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A B S T R A C T

Escherichia coli is amongst the most frequent causative agent of nosocomial infections and the overexpression of 
the efflux pump gene acrB plays a major role in its resistance to various antibiotics. In this study, we evaluated 
two indole phytochemicals, camalexin and brassinin, as potential AcrB efflux pump inhibitors. Among these two 
phytochemicals, camalexin increased the accumulation of ethidium in acrB proficient E.coli with no membrane 
permeabilization effect observed, indicating a direct interaction of camalexin with the pump. Camalexin also 
showed up to 64-fold MIC reduction for drugs in the acrB proficient strain. Brassinin was less effective, showing 
up to 4-fold MIC reduction for the same drugs. Camalexin did not potentiate drugs in the AcrB inactive strain 
D407N. Plate dilution assays in E. coli acrB variants further corroborated the effect of camalexin in diminishing 
pump activity. Blind docking results suggested that camalexin and brassinin may enter mainly via CH3, one of 
the channels present in AcrB, and camalexin showed a more stable binding mode than brassinin in the distal 
binding pocket of AcrB. Camalexin, therefore, holds potential as a scaffold for further development as a potent 
AcrB inhibitor to tackle antimicrobial resistance in the gram-negative bacterium E. coli.

1. Introduction

Antimicrobial resistance (AMR) is considered one of the biggest 
threats to human health worldwide [1]. According to the UK 
Government-commissioned Review on Antimicrobial Resistance, AMR 
might kill 10 million people annually by the year 2050 [2,3]. The 
gram-negative bacterium Escherichia coli is a major concern due to its 
potential serious threat to human health, exceeding the number of 
deadly infections caused by other pathogens such as the gram-positive 
Staphylococcus aureus and gram-negative Klebsiella species [1,4,5]. 
Until 2018, the overall incidence rate of E. coli bacteremia was expected 
to be 48 per one hundred thousand person-years and increased with age 
[6]. For these reasons, the World Health Organization (WHO) classified 
E. coli as a critical priority pathogen for research and development of 
new antibiotics [7].

Combating AMR in gram-negative bacteria remains challenging. The 
gram-negative cell envelope consists of an asymmetric outer membrane 
(OM), which contains hydrophilic lipopolysaccharides (LPS) in the outer 

leaflet and phospholipids in the inner leaflet [8]. The inner membrane 
(IM) is a rather symmetric lipid bilayer with low barrier properties for 
hydrophobic antibiotics compared to the OM. However, due to the ex
istence of efficient efflux pumps in the IM, primarily from the Resistance 
Nodulation-cell Division (RND) superfamily, resistance also arises from 
the activation of these efflux pumps in IM. The RND-type efflux pumps 
work in synergy with the OM, since these machineries span the entire 
gram-negative periplasm, including the IM and asymmetric OM [9]. The 
tripartite RND-type efflux pump AcrAB-TolC is the major pump in E. coli 
[10], and it increases resistance by effectively expelling a wide range of 
biocides and antibiotics across the OM barrier [11–13]. Drugs are 
recognized by the IM located homotrimeric AcrB component of the 
pump complex. During active efflux, driven by the proton-motive force, 
the AcrB protomers cycle through the L (loose), T (tight), and O (open) 
conformational states [14]. AcrB alone does not confer resistance, it is 
only active and confers resistance in complex with the hexameric peri
plasmic adapter protein AcrA and the trimeric OM channel TolC 
[14–17]. For some toxins, AcrAB-TolC works in collaboration with other 
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single-component transporters, namely EmrE (from the Small Multidrug 
Resistance family, SMR), MdfA (from the Major Facilitator Superfamily, 
MFS), and the tetracycline/H+ antiporter TetA, if present [18]. These 
single-component drug/H+ antiporters thereby flip antibiotics from the 
cytoplasmic side to the periplasmic side, from where AcrAB-TolC sub
sequently captures and extrudes these across the OM [19].

Since RND-type efflux pumps play a crucial role in both innate and 
acquired antibiotic resistance in gram-negative bacteria, research efforts 
are continuously being made to find and develop efflux pump inhibitors 
(EPIs) [20]. Inhibition of AcrB improves antibiotic efficacy and reduces 
bacterial load in a mouse lung infection model [21]. Nevertheless, the 
polyspecific nature and the structural complexity of RND efflux pumps 
challenge the search for potent EPIs [22]. Some synthetic compounds 
have been reported as EPIs against AcrAB-TolC, including Phe-Arg 
β-naphthylamide (PAβN) [23], 1-(1-naphthylmethyl)-piperazine 
(NMP) [24], pyridopyrimidines (such as D13–9001) [25], pyranopyr
idines (the MBX series) [26], pyridylpiperazines (the BDM series) [27], 
and indolic compounds 3-amino-6-carboxyl-indole [28], 3-nitro-6-ami
no-indole [28], 5-methoxy-indole-3-acrylic acid [29], and 5-bromo-in
dole-3-acetic acid [29]. In addition to that, phytochemicals have been 
reported to act as EPIs in recent years, such as pheophorbide A from 
Berberis aetnensis C. Presl. (Berberidaceae) [30], artesunate from Arte
misia annua [31], geraniol from Helichrysum italicum [32], and indolic 
phytochemicals, like α-yohimbine [33], reserpine [33], and 10-methox
ytetrahydroalstonine from Rauwolfia plants [33]. Among these reported 
EPIs, none of them have been used in the clinical setting, mainly due to 
their off-target activity (e.g. NMP), toxicity issue (e.g. PAβN), or limited 
efficacy in vivo (MBX series and ABI-PP) [20]. Therefore, further 
research is necessary to find potent and safe EPIs. The presence of indolic 
compounds in the aforementioned AcrAB-TolC EPIs highlights their 
potential as a promising scaffold for EPI development. Moreover, indoles 
are considered as ‘privileged scaffolds’ due to their versatile pharma
cological profile [34,35]. To guide EPI discovery efforts and evaluate the 
potency of indolic compounds as new lead EPIs, the ‘rule of three’ can be 
used, as previously done for the new synthetic AcrB EPI candidates from 
the BDM series [27]. The ‘rule of three’ (i.e. MW< 300 g/mol, cLogP<3, 
number of H-bond donors ≤3, and number of H-bond acceptors ≤3) was 
commonly applied in fragment-based drug discovery (FBDD) to generate 
good drug lead compounds [36,37].

Brassicaceae (Cruciferae) plants are particularly known for produc
ing sulfur-containing indole phytoalexins [38], i.e. phytochemicals 
synthesized de novo by plants as a response to infection [39,40]. In a 
previous study, among sulfur-containing indole phytoalexins identified 
in Brassicaceae plants, camalexin was the major phytoalexin [41]. 
Camalexin is best characterized in terms of chemical properties and 
biological activities within brassica phytoalexins [38, 42–44]. Besides 
camalexin, brassinin is abundantly present in Brassicaceae and is of 
main interest since it is the intermediate in the biosynthesis of a series of 
structurally related phytoalexins [38,41]. Therefore, camalexin and 
brassinin (Fig. 1) are of particular interest to study as promising EPI 
candidates because both compounds: (i) fulfill the ‘rule of three’ of 
FBDD, in contrast to other reported phytochemical EPI candidates (e.g. 
reserpine and α–yohimbine); (ii) have shown low cytotoxicity in normal 
cells [43] (iii) in the context of EPI development, represent an inter
esting case with potentially attractive development opportunities, since 
they share a common indole scaffold and differ in their substitution at 
the C3 position (see Fig. 1).

In this study, we aim to investigate camalexin and brassinin as the 
main sulfur-containing indole phytochemicals from the Brassicaceae 
family to obtain promising leads for AcrAB-TolC EPIs. To the best of our 
knowledge, this is the first study characterizing the activities of these 
two brassica sulfur-containing indoles as potential EPIs against E. coli 
AcrB. In this research, we combined several cell-based assays with 
various E. coli mutants and in-silico docking studies to assess the po
tential activities of camalexin and brassinin as AcrB EPIs.

2. Materials and methods

2.1. Bacterial strains and chemicals

Escherichia coli (E. coli) BW25113 ΔacrB mutant was complemented 
with pET24acrBHis wildtype (acrB WT), pET24acrBHis_D407N (proton 
translocation-deficient D407N variant), and pET24 with other acrB 
variants (Y327A, V612A, F628A, F136A, F610A) by performing heat- 
shock transformation. The transformants grew in LB agar in the pres
ence of 50 µg/mL kanamycin (LB-Kana50). E. coli ΔmdfA ΔemrE, E. coli 
ΔacrAB ΔtolC, E. coli ΔmdfA ΔemrE ΔacrAB were consistently cultured 
in LB at 37 ◦C.

E. coli strain lacking 35 efflux pump genes, namely efflux KnockOut- 
35 (EKO-35) cells, were kindly provided by Dr. Georgina Cox (University 
of Guelph, Canada) [10]. pET24acrBHis wildtype (acrB WT) plasmids 
were transformed into chemically competent EKO-35 cells and grown 
overnight on LB-Kana50 (namely EKO-35 acrB WT), while EKO-35 cells 
without plasmids were streaked out on an LB plate without antibiotic.

Ethidium bromide (EtBr), propidium iodide (PI), Luria bertani (LB) 
broth (Miller), Luria bertani (LB) agar (Miller), phosphate buffer saline 
(pH 7.4), and all antibiotics were purchased from Sigma Aldrich (USA). 
Peptone physiological salt solution (PPS) was supplied by Tritium 
Microbiologie (The Netherlands). Dimethyl sulfoxide (DMSO) was sup
plied by Brunschwig Chemie B.V. (The Netherlands). Camalexin (≥98% 
purity) and brassinin (≥98% purity) were purchased from Sigma Aldrich 
(USA). MBX3132 was kindly provided by Dr. Timothy Opperman 
(Microbiotix, USA). The stock solution of each camalexin, brassinin, and 
MBX3132 was dissolved in DMSO.

2.2. Ethidium (Eth) accumulation assay

Eth accumulation assay was carried out based on prior work [45]
with some adjustments. One colony was cultivated in 3 mL of LB (with 
or without kanamycin 50 µg/mL) with shaking at 200 rpm and 37 ◦C, 
until an OD600 of 1.2–1.4 was reached (around 3–4 h). The cells were 
centrifuged at 4259 rpm for 5 minutes, 4◦C (Multifuge X1R Pro, Ther
moScientific). After discarding the supernatant, the cell pellet was 
washed two times with PBS buffer (pH 7.4), 1 mM MgSO4 and subse
quently the OD600 adjusted to 0.6 in the same buffer. The average 
inoculum was 8.8 ± 0.2 Log10 colony forming units (CFU)/mL for all 
tested E. coli variants. Next, cells (150 µL) were pipetted into a black 
96-well plate (Greiner Bio-One black non-transparent bottom, Austria), 
followed by the addition of 40 µL of each camalexin and brassinin 
(prepared at five-times higher concentrations than the desired concen
tration of 37.5 µg/mL and 18.75 µg/mL for acrB proficient strains and 
acrB deficient strains, respectively, max 2 % v/v DMSO) and 10 µL of 
ethidium bromide (EtBr) with final concentration 3 μg/mL (7.6 µM). 
Compound MBX3132 (12.5 µg/mL, 25.3 µM) was used as a positive 

Fig. 1. (A) Camalexin (MW: 200.26 g/mol, cLogP 2.9, a_don 1, a_acc 1) and (B) 
brassinin (MW: 236.4 g/mol, cLogP 2.8, a_don 2, a_acc 1) with indole scaffolds 
highlighted in red. cLogP (calculated LogP), a_don (number of hydrogen bond 
donor atoms), and a_acc (number of hydrogen bond acceptor atoms) were 
calculated by Molecular Operating Environment (MOE) software (version 
2019.0102, Chemical Computing Group).
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control. The 96-well plate was placed in a SpectraMax ID3 (Molecular 
Devices, USA) for the fluorescence measurement (excitation: 520 nm, 
emission: 620 nm) for 1 h at 37 ◦C, readings were performed every 
1 min. Blanks (each tested compound with or without dye) were 
measured for each sample to determine the background fluorescence 
(Fig. S1). The fold change (FC) of Eth accumulation was obtained by 
calculating the final fluorescence unit (RFU) relative to untreated cells 
(negative control) at t = 60 min [45,46].

Eth accumulation assays in EKO-35 cells were performed with a 
slightly different method. One colony was inoculated in 4 mL LB (for 
EKO-35) or LB-Kana50 (for EKO-35 acrB wildtype) and grown overnight 
(≈12 hours) at 37 ̊C, 180 rpm. The next day, the cells were diluted to 
OD600 0.1 in a total volume of 3 mL LB with or without Kana50 and 
grown until OD600 of 1.1–1.5. The plate was measured in a TEKAN Spark 
reader for 60 minutes, 37 ̊C (excitation: 520 nm, emission: 620 nm, gain 
75). All samples were tested in three biological replicates. Biological 
replicate is defined as repeated measurements under the same condi
tions to check the variability upon different measurement times. The 
statistical significance was analyzed by using one-way ANOVA 
(GraphPad Prism 9.3.1).

2.3. Membrane permeabilization effect

Propidium iodide (PI) was used to assess membrane permeabiliza
tion as previously reported, with slight modifications [45,47]. PI is 
commonly used to assess membrane perturbation in bacteria. In per
turbed cells, propidium results in an increase in fluorescence because of 
its intercalation with DNA [48]. Briefly, E. coli cells were grown on LB 
agar plates (24 h, 37 ◦C). One colony was then transferred to 25 mL of 
LB and cultured for an additional 20 h at 37 ◦C. The cells were harvested 
by centrifuging (HERAEUS Megafuge 16 R centrifuge, Thermo Scienti
fic, USA) in 50 mL tubes at 5000 rpm and 4 ◦C for 5 min. The super
natant was discarded, and the pellet was washed thrice with 5 mL PPS. 
The average inoculum was 8.9 ± 0.2 Log10 CFU/mL for all tested E. coli 
variants. Next, 50 µL of each camalexin and brassinin (prepared at 
four-times higher concentrations than the desired ones 75 µg/mL) and 
100 µL of inoculum were pipetted into a 96-well plate (Greiner Bio-One 
black with a clear bottom, Austria). The plate was incubated for 5 min at 
room temperature before adding 50 µL of PI (final concentration of 
15 µM) to the wells. Blanks contained 100 µL of PPS instead of inoc
ulum. The positive control contained cells heated at 95 ◦C for 10 min, 
with shaking at 750 rpm in a thermomixer (Thermomixer C, Epppen
dorf, Germany). The negative control had cells, PPS, and PI. The 96-well 
plate was placed in the spectrophotometer (Spectramax ID3, Molecular 
Devices, USA) to measure the fluorescence (excitation: 520 nm and 
emission: 620 nm) for 2 h at 37 ◦C. The background fluorescence was 
checked (tested compounds with PI; PI only, without compounds). All 
samples were tested in three biological replicates in at least technical 
duplicates. Technical repetition is the replication of the same samples at 
the same measurement time. The permeabilization activity was 
expressed as a percentage of propidium uptake and calculated with Eq. 
(1). 

Propidium uptake(%) =
exp.value − low control

high control − low control
× 100 (1) 

The experimental (Exp.) value is the observed relative propidium 
uptake, calculated by taking the final fluorescence unit (RFU) at 
t = 120 min relative to the negative control [45]. Low control is the 
relative propidium uptake in untreated cells (negative control), and high 
control is the relative propidium uptake in permeabilized (heated) cells 
(positive control).

2.4. Fluorescence microscopy analysis

Cells were prepared as previously described [45,47]. Compounds 
were added at different time points (from 0 to 120 min) and mixed with 

PI for approximately 15 minutes before being visualized with an 
Olympus BX41 microscope (Olympus, Japan) equipped with a PlanC N 
100x/1.25 oil pH3 objective lens and a red fluorescent protein (RFP) 
filter. Excitation was carried out at 540 nm with an X-Cite® 120Q lamp 
(Excelitas, USA). Images were captured by an Olympus XC30 camera, 
equipped with CellB software version 3.4 (Olympus, Japan).

2.5. Antimicrobial susceptibility test

The broth microdilution method was applied in 96-well plate format 
as previously described, with modifications [49]. Bacteria E. coli ΔacrB, 
E. coli ΔacrAB ΔtolC, E. coli ΔmdfA ΔemrE ΔacrAB, E. coli ΔmdfA ΔemrE, 
E. coli BW 25113 were streaked from − 80 ◦C glycerol stocks onto LB agar 
plates and then incubated overnight at 37 ◦C. Bacteria E. coli BW25113 
ΔacrB with pET24acrBHis wildtype (namely acrB WT) and pET24acrB
His_D407N (namely D407N) [50,51] were freshly transformed and 
grown in LB with kanamycin 50 µg/mL. One colony of each strain was 
used to inoculate 3 mL of LB media for growth (with or without kana
mycin) overnight at 37 ◦C and 180 rpm. Compound stock solutions 
(25 mg/mL) were created in DMSO and diluted in LB. Then, 100 µL of 
camalexin or brassinin (prepared at a concentration of 600 µg/mL) and 
100 µL of the overnight culture diluted in LB to OD600 of 0.012 were 
combined in each well of 96-well plate (DMSO concentration was 
limited to 2 % v/v). The 96-well plates (Greiner Bio-One transparent, 
Austria) were incubated in a plate orbital shaker at 1000 rpm, 37 ◦C 
(Infors HAT Multitron). The bacterial growth (OD600) was measured 
with a spectrophotometer (Infinite 200 Pro M nanoplate reader, Tecan, 
Switzerland) before and after 20 h incubation. The final OD values were 
obtained by subtracting the OD600 after 20 h incubation with the initial 
absorbance (ΔOD600) at the start of the experiment. Drug concentration 
of samples with an OD600 of less than 0.18 was considered as minimal 
inhibitory concentration (MIC). The experiments were performed with 
at least three biological replicates.

2.6. Checkerboard assay

The antibiotic potentiation effects of camalexin and brassinin were 
evaluated using checkerboard assays in E. coli BW25113 acrB WT and 
D407N. A series of two-fold serial dilutions of the phytochemicals was 
added to the 96-well plate (BRANDplates pureGradeTM S, no. 781662, 
Germany) along with a two-fold serial dilution of the AcrB substrates 
oxacillin, cloxacillin, linezolid, erythromycin, tetracycline, and 
ethidium bromide. The phytochemicals and antibiotics were prepared at 
four times the final desired concentrations in LB media. Antibiotics and 
phytochemicals (each 50 µL) were combined with 100 µL of an over
night culture diluted in LB to OD600 of 0.012 in a 96-well plate. Column 
1 contained a serial dilution of antibiotic alone without the phyto
chemicals, while row H contained a serial dilution of camalexin or 
brassinin alone, without antibiotics. The fold-reduction was obtained by 
calculating the MIC of the antibiotic alone relative to the lowest MIC of 
the antibiotic in combination with camalexin or brassinin. The 96-well 
plates were incubated in a shaker at 200 rpm, 37 ◦C (Innova 42 R, 
Eppendorf, Germany). All the measurements were performed as 
described in the antimicrobial susceptibility test with at least three 
biological replicates.

2.7. Plate dilution assays

The plate dilution assays (PDAs) were performed according to Tam 
et al. with slight modifications [52]. A colony of E. coli BW25113 ΔacrB 
complemented by pET24acrBHis WT or acrB variants were grown over
night in 3 mL of cation-adjusted Mueller-Hinton broth (CAMHB) con
taining 50 µg/mL kanamycin at 37 ◦C, 200 rpm. The overnight cultures 
were adjusted to OD600 = 1 and subsequently diluted to OD600 = 10− 1 to 
10− 5. The diluted cell suspensions (4 µL) were spotted on CAMHB agar 
plates containing 50 µg/mL kanamycin and either camalexin, brassinin, 
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and tested AcrB substrates at the indicated concentrations. Plates were 
incubated at 37 ◦C for 18 h (BINDER GmbH, Germany). The experiments 
were performed in four biological replicates. In addition to visual ex
amination, growth was determined as the relative ratio of visible spots 
(defined as growth) at the log10 of the respective dilution step (10− 1 – 
10− 5) between cells harboring acrB mutants and acrB WT (Eq. 2): 

Bacterial growth ratio =
log10 OD acrB variant

log10 OD acrB WT
(2) 

2.8. Estimation of AcrB expression by western blot

The expression of acrB WT and acrB variants was determined via 
Western blot analysis as previously described with a slight modification 
[49]. The OD600 of overnight cultures was measured, and cells (OD600 of 
10) were collected by centrifugation (5418, Eppendorf, Germany) at 13, 
000 rpm for 10 min, 4 ◦C. The cell pellet was resuspended in 1 mL of cell 
suspension buffer (20 mM Tris pH 8, 0.5 M NaCl, 2 mM MgCl2, 0.2 mM 
PMSF, 10 µg/mL DNase I). Approximately 300 mg of glass beads were 
added to the tubes with cell suspension and the cells were broken down 
with the FastPrep Machine (2650 rpm for 7 min). Then, the tubes were 
centrifuged for 15 min at 14,800 rpm, 4 ◦C. The supernatant was 
transferred onto ultracentrifuge microtubes and centrifuged for 1 h at 
45,608 rpm (Rotor F50L-24 ×1.5) (Sorvall WX Ultracentrifuge, Thermo 
Scientific, USA). The supernatant was discarded, and the pellet was 
resuspended in 50 µL Solubilization-Buffer (20 mM Tris pH 7.5, 150 mM 
NaCl, 10 mM imidazole pH 7.5, 10 % glycerol, 1 % DDM), followed by 
incubation in a rolling wheel for 1 h at 4 ◦C. After the incubation, the 
microtubes were centrifuged again for 30 min at 45,608 rpm, 4◦C. The 
supernatant was transferred in a fresh tube and the samples (15 µL) were 
loaded into SDS 10 % polyacrylamide gel at 85 V for approximately 
120 min. After the blotting, the membrane was blocked in 5 % (w/v) 
non-fat milk TBS [10 mM Tris-Cl (pH 7.5), 150 mM NaCl] solution at 4 
◦C overnight. In TBS buffer containing 0.5 % BSA, each α-AcrB poly
clonal primary antibody (rabbit, Neosystems, France, custom antibody) 
and alkaline-phosphatase-conjugated anti-rabbit secondary antibody 
(A3687; Lot. SLCC2144, Sigma Aldrich, USA) were diluted 5,000-fold 
and 6,000-fold, respectively. The incubation and the washing steps 
with antibodies were performed according to Müller et al. [49]. The 
membrane was stained in TMN buffer (100 mM TRIS, pH 9.5, 100 mM 
NaCl, 50 mm MgCl2) containing blue tetrazolium (NBT) and 5-bro
mo-4-chloro-3-indoyl phosphate (BCIP). Each NBT and BCIP were pre
pared in DMF 100 % at concentrations of 75 mg/mL and 50 mg/mL, 
respectively. Then, 45 µL from each NBT and BCIP was pipetted and 
dissolved in 10 mL of TMN buffer. After the staining, the membrane was 
washed with water to stop the reaction and then photographed after the 
washing step.

2.9. Molecular docking

Molecular docking was performed using Autodock Vina [53], 
following a protocol already successfully applied in other studies 
[54–56]. This program implements a machine-learning-based scoring 
function and a stochastic global optimization approach. To check for 
possible binding modes in the proximity of the known entrance channels 
CH1, CH2, CH3, and CH4 [57,58], we performed a blind docking search, 
which is not restricted to a specific pocket and encompasses the entire 
portion of the transporter exposed to putative ligands. The list of resi
dues lining the entrance channels is reported in Table S1. To account 
indirectly for protein flexibility, we considered an ensemble of ten AcrB 
conformations taken from available X-ray structures (PDB codes: 2DHH, 
2GIF, 2J8S, 3W9H, 4DX5, 4DX7, 4U8V, 4U8Y, 4U95, 4U96) including 
apo- and holo-structures featuring the three open (O), tight (T), and 
loose (L) monomers. The flexibility of the ligands was set in terms of 
their rotatable bonds (4 for brassinin and 1 for camalexin). The ligand 
input structure was generated by first drawing the molecules with 

MarvinSketch (version 21.14, 2021, ChemAxon) and then by performing 
a geometry optimization with the XTB program (default settings, GFN2 
parametrization, water as implicit solvent) [59]. We adopted a docking 
volume of size 110 Å x 110 Å x 80 Å manually centered to include the 
whole transmembrane portion of the protein (Fig. S2). The exhaustive
ness of the local search was set in all cases to 128 (default 8). In all in
dependent docking runs, 10 poses were generated, resulting in 100 
binding modes for each compound.

3. Results

3.1. Camalexin and brassinin show AcrB efflux inhibition

To assess the efflux inhibition by the phytochemicals camalexin and 
brassinin, ethidium (Eth) accumulation was measured by fluorescence 
spectroscopy in E. coli BW25113 acrB proficient and acrB deficient 
strains. Upon entering the cell, Eth intercalates into the DNA and results 
in an increase in fluorescence [60]. Since Eth is a substrate of the 
AcrAB-TolC efflux pump, cells with an active efflux pump hardly accu
mulate Eth resulting in a low fluorescence read-out over time. If the 
efflux activity of the pump is inhibited, an increase in fluorescence will 
be observed, since the Eth concentration inside the cells is increased 
(Fig. S3).

The data is plotted as fold-change (FC) in Eth accumulation in the 
presence and absence (negative control) of the indicated compounds 
[46]. Thus, the negative control has an FC of approximately 1 (the sol
vent used for dissolving inhibitors was considered). As a positive con
trol, the known AcrB inhibitor MBX3132 was used [61]. In the presence 
of camalexin or brassinin, the acrB WT strain showed an increase in Eth 
fluorescence (Fig. 2 and Fig. S3). Since Eth efflux in E. coli is not only 
dependent on the presence of AcrAB-TolC, but also on the presence of 
the helper pumps MFS drug/H+ antiporter MdfA and SMR-family 
drug/H+ antiporter EmrE [19], the experiment was further conducted 
with an E. coli ΔmdfA ΔemrE background (Fig. 2).

Overall, in the acrB proficient strains (Fig. 2), camalexin showed an 
increase in Eth accumulation in both the presence (WT) and absence of 
the single-component transporters MdfA and EmrE (ΔmdfA ΔemrE), as 
compared to the negative control. The effects were like those observed 
with the verified AcrB inhibitor MBX3132 (Fig. 2) [26]. In the presence 
of camalexin, the strain with the gene deletion of the helper pumps EmrE 
and MdfA resulted in a 3.6-fold increase in Eth accumulation compared 
to the negative control. In this ΔmdfA ΔemrE strain, Eth is only pumped 
out by AcrB, hence inhibition of AcrB by MBX3132 or camalexin results 
in a strong accumulation of Eth, compared to in the absence of in
hibitors, where AcrB is still active (Fig. 2). Meanwhile, brassinin showed 
similar FC in Eth accumulation in E. coli acrB WT and E. coli ΔmdfA 
ΔemrE (FC ~2), indicating that AcrB is less likely to be the main target of 
brassinin.

To evaluate the level of specificity of the phytochemicals towards the 
AcrB efflux pump, further Eth accumulation experiments were per
formed with acrB deficient E. coli strains (Fig. 2). AcrB-specific EPIs are 
expected to show an FC equal or close to 1 in acrB deficient strains. It is 
important to note that based on absolute Eth accumulation, the triple 
knockout E. coli ΔmdfA ΔemrE ΔacrAB strain showed the highest Eth 
accumulation compared to E. coli acrB WT, E. coli ΔmdfAΔemrE, E. coli 
ΔacrB and E. coli ΔacrAB ΔtolC, as shown in Fig. 2 C (the absolute values 
in Eth accumulation are shown in Fig. S5). In general, as observed in 
Fig. 2, camalexin showed a small FC in Eth accumulation in acrB defi
cient strains (FC~ 1.2–1.4). This result could be associated with addi
tional inhibitory effects on other transporters within these acrB deficient 
strains, as approximately 35 efflux pumps have been reported in E. coli 
[10,62]. MBX3132 shows a residual inhibiting effect in E. coli ΔacrB, 
most likely due to another RND pump as the ΔtolC strain shows no in
hibition (FC~ 1) [61]. Brassinin inflicted an increase of Eth accumula
tion irrespective of the efflux pump background either in acrB proficient 
or in acrB deficient strains. The FC was similar (between 1.8 and 2.1) for 
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every tested strain, except in the triple knockout E. coli ΔmdfA ΔemrE 
ΔacrAB (FC 1.4). Statistical analysis showed a significant difference 
(p < 0.05) between the acrB proficient strains and the triple knockout in 
the presence of brasinnin (Fig. 2). This small difference in FC observed in 
the triple knock-out mutant seems to be due to the five times higher 
uptake of Eth in cells lacking MdfA, EmrE, and AcrB, compared to the 
WT, which makes any additional Eth uptake less pronounced (Fig. 2 C). 
Another contributing effect could be the activation of other pumps in the 
triple knock-out mutant to transport Eth and subsequently resulting in a 
slight decrease in Eth accumulation. Our results in acrB deficient strains 
indicate that camalexin shows more specificity towards AcrB than 
brassinin, as brassinin increased Eth accumulation independently of 

AcrB.
To further confirm the previous results, Eth accumulation assays 

were conducted in E. coli EKO-35 strain [10] and E. coli EKO-35 cells 
complemented by acrB gene, namely E. coli EKO-35 acrB wildtype. The 
use of E. coli EKO-35 acrB WT allows for a more specific evaluation of the 
compounds’ effects on AcrB compared to BW25113 acrB WT, due to the 
absence of other 34 efflux pumps in the EKO-35 acrB WT. Our results 
showed that camalexin significantly increased the Eth accumulation in 
EKO-35 acrB WT, while brassinin did not show a significant increase in 
the same strain (Fig. 3). This finding further confirms the AcrB efflux 
inhibitory activity of camalexin. MBX3132 was not included because of 
its known specificity towards AcrB [26].

Fig. 2. (A) Example of Eth accumulation in the presence of camalexin in E. coli acrB WT. All other Eth accumulation results of camalexin and brassinin in E. coli acrB 
WT are shown in Fig. S3. (B) Relative Eth accumulation of camalexin and brassinin in E. coli BW25113 harboring the acrB WT gene (acrB proficient) and acrB 
deficient strains. Camalexin and brassinin were tested at concentrations of 37.5 µg/mL for acrB proficient strains and 18.75 µg/mL for acrB deficient strains. These 
concentrations were selected as no growth inhibition was observed at these two concentrations (Fig. S4). MBX3132 was tested at a concentration of 12.5 µg/mL in 
acrB proficient and acrB deficient strains. The data shown are the average of fold change in Eth accumulation from three biological replicates with standard error of 
the mean (SEM). The Eth accumulation was quantified by calculating the fold change as previously described [46]. Asterisks indicate a statistically significant 
difference in the fold-change in Eth accumulation between two different strains in the presence of brassinin (p < 0.05). (C) Comparison of fold changes in Eth 
accumulation in acrB deficient strains relative to E. coli acrB WT in the absence of inhibitor (negative controls). The data were plotted from three biological replicates 
with standard error of the mean (SEM).
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Overall, based on Eth accumulation results in E. coli BW25113 var
iants and EKO-35 cells (with or without AcrB), camalexin shows more 
specificity towards AcrB compared to brassinin. The non-significant 
differences in the FC of Eth accumulation observed in all E. coli 
BW25113 and EKO-35 variants in the presence of brassinin infer that 
AcrB is not the target of this compound, pointing out further that bras
sinin potentially inhibits other transporters. Further confirmation is 
needed to prove this hypothesis.

3.2. Camalexin and brassinin do not affect membrane permeability of 
propidium

Besides protein targets, the phytochemicals might also affect the 
membrane permeability through the IM or OM. Therefore, to test the 
permeabilization effects of the phytochemicals, we used propidium io
dide (PI) assay in the presence of camalexin or brassinin at the highest 
concentration (75 µg/mL) as we used for the Eth accumulation assay. 
Both phytochemicals showed minimal PI-permeabilization effects in all 
tested E. coli strains (Fig. 4 A). Microscopic analysis revealed no per
meabilized cells after exposure to either camalexin or brassinin in acrB 
WT, which further indicates that the observed increase of Eth accumu
lation in cells treated with the phytochemicals is mainly linked to efflux 
inhibition (Fig. 4 B).

3.3. Camalexin shows better antibiotic-potentiating effect than brassinin

We conducted checkerboard assays to assess the extent to which 
camalexin or brassinin potentiated the antibiotic activity of known AcrB 
substrates [63]. Inhibition of AcrB results in the accumulation of AcrB 
substrates inside the cell leading to increased susceptibility of the bac
teria towards those antibiotics. Thus, the extent of MIC-fold reduction 
indicates the potentiation effect of the compounds. The checkerboard 
assays were performed in the presence of representative AcrB substrates 
that enter the distal binding pocket (DBP) via channel 1 (CH1) 
(oxacillin, cloxacillin, linezolid), CH2 (erythromycin, tetracycline), CH3 
(ethidium) and CH4 (oxacillin, cloxacillin) [63,64]. The location of the 
different AcrB channels is shown in Fig. S7. The fold-reduction was 
determined as the ratio between the MIC of the drug without phyto
chemical and the MIC in its presence. E.g., the MIC of oxacillin 
(160 µg/mL) was compared to the lowest MIC of oxacillin (10 µg/mL) in 
combination with camalexin at 75 µg/mL, which resulted in a 
fold-reduction of 16. Camalexin notably potentiated β-lactam antibiotic 
oxacillin (CH1/4 substrate) and Eth (CH3 substrate) by giving, 

respectively, up to 64-fold and 16-fold reduction in MIC (Fig. 5). 
Camalexin also potentiated cloxacillin (CH1/4 substrate) and linezolid 
(CH1 substrate), by giving up to 16-fold and 8-fold MIC reduction, 
respectively (Fig. 5 C). The smallest potentiation effect of camalexin was 
observed in CH2 substrates erythromycin and tetracycline by giving 
2-fold and 4–8-fold MIC reduction, respectively. Thus, we found that 
camalexin potentiated all the tested AcrB substrates in acrB WT strains 
(Fig. 5 C and Fig. S8). Brassinin exhibited no MIC reduction with the 
tested antibiotics, except a 4-fold MIC reduction in combination with 
linezolid or ethidium. Overall, camalexin potentiated AcrB substrates 
better than brassinin.

To confirm that the potentiation effects observed with camalexin 
were related to the inhibition of AcrB, checkerboard assays were con
ducted using an inactive AcrB strain D407N. The substitution of D407 
residue, which is in the transmembrane domain of AcrB, results in the 
inhibition of proton translocation and loss of function of AcrB [65,66]. 
The checkerboard assay with brassinin was not conducted in D407N 
strain due to the less pronounced potentiation effects observed in the 
acrB WT strain, compared to camalexin. We compared checkerboard 
results of camalexin in combination with oxacillin, cloxacillin, and 
linezolid in acrB WT and in D407N strains, as camalexin remarkably 
potentiated these antibiotics in acrB WT. In E. coli harboring acrB 
D407N, camalexin did not show a notable potentiation effect (maximum 
2-fold MIC reduction) with the three drugs (Fig. S9). These results are in 
support of the AcrB-related activity of camalexin.

To test whether camalexin binds to the DBP, E. coli BW25113 ΔacrB 
harboring plasmids with single-substitution acrB variants were used. If 
the substituted residues are involved in the binding of camalexin, 
replacing these residues with Ala may result in a loss of camalexin’s 
inhibiting properties, and the resistance phenotype for cells harboring 
that substitution variant would not differ from the phenotype in the 
absence of camalexin, like observed in the previous study with 
BDM88855 [27]. In contrast, substitution variants may exhibit a hy
persusceptibility (drug-sensitive) phenotype towards AcrB substrates 
(not inhibitors) because the impaired transport residues result in 
increased drug accumulation inside the cells. The selected residues for 
substitution were previously shown to be involved in the interaction of 
several drug compounds [67]. For this analysis, we used plate dilution 
assays (PDAs), which reflect the growth rate of cells during the growth 
on selective LB-agar plates. First, we tested the susceptibility of cells 
harboring AcrB variants D407N, Y327A, V612A, F628A, F136 A, and 
F610A. In the presence of oxacillin, linezolid, erythromycin, and 
ethidium, the growth phenotype of the cells harboring AcrB variants 
displayed drug-sensitive phenotypes compared to cells with acrB WT, as 
expected from previous studies with these variants and AcrB substrates 
[63] (Fig. 6 A and Fig. S10-11). The variant-bearing cells displayed the 
most sensitivity toward oxacillin, except for V612A, whereas the sub
stitutions least affected the resistance toward linezolid and ethidium, 
with the exception of Y327A and F610A, respectively. The susceptibility 
of cells harboring AcrB variants was not affected when treated with 
camalexin alone (at 45 µg/mL) in comparison with the WT, but these 
cells displayed a general growth-inhibited phenotype in the presence of 
both the drug and camalexin, similar to cells harboring AcrB wildtype 
(Fig. 6 B and Fig. S10-12). Thus, camalexin remained effective as an 
inhibitor for all tested variants. These results either suggest that cama
lexin binding in the DBP is not affected by any of the substitutions, or it 
exerts inhibition by binding somewhere else in the pump.

Based on the results from the checkerboard and the PDA assays, there 
is a discrepancy in the potentiation effects observed in the presence of 
camalexin and erythromycin (Fig. 5 C and Fig. 6 B). Differences in assay 
conditions (e.g. broth vs agar, different volumes, size of inocula, etc.) 
and the intrinsic higher sensitivity of the PDA assay compared to 
checkerboard assay (due to the series of dilutions of bacteria used in the 
PDA assay, that allow capturing effects on the growth rate), may 
contribute to the differences observed.

In summary, camalexin showed potentiation effects with all tested 

Fig. 3. Relative Eth accumulation in E. coli EKO-35 and E. coli EKO-35 acrB WT 
in the presence of camalexin or brassinin.The concentration of 75 µg/mL in the 
Eth accumulation assay was chosen due to the remarkable Eth accumulation 
observed. The data shown are the average of fold change in Eth accumulation 
from three biological replicates with standard error of the mean (SEM). The Eth 
accumulation was quantified by calculating the fold change as previously 
described [46]. Ns indicates a non-significant difference, and asterisks indicate 
a statistically significant difference in the fold-change in Eth accumulation 
between two different conditions (p < 0.0001). All the biological replicates are 
shown in Fig. S6.
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antibiotics in acrB WT, but not in the inactive D407N strain, which 
supports its activity against AcrB. The PDA results with cells harboring 
the Ala-substituted Y327, V612, F628, F136, F610 DBP-variants, indi
cated that camalexin might bind or interact at a different location in the 
pump, as the presence of camalexin uniformly decreased growth in all 
variant strains and wildtype strain tested.

3.4. CH3 is the putative entrance channel for camalexin

Based on the in vitro results, camalexin showed a more promising 
activity as AcrB EPI compared to brassinin. However, the substitution 
analysis with PDA did not yield any indication of camalexin binding to 

specific residues in the tested DBP-variants (Fig. 6). Therefore, we 
adopted a computational approach via molecular docking simulations to 
gain further insights into camalexin’s putative binding and to under
stand why camalexin demonstrated a better AcrB EPI activity compared 
to brassinin. Interestingly, blind docking experiments revealed that the 
entrance of CH3 appears to play a role in the recognition of both 
camalexin and brassinin, and most binding poses of both compounds 
(nearly 75 % of all poses) are located in the DBP of monomer T (Fig. 7 A 
and 7 B, Fig. S14), although in our blind docking procedure, the entire 
porter domain was considered, i.e., the monomers in the three config
urations assumed during the functional rotation. Entrance via CH3 re
gion appears more favorable for camalexin than brassinin (Fig. 7 C), 

Fig. 4. (A) Propidium iodide uptake (%) in E. coli BW25113 variants after treatment with camalexin or brassinin (at 75 µg/mL). The propidium uptake was measured 
via fluorescence at 620 nm after 2 h. The propidium fluorescence emanating from untreated cells was set 0 % (negative control) and the maximum propidium uptake 
into heat-treated cells was set 100 % (positive control). (B) Light and fluorescence microscopic images of E. coli acrB WT after treatment with camalexin or brassinin 
in the presence of propidium iodide at t = 60 and 120 min. Dead or membrane-perturbed cells stained with propidium appear red. The negative control shows cells in 
the presence of phytochemicals at 0 min, and the positive control shown is from heat-treated cells (95 ◦C, 10 min) without phytochemical treatment. The PI was 
added 15 min prior to the measurement. RFP = red fluorescent protein.
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according to both average binding affinity (-6.9 vs. − 6.5 kcal/mol, 
respectively) and occurrence of binding modes (7 vs. 3 %, respectively). 
The occurrence of binding modes was determined as the ratio between 
the number of poses near the CH3 entrance and the total number of 
binding modes generated. The remaining binding poses have a low af
finity and are spread on the surface of the transporter or in regions not 
relevant for the efflux activity.

The highest binding affinity of camalexin was observed with residues 
of the so-called Hydrophobic Trap (HT) of the DBP. This region is a 
crucial recognition site for other AcrB inhibitors [26,68] and was also 
shown to interact with several AcrB substrates [69–72]. The values of 
the scoring functions indicated a higher affinity of camalexin than 
brassinin: the three top poses of camalexin featured − 8.3, − 8.3, 
− 8.2 kcal/mol (Fig. S15A) to be compared with the corresponding 
values for the three top poses of brassinin, − 7.7, − 7.4, − 7.3 kcal/mol 
(Fig. S15B). Thus, camalexin seems to bind more tightly to DBP than 
brassinin. Visual inspection of the top poses allows us to garner more 
detailed information on the stability of the configurations and on 
possible residues key in the interaction network. First, all top poses of 
camalexin appear more localized and similar than those of brassinin. 
Camalexin always features the “thiazole” ring deep inside the bottom of 
the binding pocket, supporting the hypothesis of a stable configuration 
(Fig. 7 B and Fig. S15A). Camalexin has a smaller set of contacted res
idues but with a higher frequency than brassinin. Residues most 
frequently in contact with camalexin are V139, P326, Y327, F610, F628 
(Table S3). On the other hand, brassinin appears to adopt different 
configurations, switching its orientation from up to down and giving rise 

to a larger number of interacting residues (Fig. S15B). Essentially, all 
residues of the DBP are involved in the binding of brassinin, several of 
them with low frequency of occurrence (Table S3). Overall, the blind 
docking results suggest that camalexin has a higher affinity towards CH3 
entrance and more stable interactions with AcrB than brassinin, aligning 
with the Eth accumulation and checkerboard results, where camalexin 
shows better and more specific AcrB EPI activity than brassinin.

4. Discussion

The AcrAB-TolC efflux pump is the key player in intrinsic multidrug 
resistance in gram-negative bacterium E. coli. The AcrB component of 
the pump plays a central role in the recognition, binding, and transport 
of multiple drugs [70]. In this study, we evaluated camalexin and 
brassinin as natural efflux pump inhibitors against AcrB. Eth accumu
lation results indicated that camalexin showed a more specific efflux 
pump inhibition activity against AcrB than brassinin, including in the 
EKO-35 acrB WT strain, which gives a strong indication of AcrB inhi
bition. The checkerboard results further demonstrated that camalexin 
potentiates all tested AcrB substrates, while brassinin did not show any 
notable potentiation effect (Fig. 5). The potentiation effects of camalexin 
were not apparent in the absence of AcrB, which again indicates that 
AcrB is a target of camalexin. Overall, camalexin appeared to be more 
potent at inhibiting AcrB than brassinin.

Fig. 5. Representative of checkerboard results of camalexin in combination with (A) oxacillin and (B) ethidium in acrB WT strain. The numbers represent the ΔOD600 
before and after 20 h growth. CH1/4 (oxacillin) and CH3 (ethidium) substrates were indicated in blue and red color, respectively. The color code indicates no growth 
(white) up to strong growth (dark color). (C) Maximum fold reduction was observed in checkerboard assays of antibiotics/biocides in combination with camalexin or 
brassinin (75 µg/mL). The grayscale gradient indicates an increased potentiation effect from white to black. All checkerboard results with CH1-CH4 substrates are 
shown in Fig. S8.
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4.1. Predicted entry and AcrB binding mechanism of camalexin

The prediction of AcrB entry and binding mechanisms was postu
lated based on antibiotic potentiation, PDA, and docking results. It has 
been reported that planar aromatic cations such as Eth, prefer to enter 
via CH3 [57]. Based on the high potentiation of camalexin and Eth (up to 
64-fold MIC reduction), it is possible that camalexin also prefers to reach 
the DBP by entering AcrB via CH3. Blind docking results aligned with 
this hypothesis, where CH3 was shown to play a role in the recognition 
of camalexin (and brassinin to a lesser extent). We speculate competitive 
entry via CH3 of camalexin and Eth leads to the observed high poten
tiation effects. Entry via other channels cannot be excluded, given the 
observed potentiation with all tested AcrB substrates.

Camalexin alone did not inhibit the growth of AcrB WT and AcrB 
variants Y327A, V612A, F628A, F136A, and F610A, highlighting its 
non-antibiotic activity. Whereas in combination with drugs that are 
AcrB substrates, camalexin induced bacterial hypersusceptibility 
regardless of the drug types and the AcrB DBP variants tested (Fig. 6 B). 
Therefore, we propose that camalexin binding is not affected by the AcrB 
substitutions tested or that camalexin binds to another AcrB location.

The blind docking study was also employed to shed light on the 
possible interactions and binding mechanism of camalexin within AcrB 
(Fig. 7). Docking results demonstrated a higher binding affinity and 
more stable conformations of camalexin, than brassinin, inside AcrB, 
consistent with the observations from the in vitro results. In particular, 
docking results highlighted the DBP and the HT as preferred binding 
sites for camalexin. The additional aromatic thiazole group in camalexin 
increases the chance of π-π stacking interaction with phenylalanine 
residues (e.g. F610 and F628) as well as other hydrophobic interactions 

within the DBP (mainly with residues V139, P326, V571, and L668). 
Future research needs to evaluate in-vitro the activity of camalexin in 
other AcrB variants not tested in this study, such as those highlighted by 
the in-silico experiment inside the HT (V139, P326, and V571) or other 
residues in DBP area. Additionally, to accurately evaluate the impact of 
specific functional groups of the compounds on the interaction networks 
with the protein, further accurate molecular dynamics simulations in 
explicit water are essential. These studies will be the focus of a future 
investigation.

By aligning the in vitro results (the across-the-board drug potentia
tion and AcrB variant hypersusceptibility) and in silico results (preferred 
CH3 entry and stable binding in DBP), we hypothesize that camalexin 
might have steric hindrance properties. Thus, when entering CH3 and/ 
or binding in another AcrB location, camalexin might hinder the 
conformational change necessary for all drug efflux via the functional 
rotation mechanism [14,16]. Therefore in the presence of camalexin, all 
antibiotics are potentiated. The actual binding position of camalexin is 
however elusive and in need of co-structural analysis.

4.2. Camalexin shows a promising profile as an EPI lead against AcrB

When comparing camalexin to other indole phytochemicals reser
pine and α–yohimbin as AcrAB-TolC EPIs, both reserpine and 
α–yohimbin have not been evaluated against the selection of acrB var
iants used in our study [33]. In comparison to reserpine, camalexin 
demonstrated a better potentiation activity by giving up to 4- to 8-fold 
reduction of MIC tetracycline (TET), while reserpine showed only 
maximum 2-fold reduction [33]. Interestingly, α–yohimbin exhibited 
better potentiation than camalexin by giving 4-fold reduction of TET 

Fig. 6. Plate dilution assay results in the presence of oxacillin, linezolid, erythromycin, and Eth in acrB variants either in the absence or presence of camalexin. 
Shown are LB-agar plates where cells (4 μL) were spotted in ten-fold dilution steps from OD600 = 1–10− 5. Plates were subsequently incubated for 20 h at 37 ◦C and 
photographed. The optimum concentration for PDA was chosen based on the expected phenotypes of AcrB substrates as observed in acrB WT and D407N, where the 
bacteria grow from 10− 1-10− 5 in E. coli acrB WT, but only minimum growth 0–10− 2 in E. coli D407N, as observed in first two lines in panel A. The expression levels of 
acrB WT and acrB variants were checked (Fig. S13). The images shown here are representative of four biological replicates. All biological replicates are shown in 
Fig. S11-12.
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MIC at concentration of 6.25 µg/mL (31 µM), while camalexin showed 
the same fold reduction at concentrations of 37.5 µg/mL - 75 µg/mL 
(187.5 µM - 375 µM). Despite the fact that α–yohimbin potentiated TET 
better than camalexin, the specificity of α–yohimbin in acrB inactive 
strain D407N was not yet evaluated [33]. Moreover, α–yohimbin is more 
antimicrobial than camalexin. The reported MIC for α–yohimbin against 
E. coli WT ranged from 125 to 250 µg/mL (352.7 µM – 705.4 µM), 
whereas the MIC of camalexin was higher than 300 µg/mL (>1.5 mM). 
Our study proved that camalexin (starting from 37.5 µg/mL, 187 µM) 
potentiated antibiotics, not only in acrB WT, but also in acrB variants 
with single substitutions in the DBP. Additionally, no antibiotic poten
tiation was observed in acrB inactive strain D407N and significant Eth 
accumulation was seen in a specific strain EKO-35 acrB wildtype, which 
further supports that camalexin mainly targets AcrB. Based on previous 
work, camalexin has low cytotoxic effects, with a 48h-IC50 value of 
250 µM in normal cells CCD-18Co (fibroblasts from healthy human 
colon) [43]. These findings underpin the promising profile of camalexin 
as an indole EPI lead against AcrB.

5. Conclusion

Our findings suggest that camalexin fulfilled the criteria as an EPI 
lead against AcrB based on efflux inhibition activity including in AcrB- 
specific strain EKO-35 acrB wildtype, strong potentiation effect with 
different classes of drugs (checkerboard assay) in acrB WT, no notable 
potentiation effect in D407N, increased susceptibility when used in 
combination with multiple substrates in acrB variants (PDA assay), no 
increased susceptibility when used alone (PDA assay), and a predicted 
stable binding mode observed within the AcrB DBP. Moreover, 

camalexin fulfills the FBDD ’rule of three’ for promising fragment drug 
leads. In the future, testing a larger set of camalexin analogs as part of an 
FBDD approach will give further insights into the structure-activity 
relationship (SARs) of camalexin, and conducting co-crystallization 
and molecular dynamics simulations will yield insights into their bind
ing location in AcrB and the exact mechanism of action. To conclude, 
camalexin provides a promising scaffold for further development to
wards a potent drug-like AcrB EPI to tackle antimicrobial resistance in 
gram-negative bacteria E. coli.
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versità, ai centri di ricerca, alle aziende per il finanziamento di progetti 
di ricerca di base), title HEAL ITALIA, project number PE00000019, 
CUP: F53C22000750006, National Recovery and Resilience Plan 
(NRRP), Mission 4 Component 2 Investment 1.5 - Call for tender No. 
3277 published on December 30, 2021 by the Italian Ministry of Uni
versity and Research (MUR) funded by the European Union – NextGe
nerationEU. Project Code ECS0000038 – Project Title eINS Ecosystem of 
Innovation for Next Generation Sardinia – CUP J85B17000360007 - 
Concession Decree No. 1056 adopted on June 23, 2022 by the Italian 
Ministry of University and Research (MUR).

CRediT authorship contribution statement

Klaas Martinus Pos: Writing – review & editing, Supervision, Re
sources, Conceptualization. Carla Araya-Cloutier: Writing – review & 
editing, Supervision, Resources, Funding acquisition, Conceptualiza
tion. Marina Ika Irianti: Writing – original draft, Visualization, Vali
dation, Investigation, Formal analysis, Data curation, 
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Fig. 7. (A) Representative binding poses observed with camalexin in AcrB. The 
centers of mass of all docking poses are colored according to the binding affinity 
(blue-white-red scale, the highest binding affinity was indicated in red). High 
binding affinity was observed in DBP, while low binding affinity was observed 
in CH3 and other parts of AcrB. (B) The representative from three top binding 
poses of camalexin within the DBP of the tight monomer of AcrB. Protein res
idues within 3.5 Å from the ligand are shown in sticks colored by residue type 
(V612 in purple, F136, F610, F628, V571, L668 in gray, and Y327 in green). 
The ligand is reported in sticks colored by atom type (C cyan, S yellow, N blue, 
H bonded to heteroatoms white). (C) The binding pose of camalexin in the CH3 
entrance. Residues lining the entrance site of CH3 are reported as surface 
colored according to their physical nature: green for polar (hydrophilic), white 
for non-polar (hydrophobic), and the phenylalanine-rich area is highlighted in 
red. The protein is colored in transparent gray ribbons. The switch loop is 
shown as an orange tube.
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