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Modulating mycobacterial envelope integrity for
antibiotic synergy with benzothiazoles
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Developing effective tuberculosis drugs is hindered by myco-
bacteria’s intrinsic antibiotic resistance because of their im-
permeable cell envelope. Using benzothiazole compounds, we
aimed to increase mycobacterial cell envelope permeability and
weaken the defenses of Mycobacterium marinum, serving as a
model for Mycobacterium tuberculosis. Initial hit, BT-08, signifi-
cantly boosted ethidium bromide uptake, indicating enhanced
membrane permeability. It also demonstrated efficacy in the
M. marinum-zebrafish embryo infection model and M. tubercu-
losis-infected macrophages. Notably, BT-08 synergized with
established antibiotics, including vancomycin and rifampicin.
Subsequent medicinal chemistry optimization led to BT-37, a
non-toxic and more potent derivative, also enhancing ethidium
bromide uptake and maintaining synergy with rifampicin in
infected zebrafish embryos. Mutants of M. marinum resistant to
BT-37 revealed that MMAR_0407 (Rv0164) is the molecular target
and that this target plays a role in the observed synergy and
permeability. This study introduces novel compounds targeting
a new mycobacterial vulnerability and highlights their coop-
erative and synergistic interactions with existing antibiotics.
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Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis, remains
the deadliest bacterial infectious disease in the world (World
Health Organization, 2022a). The current treatment for active
drug-sensitive TB consists of six months with at least four-drug
cocktail therapy (World Health Organization, 2022a). The rise of
multi-drug-resistant TB strains requires the use of second-line
agents, which may ultimately result in the emergence of extensively
drug-resistant TB (World Health Organization, 2020). Lately, several
new therapeutic strategies have been investigated, and im-
proved treatment regimens have been reported (World Health
Organization, 2022b). Nevertheless, there is a high demand for

new drugs and treatment regimens to combat this life-
threatening pathogen.

One of the challenges in developing new effective anti-
mycobacterial agents is their delivery across the highly imper-
meable cell envelope to allow access to intracellular targets.
Although mycobacteria are genetically classified as Gram-positive
bacteria, their cell envelope has a unique structure thatincludes an
outer membrane known as mycomembrane (Hoffmann et al, 2008;
Marchand et al, 2012; Dulberger et al, 2020). This mycomembrane
comprises several unique lipids, including the long-chain fatty
acids known as mycolic acids (Hoffmann et al, 2008). Mycolic acids
and some of the other lipids render the mycomembrane highly
impermeable (Jackson, 2014). This barrier protects mycobacteria
from the hostile environment during infection and prevents anti-
biotics from reaching their intracellular target (Benedetto Tiz et al,
2018). Therefore, the permeabilization of the mycobacterial cell
envelope displays an intriguing strategy to facilitate antibiotic
uptake and potentially improve their activity.

The low permeability of the cell envelope makes the commonly
used target-to-drug approach largely unsuccessful for mycobac-
teria. Even though small molecules designed to combat myco-
bacteria can show high potency on purified enzymes, they are often
unsuccessful in whole-cell assays (Abrahams & Besra, 2020) be-
cause of insufficient compound uptake (Lechartier et al, 2014
Benedetto Tiz et al, 2018). Therefore, a drug-to-target approach has
proven to be more successful, where phenotypic drug screens first
reveal active compounds, and the identification of a drug target is
addressed later (Grzelak et al, 2019; Abrahams & Besra, 2020).
Because of the increase in antibiotic-resistant strains, it is crucial
that novel compounds act on previously unexplored targets.
However, even an unbiased drug-to-target approach is no guar-
antee of identifying compounds with new mechanisms of action
since recent drug screens identified compounds with different
chemical scaffolds acting on the same targets, such as DprE1 and
MmpL3 (Degiacomi et al, 2020).

The treatment regimen for tuberculosis should preferably
consist of several therapeutics targeting different essential path-
ways (Dartois & Rubin, 2022). This approach makes it challenging for
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the pathogen to become resistant. An additional consideration is
that drugs combined in the treatment regimen should have fa-
vorable drug-to-drug interactions (Dartois & Rubin, 2022). Ideally,
the drugs should have a synergistic effect, where the combined
effect of drugs is greater than the sum of each drug's effect alone
(Greco et al, 1996). As such, a lower dosage of every single drug
needs to be administrated, thus decreasing the chances of drug-
associated toxicity and side effects (Greco et al, 1996; Foucquier &
Guedj, 2015). For concentration-dependent antibiotics, the activity
of synergistic compounds could also result in shorter therapy, a
holy grail in modern TB drug development. Therefore, identifying
novel anti-microbial small molecules that can synergize with the
currently used drugs is an important approach that is often
overlooked.

Benzothiazoles are compounds containing a benzene ring fused
with a thiazole ring (Yadav et al, 2011). They exhibit diverse bio-
logical activities, encompassing anti-microbial, anti-tumor, and
anti-inflammatory effects (Sharma et al, 2013). Besides their activity,
they have excellent pharmacological potential, which is highly
desirable during the drug optimization process (Sharma et al, 2013).
Our study aimed to explore whether the mycobacterial outer
membrane could be permeabilized with new benzothiazole-core
compounds and render the bacteria more susceptible to antibi-
otics. We screened a targeted in-house benzothiazole-scaffold
compound library using an ethidium bromide uptake assay in
Mycobacterium marinum, a model organism for M. tuberculosis.
Compound BT-08 synergized with antibiotics and showed activity in
the M. marinum-zebrafish and M. tuberculosis-macrophage in-
fection models. We optimized the compound and identified a new
essential drug target: protein MMAR_0407 (Rv0164).

Results
Cell wall permeability screening identifies benzothiazole BT-08

It has recently been identified that BTP15 and ethoxzolamide (Fig
1A) could reduce mycobacterial virulence by affecting the ESX-1
secretion system (Rybniker et al, 2014 Johnson et al, 2015).
Exploiting their structural similarities, we synthesized a set of
benzothiazole derivatives (Table S1) to explore the possibility of
developing active compounds based on this scaffold. These
compounds could improve the permeability of the mycobacterial
cell envelope, ultimately enhancing the effectiveness of traditional
antibiotics. The model organism M. marinum was used for an
ethidium bromide (EtBr) uptake assay, assessing membrane per-
meability. EtBr enters the cell and binds to bacterial DNA, resulting
in higher fluorescence, indicating increased cell wall permeability
(Rodrigues et al, 2008). As a control strain, we employed M. marinum
overproducing MspA (+mspA), a porin known to increase outer
membrane permeability (Niederweis et al, 1999; Stahl et al, 2001). M.
marinum expressing mspA showed, as expected, higher uptake of
EtBr compared with the WT strain (Fig 1A). Likewise, some of the WT
M. marinum cultures incubated with the test compounds showed
higher EtBr uptake compared with the non-treated WT strain (Fig 1A,
Table S1). Compound BT-08 was the most prominent, showing a
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more than 26-fold increase in the fluorescent signal compared
with the non-treated strain (Fig 1A). Note that none of the tested
compounds inhibited the growth of M. marinum at the tested
concentration of 10 uM, as determined by optical density (ODggo)
measurements in 7H9 medium supplemented with ADS (albumin-
dextrose-saline) and tyloxapol. To confirm these results, we re-
peated the EtBr uptake assay using various concentrations of BT-08
(Fig 1B). The increase in EtBr uptake was concentration-dependent,
and even the lowest tested concentration of compound BT-08
(13 puM) showed a higher signal as compared to the non-treated
WT strain, whereas the maximal activity of BT-08 was seen at
10 pM.

BT-08 increases mycobacterial cell envelope permeability in a
dose-dependent manner

To study the effects of compound BT-08 in more detail, we adapted
the previously described resazurin-based microtiter plate assay
(REMA) to investigate the transport of the dye resazurin across the
mycobacterial cell wall (Palomino et al, 2002). M. marinum was
cultured in the presence of several concentrations of BT-08 and
afterward transferred into a 96-well plate before the resazurin dye
was added. The dye resazurin isimported into the cells and reduced
during aerobic respiration into a fluorescent product resorufin
(Palomino et al, 2002). Generally, the fluorescent signal of resorufin
can be detected after 6-12 h of incubation with slow-growing
mycobacteria. However, when M. marinum was grown in the
presence of BT-08, we already detected the resorufin signal after
1 h of incubation. This effect followed a dose-response and was
stronger with increasing concentrations of BT-08 over time (Fig 1C).
Next, we evaluated our set of 21 benzothiazole-based compounds
in the same assay, which demonstrated that compound BT-08
shows the strongest phenotype (Fig S1), which is in line with the
data of the EtBr assay (Fig 1). In addition, compound BT-05 showed
a higher signal compared with the positive control strain (+mspA).
Our results indicate that both EtBr and resazurin are able to access
the mycobacterial cell much more efficiently when these cells are
cultured in the presence of compound BT-08.

BT-08 exhibits anti-mycobacterial activity ex vivo and in vivo

To investigate the effect of the benzothiazoles on mycobacteria
during infection, we used the previously described M. marinum-
zebrafish embryo infection model (Habjan et al, 2021). Zebrafish
embryos were infected via yolk injection with M. marinum,
expressing a red fluorescent protein (tdTomato). 1 d post-infection,
the infected embryos were incubated with 10 uM of the test
compound for 3 d. The efficacy of the treatment was evaluated by
measuring the red fluorescent signal, which corresponds to the
mycobacterial burden within the infected zebrafish embryos (Stoop
et al, 2011). When we tested our initial set, only compound BT-08
showed a statistically significant (P < 0.0001) reduction in myco-
bacterial load in the zebrafish, as compared to the DMSO-treated
control group of embryos (Table S1). In a follow-up experiment,
compound BT-08 showed a dose-dependent efficacy in the M.
marinum-zebrafish infection model, significantly reducing the
bacterial burden starting at 3 uM (P < 0.0001) (Fig 1D). It is of
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Figure 1. Screening for membrane permeabilizing agents identifies BT-08 as a hit compound with in vivo and ex vivo anti-mycobacterial activity.

(A) Chemical structure of BTP15 and ethoxzolamide served as a starting point to generate a benzothiazole compound library, from which BT-08 was the most promising
hit. WT M. marinum cultures were grown (7H9 medium with albumin-dextrose-saline [ADS] and tyloxapol) in the presence of test compounds (10 uM) before the EtBr
uptake assay was performed. AWT M. marinum strain expressing the porin mspA served as a positive control (+mspA). After the addition of EtBr, the fluorescence intensity
(arbitrary fluorescence units) was measured for 3 h. Data are presented as the mean of triplicates + range. (B) Dose-dependent activity of BT-08 on M. marinum during
the ethidium bromide uptake assay (7H9 medium with ADS and tyloxapol). Data are presented as the mean of triplicates * range. (C) Dose-dependent activity of BT-08 on
M. marinum during the resazurin uptake assay (7H9 medium with ADS and tyloxapol). Data are presented as the mean of triplicates + range. (D) Dose-dependent activity of
BT-08 in the zebrafish embryo infection model. Embryos were yolk-infected with M. marinum expressing tdTomato, and treatment was performed by immersion. Each
data point represents the integrated red fluorescence intensity of a single zebrafish embryo, and the signal of each group is expressed as the mean + SD of the mean.
Statistical significance was determined by one-way ANOVA, following Dunnett’'s multiple comparison test by comparing the signal from the DMSO-treated control sample
with each treatment group (****P < 0.0001). CTL represents the non-infected group. (E) Effect of BT-08 on bacterial growth of M. marinum MY>* and M. tuberculosis H37Rv
was assessed using the resazurin reduction microtiter plate assay. DMSO-treated sample represents 100% bacterial growth. Data are presented as the mean of duplicates
+ range. (F) Intracellular activity of BT-08 in THP-1 macrophages infected with M. tuberculosis expressing gfp. The expression of gfp was induced by the addition of ATc. To
detect macrophages (gray bars), the nuclei were stained with Hoechst dye. The GFP signal within each macrophage was quantified, representing the amount of viable
bacteria (green bars). DMSO- and rifampicin (10 uM)-treated samples served as a negative and positive control, respectively. Data are presented as the mean of duplicates

+ range.

particular interest that only compound BT-08 demonstrated activity
in EtBr and resazurin uptake assays, as well as efficacy in zebrafish
infection studies. This suggests a potential correlation between
increased membrane permeability and observed activity in the
zebrafish model. Although not extensively diverse, our library (BT-
01-BT-22) was comprised of closely related analogs to compound
BT-08. However, other than BT-08, none showed significant activity
during in vitro and in vivo assays (Figs 1A and S1, Table S1). This
observation underscores high specificity and selectivity required
forthe compound'’s activity. Because BT-08 was the only compound
displaying in vivo efficacy and caused the strongest phenotype
during the EtBr and resazurin uptake assays, we decided to further
focus on BT-08.

As mentioned previously, BT-08 had no effect on the bacterial
growth of M. marinum in culture (Fig 1E), which stands in contrast
with the in vivo results. We hypothesized that the effect of the
compound on the bacterial cell wall is only critical in vivo, where
the innate immune system of the zebrafish is an additional anti-
bacterial factor. Next, we investigated whether this discrepancy
between in vitro and in vivo activity translates to clinically relevant
mycobacterial species M. tuberculosis. Likewise, the compound BT-
08 did not inhibit the M. tuberculosis H37Rv growth in culture (Fig
1E), whereas we could demonstrate a dose-dependent reduction in

Novel compounds enhancing mycobacterial vulnerability Habjan et al.

intracellular M. tuberculosis when we treated M. tuberculosis-in-
fected THP-1 macrophages. Treatment with 30 uM of BT-08 partially
protected THP-1 macrophages from bacterial-induced lysis (Fig 1F).

Compound BT-08 did not inhibit the in vitro growth of other
tested fast-growing mycobacteria and some G+ and G- species
(Table S2). Thus, the effect of compound BT-08 could only be
observed during host infection experiments, and it seems specific
to mycobacteria, although we cannot rule out the possibility that
other species are sensitive to BT-08 during infection. Because we
hypothesized that BT-08 acts as a membrane-perturbing agent, we
further explored the compound’s safety profile. BT-08 did not show
toxicity toward zebrafish embryos, murine-derived macrophage cell
line RAW 264.7, or human-derived monocyte THP-1 cell line during
cytotoxicity experiments and infection studies (Table S3). In ad-
dition, BT-08 was not hemolytic toward sheep red blood cells
(Table S4), hence demonstrating specificity toward slow-growing
mycobacterial cells.

BT-08 in vitro anti-microbial activity is detergent- and
media-dependent

Even though we observed the activity of BT-08 during infection

studies, we were puzzled by the fact that it showed no in vitro
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activity by itself. All in vitro experiments up to this point were
performed in 7H9 medium supplemented with ADS and the de-
tergent tyloxapol. Although this is a rich standard medium for slow-
growing mycobacteria, we wondered whether a defined minimal
medium with different detergents would affect the bacteria dif-
ferently because the medium-dependent activity of anti-microbial
compounds has been reported previously (Pethe et al, 2010;
Franzblau et al, 2012). First, we replaced the detergent tyloxapol
with Tween-80. Interestingly, compound BT-08 prevented bacterial
growth of M. marinum in the 7H9 medium supplemented with ADS
and Tween-80 (Fig S2). We next compared the standard 7H9 medium
supplemented with ADS and Tween-80 with Sauton’s minimal
medium supplemented with Tween-80 and Hartman's de Bond
(HdB) medium supplemented with Tween-80 (Fig S3). We observed
that BT-08 is most active against M. marinum in the HdB medium
with Tween-80 (Fig S3). Consequently, we continued the in vitro
experiments using the HdB medium and Tween-80.

BT-08 potentiates the activity of high molecular
weight antibiotics

Because compound BT-08 facilitates the uptake of EtBr and
resazurin dye into M. marinum cells, we investigated whether this
effect extends to antibiotics. To clarify this, we selected two high
molecular weight antibiotics, rifampicin (RIF) and vancomycin, as
alterations in the mycobacterial cell envelope can enhance the
susceptibility of mycobacteria to these two antibiotics (Healy et al,
2020). Moreover, the targets of RIF and vancomycin have distinct
locations in the cytoplasm or periplasm, respectively. Drug-to-drug
interactions in vitro are generally reported as the fractional in-
hibitory concentration (FIC) index (FICI). A FICI below 05 indicates
synergy, whereas the FICI value between 0.5 and 1 represents an
additive effect. First, we investigated the effect of BT-08 on the
activity of RIF or vancomycin using checkerboard assays and 7H9
medium supplemented with tyloxapol, because BT-08 increased
uptake of EtBr and resazurin in this medium. The addition of BT-08
resulted in a marked change in M. marinum sensitivity to the two
antibiotics; for both vancomycin (Fig S4A) and RIF (Fig S4B), the
MICoo was improved fourfold compared with the single-drug
treatment. The same assay was used for M. tuberculosis H37Rv,
where the shift for vancomycin was fourfold (Fig S4C), and for RIF,
twofold (Fig S4D) when BT-08 was added. Because compound BT-
08 alone does not inhibit the growth of M. marinum or M. tuber-
culosis in this media, the calculation of the FICI value was not
possible. Thus, we repeated experiments using the HdB medium
with Tween-80. BT-08 did not show sufficient activity in the HdB
medium with Tween-80 in M. tuberculosis; therefore, we could not
determine the FIC index. However, for M. marinum, the calculated
FICindex for BT-08 and vancomycin was 0.38, and for BT-08 and RIF,
0.5, indicative of synergistic interactions for both tested drug
combinations (Table S5). Thus, the data suggest that compound BT-
08 also facilitates the uptake of RIF and vancomycin inside the cell,
increasing their activity.

Next, we investigated whether we could confirm a similar syn-
ergistic effect in vivo using M. marinum-infected zebrafish embryos.
Indeed, the combination of RIF and BT-08 was over 100-fold more
active than the single agent at the same concentration (Fig 2A and

Novel compounds enhancing mycobacterial vulnerability Habjan et al.

B). This remarkable in vivo synergy was confirmed using various
concentrations of both agents (Fig 2A). Inspired by these findings,
we then tested several antibiotics, varying in their molecular
weight, mechanism of action, and activity against mycobacteria (Fig
2C, Table S5). Interestingly, several combinations tested in M.
marinum in vitro were shown to be effective, with a FICI value
indicating synergistic or additive interactions (Fig 2C, Table S5).
Compounds with molecular weights above 800g/mol, such as RIF,
vancomycin, and polymyxin B, showed synergistic interactions,
whereas compounds with a molecular weight below or close to
800g/mol showed additive effects (Fig 2C, Table S5). Notably, the
compounds with the lowest molecular weight from our test set
showed no interaction with BT-08. The correlation between the
synergistic effect and a higher molecular weight of tested antibi-
otics was significant (*P = 0.0315) (Fig 2D) and suggests improved
delivery of antibiotics inside the cells, which is typically a bottle-
neck for bulky compounds.

BT-08 optimization resulted in benzothiazole BT-37 with
improved activity against M. tuberculosis

To optimize the compound BT-08 further, we explored the chemical
space of the benzothiazoles (Table S6). All synthesized derivatives
were screened for their activity against M. marinum in the M.
marinum-infected zebrafish model. In earlier experiments, we
observed that with REMA in the HdB medium with Tween-80, we can
observe and evaluate growth inhibition of compound BT-08 (Fig
S3). Thus, we evaluated compounds from the benzothiazole library
for their in vitro activity using the HdB medium with Tween-80 by
REMA (Table S6).

We mainly investigated two parts of the BT-08 benzothiazole-
core molecule—the six-position of the benzothiazole cycle and the
substitution in the side benzyl group, named “A” and “B,” respec-
tively (Fig 3A). The introduction of hydroxy- (BT-25), as well as
methyl (BT-27), substituents at the six-position led to the toxicity of
compounds in the zebrafish infection model. Only compounds with
linear alkyl chains, BT-30 and BT-31, were active in the zebrafish
model and demonstrated acceptable MICy, values against M.
marinum, whereas other compounds with different functional
substituents were inactive. For the next SAR evaluation, we decided
to keep the 6-ethoxy group. We observed that adding an alkyl chain
to the two-position of the phenyl ring (BT-38 and BT-39) resulted in
a complete loss of potency in both assays. On the contrary, BT-40
with a prop-2-yn-1-yloxy substituent showed activity in the
zebrafish model. We also found that introducing a fluorine atom at
the two-position (BT-42) resulted in activity in both assays. How-
ever, when introducing a chlorine atom (BT-41), we noticed a loss of
activity in the zebrafish model. Of the synthesized derivatives, only
BT-37 with a 2-methoxy group demonstrated good activity in both
models. The addition of two methoxy groups (BT-46 and BT-47), as
well as a methoxy group and fluorine atom (BT-48 and BT-49),
resulted in the acceptable activity, with BT-46 and BT-48 being the
most interesting. However, introducing three methoxy groups led to
a complete activity loss in both models, surprisingly, except for BT-
52.

Overall, several derivatives showed significantly improved
invitro and in vivo activity in M. marinum as compared to the parent
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Figure 2. Compound BT-08 and high molecular weight antibiotics act synergistically in vivo and in vitro.

(A) Activity of rifampicin (RIF) and BT-08 and their combinations in the zebrafish embryo infection model. Zebrafish embryos were yolk-infected with M. marinum
expressing tdTomato, and treatment was performed by immersion. Each data point represents the integrated red fluorescence intensity of a single zebrafish embryo, and
the signal of each group is expressed as the mean + SD of the mean. CTL represents the non-infected group. The fold difference between the means of different treatment
groups is depicted. Statistical significance was determined by one-way ANOVA, following Tukey’'s multiple comparison test by comparing each treatment group with the
rest (****P < 0.0001). CTL represents the non-infected group. (B) Representative images of M. marinum yolk-infected zebrafish embryos treated with DMSO, BT-08 at 3 uM,
RIF at 3 uM, or their combination (BT-08 at 3 uM and RIF at 3 uM) at 4 d post-fertilization. The red color corresponds to a signal from M. marinum expressing tdTomato, and
the green color corresponds to the injection control dye fluorescein. The scale bar represents 500 um. (C) Drug combinations between BT-08 and selected antibiotics
reported as the fractional inhibitory concentration (FIC) and the FIC index (FICI) were investigated in M. marinum using a checkerboard assay using the HdB medium with
Tween-80. (D) FICI of BT-08 and selected antibiotics calculated using a checkerboard assay in M. marinum (HdB medium with Tween-80) is plotted against the molecular
weight (g/mol) of tested antibiotics. The correlation was evaluated using Spearman’s one-tailed correlation test, showing significance of P = 0.0315.

compound BT-08 (Table S6, Fig 3B). The three best compounds, BT-
37, BT-46, and BT-48, were further tested in the macrophage-M.
tuberculosis infection model (Fig 3C-E). Interestingly, all three
compounds showed dose-dependent intracellular activity by re-
ducing the amount of viable M. tuberculosis within macrophages
(Fig 3C-E). In addition, the compound BT-37 was the most suc-
cessfulin protecting macrophages from bacterial-induced lysis (Fig
3C). Thus, we decided to continue with compound BT-37. This
molecule showed no cytotoxicity toward RAW 264.7 macrophages,
THP-1monocytes, and zebrafish embryos (Table S3) and did not lyse
sheep red blood cells (Table S4). Compound BT-37 did not inhibit
the in vitro growth of selected fast-growing mycobacteria and some
G+ and G- species (Table S2). Moreover, using the EtBr assay, we
confirmed that the compound BT-37 increases membrane per-
meability in M. marinum, as in the case of BT-08 (Fig S5). In addition,
BT-37 increased EtBr uptake in M. tuberculosis mc®6206 strain,
suggesting a conserved phenotype between these two species (Fig
S6). We further confirmed that BT-37 synergizes with RIF in M.
marinum-infected zebrafish embryos (Fig S7); however, the effect
was less prominent compared with the BT-08 (Fig 2A).

Mutations in MMAR_0407 (Rv0164) cause resistance to BT-37
To identify the molecular target of BT-37, we raised spontane-

ously resistant mutants of M. marinum. Our approach was based
on culturing M. marinum in the presence of a sublethal

Novel compounds enhancing mycobacterial vulnerability Habjan et al.

concentration of BT-37 in the HdB medium and gradually in-
creasing the BT-37 concentration with every passaging step.
However, the M. marinum WT strain did not develop resistance,
even after prolonged incubation. Therefore, we employed a
strain missing the endonuclease nucs, previously shown to have
an increased mutation rate in Mycobacterium smegmatis by 100-
fold compared with WT (Castaneda-Garcia et al, 2017). We ob-
served the growth of single M. marinum AnucS isolates selected
during several passages with more than 30-fold higher MICq, as
compared to the parental AnucS strain (Fig 4A). Four isolates
were chosen for confirmation experiments in dose-response
assays. Although two isolates were completely resistant to the
tested compound concentrations (AnucS-R2 and AnucS-R3), the
isolate AnucS-R1 showed an intermediate phenotype. We also
identified one sensitive isolate (AnucS-R4) (Fig 4A) that had been
subjected to the same number of culturing steps and, therefore,
was used as a control for mutations not involved in resistance.
The genomes of the four isolates AnucS-R1-4, and the AnucS
parental strain were sequenced.

The BT-37-resistant strains showed several mutated genes
compared with the M. marinum AnucS reference strain (Table S7).
Among them, isolates AnucS-R2 and AnucS-R3, which displayed
high resistance to BT-37 (Fig 4A), carried mutations in mmar_2080
and mmar_4794. However, these mutations were absent in the
resistant isolate AnucS-R1, leading us to exclude them from further
investigation despite their potential impact on susceptibility.
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Figure 3. Structure-activity relationship studies revealed the most active derivative BT-37.

(A) Set of benzothiazole derivatives for structure—activity relationship studies. (B) Activity of benzothiazole derivatives at 1 uM in the zebrafish-M. marinum infection
model. Embryos were yolk-infected with M. marinum expressing tdTomato and treated with 1 uM of each derivative by immersion. Each data point represents the
integrated red fluorescence intensity of a single zebrafish embryo, and the signal of each group is expressed as the mean + SD of the mean. Statistical significance was
determined by one-way ANOVA, following Dunnett's multiple comparison test by comparing the signal from the DMSO-treated control sample with each treatment
group (****P < 0.0001; *P < 0.05). CTL represents the non-infected group. (C, D, E) Activity and chemical structures of BT-37, (D) BT-46, and (E) BT-48 in the macrophage
infection model. THP-1 macrophages were infected with M. tuberculosis expressing gfp, induced by adding ATc. Macrophages (gray bars) were detected by staining the
nuclei with Hoechst dye. The GFP signal within each macrophage was quantified, representing the amount of viable bacteria (green bars). DMSO- and RIF (10 pM)-
treated samples served as a negative and positive control, respectively. Data are presented as the mean of duplicates + range.

Instead, we focused on identifying mutations common to all three
resistantisolates. In all three resistant strains (AnucS-R1, AnucS-R2,
and AnucS-R3), we found mutations in genes mmar_1438,
mmar_1347, and mmar_0407 (Table S7). Notably, the mutations in
genes mmar_1438 and mmar_1347 were also present in the BT-
37-sensitive control strain AnucS-R4. Thus, we hypothesize that
mutations in mmar_1438 and mmar_1347 arose during the con-
tinuous bacterial passaging and are unrelated to the resistance to
compound BT-37, which leaves mmar_0407 as our prime candidate.

Interestingly, the resistant isolates that showed complete re-
sistance, that is, AnucS-R2 and AnucS-R3 (Fig &A), shared an
identical mutation in mmar_0407, resulting in an amino acid
change H73Y (Table S7), whereas the isolate AnucS-R1 (Fig 4A)
contains a different mutation at a nearby codon, resulting in G69S
(Table S7). This could explain the differences in the resistance
profile of these isolates (Fig 4A). The gene mmar_0407 encodes a
small hypothetical protein that is conserved across mycobacteria
and has an ortholog Rv0164 (TB 18.5) in M. tuberculosis (Marmiesse
et al, 2004). The proteins of M. marinum and M. tuberculosis share
85.43% sequence identity. Transposon mutagenesis studies indi-
cate that this gene is essential in both M. marinum and M. tu-
berculosis (Griffin et al, 2011; Dejesus et al, 2017), which would be in
line with a potential drug target.

Novel compounds enhancing mycobacterial vulnerability Habjan et al.

We next showed that the identified BT-37-resistant M. marinum
mutants are cross-resistant to other benzothiazole derivatives from
our library, such as compounds BT-08 and BT-46 (Fig S8A), which
exhibit low MIC against M. marinum WT (Fig S8B). The resistant
strain was also investigated in zebrafish embryo survival assays,
where zebrafish embryos are infected with a high bacterial load of
M. marinum and embryo survival is monitored over several days
upon treatment with the test compound (Fig 4B and C). Comparison
of the lethality of WT or resistant M. marinum strains using the
Kaplan-Meier survival test revealed no significant difference in the
embryo mortality rate. This observation suggests that the resistant
mutants do no exhibit changes in virulence in this model. Although
treatment with BT-37 significantly delayed the death of zebrafish
embryos infected with the M. marinum WT strain compared with the
non-treated group (Fig 4B), the compounds were ineffective against
infection with the resistant mutant (Fig 4C), thus suggesting that the
compound’s activity in vivo is anti-bacterial and not host-directed.
Moreover, the resistant strain no longer exhibited synergistic ac-
tivity between BT-37 and RIF or vancomycin when tested using
in vitro checkerboard assays (Fig S9A-D), indicating that the syn-
ergistic effect is linked to the gene mmar_0407 (rv0164). In the EtBr
uptake assay, both the resistant strain treated with compound BT-
37 and the untreated resistant strain exhibited a comparable
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Figure 4. Mutations and expression level of MMAR_0407 (Rv0164) modulate susceptibility to BT-37.

(A) Spontaneous BT-37-resistant mutants of hyper-mutating M. marinum AnucS strain were tested for their susceptibility toward BT-37 using the resazurin microtiter
plate assay in the HdB medium with Tween-80. Data are presented as the mean of duplicates + range. (B, C) Survival of zebrafish embryos that were yolk-infected with the
M. marinum WT or (C) BT-37-resistant M. marinum strain (M. marinum AnucS-R2) after dose-dependent treatment with BT-37. Kaplan-Meier's survival tests were conducted
to generate the survival curves, and P-values were calculated by the log-rank test (*P = 0.0173; ***P = 0.0001; ****P < 0.0001). CTL: non-infected control sample.

(D) Susceptibility of the M. marinum WT strain or strains transformed with episomal plasmids pMN016-rv0164 (WT+rv0164), pMNO16-mmar_0407 (WT+mmar_0407), or
PMNO16-mmar_0407y73y (WT+mmar_0407,,5y) toward compound BT-37 after 4 d of incubation in the HdB medium with Tween-80 using the resazurin microtiter plate assay.
Data are presented as the mean of duplicates + range. (E) Susceptibility of the M. marinum WT strain or strains transformed with an integrative plasmid pML1357-
mmar_0407 (giles:mmar_0407) or pML1357-rv0164 (giles:rv0164) toward BT-37 in the HdB medium with Tween-80 using the resazurin microtiter plate assay. Data are
presented as the mean of duplicates + range. (F) M. marinum strain expressing mmar_0407-targeting sgRNA (M. marinum mmar_0407p) was incubated with a range of
concentrations of ATc and BT-37 in the HdB medium with Tween-80. The susceptibility of this ATc-inducible knock-down strain was measured using the resazurin
microtiter plate assay. Data are presented as the mean of duplicates + range. (G) Thermal shift assay of Rv0164-HA, which was expressed in E. coli. Cell lysates were
incubated with BT-37 or DMSO and exposed to different temperatures. Denatured proteins were removed by centrifugation, and the remaining proteins were separated by

SDS-PAGE (Ponceau) and analyzed by Western blotting. DnaK served as an internal control.

phenotype to the WT strain (Fig S10). This suggests that the pres-
ence of the compound alone may not suffice to permeabilize the
membrane. Rather, it must effectively target MMAR_0407.

BT-37 is targeting MMAR_0407 (Rv0164)

To confirm that the mutations in mmar_0407 are linked to BT-37
resistance, we overexpressed the WT mmar_0407 gene, the mutated
gene mmar_0407 H73Y, and the M. tuberculosis ortholog rv0164
using the replicative vector pMNO16 in the M. marinum WT strain. We
then assessed the susceptibility of these overexpressing strains to
BT-37 (Fig 4D). The overexpression of mmar_0407 led to a threefold
shift in the MICqq (Fig 4D), likely because of increased production of
the target protein. On the contrary, the overexpression of
mmar_0407 with the H73Y mutation resulted in complete resistance
to BT-37, providing further evidence of its involvement in the
compound’s resistance (Fig 4D). Interestingly, the overexpression of
the M. tuberculosis ortholog rv0164 also resulted in complete re-
sistance (Fig 4D).

Novel compounds enhancing mycobacterial vulnerability Habjan et al.

To investigate this further, we reduced the overexpression of
genes rv0164 and mmar_0407 by integrating the genes into the
genome using the giles integration site targeted by vector pML1357.
The resulting strains were both sensitive to the compound; how-
ever, even with reduced expression levels, the expression of the M.
tuberculosis ortholog (giles:rv0164) still caused a higher level of
resistance to compound BT-37 than mmar_0407 (giles:mmar_0407)
(Fig 4E).

In an alternative approach, we used CRISPR/Cas9 interference
(CRISPRI) to construct a conditional knock-down strain of mmar_0407
(mmar_0407¢p), regulated by the addition of anhydrotetracycline
(ATc) (Meijers et al, 2020; Wong & Rock, 2021). We tested the
strain in the checkerboard assay, using ATc to gradually reduce
the mmar_0407 expression in a dose-dependent manner. The
mmar_0407¢p strain was more sensitive in the presence of
ATc to compound BT-37 as compared to the non-induced strain
(Fig 4F).

To directly prove the binding between Rv0164 and the inhibitor,
we used a thermal shift assay. We assessed Rv0164's stability at
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Figure 5. Molecular docking simulation of the structure of the Rv0164 complex with BT-37.

(A) Protein sequence alignment of MMAR_0407 in M. marinum and Rv0164 in M. tuberculosis using Clustal Omega. An asterisk (*) indicates positions that have identical
residues, a colon (:) indicates that the residues have conserved properties, and a dot (.) indicates residues that are semi-conserved. Amino acids highlighted in orange are
in 2 A vicinity of the compound BT-37 and contribute to inhibitor binding. Red asterisks indicate residues contributing to experimentally confirmed resistance in M.
marinum (Mmar G69/Mtb G77 and Mmar H73/Mtb H81). (B) Structure alignment of MMAR_0407 in M. marinum (yellow) and Rv0164 in M. tuberculosis (cyan). The RMSD
score between these structures is 0.158 A. In orange is depicted the compound BT-37 as the top model of docking simulation, according to the HADDOCK score.
(C) Definition of the top-scored binding pocket in Rv0164 that was used to define the binding information of the docking simulation. (D) Top model of the docking
simulation, according to the HADDOCK score, is shown in more detail. The corresponding residues in M. tuberculosis (G77, H81) contributing to experimentally confirmed

resistance in M. marinum are labeled in red.

various temperatures with and without the inhibitor. Proteins have
characteristic denaturation temperatures that can change with
substrate or inhibitor binding. Rv0164-HA was expressed in
Escherichia coli, with DMSO or BT-37 (10 uM). We tested tempera-
tures from 45 to 70°C, blotted lysates on a membrane, and stained
with Ponceau dye (Fig 4G). In both BT-37 and DMSO samples,
soluble protein decreased as temperature rose. However, with BT-
37, Rv0164-HA stayed soluble up to 67°C, whereas the DMSO-
treated protein denatured at 54°C. We also probed for Dnak, a
chaperone protein, which showed similar heat resistance in both
samples. These results confirm that BT-37 alters Rv0164’s heat
stability, likely by binding and stabilizing the protein. This sup-
ports MMAR_0407 (Rv0164) as the target for these benzothiazole
compounds.

Novel compounds enhancing mycobacterial vulnerability Habjan et al.

Molecular docking simulations predict the binding of BT-37 to the
hydrophobic pocket of Rv0164

Lastly, we sought a comprehensive understanding of how benzo-
thiazole inhibitors interact with the target protein. To achieve this,
we used the AlphaFold protein folding prediction system to predict
the structures of Rv0164 and MMAR_0407 (Jumper et al, 2021; Varadi
et al, 2022). The resulting structures exhibited remarkable similarity,
with a sequence identity of 85%, demonstrated by an RMSD score of
0158 A upon structure alignment (Fig 5A and B). Notably, these
structures consist of seven parallel beta sheets and three alpha
helices, with very high similarity to the crystal structure solved for
the ortholog in M. smegmatis (RMSD 0.722 A) (Zheng et al, 2018).
Next, we aimed to identify potential binding pockets in the Rv0164
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structure using the software Fpocket (Le Guilloux et al, 2009;
Schmidtke et al, 2010), which employs a geometry-based approach
to locate suitable empty spaces. This analysis revealed a sub-
stantial pocket situated centrally within the protein’s structure
(Fig 5C). This accessible pocket, originating from the protein’s
exterior, presents a potential binding site for ligands. Subse-
quently, we performed docking simulations of Rv0164 and
compound BT-37 using the docking software HADDOCK2.4
(Dominguez et al, 2003; Van Zundert et al, 2016). To this end, we
generated 50 conformations of BT-37 and then docked these
ligands into the predicted Rv0164 structure, resulting in 200
models clustered based on their RMSD score and ranked
according to the HADDOCK score. All top 10 clusters contained
models predicting BT-37 inside the hydrophobic pocket of
Rv0164. Notably, the best-scoring model of the best cluster
according to the HADDOCK score predicted the compound in
close vicinity to the highlighted amino acids within the binding
pocket, including H81 and G77, which correspond to amino acids
H73 and G69 of MMAR_0407 (Fig 5A and D). These residues are of
particular interest because we have shown that mutations G69S
and H73Y in MMAR_0407 cause resistance to BT-37 (Table S7).
Thus, our predicted model suggests that the corresponding
residues in Rv0164 are important for BT-37 to bind the target.
Taken together, we confirmed Rv0164 (MMAR_0407) to be the
target of our new benzothiazole compounds by genetic, protein-
based, and in silico binding studies.

Discussion

The mycobacterial cell wall plays a crucial role in the interaction of
the tubercle bacillus with the host and in resistance to anti-
microbial chemotherapy. We identified benzothiazole-based
compounds that increase the permeability of the mycobacterial
outer membrane, offering insights into possible manipulations to
enhance the transport of host immune factors and the influx of
antibiotics.

Our primary hit, compound BT-08, increases membrane per-
meability, facilitating the uptake of several substrates, as shown for
EtBr and resazurin, and increases susceptibility of several antibi-
otics. Notably, these effects seem most prominent with the higher
molecular weight compounds (>800g/mol), which typically face
challenges penetrating the mycobacterial cell wall. This observa-
tion could serve as a starting point to investigate new combination
therapies, broadening treatment options with approved antibiotics
previously overlooked for mycobacterial infections because of their
limited uptake. The in vitro activity of compound BT-08 is influ-
enced by the detergent used in the growth media. Hence, it should
be considered that the absence of toxicity in mammalian cell
cultures might also be influenced by the specific medium condi-
tions used in the corresponding in vitro assays. Nevertheless, BT-08
and its derivatives showed activity and no toxicity in the zebrafish
embryo model, which holds great promise. We are uncertain why
tyloxapol reduces activity, whereas Tween-80 enhances it. One
possibility is that mycobacteria use Tween-80 as a carbon source
but not tyloxapol. Because Tween-80 contains fatty acids, a
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preferred carbon source by M. tuberculosis during infection, in-
hibition of Rv0164 might cause metabolic issues when grown on
fatty acid carbon sources, found in vivo and in Tween-80-
containing media.

Using medicinal chemistry approaches, we generated derivative
BT-37 exhibiting enhanced activity in M. marinum-zebrafish and M.
tuberculosis-macrophage infection models. The compound retains
the synergistic interaction with RIF during zebrafish infection studies
and increases EtBr uptake in M. marinum and M. tuberculosis, in-
dicating a shared mechanism of action with BT-08. We observed that,
counterintuitively, as the anti-bacterial activity of BT-37 increased,
the synergistic effect with antibiotics became less pronounced
compared with the initial hit compound, BT-08. However, we still
consider BT-37 as a more potent analog based on the sole perfor-
mance during zebrafish and macrophage infection experiments.
Further exploration is needed to elucidate the specific mechanisms
underlying this phenomenon. We confirmed by cross-resistance
studies that spontaneously resistant M. marinum mutants were
resistant to both analogs, revealing that MMAR_0407 (Rv0164) is the
target of the investigated benzothiazoles, and the observed synergy
with RIF or vancomycin relies on inhibiting MMAR_0407, not just the
presence of the compound. This aligns with Li et al's study, which
used CRISPR interference technology to alter the expression of M.
tuberculosis genes and assessed bacterial fitness in the presence of
different drugs (Li et al, 2022). Using this global approach, they
showed increased susceptibility to vancomycin and RIF when si-
lencing rv0164 (Li et al, 2022). This is significant because, despite the
emergence of drug resistance, most of the global TB cases are RIF-
sensitive (World Health Organization, 2022a), and enhancing RIF
activity with the described benzothiazoles could shorten treatment
duration. We also confirmed this synergy in the zebrafish TB model,
where it was even more pronounced, suggesting the host's immune
system aids bacterial clearance, which could also be importantin the
context of human infections.

MMAR_0407 (Rv0164) is a conserved protein across mycobac-
terial species (Marmiesse et al, 2004). Rv0164 has been previously
identified as T-cell (Lim et al, 2004; Sable et al, 2005; Eweda et al,
2010) and B-cell (Ireton et al, 2010; Singh et al, 2017) antigens and is
essential for M. tuberculosis growth (Griffin et al, 2011; Bosch et al,
2021). The biological function of Rv0164 is unknown to date.
However, several studies have investigated its homolog in M.
smegmatis, MSMEG_0129 (Zheng et al, 2017, 2018; Zhou et al, 2020,
2021), which shares 59% identity with Rv0164. These proteins are
classified as polyketide aromatase/cyclase family members of the
steroidogenic acute regulatory protein-related lipid transfer
(START) domain superfamily based on sequence alignment (Zheng
et al, 2018). However, subsequent crystal structure analysis of
MSMEG_0129 revealed that the potential catalytic residues are not
conserved (Zheng et al, 2017, 2018). Notably, the crystal structure of
MSMEG_0129 unveiled a hydrophobic pocket that could potentially
accommodate a lipid molecule, suggesting a role in lipid transfer
during cell envelope synthesis (Zheng et al, 2017, 2018).

In another study, MSMEG_0129 was found to interact with the
ClpP2 protease and the transcription factor CarD, and their ex-
pression was found to be dependent on growth conditions (Zhou
et al, 2020). For instance, nutrient deficiency led to the down-
regulation of MSMEG_0129 and Clp2 and the up-regulation of
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CarD. A recent study mapped the transcriptional profile of strains
with the decreased expression of msmeg_0129 and found nu-
merous genes involved in cell wall biosynthesis and metabolism to
be differentially expressed, leading the authors to propose that
MSMEG_0129 might coordinate signal transfer during stress re-
sponses (Zhou et al, 2021). It remains to be confirmed whether the
same is true for Rv0164.

Despite limited knowledge about the function of Rv0164, its
potential as a novel drug target is of great importance. Inter-
estingly, Rv0164 also emerged in a recent report where resistant
strains of M. tuberculosis were generated against various com-
pounds (Tsui et al, 2022). Mutations in the rv0164 gene were
observed in strains resistant to GSK1458296A (compound 296A),
which is structurally distinct from the benzothiazole compounds
reported in this study. The emergence of rv0164 mutations in
strains resistant to structurally diverse compounds further vali-
dates the protein as a drug target. Notably, the amino acid
changes identified in GSK1458296A-resistant strains (V49L, Y79C,
H81Q, T93A) were distinct from the mutated residues in our study.
However, mutations identified in both studies are located in close
proximity to the binding pocket. The distinct mutations between
studies reveal a commonality in the importance of the hydro-
phobic pocket for binding diverse molecules, which can be
exploited in future drug design.

Collectively, our findings highlight the discovery of novel com-
pounds containing a benzothiazole core that binds to an unex-
plored drug target in mycobacteria named Rv0164 (MMAR_0407).
Our results demonstrate that inhibition of MMAR_0407 enhances
the permeability of the mycobacterial cell envelope, rendering the
bacteria more susceptible to the host's immune system and other
antibiotics. Moreover, combination treatment with these com-
pounds and conventional antibiotics exhibited synergistic and
cooperative interactions. Thus, our study unveils a novel myco-
bacterial vulnerability, enhancing cell wall permeability and syn-
ergy with established antibiotics, crucial for future drug discovery
efforts.

Materials and Methods

Reagents and compounds

All commercial chemicals and reagents were solubilized and
stored according to the manufacturer's recommendations.
Ampicillin sodium salt, d-cycloserine, erythromycin, ethambutol,
ethidium bromide, ethionamide, fluorescein sodium salt, gen-
tamycin, kanamycin sulfate, penicillin G sodium, polymyxin B,
resazurin sodium salt, RIF, nisin from Lactococcus lactis, tetracycline,
and vancomycin were all purchased from Sigma-Aldrich. Bedaqui-
line, linezolid, macozinone, pretomanid, spectinomycin, streptomycin
sulfate salt, and SQ109 were all purchased from MedChem Express.
Anhydrotetracycline was purchased from Thermo Fisher Scientific,
hygromycin from Roche, and fusidic acid sodium salt from Merck.
Compounds from the benzothiazole-core library were stored as stock
solutions (10 mM) in DMSO at -20°C.
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Bacteria and cell lines

The bacterial strains used in this study are listed in Table S8. M.
marinum strains were grown on 7H10 agar (Difco) plates with 10%
ADS (0.5% BSA, 0.2% dextrose, 0.085% sodium chloride) at 30°C or
cultured in the following liquid media: (i) Middlebrook 7H9 medium
supplemented with 10% ADS, 0.2% glycerol, and 0.05% Tween-80 or
0.02% tyloxapol; (ii) Hartman's de Bond liquid medium (HdB)
(Smeulders et al, 1999) supplemented with 0.5% glucose, 0.5%
glycerol, and 0.05% Tween-80 or 0.02% tyloxapol; and (iii) Sauton’s
medium (Atlas & Parks, 1993) supplemented with 0.05% Tween-80,
at 30°C. M. tuberculosis H73Rv, Mycobacterium abscessus, and M.
smegmatis were cultured in 7H9 medium supplemented with 10%
ADS, 0.2% glycerol, and 0.02% tyloxapol, or 7H10 agar plates sup-
plemented with 10% ADS at 37°C. The M. tuberculosis mc®6206 strain
was cultured in HdB media supplemented with 0.5% glucose, 0.5%
glycerol, 0.05% Tween-80, pantothenic acid 24 pg/ml and leucine
50 pg/ml to allow growth of the auxotrophic strain. E. coli, Bacillus
subtilis, Klebsiella pneumoniae, and Acinetobacter baumannii were
cultured in Luria-Bertani (LB; Difco) medium or LB agar plates at 37°C.
When appropriate, the antibiotics hygromycin (50 ug/ml) or kanamycin
(25 pg/ml) were added to the growth media. THP-1 human monocytes
(ATCC TIB-202) were cultured in RPMI medium with GlutaMAX (Gibco)
supplemented with 10% FBS at 37°C with 5% CO,. RAW 264.7 murine
macrophages (ATCC TIB-71) were cultured in DMEM with GlutaMAX
(Gibco) supplemented with 10% FBS at 37°C with 5% CO,.

Ethidium bromide uptake assay

The ethidium bromide (EtBr) uptake assay was performed as described
previously (Boot et al, 2017). The growth medium used in experiments
with M. marinum strains in Fig 1A and B was 7H9 medium supple-
mented with 10% ADS, 0.2% glycerol, and 0.02% tyloxapol, whereas in
Figs S5 and S10, the growth medium used was the HdB medium
supplemented with 0.5% glucose, 0.5% glycerol, and 0.05% Tween-80.
The experiment with M. tuberculosis mc?6206 strain used in Fig S6 was
performed in HdB media supplemented with 05% glucose, 0.5%
glycerol, 0.05% Tween-80, pantothenic acid 24 pg/ml, and leucine
50 pg/ml to allow growth of the auxotrophic strain. The strains were
pregrown until the mid-logarithmic phase, inoculated (ODggo = 0.1) in
specified media with the addition of the compound at indicated
concentrations, and grown for an additional 72 h. The cells were
harvested by centrifugation (3,000g, 10 min) and washed in PBS
supplemented with 0.02% tyloxapol. Bacteria were resuspended in PBS
with 0.02% tyloxapol and distributed with a final ODggg of 0.8 in a
transparent, round-bottom, 96-well microtiter plate. EtBr was added
with a final concentration of 5 pg/ml per well. Fluorescence was
measured every 3 min at 30°C, using a BioTek plate reader (Synergy
H1), bottom reading mode, and excitation 300 nm/emission 605 nm.
The measurements were taken in triplicates. As a positive control, WT
M. marinum MY** transformed with plasmid pSMT3-mspA (Ates et al,
2015) was used. The EtBr uptake was compared between the
compound-treated and non-treated (WT) samples after 60 min. The
ratio between compound-treated and non-treated samples was used
as a readout.
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Resazurin uptake assay

M. marinum was grown in the 7H9 medium supplemented with 10%
ADS, 0.2% glycerol, and 0.02% tyloxapol for 3 d at 30°C in the
presence of the compound at the indicated concentration. Bacterial
cells were harvested by centrifugation (3,000g, 10 min) and washed
in PBS supplemented with 0.02% tyloxapol. Next, 160 ul of washed
bacteria with a final OD of 1 was added to each well of a 96-well
plate. The resazurin solution was prepared by mixing resazurin
sodium salt (0.025% [wt/vol] in Milli-Q) and 20% Tween-80 in a ratio
of 3:1,and 20 ul of the mixture was added to each well. The resazurin
dye conversion was measured every 3 min at 30°C, using a BioTek
plate reader (Synergy H1), bottom reading mode, and excitation 560
nm/emission 590 nm.

Bacterial susceptibility assays

The resazurin microtiter plate assay (REMA) was used to deter-
mine minimal inhibitory concentrations (MIC) of the compound
toward mycobacterial species (Palomino et al, 2002). Selected
compounds or antibiotics were diluted in the bacterial growth
medium as twofold serial dilutions in a 96-well plate. Bacteria
were routinely grown until the mid-logarithmic phase, harvested
by centrifugation (3,000g, 10 min), washed in PBS supplemented
with 0.02% tyloxapol, resuspended in the growth medium, and
added to the well plate containing compound dilutions, to achieve
the final ODggo Of 0.001 per well. The growth media used in the
assays using M. marinum were the HdB medium supplemented
with 0.5% glucose, 0.5% glycerol, and 0.05% Tween-80, except for
experiments in Fig 1E and experiments with other mycobacteria
where 7H9 medium supplemented with 10% ADS, 0.2% glycerol,
and 0.02% tyloxapol was used. The plates were sealed with
parafilm and incubated for 4 d at 30°C for M. marinum, 1d at 37°C
for M. smegmatis, 2 d at 37°C for Mycobacterium abscessus, and
6 d at 37°C for M. tuberculosis. After incubation, the resazurin
solution containing resazurin sodium salt (0.025% [wt/vol] in
Milli-Q) and 20% Tween-80 (ratio 3:1) was added to each well, and
plates were further incubated. When the color conversion of the
dye was observed, the fluorescence was measured using a BioTek
plate reader (Synergy H1), bottom reading mode, and excitation
560 nm/emission 590 nm. The MIC of compounds toward E. coli,
Bacillus subtilis, K. pneumoniae, and A. baumannii was deter-
mined by tracking changes in the ODggo. Bacteria were grown
overnight, then freshly diluted in LB medium, and grown to the
mid-logarithmic phase. Selected compounds were diluted in LB
medium as a twofold dilution in a 96-well plate. Bacterial cells
were washed in PBS and added as an ODggo 0f 0.001 per well in a
96-well plate containing compound dilutions. Plates were sealed
and incubated at 37°C with 3 mm continuous linear shaking in a
BioTek plate reader (Synergy H1), and the bacterial growth was
tracked by measuring the ODgg every 15 min. All compounds were
tested in duplicates or triplicates. The data of each 96-well plate
were normalized to DMSO-treated wells (100% viability) after the
background subtraction (medium only). The MICqy values repre-
sent the lowest concentration of the compound that results in
90% growth inhibition.

Novel compounds enhancing mycobacterial vulnerability Habjan et al.

Zebrafish (Danio rerio) husbandry

All zebrafish experiments in this study were performed using
transparent casper (roy?/?%nac*?/*?) (White et al, 2008) zebrafish
(D. rerio) embryos. Adult fish were kept in recirculating tank systems
at the Amsterdam Animal Research Center of the Vrije Universiteit
University according to standard protocols (zfin.org). All protocols
followed the international guidelines on the protection of animals
used for scientific purposes specified by the EU Directive 2010/63/
EU, which allows zebrafish larvae to be used up to the moment of
free-living.

Zebrafish (D. rerio) embryo infection studies

Injection stocks of M. marinum strains carrying a plasmid pMS2-
tdTomato were prepared in PBS with 20% glycerol, aliquoted, and
stored at -80°C. Before use, the injection stocks were diluted with
the green fluorescent dye fluorescein (2.5 pug/mlin PBS) to visualize
and control the injection process. The number of injected bacteria
was determined by plating the injection volume of bacterial sus-
pension on 7H10 agar plates containing appropriate antibiotics,
followed by counting CFU. Infection of zebrafish embryos was
performed using an automated microinjection system (Life Science
Methods BV) as described previously (Spaink et al, 2013). Briefly,
zebrafish embryos were infected 1 h post-fertilization at 2-32 cell
stage with M. marinum mixed with fluorescein (2.5 ug/ml in PBS).
Each embryo was infected with 1 nl containing 80-150 CFU of M.
marinum, whereas for survival experiments, ~1,000 CFU was injected
into each embryo. Successfully infected embryos were incubated
overnight at 31°C in E3 medium (5.0 mM NaCl, 0.177 mM KCl, 0.33 mM
CaCl-2H,0, 0.33 mM MgCl,.6H,0) supplemented with 0.3 mg/liter
methylene blue until treatment with test compounds. 1 d post-
infection, embryos were divided into treatment groups of 12-15
embryos per well in 12-well plates and incubated with the test
compounds that were diluted in fish water (60 pyg/ml instant ocean
sea salts) and incubated at 28°C. The survival rate was determined
daily based on the functioning of the embryos’ heart and blood
circulation. Determination of the bacterial load in infected
zebrafish embryos was performed 3 d after the treatment. Embryos
were anesthetized in 0.02% (wt/vol) buffered 3-aminobenzoic acid
methyl ester (pH 7.0) (Tricaine; Sigma-Aldrich), and the bacterial
load was monitored with an Olympus IX83 fluorescence microscope
(4x objective magnification, Hamamatsu ORCA-Flash 4.0 camera) at
specific wavelengths (excitation/emission: 470/519 nm; 550/610
nm). Obtained images were analyzed using CellProfiler 3.19
(Broad Institute, Cambridge, USA) with a custom-made pipeline to
count and quantify pixel intensity within the embryos. Integrated
red fluorescence intensity per embryo was used as a readout for
bacterial burden. Image acquisition and image analysis were au-
tomated. The effect of drug treatment in infected zebrafish embryos
was analyzed and depicted using GraphPad Prism version 9.0.0
(GraphPad Software Inc.). Each data point represents an integrated
red fluorescence intensity signal from a single zebrafish embryo.
The signal from the non-infected embryos was used to set the
signal threshold to 1. Data were logio-transformed to achieve
normal distribution, and furthermore, statistical analysis was done
as a one-way ANOVA, and Dunnett’'s multiple comparison test was
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used, where the signal from the DMSO-treated control sample was
compared with each treatment group. Significance is indicated as
follows: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Survival
curves for zebrafish survival experiments were generated using
Kaplan-Meier survival tests.

Zebrafish (D. rerio) embryotoxicity studies

Fertilized zebrafish embryos were collected and kept overnight at
28°Cin E3 medium supplemented with 0.3 mg/liter methylene blue.
1 d post-fertilization (dpf), zebrafish embryos were distributed as
10-12 embryos per well in 12-well plates and treated with com-
pounds diluted in fish water. Zebrafish embryos were incubated at
28°C for 5 d with the test compound at indicated concentrations,
and the morphology and mortality of zebrafish embryos were
monitored daily.

Generation of spontaneous compound-resistant M. marinum
mutants

To generate spontaneously BT-37-resistant M. marinum mutants, we
used the hyper-mutating M. marinum AnucS strain (Izquierdo
Lafuente et al, 2024). We grew M. marinum AnucS in the HdB me-
dium supplemented with 05% glucose, 0.5% glycerol, and 0.05%
Tween-80 and increasing concentrations of compound BT-37,
starting from 0.3x MIC to 10x MIC over six culturing passages. Sin-
gle colonies were obtained by streaking cultures on solid plates. The
resistance to BT-37 was determined by testing the susceptibility of
strains to BT-37 using the REMA. Genomic DNA extraction of the
parental M. marinum AnucS strains, three BT-37-resistant isolates,
and one susceptible isolate was done using phenol/chloroform/
isoamyl alcohol extraction as described previously (Mve-Obiang et al,
2001). Whole-genome sequencing of genomic DNA was outsourced to
Beijing Novogene Bioinformatics Technology Co. Ltd. (Novogene)
using Illumina sequencing technology. Generated reads were aligned
to the reference genome of M. marinum MY** (NC_010612.1) and
compared with the parental M. marinum AnucS strain using the
software QIAGEN CLC Genomics Workbench 12 (QIAGEN).

Cytotoxicity in macrophages

Compounds were prepared as twofold serial dilutions in the appro-
priate medium. For assays with THP-1 monocytes, the RPMI GlutaMAX
with 10% FBS medium was used, whereas for RAW macrophages, the
DMEM GlutaMAX with 10% FBS medium was used. Cells were seeded as
2.5 x 10" cells/well in 96-well plates containing compound dilutions,
and the plates were incubated for 3 d at 37°C with 5% CO,. After
incubation, resazurin sodium salt (0.025% [wt/vol] in PBS) was added
to each well, and plates were incubated at 37°C with 5% CO,. When
color conversion was observed (after ~4 h), fluorescence intensity
corresponding to the metabolically active cells was measured using a
BioTek plate reader (Synergy H1), bottom reading mode, and excitation
560 nm/emission 590 nm. All compounds were tested in duplicates.
Non-treated samples represented 100% viability.
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Macrophage infection studies

The compound’s intracellular activity was investigated in mac-
rophage infection studies, as described previously (Habjan et al,
2021). Infection stocks of M. tuberculosis H37Rv transformed with
pTetDuo were prepared in RPMI GlutaMAX with 10% FBS as the
infection medium, supplemented with 20% glycerol, and stored
at -80°C. All incubation steps were performed at 37°C, 5% CO,. All
solutions were prepared in RPMI GlutaMAX with 10% FBS. THP-1
human monocytes were seeded into black 96-well plates (Ibidi) as
10° cells/well and incubated with phorbol 12-myristate 13-acetate
(PMA) at 25 ng/ml for 48 h to induce differentiation into
macrophage-like cells. Next, macrophages were washed and in-
fected with M. tuberculosis—pTetDuo at a multiplicity of infection
(MOI) of 5. After a 3-h incubation, gentamycin (50 ug/ml) was
added for 1 h, to remove extracellular bacteria. Meanwhile, serial
dilution of test compounds was prepared in separate 96-well
plates. Then, gentamycin solution was removed from wells and
replenished with compound’s solution. The plates were incubated
for 4 d, and then, anhydrotetracycline (ATc) solution to a final
concentration of 100 ng/ml was added to the wells followed by a
24-h incubation. Afterward, the medium was removed and the
fixating solution (3.2% [wt/vol] PFA in PBS) was added to the wells
for 30 min at room temperature and later replaced with
quenching/staining solution (0.1 M glycine, 0.2% [wt/vol] Triton
X-100, and Hoechst dye at 1:500 in PBS) for 1 h in the dark. All wells
were washed twice with PBS before being imaged using an
Olympus [IX83 fluorescence microscope with a 20x objective
magnification and a Hamamatsu ORCA-Flash 4.0 camera. Images
of each well were taken at specific wavelengths (excitation/
emission: 385/455 nm; 470/519 nm; 550/610 nm). Images were
analyzed using a custom-made pipeline in CellProfiler 3.19 (Broad
Institute, Cambridge, USA), as described previously (Habjan et al,
2021). Briefly, the fluorescent signal of the ATc-inducible GFP
around each macrophage was used as a readout for viable in-
tracellular bacteria in each macrophage, whereas the number of
stained and detected nuclei was used as a readout for the number
of macrophages in each treatment group.

Hemolysis assay

The hemolytic effect of a compound on the red blood cells was
investigated (Schouten et al, 2022). Compounds were prepared as
twofold serial dilutions in phenol red-free DMEM (Gibco, Life
Technologies). Meanwhile, defibrinated sheep erythrocytes (Bio-
Trading) were harvested by centrifugation (600g, 7 min, 4°C), gently
washed five times in phenol red-free DMEM, and seeded as 4.2 x 10
erythrocytes per well, in plates containing dilutions of the test
compounds. The plate was centrifuged (610g, 5 min) and incubated
at37°C, 5% CO, for 3 h. After incubation, the cells were resuspended
and centrifuged, and the supernatant was transferred to a flat-
bottom 96-well plate. The hemoglobin release was measured as an
absorbance of 405 nm using a BioTek plate reader (Synergy H1).
After background subtraction, the data were normalized to Triton
X-100-treated samples = 100% hemolysis.
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Checkerboard assay

Drug-to-drug interactions between test compounds A and B were
determined using an in vitro checkerboard assay, as described
previously (Hsieh et al, 1993). The growth media used in the assay
were the HdB medium supplemented with 0.5% glucose, 0.5%
glycerol, and 0.05% Tween-80, except for experiments in Fig S&
where 7H9 medium supplemented with 10% ADS, 0.2% glycerol, and
0.02% tyloxapol was used. Compound A was prepared as a twofold
serial dilution in the bacterial growth medium in a 96-well plate,
with dilutions directed horizontally. Compound B was prepared as a
twofold serial dilution in a separate 96-well plate, dilutions di-
rected vertically. Then, the solution from the plate containing di-
lutions of Compound B was transferred to the plate containing
dilutions of Compound A, resulting in a checkerboard titration of
Compound A on the horizontal axis and Compound B on the vertical
axis. The selected mycobacterial strain was routinely grown until
the mid-logarithmic phase, harvested by centrifugation (3,000g,
5min), washed in PBS with 0.02% tyloxapol, and diluted to an ODggq
of 0.001 per wellin 96-well plates. Plates were sealed and incubated
(M. marinum for 4 d at 30°C, M. tuberculosis for 6 d at 37°C). After
incubation, a resazurin solution consisting of resazurin sodium salt
(0.025% [wt/vol] in Milli-Q) and 20% Tween-80 (ratio 3:1) was added
to each well and the plates were further incubated. When a color
conversion of the dye was observed, the fluorescence was mea-
sured using a BioTek plate reader (Synergy H1), bottom reading
mode, and excitation 560 nm/emission 590 nm. First, the MICqyq
values of compounds A and B alone were determined as the lowest
concentration of the compound, which results in 90% growth in-
hibition. Next, the MICy, values of combinations between Com-
pound A + Compound B and Compound B + Compound A were
determined. Thus, the FIC for each compound can be calculated as
the difference in MIC between the treatment of a single compound
or in combination, following the formula (European Committee for
Antimicrobial Susceptibility Testing EUCAST of the European Society
of Clinical Microbiology and Infectious Dieases ESCMID, 2000):

FICA = M/CA+B/MICA
FICg = MICg.n/MICg
Next, the FICI (FICihqgex OF 2FICI) was calculated as
ZFIC = FIC4 + FICg
Based on the obtained 2FIC value, the drug-to-drug interactions
can be determined as follows:
YFIC < 0.5 represents synergism, 0.5 < 3FIC < 1 represents additive

effect, 1 < 3FIC < 2 represents indifference, and 3FIC > 2 shows
antagonism.

Chemistry

All reagents and solvents were purchased from commercial sup-
pliers (Sigma-Aldrich, Alfa Aesar, Acros, Chimmed) and used without
further purification. The ™H and C spectra were recorded on a
Bruker AC-300 (200 MHz, "H) or a Bruker AC-200 (50 MHz, ™C) NMR
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spectrometer. Chemical shifts were measured in DMSO-dg, using
tetramethylsilane as an internal standard, and reported as ppm
values. The following abbreviations indicate the multiplicity: s,
singlet; d, doublet; t, triplet; m, multiplet; g, quartet; brs, broad
singlet; brm, broad multiplet. Mass spectra were recorded on a
Finnigan MAT INCOS 50 quadrupole mass spectrometer (El, 70 eV)
with direct injection (Thermo Finnigan). The purity of the final
compounds was analyzed by analytical HPLC on an Elute HPLC
system (Bruker Daltonik) equipped with an Azura UVD 21S UV
detector (Knauer) with a wavelength at 254 nm and acquisition rate
at 1 Hz. Chromatographic separation was carried out on an Acquity
HSS T3 column (2.1 x 100 mm, 1.3 um, 100 A Waters) at 30°C, with
sample injection volume—2.0 ul. A mobile phase consisting of 0.1%
formic acid in water (A), and 0.1% formic acid in acetonitrile (B) was
programmed with a gradient elution of 30-95% over 10 min at a flow
rate of 250 pl/min. Data were processed using Compass Data-
Analysis 5.1 software (Bruker Daltonik). All final compounds
were >95% pure. Elemental analysis (% C, H, N) was performed on a
EURO EA elemental analyzer (HEKAtech). IR spectra were recorded
on a Bruker ALPHA FT-IR spectrometer (Bruker) in KBr pellets in the
range 4,000-400 cm™". The spectra were processed using OPUS
software. Melting points were determined on an Electrothermal
9001 melting point apparatus (Electrothermal) (10°C per min) and
were uncorrected. Merck KGaA silica gel 60 F254 plates were used
for analytical thin-layer chromatography. Spots were detected by a
UV lamp. Column chromatography was performed using silica gel
Merck 60 (70-230 mesh). Yields refer to purified products and were
not optimized.

The scheme and synthetic procedures, as well as 'H and ™C
spectra of the compounds, are presented in Supplemental Data 1.

Molecular docking studies

For the prediction of the protein-ligand complex, we used the
program HADDOCK version 2.4 (Dominguez et al, 2003; Van Zundert
et al, 2016). Before docking, we generated 3D conformations of the
compound starting from its isomeric SMILES (Weininger, 1988;
Weininger et al, 1989) with RDKit using the 2020 parameters (only
the small aliphatic ring subset) with energy minimization and the
ETKDG algorithm (Riniker & Landrum, 2015; Wang et al, 2020). We
capped the maximum number of conformers to 50 and provided
this ensemble of conformers to HADDOCK for docking analysis.
Concurrently, we also employed the program Fpocket (Le Guilloux
etal, 2009; Schmidtke et al, 2010), a protein pocket (cavity) detection
algorithm based on Voronoi tessellation, and identified the binding
pockets of our target protein Rv0164. The top-scored protein pocket
of Rv0164 was used for our targeted ligand docking protocol,
adapted from the HADDOCK2.4 small molecule binding site
screening protocol (Van Zundert et al, 2016). More specifically, two
sets of restraints were created to be used at different stages of
docking: (a) for the rigid-body docking, we defined the entire
binding pocket on the receptor and the ligand as active, and (b) for
the subsequent flexible refinement stages, we defined only the
binding pocket as passive and the ligand as active. The ligand-
specific parameters were used to perform the docking simulation.
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Thermal shift assays

Dh5a E. coli strain overexpressing HA-tagged Rv0164 under the lac
promoter in a pSMT3 vector (pSMT3-rv0164HA) was inoculated from
overnight culture to an ODgg 0f 0.05 in the presence of 10 uM BT-37
or DMSO. Bacteria were grown until they reached an ODgg Of
around 0.6, and protein expression was induced by adding 1 uM
IPTG. Bacteria were harvested by centrifugation after 3 h of protein
production, and whole cells were subjected to different temper-
atures ranging from 45 to 70°C in a PCR machine for 3 min. Sub-
sequently, heat-treated cells were lysed by bead beating (100 ym
silica beads; BioSpec) for 1min and were spun at 20,000g for 20 min
at 4°C to remove cell debris and aggregated proteins. Proteins
remaining in the supernatant were denatured with SDS and sep-
arated by SDS-PAGE (12.5% polyacrylamide). Gels were transferred
to a nitrocellulose membrane (GE Healthcare Life Sciences) and
stained with Ponceau dye solution before the membranes were
blocked with skim milk. The primary mouse monoclonal antibody
anti-HA (1:5,000) and secondary antibody goat anti-mouse 1gG
conjugated with horseradish peroxidase (1:2,500; American Qualex)
were used to detect HA-tagged protein. Visualization of Western
blots was done using an ECL substrate (Amersham).

Construction of plasmids

All DNA manipulation procedures followed standard molecular
cloning techniques. Primers were synthesized and purified by
Sigma-Aldrich and are all listed in Table $10. Phusion polymerase,
restriction enzymes, and T4 DNA ligase were obtained from New
England Biolabs (NEB). iProof polymerase was obtained from Bio-
Rad. Where indicated, plasmids were constructed using the
ligation-independent cloning method In-Fusion (TakKaRa), following
the manufacturer's recommendations. All plasmids used within this
study can be found in Table S9, and cloning experiments are
summarized in Fig S11. PCR-amplified inserts were routinely sub-
jected to DNA sequencing (Macrogen).

Data Availability
Whole-genome sequencing data have been deposited in the Se-
quence Read Archive (SRA) within BioProject PRJNA937307 under

accession number SRP423768 (BioSample Accession SAMN33399608,
SAMN33399607, SAMN33399606, SAMN33399605, SAMN33399604).
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202302509

Acknowledgements

We thank Theo Verboom for continuously supporting our zebrafish exper-
iments. We also thank Joen Luirink, Christina Vandenbroucke-Grauls, Coen
Kuijl, and Dirk Bald for insightful discussions. Thanks to Beatriz Izquierdo

Novel compounds enhancing mycobacterial vulnerability Habjan et al.

Lafuente for supporting the construction of the knock-down constructs. This
study was funded by the Netherlands Organization for Scientific Research
(NWO) through TTW-NACTAR-18508 and TTW-NACTAR-16445 granted to A
Speer and W Bitter.

Author Contributions

E Habjan: conceptualization, data curation, formal analysis, vali-
dation, investigation, visualization, methodology, project admin-
istration, and writing—original draft, review, and editing.

A Lepioshkin: conceptualization, data curation, formal analysis,
validation, investigation, visualization, methodology, project ad-
ministration, and writing—original draft, review, and editing.

V Charitou: conceptualization, data curation, formal analysis, val-
idation, investigation, visualization, methodology, and wri-
ting—original draft, review, and editing.

A Egorova: conceptualization, data curation, formal analysis, vali-
dation, investigation, visualization, methodology, and wri-
ting—original draft, review, and editing.

E Kazakova: conceptualization, data curation, formal analysis,
validation, investigation, visualization, methodology, project ad-
ministration, and writing—original draft, review, and editing.

VQT Ho: data curation, software, formal analysis, and investigation.
W Bitter: conceptualization, data curation, formal analysis, super-
vision, funding acquisition, validation, investigation, visualization,
methodology, project administration, and writing—original draft,
review, and editing.

V Makarov: conceptualization, data curation, formal analysis, su-
pervision, funding acquisition, validation, investigation, visualiza-
tion, methodology, project administration, and writing—original
draft, review, and editing.

A Speer: conceptualization, data curation, formal analysis, super-
vision, funding acquisition, validation, investigation, methodology,
project administration, and writing—original draft, review, and
editing.

Conflict of Interest Statement

The authors declare that they have no conflict of interest.

References

Abrahams KA, Besra GS (2020) Mycobacterial drug discovery. RSC Med Chem
11: 1354-1365. d0i:10.1039/d0md00261e

Ates LS, Ummels R, Commandeur S, van de Weerd R, Sparrius M,
Weerdenburg E, Alber M, Kalscheuer R, Piersma SR, Abdallah AM, et al
(2015) Essential role of the ESX-5 secretion system in outer membrane
permeability of pathogenic mycobacteria. PLoS Genet 11: €1005190.
doi:10.1371/journal.pgen.1005190

Atlas RM, Parks LC (1993) Handbook of Microbiological Media. Boca Raton:
CRC Press.

Benedetto Tiz D, Kikelj D, Zidar N (2018) Overcoming problems of poor drug
penetration into bacteria: Challenges and strategies for medicinal
chemists. Expert Opin Drug Discov 13: 497-507. doi:10.1080/
17460441.2018.1455660

Boot M, van Winden VJC, Sparrius M, van de Weerd R, Speer A, Ummels R,
Rustad T, Sherman DR, Bitter W (2017) Cell envelope stress in

https://doi.org/10.26508/1sa.202302509 vol 7 | no 7 | 202302509 14 of 17


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA937307
https://trace.ncbi.nlm.nih.gov/Traces/?view=study&acc=SRP423768
https://www.ncbi.nlm.nih.gov/biosample/SAMN33399608
https://www.ncbi.nlm.nih.gov/biosample/SAMN33399607
https://www.ncbi.nlm.nih.gov/biosample/SAMN33399606
https://www.ncbi.nlm.nih.gov/biosample/SAMN33399605
https://www.ncbi.nlm.nih.gov/biosample/SAMN33399604
https://doi.org/10.26508/lsa.202302509
https://doi.org/10.26508/lsa.202302509
https://doi.org/10.1039/d0md00261e
https://doi.org/10.1371/journal.pgen.1005190
https://doi.org/10.1080/17460441.2018.1455660
https://doi.org/10.1080/17460441.2018.1455660
https://doi.org/10.26508/lsa.202302509

(<Y< . . .
s2epe Life Science Alliance

mycobacteria is regulated by the novel signal transduction ATPase
IniR in response to trehalose. PLoS Genet 13: 1007131 doi:10.1371/
journal.pgen.1007131

Bosch B, DeJesus MA, Poulton NC, Zhang W, Engelhart CA, Zaveri A, Lavalette S,
Ruecker N, Trujillo C, Wallach JB, et al (2021) Genome-wide gene
expression tuning reveals diverse vulnerabilities of M. tuberculosis.
Cell 184: 4579-4592.e24. doi:10.1016/j.cell.2021.06.033

Castafieda-Garcia A, Prieto Al, Rodriguez-Beltran J, Alonso N, Cantillon D,
Costas C, Pérez-Lago L, Zegeye ED, Herranz M, Plocinski P, et al (2017) A
non-canonical mismatch repair pathway in prokaryotes. Nat Commun
8: 14246. d0i:10.1038/ncomms14246

Dartois VA, Rubin EJ (2022) Anti-tuberculosis treatment strategies and drug
development: Challenges and priorities. Nat Rev Microbiol 20:
685-701. doi:10.1038/541579-022-00731-y

Degiacomi G, Belardinelli JM, Pasca MR, De Rossi E, Riccardi G, Chiarelli LR
(2020) Promiscuous targets for antitubercular drug discovery: The
paradigm of DprE1 and MmpL3. Appl Sci 10: 623. d0i:10.3390/
app10020623

Dejesus MA, Gerrick ER, Xu W, Park SW, Long JE, Boutte CC, Rubin EJ,
Schnappinger D, Ehrt S, Fortune SM, et al (2017) Comprehensive
essentiality analysis of the Mycobacterium tuberculosis genome via
saturating transposon mutagenesis. mBio 8: €021333-16. doi:10.1128/
mBi0.02133-16

Dominguez C, Boelens R, Bonvin AMJJ (2003) HADDOCK: A protein-protein
docking approach based on biochemical or biophysical information.
J Am Chem Soc 125: 1731-1737. d0i:10.1021/ja026939x

Dulberger CL, Rubin EJ, Boutte CC (2020) The mycobacterial cell envelope - a
moving target. Nat Rev Microbiol 18: 47-59. d0i:10.1038/541579-019-
0273-7

European Committee for Antimicrobial Susceptibility Testing EUCAST of the
European Society of Clinical Microbiology and Infectious Dieases
ESCMID (2000) EUCAST Definitive Document E.Def 1.2, May 2000:
Terminology relating to methods for the determination of
susceptibility of bacteria to antimicrobial agents. Clin Microbiol Infect
6: 503-508. d0i:10.1046/}.1469-0691.2000.00149.x

Eweda G, Suzuki D, Nagata T, Tsujimura K, Koide Y (2010) Identification of
murine T-cell epitopes on low-molecular-mass secretory proteins
(CFPM, CFP17, and TB18.5) of Mycobacterium tuberculosis. Vaccine 28:
4616-4625. di:10.1016/j.vaccine.2010.04.079

Foucquier J, Guedj M (2015) Analysis of drug combinations: Current
methodological landscape. Pharmacol Res Perspect 3: e00149.
d0i:10.1002/ prp2.149

Franzblau SG, Degroote MA, Cho SH, Andries K, Nuermberger E, Orme IM,
Mdluli K, Angulo-Barturen |, Dick T, Dartois V, et al (2012)
Comprehensive analysis of methods used for the evaluation of
compounds against Mycobacterium tuberculosis. Tuberculosis
(Edinb) 92: 453-488. d0i:10.1016/j.tube.2012.07.003

Greco WR, Faessel H, Levasseur L (1996) The search for cytotoxic synergy
between anticancer agents: A case of Dorothy and the ruby slippers?
J Natl Cancer Inst 88: 699-700. doi:10.1093/jnci/88.11.699

Griffin JE, Gawronski JD, DeJesus MA, loerger TR, Akerley BJ, Sassetti CM (2011)
High-resolution phenotypic profiling defines genes essential for
mycobacterial growth and cholesterol catabolism. PLoS Pathog 7:
€1002251. doi:10.1371/journal.ppat.1002251

Grzelak EM, Choules MP, Gao W, Cai G, Wan B, Wang Y, McAlpine B, Cheng J, Jin
Y, Lee H, et al (2019) Strategies in anti-Mycobacterium tuberculosis
drug discovery based on phenotypic screening. J Antibiot (Tokyo) 72:
719-728. doi:10.1038/s41429-019-0205-9

Habjan E, Ho VQT, Gallant J, van Stempvoort G, Jim KK, Kuijl C, Geerke DP,
Bitter W, Speer A (2021) An anti-tuberculosis compound screen
using a zebrafish infection model identifies an aspartyl-tRNA
synthetase inhibitor. Dis Model Mech 14: dmm049145. d0i:10.1242/
dmm.049145

Novel compounds enhancing mycobacterial vulnerability Habjan et al.

Healy C, Gouzy A, Ehrt S (2020) Peptidoglycan hydrolases RipA and Ami1 are
critical for replication and persistence of Mycobacterium tuberculosis
in the host. MBio 11: e03315-19. d0i:10.1128/mBi0.03315-19

Ho VQT, Verboom T, Rong MK, Habjan E, Bitter W, Speer A (2021) Heterologous
expression of ethA and katG in Mycobacterium marinum enables the
rapid identification of new prodrugs active against Mycobacterium
tuberculosis. Antimicrob Agents Chemother 65: €014455-20.
d0i:10.1128/AAC.01445-20

Hoffmann C, Leis A, Niederweis M, Plitzko JM, Engelhardt H (2008) Disclosure
ofthe mycobacterial outer membrane: Cryo-electron tomography and
vitreous sections reveal the lipid bilayer structure. Proc Natl Acad Sci
U S A 105: 3963-3967. doi:10.1073/pnas.0709530105

Hsieh MH, Yu CM, Yu VL, Chow JW (1993) Synergy assessed by checkerboard a
critical analysis. Diagn Microbiol Infect Dis 16: 343-349. doi:10.1016/
0732-8893(93)90087-n

Huff J, Czyz A, Landick R, Niederweis M (2010) Taking phage integration to the
next level as a genetic tool for mycobacteria. Gene 468: 8-19.
doi:10.1016/j.gene.2010.07.012

Ireton GC, Greenwald R, Liang H, Esfandiari J, Lyashchenko KP, Reed SG (2010)
Identification of Mycobacterium tuberculosis antigens of high
serodiagnostic value. Clin Vaccin Immunol 17: 1539-1547. doi:10.1128/
CVI1.00198-10

Izquierdo Lafuente B, Verboom T, Coenraads S, Ummels R, Bitter W, Speer A
(2024) Vitamin B;, uptake across the mycobacterial outer membrane
isinfluenced by membrane permeability in Mycobacterium marinum.
Microbiol Spectr e0316823. doi:10.1128/spectrum.03168-23

Jackson M (2014) The mycobacterial cell envelope-lipids. Cold Spring Harb
Perspect Med 4: a021105. doi:10.1101/cshperspect.a021105

Johnson BK, Colvin CJ, Needle DB, Mba Medie F, Champion PADGD,
Abramovitch RB (2015) The carbonic anhydrase inhibitor
ethoxzolamide inhibits the Mycobacterium tuberculosis PhoPR
regulon and Esx-1 secretion and attenuates virulence. Antimicrob
Agents Chemother 59: 4436-4445. d0i:10.1128/ AAC.00719-15

Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O,
Tunyasuvunakool K, Bates R, Zidek A, Potapenko A, et al (2021) Highly
accurate protein structure prediction with AlphaFold. Nature 596:
583-589. doi:10.1038/541586-021-03819-2

Le Guilloux V, Schmidtke P, Tuffery P (2009) Fpocket: An open source platform
for ligand pocket detection. BMC Bioinformatics 10: 168. doi:10.1186/
1471-2105-10-168

Lechartier B, Rybniker J, Zumla A, Cole ST (2014) Tuberculosis drug discovery
in the post-post-genomic era. EMBO Mol Med 6: 158-168. doi:10.1002/
emmm.201201772

Li Q, Montalban-Lopez M, Kuipers OP (2018) Increasing the antimicrobial
activity of nisinbased lantibiotics against Gram-negative pathogens.
Appl Environ Microbiol 84: e000522-18. d0i:10.1128/AEM.00052-18

Li S, Poulton NC, Chang JS, Azadian ZA, DeJesus MA, Ruecker N, Zimmerman
MD, Eckartt KA, Bosch B, Engelhart CA, et al (2022) CRISPRi chemical
genetics and comparative genomics identify genes mediating drug
potency in Mycobacterium tuberculosis. Nat Microbiol 7: 766-779.
doi:10.1038/s41564-022-01130-y

Lim JH, Kim HJ, Lee KS, Jo EK, Song CH, Jung SB, Kim SY, Lee ]S, Paik TH, Park JK
(2004) Identification of the new T-cell-stimulating antigens from
Mycobacterium tuberculosis culture filtrate. FEMS Microbiol Lett 232:
51-59. d0i:10.1016/50378-1097(04)00018-7

Mailaender C, Reiling N, Engelhardt H, Bossmann S, Ehlers S, Niederweis M
(2004) The MspA porin promotes growth and increases antibiotic
susceptibility of both Mycobacterium bovis BCG and Mycobacterium
tuberculosis. Microbiology 150: 853-864. d0i:10.1099/mic.0.26902-0

Marchand CH, Salmeron C, Bou Raad R, Méniche X, Chami M, Masi M, Blanot D,
Daffe M, Tropis M, Huc E, et al (2012) Biochemical disclosure of the
mycolate outer membrane of Corynebacterium glutamicum.

J Bacteriol 194: 587-597. d0i:10.1128/)B.06138-11

https://doi.org/10.26508/1sa.202302509 vol 7 | no 7 | 202302509 15 of 17


https://doi.org/10.1371/journal.pgen.1007131
https://doi.org/10.1371/journal.pgen.1007131
https://doi.org/10.1016/j.cell.2021.06.033
https://doi.org/10.1038/ncomms14246
https://doi.org/10.1038/s41579-022-00731-y
https://doi.org/10.3390/app10020623
https://doi.org/10.3390/app10020623
https://doi.org/10.1128/mBio.02133-16
https://doi.org/10.1128/mBio.02133-16
https://doi.org/10.1021/ja026939x
https://doi.org/10.1038/s41579-019-0273-7
https://doi.org/10.1038/s41579-019-0273-7
https://doi.org/10.1046/j.1469-0691.2000.00149.x
https://doi.org/10.1016/j.vaccine.2010.04.079
https://doi.org/10.1002/prp2.149
https://doi.org/10.1016/j.tube.2012.07.003
https://doi.org/10.1093/jnci/88.11.699
https://doi.org/10.1371/journal.ppat.1002251
https://doi.org/10.1038/s41429-019-0205-9
https://doi.org/10.1242/dmm.049145
https://doi.org/10.1242/dmm.049145
https://doi.org/10.1128/mBio.03315-19
https://doi.org/10.1128/AAC.01445-20
https://doi.org/10.1073/pnas.0709530105
https://doi.org/10.1016/0732-8893(93)90087-n
https://doi.org/10.1016/0732-8893(93)90087-n
https://doi.org/10.1016/j.gene.2010.07.012
https://doi.org/10.1128/CVI.00198-10
https://doi.org/10.1128/CVI.00198-10
https://doi.org/10.1128/spectrum.03168-23
https://doi.org/10.1101/cshperspect.a021105
https://doi.org/10.1128/AAC.00719-15
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1186/1471-2105-10-168
https://doi.org/10.1186/1471-2105-10-168
https://doi.org/10.1002/emmm.201201772
https://doi.org/10.1002/emmm.201201772
https://doi.org/10.1128/AEM.00052-18
https://doi.org/10.1038/s41564-022-01130-y
https://doi.org/10.1016/S0378-1097(04)00018-7
https://doi.org/10.1099/mic.0.26902-0
https://doi.org/10.1128/JB.06138-11
https://doi.org/10.26508/lsa.202302509

(<Y< . . .
s2epe Life Science Alliance

Marmiesse M, Brodin P, Buchrieser C, Gutierrez C, Simoes N, Vincent V,
Glaser P, Cole ST, Brosch R (2004) Macro-array and bioinformatic
analyses reveal mycobacterial ‘core’ genes, variation in the ESAT-6
gene family and new phylogenetic markers for the Mycobacterium
tuberculosis complex. Microbiology 150: 483-496. d0i:10.1099/
mic.0.26662-0

Meijers AS, Troost R, Ummels R, Maaskant J, Speer A, Nejentsev S, Bitter W,
Kuijl CP (2020) Efficient genome editing in pathogenic mycobacteria
using Streptococcus thermophilus CRISPR1-Cas9. Tuberculosis
(Edinb) 124: 101983. d0i:10.1016/j.tube.2020.101983

Mve-Obiang A, Mestdagh M, Portaels F (2001) DNA isolation from chloroform/
methanol-treated mycobacterial cells without lysozyme and
proteinase K. Biotechniques 30: 272-276. doi:10.2144/01302bm07

Niederweis M, Ehrt S, Heinz C, Klocker U, Karosi S, Swiderek KM, Riley LW, Benz
R (1999) Cloning of the mspA gene encoding a porin from
Mycobacterium smegmatis. Mol Microbiol 33: 933-945. doi:10.1046/
j.1365-2958.1999.01472.x

Palomino J-C, Martin A, Camacho M, Guerra H, Swings J, Portaels F (2002)
Resazurin microtiter assay plate: Simple and inexpensive method for
detection of drug resistance in Mycobacterium tuberculosis.
Antimicrob Agents Chemother 46: 2720-2722. doi:10.1128/
AAC.46.8.2720-2722.2002

Pethe K, Sequeira PC, Agarwalla S, Rhee K, Kuhen K, Phong WY, Patel V, Beer D,
Walker JR, Duraiswamy J, et al (2010) A chemical genetic screen in
Mycobacterium tuberculosis identifies carbon-source-dependent
growth inhibitors devoid of in vivo efficacy. Nat Commun 1: 57-58.
doi:10.1038/ncomms1060

Riniker S, Landrum GA (2015) Better informed distance geometry: Using what
we know to improve conformation generation. / Chem Inf Model 55:
2562-2574. doi:10.1021/acs.jcim.5b00654

Rock JM, Hopkins FF, Chavez A, Diallo M, Chase MR, Gerrick ER, Pritchard JR,
Church GM, Rubin EJ, Sassetti CM, et al (2017) Programmable
transcriptional repression in mycobacteria using an orthogonal
CRISPR interference platform. Nat Microbiol 2: 16274-16279.
doi:10.1038/nmicrobiol.2016.274

Rodrigues L, Wagner D, Viveiros M, Sampaio D, Couto |, Vavra M, Kern WV,
Amaral L (2008) Thioridazine and chlorpromazine inhibition of
ethidium bromide efflux in Mycobacterium avium and Mycobacterium
smegmatis. / Antimicrob Chemother 61: 1076-1082. doi:10.1093/jac/
dkn070

Rybniker J, Chen JM, Sala C, Hartkoorn RC, Vocat A, Benjak A, Boy-Rottger S,
Zhang M, Szekely R, Greff Z, et al (2014) Anticytolytic screen identifies
inhibitors of mycobacterial virulence protein secretion. Cell Host
Microbe 16: 538-548. d0i:10.1016/j.chom.2014.09.008

Sable SB, Kumar R, Kalra M, Verma |, Khuller GK, Dobos K, Belisle JT (2005)
Peripheral blood and pleural fluid mononuclear cell responses to
low-molecular-mass secretory polypeptides of Mycobacterium
tuberculosis in human models of immunity to tuberculosis. Infect
Immun 73: 3547-3558. d0i:10.1128/1A1.73.6.3547-3558.2005

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular Cloning: A Laboratory
Manual. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press.

Sampson SL, Dascher CC, Sambandamurthy VK, Russell RG, Jacobs WR,
Bloom BR, Hondalus MK (2004) Protection elicited by a double
leucine and pantothenate auxotroph of Mycobacterium
tuberculosis in Guinea pigs. Infect Immun 72: 3031-3037. d0i:10.1128/
IA1.72.5.3031-3037.2004

Schmidtke P, Le Guilloux V, Maupetit J, Tuffery P (2010) fpocket: Online tools
for protein ensemble pocket detection and tracking. Nucleic Acids Res
38: W582-W589. doi:10.1093/nar/gkq383

Schouten GK, Paulussen FM, Kuipers OP, Bitter W, Grossmann TN, van Ulsen P
(2022) Stapling of peptides potentiates the antibiotic treatment of
acinetobacter baumannii in vivo. Antibiotics (Basel) 11: 273.
doi:10.3390/antibiotics11020273

Novel compounds enhancing mycobacterial vulnerability Habjan et al.

Sharma PC, Sinhmar A, Sharma A, Rajak H, Pathak DP (2013) Medicinal
significance of benzothiazole scaffold: An insight view. J Enzyme Inhib
Med Chem 28: 240-266. d0i:10.3109/14756366.2012.720572

Singh A, Kumar Gupta A, Gopinath K, Sharma P, Singh S (2017) Evaluation of 5
novel protein biomarkers for the rapid diagnosis of pulmonary and
extra-pulmonary tuberculosis: Preliminary results. Sci Rep 7: 44121.
doi:10.1038/srep44121

Smeulders MJ, Keer J, Speight RA, Williams HD (1999) Adaptation of
Mycobacterium smegmatis to stationary phase. J Bacteriol 181:
270-283. doi:10.1128/)B.181.1.270-283.1999

Spaink HP, Cui C, Wiweger MI, Jansen HJ, Veneman WJ, Marin-juez R, de
Sonneville J, Ordas A, Torraca V, van der Ent W, et al (2013) Robotic
injection of zebrafish embryos for high-throughput screening in
disease models. Methods 62: 246-254. doi:10.1016/j.ymeth.2013.06.002

Stahl C, Kubetzko S, Kaps |, Seeber S, Engelhardt H, Niederweis M (2001) MspA
provides the main hydrophilic pathway through the cell wall of
Mycobacterium smegmatis. Mol Microbiol 40: 451-464. doi:10.1046/
1.1365-2958.2001.02394.X

Stoop EJM, Schipper T, Rosendahl Huber SK, Nezhinsky AE, Verbeek FJ,
Gurcha SS, Besra GS, Vandenbroucke-Grauls CMJE, Bitter W, Van Der
Sar AM (2011) Zebrafish embryo screen for mycobacterial genes
involved in the initiation of granuloma formation reveals a newly
identified ESX-1 component. Dis Model Mech 4: 526-536. d0i:10.1242 /
dmm.006676

Tsui CKM, Sorrentino F, Narula G, Mendoza-Losana A, del Rio RG, Herran EP,
Lopez A, Bojang A, Zheng X, Remuifian-Blanco M), et al (2022) Hit
compounds and associated targets in intracellular Mycobacterium
tuberculosis. Molecules 27: 4446. doi:10.3390/ molecules27144446

Van Zundert GCP, Rodrigues JPGLM, Trellet M, Schmitz C, Kastritis PL, Karaca E,
Melquiond AS}, Van Dijk M, De Vries SJ, Bonvin AMJJ (2016) The HADDOCK2.2
web server: User-friendly integrative modeling of biomolecular
complexes. J Mol Biol 428: 720-725. doi:10.1016/j.jmb.2015.09.014

Varadi M, Anyango S, Deshpande M, Nair S, Natassia C, Yordanova G, Yuan D,
Stroe 0, Wood G, Laydon A, et al (2022) AlphaFold protein structure
database: Massively expanding the structural coverage of protein-
sequence space with high-accuracy models. Nucleic Acids Res 50:
D439-D444. doi10.1093/nar/gkab1061

Wang S, Witek J, Landrum GA, Riniker S (2020) Improving conformer
generation for small rings and macrocycles based on distance
geometry and experimental torsional-angle preferences. ) Chem Inf
Model 60: 2044-2058. doi:10.1021/acs.jcim.0c00025

Weininger D (1988) SMILES, a chemical language and information system: 1:
Introduction to methodology and encoding rules. ) Chem Inf Comput
Sci 28: 31-36. d0i:10.1021/¢i00057a005

Weininger D, Weininger A, Weininger JL (1989) SMILES. 2. Algorithm for
generation of unique SMILES notation. J Chem Inf Comput Sci 29:
97-101. doi:10.1021/ci00062a008

White RM, Sessa A, Burke C, Bowman T, LeBlanc J, Ceol C, Bourque C, Dovey M,
Goessling W, Burns CE, et al (2008) Transparent adult zebrafish as a
tool for in vivo transplantation analysis. Cell Stem Cell 2: 183-189.
doi:10.1016/j.stem.2007.11.002

Wong Al, Rock JM (2021) CRISPR interference (CRISPRI) for targeted gene
silencing in mycobacteria. Methods Mol Biol 2314: 343-364.
doi:10.1007/978-1-0716-1460-0_16

World Health Organization (2020) WHO Consolidated Guidelines on
Tuberculosis Module 4: Treatment Drug-Resistant Tuberculosis
Treatment. Geneva: World Health Organization.

World Health Organization (2022a) Global Tuberculosis Report 2022. Geneva:
World Health Organization.

World Health Organization (2022b) WHO Consolidated Guidelines on
Tuberculosis Module 4: Treatment Drug-Resistant Tuberculosis
Treatment Update. Geneva: World Health Organization.

https://doi.org/10.26508/1sa.202302509 vol 7 | no 7 | 202302509 16 of 17


https://doi.org/10.1099/mic.0.26662-0
https://doi.org/10.1099/mic.0.26662-0
https://doi.org/10.1016/j.tube.2020.101983
https://doi.org/10.2144/01302bm07
https://doi.org/10.1046/j.1365-2958.1999.01472.x
https://doi.org/10.1046/j.1365-2958.1999.01472.x
https://doi.org/10.1128/AAC.46.8.2720-2722.2002
https://doi.org/10.1128/AAC.46.8.2720-2722.2002
https://doi.org/10.1038/ncomms1060
https://doi.org/10.1021/acs.jcim.5b00654
https://doi.org/10.1038/nmicrobiol.2016.274
https://doi.org/10.1093/jac/dkn070
https://doi.org/10.1093/jac/dkn070
https://doi.org/10.1016/j.chom.2014.09.008
https://doi.org/10.1128/IAI.73.6.3547-3558.2005
https://doi.org/10.1128/IAI.72.5.3031-3037.2004
https://doi.org/10.1128/IAI.72.5.3031-3037.2004
https://doi.org/10.1093/nar/gkq383
https://doi.org/10.3390/antibiotics11020273
https://doi.org/10.3109/14756366.2012.720572
https://doi.org/10.1038/srep44121
https://doi.org/10.1128/JB.181.1.270-283.1999
https://doi.org/10.1016/j.ymeth.2013.06.002
https://doi.org/10.1046/j.1365-2958.2001.02394.x
https://doi.org/10.1046/j.1365-2958.2001.02394.x
https://doi.org/10.1242/dmm.006676
https://doi.org/10.1242/dmm.006676
https://doi.org/10.3390/molecules27144446
https://doi.org/10.1016/j.jmb.2015.09.014
https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1021/acs.jcim.0c00025
https://doi.org/10.1021/ci00057a005
https://doi.org/10.1021/ci00062a008
https://doi.org/10.1016/j.stem.2007.11.002
https://doi.org/10.1007/978-1-0716-1460-0_16
https://doi.org/10.26508/lsa.202302509

(<< . . .
s2epe Life Science Alliance

Yadav PS, Prakash D, Senthilkumar GP (2011) Benzothiazole: Different
methods of synthesis and diverse biological activities. Int / Pharm Sci
Drug Res 3: 01-07. doi:10.1016/].ipha.2023.06.001

Zheng S, Zhou Y, Fleming J, Zhou Y, Liu W, Bi L (2017) The putative polyketide
cyclase MSMEG_0129 from Mycobacterium smegmatis: Purification,
crystallization and X-ray crystallographic analysis. Acta Crystallogr F
Struct Biol Commun 73: 437-442. d0i:10.1107/52053230X17008937

Zhengs, Zhou Y, FlemingJ, Zhou Y, Zhang M, Li S, Li H, Sun B, Liu W, Bi L (2018)
Structural and genetic analysis of START superfamily protein
MSMEG_0129 from Mycobacterium smegmatis. FEBS Lett 592:
1445-1457. doi:10.1002/1873-3468.13024

Zhou Y, Wei W, Fleming J, Ye C, Zheng S, Liu F, Zhou L, Bi L, Liu W (2020)
Mycobacterium smegmatis MSMEG_0129 is a nutrition-associated

Novel compounds enhancing mycobacterial vulnerability Habjan et al.

regulator that interacts with CarD and ClpP2. Int J Biochem Cell Biol
124: 105763. doi:10.1016/j.biocel.2020.105763

Zhou Y, Zhong T, Wei W, Wu Z, Yang A, Liu N, Wang M, Zhang X (2021) Single
START-domain protein Mtsp17 is involved in transcriptional
regulation in Mycobacterium smegmatis. PLoS One 16: €0249379.
doi:10.1371/journal.pone.0249379

License: This article is available under a Creative
Commons License (Attribution 4.0 International, as
described at https://creativecommons.org/
licenses/by/4.0/).

https://doi.org/10.26508/1sa.202302509 vol 7 | no 7 | 202302509 17 of 17


https://doi.org/10.1016/j.ipha.2023.06.001
https://doi.org/10.1107/S2053230X17008937
https://doi.org/10.1002/1873-3468.13024
https://doi.org/10.1016/j.biocel.2020.105763
https://doi.org/10.1371/journal.pone.0249379
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.26508/lsa.202302509

Advertisement

Modulating mycobacterial envelope integrity for antibiotic synergy with
benzothiazoles

Eva Habjan, Alexander Lepioshkin, Vicky Charitou, Anna Egorova, Elena Kazakova, Vien QT Ho,
Wilbert Bitter, Vadim MakarovAlexander Speer

Vol 7 | No 7 | e202302509
http://doi.org/10.26508/Isa.202302509


http://doi.org/10.26508/lsa.202302509

	Modulating mycobacterial envelope integrity for antibiotic synergy with benzothiazoles
	Introduction
	Results
	Cell wall permeability screening identifies benzothiazole BT-08
	BT-08 increases mycobacterial cell envelope permeability in a dose-dependent manner
	BT-08 exhibits anti-mycobacterial activity ex vivo and in vivo
	BT-08 in vitro anti-microbial activity is detergent- and media-dependent
	BT-08 potentiates the activity of high molecular weight antibiotics
	BT-08 optimization resulted in benzothiazole BT-37 with improved activity against M. tuberculosis
	Mutations in MMAR_0407 (Rv0164) cause resistance to BT-37
	BT-37 is targeting MMAR_0407 (Rv0164)
	Molecular docking simulations predict the binding of BT-37 to the hydrophobic pocket of Rv0164

	Discussion
	Materials and Methods
	Reagents and compounds
	Bacteria and cell lines
	Ethidium bromide uptake assay
	Resazurin uptake assay
	Bacterial susceptibility assays
	Zebrafish (Danio rerio) husbandry
	Zebrafish (D. rerio) embryo infection studies
	Zebrafish (D. rerio) embryotoxicity studies
	Generation of spontaneous compound-resistant M. marinum mutants
	Cytotoxicity in macrophages
	Macrophage infection studies
	Hemolysis assay
	Checkerboard assay
	Chemistry
	Molecular docking studies
	Thermal shift assays
	Construction of plasmids

	Data Availability
	Supplementary Information
	Acknowledgements
	Author Contributions
	Conflict of Interest Statement
	Abrahams KA, Besra GS (2020) Mycobacterial drug discovery. RSC Med Chem 11: 1354–1365. 10.1039/d0md00261eAtes LS, Ummels R, ...


