection in humans and farm animals. The bacterium 
belongs to the Bacillota phylum (formerly known as firmicutes) 
and can be found in different environmental habitats including the 
soil, surface waters, plant surfaces and the gut of various animals 
(Esteban et  al.,  2009; Freitag et  al.,  2009; Schoder et  al.,  2022; 
Truong et al., 2021). Contamination of crops and colonization of farm 
animals is the gateway for L. monocytogenes to be carried over into 
food production facilities, where the bacterium may colonize equip-
ment, forms biofilms and finally contaminates food items (Quereda 
et al., 2021). After ingestion, L. monocytogenes is capable to breach 
the gut epithelium and to enter the bloodstream, but this early stage 
of the infection is normally brought under control by the immune 
system (Vazquez-Boland et al., 2001). However, the infection may 
spread to secondary organs in vulnerable risk groups, which then 
results in invasive listeriosis associated with high case fatality rates 
(Charlier et al., 2017; Wilking et al., 2021).

A combination of virulence factors and their regulatory elements 
orchestrates survival of L. monocytogenes in the infected host, while 
general and specific stress response genes are induced to cope with 
harmful conditions that prevail in environmental habitats (Quereda 
et  al.,  2021; Tiensuu et  al.,  2019). Among the latter are multidrug 
resistance (MDR) transporters excreting toxic compounds such as 
bile or ethidium bromide as well as antibiotics (Lubelski et al., 2007).

L. monocytogenes MDR transporters with known substrate 
specificities belong to at least four different classes: The major fa-
cilitator superfamily (MFS) transporters such as MdrL (for export 
of macrolides and ethidium bromide) and Lde (fluoroquinolones, 
ethidium bromide) use the proton motive force (PMF) as energy 
source to drive compound extrusion (Godreuil et al., 2003; Lubel-
ski et al., 2007; Mata et al., 2000). Likewise, QacH, a representative 
of the small MDR (SMR) transporters, is PMF-dependent; it trans-
ports quaternary ammonium compounds out of the cell (Müller 
et al., 2014). Multidrug and toxic compound extrusion (MATE) trans-
porters, such as L. monocytogenes FepA, also exploit transmembrane 
electrochemical (H+ or Na+) gradients but for export of fluoroquino-
lones (Guerin et al., 2014; Kuroda & Tsuchiya, 2009). The ATP bind-
ing cassette (ABC) type MDR transporters constitute a fourth but 
different class as they directly use ATP hydrolysis for compound 
extrusion. Transporters of this class consist of an ATPase coupled to 
a permease unit either separated on two polypeptides or fused into 
a single protein (Lubelski et al., 2007). Even though systems of this 
type are frequently regarded as MDR transporters, it often remains 
questionable whether they really aid in the transport of different 
compounds or whether they are rather SDR (single drug resistance) 
transporters (Wendlandt et al., 2015; Young & Holland, 1999).

Several L. monocytogenes ABC transporters are known to con-
tribute to toxic compound excretion such as BilEAB (bile), AnrAB 
(bacitracin, nisin, cephalosporins) or LieAB (aurantimycin) (Col-
lins et al., 2010; Hauf et al., 2019, 2021; Jiang et al., 2019; Sleator 
et  al.,  2005). Many more ABC-type transporters possibly related 

to compound export are encoded in the genome, however, most 
of them have not been characterized. We originally identified the 
lieAB genes while searching for target genes of the LftR transcrip-
tional repressor (Hauf et al., 2019; Kaval et al., 2015). LftR is a Pa-
dR-type repressor that silences expression of the lieAB genes (Hauf 
et al., 2021). Repression of lieAB transcription is relieved upon au-
rantimycin exposure in a process that requires LftS, a co-regulator of 
LftR, and induction of LieAB production then confers aurantimycin 
resistance (Hauf et al., 2019, 2021). Whether aurantimycin is sensed 
by LftR directly or in complex with LftS is currently not clear (Hauf 
et  al.,  2021). Aurantimycin is a cyclic hexadepsipeptide, produced 
by soil-dwelling Streptomyces aurantiacus which forms pores in lipid 
membranes (Gräfe et  al.,  1995; Grigoriev et  al.,  1995). Bacitracin 
(the substrate of AnrAB) is a non-ribosomally synthesized macrocy-
clic peptide produced by several Bacillus licheniformis strains (Aase 
et al., 2000; Kopp & Marahiel, 2007), and nisin (another AnrAB sub-
strate) is a gene-encoded and lanthionine ring-containing antimicro-
bial peptide produced by Lactococcus lactis (Lubelski et  al.,  2008). 
Like aurantimycin-producing S. aurantiacus that can be isolated from 
soil (Saraylou et al., 2021; Vijayabharathi et al., 2011), B. licheniformis 
(bacitracin producer) and L. lactis (nisin producer) are found in similar 
environmental niches (soil, plant surfaces) as L. monocytogenes (Ca-
vanagh et al., 2015; Scheldeman et al., 2006). Moreover, expression 
of the anrAB ABC transporter genes is also induced by the same sub-
stances that are exported by their gene products (Jiang et al., 2019), 
as reported for the lieAB genes (Hauf et al., 2019). However, control 
of anrAB expression is mediated by the VirRS two-component sys-
tem in conjunction with VirAB, a compound sensing ABC transporter 
(Jiang et al., 2019) rather than by a transcriptional repressor.

We here describe the discovery of a novel L. monocytogenes ABC 
transporter, named TimAB. We show that TimAB contributes to the 
resistance against tartrolon antibiotics, which represent another 
group of antimicrobial compounds produced by soil-dwelling micro-
organisms. Furthermore, we show how TimAB production is con-
trolled by the tartrolon-responsive transcriptional regulator TimR. 
Our results illustrate the tight exposure of an important human 
pathogen to a diverse spectrum of microbial competitors in its nat-
ural reservoir.

2  |  RESULTS

2.1  |  Weakly transcribed MDR transporter genes in 
L. monocytogenes EGD-e

174 genes belonging to 104 putative or known ABC transporters 
are currently listed for L. monocytogenes EGD-e in the TransportDB 
database (Ren et  al.,  2004, 2007). Among them, there are 23 un-
characterized ABC transporters either directly classified as MDR 
transporters or as being potentially involved in excretion of anti-
biotics (Table  1). Previously published RNA-Seq data from our lab 
(Hauf et  al.,  2019) indicated that most of these transporter genes 
are not expressed under standard laboratory conditions (Table  1). 
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    |  631ENGELGEH et al.

Interestingly, some of the transporter genes are arranged in operons 
together with genes that are annotated as genes encoding GntR-, 
MarR-, MngR-, LytR- or TetR-like transcriptional regulators (Table 1), 
suggesting transcriptional induction during specific conditions. Most 
likely, these transcriptional regulators respond to low molecular 
weight ligands such as metabolic intermediates or toxic compounds 
including antibiotics (Gupta et  al.,  2018; Housseini et  al.,  2018; 
Jain, 2015). None of these 23 ABC transporters is associated with an 
extracellular substrate-binding protein, further suggesting that they 
all may act as compound exporters.

In order to identify conditions that lead to transcriptional induc-
tion of these uncharacterized MDR transporter genes or operons, 
we fused their 18 promoters to lacZ and inserted these promot-
er-lacZ fusions into the chromosome of strain EGD-e. These strains 
were then grown in BHI broth at 37°C to mid-logarithmic growth 
phase and β-galactosidase activity was determined. Promoter activ-
ity ranged between 14 ± 3 miller units (MU) for Plmo0741 and 356 ± 64 

MU for Plmo2215 (Figure  1). Median activity of the 18 tested pro-
moters was 67 MU, which compares to the low activity of the PlieAB 
promoter when repressed by LftR (45 ± 8 MU) and which is only 
somewhat higher than seen in a strain carrying the promoterless lacZ 
gene (13 ± 3 MU). In contrast, relief of LftR repression of the PlieAB 
promoter in a ΔlftR background leads to a β-galactosidase activity 
as high as 8513 ± 1508 MU (Figure 1), which is in good agreement 
with previous results (Hauf et al., 2019, 2021). This shows that most 
of the MDR transporter genes are poorly expressed under standard 
growth conditions.

2.2  |  Tartrolons induce expression of the 
tim operon

A natural compound collection was used to identify substances 
that induce the expression of the 18 ABC transporter gene 

ATPase Permease Operona TPMb

lmo0107c lmo0108 lmo0107 2

lmo0108c 2

lmo0194 lmo0195 lmo0193 lmo0194 lmo0195 50

lmo0607c lmo0606 lmo0607 lmo0608 51

lmo0608c 66

lmo0667 lmo0668 lmo0667 lmo0668d 60

lmo0742 lmo0743 lmo0741 lmo0742 lmo0743 lmo0744 lmo0745 5

lmo0744c 2

lmo0925c lmo0923 lmo0924 lmo0925 lmo0926 30

lmo0986 lmo0987 lmo0984 lmo0985 lmo0986 lmo0987d 4

lmo1636 lmo1637 lmo1635 lmo1636 lmo1637 178

lmo1651c lmo1652 lmo1651 lmo1650 lmo1649 lmo1648 28

lmo1652c 23

lmo1724 lmo1723 lmo1725 lmo1724 lmo1723 22

timA timB lmo1964 (timA) lmo1963 (timB) lmo1962 (timR) 15

lmo2215 lmo2214 lmo2215 lmo2214 97

lmo2227 lmo2226 lmo2228 lmo2227 lmo2226 14

lmo2240 lmo2239 lmo2241 lmo2240 lmo2239 70

lmo2372 lmo2371 lmo2371 lmo2372

lmo2745c monocistronic 50

lmo2751c lmo2751 lmo2752 38

lmo2752c 46

eslA eslB lmo2769 (eslA) lmo2768 (eslB) lmo2767 (eslC) 
lmo2766 (eslR)

30

aOperons according to Toledo-Arana et al. (2009), possible transcriptional regulators are 
underlined.
bTPM—transcripts per million as an estimate for gene expression according to previously published 
RNA-Seq data of L. monocytogenes wild-type strain EGD-e during exponential growth, TPM values 
for the strictly repressed lieAB genes were ~10 (Hauf et al., 2019).
cContains both an ATPase and a permease domain in one polypeptide.
dNot detected by Toledo-Arana et al. (2009), but genetic arrangement suggests organization as an 
operon.

TA B L E  1  ABC transporter genes in 
L. monocyctogenes EGD-e with possible 
functions in compound excretion 
(according to http://​www.​membr​anetr​
anspo​rt.​org).
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promoters in a drop diffusion assay. This set as part of the DZIF 
(German Centre for Infection Research) natural product collection 
(DZIF/TTU9, 2023) contained 681 secondary metabolites purified 
from myxobacteria (253), streptomycetes (340) and fungi (88). The 
activity of the promoter of the lmo1964-lmo1963-lmo1962 operon 
(Figure 2) was found to be induced by tartrolons (Figure 3a). This 
operon (Toledo-Arana et al., 2009) encodes the ATPase (lmo1964) 
and permease (lmo1963) subunits of an uncharacterized ABC trans-
porter and a gene encoding a TetR-type transcriptional repressor 
(lmo1962, Figure 2).

For confirmation, promoter induction was tested with tartrolon 
A and B preparations, whose purity was separately validated using 
liquid chromatography-high resolution mass spectrometry (LC-
hrMS, Figure S1). Induction was observed with tartrolon B and—to 
a lesser extent—with tartrolon A as concluded from the appearance 
of a blue ring that surrounds the compound application site in the 
agar-based diffusion assay with strain LMTE19 (attB::Plmo1964-lacZ) 
as the reporter strain. Both compounds generated zones of growth 

inhibition indicating toxicity, but while tartrolon A only caused pro-
moter induction at the edge of the growth inhibition zone, tartrolon 
B activated the lmo1964 promoter at concentrations that did not 
prevent growth (Figure 3a). The only other hit was the induction of 
the promoter controlling the expression of the lmo0193-lmo0194-
lmo0195 operon by gallidermin, a lantibiotic produced by Staphy-
lococcus gallinarum (Kellner et  al.,  1988) and to a lesser extent by 
enduracidin, a polypeptide antibiotic synthesized by Streptomyces 
fungicidicus (Yin & Zabriskie, 2006).

Tartrolons A and B are macrodiolide antibiotics isolated from 
Sorangium cellulosum, a soil-dwelling myxobacterium (Irschik 
et al., 1995; Schummer et al., 1994). They consist of a 42-membered 
macrocyclic ring with four free hydroxyl groups in tartrolon A. In 
tartrolon B, however, these hydroxyl group oxygens are covalently 
bound to a single boron atom (Schummer et al., 1994) (Figure 3b). 
Tartrolons inhibit growth of different Gram-positive bacteria and 
block DNA, RNA and protein biosynthesis of Staphylococcus aureus 
(Irschik et al., 1995). Tartrolons are structurally similar to boromycin 

F I G U R E  1  Promoters driving expression of potential MDR ABC transporter genes in L. monocyctogenes. Background activity of MDR 
ABC transporter gene promoters (light gray). Measurements of β-galactosidase activity in L. monocytogenes strains expressing promoter-
lacZ fusions. Measurements were performed on strains grown in BHI broth at 37°C until midlogarithmic growth phase. Average values and 
standard deviations were calculated from three independent repetitions. Strains carrying a PlieAB promoter lacZ fusion either in wild type 
(LMSH5) or the ΔlftR background (LMSH98) or a promoter-less lacZ gene (LMSH16, labeled with a minus sign) were used as controls (dark 
gray). The promoter of the timABR (lmo1964-lmo1962) operon is highlighted in orange.

F I G U R E  2  Schematic illustration of 
the timABR ABC transporter locus of L. 
monocytogenes EGD-e.
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    |  633ENGELGEH et al.

(Figure 3b), another boron containing macrocyclic antibiotic (Hütter 
et  al.,  1967), however, boromycin did not induce the Plmo1964 pro-
moter (Figure 3a).

To further support the finding of tartrolon-specific induc-
tion of the Plmo1964 promoter, β-galactosidase activity was deter-
mined in strain LMTE19 in the presence of increasing compound 

F I G U R E  3  Induction of the PtimABR promoter by tartrolons A and B and boromycin. (a) Induction of the PtimABR promoter in an agar-
based assay. Strain LMTE19 (PtimABR-lacZ) was included in X-Gal containing BHI agar, and 2 μL of compound solutions (2.5 μg/μL each) was 
spotted on top. The images were taken after overnight incubation at 37°C. The drawings below mark the zones of growth inhibition and 
promoter induction. (b) Chemical structures of tartrolon A, tartrolon B and boromycin. (c) Concentration-dependent induction of the PtimABR 
promoter by tartrolons and boromycin. LMTE19 (PtimABR-lacZ) was grown in BHI broth containing increasing compound concentrations 
to mid-logarithmic growth phase at 25°C, and β-galactosidase activity was determined. Strain LMTE50 (ΔtimR PtimABR-lacZ) was included 
for comparison. Average values and standard deviations were calculated from three independent repetitions. Asterisks mark statistically 
significant differences compared to LMTE19 without tartrolon (labeled “wt,” p < 0.05, t-test with Bonferroni-Holm correction).
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concentrations. While no induction was observed with tartrolon A 
and boromycin up to non-inhibitory compound concentrations of 
25 ng/mL, tartrolon B induced this promoter already at a concen-
tration of 0.5 ng/mL and promoter activity further increased in a 
concentration-dependent manner almost to the same degree as ob-
served when the lmo1962 repressor gene was deleted (Figure 3c). 
Thus, tartrolon B is a specific inducer of the L. monocytogenes Plmo1964 
promoter and the protein encoded by the lmo1962 gene functions as 
a transcriptional repressor of its own operon.

2.3  |  The timABR genes confer tartrolon resistance

Induction of Plmo1964 by growth-inhibiting tartrolons raised the 
possibility that the potential MDR transporter encoded by the 
lmo1964-lmo1963 genes could mediate resistance of L. mono-
cytogenes against tartrolons. To test this hypothesis, a deletion 
mutant lacking the lmo1964-lmo1963 genes was generated. Re-
sistance of this mutant against tartrolon B was almost 200-fold 
reduced (MIC: 0.009 ± 0.005 μg/mL) compared to wild type (MIC: 
1.7 ± 0.6 μg/mL), and a similar, but less pronounced effect was 
observed for tartrolon A (Figure 4a). Reintroduction of an IPTG-
inducible copy of the lmo1964-lmo1963 genes into the Δlmo1964-
lmo1963 mutant generated a strain that showed tartrolon A and B 

resistance similar to the Δlmo1964-lmo1963 mutant in the absence 
of IPTG and wildtype-like tartrolon resistance when IPTG was 
present (Figure 4a). In agreement with its function as a repressor, 
deletion of lmo1962 further increased tartrolon B resistance (MIC: 
4 ± 0 μg/mL) and reintroduction of the gene complemented this ef-
fect. In contrast, resistance against tartrolon A was not affected 
by the lmo1962 deletion (Figure  4a). Since the lmo1964-lmo1962 
operon can be induced by tartrolons and confers tartrolon resist-
ance, we propose to rename these three genes as timA (lmo1964), 
timB (lmo1963) and timR (lmo1962, tartrolon inducible MDR 
transporter).

We also determined the resistance of the ΔtimAB mutant against 
selected antibiotics (β-lactams, ciprofloxacin, vancomycin, eryth-
romycin, tetracycline, bacitracin, chloramphenicol, fosfomycin, 
rifampicin, ADEP), dyes (ethidium bromide, rhodamine 6G) and ben-
zalkonium chloride as a biocide, in order to find out whether TimAB 
would also mediate resistance against other known MDR trans-
porter substrates. However, the susceptibility against none of the 
tested substances was altered in the absence of the TimAB trans-
porter (Figure S2a,b).

Next, we asked whether the timAB genes would be sufficient to 
mediate protection against tartrolon antibiotics. To address this, the 
L. monocytogenes timAB genes were heterologously expressed in B. 
subtilis from a xylose-inducible promoter. The MICs of tartrolon A 

F I G U R E  4  Contribution of timABR 
genes to tartrolon resistance. (a) Effect 
of timAB genes on resistance against 
tartrolon A and B. Minimal inhibitory 
concentrations (MICs) of L. monocytogenes 
strains EGD-e (wt), LMTE34 (ΔtimAB), 
LMTE37 (ΔtimR), LMTE51 (itimAB) and 
LMTE52 (itimR) grown in BHI broth 
±1 mM IPTG were determined in broth 
dilution assays. (b) Effect of timAB 
expression on tartrolon resistance of B. 
subtilis. MICs of tartrolon A and B were 
determined for B. subtilis strains 168 (wt) 
and BSTE1 (amyE::Pxyl-timAB) grown in 
LB broth ±0.5% xylose. Average values 
and standard deviations were calculated 
from three independent repetitions and 
individual data points are also shown. 
Asterisks mark statistically significant 
differences compared to wild type 
(p < 0.05, t-test with Bonferroni-Holm 
correction). Raw data of the experiments 
shown in both panels are given in 
Table S1.
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and B were 0.7 ± 0.3 μg/mL for the B. subtilis wild-type strain 168 in 
each case. In contrast, strain BSTE1 (amyE::Pxyl-timAB) had approx-
imately ten-fold higher MICs for tartrolon A (4 ± 0 μg/mL) and tar-
trolon B (8 ± 0 μg/mL) and the MICs for both compounds increased 
even to 10.7 ± 4.4 μg/mL in the presence of xylose (Figure  4b). In 
contrast to this, resistance of B. subtilis to boromycin (MIC for wild 
type: 1.33 ± 0.58 μg/mL) was not affected by transplantation and ex-
pression of the timAB genes (the MIC for strain BSTE1 without xy-
lose was 1.33 ± 0.58 μg/mL and with xylose 1.67 ± 0.58 μg/mL). This 
shows that the timAB genes encode a novel transporter required, 
sufficient and specific for resistance against tartrolons.

2.4  |  TimR binding to the PtimABR promoter is 
sensitive to tartrolon B

Deletion of timR resulted in a four-fold increase of PtimABR pro-
moter activity (Figure 3c) and also increased tartrolon B resistance 
(Figure 4a), which suggested that TimR could repress transcription 
of its own operon. To further test this hypothesis, TimR was puri-
fied as a Strep-tagged protein (Figure S3a) and binding of TimR to 
the PtimABR promoter fragment was analyzed in an electrophoretic 

mobility shift assay (EMSA). As can be seen in Figure 5a, addition of 
TimR retarded the PtimABR promoter fragment in the gel and two com-
plexes appeared instead, out of which the slower migrating species 
remained when the TimR concentration was further increased. Most 
likely, TimR is dimeric as known for other TetR-type transcriptional 
repressors (Bertram et al., 2021) and increasing concentrations favor 
TimR dimerization. The interaction of TimR with the timABR pro-
moter was specific as a divIVA promoter fragment was not retarded 
(Figure 5a). Intriguingly, no complex formation between TimR and its 
promoter was observed when the same experiment was repeated 
in the presence of tartrolon B, indicating that tartrolon B prevents 
binding of TimR to the PtimABR promoter fragment (Figure 5b). In con-
trast, promoter binding of TimR was neither prevented by tartrolon 
A or boromycin (Figure S3b), demonstrating that promoter binding 
by TimR is specifically sensitive to tartrolon B.

The DNA fragment tested for TimR binding covered the 450 bp 
in front of the timA start codon. BPROM (Solovyev & Salamov, 2011) 
detected a possible promoter sequence in this region and the identi-
fied promoter was congruent with a previously identified transcrip-
tion start site (Wurtzel et al., 2012). Several inverted repeats that 
potentially could serve as binding sites for TimR were also found, but 
not further tested (Figure S4).

F I G U R E  5  TimR binding to the PtimABR 
promoter is sensitive to tartrolon B. 
(a) Electrophoretic mobility shift assay 
(EMSA) showing the interaction of TimR-
Strep with a PtimABR promoter fragment. 
The promoter of the divIVA gene was 
chosen to demonstrate specificity. (b) 
EMSA showing the effect of tartrolon 
B on the interaction of TimR-Strep with 
the PtimABR promoter. The binding assay 
was carried out in the absence and the 
presence of 1.25 μg/mL tartrolon B. The 
positions of unbound DNA and the two 
TimR-promoter nucleoprotein complexes 
are indicated.
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2.5  |  Evidence for the mode of action of tartrolon 
B as potassium ionophore

Boromycin acts as a potassium ionophore, causing leakage of potas-
sium ions out of the cell (Moreira et al., 2016; Pache & Zähner, 1969). 
This explains boromycin toxicity, as high intracellular potassium 
concentrations are critical for pH homeostasis in the cytosol, main-
tenance of turgor and membrane potential as well as for ribosome ac-
tivity (Epstein, 2003; Gundlach et al., 2017). We wondered whether 
the structurally related tartrolon B would act in a similar way, and 
for this, we asked whether external potassium supply would sup-
press efficacy of tartrolon B. As can be seen in Figure 6, a 200-fold 
increase of the MIC of boromycin was observed, when 250 mM po-
tassium chloride was added to the growth medium. This is in good 
agreement with boromycin acting as a potassium ionophore and is 
consistent with other reports (Moreira et  al.,  2016, Pache & Zäh-
ner, 1969). Importantly, a similar effect was also observed for tar-
trolon B, whose MIC increased 32-fold in the presence of potassium 
chloride. In contrast, addition of 250 mM sodium chloride did not 
result in a similar effect and rather yielded a slight sensitization of L. 
monocytogenes against both antibiotics. This shows that externally 
supplied potassium ions specifically suppress the toxicity of boro-
mycin and tartrolon B against L. monocytogenes and this would be in 
good agreement with a potassium ionophore mode of action.

2.6  |  Tartrolon B resistance of other Listeria species

The timABR genes are part of the L. monocytogenes core genome 
(Ruppitsch et al., 2015), and they are present in all closed L. mono-
cytogenes genomes currently available (data not shown). Likewise, 
timABR homologs are found in all other Listeria sensu stricto species 
(L. innocua, L. ivanovii, L. marthii, L. seeligeri and L. welshimeri) and in 
the Listeria species belonging to the Paenilisteria clade (Orsi & Wied-
mann, 2016), while the timABR gene cluster was found to be absent 
from the genomes of Listeria species belonging to the Mesolisteria 
and Murraya groups (Figure S5). Moreover, the timR gene of Listeria 
cornellensis FSL F6-0969 and the timB gene of Listeria riparia FSL 
S10-1204 are truncated (Figure S5) (den Bakker et  al., 2014), sug-
gesting that selection for loss or increase of tartrolon resistance is 
still ongoing or might have occurred parallel to speciation.

We measured tartrolon B resistance of selected Listeria sensu 
stricto (timABR positive), Mesolisteria (timABR negative) and Mur-
raya species (timABR negative) and found that tartrolon B resistance 
levels were comparable to L. monocytogenes among the three other 
tested Listeria sensu stricto species (Table  2) that all contained ti-
mABR (Figure S5). Unexpectedly, tartrolon B resistance of Mesolis-
teria species was found to be similar (L. floridensis) or even higher 
(L. aquatica and L. fleischmannii) as in L. monocytogenes (Table  2), 
even though timABR was absent (Figure  S5). In contrast, L. grayi, 

F I G U R E  6  Tartrolon B action is 
potassium-sensitive. MICs of tartrolon 
B for L. monocytogenes EGD-e in the 
absence and presence of 250 mM KCl. 
Boromycin (positive control) and NaCl 
(negative control) were included for 
comparison. MICs were determined three 
times. Average values with standard 
deviations and individual data points 
are shown. Asterisks mark statistically 
significant differences (t-test with 
Bonferroni-Holm correction, p < 0.05). 
Raw data are given in Table S2.

Species Group timABR
MIC tartrolon 
B (μg mL−1)a

L. monocytogenes Listeria sensu stricto + 1.3 ± 0.6

L. innocua Listeria sensu stricto + 6.6 ± 2.3

L. ivanovii Listeria sensu stricto + 0.7 ± 0.3

L. seeligeri Listeria sensu stricto + 1.3 ± 0.6

L. aquatica Mesolisteria − >16

L. fleischmannii Mesolisteria − >16

L. floridensis Mesolisteria − 2.3 ± 1.5

L. grayi Murraya − 0.004 ± 0.003

aAverage values and standard deviations were calculated from three independent experiments.

TA B L E  2  Resistance of selected Listeria 
species against tartrolon B.
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    |  637ENGELGEH et al.

representing the Murraya clade, was as sensitive to tartrolon B as the 
L. monocytogenes ΔtimAB mutant (Table 2, Figure 4a). The absence of 
timABR from the L. grayi genome would explain this sensitivity, but 
timABR-independent tartrolon B resistance mechanisms must have 
evolved in Mesolisteria.

A cblaster search was performed to identify non-Listeria species 
that carry the complete timABR gene cluster. This algorithm is de-
signed to detect homologs of gene clusters (Gilchrist et al., 2021). 
Cblaster confirmed the presence of the timABR cluster in Listeria 
sensu stricto and Paenilisteria species and its absence in the Me-
solisteria and Murraya. Outside the Listeriaceae, timABR homologous 
clusters were identified in several Enterococcaceae, Bacillaceae, Spo-
rolactobacillaceae and Paenibacillaceae as well as in few species be-
yond the Bacilli (Figure S6).

3  |  DISCUSSION

As a ubiquitously occurring environmental bacterium, L. monocy-
togenes has developed manifold strategies to survive the conditions 
prevailing in its multifaceted habitats. The stress response mecha-
nisms of L. monocytogenes facing those harmful conditions that are 
most obviously occurring during life in the environment such as 
heat/cold, high osmolarity or exposure to ultraviolet light are gen-
erally well understood (Bucur et  al.,  2018; Lakicevic et  al.,  2021; 
Quereda et al., 2021). The response to conditions specific to the pas-
sage through the gastrointestinal tract including the extreme acidity 
in the stomach or the presence of bile salts in the gut has also been 
investigated (Arcari et  al.,  2020; Gahan & Hill,  2014). In contrast, 
studies on how L. monocytogenes interacts with or outcompetes 
other species of the gut microbiota by production of bacteriocins 
such as listeriolysin S or Lmo2776 began to move into the focus of 
research just recently (Hafner et al., 2021; Quereda et al., 2017; Rol-
hion et al., 2019), even though research on listerial resistance against 
such bacteriocins, particularly nisin, which is used as a food preserv-
ative, has a long tradition (Kaur et al., 2011). Despite intensive in-
vestigations of the confrontation of L. monocytogenes with this wide 
spectrum of noxious conditions/agents, only few export systems are 
known that are used by L. monocytogenes to withstand antibiotics 
produced by rivaling species in habitats outside the human host. 
Among these are transporters for the export of bacitracin (AnrAB), 
nisin (AnrAB, VirAB), kanamycin and tetracycline (VirAB) and mac-
rolides (MdrL) (Collins et  al.,  2010; Grubaugh et  al.,  2018; Jiang 
et al., 2019; Mata et al., 2000). In addition to MdrL, L. monocytogenes 
encodes several further MFS type transporters; however, as far as 
currently known they contribute to interferon induction during in-
fection by extrusion of cyclic-di-AMP (Crimmins et al., 2008; Kaplan 
Zeevi et al., 2013; Woodward et al., 2010).

One recently identified example for systems providing resis-
tance against antibiotics produced by natural competitors is the 
LftRS/LieAB system enabling L. monocytogenes to sense and to de-
toxify aurantimycin A (Hauf et al., 2019, 2021), which is produced 
by S. aurantiacus, another inhabitant of the soil (Gräfe et al., 1995). 

With the TimABR system, we here add another example to the list 
of L. monocytogenes systems providing resistance against an antibi-
otic synthesized by a soil-dwelling microorganism co-residing in the 
same habitat. Similar to the LftRS/LieAB system, this system is com-
posed of an ABC transporter for compound export and a transcrip-
tional regulator for compound sensing.

While direct sensing of aurantimycin by its cognate transcrip-
tional regulator LftR has never been shown (Hauf et al., 2019, 2021), 
a direct interaction of tartrolon B with TimR, the transcriptional reg-
ulator of the TimABR system, must be concluded from the observa-
tion that tartrolon B addition prevents promoter binding of TimR. 
Remarkably, this interaction was specific to the borate-containing 
tartrolon B and could not be observed with the identical but bo-
rate-free macrodiolide ring present in tartrolon A. The conformation 
of the macrocycle in tartrolon B and thus its ability to bind to TimR 
might be altered after borate esterification. Alternatively, TimR 
could make direct contacts with the borate ester part of the tartro-
lon B molecule through electrostatic interactions or could form hy-
drogen bonds with the borate oxygens as observed in Vibrio harveyi 
LuxP, the sensor of the borate diester containing quorum sensing 
autoinducer-2 (Chen et al., 2002). Interestingly, even covalent bonds 
between boron atoms of organoboron compounds and amino acid 
side chains of proteins have been reported (Newman et al., 2021; 
Nguyen et al., 2022) and could potentially be involved in tartrolon 
B recognition by TimR.

Despite this remarkable specificity of TimR for tartrolon B, tar-
trolon detoxification by TimAB is not sensitive to the presence of 
the borate ester, as judged from the timAB transplantation experi-
ment into B. subtilis, where the MICs of tartrolon A and tartrolon B 
increased to exactly the same level after induction of timAB expres-
sion. However, the MIC of tartrolon B for the L. monocytogenes Δti-
mAB mutant is approximately seven-fold lower than that of tartrolon 
A, indicating that tartrolon B is more toxic to L. monocytogenes in the 
absence of a suitable export mechanism. As the MICs for tartrolon 
A and tartrolon B do not differ significantly in the L. monocytogenes 
wild-type background, though, we have to assume that tartrolon B 
is being exported at a higher rate than tartrolon A in the presence 
of the timABR cassette. This latter conclusion is in good agreement 
with the observation that the timABR promoter is stronger activated 
by tartrolon B as compared to tartrolon A.

Tartrolons were identified in the soil-dwelling myxobacterium S. 
cellulosum (Irschik et al., 1995; Schummer et al., 1994), from a Strep-
tomyces isolate found in a marine sediment (Perez et al., 2009) and 
from Teredinibacter turnerae, a γ-proteobacterium isolated from the 
gills of marine shipworms (Elshahawi et al., 2013). L. monocytogenes 
had frequently been isolated from soil samples of various origin (Vi-
vant et  al.,  2013), its isolation from seawater and estuarine water 
samples was reported at least occasionally (Bou-m'handi et al., 2007; 
El-Shenawy & El-Shenawy,  2006; Rodas-Suarez et  al.,  2006) and 
very often the pathogen is found on seafood products (Dillon & 
Patel, 1992; Lachmann et al., 2022). L. monocytogenes tolerates high 
salinity (Nolan et  al.,  1992; Shahamat et  al.,  1980), and therefore, 
isolation from marine environments seems plausible. The strong 
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638  |    ENGELGEH et al.

conservation of the timABR locus in selected Listeria lineages could 
reflect a tight ecological interaction between tartrolon-producing 
microorganisms present in the soil and in marine environments and 
such timABR-positive Listeria species.

The timABR cassette is only one out of the 18 ABC transporter 
operons with which we started this project. The inducing agents and/
or the compounds exported by the remaining ones are still unknown. 
We assume that the specific compilation of these still-to-be-charac-
terized ABC transporters represents a genetic signature that reflects 
the ecological interactions that L. monocytogenes experiences with 
its most important antibiotic-producing competitors in nature. Un-
derstanding these interactions in combination with knowledge on 
the prevalence of the compound producers in nature might help to 
better specify the environmental reservoir of L. monocytogenes.

4  |  E XPERIMENTAL PROCEUDRES

4.1  |  Bacterial strains and growth conditions

All strains and plasmids used in this study are listed in Table 3. Non-L. 
monocytogenes Listeria strains were received from the German Col-
lection of Microorganisms and Cell Cultures (DSMZ, Braunschweig). 
Listeria strains were grown in BHI broth or on BHI agar plates at 
37°C. Strains of B. subtilis were cultivated in LB broth or on LB agar 
plates. Erythromycin (5 μg mL−1), kanamycin (50 μg mL−1), spectinomy-
cin (50 μg mL−1), X-Gal (100 μg mL−1) or IPTG (1 mM) were added as 
indicated where required. Escherichia coli TOP10 was used as the 
standard cloning host (Sambrook et  al.,  1989). Tartrolon A and B 
were obtained from the DZIF natural compound selection, and bo-
romycin was purchased from Hello Bio Ltd. (Ireland).

4.2  |  General methods, manipulation of DNA and 
oligonucleotide primers

Standard methods were used for transformation of E. coli and for 
isolation of plasmid DNA (Sambrook et al., 1989). Transformation of 
L. monocytogenes and B. subtilis was carried out as described by oth-
ers (Hamoen et al., 2002; Monk et al., 2008). Restriction and ligation 
of DNA was performed following the manufacturer's instructions. 
All primer sequences are listed in Table S3.

4.3  |  Construction of bacterial plasmids and strains

Plasmids carrying lacZ fusions to the promoters of ABC transporter 
operons were constructed by amplification of the promotor sequences 
using primers TE45/TE46 (Plmo0606), TE47/TE48 (Plmo0741), TE49/TE50 
(Plmo0923), TE51/TE52 (Plmo1635), TE53/TE54 (Plmo2215), TE66/TE67 
(Plmo0984), TE68/TE69 (Plmo0108), TE70/TE71 (Plmo1652), TE72/TE181 
(Plmo1725), TE74/TE75 (PtimABR), TE76/TE77 (Plmo2228), TE78/TE79 
(Plmo2241), TE80/TE81 (Plmo2371), TE82/TE83 (Plmo2745), TE86/TE87 

TA B L E  3  Plasmids and strains used in this study.

Name
Relevant 
characteristics Source/Referencea

Plasmids

pBP117 lacZ neo Hauf et al. (2019)

pET11a bla PT7 lacI Novagen

pIMK3 Phelp-lacO lacI neo Monk et al. (2008)

pMAD bla erm bgaB Arnaud et al. (2004)

pSG1154 bla amyE3’ spc Pxyl 
amyE5’

Lewis and 
Marston (1999)

pTE6 Plmo0923-lacZ neo This work

pTE7 Plmo1635-lacZ neo This work

pTE8 Plmo2215-lacZ neo This work

pTE10 Plmo0741-lacZ neo This work

pTE12 Plmo0108-lacZ neo This work

pTE14 Plmo0984-lacZ neo This work

pTE15 Plmo1652-lacZ neo This work

pTE16 PtimABR-lacZ neo This work

pTE17 Plmo2228-lacZ neo This work

pTE19 Plmo2241-lacZ neo This work

pTE23 Plmo0606-lacZ neo This work

pTE24 Plmo2751-lacZ neo This work

pTE26 Plmo2371-lacZ neo This work

pTE32 Plmo2745-lacZ neo This work

pTE36 Plmo2769-lacZ neo This work

pTE37 Plmo1725-lacZ neo This work

pTE39 Plmo0667-lacZ neo This work

pTE42 bla erm bgaB ΔtimAB 
(lmo1964-lmo1963)

This work

pTE52 bla erm bgaB ΔtimR 
(lmo1962)

This work

pTE58 bla amyE3’ spc Pxyl-
timAB amyE5’

This work

pTE61 Phelp-lacO-timAB lacI 
neo

This work

pTE62 Phelp-lacO-timR lacI neo This work

pTE71 bla PT7-timR-strep lacI This work

pTE75 Plmo0193-lacZ neo This work

B. subtilis strains

168 Wild type Lab stock

BSTE1 amyE::Pxyl-timAB spc pTE58 → 168

L. monocytogenes strains

EGD-e Wild type Glaser et al. (2001)

LMSH5 attB::PlieAB(1–266)-lacZ 
neo

Hauf et al. (2021)

LMSH16 attB::lacZ neo Hauf et al. (2019)

LMSH98 ΔlftR attB::PlieAB(1–122)-
lacZ neo

Hauf et al. (2021)

LMTE3 attB::Plmo0741-lacZ neo pTE10 → EGD-e

LMTE4 attB::Plmo0923-lacZ neo pTE6 → EGD-e
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    |  639ENGELGEH et al.

(Plmo2751), TE88/TE89 (Plmo2769), TE124/TE125 (Plmo0667) or TE277/
TE278 (Plmo0193). The resulting fragments were inserted into pBP117 
using restriction-free (RF) cloning (van den Ent & Löwe, 2006).

For construction of plasmid pTE42, allowing deletion of timAB, 
fragments up- and downstream to timAB were amplified using oli-
gonucleotides TE135/TE136 and TE137/TE134, respectively. Both 
fragments were then fused together by splicing by overlapping 
extension (SOE)-PCR and introduced into pMAD by RF cloning. 
Plasmid pTE52, designed for deletion of timR, was obtained by am-
plification of timR up- and downstream fragments using the primer 
pairs TE213/TE214 and TE215/TE212, respectively. These frag-
ments were spliced together by SOE-PCR, and the resulting frag-
ment was introduced into pMAD by RF cloning.

Plasmid pTE61 was constructed for inducible timAB expression. 
It was obtained by amplification of timAB using the oligonucleotides 
TE227/TE228 and cloning of the resulting fragment into pIMK3 
using NcoI/SalI.

Plasmid pTE62 was constructed for IPTG-dependent timR ex-
pression. To this end, the timR gene was amplified using TE229/
TE230 as the primers and inserted into pIMK3 using NcoI/SalI.

Plasmid pTE71 was generated for purification of strep-tagged 
TimR. For this, the timR gene was amplified with oligonucleotides 
TE239/TE240 and integrated into pET11a through RF cloning.

Plasmid pTE58 was constructed for heterologous timAB expres-
sion in B. subtilis. To this end, the timAB genes were amplified using 
the primer pair TE218/TE219, and the resulting fragment was cloned 
into pSG1154 using RF cloning.

Derivatives of pIMK3 and pBP117 plasmids were introduced into 
L. monocytogenes strains by electroporation and transformants were 
selected on BHI agar plates containing kanamycin at 37°C. Plasmid 
integration at the tRNAArg attB site was confirmed by PCR. Likewise, 
plasmid derivatives of pMAD were introduced into L. monocytogenes, 
but transformants were selected on BHI agar plates containing 
X-Gal and erythromycin at 30°C. The plasmid integration-excision 
protocol described by Arnaud et al. (2004) was then used for gene 
deletions. All gene deletions were confirmed by PCR. B. subtilis was 
transformed with plasmid pTE58 and transformants were selected 
on LB agar plates containing spectinomycin (50 μg/mL). Integration 
of the plasmid into the amyE locus was confirmed by absence of am-
ylase activity on starch containing agar plates.

4.4  |  Natural compound screen

Natural compounds were compiled by the German Centre for Infection 
Research (DZIF) infrastructure and provided as “Natural Compound 
Library” through the Helmholtz Institute for Pharmaceutical Research 
Saarland (HIPS) as a ready-to-screen library (DZIF/TTU9,  2023). The 
compilation includes 681 purified secondary metabolites from myxo-
bacteria (253), fungi (88) and streptomycetes (340), collected in natu-
ral product screening programs at HIPS, the Helmholtz Centre for 
Infection Research (HZI), and the University of Tübingen, respectively. 

Name
Relevant 
characteristics Source/Referencea

LMTE5 attB::Plmo1635-lacZ neo pTE7 → EGD-e

LMTE6 attB::Plmo2215-lacZ neo pTE8 → EGD-e

LMTE10 attB::Plmo2241-lacZ neo pTE19 → EGD-e

LMTE11 attB::Plmo0984-lacZ neo pTE14 → EGD-e

LMTE12 attB::Plmo2228-lacZ neo pTE17 → EGD-e

LMTE14 attB::Plmo1652-lacZ neo pTE15 → EGD-e

LMTE15 attB::Plmo0108-lacZ neo pTE12 → EGD-e

LMTE16 attB::Plmo2751-lacZ neo pTE24 → EGD-e

LMTE18 attB::Plmo2371-lacZ neo pTE26 → EGD-e

LMTE19 attB::PtimABR-lacZ neo pTE16 → EGD-e

LMTE24 attB::Plmo2769-lacZ neo pTE36 → EGD-e

LMTE26 attB::Plmo2745-lacZ neo pTE32 → EGD-e

LMTE27 attB::Plmo0606-lacZ neo pTE23 → EGD-e

LMTE28 attB::Plmo0667-lacZ neo pTE39 → EGD-e

LMTE33 attB::Plmo1725-lmo1725-
lacZ neo

pTE37 → EGD-e

LMTE34 ΔtimAB pTE42 ↔ EGD-e

LMTE37 ΔtimR pTE52 ↔ EGD-e

LMTE50 ΔtimR attB::PtimABR-
lacZ neo

pTE16 → LMTE37

LMTE51 ΔtimAB attB::Phelp-
lacO-timAB lacI neo

pTE61 → LMTE34

LMTE52 ΔtimR attB::Phelp-lacO-
timR lacI neo

pTE62 → LMTE37

LMTE71 attB::Plmo0193-lacZ neo pTE75 → EGD-e

Listeria species

L. innocua DSM 20649 DSMZ 
(Braunschweig, 
Germany)

L. ivanovii subsp. ivanovii DSM 20750 DSMZ 
(Braunschweig, 
Germany)

L. seeligeri DSM 20751 DSMZ 
(Braunschweig, 
Germany)

L. aquatica DSM 26686 DSMZ 
(Braunschweig, 
Germany)

L. fleischmannii subsp. fleischmannii DSM 
24998

DSMZ 
(Braunschweig, 
Germany)

L. floridensis DSM 26687 DSMZ 
(Braunschweig, 
Germany)

L. grayi DSM 20596 DSMZ 
(Braunschweig, 
Germany)

aThe arrow (→) stands for a transformation event, and the double arrow 
(↔) indicates gene deletions obtained by chromosomal insertion and 
subsequent excision of pMAD plasmid derivatives (see experimental 
procedures for details).

TA B L E  3  (Continued)
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Library compounds were provided as 1 mM stock solutions in DMSO 
in conical 96-well plates in a randomized order and encrypted by a bar-
code system for non-biased screening. For the screen, L. monocytogenes 
reporter strains were grown overnight in BHI broth at 37°C and diluted 
1:2000 in molten BHI agar containing 50 μg/mL X-Gal, which was 
cooled down to ~50°C prior to mixing and plate pouring. Compounds 
were applied on top of the agar plates (1 μL each) at a concentration 
of 0.033 mM (in DMSO) and plates were incubated overnight at 37°C.

4.5  |  Compound quality control

Compounds included in the natural product library are routinely 
checked by HPLC-MS and NMR. Here, we additionally analyzed the 
batches of tartrolons A and B that were used for extended biologi-
cal assays. Measurements were performed with a Dionex Ultimate 
3000 RSLC system (Thermo) using a BEH C18, 100 × 2.1 mm, 1.7 μm 
dp column (Waters). Separation of 1 μL sample was achieved by a 
linear gradient from (A) H2O + 0.1% FA to (B) ACN + 0.1% FA at a 
flow rate of 600 μL/min and 45°C. The gradient was initiated by a 
0.5 min isocratic step at 5% B, followed by an increase to 95% B in 
18 min to end with a 2 min step at 95% B before re-equilibration with 
initial conditions. UV spectra were recorded by a diode array detec-
tor (DAD) in the range from 200 to 600 nm. The LC flow was split 
to 75 μL/min before entering the timsTOF fleX mass spectrometer 
(Bruker Daltonics). The split was set up with fused silica capillaries of 
75 and 100 μm I.D. and a low dead volume tee junction (Upchurch). 
The timsTOF fleX was operated in positive ESI mode, with 1.0 bar 
nebulizer pressure, 5.0 L/min dry gas, 200°C dry heater, 4000 V cap-
illary voltage, 500 V end plate offset, 600 Vpp funnel 1 RF, 400 Vpp 
funnel 2 RF, 80 V deflection delta, 5 eV ion energy, 10 eV collision 
energy, 1500 Vpp collision RF, 10 μs pre-pulse storage, 100 μs trans-
fer time. TIMS (trapped ion mobility spectrometry) delta values were 
set to −20 V (delta 1), −120 V (delta 2), 80 V (delta 3), 100 V (delta 
4), 0 V (delta 5), and 100 V (delta 6). The 1/k0 (inverse reduced ion 
mobility) range was set from 0.55 to 1.9 Vs/cm2, the mass range was 
m/z 100–2000. Ion charge control (ICC) was enabled and set to 7.5 
million counts. The samples were analyzed with TIMS ramp times of 
100 ms. The analysis accumulation and ramp time was set at 100 ms 
with a spectra rate of 9.43 Hz and a total cycle of 0.32 s was also 
selected resulting in one full TIMS-MS scan. TIMS dimension was 
calibrated linearly using 4 selected ions from ESI Low Concentration 
Tuning Mix (Agilent Technologies) [m/z, 1/k0: (301.998139, 0.6678 
Vs/cm2), (601.979077, 0.8782 Vs/cm2)] in negative mode and [m/z, 
1/k0: (322.048121, 0.7363 Vs/cm2), (622.028960, 0.9915 Vs/cm2)] 
in positive mode. The mobility-mass correlation for calibration was 
taken from the CCS compendium (Picache et al., 2019).

4.6  |  β -Galactosidase assay

For measurement of the activity of promoters fused to lacZ, an 
overnight culture of each strain was diluted 1:100 in 5 mL BHI 

broth and compounds were added where needed. Strains were 
grown at 25°C and 250 rpm until an OD600 of 0.6–0.8 and pel-
leted by centrifugation (11,000× g, 2 min). The pellet was washed 
once in 600 μL ddH2O and resuspended in 1200 μL PBS (137 mM 
NaCl, 2.7 mM KCl, 10 mM phosphate buffer, pH 7.4) buffer con-
taining 0.15% β-mercaptoethanol. After sonification and cen-
trifugation (11,000× g, 5 min), 1000 μL of the supernatant was 
incubated at 30°C for 10 min. 200 μL 4 mg/mL ONPG in 1× PBS 
was added, and the reaction was incubated at 30°C for another 
10 min, before being stopped by addition of 500 μL 1 M Na2CO3. 
Absorption was measured at 420 nm against PBS buffer incu-
bated with ONPG as blank value. Protein concentration was de-
termined by mixing 50 μL of the supernatant and 950 μL of a 1× 
Roti®-Nanoquant (Carl Roth, Karlsruhe, Germany) solution and 
measurement of the absorption at 595 nm against 50 μL 1× PBS 
as blank value. Afterward, the promoter activity in Miller units 
(MU) was calculated.

4.7  |  Determination of minimal inhibitory 
concentrations

Minimal inhibitory concentrations (MIC) were determined in 96-well 
plates in a total volume of 200 μL. 200 μL BHI containing a two-fold 
dilution series of the antibiotic of interest were inoculated with over-
night cultures at an initial OD600 of 0.05. The microtiter plates were 
incubated in a plate reader with intermittent shaking overnight at 
37°C and growth was recorded for 20 h. The MIC was defined as the 
lowest concentration of the antibiotic at which no growth could be 
observed.

4.8  |  Protein purification

Overexpression of timR-strep was performed in E. coli BL21. To 
this end, 500 mL LB broth containing 100 μg/mL ampicillin was in-
oculated with E. coli BL21 cells carrying the corresponding vector 
construct to an initial OD600 of 0.1. Cells were grown at 37°C and 
250 rpm and 1 mM isopropyl-β-d-thiogalactopyranoside (IPTG) was 
added when an OD600 of 0.6–0.8 was reached. After three more 
hours, cells were pelleted by centrifugation (6000× g, 5 min, 4°C) and 
the pellet was washed once with 25 mL buffer W (100 mM Tris–HCl 
pH 8.0; 150 mM NaCl). Cells were resuspended in 40 mL buffer W 
and lysed using an Emulsiflex homogenizer (Avestin, Germany). Cell 
debris was removed by centrifugation (6000× g, 5 min, 4°C), and the 
resulting supernatant was filtered through a Minisart filter with a 
pore size of 0.45 μm (Sartorius). The strep-tagged protein was puri-
fied using affinity chromatography and Strep-Tactin Sepharose (IBA 
Lifesciences, Germany) according to the manufacturer's instructions. 
Fractions containing purified proteins were pooled, aliquoted, and 
stored at −20°C. Samples purity was analyzed by standard sodium 
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) fol-
lowed by Coomassie staining.
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4.9  |  Electrophoretic mobility shift assay

To test the interaction of TimR with the PtimABR promoter, a 450 bp 
long sequence upstream of timA was synthesized by PCR from 
EGD-e genomic DNA using primers TE74 and TE75 and purified 
using the NucleoSpin® Gel and PCR Clean-up Kit (Macherey-Nagel, 
Düren, Germany). Likewise, a PdivIVA fragment was generated, but 
with SAH326 and TE425 as the primers. For the EMSA experiment, 
32 nM of this purified promoter fragment was mixed with 5 μL of 
EMSA buffer (120 mM HEPES, 300 mM KCl, 30 mM MgCl2, 0.3 mg/
mL bovine serum albumin [BSA], 30% glycerol, 0.3 mM EDTA, pH 8.0) 
and incubated with varying amounts of TimR-Strep, tartrolon A, tar-
trolon B and boromycin for 5 min at room temperature. The reac-
tion was loaded onto an acrylamide gel (10% (w/v) acrylamide with 
0.6× Tris-borate EDTA) and run at 120 V for 75 min. Afterward, the 
gel was stained for 5 min using ethidium bromide and photographed 
using an UV transilluminator.
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