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Abstract
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Introduction

Tuberculosis (TB), a severe respiratory infectious disease, is 
initiated by the infection of Mycobacterium tuberculosis.[1‑4] 
Mycobacterial enzymes of the type II fatty acid synthase (FAS‑II) 
system are attractive targets for the rational design of 
anti‑TB agents.[5‑8] The FAS‑II system elongates acyl fatty 
acid precursors of mycolic acids, which are known as an 
essential component of the mycobacterial specific cell wall 
structure  (tetramycolypentaarabinosyl clusters).[9] These 
structures have been linked to virulence, to the ability of the 
bacillus to survive and replicate inside macrophages, and shown 
to act as a barrier to the intracellular entry of a number of common 
antibiotics. The enoyl‑acyl carrier protein reductase (InhA, EC 
1.3.1.9) from M. tuberculosis (mtInhA), which is a member of 
the mycobacterial FAS‑II system, is among the most widely 

studied enzymes given its role as a target of antitubercular drugs 
such as isoniazid (INH), ethionamide, and triclosan (TCS).[10‑13] 
This enzyme catalyzes the NADH‑dependent reduction of the 
double bond of 2‑trans‑enoyl‑(acyl‑carrier protein), an essential 
step in the fatty acid elongation cycle of the FAS‑II system. 
An accumulation of high‑resolution structures of mtInhA has 
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enabled the rapid and precise screening of mtInhA‑targeted 
inhibitor with in silico structure‑based drug screening (SBDS). 
Currently, this technique is one of the most powerful tools 
to find lead compounds with novel pharmacophores and is a 
promising tool rather than random high‑throughput screening 
in terms of cost and labor intensiveness.

We also previously reported that 1‑(2‑furoyl)‑4‑(3‑[phenoxy] 
benzyl) piperazine, designated as KES4, was identified as 
an mtInhA inhibitor, aided by in silico SBDS.[14‑17] KES4 
exhibited inhibitory effects on mycobacterial growth as well 
as InhA enzymatic activity.[14] As shown in Figure 1a, KES4 is 
composed of two‑phenyl, piperazinyl, and furoyl groups (the 
ring structures are referred to as the A–D‑rings), and our 
molecular dynamic simulations predicted that the hydrogen 
atom on methylene, between the piperazinyl group (C‑ring) 
and the 3‑phenoxybenzyl group (B‑ring), interacts with Phe149 
by CH‑π interaction. Notably, the 2‑furoyl group (D‑ring) and 
the proximal carbonyl group were also shown to be involved in 
hydrophobic interactions with Leu218 and hydrogen bonding 
with Tyr158, respectively. Since Tyr158 and Leu218 are 
located in the active site of mtInhA, the D‑rings could play an 
important role in terms of binding with mtInhA. Thus, in the 
present study, to obtain a potent mtInhA inhibitor, the D‑ring 
structure in KES4 was modified with the assistance of in silico 
SBDS. A chemical library of D‑ring‑modified KES4 derivatives 
was prepared and subjected to in silico docking simulations. 
The biological properties of the selected compounds were also 
compared with those of the lead compound.

Methods

Preparation of compound library and protein structural 
data
A virtual chemical library comprising 579 compounds of 
the D‑ring‑modified KES4 analog was prepared. In brief, 
the 579 sets of structural data similar to the D‑ring segment 
were extracted from the PubChem database (https://pubchem.
ncbi.nlm.nih.gov), based on Fingerprint Tanimoto‑based 
two‑dimensional similarity search. Then, the chemical 
library of D‑ring‑modified KES4 derivatives was generated 
using the canonical Simplified Molecular Input Line Entry 
System (SMILES) notation. Conversion to MOL2‑formatted 
three‑dimensional chemical structures, the addition of hydrogen 
atoms and electric charges, and structural optimization 
were performed with the Energy Minimize, Protonate 3D, 
and Energy Minimize modules, respectively, which were 
implemented in Molecular Operating Environment  (MOE) 
version  2011.10  (Chemical Computing Group, Montreal, 
Canada). The PDB structural data of mtInhA in complex 
with pyrrolidine carboxamide derivative  (PDB‑id 4U0J)[18] 
were employed in the docking simulation with the following 
structural adjustments. The hydrogen atoms and electric 
charges were added using the Protonate 3D module in the 
MOE software after the removal of water oxygen atoms 
and the pyrrolidine carboxamide‑derived inhibitor from the 
structure. Then, hydrogen atoms were optimized with the 
Energy Minimize module in MOE software.

In silico structure‑based drug screening
Binding affinity between the 579 compounds in the chemical 
library and mtInhA substrate‑binding cavity was predicted 
by tandem  (two‑step) GOLD screening with Genetic 
Optimization for Ligand Docking (GOLD) suite version 
5.3 (Cambridge Crystallographic Data Center, Cambridge, 
United Kingdom). The primary screening of the compounds 
with a single conformation identified 49 compounds with a 
GOLD score above that of KES4  (81.0 as a threshold).[14] 
Then, ten conformations of each selected compound were 
generated by the Conformation Search module of MOE, 
followed by them being subjected to secondary screening. 
As a result of the secondary screening, seven compounds 
showed higher scores than the lead compound. Among them, 
1‑(2‑thienyl)‑4‑(3‑phenoxybenzyl) piperazine showed the 
highest score  (82.5) and is hereafter referred to as KEN1. 
The manner of binding between the compounds and amino 
acids constituting the mtInhA substrate‑binding cavity was 
estimated using the ligand interaction  (LI) and Protein LI 
Fingerprint (PLIF) modules in MOE software.

Synthesis of 1‑(2‑thienyl)‑4‑(3‑phenoxybenzyl) piperazine 
(KEN1)
To a solution of 3‑phenoxybenzaldehyde  (1 equivalent) 
in dichloromethane, piperazin‑1‑yl  (thiophen‑2‑yl) 
methanone hydrochloride  (1.1 equivalent) and sodium 
acetoxyborohydride (1.2 equivalent) were added. The reaction 
mixture was stirred at room temperature. After stirring 

Figure  1: Chemical structures and synthesis of mtInhA inhibitors. 
(a) Chemical structure of KES4. The phenyl and heterocyclic rings are 
referred to as A–D‑rings. (b) Synthetic scheme of KEN1
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overnight, the reaction was quenched by the addition of water 
and was then extracted with chloromethane. The organic 
layer was washed with brine and was dried with anhydrous 
Na2SO4. The organic solvent was evaporated under reduced 
pressure to obtain the crude product. The reaction was carried 
out under an argon atmosphere. The compound was purified 
by silica gel column chromatography (Kanto Chemical Silica 
Gel 60N). NMR spectra were recorded on Bruker Avance 
500 (Bruker) in CDCl3 (Tetramethylsilane for 1H, δ = 0) or 
CDCl3 (for 13C, δ = 77.0) was used as an internal standard. 
Mass spectra were obtained with a JEOL JMS‑SX102A 
mass spectrometer  (JEOL). Yield: 46%. 1H NMR  (CDCl3, 
500 MHz): 7.51–6.91 (m, 12H, Ar‑H), 3.75 (s, 4H, CH2 × 2), 
3.52 (s, 2H, CH2), 2.48 (t, 4H, CH2 × 2). 13C NMR (CDCl3, 
126 MHz): δ (ppm) 163.50, 157.36, 140.20, 139.86, 137.12, 
131.92, 130.44, 129.76, 129.61, 128.76, 128.51, 127.60, 
126.64, 123.85, 123.26, 122.58, 119.41, 118.84, 117.66; mass: 
exact mass C22H23N2O2S 379.1 (M + H), found 379.

Assay of mtInhA activity
The mtInhA activity was determined by the method 
reported by Delaine et  al. with minor modifications.[19] 
Briefly, the pre‑incubation of enzyme and inhibitors was 
performed in 50 µl (total volume) of 30 mM PIPES (pH 6.8), 
150 mM NaCl, 200 µM NADH, 700 nM mtInhA, and 
compounds (50 µM). dimethyl sulfoxide (DMSO) was used 
as co‑solvent, with a final concentration of  <0.5%. After 
1 min of pre‑incubation at 25.5°C, the addition of 200 µM 
substrate  (trans‑2‑decenoyl‑CoA) initiated the reaction, 
which was followed at 340 nm (oxidation of NADH) and at 
25°C using Infinite M200 PRO microplate reader (TECAN, 
Männedorf, Switzerland). The inhibitory activity of each 
compound tested was determined based on the absorbance 
5  min after the addition of trans‑2‑decenoyl‑CoA and is 
expressed as the percentage relative to the mtInhA activity 
recorded in the absence of inhibitor.

Cytotoxic assay
Madin–Darby canine kidney (MDCK) and SH‑SY5Y human 
neuroblastoma cell lines were maintained in high‑glucose 
Dulbecco’s modified Eagle’s Medium (DMEM) supplemented 
with 10% fetal bovine serum  (FBS), 2 mM L‑glutamine, 
100 U/mL penicillin, and 100 µg/mL streptomycin and were 
cultured at 37°C in a humidified atmosphere containing 
5% CO2. The cell lines  (MDCK cells, 5.0 × 102 cells/well; 
SH‑SY5Y cells, 1.5  ×  104  cells/well) were seeded into 
96‑well plates 24 h before serum starvation, with 0.25% FBS 
containing DMEM. After the serum starvation, the candidate 
compounds (50 µM) were added. DMSO (0.3%) was used as a 
negative control. The cultures were incubated for an additional 
24 or 48 h, followed by the analysis of the cytotoxicity of the 
compounds with Cell Counting Kit‑8  (Dojin, Kumamoto, 
Japan), as previously described.[14]

Antimicrobial assay
Mycobacterium smegmatis  (IAM 12065 strain; RIKEN 
BioResource Center, Saitama, Japan) was grown at 37ºC for 24 h 

in 3.7% brain heart infusion broth (Sigma, St. Louis, MO, USA). 
Cultures were then diluted 30‑fold with broth that contained the 
candidate compounds in a 96‑well flat‑bottomed clear plate. 
Each well was inoculated with 200 µL of culture. INH (LKT 
Laboratories, St. Paul, MN, USA) and 0.3% DMSO were used 
as positive and negative controls, respectively. The plates were 
incubated at 37ºC for 24 h, after which the cell cultures were 
subjected to growth inhibition assays. The inhibition of bacterial 
growth was determined by measuring OD595 using a Bio‑Rad 
Model 680 microplate reader (Bio‑Rad, Hercules, CA, USA).

Results

Identification and chemical synthesis of the candidate 
compound (KEN1)
A chemical library composed of the 579 compounds of the 
D‑ring‑modified KES4 derivatives was prepared and subjected 
to in silico SBDS. The GOLD program predicts the binding 
affinity of compounds to mtInhA active sites (PDBid: 4U0J),[18] 
represented by the GOLD score, by calculating protein–ligand 
hydrogen‑bonding energy, van der Waals contact energy, and 
molecule torsion energy based on a genetic algorithm.[20,21] The 
screening resulted in the identification of eight compounds 
with GOLD scores (81.0–82.5) higher than that of the lead 
compound (KES4). The compound with the highest GOLD 
score [82.5, Table 1], referred to as KEN1, was successfully 
synthesized at sufficient quantity and purity [Figure 1b].

Cytotoxicity of the compounds
To probe any potential damaging effects of the compounds on 
mammalian cells, cytotoxicity was measured with the MDCK 
and SH‑SY5Y cell lines [Figure 2]. TCS, a representative InhA 
inhibitor with a diphenyl ether pharmacophore, was used as a 
positive control. TCS showed dose‑dependent cytotoxicity, while 
KEN1 did not show significant cytotoxicity on either cell line. 
Since the FAS‑II system is absent in mammals, low toxicity of 
KEN1 may be preferable for specific antimycobacterial action.

Inhibitory effect of KEN1 on the enzymatic activity of 
mtInhA
The effect of KEN1 on the enzymatic activity of recombinant 
mtInhA was examined. As shown in Figure 3 and Table 1, 
the enzymatic activity of mtInhA was suppressed to 68.0% 

Table 1: Effects on Mycobacterium tuberculosis enoyl‑acyl 
carrier protein reductase activity and global initiative for 
chronic obstructive lung disease score of the compounds

Compounds mtInhA activity (%)* GOLD score
DMSO 100.0±3.1 ‑
KES4 68.0±0.5 80.1±0.6
KEN1 42.6±0.8 82.5±0.6
*mtInhA (0.7 µM) was preincubated with each compound (50 µM) at room 
temperature for 1 min and then its activity was measured. Vehicle (0.3% 
DMSO) was used as a negative control. All experiments were performed in 
triplicate and data are expressed as mean±SEM. mtInhA: Mycobacterium 
tuberculosis enoyl‑acyl carrier protein reductase, GOLD: Global initiative 
for chronic obstructive lung disease, SEM: Standard error of mean
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in the presence of 50 µM KES4. Interestingly, the mtInhA 
inhibitory effect of KEN1 was significantly stronger than that 
of KES4 (inhA activity was decreased to 42.6%). The affinity 
of the lead compound can be increased by the substitution of the 
2‑furoyl group of the D‑ring by a 2‑thienyl group. The results 
suggest that KEN1 has an advantage over the lead compound 
in terms of inhibitory activity against mtInhA.

Growth inhibition of Mycobacterium smegmatis by KEN1
As a primary evaluation of bioactivity, the effect of 
KES1 on mycobacterial growth inhibition was examined. 
M. smegmatis  (biosafety level 1) was utilized as a model 
Mycobacterium. M. smegmatis InhA has 87% similarity to 
mtInhA. As shown in Figure 4a, mycobacterial growth was 

almost completely inhibited in the presence of 50 µM KES4 
and KEN1 after 24 h of incubation. As shown in Figure 4b, 
the IC50 value  (the concentration at which KEN1 achieves 
50% inhibition of M. smegmatis growth) of KEN1 (11.8 µM) 
corresponded to that of KES4 (13.5 µM).

Discussion

In the present study, in silico docking simulation with a 
chemical library comprising a series of D‑ring‑modified KES4 
was performed to obtain a KES4 derivative with high mtInhA 
inhibitory activity. KEN1, identified as the candidate with the 
highest GOLD score, showed improved activity regarding 
mtInhA inhibition  [Figure  3 and Table  1]. Our previous 
simulations predicted that mtInhA forms a complex with KES4 
through Phe149 via CH‑π interaction and with Leu218 and 
Tyr158 via hydrogen bonds.[14] The complex‑forming manner of 
KEN1–mtInhA, predicted by the LI and PLIF simulations, was 
indistinguishable from that of KES4 [Figure 5]. These results 
indicated that KEN1 and KES4 share similar mechanisms of 
action and that substitution of the 2‑furoyl group (D‑ring) by 
a 2‑thienyl group promotes mtInhA inhibition. Despite the 
difference of mtInhA inhibitory activity, the IC50 value of KEN1 
corresponded to that of KES4 [Figure 4b]. Since the cell wall of 
Mycobacterium is rich in mycolic acid,[6‑9] cell wall permeability 
should also be considered to improve the antimycobacterial 
activity of KEN1 in future study.

An increase in TB patients has been attributed to the emergence 
of drug‑resistant strains (multidrug‑resistant TB and extensively 
drug‑resistant TB) and the use of inappropriate drug regimens 
in chemotherapy  (i.e., insufficient supply and quality of 
anti‑infectives).[22] There has thus been demand for novel 
anti‑infectives, and there is an urgent need to develop anti‑TB drugs 
with new mechanisms of action. The in silico‑assisted compound 
modification performed in this study is expected to be a time, 

Figure 3: Effects of KES4 and KEN1 on enzymatic activity of mtInhA. 
mtInhA  (0.7 µM) was preincubated with each compound  (50 µM) at 
room temperature for 1 min before its activity was measured. TCS and 
0.3% DMSO were used as positive and negative controls, respectively. All 
experiments were performed in quadruplicate, and data with error bars 
are expressed as mean ± standard deviation, **P < 0.05

Figure 2: Cytotoxicity of KEN1 on (a) Madin–Darby canine kidney and (b) SH‑SY5Y human neuroblastoma cell lines. The concentration of the compounds 
was 50 µM. Here, 0.3% DMSO and TCS (100 and 200 µM) were used as negative and positive controls, respectively. All experiments were performed 
in quadruplicate, and cell survival rates were compared using Dunnett’s test for significance: **P < 0.001
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Figure 4: Inhibitory activity of the compounds on the growth of Mycobacterium smegmatis. (a) The growth inhibition was monitored by OD595 at 
0 and 24 h after the treatment using compounds: left, INH (as a positive control); center, KES4; and right, KEN1. The concentration of the tested 
compounds was 100 µM. All experiments were performed in quadruplicate: nS: Not significant; *P < 0.05. (b) Dose‑dependent effects of KES4 (left) 
and KEN1 (right) on the growth of Mycobacterium smegmatis. The inhibition of mycobacterial growth was monitored by OD595 at 24 h after treatment 
with the compounds. The IC50 value of isoniazid (positive control) is 5.4 µM

b

a

Figure 5: Predicted specific interactions of KEM4 (a) and KEN1 (b) with the active site of mtInhA: The green lines between the hydrogen atoms (between 
the C‑ring and B‑ring) and Phe149 indicate CH‑π interaction. The orange curves surrounding the 2‑furoyl group of KES4 or the 2‑thienyl group of 
KEN1 indicate hydrophobic interactions with Leu218. The blue lines between the D‑ring proximal carbonyl groups and Tyr158 indicate hydrogen bonds

a b

[Downloaded free from http://www.ijmyco.org on Friday, January 29, 2021, IP: 197.46.112.30]



Taira, et al.: In silico assisted modification of InhA inhibitor

International Journal of Mycobacteriology  ¦  Volume 9  ¦  Issue 1  ¦  January-March 2020 17

cost‑, and labor‑saving technique for improving lead compounds 
compared with the conventional structure–activity relationship 
approach. In addition, the synthesis of a number of compounds can 
be avoided without deep insights into protein‑molecular interaction 
and organic synthesis.
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