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A B S T R A C T

Herein, we evaluated tetrahydropyridine (THP) compounds (NUNM) as antimicrobials and inhibitors of the
efflux mechanism in M. abscessus. subsp. abscessus. The modulation factor (MF) of efflux inhibitors was calcu-
lated from the minimum inhibitory concentrations (MICs) of amikacin (AMI), ciprofloxacin (CIP) and clari-
thromycin (CLA) in the absence and presence of subinhibitory concentrations of the NUNM compounds and
canonical inhibitors carbonyl cyanide m-chlorophenyl hydrazone (CCCP) and verapamil (VP). The kinetics of the
intracellular accumulation of the fluorimetric substrate ethidium bromide (EtBr) was evaluated and calculated
by the relative final fluorescence (RFF). In addition, molecular modeling simulations for the MmpL5 and Tap
efflux transporters with ligands (CLA, NUNM, CCCP, VP and EtBr) were performed to better understand the
efflux mechanism. We highlight the NUNM01 compound because it reduced the MICs of AMI, CIP and CLA by 4-,
4- and 16-fold, respectively, had the highest effect on EtBr accumulation (RFF=3.1) and showed a significant in
silico affinity for the evaluated proteins in docking simulations. Based on the analyses performed in vitro and in
silico, we propose that NUNM01 is a potential pharmacophore candidate for the development of a therapeutic
adjuvant for M. abscessus infections.

1. Introduction

Pulmonary and extrapulmonary infections caused by Mycobacterium
abscessus are difficult to treat, especially because of its high level of
acquired and intrinsic antimicrobial resistance, which results in limited
therapeutic options and multiple treatment failures [1,2].

Clarithromycin (CLA) is the main antimicrobial of the therapeutic
regimen for M. abscessus infections; however, acquired resistance,
mainly related to mutations in the rrl gene, may occur. Another re-
sistance mechanism developed by M. abscessus to CLA is an inducible
resistance conferred by the erm (41) gene that codes a methyl-
transferase [3,4]. In addition to erm (41), CLA can also induce several
genes that code for efflux pumps. Therefore, it is possible that the
overexpression of erm (41) and the overexpression of efflux genes work
synergically to determine resistant phenotypes of M. abscessus [5,6].

Despite the scarce knowledge of which pumps are involved in drug
efflux in M. abscessus, a recent study demonstrated that high levels of

drug resistance in M. abscessus can be achieved through mechanisms of
efflux involving the transporter MmpL5, belonging to family RND (re-
sistance nodulation division) [7]. Also, it was detected in clinical
samples ofM. abscessus the overexpression of tap efflux pump genes that
belong to MFS (major facilitator superfamily) [8].

The induction of efflux pumps has been recognized as the first step
in a general pathway to drug resistance in microorganisms in general
[9]. Hence, inhibition of efflux by compounds that act as efflux in-
hibitors (EI) is a promising alternative to increase the activity of anti-
microbials [10,11].

Tetrahydropyridines (THP) have shown therapeutic and pharma-
cological properties as flow regulators of calcium ions and can be
candidates for EI in bacteria [12]. Recently, we showed that a THP
compound exhibits potent efflux inhibitory activity in Escherichia coli.
Docking studies showed that the mechanism of action of this inhibition
could entail competition with substrate for binding sites [13].

Molecular docking studies help to elucidate the interaction between
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compounds and a target receptor, through many orientations and
conformations. The best position and conformation of the drug candi-
date is estimated by the free energy of binding (FEB) scores - the more
negative the FEB, the stronger the binding [14].

Herein, we evaluated 11 THP compounds as antimicrobials and
inhibitors of efflux inM. abscessus and compared the performance of the
THP compounds versus the canonical EI, carbonyl cyanide m-chlor-
ophenyl hydrazone (CCCP) and verapamil (VP). Additionally, mole-
cular modeling simulations for the M. abscessus protein transporters
MmpL5 and Tap were performed to provide a better comprehension of
the efflux mechanism.

Fig. 1. Structure of 11 tetrahydropirydines compounds.

Table 1
Minimum inhibitory concentrations of the antimicrobials, efflux inhibitors,
and ethidium bromide against M. abscessus subsp. abscessus (ATCC 19977).

M. abscessus ATCC 19977 MIC (μg/mL)

AMI 1.0
CIP 1.0
CLAa 0.5
CLAb 2.0
CLAc 4.0
CCCP 0.4
VP 312.5
NUNM 01 100
NUNM 02 >200
NUNM 03 25
NUNM 04 25
NUNM 05 50
NUNM 06 >200
NUNM 07 50
NUNM 08 100
NUNM 09 100
NUNM 10 25
NUNM 11 100
EtBr 8.0

MIC Minimum inhibitory concentration, AMI amikacin, CIP ciprofloxacin,
CLA clarithromycin, CCCP Carbonyl cyanide m-chlorophenyl hydrazone,
VP verapamil, EtBr ethidium bromide. a value by visual reading in day 3, b
value by visual reading in day 5, c value by visual reading in day 7.

Table 2
Interaction between the efflux inhibitors in combination with anti-
mycobacterial drugs against M. abscessus subsp. abscessus (ATCC 19977).

MIC
(μg/mL)

MF MIC
(μg/mL)

MF MIC
(μg/mL)

MF

AMI 1.0 – CIP 1.0 - CLA 4.0c -
CCCP 0.5 2 CCCP 0.5 2 CCCP 1.0 4
VP 0.25 4 VP 0.5 2 VP 4.0 1
NUNM01 0.25 4 NUNM01 0.25 4 NUNM01 0.25 16
NUNM03 0.5 2 NUNM03 0.5 2 NUNM03 4.0 1
NUNM04 1.0 1 NUNM04 1.0 1 NUNM04 4.0 1
NUNM05 0.5 2 NUNM05 0.5 2 NUNM05 2.0 2
NUNM07 1.0 1 NUNM07 1.0 1 NUNM07 4.0 1
NUNM08 0.5 2 NUNM08 1.0 1 NUNM08 0.5 8
NUNM09 0.5 2 NUNM09 0.5 2 NUNM09 0.25 16
NUNM10 0.5 2 NUNM10 1.0 1 NUNM10 4.0 1
NUNM11 0.5 2 NUNM11 0.5 2 NUNM11 0.5 8

MIC Minimum inhibitory concentration, MF modulation factor, AMI amikacin,
CIP ciprofloxacin, CLA clarithromycin, CCCP Carbonyl cyanide m-chlorophenyl
hydrazone, VP verapamil. c MIC value by visual reading in day 7.
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2. Methodology

2.1. Strain and bacterial suspension

We used the reference strain M. abscessus subsp. abscessus (ATCC
19977). The strain was cultured on Ogawa-Kudoh medium and

incubated at 37 °C for 2–15 days. The inoculum was prepared according
to the CLSI guidelines in distilled water, adjusted to a McFarland tube
no. 0.5, and diluted 1:10 in the medium used to perform the broth
microdilution method (Mueller-Hinton) [15].

Fig. 2. Effect of the efflux inhibitors (Carbonyl cyanide m-chlorophenyl hydrazine – CCCP, Verapamil - VP) and tetrahydropyridine compounds (NUNM01,
NUNM08, NUNM09 and NUNM11) on the accumulation of ethidium bromide (EtBr) in M. abscessus subsp. abscessus (ATCC 19977). The graphic shows the
accumulation of EtBr in the presence of efflux inhibitors.

Fig. 3. Blind docking. Six sites of high free energy of
binding for the ligands at MmpL5 (a) (blue cartoon)
and three for Tap (b) (light brown cartoon). The li-
gands are represented as colored sticks: NUNM01
(red), carbonyl cyanide m-chlorophenyl hydrazine
(white), verapamil (green), ethidium bromide
(yellow). (For interpretation of the references to
color in this figure legend, the reader is referred to
the Web version of this article.)
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2.2. Antimicrobials and efflux inhibitors

Amikacin (AMI), ciprofloxacin (CIP), CLA, carbonyl cyanide m-
chlorophenyl hydrazone (CCCP) and verapamil (VP) were purchased
from Sigma-Aldrich (St. Louis, MO, USA) and were solubilized ac-
cording to the manufacturer's recommendations. AMI and VP were
prepared in distilled water. CIP was prepared in 0.05 N HCl (dilute
aqueous acid). CLA and CCCP were prepared in dimethyl sulfoxide
(DMSO). Stock solutions were stored at −20 °C. Working solutions
were prepared in Mueller-Hinton (MH) broth on the day of each ex-
periment.

2.3. Tetrahydropyridine compounds

Eleven synthetic tetrahydropyridine compounds were obtained ac-
cording to a method described previously [16] (Fig. 1). All were solu-
bilized in 99.5% DMSO at a concentration of 10mg/mL and stored at
4 °C.

2.4. Determination of minimum inhibitory concentration (MIC)

The MICs of antimicrobials and EI were determined using the broth
96-well microtiter plate microdilution method according to CLSI
(2011), with some modifications. Briefly, serial two-fold dilutions of
each antimicrobial were prepared directly in the plate containing 100 μl
of MH broth and, later, 100 μl of inoculum diluted 1:10, was added to
each well. The inoculated plates were incubated at 37 °C in a normal
atmosphere, under aerobiose conditions, for 48 h. Subsequently, 30 μl
of 0.02% resazurin was added to each well, and the plate was incubated
under aerobiose conditions overnight at 37 °C for color development.
Resazurin was used as a cell viability indicator and bacterial growth
was evidenced when the color changed from blue (oxidized state) to
pink (reduced state) [17]. The MIC was defined as the lowest drug
concentration that inhibited bacterial growth at day 3 [18]. In each
plate tested, a growth control (inoculum without antimicrobial) and a
sterile control (only medium) were included. In addition, to detect CLA
induced resistance, the plates were incubated for 14 days. The strain
was considered susceptible when the MIC was less than or equal to
2 μg/mL and resistant when above that on day 3. However, when the
strain was susceptible on day 3 and resistant after day 5, they was
considered induced resistant [6]. All assays were carried out in tripli-
cate.

2.5. Cytotoxicity assay

NUNM compound toxicity was assessed in metabolically active cells
compared to untreated cells using the cell line J774A.1 (ATCC TIB-67).

The macrophages were maintained in DMEM (Vitrocell Embriolife)
supplemented with 10% FBS and 1% antibiotic and antimycotic and
incubated at 37 °C in a moist atmosphere (5% CO2) until reaching 80%
confluence. The cytotoxicity assay was performed in a 96-well micro-
plate at a density of 1×105 cells/mL. After incubating for 24 h, cells
were treated with compounds ranging from 200 to 0.8 μg/mL and again
incubated for 24 h. Next, 30 μL of resazurin (0.01%) were added to each
well, the plate was incubated overnight, and the IC50 (concentration
that inhibited 50% of cell growth) was determined via fluorescence
measurement using a spectrophotometer at 620 nm [19,20]. The in-
hibition (%) of cell proliferation, at each concentration was determined
as follows: inhibitory growth = (1-Abs600 treated cells/Abs600 control
cells)× 100).

2.6. Modulatory effect of efflux inhibitors on antimicrobial activity

The MICs of AMI, CIP and CLA were determined in the absence and
presence of a subinhibitory concentration (½ MIC) of the canonical
inhibitors (CCCP and VP) and the THP compounds. Modulation factor
(MF) was used to quantify the effects of EI on the MICs of AMI, CIP and
CLA using the formula: MF = MIC antimicrobial/MIC
antimicrobial + EI [21]. The MF reflects the reduction in MIC values of
a given antimicrobial in the presence of the EI, which is considered
significant when MF≥4 (four-fold reduction) [22]. These assays were
performed in triplicate.

2.7. Semi-automated fluorometric method

The method was performed using an Infinite F200 fluorometer
(Tecan) to monitor ethidium bromide (EtBr) accumulation.
Fluorescence was acquired in 60 cycles of 90 s at 37 °C. The excitation
and emission wavelengths were 530 and 580 nm, respectively.
Accumulation assays were conducted in triplicate as described by
Ramis et al. (2018) [23]. Briefly, the strains were grown in 10mL of MH
with 5% OADC supplement (oleic acid/albumin/dextrose/catalase)
(Becton and Dickinson, Diagnostic Systems) and 0.05% Tween 80 at
37 °C until they reached a 600-nm optical density (O.D.600) of 0.8. Cells
were washed by centrifugation at 2300 g for 3min, then the super-
natant was discarded and the pellet was washed in phosphate-buffered
solution (PBS) 1x. To determine the EtBr concentration that established
equilibrium between efflux and influx, we added 50 μL of bacterial
suspension and 50 μL of EtBr to a 96-well black plate in different con-
centrations ranging from 0.63 to 3,17 μM. The selected EtBr con-
centration was used to evaluate the EI's capacity to retain ethidium
bromide inside the cells. The EIs were tested at sub-inhibitory con-
centrations (½ MIC) to assess their inhibitory ability against efflux
systems in M. abscessus. We also added control wells containing only

Table 3
Free Energy of Binding (FEB) for the ligands at the respective binding sites found by blind docking assays at MmpL5 and Tap models.

Binding Site Ligands and Free Energy of Binding (FEB) (kcal/mol)

MmpL5

NUNM01 NUNM11 NUNM08 NUNM09 VP CCCP EtBr

1 −9.1 −7.2 −6.5 −6.4 −6.5 NC −6.8
2 −9.9 −9.1 −8.3 −8.7 −6.2 −6.2 −7.9
3 −9.6 −8.6 −8.6 −7.4 −6.6 NC NC
4 −10.6 −8.5 −8.5 −8.0 −6.8 −6.3 −7.8
5 −9.7 −8.9 −9.0 −8.4 −8.5 −6.7 NC
6 −9.4 −8.4 −8.3 −7.9 NC −6.4 −7.7
Tap
1 −10.3 −9.6 −8.8 −8.4 −7.6 NC −8.6
2 −10.2 −9.7 −9.2 −8.3 −7.2 −6.9 −8.6
3 −11.4 −10.1 −9.4 −8.4 −8.0 −6.7 −8.7

NC No-correspondence.
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EtBr and bacterial suspension [24,25]. The EI inhibitory activity was
determined by calculating the RFF value using the formula:
RFF= RFtreated – RFuntreated/RFuntreated, where.

RFtreated corresponds to the relative fluorescence at the last time
point of the EtBr retention curve in the presence of EI and RFuntreated
corresponds to the relative fluorescence at the last time point of the
EtBr accumulation curve of the untreated control well. The major dif-
ference between RFtreated and RFuntreated the greater the degree of EtBr
accumulation is [24,25]. An RFF above zero indicates that the cells
accumulate more EtBr under the condition used than the control (un-
treated) cells do. Negative RFF values indicate that the treated cells
accumulated less EtBr than the controls do [26].

2.8. Computer simulations

The FASTA sequences for the efflux proteins MmpL5 and Tap (966 and
423 amino acids, respectively), from M. abscessus subsp. abscessus, were
accessed at GenBank [27] (locus identifiers SLK97379.1 and SIJ44512.1,
respectively) [28,29]. The three dimensional protein models were ob-
tained through homology modeling with Phyre2 [30], a web based tool for
protein structure prediction. The modeling mode was set to “intense”. The
3D model for MmpL5 had 91% of residues modeled with a confidence
level higher than 90%, while Tap had 100% of residues modeled with
more than 90% confidence. Afterwards, both biomolecular structures were
electrically neutralized and then solvated in a truncated octahedron water
box, using xLeap from AmberTools14 [31].

Fig. 4. Blind docking. Binding sites at Tap (a site 1, b site 2 and c site 3) (light brown cartoon), and MmpL5 (d site 1, e site 2, f site 3, g site 4, h site 5 and I site 6) (blue
cartoon) for NUNM01 (red), carbonyl cyanide m-chlorophenyl hydrazine (white), verapamil (green), ethidium bromide (yellow). Some of the protein residues
contacted by the ligands depicted in orange (Tap) and pink (MmpL5) are listed for the respective panels (refer to Tables 5 and 6 for a complete list): a) LYS lysine 148,
ASN aspargine 150, GLU glutamic acid 154, PHE phenylalanine 341, GLN glutamine 344, GLU glutamic acid 420, PRO proline 421; b) SER serine 26, GLU glutamic
acid 132, TYR tyrosine 153; c) GLY glycine 32, SER serine 92, VAL valine 96, ASP aspartic acid 124; d) GLN glutamine 286, GLU glutamic acid 287, ARG arginine
290, ALA alanine 875, GLY glycine 876, SER serine 879; e) ALA alanine 797, VAL valine 799, LEU leucine 862, PHE phenylalanine 937; f) ASP aspartic acid 7, THR
threonine 9, LEU leucine 46, LEU leucine 161, ASN aspargine 201, GLU glutamic acid 208, ARG arginine 244, ASN aspargine 254, LEU leucine 258, VAL valine 267.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 4
Free Energy of Binding (FEB) for the ligands at the respective binding sites found by slice docking assays at MmpL5 and Tap models.

Binding Site Ligands and Free Energy of Binding (FEB) (kcal/mol)

MmpL5

NUNM01 NUNM11 NUNM08 NUNM09 CLA VP CCCP EtBr

1 −8.1 −6.4 −7.0 −7.1 −7.9 −6.7 NC −6.8
2 −8.4 NC −6.7 NC −6.7 −6.4 NC −6.4
3 −9.7 −9.0 −8.0 −7.6 −7.7 −6.6 −5.6 −6.4
4 NC NC NC NC −7.3 NC NC NC
5 −9.3 −8.2 −8.1 −7.6 −6.8 −6.9 −5.6 −6.2
6 NC NC −8.1 −7.6 −7.0 −5.9 NC −7.1
7 −9.3 −7.9 −7.3 −7.6 −7.1 −5.7 NC −6.7
8 −9.3 −8.0 −7.7 −7.6 −8.0 −6.6 −5.1 −6.9
Tap
1 −6.8 −6.0 −6.5 −6.0 −6.4 −6.3 −4.6 −6.1
2 −7.2 −6.3 −6.6 −6.0 −6.9 −6.5 −5.2 NC
3 −10.3 −8.6 −9.0 −8.5 −8.8 −7.8 −6.9 −7.6
4 NC NC NC NC −5.9 NC NC −7.2
5 −9.9 −8.6 −8.4 −8.1 −6.8 −6.6 −5.8 −7.2

NC No-correspondence.

Fig. 5. Slice docking: Eight sites of high free energy of binding for CLA at MmpL5 (a) and five at Tap (b), both models are in the cartoon representation.
Clarithromycin is depicted as blue sticks. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 5
Blind docking. Protein residues contacted by the ligands NUNM01, verapamil, ethidium bromide and carbonyl cyanide m-chlorophenyl hydrazone at the binding sites
on MmpL5.

Blind Docking – MmpL5

Site 1 Site 4 Site 6

NUNM01 VP EtBr CCCP NUNM01 VP EtBr CCCP NUNM01 VP EtBr CCCP

GLY 372 X – – GLN 52 X X – ARG 60 – X X
GLN 286 X X X MET 59 X – – VAL 62 – X X
GLU287 X X – MET 64 X X – PHE 82 – X X
ARG 290 X X – PRO 66 X X – GLU 83 – X X
ARG 380 X – – SER 65 – X – GLU 84 – X X
ARG 872 X – – ALA 69 X X – ILE 492 – X –
ALA 875 X X – ASN 67 X X X ILE 705 – X –
GLY 876 X X – ALA 71 X X – LYS 706 – X X
SER 879 X X X TYR 252 X X X PHE 708 – X X

(continued on next page)
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Table 6
Blind Docking. Protein residues contacted by the ligands NUNM01, verapamil, ethidium bromide and carbonyl cyanide m-chlorophenyl hydrazone at the binding
sites on Tap.

Blind Docking – Tap

Site 1 Site 2 Site 3

NUNM01 VP EtBr CCCP NUNM01 VP EtBr CCCP NUNM01 VP EtBr CCCP

ASP 147 X – – LEU 22 – X X GLY 32 X X X
LYS 148 X X – ALA25 – – X SER 36 X X –
ASN 150 X X – SER 26 X X X ALA 39 X – –
GLU 154 X X – ALA29 X X – LEU 40 X – –
ALA 282 X – X ARG 131 X – X GLY 61 X – –
TYR 285 X – X GLU 132 X X X SER 92 X – X
GLY 333 X – X LEU 135 – X X VAL 96 X X X
PRO 337 – X X ASN 150 – X X ILE 99 X – –
PHE 341 X X – TYR 153 X X X ALA 117 X X –
GLN 344 X X – GLU 154 X – – ALA 121 X X –
GLU 420 X X – PHE 157 X X – ASP124 X X X
PRO 421 X X – ASN 158 X – – THR 180 X X –
ARG 423 X – – TYR 332 X – – VAL 183 X X –

ASN 340 X – –

The residues contacted by NUNM01 are listed at the first column, the “X”, if present, indicates that the other compounds also contact these residues. CCCP Carbonyl
cyanide m-chlorophenyl hydrazone, VP verapamil, EtBr ethidium bromide, ALA alanine, ARG arginine, ASN aspargine, ASP aspartic acid, GLY glycine, GLN glu-
tamine, GLU glutamic acid, ILE isoleucine, LEU leucine, LYS lysine, PHE phenylalanine, PRO proline, SER serine, THR threonine, TYR tyrosine, VAL valine.

Table 5 (continued)

Blind Docking – MmpL5

Site 1 Site 4 Site 6

NUNM01 VP EtBr CCCP NUNM01 VP EtBr CCCP NUNM01 VP EtBr CCCP

ALA 963 – X – HIE 253 X – X
ALA964 – X – GLY 257 – – X
ALA 966 – X – PRO 330 – – X

Site 2 TYR 331 – – X
NUNM01 VP EtBr CCCP PHE 332 – – X

ARG 796 X – – LYS 333 – – X
ALA 797 X X X THR 334 – – X
VAL 799 X X X ARG 418 X X X
ALA 800 – X X Site 5
VAL 855 X – X NUNM01 VP EtBr CCCP
LYS 859 X X – VAL 56 – – X
LEU 862 X X X SER 88 X – –
LEU 933 X – X SER 89 X – X
GLY 934 X X – VAL 91 X – –
PHE 937 X X X ILE 93 X – –
ARG 948 X X – GLN 127 X – –

Site 3 ASP 128 X – –
NUNM01 VP EtBr CCCP ALA 138 X – –

ASP 7 X – – GLN140 X – –
THR 9 X – – VAL 151 X – X
LEU 46 X – – LEU 447 X – –
LEU 161 X – – ILE 484 X – X
ASN 201 X – – PRO 487 X – X
GLU 208 X – – GLY 489 X – X
ARG 244 X – – ASN 500 X – X
ASN 254 X – – SER 502 X – –
LEU 258 X – – GLN 540 X – –
VAL 267 X – – GLU 548 X –

The residues contacted by NUNM01 are listed at the first column, the “X”, if present, indicates that the other compounds also contact these residues. CCCP Carbonyl
cyanide m-chlorophenyl hydrazone, VP verapamil, EtBr ethidium bromide, ALA alanine, ARG arginine, ASN aspargine, ASP aspartic acid, GLY glycine, GLN glu-
tamine, GLU glutamic acid, HIE histidine, ILE isoleucine, LEU leucine, LYS lysine, ET methionine, PHE phenylalanine, PRO proline, SER serine, THR threonine, TYR
tyrosine, VAL valine.
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Minimization with Amber 14 [31], using force field ff14SB [32],
was performed in two stages. For each solvated complex, the protein
and counterions were constrained while water molecules were relaxed
with 1500 steps of steepest-descent minimization followed by 500 steps
of conjugate gradient minimization using an 8 Å nonbonded cutoff.
Next, the full system of the structure with solvent and counterions, was
relaxed with 2000 steps of steepest-descent and 1000 steps of con-
jugate-gradient minimization using an 8 Å nonbonded cutoff.

The molecular structures of the THP (NUNM01, NUNM08, NUNM09
and NUNM11) were made and geometrically optimized with the soft-
ware Avogadro [33], while structures for CLA, CCCP and VP were
downloaded from PubChem (CIDs 84029, 2520 and 2603, respectively)
[34].

AutodockTools4 [35] was used to prepare the molecular structures
(proteins and ligands) and generate the files needed to obtain the FEBs

through docking simulations in Autodock Vina [36]. In all docking si-
mulations ligands were allowed to have torsions but the protein models
were considered rigid. The protein residues contacted by the ligands
were obtained with LigPlot+ with default parameters [37].

2.9. Docking simulations

We used two distinct docking techniques: blind docking [38] and
slice docking [13].

2.9.1. Blind docking
Primarily, blind docking runs were conducted for the MmpL5 and

Tap models to verify whether the NUNM compounds were comparable
to VP, CCCP and EtBr regarding docking sites and FEB magnitudes. The
Autodock Vina exhaustiveness parameter was set to 500 due to the

Fig. 6. Slice docking: Binding sites at Tap (a site 1, b site 2, c site 3 and d site 4), and MmpL5 (e site 1, f site 2, g site 3, h site 5, i site 7 and j site 8) (both models in
cartoon) for Clarithromycin (blue sticks) and NUNM01 (red sticks). Some of the protein residues contacted, depicted in green in the cartoon representation, are listed
for the respective panels (refer to Tables 7 and 8 for a complete list): (a) SER serine 141, GLU glutamic acid 349, PRO proline 415, GLN glutamine 416, ASP aspartic
acid 418, LYS lysine 419; (b) PHE phenylalanine 225, PRO proline 348, LEU leucine 351, LEU leucine 410, ASP aspartic acid 411, GLN glutamine 412, GLN glutamine
416; (c) ALA alanine 29, ASN aspargine 33, LEU leucine 65, ASP aspartic acid 124, ILE isoleucine 128, PHE phenylalanine 157, TYR tyrosine 332, TYR tyrosine 364;
(d) PRO proline 41, VAL valine 44, LEU leucine 45, GLY glycine 49, PRO proline 248, ILE isoleucine 249, VAL valine 252, ALA alanine 378, VAL valine 383; (e) GLN
glutamine 286, GLU glutamic acid 287, GLY glycine 372, ALA alanine 376, ALA alanine 875, SER serine 879, ALA alanine 966; (f) ALA alanine 397, PHE pheny-
lalanine 788, ALA alanine 802, VAL valine 805, GLY glycine 806, VAL valine 809, LEU leucine 933; (g) ASP aspartic acid 7, LEU leucine 46, GLU glutamic acid 208,
PHE phenylalanine 212, MET methionine 237, LEU leucine 240, ALA alanine 241; (h) THR threonine 413, GLU glutamic acid 729, GLN glutamine 769, ASP aspartic
acid 773, TYR tyrosine 774, TRP tryptophan 833, PRO proline 409; (i) VAL valine 56, GLY glycine 57, HIE histidine 58, GLU glutamic acid 83, PHE phenylalanine 85,
HIE histidine 125, ILE isoleucine 492, LYS lysine 493, LYS lysine 646; (j) LEU leucine 134, LYS lysine 493, HIE histidine 494, SER serine 644, GLN glutamine 665,
MET methionine 667, GLN glutamine 670. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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large volume of the search box (dimensions in the x, y and z axes of 118
x 102× 110 Å for MmpL5 and 74 x 92×66 Å for Tap). Six binding
sites for MmpL5 and three for Tap, were selected considering the
highest magnitude FEB values. When blind docking detected CCCP or
VP, with a significant FEB in a site not occupied by any NUNM, we
docked the NUNM at this specific region.

2.9.2. Slice docking
Since it is still unknown whether CLA is transported by MmpL5 and

Tap, to verify a possible affinity between this compound and the
modeled protein structures, we used the technique of slice docking as
described previously [13]. In these simulations, CLA was chosen as the
reference to compare the other ligands to, because it is the main anti-
microbial used in the treatment of infections caused byM. abscessus and
we wanted to verify whether, in silico, the NUNM compounds and CLA
would compete for the same binding sites, with comparable FEBs at the
modeled structures of MmpL5 and Tap. The Autodock Vina exhaus-
tiveness parameter was set to 128 because the volume of the virtual
search box was much smaller than that for blind docking. MmpL5 was
divided into 8 slices, each with dimensions in the x, y and z planes of 92

x 26×92 Å. For each slice we identified the highest FEB for CLA. Tap
was divided into 5 slices with dimensions of 68 x 26×64 Å. The slices
in both models had sizes that were able to accommodate the ligands in
any configuration and spatial orientation. Five sites of affinity were
chosen. We then slice-docked the compounds NUNM, VP, CCCP and
EtBr in the MmpL5 and Tap models to verify whether they could
compete with CLA for the same binding sites, with FEB magnitudes
comparable to or higher than those of CLA.

3. Results

3.1. Antimicrobial activity

According to the observed MIC values (Table 1), the strain used in
this study was susceptible to AMI and CIP, and presented induced re-
sistance to CLA at day 7 of incubation. The MIC for the THP compounds
varied between 25 μg/mL and 100 μg/mL, however; NUNM02 and
NUNM06 showed MIC>200 μg/mL and consequently were excluded
from the next steps. We observed no cytotoxicity of the NUNM com-
pounds (IC50≥ 200 μg/mL).

Table 7
Slice Docking. Protein residues contacted by the ligands NUNM01, clarithromycin, verapamil, ethidium bromide and carbonyl cyanide m-chlorophenyl hydrazone at
the binding sites on MmpL5.

Slice Docking – MmpL5

Site 1 Site 4 Site 7

NUNM01 CLA VP EtBr CCCP NUNM01 CLA VP EtBr CCCP NUNM01 CLA VP EtBr CCCP

GLN 286 X X X – – VAL 199 – – – VAL 56 X X X –
GLU 287 X X X – – ASP 202 – – – GLY 57 X X X –
ARG 290 X X X – – LEU 206 – – – HIE 58 X X – –
VAL 367 X X – – – GLN 424 – – – GLU 83 X X X –
GLY 372 X X – – – VAL 425 – – – PHE 85 X X X –
ALA 373 X X – – – GLN 508 – – – HIE 125 X X – –
ALA 376 X X – – – LEU 510 – – – GLN 127 – X – –
ARG 857 X – – – – GLY 894 – – – ILE 492 X – X –
ARG 872 X X – – – VAL 897 – – – LYS 493 X X X –
ALA 875 X X X – – SER 898 – – – LYS 646 X X X –
SER 879 X X X – Site 5 Site 8
ALA 963 X – X – NUNM01 CLA VP EtBr CCCP NUNM01 CLA VP EtBr CCCP
VAL 964 X – X – LEU 408 – X – X PHE 129 – X X X
ARG 965 X – – – PRO 409 X X X – LEU 134 X X X X
ALA 966 X X X – THR 413 X X X – LYS 493 X – X –

Site 2 GLU 729 X X X – HIE 494 X X X –
NUNM01 CLA VP EtBr CCCP GLN 769 X X X – SER 644 X X – –

ALA 397 X X X – ASP 773 X X X X ASP 664 – X X X
PHE 788 X – – – TYR 774 X X X X GLN 665 X X X X
ALA 802 X – X – TRP 833 X X X X THR 666 – X X –
VAL 805 X – X – Site 6 MET 667 X – – X
GLY 806 X X X – NUNM01 CLA VP EtBr CCCP GLN 670 X X X –
VAL 809 X – – – – ASP 11 – X –
ILE 929 – X – – – ALA 12 X X –
LEU 933 X X X – – PHE 13 – X –

Site 3 – PRO 14 X X –
NUNM01 CLA VP EtBr CCCP – VAL 49 X X –

ASP 7 X X – – – VAL 50 X X –
LEU 46 X X X X – PRO 51 – – –
GLU 205 – X – – – GLN 52 X – –
GLU 208 X – X X – MET 72 – – –
PHE 212 X – X X – HIE 122 X – –
MET 237 X X X X – GLN 157 X – –
LEU 240 X X X X – GLU 159 X X –
ALA 421 X – X X – SER 251 X X –

The residues contacted by NUNM01 are listed at the first column, the “X”, if present, indicates that the other compounds also contact these residues. CCCP Carbonyl
cyanide m-chlorophenyl hydrazone, VP verapamil, EtBr ethidium bromide, CLA clarithromycin, ALA alanine, ASN aspargine, GLY glycine, GLN glutamine, GLU
glutamic acid, HIE histidine, ILE isoleucine, LEU leucine, LYS lysine, PHE phenylalanine, PRO proline, SER serine, THR threonine, TYR tyrosine, TRP tryptophan,
VAL valine.
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3.2. Modulatory effect of efflux inhibitors

The nine THPs that showed some antimicrobial activity
(MIC < 100 μg/mL) were evaluated as EI, and compared to the cano-
nical inhibitors CCCP and VP. The MF that quantified the reduction of
MIC values in the presence of the EI is depicted in Table 2.

A four-fold reduction of the AMI and CLA MIC values in the presence
of CCCP and VP (MF=4) was observed. In addition, in the presence of
NUNM01, the MICs of AMI, CIP and CLA were reduced by 4, 4, and 16-
fold, respectively. The MIC of CLA was reduced 8-fold in the presence of
NUNM08 and NUNM11 and 16-fold in the presence of NUNM09.

3.3. EtBr accumulation assay

To confirm and visualize the efflux-inhibitory activity of the four

THPs (NUNM01, NUNM08, NUNM09 and NUNM11) that had a
MF > 4, the fluorometric technique in the presence of the universal
efflux substrate EtBr was carried out in an Infinite F200 fluorimeter. As
shown in Fig. 2, the effect of each EI on the accumulation of EtBr in the
ATCC 19977 strain was observed and the RFF was calculated. In this
study, the EI that presented the highest EtBr accumulation rate was the
THP compound, NUNM01 (RFF= 3.1), followed by NUNM09
(RFF= 1.8), NUNM11 (RFF=1.7), NUNM08 (RFF=1.2) and the EI
VP (RFF=1.1) and CCCP (RFF=0.4).

3.4. Computer simulations

3.4.1. Blind docking
To the four THP compounds that showed a significantly elevated MF

(>4) and associated high RFF, molecular modeling simulations for the
M. abscessus modeling proteins were performed to better understand of
the efflux mechanism. These docking simulations revealed possible
binding sites for the ligands on the structures of the MmpL5 and Tap
efflux-pumps. In the blind docking assays, we considered six sites on
MmpL5 and three on Tap (Fig. 3a and b). The NUNM molecules had
higher magnitude FEBs than VP and CCCP at these sites (Table 3),
which suggests that these THP compounds could be considered EI.

For the MmpL5 model, the simulations did not dock CCCP at site 1
or 3, EtBr at site 3 or 5 or VP at site 6. For Tap, CCCP did not dock at site
1 of the modeled structure (Table 3), but at a nearby position. In spite of
being off site 1, it had four common residues with NUNM01 (alanine
286, tyrosine 285, glycine 333 and proline 337).

Fig. 4 shows in detail the six (MmpL5) and three (Tap) binding sites
for NUNM01, CCCP, VP and EtBr, illustrating also the protein residues
contacted by all the ligands at the respective binding sites. In MmpL5,
as can be seen in Table 3, all ligands docked successfully at site 1 except
CCCP; however, CCCP contacted the protein residues glutamine 286
and serine 879, which were also contacted by NUNM01, VP and EtBr at
this site. All ligands tested had affinity for sites 2 and 4. These were sites
of high magnitude FEB for the NUNM compounds, especially NUNM01.
The FEB values were higher for NUNM01 in all cases, suggesting that, if
MmpL5 is involved in antimicrobial transport, NUNM01 is possibly an
efflux inhibitor. For Tap, NUNM01 had the highest magnitude FEB at
the three binding sites proposed. Interestingly, CCCP, VP and EtBr, for
all binding sites described by the blinding docking runs for both
structures MmpL5 and Tap, always had a smaller FEB than those of
NUNM01. Tables 5 and 6 list, for the blind docking runs, the protein
residues contacted by NUNM01, VP, EtBr and CCCP on Mmpl5 and Tap.

3.4.2. Slice docking
The procedure resulted in eight sites of good affinity distributed

along MmpL5 and five sites along Tap (Fig. 5a and b). In these binding
sites, these simulations revealed that the CLA FEB values were actually
slightly higher in magnitude than those computed for VP and CCCP
(Table 4), showing that in silico, CLA had a good affinity for the Mmpl5
and Tap models, suggesting that these transporters could participate in
the efflux process. These sites do not necessarily correspond to the sites
found by blind docking, depicted in Fig. 3, because in the slice docking
assays, the binding sites of CLA were considered as the reference. These
slice dockings revealed direct competition between the NUNM com-
pounds and CLA for the same binding sites. The NUNM FEB magnitudes
were generally (not always) higher than those of CLA, VP, CCCP and
EtBr. On MmpL5, only CLA was found at binding site 4. In addition,
NUNM01, NUNM11 and CCCP did not dock at site 6. On Tap, only CLA
and EtBr docked at site 4, with FEB values of −5.9 and −7.2 kcal/mol,
respectively. Fig. 6 shows NUNM01 competing with CLA at the binding
sites found for the MmpL5 and Tap models.

In all docking runs (blind or slice) performed in this study, the
NUNM molecules were able to compete for binding sites with CLA,
CCCP, VP and EtBr, with significant FEB values. In addition, it is im-
portant to point out that in this study NUNM01 always had the best FEB

Table 8
Slice Docking. Protein residues contacted by the ligands NUNM01, clari-
thromycin, verapamil, ethidium bromide and carbonyl cyanide m-chlorophenyl
hydrazone at the binding sites on Tap.

Slice Docking – Tap

Site 1 Site 4

N1 CLA VP EtBr CCCP N1 CLA VP EtBr CCCP

ALA 139 – – X – – ILE 31 – X –
SER 141 X X X X – LEU 167 – X –
PRO 348 – X – – – LEU 171 – X –
GLU 349 X X X – – TRP 182 – X –
GLN 412 – – X – – ALA 186 – X –
PRO 415 X X X X Site 5
GLN 416 X – – – N1 CLA VP EtBr CCCP
ASP 418 X – X X PRO 41 X X X X
LYS 419 X X X X VAL 44 X X – –

Site 2 LEU 45 X X X X
N1 CLA VP EtBr CCCP GLY 49 X X X –

PHE 225 X – – – ALA 54 – X – X
ARG 346 – X – X PRO 248 X X X X
PR0 348 X X – X ILE 249 X – X X
LEU 351 X X – – GLU 250 – X X –
LEU 410 X – – – VAL 252 X X X X
ASP 411 X – – X LEU 254 – X – X
GLN 412 X X – X PRO 255 – X – –
GLN 416 X X – X ALA 374 – X – –

Site 3 ALA 378 X X X –
N1 CLA VP EtBr CCCP VAL 383 X X X –

LEU 22 – – – X
SER 26 – X – X
ALA 29 X X – –
ASN 33 X X – –
LEU 65 X – – –
ASP 124 X X – –
GLY 127 – X – –
ILE 128 X X – –
ARG 131 – – – X
GLU 132 – – – X
TYR 153 – – – X
GLU 154 – X – –
PHE 157 X X – X
TYR 332 X X X –
TYR 364 X X – –

The residues contacted by NUNM01 are listed at the first column, the “X”, if
present, indicates that the other compounds also contact these residues. CCCP
Carbonyl cyanide m-chlorophenyl hydrazone, VP verapamil, EtBr ethidium
bromide, CLA clarithromycin, ALA alanine, ARG arginine, ASN aspargine, GLY
glycine, GLN glutamine, GLU glutamic acid, ILE isoleucine, LEU leucine, LYS
lysine, PHE phenylalanine, PRO proline, SER serine, TYR tyrosine, TRP tryp-
tophan, VAL valine.
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values among all the ligands at the binding sites identified for the
MmpL5 and Tap models (Tables 3 and 4). Tables 7 and 8 list, for the
slice docking runs, the protein residues contacted by NUNM01, CLA,
VP, EtBr and CCCP on Mmpl5 and Tap.

4. Discussion

Previously, compounds containing the THP nucleus have demon-
strated a comprehensive variety of pharmacological activities, in-
cluding antimicrobial activity [39]. In this study, 11 THP compounds
differing in the structures of radicals 1 and 2 were evaluated in vitro and
in silico, of which nine showed antimicrobial activity at ≤ 100 μg/mL
concentration.

In addition, assessing the antimicrobial activity, we aimed to eval-
uated these nine THPs as EI, and we found a significant reduction in the
MICs of AMI, CIP and CLA in the presence of NUNM01, NUNM08,
NUNM09 or NUNM11, with MF≥4 and RFF> 1, indicating effective
synergistic activity via efflux inhibition [21]. Notably, NUNM01 had
the highest RFF result with the highest MF among all the EI tested in
this study.

Interestingly, NUNM01 is the only compound that has two indoles
in the R1 and R2 positions attached to the THP structure. The indole
radical can be found in various organic compounds, such as alkaloids,
that have potent antibacterial activity and have been described as efflux
inhibitors [40,41]. In addition, indoles constitute a heterocyclic ring
system with a molecular architecture that makes them suitable candi-
dates for drug development [42].

Computational simulations revealed possible binding sites for the
ligands on MmpL5 and Tap protein structures. These transporters are
known multidrug resistance pumps in Mycobacterium spp., conserved in
the M. tuberculosis complex and M. avium [43–45]. The ligands CCCP
and VP are known efflux pump inhibitors in mycobacteria, and EtBr is a
universal substrate of many efflux pumps that has been used in accu-
mulation assays in several studies [22,46,47].

The NUNM preferences for the same sites, with a FEB of higher
magnitude than those of CCCP, VP (except for NUNM08 in site 2) and
EtBr demonstrated, in silico, a plausible affinity of the NUNM com-
pounds for these sites. Although it is unknown which pumps in M.
abscessus subsp. abscessus take part in the drug efflux, and our docking
simulations suggested that MmpL5 and Tap could be involved in the
process. NUNM01 had common preferences for binding sites with VP
and competes directly with binding sites preferred by CLA. These in
silico results suggest that NUNM01 could be a potential inhibitor of CLA
efflux. In fact, the supposed participation of MmpL5 in the efflux

process is reinforced by a recent in vitro study in which Halloum et al.
(2017) [7] showed that mutations in the MmpL cognate transcriptional
regulators represent an important drug resistance mechanism involving
the MmpS5-MmpL5 system in M. abscessus.

THP compounds may provide an excellent pharmacophore for the
development of novel combinational therapies using efflux pump in-
hibitors against drug resistance in M. abscessus [13,48]. NUNM01 is the
ideal candidate EI in M. abscessus, as it possibly inhibit the activity of
the MmpL5 and Tap efflux pumps. Fig. 7 shows the screening scheme
that highlighted this THP compound as the best inhibitor of the efflux
mechanism.
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