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Abstract

Drug-resistant tuberculosis is a pressing global health issue that requires the develop-
ment of new drugs or the identification of new therapeutic targets. The ESX-3 secretion
system is essential for the Mycobacterium tuberculosis growth and plays a role in iron/
zinc homeostasis and virulence. The aim of this study was to evaluate the quaternary
interface of EccD3, a component of the ESX-3 secretion system, and to evaluate the
association of an eccD3 mutant with drug resistance. The molecular structures of
EccD3 protein and other ESX-3 secretion system proteins of the M. tuberculosis were
predicted based in homology with the Mycolicibacterium smegmatis tertiary pro-

tein structures. According to the in silico results, selamectin, avermectin, ivermectin,
and moxidectin were selected as prospective drugs. Selamectin and moxidectin had
favorable AG values for the EccB3 and EccD3 dimer interfaces, whereas the ESX-3
Protomer 1 interface had the best AG + with avermectin, ivermectin, and moxidectin.
Furthermore, ivermectin susceptibility increased when the eccD3 gene was inhibited
using CRISPRi in M. smegmatis. Blockage of EccD3 increased the ivermectin action,
but the modest changes observed may be explained by the compensatory mechanisms
or other ivermectin targets in absence of this Esx3 component. Further in vitro and
preclinical studies are required to validate our findings.
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Author summary

Reducing drug-resistant tuberculosis is a priority within the framework of the health and
well-being sustainable development goals, which require the development of new drugs
or identification of novel therapeutic targets. Proteins serve diverse functions in cells,
with some being crucial for mycobacterial growth, virulence, and pathogenesis. Myco-
bacteria employ various systems to secrete proteins essential for proper cellular function.
The ESX-3 secretion system is vital for Mycobacterium tuberculosis survival and plays a
role in metal homeostasis and virulence. This study conducted an in silico evaluation of
EccD3, ESX-3 secretion system component, potential as a drug target and assessed the
growth of a mutant lacking of eccD3 in the presence of drugs. Simulations of interac-
tions between the EccD3 and others ESX-3 secretion system amino acid interfaces and
34 drugs revealed that selamectin, avermectin, ivermectin, and moxidectin exhibited the
most favorable binding potential. Furthermore, when evaluating the growth of an eccD3
M. smegmatis mutant in the presence of ivermectin, an increase in drug susceptibility was
observed. However, this change in susceptibility was modest, potentially due to compen-
satory mechanisms employed by mycobacteria in the absence of eccD3. Further studies
are warranted to explore these findings in greater depth.

Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis, is one of the leading causes of death
worldwide. Over 10.8 million incident cases occurred in 2023 [1]. However, the efficacies of
first-line regimens that combine isoniazid, rifampicin, ethambutol, and pyrazinamide have
decreased due to the emergence of drug-resistant strains [2]. Patients with drug-resistant TB
(DR-TB) require treatment with second-line therapeutics, such as fluoroquinolones, or bacte-
riostatic drugs. Second-line drugs are more toxic and require longer treatment durations [2].
The identification of biomolecular markers or novel therapeutic targets are crucial in the treat-
ment and control of DR-TB, as is the repurposing of existing drugs or the discovery or design
of new compounds. Studies of DR-TB biomolecular markers have been performed showing
different potential genes to explore therapeutic targets [3-6] or new compounds [7]. The
ESX-3 secretion system is essential for M. tuberculosis in vitro growth, however this phenotype
can be restored by adding iron in the culture [8]. Furthermore, ESX-3 plays a role in iron/
zinc homeostasis [9, 10] and virulence [11, 12]. The ESX-3 locus, which is highly conserved in
mycobacterial genomes, consists of several genes, including the ecc genes (eccA3, eccB3, eccC3,
eccD3, and eccE3), encoding ATP-domains and transmembrane domain proteins, whose are
the focus of this study. Other genes in the locus include the esx genes (esxG and esxH) and pe/
ppe genes (PE4 and PPES5), which encode secreted proteins, the espG3 gene, which encodes

a chaperone protein, and the mycP3 gene, which encodes a membrane-anchored subtilisin-
like serine protease [13]. Two similar protomers of ESX-3 secretion machinery that form a
stable dimer have been identified recently in Mycolicibacterium smegmatis [12,14,15]. Each
protomer is composed of single copies of EccB3, EccC3, and EccE3 proteins, and only EccD3
shows two copies. There is no experimental evidence that MycP3 is associated with the core
protomer [14, 15]. The ESX-3 secretion system characteristics described in literature suggest
that ESX-3 components are potential drug targets [16-18]. Besides, the esxG and esxH genes,
codifying to secreted protein by ESX3 secretion system were associated with DR-TB [3,4,6].
The EccD3 dimer is positioned in ESX-3 complex in a way that interacts with the membrane
and the cytosol, and its disruption may cause a system destabilization [14, 15].
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Drug development typically spans about 12 to 15 years and consumes vast economic
resources [19]. However, computer-aided drug discovery (CADD) may reduce time and cost
requirements [20]. In silico molecular docking studies predict the interaction quaternary
complex and the change in binding free energy (AG) of a given drug-target pair. This method
facilitates protein drug target screening [21]. Moreover, drug repurposing is considered a
shortcut for drug development because it considers the potential use of approved drugs origi-
nally intended for other indications [22].

The targeting of bacterial secretion systems represents a viable therapeutic strategy,
supported by multiple mechanistic considerations. Recent studies provide evidence that
bacterial secretion systems, e.g. the Type VI secretion system T6SS [23] and others, are
inherently dynamic rather than static, undergoing substantial conformational changes
during the secretion process. These conformational shifts expose different interface
regions, creating opportunities for drug intervention even in fully assembled complexes.
Furthermore, bacterial secretion systems require continuous maintenance of their quater-
nary structure through protein turnover and membrane dynamics, necessitating regular
component replacement. The targeting of critical interface regions, which structural stud-
ies have identified as essential for complex stability [24], provides strategic intervention
points where drug binding could destabilize the entire structure. This approach mirrors
successful strategies employed against other biological oligomeric systems
[25, 26] and membrane protein complexes, including the bacterial divisome [27], estab-
lishing a precedent for the therapeutic targeting of protein-protein interfaces in bacterial
membrane complexes.

Therefore, the aim of this study was to evaluate EccD3 dimer interface as target for 23
anti-TB and 11 repurposing drugs (34 ligands in total), based on a protein-protein interaction
(PPI) inhibitor approach. The in silico results were validated using a M. smegmatis mutant
strain with the eccD3 gene inhibited. In addition, other quaternary interfaces and ATPase
domain of ESX3 secretion system were evaluated as drug targets. For generating the inhibition
system, the CRISPR interference (CRISPRi) system [28] was used.

Results

To evaluate EccD3 protein and the ESX3 quaternary interfaces as drug targets, an in silico
molecular docking analysis between the proteins and the 23 anti-TB drugs plus 11 repurpos-
ing drugs was performed. The structural docking results are accessible in the MDdb Science
Gateway at http://md-db.org with entry ID 690005 [24].

The homology model of the EccD3 dimer composed by the extended and bent monomer
was generated (Fig 1a and 1b). Furthermore, the quaternary structure of M. tuberculosis ESX-3
secretion system Protomer 1 and Protomer 2, composed of EccB3, EccC3, EccD3-extended
monomer, EccD3-bent monomer, and EccE3, is shown in Fig 1c. The stereo-chemical quality
of the two protomers was quantified with the MolProbity scoring (S1 Table).

Identification of drug binding site search space of ESX-3 secretion system
proteins

To focus the sampling volume space to those regions that are crucial in quaternary struc-
ture formation, we defined our search on the quaternary interfaces between the monomers
of EccD3 dimer (Fig la and 1b), and two ESX-3 interfaces, the periplasmic monomers of
the EccB3 domains (Fig 1le), and between the two protomers (Fig 1d and S2 Table). The

ATP-binding site of EccC3 ATPase III domain was also sampled (Fig 1f) as an enzymatic
target.
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Fig 1. M. tuberculosis EccD3 and ESX-3 secretion system models and drug binding site search space. (a) and (b) N- terminal and C-terminal at the quaternary
interfaces of EccD3 dimer. (c) Quaternary structure of M. tuberculosis of ESX-3 secretion system, using homology models of proteins. EccD3-1 represents bent
monomer, EccD3-2 represents extended monomer, DUF represents EccC3 domain of unknown function. (d) Quaternary interface of protomer 1 and protomer
2. (e) Quaternary interface of periplasmic EccB3 dimer. (f) Active drug binding site of ATP in the EccC3 ATPase III domain (1-PDB ID: 6]17) [29]. Quaternary
interface amino acids defining the search space are shown in red.

https://doi.org/10.1371/journal.pcbi.1012936.9001

Identification of potential drug targets for ESX-3 secretion system of M.
tuberculosis

The EccC3 ATPase domain IIT has been previously co-crystallized with ATP (1-PDB ID:
6J17) and interacts with magnesium (Mg) [29]. To validate the proposed methodology, a
molecular docking control analysis was performed (S1 Fig) using VINA algorithm for all
dockings, including evaluations with one ATP molecule with and without a magnesium atom.
These results showed AG values of -10.4 and -8.8 kcal/mol, respectively, and a structural
superposition of the experimental ATP pose with the predicted pose from the molecular dock-
ing had a root mean square deviation (RMSD) value of 1.087 A (S1 Fig). We also found similar
interactions between ATP and active site amino acids when comparing experimental data and
the two molecular docking evaluations used as controls (S3 Table).

Fig 2 and S4 Table show the results of a column-based Z-score matrix analysis, which com-
pares each target against the entire drug set to identify drugs with the most favorable interac-

tions with a specific target.

The protein-drug pairs with a Z-score value of -1 or less were 1) rifapentine, ivermectin, mox-
idectin, selamectin, and rifampicin with the EccD3 N-terminal (Fig 3b), 2) avermectin, ivermec-
tin, moxidectin, selamectin, rifalazil, and vitamin D with the EccD3 C-terminal (Fig 3c and 3d),
3) ivermectin, rifalazil, selamectin, rifapentine, and sparfloxacin with EccB3 (Fig 4a), 4) biomycin,
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https://doi.org/10.1371/journal.pcbi.1012936.9002

avermectin, ivermectin, selamectin, and moxidectin with ESX-3 protomer 1 (Fig 5a), 5) envio-
mycin, vanoxerine, and vitamin D with protomer 2 (S2 Fig), and 6) enviomycin, moxidectin, and
levofloxacin with the EccC3 ATPase III domain (S3 Fig and S4 Table).

Selamectin interacts with EccD3 N-terminal (Fig 3b), showing AG value of -7.4 kcal/mol,
this complex showed hydrophobic interactions with one polar and seven non-polar interface
amino acids (Fig 3b). In addition, selamectin interacts with interface amino acids of EccB3
(Fig 4b and 4c¢), showing AG values of -7.4 kcal/mol. These two drug-protein complexes had
similar interactions with non-polar valine, alanine, and leucine interface amino acids (Figs 4c
and 3b).

EccD3 C-terminal interface amino acids interacted with moxidectin and rifalazil, showing
AG values of -8.4 and -8.1 kcal/mol, respectively (Fig 3c and 3d). We observed six hydropho-
bic interactions with non-polar and one with polar interface amino acids in the EccD3 N-
terminal-moxidectin complex (Fig 3¢c), whereas four hydrophobic interactions with non-polar
and one with polar interface amino acids were observed in the EccD3 N-terminal-rifalazil
complex (Fig 3d). Alanine 431, tryptophan 421, and valine 424 were interface amino acids that
interacted with moxidectin and rifalazil (Fig 3c and 3d).

ESX-3 protomer 1 interface amino acids interacted with avermectin, ivermectin, and
selamectin, showing AG values of -8.8, -8.7, and -8.7 kcal/mol, respectively (Fig 5a).
Interactions with six non-polar and three polar interface amino acids were found in
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ESX-3-P1-avermectin and -ivermectin complexes (Fig 5d and 5b), whereas interactions with
six non-polar and one polar interface amino acids were observed in the ESX-3-P1-moxidectin
complex (Fig 5¢). Valine 21, tryptophan 29, arginine 30, and isoleucine 1242 were interface
amino acids that showed molecular interactions with the three drugs (Fig 5b-d). However,
the ESX-3 protomer 2 complexes with enviomycin, vanoxerine and vitamin D, did not show
molecular interactions with any interface amino acids (S2 Fig).

Overall, the drugs that interacted with EccD3 interfaces and the others ESX-3 secretion
system interfaces having the lowest AG values were from the avermectin family (S4 Table);
avermectin, ivermectin, moxidectin, and selamectin). Since the complex structure of iver-
mectin and the glutamate-gated chloride channel of Caenorhabditis elegans has been reported
(2-PDB ID: 3RIF) [30], we performed a molecular docking analysis between these two as
an additional methodological positive control to validate the predicted binding free energy
change and structural conformation. The molecular docking pipeline correctly reproduced the
glutamate-gated chloride channel and ivermectin complex, showing a AG value of -9.4 kcal/
mol and an RMSD value of 1.2 A (S3 Fig). Furthermore, considering that avermetin drugs
have a logP>1, i.e. they are somewhat hydrophobic molecules (S5 Table), and that most of the
amino acids comprising the sampled protein-protein interface regions are non-polar (Figs 3,
4, 5 and S4). The question arises whether these protein-drug interactions are just driven by
nonspecific hydrophobic effect or have some preference for the quaternary interfaces. Hence,
we added a molecular docking between all 34 drugs and two physicochemically distinct ESX-3
secretion system solvent-exposed surfaces, the EccD3 mostly-hydrophobic and the EccE3
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mostly-hydrophilic surfaces (S5 Fig). On average, avermectin drugs binding energy change to
protein-protein interface regions were -8.1, -7.0, -8.4, -8.8, and -8.5 for EccB3, EccC3 N-ter,
EccD3 C-ter, ESX-3 P1, and ESX-3 P2, respectively (S4 Table). In contrast, the same avermec-
tin drugs AG to solvent-exposed surfaces were, on average, -3.4 and -5.5 for EccD3 and EccE3,
respectively (56 Table). These results indicate a thermodynamic preference of avermectin
drugs for protein-protein interfaces over solvent-exposed protein surfaces.

Finally, we checked the catalytic EccC3 ATPase domain III. The most favorable complexes
were with moxidectin, envyomicin, and levofloxacin, showing AG values of -8.8 kcal/mol, -7.8
kcal/mol, and -7.4 kcal/mol, respectively. We observed interaction between the three drugs
and enzyme active site amino acids, however, moxidectin showed the lowest binding free
energy change (S6 Fig), comparable to that observed with ATP.

Effect of eccD3 gene knockdown in M. smegmatis

EccD3 is the only protein that forms a homodimer within ESX-3 secretion system struc-
ture, therefore inhibition of eccD3 gene may generate a disruption of the complete structure of
the secretion system. The PLJR962-eccD3-gRNA plasmid was constructed and characterized
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by PCR and automatized sequencing; a 186 bp amplified fragment bearing the eccD3-gRNA
identical sequence was obtained. Subsequently, CRISPRi strain with eccD3 gene transcription
inhibited was generated and characterized by PCR, confirmed by the 186 bp product.
Ivermectin was selected to evaluate the association with ESX-3 secretion system owing to its
chemical and physic characteristics (S5 Fig). The M. smegmatis PLJR962-eccD3-gRNA strain
minimum inhibitory concentration (MIC) and growth curve were performed. M. smegmatis
PLJR962-eccD3-gRNA and M. smegmatis PLJR962-control-gRNA strains showed no differences
in their growth using ATc (Fig 6a and 6b), but in M. smegmatis PLJR962-mmpL3-gRNA strain,
significant difference was observed without or with ATc (Fig 6b). The eccD3 gene inhibition in
M. smegmatis PLJR962-eccD3-gRNA was evaluated by RT-qPCR assays showing a 92.19-fold
inhibition with ATc compared with the same strain without ATc (Fig 6¢). The scramble sequence
selected as control guide in this study did not align anywhere in the M. smegmatis genome in the
in silico analyses, however in the in vitro assays an effect was observed in RT-qPCR results (Fig
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expression of eccD3 gene, average of technical triplicates of each strain without (-) and with (+) ATc (anhydrotetracy-
cline) 0.0002 uM (100ng/mL). For (b) and (c) eccD3 corresponds to M. smegmatis PLJR962-eccD3-gRNA strain, ctrl
corresponds to M. smegmatis PLJR962-control-gRNA strain, WT corresponds to M. smegmatis wild type strain and

PLOS Computational Biology | https:/doi.org/10.1371/journal.pcbi.1012936  April 17, 2025 9/27




PLOS COMPUTATIONAL BIOLOGY Mycobacterium susceptibility to ivermectin by inhibition of eccD3

mmpL3 corresponds to M. smegmatis PLJR962-mmpL3-gRNA. The rod with the asterisk shows significant differences
between the relative expression of eccD3 gene in M. smegmatis PLJR962-eccD3-gRNA strain using Student’s t-test
(p=0.0062).

https://doi.org/10.1371/journal.pcbi.1012936.9006

6¢). The Shapiro-Wilk test results indicated that the RT-qPCR data showed a normal distribu-
tion with a p-value of 0.0904 and a W statistic value of 0.09.

The resazurin microtiter assay plate method (REMA) was used to determine ivermectin sus-
ceptibility. The MIC for M. smegmatis wild type was 0.25 uM (256 pug/mL) (S7 Fig), and for M.
smegmatis PLJR962-eccD3-gRNA strain the MIC without ATc was 0.125 pM (128 ug/mL) and
with ATc was 0.062 pM (64 pg/mL) (S8a, S8b and S9a Figs), showing an increased in ivermectin
susceptibility when eccD3 gene is inhibited. In the case of M. smegmatis PLJR962-control-gRNA
strain without and with ATc, the MIC was 0.125 pM (128 pug/mL) (S8c¢, S8d and S9b Figs).

Growth kinetic curves were evaluated to analyze the changes of M. smegmatis PLJR962-
eccD3-gRNA and M. smegmatis PLJR962-control-gRNA strains without and with ATc in pres-
ence of different ivermectin concentrations (0.5 uM (512 pug/mL), 0.25 puM (256 pug/mL), 0.125
uM (128 pug/mL), 0.062 uM (64 pg/mL), and 0.031 uM (32 pg/mL)). In 0.5 uM (512 pg/mL),
0.25 uM (256 pg/mL), and 0.125 uM (128 ug/mL) ivermectin doses, M. smegmatis PLJR962-
eccD3-gRNA and M. smegmatis PLJR962-control-gRNA strains showed no growth (510 Fig).

On the other hand, in 64 ug/mL (0.062 uM) and 32 pg/mL (0.031 uM) ivermectin concen-
trations, a significant difference was found when hourly reads were analyzed with Student
t-test comparing M. smegmatis PLJR962-eccD3-gRNA strain when grown without and with
ATc (Fig 7a and 7b). Results showed an increase of ivermectin susceptibility when eccD3 was
inhibited (kinetic growth curve with ATc (Fig 7a and 7b). For M. smegmatis PLJR962-control-
gRNA strain, no differences of bacterial growth were observed (Fig 7c and 7d).

In addition, REMA plated method was used to determine minimum inhibitory concen-
tration for first- and second-line drugs in M. smegmatis strains where rifampicin showed a
decrease in susceptibility, whereas linezolid showed an increased in susceptibility in M. smeg-
matis PLJR962-eccD3-gRNA strain (Table 1).

Growth kinetic curves were evaluated to analyze the changes of M. smegmatis PLJR962-eccD3-
gRNA and M. smegmatis PLJR962-control-gRNA strains without and with ATc in presence of
different drug concentrations based in the obtained MICs as follows: linezolid (2 ug/mL, 1 pg/
mlL, and 0.5 ug/mL) and rifampicin (3.2 pg/mL, 1.6 ug/mL, and 0.8 pg/mL) and. When 0.5 pg/
mL linezolid concentration was used, an increase of susceptibility when eccD3 was inhibited
(kinetic growth curve with ATc (Fig 8a) was observed. For M. smegmatis PLJR962-control-gRNA
strain, no differences of bacterial growth were observed (Fig 8b). On the other hand, when 0.8
pg/mL rifampicin concentration was used, a significant difference was observed in M. smegma-
tis PLJR962-eccD3-gRNA strain when grown without and with ATc (Fig 8b). Results showed a
decrease of rifampicin susceptibility when eccD3 was inhibited (kinetic growth curve with ATk,
Fig 8b). In 0.0038 uM (3.2 ug/mL) and 0.0019 uM (1.6 ug/mL) rifampicin and 0.005 pM (2 pg/
mL) and 0.002 uM (1 pg/mL) linezolid doses M. smegmatis PLJR962- eccD3-gRNA and M. smeg-
matis PLJR962-control-gRNA strains showed no growth (S11 Fig).

Discussion

The ESX-3 secretion system is required for in vitro growth and virulence of M. tuberculosis.
This system is highly conserved among mycobacteria species [12,18]. EccD3 is the only dimer
component of the ESX-3 secretion system. Thus, EccD3 and others ESX-3 components meet
the requirements of a potential therapeutic target, particularly through quaternary structure
destabilization or ATPase motor inhibition [14, 15]. In silico analyses of EccD3 and others
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Fig 7. Growth curve of M. smegmatis PLJR962-eccD3-gRNA strain with ivermectin. Growth curves of M. smegmatis mc2 155 wild type strain (diamonds, inner
graph (a) and (c), M. smegmatis PLJR962-eccD3-gRNA strain (circles) (a) and (b), and M. smegmatis PLJR962-control-gRNA strain (triangles) (c) and (d) without
ATc (gray line) and with ATc (black line) 0.0002 uM (100 ng/mL), and with a final concentration of ivermectin of 0.062 pM 64 pg/mL) (a) and (c) and 0.031 pM (32
pg/mL) (b) and (d), and 0.03 uM (20 ug/mL) of kanamycin. In the two ivermectin concentrations tested in M. smegmatis PLJR962-eccD3-gRNA strain, a significant
difference was observed among treatments with and without ATc from 20 to 27 hours. An unpaired two-tailed Student’s ¢-test was used and p < 0.001 (***) and

P <0.05 (¥) were obtained (S7 Table and MDdb Science Gateway at http://md-db.org with entry ID 690005 in-vitro data). M. smegmatis mc* 155 wild type growth
curve were included in the inner graph. Each assay was performed with technical triplicates showing the average data with the standard deviation as error bars.

https://doi.org/10.1371/journal.pcbi.1012936.9007

ESX-3 proteins quaternary interfaces as drug targets were evaluated and an M. smegmatis

mutant strain with eccD3 inhibited gene was generated to evaluate silico results. Whereas

a quantum mechanics approach may be more suitable for metal-ligand-protein molecular
docking analysis [31], some studies have shown that the method employed in this study has
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Table 1. Minimum inhibitory concentration of antituberculosis drugs.

Minimum inhibitory concentration pg/mL

M. smegmatis strains

Drugs Wild type eccD3 eccD3 ATc Control Control ATc
Isoniazid 32 16 16 32 32
Rifampicin 6.4 1.6 3.2 1.6 1.6
Levofloxacin 0.125 0.06 0.06 0.06 0.06
Moxifloxacin 0.125 0.125 0.125 0.125 0.125
Linezolid 2 2 1 2 2

Wild type refers to M. smegmatis mc* 155 wild type strain, eccD3 refers to M. smegmatis PLJR962-eccD3-gRNA strain, and Control refers to M. smegmatis PLJR962-
control-RNA strain. ATc refers with anhydrotetracycline.

https://doi.org/10.1371/journal.pcbi.1012936.t1001

an accuracy of more than 73% [32]. To validate our methodology, a docking for ATP and the
EccC3 ATPase domain III was performed. The resulting RMSD value between the prediction
and the experiment falls within the range of 0-2 A that is generally considered to indicate
molecules with a structure similarity of over 90% [33]. Additionally, an analysis of the docked
ATP-protein complex showed interactions with the same amino acids as those reported in the
previous experimental study [29]. Based on these results, we can conclude that we successfully
validated the molecular docking results presented here.

In this study, we tested five quaternary interface locations within the ESX-3 secretion sys-
tem as potential targets for the 34 drugs set used, based on the hypothesis that they may dis-
rupt the quaternary structure of ESX-3 and inhibit its function. In recent years, PPI has been
a focus in drug design, and PPI inhibitors have shown potential in preventing diseases such as
Bcl2/Bax in cancer or Gp120/CCR5 in HIV [34, 35]. Tryptophan, arginine, and tyrosine are
present at the five search locations, which aligns with previous research indicating that these
amino acids are more likely to be found in PPI hot spots and serve as drug targets [36].

We determined in silico that avermectin, ivermectin, moxidectin, and selamectin had the
most favorable binding free energy change against the sampled locations in the EccD3 and
the ESX3 quaternary interfaces. These drugs are part of the avermectin family and are used as
pesticides, anthelmintics, and insecticides. Additionally, avermectin drugs have high molecu-
lar weights, around 800 atomic mass units (AMU), and molecules with AMU greater than 500
may be more likely to inhibit protein-protein interactions [37]. The mechanism of action for
the avermectin family is thought to involve the drug binding to the glutamate-gated chlo-
ride channel in the interface between protein chains, amplifying the effects of glutamate and
causing paralysis in invertebrate neuromuscular systems [38]. Our analysis showed that the
avermectin drugs interact with the ESX-3 quaternary interfaces in a manner like their inter-
action with the chloride channel interfaces. Additionally, the AG value of ivermectin bound
to the glutamate-chloride channel of C. elegans had a 1 kcal/mol difference from the binding
energy values of avermectin, ivermectin, moxidectin, and selamectin drugs bound to the
ESX-3 secretion system, which falls within the range of molecular docking error [39]. There-
fore, the binding energy values are similar between the molecular docking control group and
the experimental group.

Furthermore, we estimated the biological activities of the avermectin drugs using three
database webservers as mentioned in material and methods section (S11, S12 and S13 Tables).
Avermectin and ivermectin are more likely to exhibit antibacterial and antibiotic activities
than moxidectin and selamectin (S11 Table). In terms of toxicity, moxidectin and selamec-
tin have higher lethal dose 50 (LD50) values than avermectin and ivermectin (S12 Table).
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Fig 8. Growth curve of M. smegmatis PLJR962-eccD3-gRNA strain with linezolid and rifampicin. Growth curves of M. smegmatis mc2 155 wild type strain

© M. smegmatis PLJR962-eccD3-gRNA

@® V. smegmatis PLIR962-eccD3-gRNA ATc
A M. smegmatis PLJR962-control-gRNA

A M. smegmatis PLJR962-control-gRNA ATc
& M. smegmatis mc2 155 wild type

(diamonds, inner graph a and b), M. smegmatis PLJR962-eccD3-gRNA strain (circles) (a) and (b) without (gray line) and with (black line) ATc 0.0002 pM (100 ng/
mL), and M. smegmatis PLJR962-control-gRNA strain (triangles) (c and d) without (gray line) and with (black line) ATc 0.0002 pM (100 ng/mL), and with a final
concentration of linezolid of 0.001 uM (0.5 pg/mL) (a), and with a final concentration of rifampicin of 0.03 uM (0.8 ug/mL) (b), and (20 pg/mL) of kanamycin. A
significant difference was observed in the linezolid and rifampicin concentrations in M. smegmatis PLJR962-eccD3-gRNA strain without or with ATc from 20 to 27
hours. An unpaired two-tailed Student’s t-test was used and p < 0.01 (**) were obtained (S8 Table and MDdb Science Gateway at http://md-db.org with entry ID
690005 in-vitro data). M. smegmatis mc* 155 wild type growth curve were included in the inner graph. Each experiment was performed in technical triplicates show-

ing the average data with the standard deviation.

https://doi.org/10.1371/journal.pcbi.1012936.9008

Additionally, the four avermectin drugs only demonstrate immunotoxicity but no other types
of toxicity (S12 Table). Moreover, avermectin and ivermectin have better water solubility than
selamectin and moxidectin. None of the four drugs show blood brain barrier permeability and
all drugs have low gastrointestinal absorption (S13 Table).
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Adverse effects of avermectin drugs have been reported previously [38]. However, the
concentrations of avermectins that have been reported to cause adverse effects are higher than
those that have been shown to inhibit the growth of M. tuberculosis [40-42]. We used PAS-
Sonline, Pro Tox-II, and SwissADME to estimate the biological properties of the avermectin
drugs and found that selamectin, moxidectin, avermectin, and ivermectin are considered safe
based on these analysis parameters [43-45]. Despite this, further studies and clinical trials are
needed to consider the use of avermectins in the treatment of tuberculosis in humans. Studies
previously reported in vitro inhibition of drug-resistant and drug-sensitive strains of M.
tuberculosis and other mycobacteria by selamectin, moxidectin, ivermectin, and avermectin,
and they suggest that these drugs may be potential candidates for the treatment of DR-TB and
other mycobacterial diseases, although further functional analyses are necessary to confirm
this hypothesis [40-42,46,47].

Finally, moxidectin had the best AG value for the ATP-drug binding site in the ATPase
domain ITI-EccC3. Nonetheless, we suggest analyzing a wider range of drugs to identify a
molecule that may serve as a better competitive inhibitor of this ATPase. Other experimental
assays are needed to validate these in silico results.

Therefore, based on our in silico analysis and the previously published research, we pro-
pose that avermectin drugs may involve in ESX-3 secretion system M. tuberculosis disruption
through alteration of its quaternary structure, but the modest changes could suggest compen-
satory mechanisms or other ivermectin targets by absence of the EccD3 component. Given
that the genetic sequence encoding the ESX-3 secretion system is highly conserved among
mycobacteria [12,18], we hypothesize that avermectin drugs may have a similar molecular
mechanism of action in other mycobacteria.

From the in silico results, the effect of inhibition of eccD3 gene was evaluated exper-
imentally in presence of ivermectin using a strain created ex profeso: the M. smegmatis-
PLJR962-eccD3-gRNA strain. CRISPRi knock down system was evaluated using M.
smegmatis-PLJR962-eccD3-gRNA, M. smegmatis PLJR962-control-gRNA, and M. smegmatis-
PLJR962-mmpL3-gRNA strains. In M. smegmatis-PLJR962-mmpL3-gRNA strain used as a
control, a significant decrease in bacterial viability was observed in presence of the inductor
of CRISPRi system, ATc, because MmpL3 is an essential transporter of the trehalose mon-
omycolic lipid and is essential for M. smegmatis viability [48]. In the case of M. smegmatis-
PLJR962-eccD3-gRNA, M. smegmatis PLJR962-control-gRNA no differences in bacterial
viability were observed when ATc was added. These results show that eccD3 is not essential
for M. smegmatis viability, in accordance with literature [49]. However, according to Nath
and collaborators, when an eccD3 knock out M. smegmatis strain was generated the growth of
the bacteria was decreased [50], whereas in the present study, eccD3 gene was not completely
inhibited, the viability was not noticeably affected. On the other hand, no alteration growth
was observed in M. smegmatis-PLJR962-control-gRNA strain without or with ATk, as previ-
ously reported when similar control strain was used [28,51,52]. The M. smegmatis PLJR962-
eccD3-gRNA strain showed a 92.19-fold of eccD3 gene inhibition with ATc compared with
the same strain without ATc, however an effect was observed in the M. smegmatis-PLJR962-
control-gRNA strain with ATc. It has been previously described that RNA sequence as control
guides can cause off-target interactions that can induce global transcription changes but not
interfere with bacterial growth [23].

In this study, the ivermectin MIC of M. smegmatis wild type was 256 pg/mL (0.25uM),
but some discrepancies were found in the literature, as M. smegmatis ivermectin MIC was
reported in 8 ug/mL (0.007uM) [40], and in other study the MIC was not found for some
clinical isolates of M. smegmatis obtained from infected cats with this bacteria were the clin-
ical isolates were grown until 1,024 ug/mL (1uM) [53]. The inhibition of eccD3 gene caused
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an increase of ivermectin susceptibility from a MIC of 128 pg/mL (0.125uM) to 64 pg/mL
(0.065uM) in M. smegmatis-PLJR962-eccD3-gRNA strain. Furthermore, the analyses of M.
smegmatis-PLJR962-eccD3-gRNA growth in presence of other drugs showed an increased in
rifampicin resistance and an increased in linezolid susceptibility, in accordance, an increase
in rifampicin resistance was shown in another study where a knockout of eccD3 gene in M.
smegmatis was evaluated [46].

The in silico results showed the best interactions of EccD3 and ESX3 secretion system
interfaces with avermectin, ivermectin, selamectin and moxidectin. The interface of ESX3
protomer 1 showed interaction with ivermectin and, as contrary expected, in vitro results
showed an increased sensitivity for ivermectin in the eccD3 knockdown mutant M. smegmatis
strain. It was previously reported that the inhibition of eccD3 gene may cause a cell wall mod-
ification [50], therefore, we could suggest that this phenomenon may cause that ivermectin
could have major accessibility to the interface of ESX3 secretion system protomer 1 or even
to other proteins. In addition, based in the bacteria capacity to module gene expression when
associated to antibiotic resistance [54] and its capacity of adverse conditions adaptation
[55, 56], we could suggest that inhibition of eccD3 gene lead the modification in the expression
of other genes including related secretion systems as a compensatory mechanism when myco-
bacteria are exposed to sublethal doses of drugs. In a recent study, a M. tuberculosis mutant
with esxG and esxH genes (components of ESX3 gene cluster) deleted, showed growth and vir-
ulence inhibition; however, some colonies of M. tuberculosis mutants restored virulence and
growth in vivo and in vitro even without iron supplementation. This phenomenon was caused
by a mutation in the Rv3058c gene that codify for the transcriptional repressor of esxR and
esx$S genes (esxG-esxH paralogous) causing the overexpression of these genes showing the M.
tuberculosis genetic plasticity in overcoming the loss of a key nutrient uptake [57]. Consider-
ing the evidence, we observed that it is important to evaluate the global transcriptomic of the
M. smegmatis PLJR962-eccD3-gRNA strain in presence of ivermectin, rifampicin or linezolid
to be able to analyze the bacterial response to these drugs as a compensatory mechanism by
altering gene expression or their interactions with other genes.

Conclusion

EccD3N and C-terminal and ESX3 secretion system domains EccB3 and ESX3-Protomer 1
quaternary interfaces showed favorable molecular interactions with avermectin, ivermectin,
moxidectin, and selamectin by in silico prediction. Furthermore, in vitro assays demonstrated
an increase of ivermectin susceptibility when eccD3 gene was inhibited by 92.19-fold, which
means that the blockage of this component, as part of Mycobacterium ESX-3 secretion system,
could help to increase the ivermectin action on the bacteria. However, the modest susceptibil-
ity change to ivermectin may be explained by the compensatory mechanisms governing the
bacterial response, that can be observed by further global gene expression analyses combined
with mutational experiments against other components of secretion systems.

Materials and methods
Protein structure

Three-dimensional (3D) homology models for M. tuberculosis EccB3, EccC3, EccD3, and
EccE3 proteins from their complete amino acid sequence were built with the SwissModel
server (https://swissmodel.expasy.org/) [58]. The sequences of the proteins were obtained

by UniProt database with their corresponding entry EccB3 POWNR3, EccC3 POWNAJ,
EccD3 POWNQ3, and EccE3 POW]JES5. The closest M. tuberculosis phylogenetic homolog
with available structural data was Mycolicibacterium smegmatis, hence, its membrane domain
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EccB3 (3-PDB ID: 6UMM_3), periplasmic domain EccB3 (4-PDB ID: 6SGY), EccC3 (5-PDB
ID: 6UMM_4), EccD3 (6-PDB ID: 6UMM._2), and EccE3 (7-PDB ID: 6UMM _1) proteins as
modeling templates were used. Furthermore, the percent identity of ESX3 secretion system
and eccD3 nucleotide sequence between M. smegmatis and M. tuberculosis were determined
being >65% (S14 and S15 Tables). The 3D structure of ATPase III domain of the EccC3 of M.
tuberculosis H37Rv with a co-crystallized ATP molecule was obtained from 1-PDB ID: 6]17
[29]. Structural data curation involved deleting solvent and non-complex ions, adding hydro-
gen atoms, and assigning charges according to the AMBER-ff14SB force field, using UCSF
Chimera version 1.14 [59]. Energy minimization was performed in all structures by 10,000
steps of steepest descent (step size of 0.02 A), followed by 1,000 steps of conjugated gradient
(step size of 0.02 A) with UCSF Chimera [59]. The 3D structure quality was validated using
MolProbity server [60] (http://molprobity.biochem.duke.edu/).

Ligand selection and preparation

Thirty-four drugs as ligands and ATP, as control, were included in this study set, belonging to
different chemical classes. Twenty-three were first- and second-line anti-TB drugs [2]. Eleven
were selected from drug repurposing studies aimed to identify novel anti-TB treatments, using
“Mycobacterium tuberculosis, drug repurposing, and tuberculosis” as keywords in PubMed
database searching. The selection criteria for drug repurposing studies were drugs which
inhibit M. tuberculosis growth [40,61,62] (Table 2).

The ATP molecule was used to reproduce the co-crystallized 6]17 quaternary complex as a
control of the molecular docking method.

The 3D structure of each ligand was built using UCSF Chimera, based on the PubChem
CID and the canonical simplified molecular input line entry system (SMILES) code (https://
pubchem.ncbi.nlm.nih.gov) [63]. Missing hydrogen atoms and GASTEIGER partial charges

Table 2. Ligands includes in this study.

Molecule CID Molecule CID
Isoniazid 3767 Cycloserine 6234
Pyrazinamide 1046 Amithiozone 9568512
Ethambutol 14052 Thiosulfuric acid 24478
Rifampicin 135398735 Biomycin 54677440
Rifapentine 135403821 Enviomycin 135565326
Rifalazil 135431094 Florfenicol 114811
Rifabutin 135398743 Vanoxerine 3455
Amikacin 37768 Metformin 4091
Streptomycin 19649 Vitamin D 5280795
Kanamycin 6032 Simvastatin 54454
Levofloxacin 149096 Tamoxifen 2733526
Sparfloxacin 60464 Fluvastatin 446155
Pazufloxacin 65957 Avermectin 6858006
Ethionamide 2761171 Ivermectin 6321424
Pretomanid 456199 Moxidectin 9832912
Bedaquiline 5388906 Selamectin 9578507
Linezolid 441401 ATP 5957
4-Aminosalicylic acid 4649
CID, compound identifier of PubChem.
https://doi.org/10.1371/journal.pcbi.1012936.t002
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were assigned to each molecule. Energy minimization of the 34 ligands and ATP was per-
formed to all structures through 10,000 steps of steepest descent (step size of 0.02), followed
by 1,000 steps of conjugated gradient (step size of 0.02) with UCSF Chimera. The 3D struc-
tures were exported in MOL2 format, then imported into AutoDock Tools [64] (https://aut-
odock.scripps.edu/) and transformed into the PDBQT format.

Molecular docking

Given the focus of this study, ESX-3 secretion system quaternary interfaces were used as the
molecular docking sampling space for potential binding sites for the set of ligands. Macromo-
lecular interfaces were identified with the PDBePISA predictor server (http://www.ebi.ac.uk/
pdbe/prot_int/pistart.html) [65] and refined based on literature information (S2 Table)

(14, 15].

In silico molecular docking was performed using the AutoDock Vina software [66]. The
quaternary interfaces between EccD3, periplasmic and transmembrane domains EccB3, ESX-3
protomer 1, and ESX-3 protomer 2 proteins, were used as docking targets for the 23 anti-TB
and the 11 repurposing drugs. In the case of the EccC3 ATPase III domain, the ATP-binding
site was selected as the docking sampling space as a control because of the availability of
co-crystallization data (1-PDB ID: 6]17) [29]. Molecular docking simulations were performed
with exhaustiveness of search 6, number of binding modes 1, and maximum energy difference
of 3 kcal/mol. The sampling box center and dimensions for each protein was generated from
PDBePISA results and previous studies [14, 15]. The PDBePISA results highlighted specific
interfaces within EccD3 dimer and ESX-3 secretion system, each comprising interface amino
acids. These amino acids were visually marked in the protein structures using red coloring to
enhance identification. Subsequently, a sampling box was generated, centered to encompass

all the interface amino acids within the designated area. In the final step, the identified amino
acids were cross-referenced with existing literature on the ESX-3 secretion system to ensure
alignment with previous studies [14, 15] (S2 Table).

The docking pipeline was automated using a bash script. To increase the conformational
sampling, we performed each docking simulation 10 independent times.

The lowest binding free energy change (AG) values for each target-ligand pair were used
to create a numerical matrix (S4 Table) to conduct an all-vs-all target-drug analysis. The data
was analyzed using the statistical R function heatmap.2; the columns (targets) were scaled so
that their average was 0 and standard deviation was 1, resulting in a Z-score heatmap repre-
sentation of the docking results. Then, two criteria to select target-ligand conformations with
therapeutic drug potential were used. First, the complex had to have a Z-score value of -1 or
lower. Second, the ligand had to be bound in a quaternary interface region; the conforma-
tional sampling box at each search location was built with ample room to completely include
all the interface amino acids of interest, leading to the sampling of some neighboring regions
during the molecular docking study. Visual inspection was used to discard cases in which
the ligand was bound outside the quaternary interface location, even if it had alow AG. The
molecular interactions of the target-ligand complexes, including hydrogen bonds and hydro-
phobic interactions, were examined using Ligplot+ version 2.2 [67] and UCSF Chimera X
version 1.2.5 [68].

The molecular docking control to support the specificity of the hydrophobic interactions
were performed using the same docking pipeline as described above. Drug binding site Dog-
Site predictor (https://proteins.plus) [62] were used to select the bests ESX-3 secretion system
drug bindings sites (S5 Fig). Then the best hydrophobic and the best hydrophilic sites were
selected. Next steps were performed following the pipeline described above.

PLOS Computational Biology | https:/doi.org/10.1371/journal.pcbi.1012936  April 17, 2025 17 /27



https://autodock.scripps.edu/
https://autodock.scripps.edu/
http://www.ebi.ac.uk/pdbe/prot_int/pistart.html
http://www.ebi.ac.uk/pdbe/prot_int/pistart.html
https://proteins.plus

PLOS COMPUTATIONAL BIOLOGY Mycobacterium susceptibility to ivermectin by inhibition of eccD3

Drug properties.

The SMILES codes were obtained from PubChem. The biological activities were predicted
using the PASS platform that is based on a Bayesian algorithm. The output is the probability
of activity (Pa) valued between 0 and 1, where 1 indicates that biological activity is certain to
occur and 0 is impossible [43] (http://www.way2drug.com/index.php). Furthermore, toxicities
were evaluated by the ProTox-II tool, which is based on chemical similarity and the identifi-
cation of toxic fragments using compounds with known rodent LD50 values. The output is
the toxicity probability, which is indicated as active or inactive [45] (https://tox-new.charite.
de/protox II). In addition, the absorption, distribution, metabolism, and excretion (ADME)
were predicted by the SwissADME webserver, which is based on different methods such as the
BOILED-Egg, iLOPGP, SILICOS-IT, and Bioavailability Radar [44] (http://www.swissadme.

ch/index.php).

Bacterial strains and culture conditions.

M. smegmatis mc2 155 (ATCC 700084) strain was cultivated in 7H9 medium (Becton Dick-
inson and Co, MD, EUA) containing 10% ADC (albumin, dextrose, and catalase) and 0.05%
Tween 80, and it was incubated at 37 °C. Escherichia coli DH5a strain was cultivated in Luria
Bertani broth medium (US Biological Life Sciences) and incubated at 37 °C. For M. smegmatis
and E. coli mutants, kanamycin 0.03 uM (20 ug/mL) (Sigma-Aldrich, MO, USA) was added to
the medium.

CRISPRi knockdown strains.

CRISPRI system was used for transcriptional knockdown of eccD3 gene in M. smegmatis
following Rock protocol [28]. The eccD3-gRNA was designed and cloned into the PLJR962
plasmid following the protocol described [28]. The eccD3-gRNA consists of 23 nucleotides
that target the eccD3 gene sequence, in the M. smegmatis genome followed by strong (CC
AGAAG) PAM sequence [28]. A 471 bp gBlocks was designed that contains a 247 bp sequence
of the PLJR962 plasmid with the eccD3-sgRNA sequence selected inside, and surrounding
this plasmid sequence, a restriction enzymes sequences were added in the 3’ and 5’ regions
(S12 Fig). Then a 183 bp gBlocks sequence with the eccD3-gRNA was cloned in PLJR962 using
restriction enzymes EcoRI and Sall (New England Biolabs, MA, USA). The digested-gBlocks
was ligated into the digested-PLJR962 using T4 DNA ligase (New England Biolabs, MA, USA)
and ATP (1ImM) (Invitrogen, MA, USA) at 16°C overnight to generate PLJR962-eccD3-gRNA
construction. E. coli DH5a was transformed with the constructions and grown in solid media
containing kanamycin 0.03 uM (20 pg/mL). The PLJR962-eccD3-gRNA construction was
confirmed using a PCR-based strategy with the eccD3-gRNA forward primer and the reverse
primer sec 1834 to amplify a 182bp sequence, furthermore reverse primer sec 1834 was used
for sequencing (S13 Table).

Transformed M. smegmatis strain with CRISPRi construction was generated using
electroporation protocol as indicated in the literature [6] and confirmed M. smegmatis
PLJR962-eccD3-gRNA strain by the PCR-based strategy mentioned above. M. smegmatis
PLJR962-mmpL3-gRNA strain was generated using gRNA proposed in Rock protocol [28],
this construction inhibited essential mmpL3 M. smegmatis gene (named as CRISPRi positive
control). Furthermore, the M. smegmatis PLJR962-control-gRNA strain was generated using
Genescript (https://www.genscript.com/tools/create-scrambled-sequence) tool to create a
scramble sequence for the gRNA design and it is a non-target sequence (named as CRISPRi
negative control). The two control strains were generated and characterized with the same
protocol used for M. smegmatis PLJR962-eccD3-gRNA strain.
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CRISPRI evaluation

CRISPRIi strains were grown until they reached the log phase and spotted onto 7H10 solid medium
containing 10% OADC (oleic acid, albumin, dextrose, and catalase) and kanamycin 0.03 uM (20
pg/mL) with or without the inducer anhydrotetracycline (ATc) 0.0002 pM (100ng/mL) (Sigma,
Aldrich, MO, USA). A volume of 10 uL with approximately 7,000 cells was drop inoculated in the
first spot, and subsequent spots were a ten-fold serial dilution (1:10 to 1:1,000). The plates were
incubated at 37 °C for 3 days and CFU (colony forming unit) were counted to calculated CFU/mL.

For genotype CRISPRi transcript evaluation, RNA extraction was performed using TRIzol
reagent (Invitrogen, CA, USA) and the Fast Prep (MP Biomedicals, CA, USA) instrument
following the modifications previously reported [6]. The RNA was treated with DNAse I
(New England Biolabs, MA, USA). The RNA concentration and purity were estimated using a
NanoDrop 2000 spectrophotometer at a wavelength of 260/280 nm and the RNA integrity was
evaluated by electrophoresis in 1% agarose gel. Two pg of RNA were used for cDNA synthe-
sis, using M-MLV reverse transcriptase (Invitrogen, CA, USA) following the manufacturer’s
instructions. The functionality of cDNA was evaluated by constitutive sigA gene amplification
and was visualized on 1% agarose gel. Quantitative PCR was performed with primers and
TaqMan probes (54 Table) using 7500 Fast Real Time PCR system (Applied Biosystems, CA,
USA). The dynamic range curve was established for each probe, testing cDNA dilutions from
1:8 to 1:512. The 1:32 sample dilution was selected to perform the assay. A technical triplicate
for each sample was performed and the data were analyzed using the method proposed by
Schmittgen and Livak [69].

CRISPRI strains susceptibility to ivermectin and other drugs

Minimum inhibitory concentration (MIC) for ivermectin of CRISPRi M. smegmatis strains
was evaluated by the resazurin microtiter assay plate method (REMA.) previously described
[6]. The stock ivermectin (Sigma-Aldrich, MO, EUA) solution was diluted in DMSO (Sigma-
Aldrich, MO, EUA) from which a working solution was prepared using 7H9 with ADC incu-
bated at 37 °C and thoroughly mixed at 300 rpm at 37 °C. Rifampicin (Sigma-Aldrich, MO,
EUA) stock was diluted in DMSO, linezolid (Sigma-Aldrich, MO, EUA) and isoniazid (Sigma-
Aldrich, MO, EUA) stocks were diluted in water, levofloxacin (Sigma-Aldrich, MO, EUA) and
moxifloxacin (ChenCruz, SantaCruz Bitech, CA, EUA) stocks solutions were diluted in Sodium
hydroxide(1N): water (1:10) and from stocks solutions, the working solutions were prepared
using 7H9 supplemented with 10% ADC. CRISPRIi strains were grown to log phase in 7H9
culture medium containing 10% ADC, kanamycin 0.03 uM (20 pg/mL) and with or without the
inducer anhydrotetracycline (ATc) 0.0002 pM (100ng/mL). M. smegmatis wild type was grown
using the same conditions as CRISPRIi strain but without kan and ATc. Then all cultures were
adjusted to 2.7 McFarland turbidity units, then the inoculum was prepared using a 1:1000 cul-
ture dilution. To prepare 96-well microtiter plate ivermectin was two-fold serial diluted in 100 pL
of 7H9 medium containing ADC for ivermectin concentration range from 4pM (4096 pg/mL)
t0 0.00097uM (1 pg/mL), rifampicin concentration range was from 51.6 pg/mL to 0.1 pg/mL,
isoniazid concentration range from 256 ug/mL to 0.25 ug/mL, linezolid, levofloxacin and moxi-
floxacin concentrations range from 8 ug/mL to 0.007 pg/mL. The first column was filled with
100 pL corresponding to the double of drug required concentration of ivermectin or the others
control drugs, whereas the remaining wells were filled with 50 uL 7H9 medium supplemented
with 10% ADC, kanamycin 0.03 pM (20 pg/mL) as selection drug, and ATc 0.0002 uM (100 ng/
mL, if required) as the inductor drug. Each CRISPRI strain was evaluated with and without ATc.
Serial dilutions were carried out from the first to penultimate column, and with the last column
as a control without ivermectin or the other control drugs. Each well was inoculated with 50
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uL of M. smegmatis strain inoculum as previously mentioned. Control wells with medium with
and without kanamycin were included. Technical triplicates were performed from each experi-
ment. The plates were incubated at 37 °C for 40 h with constant agitation, after which, 30 uL of
resazurin dye 0.7 pM (0.2 mg/mL) was added to each well. The plates were incubated for 6 addi-
tional hours, and MICs were determined as the lowest concentration of antibiotic that showed
no visible growth of the bacteria, as indicated by the conversion of resazurin dye color.

To evaluate the bacterial growth in presence of different ivermectin, rifampicin, and linezolid
concentrations, growth kinetic curves of M. smegmatis strains were carried out. Both M. smegmatis
wild type and CRISPRI strains were grown in 7H9 medium supplemented with 10% ADC to log
phase until reaching 1 McFarland turbidity units. From the 1 McFarland culture, a 100 times dilu-
tion was prepared in 7H9 medium suplemented with 10% ADC, kanamycin 0.03 pM (20 pg/mL)
as the selection drug, ATc 0.0002 uM (100ng/mL, if required) as the inductor, and different iver-
mectin concentrations 0.5 pM (512 pug/mL), 0.25 uM (256 pg/mL), 0.125 pM (128 pug/mL), 0.062
tM (64 pug/mL), and 0.031 uM (32 pg/mL). For rifampicin 3.2 pg/mL, 1.6 ug/mL, and 0.8 pg/mL
concentrations were analyzed, whereas linezolid 2 pug/mL, 1 pg/mL, and 0.5 ug/mL concentrations
were analyzed. Each CRISPRI strain was evaluated with and without ATc inductor. Each well of
microplate was filled with 200 uL of the inoculum, then incubated at 37 °C with constant agitation
for 27h, using the Synergy HT equipment (Biotek, Agilent, CA, USA) to evaluate the absorbance at
600 nm each hour. Technical triplicates of each experiment were performed.

Statistical analyses

Data obtained by phenotypic effect of CRISPRi evaluation was analyzed using Student’s t-test
to compare differences in growth among CRISPRI strains. To analyze genetic expression of
eccD3 gene, the genetic data expression was evaluated with Student’s t-test and the normality
distribution of the data was evaluated using Shapiro-Wilk test [70]. The growth kinetic results
of M. smegmatis strains in the presence of ivermectin, rifampicin and linezolid were evalu-
ated using an unpaired Student’s ¢-test to compare mean curves scores [71, 72]. Results were
significant when p < 0.05. All statistical analyses were performed using the IBM SPSS Statistics
23 software, Microsoft-Excel, and GraphPad Prism 6.
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uM (100 ng/mL), with a final concentration of (A) 0.5 pM (512 pg/mL), (B) 0.25 uM (256 pg/
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S11 Fig. Growth curve of M. smegmatis PLJR962-eccD3-gRNA strain with rifampicin

and linezolid. Growth curve of M. smegmatis PLJR962-eccD3-gRNA strain (circles) and M.
smegmatis PLJR962-control-gRNA strain (triangles) without (gray line) and with (black line)
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linezolid, and 0.03 pM (20 pg/mL) of kanamycin. Each experiment was performed in technical
triplicates showing the average and respective error bars for standard deviation.
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