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Abstract: Background: Neuroleptic phenothiazines have been reported for antitubercular activity, but
the unwanted side effect (antipsychotic activity) restricted their use as antitubercular drugs.

Objective: The study aimed to carry out development of phenothiazine based antitubercular agents by
modifying/removing the chemical group(s)/ linker(s) of chlorpromazine essential for exerting an
antipsychotic effect.

Methods: The designed molecules were filtered with a cut-off of docking score < 2.0 Kcal/mol against
ARTICLE HISTORY dopamine receptors, so that their binding with the receptor would be reduced to produce no/ less antip-
sychotic effect. The molecules were then synthesized and screened against M. tuberculosis H37Rv.

) They were further screened against a gram-positive (S. aureus) and a gram-negative (E. coli) bacterial
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Revised: June 06, 2018 strains to evaluate the spectrum of activity. The ability of the compounds to cross the blood-brain bar-
Accepted: July 11,2018 rier (BBB) was also analyzed. The compounds were further examined for cytotoxicity (CCsy) against
mammalian VERO cells.

DOI:
10.2174/2211352516666180730121013  Results: Compounds 14p, 15p and 16p were found to be the most effective against all the strains viz. M.

tuberculosis H37Rv, S. aureus and E. coli with MIC of 1.56pug/ml, 0.98pug/ml and 3.91pg/ml, respecti-
vely. Further, BBB permeability was found to be diminished in comparison to chlorpromazine, which
would ultimately reduce the unwanted antipsychotic activity. They were also found to be free from toxi-
city against VERO cells.

Conclusion: The designed strategy, to enhance the antitubercular activity with concomitant reduction of
dopamine receptor binding and BBB permeability was proved to be fruitful.

Keywords: Antibacterial, antitubercular, BBB permeability, cytotoxicity, molecular property, OSIRIS DataWarrior, phenothia-
zine

1. INTRODUCTION transform into an active disease at any moment in lifetime.
[4]. Hence, dormant/latent TB needs to be treated before its
conversion into an active disease [5]. A large number of TB
patients were accounted for drug resistance and 480 000 new
cases of Multi-Drug Resistant Tuberculosis (MDR-TB) were
reported in 2015 [3]. The treatment of MDR-TB lasts for 20
months, yet the success rate is not satisfactory [6]. The TB
epidemic is further fuelled with the emergence of extensively
drug-resistant TB (XDR-TB). The decade-old treatment reg-
imen and poor efficacy of current TB drugs pose a grave
threat to humanity. The infections caused by E. coli and S.
aureus are also a matter of serious concern. Over 85% of
urinary tract infections were caused by uropathogenic E. coli
[7]1 and many life-threatening infections viz. pneumonia,
bloodstream infections and surgical-site infections were
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Tuberculosis (TB) is a deadly infectious disease caused
by the bacillus Mycobacterium tuberculosis (Mtb). It is the
leading cause of mortality along with HIV worldwide [1].
The bacillus naturally affects the lungs to produce pulmonary
TB, but can also affect other parts as well to cause extra-
pulmonary TB [2]. Out of 10.4 million new TB cases esti-
mated in 2015, 60% of them were from six countries i.e. In-
dia, Indonesia, China, Nigeria, Pakistan and South Africa. In
another estimate, 1.8 million people (1.4 million HIV-
negative and 0.4 million HIV-positive) had died of the dis-
ease in 2015 [3]. In nutrient deprived and anaerobic
conditions, Mtb develops a latent infection that in turn may
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rewarding. Phenothiazine class of drugs viz. chlorpromazine,
trifluoperazine and thioridazine were reported for potent
antitubercular activity but cognitive side effects limited their
use in the treatment of TB [9-11]. Chlorpromazine and thior-
idazine were reported for their appreciable levels of antimi-
crobial activity, regardless of their antibiotic susceptibility.
Thioridazine (TDZ), used safely over four decades for the
treatment of psychosis, was also used to treat XDR-TB pa-
tients on a compassionate basis, in cases where other antibi-
otic therapies did not respond [12]. According to a report, 10
of 12 XDR-TB patients were cured with thioridazine treat-
ment and the remaining 2 also responded favorably but were
dropped out of the program [11]. When chlorpromazine was
used as an adjuvant at a concentration that was least effective
against MDR-TB, the activity of rifampicin and streptomycin
steeply increased [13]. Therefore, there is potential to devel-
op phenothiazine class of compounds as antitubercular
agents.

The structure-activity (anti-psychotic) relationship of
Chlorpromazine (CPZ) revealed that the dimethylamino (tail-
ing) group linked through an alkyl connector at the tenth po-
sition and a halogen atom at the second position were neces-
sary for antipsychotic activity [14, 15]. In the present study,
we aimed to introduce definite modifications in
chlorpromazine to increase the antitubercular activity with a
concurrent reduction in unwanted effect. The approach is to
remove/modify the pharmacophore/linker/tailing-group(s) of
chlorpromazine, essential for antipsychotic activity. The
molecules were designed by altering the pharmacophore,
connector, as well as the tailing group of chlorpromazine to
increase antitubercular activity with a concomitant reduction
in unwanted binding to dopamine receptors. Phenothiazine
pharmacophore was retained due to reported antitubercular
efficacy [16]. The alkyl connector was modified to an acyl
connector. The tailing group was also modified with different
substituted phenylamines/ phenylpiperazines (Fig. 1). Since
the molecules were designed by altering chlorpromazine nu-
cleus, they may also produce antipsychotic effect. Therefore,
we virtually screened the designed molecules against the
possible off-targets viz. dopamine D2 (PDB: 6CM4) and D3
(PDB: 3PBL) receptors through high-throughput virtual
screening to avoid unwanted antipsychotic effect.

2. MATERIALS AND METHODS

2.1. Off-target Virtual Screening and Filtering of De-
signed Molecules

The designed molecules were screened against dopamine
D2 (PDB: 6CM4) and D3 (PDB: 3PBL) receptors using
Maestro 10.5.014 application (Schrédinger, LLC, USA,
2016-1). The whole process involved protein preparation,
ligand preparation, receptor grid generation and finally ligand
docking. The process of protein preparation and energy min-
imization of 6CM4 and 3PBL was performed using protein
preparation wizard of Maestro. The active site amino acid
residues were selected and receptor grid was generated en-
compassing these residues, using the grid generation module
of Maestro. Ligands were then subjected to ligand prepara-
tion using the ligand preparation wizard in Maestro. During
this, ionization and tautomeric states of ligands were generat-
ed using the Epic module. The prepared ligands were then

Anti-Infective Agents, 2019, Vol. 17, No. 1 51

screened against the energy minimized protein through high-
throughput virtual screening in Schrodinger suite [17]. Dock-
ing score of < 2.0 Kcal/mol was fixed as the cut-off, to filter
the molecules having least interaction with dopamine recep-
tors (D2 & D3).
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Fig. (1). Design strategy for phenothiazine based antitubercular and
antibacterial agents.

2.2. Synthesis of 10H-phenothiazine (b)

Diphenylamine (a) (10g, 59.09mmol), elementary sulfur
(3.78g, 118.18mmol), and iodine (0.74g, 5.90 mmol) were
taken in RB flask with 1-2-dichlorobenzene as the solvent
and heated at 180°C for 2 hours. The evolved hydrogen
sulphide was trapped in an aqueous solution of NaOH. The
solvent was removed under vacuum. The crude material was
subjected to flash column chromatography (SiO,,
EtOAc:hexanes at 1:9), which afforded pure phenothiazine. It
was recrystallized twice with aqueous ethanol to get light
yellow crystals [18] (Scheme 1).

Yield: 90%; MP: 181-183°C; 'H-NMR (500 MHz,
CDCl3) o (ppm): 7.533, 7.517 (d, J = 8 Hz, 2H, Cl1, C8-
phenothiazine), 7.412-7.395 (dd, J = 8.5, 1.1 Hz, 2H, C4, C5-
phenothiazine), 7.310-7.295 (td, J = 7.5, 1.1 Hz, 2H, C2, C7-
phenothiazine), 7.224-7.195 (td, J = 7.5, 1.1 Hz, 2H, C3, C6-
phenothiazine); "C-NMR (125 MHz, CDCl;) & (ppm):
138.051, 133.405, 128.350, 127.619, 127.526, 126.738 (aro-
matic carbons); MS (ESI) m/z: 200.7 (M+1, 100%). Anal.
Calcd for C,HoNS: C, 72.33; H, 4.55; N, 7.03; Found: C,
72.54; H,4.57; N, 7.08 %.

2.3. Synthesis
ethan-1-one (1p)

10H-phenothiazine (b) (10.0 g, 59.09 mmol) was taken in
chloroform (CHCI3) (150 mL) and cooled down to 0°C; fol-

of 2-chloro-1-(10H-phenothiazin-10-yl)
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lowing this, chloroacetyl chloride (6.0 mL, 75.2 mmol) was
added dropwise and the reaction mixture was stirred for 12
hours at 37°C. It was then allowed to cool to room tempera-
ture and concentrated under reduced pressure to obtain a
crude product. Water (100 mL) was added to it and extracted
with dichloromethane (DCM) (2 x 100 mL). The organic
layer was dried over anhydrous Na,SO, and the solvent was
evaporated to get pale white product [18] (Scheme 1).
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Reactions and Conditions:

(i) elementary sulphur, iodine, 1,2-dichlorobenzene, 180°C, 2h.

(ii) CHCl;, cool 0°C, add chloro acetyl chloride, stirring 37°C, 10h.
(iii) corresponding phenylamine, K,CO;, THF, 67°C, reflux, 9-12h.
(iv) corresponding phenyl piperazine, K,COs, PI, THF, 7-%h.

Scheme 1. Synthesis of phenothiazine derivatives.

Yield: 95%; MP: 111-113°C; 'H-NMR (500 MHz,
CDCl3) o (ppm): 7.524, 7.508 (d, J = 8 Hz, 2H, C1, C8-
phenothiazine), 7.403-7.386 (dd, J = 7.5, 1.1 Hz, 2H, C4, C5-
phenothiazine), 7.301-7.286 (td, J = 7.5, 1.1 Hz, 2H, C2, C7-
phenothiazine), 7.215-7.186 (td, J = 7.5, 1.1 Hz, 2H, C3, C6-
phenothiazine), 4.111 (s, 2H, Methylene-CH,); “C NMR
(125 MHz, CDCl;) & (ppm): 165.717 (C=0), 138.111,
133.817, 128.353, 127.626, 127.529, 126.743 (aromatic car-
bons), 41.994 (methylene carbon); MS (ESI) m/z: 277.5
(m+2, 25%), 276. 5 (m+l, 75%). Anal. Calcd for
C4H(CINOS: C, 60.98; H, 3.66; N, 5.08; Found: C, 61.24,
H, 3.69; N, 5.03%.

2.4. Synthesis of Phenothiazine Derivatives (2p-20p)

2-Chloro-1-phenothiazine-10-yl-ethanone (1p) (0.2g, 0.73
mmol), potassium carbonate (K,CO;) (0.2 mg, 1.45 mmol),
potassium iodide (KI) (0.06 mg, 0.365 mmol) and correspond-
ing phenyl amines/ phenyl piperazines (1.09 mmol) were taken
in 10 mL tetrahydrofuran (THF) and refluxed at 67°C for 7-12
hours. The crude material was subjected to flash column chro-
matography (SiO2, EtOAc:hexane at 1:9 to 4:6 ratios) to obtain
different phenothiazine derivatives (Scheme 1).

2.5. 1-(10H-phenothiazin-10-yl)-2-(phenylamino)ethan-1-
one (2p)

Yield: 78%; MP: 145-147°C; 'H-NMR (500 MHz,
CDCl3) 8 (ppm); 7.612, 7.596 (d, J=7.5 Hz, 2H, CI1, C8-
phenothiazine), 7.548, 7.533 (d, J=7.5 Hz, 2H, C4, C5-
phenothiazine), 7. 483-7.425 (td, J=14, 7.5 Hz, 2H, C2, C7-
phenothiazine), 7.381-7.325 (td, J=14, 7.5 Hz, 2H, C3, C6-
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phenothiazine), 7.105-7.089 (t, J=8 Hz, 2H, C3, C5-phenyl),
6.818-6.802 (t, J=8 Hz, 2H, C2, C6-phenyl), 6.634-6.618 (t,
J=8 Hz, 1H, C4-phenyl), 3.966 (s, 2H, methylene-CH,),
3.497 (s, 1H, NH); >C-NMR (125 MHz, CDCl5) &: 167.328
(C=0), 145.043, 139.997, 134.651, 130.825, 128.174,
127.079, 126.653, 123.138, 120.367, 115.552 (Aromatic car-
bons), 55.672 (methylene carbon); MS (ESI) m/z: 333.2
(M+1, 42.1%); Anal. Caled for CyH¢N,OS: C, 72.26; H,
4.85; N, 8.43; Found: C, 72.41; H, 4.87; N, 8.47 %.

2.6. 2-((2-chlorophenyl)amino)-1-(10H-phenothiazin-10-
yDethan-1-one (3p)

Yield: 75%; MP: 154-156°C; 'H-NMR (500 MHz, CDCls)
5; 7.574, 7.558 (d, J=8 Hz, 2H, C1, C8-phenothiazine), 7.442-
7.427 (d, J=7.5 Hz, 2H, C4, C5-phenothiazine), 7.340-7.307
(td, J=7.5, 1.5 Hz, 2H, C2, C7-phenothiazine), 7.253-7.220 (m,
3H, C3, C6-phenothiazine, C3-phenyl), 7.153-7.127 (t, J=6.5
Hz, 1H, C4-phenyl), 6.718, 6.701 (d, J=8.5 Hz, 1H, C6-phenyl,
6.653-6.627 (t, J=6.5 Hz, 1H, C5-phenyl), 4. 175 (s, 2H, meth-
ylene-CH,) 3.864 (s, 1H, NH); "C-NMR (125 MHz, CDCl;) &:
168.005 (C=0), 145.971, 140.135, 134.883, 131.099, 130.455,
128.238, 127.654, 126.342, 123.214, 121.535, 119.958,
114.822 (Aromatic carbons), 53.526 (methylene carbon); MS
(ESI) m/z: 368.5 (M+2, 25%), 367.6 (M+1, 74%); Anal. Calcd
for C5oH;5sCIN,OS: C, 65.48; H, 4.12; N, 7.64; Found: C, 65.61;
H, 4.13; N, 7.67 %.

2.7. 2-((3-chlorophenyl)amino)-1-(10H-phenothiazin-10-
yDethan-1-one (4p)

Yield: 82%; MP: 155-156°C; 'H-NMR (500 MHz,
CDCly) 6; 7.577, 7.561 (d, J=8 Hz, 2H, Cl, C8-
phenothiazine), 7.452-7.433 (dd, J=9.5, 1.5 Hz, 2H, C4, C5-
phenothiazine), 7.348-7.314 (td, J=7.5, 1.5 Hz, 2H, C2, C7-
phenothiazine), 7.261-7.230 (td, J=6, 1.5 Hz, 2H, C3, C6-
phenothiazine), 7.014-6.986, (t, J=7 Hz, 1H, CS5-phenyl),
6.718, 6.702 (d, J=8 Hz, 1H, C4-phenyl), 6.652 (s, 1H, C2-
phenyl), 6.411, 6.395 (d, J= 8 Hz, 1H, C6-phenyl), 4.177 (s,
2H, Methylene CH,), 3.928 (s, 1H, NH); "C-NMR (125
MHz, CDCl;) &: 168.011 (C=0), 147.975, 140.141, 134.891,
135.455, 130.457, 128.246, 127.066, 126.336, 123.212,
119.995, 115.902, 112.549 (Aromatic carbons), 53.526
(methylene carbon); MS (ESI) m/z: 368.5 (M+2, 25%), 367.4
(M+1, 75%); Anal. Calcd for C,yH;sCIN,OS: C, 65.48; H,
4.12; N, 7.64; Found: C, 65.57; H, 4.11; N, 7.68%.

2.8. 2-((4-chlorophenyl)amino)-1-(10H-phenothiazin-10-
yDethan-1-one (5p)

Yield: 79%; MP: 155-157°C; 'H-NMR (500 MHz,
CDCly) 6; 7.645, 7.629 (d, J=8 Hz, 2H, Cl, C8-
phenothiazine), 7.521, 7.506 (d, J=7.5 Hz, 2H, C4, C5-
phenothiazine), 7.448-7.415 (td, J=15, 1.5 Hz, 2H, C2, C7-
phenothiazine), 7.550-7.517 (td, J=15, 1.5 Hz, 2H, C3, C6-
phenothiazine), 7.112, 7.098 (d, J=6.5 Hz, 2H, C3, C5-
phenyl), 6.622, 6.604 (d, J=8.5 Hz, 2H, C2, C6-phenyl), 4.
013 (s, 2H, methylene-CH,) 3.582 (1H, NH); "C-NMR (125
MHz, CDCl;) &: 166.972 (C=0), 144.783, 139.251, 133.918,
130.582, 128.733, 127.915, 126.626, 125.125, 122.288,
115.161 (Aromatic carbons), 52.651 (methylene carbon); MS
(ESI) m/z: 368.5 (M+2, 24%), 367.6 (M+1, 75%); Anal.
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Calcd for C,0H;5sCIN,OS: C, 65.48; H, 4.12; N, 7.64; Found:
C, 65.65; H,4.13; N, 7.65%.

2.9. 2-((3-fluorophenyl)amino)-1-(10H-phenothiazin-10-
yDethan-1-one (6p)

Yield: 67%; MP: 151-153°C, 'H-NMR (500 MHz,
CDCly) 6; 7.575, 7.559 (d, J=8 Hz, 2H, Cl, C8-
phenothiazine), 7.451-7.432 (dd, J=9.5, 1.5 Hz, 2H, C4, C5-
phenothiazine), 7.351-7.317 (td, J=7.5, 1.5 Hz, 2H, C2, C7-
phenothiazine), 7.258-7.227 (td, J=6, 1.5 Hz, 2H, C3,C6-
phenothiazine), 7.009-6.981, (t, J=7 Hz, 1H, C5-phenyl),
6.720,6.704 (d, J=8 Hz, 1H, C4-phenyl), 6.659 (s, 1H, C2-
phenyl), 6.408, 6.392 (d, J= 8 Hz, 1H, C6-phenyl), 4.198 (s,
2H, Methylene CH,), 3.935 (s, 1H, NH); "C-NMR (125
MHz, CDCl;) : 168.023 (C=0), 147.805, 141.041, 135.991,
134.432, 130.762, 128.421, 126.973, 126.181, 124.002,
120.086, 116.109, 112.330 (Aromatic carbons), 53.842
(methylene carbon); MS (ESI) m/z: 351.3 (M+1, 78%); Anal.
Calcd for CooH;sFN,OS: C, 68.55; H, 4.31; N, 7.99; Found:
C, 68.62; H, 4.33; N, 8.03%.

2.10. 2-((4-fluorophenyl)amino)-1-(10H-phenothiazin-10-
yDethan-1-one (7p)

Yield: 62%; MP: 152-154°C; 'H-NMR (500 MHz,
CDCl3) 6; 7.634, 7.618 (d, J=8 Hz, 2H, CI, C8-
phenothiazine), 7.525, 7.510 (d, J=7.5 Hz, 2H, C4, C5-
phenothiazine), 7.452-7.417 (td, J=15, 1.5 Hz, 2H, C2, C7-
phenothiazine), 7.547-7.514 (td, J=15, 1.5 Hz, 2H, C3, C6-
phenothiazine), 7.152, 7.138 (d, J=7 Hz, 2H, C3, C5-phenyl),
6.628, 6.610 (d, J=8.5 Hz, 2H, C2, C6—£henyl), 4.102 (s, 2H,
methylene-CH,) 3.529 (s, 1H, NH); "C-NMR (125 MHz,
CDCl3) 6: 167.041 (C=0), 144.808, 139.346, 133.537,
130.591, 128.905, 127.611, 126.584, 125.222, 122.169,
115.184 (Aromatic carbons), 53.563 (methylene carbon); MS
(ESI) m/z: 351.3 (M+1, 78%); Anal. Calcd for C»oH;sFN,OS:
C, 68.55; H, 4.31; N, 7.99; Found: C, 68.68; H, 4.25; N,
8.02%.

2.11. 2-((3-bromophenyl)amino)-1-(10H-phenothiazin-10-
yDethan-1-one (8p)

Yield: 58%; MP: 176-179°C, 'H-NMR (500 MHz,
CDCl3) 6: 7.581, 7.566 (d, J=7.5 Hz, 2H, CI, C8-
phenothiazine), 7.470-7.442 (dd, J=6, 1.5 Hz, 2H, C4, C5-
phenothiazine), 7.369-7.236 (m, 4H, C2, C3, Ce6, C7-
phenothiazine), 6.991-6.961 (t, J=7.5 Hz, 1H, C5-phenyl),
6.852-6.835 (d, J=8.5 Hz, 1H, C4-phenyl), 6.798 (s, 1H, C2-
phenyl), 6.581-6.565(dd, J=8, 1.5 Hz, 1H, C6—}§)heny1), 4.178
(s, 2H, methylene-CH,), 3.923 (s, 1H, NH); BC-NMR (125
MHz, CDCl;) 8: 169.225 (C=0), 148.411, 142.353, 136.262,
134.907, 131.071, 128.542, 127.009, 126.011, 124.134,
120.490, 116.717, 112.926 (Aromatic carbons), 54.023
(methylene carbon); MS (ESI) m/z: 413.1 (M+2, 49%), 412.2
(M+1, 50%); Anal. Calcd for C,yH;5BrN,OS: C, 58.40; H,
3.68; N, 6.81; Found: C, 58.52; H, 3.64; N, 6.82%.

2.12. 2-((4-bromophenyl)amino)-1-(10H-phenothiazin-10-
yDethan-1-one (9p)

Yield: 55%; MP: 177-189°C, 'H-NMR (500 MHz,
CDCly) &: 7.593, 7.578 (d, J=7.5 Hz, 2H, Cl, C8-
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phenothiazine), 7.476-7.458 (dd, J=9 Hz, 2H, C4, C5-
phenothiazine), 7.372-7.357 (dd, J=7.5, 1.5 Hz, 2H, C3, C5-
phenyl), 7.342-7.214 (m, 4H, C2, C3, C6, C7-phenothiazine),
6.571-6.549 (dd, J=11, 1.5 Hz, 2H, C2,C6-phenyl), 4.183 (s,
2H, Methylene CH, ), 3.551 (s, 1H, NH); “C-NMR (125
MHz, CDCIl;) 8: 169.331 (C=0), 148.465, 142.341, 136.318,
134.891, 131.127, 128.584, 127.102, 126.018, 124.177,
120.536, 116.520, 112.961 (Aromatic carbons), 54.112
(methylene carbon); MS (ESI) m/z: 413.4 (M+2, 49%), 412.3
(M+1, 50%); Anal. Calcd for C,yH;5BrN,OS: C, 58.40; H,
3.68; N, 6.81; Found: C, 58.51; H, 3.62; N, 6.80%.

2.13. 2-((3,5-dichlorophenyl)amino)-1-(10H-phenothiazin-
10-yl)ethan-1-one (10p)

Yield: 58%; MP: 185-187°C, 'H-NMR (500 MHz,
CDCl3) 6: 7.592, 7.577 (d, J=7.5 Hz, 2H, CI, C8-
phenothiazine), 7.471-7.453 (dd, J=9, 1.5 Hz, 2H, C4, C5-
phenothiazine), 7.369-7.336 (td, J=7.5, 1.5 Hz, 2H, C2, C7-
phenothiazine), 7.282-7.252 (td, J=7.5, 1.5 Hz, 2H, C3, C6-
phenothiazine), 6.824 (s, 2H, C2, C6-phenyl), 6.512 (s, 1H,
C4-phenyl), 4.183, (s, 2H, methylene-CH,), 3.902, (s,
1H,NH); “C-NMR (125 MHz, CDCl;) &: 170.115 (C=0),
147.863, 142.231, 136.781, 132.315, 130.848, 128.511,
126.456, 123.447, 121.619, 115.021 (Aromatic carbons),
54.724 (methylene carbon); MS (ESI) m/z: 405.1 (M+4, 5%),
403.2 (M+2, 32%), 402.1 (M+1, 74%); Anal. Calcd for
C,0H14CILN,OS: C, 59.86; H, 3.52; N, 6.98; Found: C, 59.91;
H, 3.56; N, 6.96%.

2.14.  2-((3,5-dibromophenyl)amino)-1-(10H-phenothia-
zin-10-yl)ethan-1-one (11p)

Yield: 54%; MP: 191-194°C, 'H-NMR (500 MHz,
CDCly) &: 7.574-7.529 (dd, J=22.5, 8 Hz, 2H, Cl, C8-
phenothiazine), 7.474-7.432 (dd, J=21, 7.5 Hz, 2H, C4, C5-
phenothiazine), 7.369-7.311 (td, J=14, 7.5 Hz, 2H, C2, C7-
phenothiazine), 7.282-7.226 (m, 3H, C3, C6-phenothiazine,
C4-phenyl), 6.518 (s, 2H, C2, C6-phenyl), 4.178, (s, 2H,
methylene-CH,), 3.462, (s, 1H, NH); "C-NMR (125 MHz,
CDCl;) o: 170.462 (C=0), 147.281, 142.515, 136.388,
133.407, 130.933, 127.738, 126.102, 123.623, 120.009,
115.648 (Aromatic carbons), 54.852 (methylene carbon); MS
(ESI) m/z: 494.3 (M+4, 46%), 492.2 (M+2, 97%), 491.4
(M+1, 49%); Anal. Calcd for CyH4Br,N,OS: C, 49.00; H,
2.88; N, 5.71; Found: C, 49.11; H, 2.92; N, 5.74%.

2.15. 2-((3-chloro-4-fluorophenyl)amino)-1-(10H-
phenothiazin-10-yl)ethan-1-one (12p)

Yield: 59%; MP: 175-177°C; 'H-NMR (500 MHz,
CDCl) o (ppm); 7.643, 7.628 (d, J=7.5 Hz, 2H, Cl, C8-
phenothiazine), 7.524, 7.509 (d, J=7.5 Hz, 2H, C4, C5-
phenothiazine), 7.438-7.375 (td, J=14, 7.5 Hz, 2H, C2, C7-
phenothiazine), 7.291-7.227 (td, J=14, 7.5 Hz, 2H, C3, C6-
phenothiazine), 7.105-6.889 (m, 3H, C2, C5, C6-phenyl),
4.261 (s, 2H, methylene-CH,), 3.568 (s, 1H, NH); *C-NMR
(125 MHz, CDCl;) &: 167.328 (C=0), 146.438, 142.373,
140.152, 134.651, 130.825, 128.174, 127.079, 126.653,
123.138, 121.647, 120.367, 115.552 (Aromatic carbons),
55.672 (methylene carbon); MS (ESI) m/z: 386.5 (M+2,
24%), 385.7 (M+1, 75%); Anal. Calcd for C,,H;4CIFN,OS:



54 Anti-Infective Agents, 2019, Vol. 17, No. 1

C, 62.42; H, 3.67; N, 7.28; Found: C, 62.49; H, 3.67; N,
7.31%.

2.16. 2-((2-bromo-4-fluorophenyl)amino)-1-(10H-
phenothiazin-10-yl)ethan-1-one (13p)

Yield: 56%; MP: 189-191°C, 'H-NMR (500 MHz,
CDCl;) & 7.578, 7.561 (d, J=8.5 Hz, 2H, Cl1, C8-
phenothiazine), 7.448-7.430 (dd, J=9, 1.5 Hz, 2H, C4, C5-
phenothiazine), 7.345-7.311 (td, J=17, 7.5 Hz, 2H, C2, C7-
phenothiazine) 7.255-7.224 (td, J=15.5, 7.5 Hz, 2H, C3, C6-
phenothiazine), 7.135 (s, C3-phenyl), 6.821, 6.805 (d, J=8
Hz, 1H, C5-phenyl), 6.512, 6.497, (d, J=7.5 Hz, 1H, C6-
Phenyl), 4.180 (s, 2H, Methylene CH,), 3.707 (s, 1H, NH);
3C-NMR (125 MHz, CDCl3) &: 169.731 (C=0), 146.085,
141.727, 135.325, 132.411, 130.319, 128.324, 127.227,
126.210, 124.463, 122.302, 120.694, 115.049 (Aromatic car-
bons), 53.522 (methylene carbon); MS (ESI) m/z: 431.6
M+2, 49%), 4304 (M+1, 50%); Anal. Caled for
C20H14BI'FN2081 C, 5596, H, 329, N, 653, Found: C,
56.03; H, 3.35; N, 6.54%.

2.17. 2-((3-nitrophenyl)amino)-1-(10H-phenothiazin-10-
ylDethan-1-one (14p)

Yield: 56%; MP: 195-196°C, 'H-NMR (500 MHz,
CDCl3) 6; 7.669, 7.653 (d, J=8 Hz, 2H, CI, C8-
phenothiazine), 7.581-7.562 (dd, J=9.5, 1.5 Hz, 2H, C4, C5-
phenothiazine), 7.466-7.432 (td, J=7.5, 1.5 Hz, 2H, C2, C7-
phenothiazine), 7.352-7.321 (td, J=6, 1.5 Hz, 2H, C3,C6-
phenothiazine), 7.117-7.089, (t, J=7 Hz, 1H, C5-phenyl),
6.737,6.721 (d, J=8 Hz, 1H, C4-phenyl), 6.658 (s, 1H, C2-
phenyl), 6.432, 6.415 (d, J= 8.5 Hz, 1H, C6—]pheny1), 4.201
(s, 2H, Methylene-CH,), 3.931 (s, 1H, NH); “C-NMR (125
MHz, CDCIl;) 6: 171.802 (C=0), 148.012, 141.209, 135.218,
134.164, 131.365, 129.432, 127.321, 126.299, 123.627,
120.613, 116.510, 112.388 (Aromatic carbons), 53.258
(methylene carbon); MS (ESI) m/z: 378.5 (M+1, 36%); Anal.
Calcd for C,0H 5N305S: C, 63.65; H, 4.01; N, 11.13; Found:
C,63.71; H,3.98; N, 11.16%.

2.18. 2-((4-nitrophenyl)amino)-1-(10H-phenothiazin-10-
ylDethan-1-one (15p)

Yield: 52%; MP: 192-194°C; 'H-NMR (500 MHz,
CDCly) 6; 7.652, 7.636 (d, J=8 Hz, 2H, Cl, C8-
phenothiazine), 7.536, 7.521 (d, J=7.5 Hz, 2H, C4, C5-
phenothiazine), 7.440-7.410 (td, J=15, 1.5 Hz, 2H, C2, C7-
phenothiazine), 7.552-7.522 (td, J=15, 1.5 Hz, 2H, C3, C6-
phenothiazine), 7.202, 7.188 (d, J=7 Hz, 2H, C3, C5-phenyl),
6.638, 6.619 (d, J=9.5 Hz, 2H, C2, C6—£henyl), 4.196 (s, 2H,
methylene-CH,) 3.612 (s, 1H, NH); "C-NMR (125 MHz,
CDCl3) 6: 171.105 (C=0), 146.423, 140.985, 134.751,
132.158, 130.564, 128.271, 126.385, 124.631, 122.169,
116.736 (Aromatic carbons), 53.635 (methylene carbon); MS
(ESI) m/z: 378.5 (M+1, 28%); Anal. Calcd for C,0H;5N305S:
C, 63.65; H, 4.01; N, 11.13; Found: C, 63.72; H, 4.02; N,
11.14%.

2.19.  2-((2-chloro-4-nitrophenyl)amino)-1-(10H-pheno-
thiazin-10-yl)ethan-1-one (16p)

Yield: 56%; MP: 201-205°C, 'H-NMR (500 MHz,
CDCLy) &: 8.202 (s, 1H, C3-phenyl), 7.984-7.961 (dd, J=11.5,
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2.5 Hz, 1H, C5-phenyl), 7.592, 7.577 (d, J=7.5 Hz, 2H, CIl,
C8-phenothiazine), 7.473-7.455 (dd, J=7.5, 1.5 Hz, 2H, C4,
C5-phenothiazine), 7.371-7.337 (td, J=8, 1.5 Hz, 2H, C2, C7-
phenothiazine), 7.285-7.252 (td, J=9, 1.5 Hz, 2H, C3, C6-
phenothiazine), 6.728, 6.710 (d, J=9 Hz, 1H, C6-phenyl),
4.832 (s, 1H, NH), 4.189 (s, 2H, Methylene-CH,); *C-NMR
(125 MHz, CDCls) &: 172.463 (C=0), 147.618, 141.241,
136.553, 132.328, 130.432, 128.263, 127.281, 126.642,
124.518, 122.332, 120.174, 116.155 (Aromatic carbons),
54.104 (methylene carbon); MS (ESI) m/z: 413.7 (M+2,
25%), 412.6 (M+1, 74%); Anal. Calcd for CyyH;4CIN;OsS:
C, 58.33; H, 3.43; N, 10.20; Found: C, 58.41; H, 3.48; N,
10.24%.

2.20.  2-((4-chloro-2-nitrophenyl)amino)-1-(10H-pheno-
thiazin-10-yl)ethan-1-one (17p)

Yield: 49%; MP: 199-201°C, 'H-NMR (500 MHz,
CDCl,) 6: 8.112 (s, 1H, C3-phenyl), 7.593, 7.577 (d, J=8 Hz,
2H, C1, C8-phenothiazine), 7.473, 7.459 (d, J=7 Hz, 2H, C4,
C5-phenothiazine), 7.372-7.347, (t, J=6 Hz, 2H, C2, C7-
phenothiazine), 7.342-7.255 (m, 3H, C3, C6-phenothiazine,
C5-phenyl), 6.774, 6.757 (d, J=8.5 Hz, 1H, C6-phenyl),
6.108 (s, 1H, NH), 4.190 (s, 2H, Methylene-CH,); *C-NMR
(125 MHz, CDCl;) &: 171.961 (C=0), 147.322, 141.752,
137.025, 132.331, 130.584, 128.626, 127.811, 126.426,
124.733, 122.501, 120.227, 116.513 (Aromatic carbons),
54.039 (methylene carbon); ESI-MS m/z: 413.2 (M+2, 25%),
412.5 (M+1, 75%), Anal. Calced for C20H14C1N303SZ C,
58.33; H, 3.43; N, 10.20; Found: C, 58.38; H, 3.46; N,
10.22%.

2.21.  2-((2-0x0-2-(10H-phenothiazin-10-yl)ethyl)amino)
benzoic acid (18p)

Yield: 45%; MP: 165-167°C; 'H-NMR (500 MHz,
CDCly) 6; 12.283 (s, 1H, OH), 7.837, 7.821 (d, J=8 Hz, 1H,
C3-phenyl), 7.622, 7.606 (d, J=8 Hz, 2H, Cl, C8-
phenothiazine), 7.531-7.516 (d, J=7.5 Hz, 2H, C4, C5-
phenothiazine), 7.441-7.426 (td, J=7.5, 1.5 Hz, 2H, C2, C7-
phenothiazine), 7.355-7.340 (td, J=7.5, 1.5 Hz, 2H, C3, C6-
phenothiazine), 7.244-7.218 (t, J=6.5 Hz, 1H, C5-phenyl),
7.001 -6.918 (m, 2H, C4, C6-phenyl), 4.246 (s, 2H, meth-
ylene-CH,) 3.935 (1H, NH); >C-NMR (125 MHz, CDCl;) &:
184.128 (COOH), 170.132 (C=0), 146.626, 141.427,
135.628, 132.521, 130.629, 128.238, 127.442, 126.164,
123.426, 121.621, 119.895, 115.926 (Aromatic carbons),
53.811 (methylene carbon); MS (ESI) m/z: 377.9 (M+1,
38%); Anal. Calcd for C,HsN,O3S: C, 67.01; H, 4.28; N,
7.44; Found: C, 67.10; H, 4.31; N, 7.47%.

2.22. 2-(4-(4-chlorophenyl)piperazin-1-yl)-1-(10H-pheno-
thiazin-10-yl)ethan-1-one (19p)

Yield: 85%; MP: 177-180°C; 'H-NMR (500 MHz,
CDCl3) 6; 7.671, 7.655 (d, J=8 Hz, 2H, CI, C8-
phenothiazine), 7.518, 7.503 (d, J=7.5 Hz, 2H, C4, C5-
phenothiazine), 7.434-7.403 (td, J=15.5, 1.5 Hz, 2H, C2, C7-
phenothiazine), 7.253-7.220 (td, J=15, 1.5 Hz, 2H, C3, C6-
phenothiazine), 7.121, 7.108 (d, J=6.5 Hz, 2H, C3, C5-
phenyl), 6.631, 6.613 (d, J=9 Hz, 2H, C2, C6-phenyl), 4.135
(s, 2H, methylene-CH,) 3.212-3.188 (m, 4H, piperazine);
2.712-2.689 (m, 4H, piperazine); “C-NMR (125 MHz,
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CDCl3) o: 169.731 (C=0), 145.549, 139.438, 134.726,
131.461, 129.612, 127.742, 126.514, 125.843, 122.472,
115.857 (Aromatic carbons), 53.948 (methylene carbon);
52.482, 50.791 (piperazine carbons); MS (ESI) m/z: 437.6
M+2, 25%), 4363 (M+1, 74%); Anal. Caled for
CH»,CIN;OS: C, 66.12; H, 5.09; N, 9.64; Found: C, 66.19;
H, 5.15; N, 9.67%.

2.23.  2-(4-(4-nitrophenyl)piperazin-1-yl)-1-(10H-pheno-
thiazin-10-yl)ethan-1-one (20p)

Yield: 77%; MP: 181-182°C; 'H-NMR (500 MHz,
CDCly) 6; 7.690, 7.674 (d, J=8 Hz, 2H, Cl, C8-
phenothiazine), 7.527, 7.510 (d, J=8.5 Hz, 2H, C4, C5-
phenothiazine), 7.421-7.389 (td, J=16, 1.5 Hz, 2H, C2, C7-
phenothiazine), 7.234-7.204 (td, J=15, 1.5 Hz, 2H, C3, C6-
phenothiazine), 7.160, 7.146 (d, J=7 Hz, 2H, C3, C5-phenyl),
6.625, 6.607 (d, J=9 Hz, 2H, C2, C6-phenyl), 4. 182 (s, 2H,
methylene-CH,) 3.225-3.201 (m, 4H, piperazine); 2.715-
2.692 (m, 4H, piperazine); "C-NMR (125 MHz, CDCl5) &:
169.769 (C=0), 146.128, 140.432, 135.583, 131.728,
129.835, 127.934, 126.623, 125.782, 122.681, 116.125 (Ar-
omatic carbons), 54.263 (methylene carbon); 53.573, 51.382
(piperazine carbons); MS (ESI) m/z: 447.71 (M+1, 42%);
Anal. Caled for C,4H»,N4O5S: C, 64.56; H, 4.97; N, 12.55;
Found: C, 64.65; H, 5.02; N, 12.57%.

3. ANTITUBERCULAR SCREENING

The synthesized compounds were screened against M. fu-
berculosis (H37Rv) using Microplate Alamar Blue Assay
(MABA) [18, 19]. The outer perimeter wells of sterile 96
wells plate were added with 200uL of sterile deionized water
to avoid evaporation of the medium during incubation. 100
puL of Middlebrook 7H9 broth was added to the test wells,
followed by addition of the test compounds at concentrations
ranging from 100 to 0.2ug/mL. Later, the plates were sealed
with parafilm and incubated at 37°C for five days. After in-
cubation, each test well was added with 25uL of 1:1 mixture
of Alamar blue reagent and 10% tween 80, and the incuba-
tion was continued for another 24 hours. The pink color de-
veloped in the wells was recorded as growth, while the blue
color was recorded as the absence of bacterial growth. The
lowest concentration of the compounds that prevented the
color change from blue to pink was defined as the minimum
inhibitory concentration (MIC). All determinations were
done in triplicate.

4. ANTIBACTERIAL SCREENING

The synthesized compounds were further evaluated for
their antibacterial activity against Staphylococcus aureus
(ATCC 25323) and Escherichia coli (ATCC 35218) by agar
plate disc diffusion method [18, 20]. The agar plates were
first prepared by spreading 20 mL of Mueller Hinton Agar
(MHA, Hi- Media) on petri plates and were allowed to solidi-
fy. Then, a 24/48 hold culture of selected bacteria was mixed
with sterile physiological saline (0.85%), and the turbidity
was adjusted to standard inoculum of Mac- Farland scale 0.5
[~10° Colony Forming Units (CFU) per mL]. The obtained
inoculum was spread over the surface of the solidified media.
The paper discs (Whatman no.1) of 6 mm diameter were im-
pregnated with test compounds at 20pL per disc and were
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placed over the media that was already inoculated with dif-
ferent bacterial strains. Ciprofloxacin (Spg/disc, Hi-Media)
was used as a positive control and Dimethylsulfoxide
(DMSO) was used as a negative control. Plates were then
incubated for 24 hours at 37°C. The lowest concentration that
completely inhibits visible growth is defined as MIC [21] and
all the determinations were done in triplicates.

5. BBB PERMEABILITY (PAMPA ASSAY)

The 96-well acceptor plate was hydrated with a buffer of
pH 7.4 for 12 hrs and their wells were coated with SuL of
20mg/ml PBL in dodecane. They were filled with 200 pL of
buffer of pH 7.4. A solution containing Smg of drug was pre-
pared in ImL of DMSO. 10 uL of the solution was further
diluted to 200-fold with the buffer to get the final concentra-
tion of 25ug/ml. 200uL of the solution was added to the
wells of the donor plate. The acceptor and donor plates were
then sandwiched and left undisturbed for 18 hrs. The concen-
tration of drugs in both acceptor and donor plates was deter-
mined by measuring the absorbance at their corresponding
wavelengths using the microplate reader [18, 21]. Effective
permeability (Pe) of the compounds was calculated as fol-
lows,

Pe (cm/s) = {-In[I-CA(t)/Ceq]}/[A*(1/VD+ 1/VA)*t]

Pe = permeability in cm per second

A = filter area (0.3 cm?)

VD = donor well volume (0.3 ml)

VA = acceptor well volume (0.2 ml)

t = incubation time (seconds)

CA(t) = concentration in acceptor well at time t

CD(t) = concentration in donor well at time t

Ceq=[CD()*VD + CA(t)*VA]/(VD+VA)

The compounds were further classified as follows based
on the nature of BBB permeability

CNS+= high BBB permeation=Pe (10° cm s™') >4.0

CNS- =low BBB permeation=Pe (10° cm s™') <2.0

CNS+/-=BBB permeation uncertain=Pe (10° cm s™) from
4.0 to0 2.0

6. IN-VITRO CYTOTOXICITY SCREENING

Cytotoxicity of the synthesized compounds was deter-
mined by MTT assay using Kidney epithelial VERO cells
[22, 23]. The cells were seeded at 10° cells/ well in 100pl of
the Eagle's Minimum Essential Medium (EMEM) and incu-
bated for 24 hours at 37°C in 5% CO, atmosphere. The cells
were treated with test compounds of varying concentrations
ranging from 7.8125 to 1000 pg/mL and incubated for anoth-
er 72 hours. An equal volume (20 pL/well) of 0.5% solution
of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-tetrazolium bro-
mide (MTT) in phosphate buffered saline was added to each
well and incubated for 4 hours. 1 mL of DMSO was then
added to the wells and absorbance was measured at 570 nm
using microplate reader to determine the cell viability. The
percentage growth of the cells was calculated for each well
relative to the control and the concentration required for 50%
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inhibition of the viable cells (CCsp) was determined graph-
ically [22, 23]. Percentage cell viability was calculated by
using the following formula:

Percentage cell viability= Absorption of test/ absorption of
control x 100

7. MOLECULAR PROPERTY & TOXICITY PREDIC-
TION

The toxicity and drug-relevant properties (cLogP, cLogS,
hydrogen bond donor, hydrogen bond acceptor, and drug-
likeness) were determined using OSIRIS DataWarrior [24].
Polar surface area and lipophilicity are the two important
properties of a molecule for its transport across biological
membranes. The higher the Total Polar Surface Area
(TPSA), the poor the bioavailability and absorption of the
drug. Percentage absorption (%ABS) was calculated using
the following formula,

Percentage of absorbance = 109-(0.345 x TPSA).

8. HOMOLOGY MODELING

Three-dimensional structure of Type-2 NADH dehydro-
genase (ndh-2) of the Mycobacterium tuberculosis (strain
CDC 1551) was constructed by homology modeling using
ModFOLD version 6.0 web server [25-27]. The sequence of
the ndh-2 was retrieved from UniProt server. The model was
validated using the RAMPAGE [28], PROCHECK [29],
ERRAT [30], Verify 3D [31], and Global model quality
score. Visualization of the model was done with Chimera.
The Model was refined using Dockprep and PDB2PQR utili-
ty [32].

9. MOLECULAR DOCKING
9.1. Protein Preparation

The protein structure of Mtb ndh-2 developed through
homology modeling was used for the purpose of molecular
docking. The protein structure was preprocessed in order to
be used as a receptor for docking. The missing side chain
residues were assessed to confirm the integrity of the protein
structure. Then, the protein was subjected to energy minimi-
zation using OPLS-2005 force field.

9.2. Grid Generation

Molecular docking cannot be done until the receptor grids
are generated since the protein is large and cannot be used as
such. The shape and properties of the receptor are represent-
ed in the grid by applying different sets of fields on the lat-
tice points. The residues forming the quinone binding motif
was assigned as the centroid of the grid and then the size was
confined to 10A.

9.3. Ligand Preparation

2D structures of the ligands were drawn and converted to
3D structures. The ligands were prepared by applying the
OPLS-2005 force field. All the possible protonation and ion-
ization states of the ligands were computed at pH 7.4. Tau-
tomers were then generated for chemical groups in the mole-
cule and the number of stereoisomers was limited to 32 per
ligand.
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9.4. Ligand Docking

The prepared ligands were flexibly docked into the rigid
protein structure of Mtb ndh-2 through extra precision (XP)
mode. Thereby, the ligand poses were examined and weeded
out the false positives for better correlation between good
poses and the good score.

10. RESULTS AND DISCUSSION

10.1. Off-target Virtual Screening and Filtering of De-
signed Molecules

The design strategy was a structural modification of neu-
roleptic phenothiazine drug Chlorpromazine (CPZ), for im-
proved antitubercular activity. The molecules were designed
using CPZ as a template. Hence, the designed molecules
were virtually screened against dopamine D2 (PDB: 6CM4)
and D3 (PDB: 3PBL) receptors through high-throughput vir-
tual screening module of Schrodinger [17]. Later, we filtered
the molecules with a cut-off of docking score < 2.0 Kcal/mol.
The filtered molecules produced least interactions with do-
pamine receptors (D2 & D3), hence may produce no/ less
unwanted antipsychotic side effect. We obtained a total of 20
hit molecules out of 130 designed molecules, having the least
interaction with dopamine receptors. Risperidone, the co-
crystallized ligand and CPZ, the template molecule produced
docking score of -9.0963 and 7.9910 Kcal/mol respectively,
against D2 receptor (Fig. 2). Risperidone and CPZ produced
the essential interaction with ASP114, while such interaction
was missing with the hits. Docking pose of a hit obtained
from off-target virtual screening and filtering against D2 re-
ceptor is depicted in Fig. (2). Eticlopride, the co-crystallized
ligand and CPZ produced docking score of -8.6115 and -
8.6093 Kcal/mol respectively, against D3 receptor (Fig. 3).
Eticlopride and CPZ produced essential interaction with
ASP110, while this was missing in the hits obtained. Dock-
ing pose of a hit obtained from this off-target virtual screen-
ing and filtering against D3 receptor is depicted in Fig. (3).

10.2. Chemistry

All the designed molecules were synthesized as shown in
Scheme 1 i.e. synthesis of phenothiazine (b) followed by 2-
chloro-1-(10H-phenothiazin-10-yl)ethan-1-one (1p). Later,
the final derivatives were synthesized on reaction of 1p with
different phenyl amines/phenylpiperazines. The progress of
reactions was monitored by thin layer chromatography and
column chromatography was performed to obtain pure novel
phenothiazine derivatives. The yield was in the range of 45 to
95 percent. Purity of the compounds was ascertained by melt-
ing point and elemental analysis. The assigned structures
were then confirmed through spectral analyses viz. 'H and
BCNMR spectroscopy and Mass spectrometry.

10.3. Antitubercular Activity

All the synthesized compounds were screened against
Mtb (H37Rv) by using Micro-plate Alamar Blue assay
(MABA) [19] and the results were presented in Table 1.
Structure-activity relationship (SAR) was established from
the results of antitubercular screening. The nitro compounds
were found to be more active among all the derivatives. Fur-
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ther, the meta and para substituted nitro compounds (14p,
15p, 16p) showed better activity (1.56 pg/ml) in comparison
to ortho substituted compound (17p) (3.13 pg/ml). The meta-
substituted halogen compounds (10p-12p) were found to
show better activity in comparison to ortho/ para substituted
halogen compound (13p). The number of halogen substitu-
tion seems to play a significant role, as the di-substituted
halogen compounds (10p to 13p) produced better activity
than monosubstituted compounds. The electron withdrawing
nature of halogen and nitro group also seems to be important
for the activity of the compounds. In compounds 19p and
20p, the acyl linker was replaced with piperazinyl linker,
leading to a reduction in the activity. Further, the compound
with nitro substitution at para position (19p) was found more
active in comparison to chloro substitution (20p). It indicated
that the piperazinyl linker might not have many roles in im-
proving the activity.

10.4. Antibacterial Activity

The compounds were also screened for antibacterial ac-
tivity by disc diffusion method [20]. The compounds (14p,
15p, 16p) displayed maximum inhibition against S. aureus
and E. coli at MIC of 0.98ug/ml and 3.91pg/ml, respectively
(Table 1). The activity was better against S. aureus in com-
parison to E. coli and Mtb. The nitro substituted compounds
(14p, 15p, 16p) were more active in comparison to halogen

substituted compounds (3p to 13p) and also the para- and
meta-substitution was found essential to produce the activity.

10.5. BBB Permeability

BBB permeability determines the possible CNS effect of
the compounds and all the designed phenothiazine deriva-
tives were screened for BBB permeability by Parallel artifi-
cial membrane permeability assay (PAMPA). The permea-
bility of the compounds was compared with commercial
drugs and classified as high permeable (CNS+), low perme-
able (CNS-) and permeable uncertain (CNS+/-). The chlor-
promazine and diazepam produced effective permeability
(Pe) of 6.1x10° and 12.4 x10™® cm/s respectively and were
classified as high permeable drugs, whereas, atenolol, vera-
pamil and levofloxacin produced effective permeability of
1.1 x10°°, 0.0 and 0.0 cm/s respectively and classified as
low permeable drugs. The effective permeability (Pe) of the
screened compounds (1p to 18p) was found in the range of
2.8 x10 to 3.8 x10™® cm/s and were classified as permeabil-
ity uncertain. The compounds 19p and 20p produced effec-
tive permeability (Pe) of 4.5 x10® and 4.2 x10° cm/s re-
spectively and were classified as permeability high (Table
2). The reduced BBB permeability could reduce the CNS
effect of the developed compounds (1p to 18p) in compari-
son to chlorpromazine.
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Fig. (3). Docking poses of eticlopride, chlorpromazine and a designed molecule against D3 receptor (PDB: 3PBL).

10.6. Cytotoxicity Screening (VERO cells) and Selectivity
Index

The antimicrobial drugs should be free from toxicity to-
wards normal mammalian cells. Therefore, all the com-
pounds were screened against VERO (monkey kidney epithe-
lial) cells to evaluate their toxicity. The concentration re-
quired to produce 50% inhibition (CCsy) was determined and
was found in the range of 84.71 to 201.82 pg/mL (Table 3).
All the compounds were found to be non-toxic to mammalian
cells. The selectivity of drug molecules towards a desired
activity is a challenging task in drug discovery. The com-
pounds should be toxic only towards Mtb and other microbial
species rather than the normal human cells. The selectivity
index (SI) was calculated from the obtained mammalian cell
cytotoxicity (CCsy) and tubercular cytotoxicity (MIC). The
potent compounds (14p, 15p & 16p) from antitubercular
screening showed SI more than 57, indicating their selectivi-
ty towards Mtb rather against normal human cells.

10.7. Molecular Property and Toxicity Prediction

The reduced bioavailability on oral administration and the
associated toxicity are the prime factors for the failure of
drug candidates in clinical development stage. About one-
third of drug candidates fail due to their poor pharmacokinet-
ic profiles. Hence, computational study was performed to
predict the molecular property and toxicity of the developed

compounds [14]. Lipophilicity defines the pharmacokinetics
and also pharmacodynamics of a drug molecule. It was de-
termined by calculating clogP using OSIRIS DataWarrior
and was found in the range between 2.92 and 5.93. The clogP
of the potent compounds (14p, 15p & 16p) was found to be
3.71, 3.41 and 4.32, respectively. Topological Polar Surface
Area (TPSA) was computed and was found to be 57.64 for
compounds 2p to 13p, and 103.46 for compounds 14p to
17p, while 94.94, 52.09 and 97.91 for the compounds 18p,
19p and 20p, respectively. The good percentage of drug ab-
sorbance could lead to better oral bioavailability. Hence, the
percentage absorption was calculated and was found to be
over 73 percent for all the compounds. Molecular descriptors
like hydrogen bond donor, hydrogen bond acceptor and drug
likeness were computed and were found within the desired
range. The results of the study are presented in Table 4.

The fragments of a given molecule are the indicators of
toxicity risk. Therefore, all the molecules were predicted for
mutagenicity, tumorigenicity, and irritancy through OSIRIS
DataWarrior. Except 1p, none of the molecules in the study
were predicted to be mutagenic and tumorigenic but irritancy
was noticed. Molecules 10p and 16p were indicated with low
levels of irritancy and molecules 1p, 19p and 20p were indi-
cated with high level of irritancy (Table 4). The developed
compounds were devoid of major toxicity risks and further
development of these phenothiazine classes of compounds
might be fruitful.
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Table 1.  Antitubercular and antibacterial activity of the synthesized compounds.

CCD
OO0V R A0
N 0%\ . N{N\_/N
o%\ AN @ °
cl \©”‘
1p 2p-18p 19p, 20p
Code R MIC in pg/mL (uM) * MIC in pg/mL (uM) ° MIC in pg/mL (uM) ¢
Ip - 62.50 (226.65) 62.50 (226.65) 50 (181.32)
2p H 15.63 (47.01) 31.25 (94.00) 25 (75.20)
3p 2-Cl 15.63 (46.39) 31.25(92.76) 25 (74.21)
4p 3-Cl 7.81 (23.18) 31.25(92.76) 12.5(37.10)
Sp 4-C1 7.81 (23.18) 31.25(92.76) 12.5(37.10)
6p 3-F 7.81 (22.28) 31.25(89.18) 12.5 (35.67)
Tp 4-F 7.81 (22.28) 31.25(89.18) 12.5 (35.67)
8p 3-Br 7.81 (18.98) 31.25(75.97) 12.5(30.38)
9p 4-Br 7.81 (18.98) 31.25(75.97) 12.5(30.38)
10p 3,5-diCl 3.91(9.74) 7.81 (19.46) 6.25 (15.57)
11p 3,5-diBr 3.91(7.97) 7.81 (15.93) 6.25(12.74)
12p 3-CL4-F 3.91 (10.15) 7.81(20.29) 6.25 (16.24)
13p 2-Br,4-F 3.91(9.10) 15.63 (36.40) 6.25 (14.55)
14p 3-NO, 0.98 (2.59) 3.91(10.35) 1.56 (4.13)
15p 4-NO, 0.98 (2.59) 3.91(10.35) 1.56 (4.13)
16p 2-CL,4-NO, 0.98 (2.37) 3.91 (9.49) 1.56 (3.78)
17p 2-NO,,4-Cl 1.96 (4.75) 15.63 (37.94) 3.13(7.59)
18p 2-COOH 7.81(20.74) 15.63 (41.52) 12.5(33.20)
19p 4-C1 7.81(17.91) 15.63 (35.85) 12.5 (28.67)
20p 4-NO, 3.91 (8.75) 7.81 (17.49) 3.13 (7.00)
Chlorpromazine - 7.81 (24.49) 15.63 (49.01) 12.5(39.20)
Ciprofloxacin - 1.95 (5.88) 3.91(11.80) 3.13 (9.44)
Pyrazinamide - - - 3.13(25.42)

* Minimum Inhibitory Concentration (MIC) against Staphylococcus aureus (ATCC 25323);
® Minimum Inhibitory Concentration (MIC) against Escherichia coli (ATCC35218);
¢ Minimum Inhibitory Concentration (MIC) against M. tuberculosis H3TRv.

Table 2. BBB permeability of commercial drugs and phenothiazine derivatives.

Compound Code P.x10° cm/s Classification

Chlorpromazine 6.1+0.059 CNS+
Atenolol 1.1£0.021 CNS-
Verapamil 0.0 CNS-
Diazepam 12.4+0.263 CNS+
Levofloxacin 0.0 CNS-

Ip 2.8+0.038 CNS+/-

2p 3.0+0.041 CNS+/-

3p 3.2+0.167 CNS+/-

(Table 2) Contd...
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Compound Code P.x10° cm/s Classification
4p 3.3+0.062 CNS+/-
Sp 3.2+0.251 CNS+/-
6p 3.0+0.040 CNS+/-
Tp 3.0+0.174 CNS+/-
8p 3.5+0.262 CNS+/-
9p 3.5+0.386 CNS+/-
10p 3.6+0.158 CNS+/-
11p 3.8+0.053 CNS+/-
12p 3.6+0.326 CNS+/-
13p 3.8+0.213 CNS+/-
14p 3.4+0.091 CNS+/-
15p 3.4+0.023 CNS+/-
16p 3.7+0.291 CNS+/-
17p 3.7+0.082 CNS+/-
18p 3.2+0.109 CNS+/-
19p 4.5+0.080 CNS+
20p 4.2+0.315 CNS+

CNS+ = high BBB permeation compounds, i.e. Pe=>4.0 * 10° cm s™)

CNS- =low BBB permeation compounds, i.e. Pe=<2.0 * 10° cm s™

CNS+/- =BBB permeation uncertain compounds, i.e. Pe =4.0 - 2.0 *10° cm s™'

Table 3.  Cytotoxicity study of phenothiazine derivatives against Kidney epithelial cell (VERO).

Compound Code CCs (ng/ml) * Selectivity Index "
Ip 201.82+2.476 4.0
2p 164.35+2.891 6.6
3p 166.91+9.739 6.7
4p 154.43+1.924 12.3
Sp 155.07+1.563 12.4
6p 160.97+10.615 12.9
p 157.5246.291 12.6
8p 153.28+10.860 12.3
9p 124.7542.132 10.0
10p 129.20+2.728 20.7
11p 117.644+4.945 18.8
12p 120.12+2.974 19.2
13p 115.85+1.846 18.5
14p 95.91£1.663 61.47
15p 90.18+2.781 57.8
16p 97.34+5.126 62.4
17p 92.76+5.370 29.6
18p 108.94+4.212 8.7
19p 89.52+2.618 7.1

20p 84.71£1.331 27.0

* Data are expressed as mean + SEM (n =3).
® Selectivity index is ratio of cytotoxicity (CCso) to Mth MIC.
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Table 4. Molecular properties and predicted toxicity of the synthesized compounds.

Code | cLogP | cLogS | HBA | HBD | TSA | TPSA | DL MU | TU | IR SI MF MC | EA | RB | NR | AR SA PA
1p 4.13 -5.05 2 0 211 45.61 1.63 H H H 044 | 037 | 0.76 4 1 3 2 6 933
2p 4.63 -5.64 3 1 278 | 57.64 | 2.61 N N N 0.5 046 | 0.84 4 3 4 3 8 89.1
3p 5.24 -6.38 3 1 293 57.64 | 2.65 N N N 048 | 045 | 0.79 5 3 4 3 6 89.1
4p 5.24 -6.38 3 1 288 | 57.64 | 2.65 N N N 048 | 048 | 0.79 5 3 4 3 6 89.1
5p 5.24 -6.38 3 1 280 | 57.64 | 2.65 N N N 0.52 | 048 | 0.79 5 3 4 3 8 89.1
6p 4.73 -5.96 3 1 267 | 57.64 | 1.27 N N N 048 | 046 | 0.84 5 3 4 3 6 89.1
Tp 4.73 -5.96 3 1 266 | 57.64 | 1.27 N N N 0.52 | 046 | 0.84 5 3 4 3 8 89.1
8p 5.36 -6.48 3 1 285 57.64 | 0.82 N N N 048 | 048 | 0.79 5 3 4 3 6 89.1
9p 5.36 -6.48 3 1 295 57.64 | 0.82 N N N 0.52 | 048 | 0.79 5 3 4 3 8 89.1
10p 5.85 -7.11 3 1 305 57.64 | 2.65 N N L 046 | 048 | 0.80 6 3 4 3 9 89.1
11p 593 -7.31 3 1 309 | 57.64 | 0.82 N N N 046 | 048 | 0.80 6 3 4 3 9 89.1
12p 5.34 -6.69 3 1 289 | 57.64 | 131 N N N 0.50 | 048 | 0.80 6 3 4 3 6 89.1
13p 5.46 -6.79 3 1 289 | 57.64 | -0.51 N N N 0.5 045 | 0.81 6 3 4 3 6 89.1
14p 3.71 -6.10 6 1 292 |103.46 | -2.51 N N N 048 | 048 | 0.85 7 4 4 3 6 733
15p 3.71 -6.10 6 1 292 |103.46 | -2.51 N N N 0.51 048 | 0.85 7 4 4 3 8 733
16p 432 -6.84 6 1 304 |103.46 | -2.45 N N L 0.50 | 047 | 0.83 8 4 4 3 6 73.3
17p 432 -6.84 6 1 317 |103.46 | -2.45 N N N 046 | 048 | 0.83 8 4 4 3 6 733
18p 4.12 -5.65 5 2 286 | 9494 | 247 N N N 044 | 046 | 0.86 6 4 4 3 6 733
19p 5.37 -5.92 4 0 335 52.09 6.5 N N H 0.53 | 048 | 0.81 6 3 5 3 10 91.0

20p 292 -5.65 7 0 347 | 9791 1.41 N N H 0.53 | 048 | 0.87 8 4 5 3 10 75.2

HBA= H-Acceptors; HBD= H-Donor; TSA=Total surface area; TPSA= Total Polar surface area; DL= Druglikeness; MU=Mutagenic; TU=Tumorigenic;
IR=Irritant; SI=Shape Index; MF=Molecular Flexibility; MC=Molecular Complexity; EA=Electronegative Atoms; RB=Rotatable Bonds; AR=Aromatic Rings;
SA=Symmetric atoms; NR=No. of Rings; PA= Percentage of absorbance; N=none; H=High; L=low.

10.8. Homology Modeling

Phenothiazines act by inhibiting Type-2 NADH
dehydrogenase (ndh-2), which has a catalytic role in
oxidation of NADH to NAD+ with concomitant reduction of
quinone to quinol, involved in the energy metabolism for
production of ATP. The 3D protein structure of Mtb ndh-2 is
not available, therefore, we developed a 3D protein
structure/model through homology modeling, using the
deposited protein sequence of Mtb ndh-2 (strain CDC 1551)
available in uniport database [27].

Homology modeling was performed using ModFOLD,
version 6.0 web server. The stereochemical property of the
developed model was validated using RAMPAGE and
PROCHECK servers and the model was found to have more
than 90% of residues in the most favoured region (Table 5).

VERIFY 3D score of the model showed that 87.97% of
residues have an average 3D-1D score > 0.2, which is above
the cutoff limit of 80%. The overall quality factor was
determined by ERRAT and was found to be 82.24%,
indicating good quality-resolution of the structure (2.5-4 A).

The global model quality score was found to be 0.5948,
which is greater than 0.4, indicating the model is more
complete and confident. It is also indicative that the model is

more similar to the native structure. The p-value of the model
was 1.434x10°, hence there is only 0.0001 % chance of the
model becoming wrong.

Table 5. Ramachandran quality parameter check for the
developed homology model of Mtb ndh-2 using
RAMPAGE and PROCHECK.

Ramachandran Plot Quality (%)
Model Package
Favored Allowed Outlier
RAMPAGE 92.2 53 2.5
Mtb ndh-2
PROCHECK 88.3 10.3 1.5

10.9. Superimposition of Protein Structures

The developed protein model of Mtb ndh-2 was
superimposed against the known protein structures of S.
aureus ndh-2 (PDB code:4xdb) and C. thermarum ndh-2
(PDB code:4nwz) to check the similarity with the native
structures (Fig. 4). The quinone binding site is the critical
part of the model so we calculated Root Mean Square
Deviation (RMSD) for the residues forming the quinone
binding motif and was found to be <0.558 and <0.151 against
C. thermarum and S. aureus ndh-2, respectively (Table 6 and
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Fig. (4). Superimposition of complete protein (a) and active motif (b) of S. aureus ndh-2 (4XDB) over the Mtb ndh-2 model developed
through homology modeling. Followed by, superimposition of complete protein (¢) and active motif (d) of C. thermarum ndh-2 (4NWZ)

over the Mtb ndh-2 model.

7). The RMSD value was very low, which indicated that the
quinone binding motif of mtb ndh-2 was highly conserved.
Thereby, the model can be used for docking analysis to
predict the active binding of the inhibitors.

Table 6. Superimposition of the developed homology model

against the protein structure of S. aureus ndh-2.

when the inhibitors bind to the quinone binding motif. Inter-
estingly, all the molecules in the study entered the quinone
binding tunnel to produce essential interactions with the qui-
none binding motif (formed by the residues Ala-333, Gln-
334, Gly-335, Ala-336, Ile-337 & GIn-338). A critical hy-
drogen bond interaction was observed against Ala-333, the
essential residue for effective binding of the substrate (qui-
none) to the motif (Fig. 5). Docking score is imperative to

Type-2 Quinone Oxi- Type-2 Quinone Oxidoreduc- understanq how effective the inhibitors bind to the motif. The
doreductase (ndh-2) of S. | tase (ndh-2) of M. tuberculosis RMSD score varies between -5.8194 and -3.4273 Kcal/mol. The
aureus (PDB Code: (Developed Through Homol-
4XDB) ogy Modeling) Table 7. Superimposition of the developed homology model
Ala-319 Ala-333 0.101 against the protein structure of C. thermarum ndh-2.
GIn-320 GlIn-334 0.046
Type-2 Quinone Oxi- Type-2 Quinone Oxidoreduc-
le-321 Gly-335 0.114 doreductase (ndh-2) of C. | tase (ndh-2) of M. tuberculo- RMSD
thermarum (PDB Code: sis (Developed Through Ho-
Ala-322 Ala-336 0.121 4NWZ) mology Modeling)
Met-323 Tle-337 0.148 Ala-316 Ala-333 0.117
Gln-324 GIn-338 0.151 GIn-317 GIn-334 0.338
Tle-318 Gly-335 0.254
10.10. Molecular Docking
Ala-319 Ala-336 0.344
Every mplecule in the study was docked agamst‘the Mtb o320 o337 0423
ndh-2 protein developed through homology modeling. The
function of the ndh-2 enzyme/ protein can only be arrested, Gln-321 Gln-338 0.558
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Fig. (5). Ligands 15p and 16p forming H-bond interaction with Ala-333 (a critical residue in quinone binding).

molecules 15¢, 16¢ and 17¢ produced very good binding with
minimum binding energy of -5.5957, -5.8194 and -5.7346
Kcal/mol, respectively (Table 8) and a better correlation with
antitubercular MIC was noticed. The developed molecules
could inhibit ndh-2 and, thereby affecting the ATP synthesis

to produce antimicrobial activity.

Table 8. Docking of the tested molecules against Type-2
NADH dehydrogenase of Mtb.
. _— Residues Forming the Quinone
Ligand | LowestBind- | po o Motif (Residues Produc-
S.No. ing Energy . . . .
Code (Kcal/mol) ing H-bonding with the Ligand
were Indicated in Bold)
Ala-333,GIn-334,Gly-335, Ala-
1 Ip -3.9931 336,Ile-337,GIn-338 (no hydrogen
bond interaction)
Ala-333,GIn-334,Gly-335, Ala-
2 2p 42298 336,11e-337,GIn-338
Ala-333,GIn-334,Gly-335, Ala-
3 3p 42714 336,11e-337,GIn-338
Ala-333,GIn-334,Gly-335, Ala-
4 4p 42955 336,11e-337,GIn-338
Ala-333,GIn-334,Gly-335, Ala-
3 P -4.3046 336,1le-337,GIn-338
Ala-333,GIn-334,Gly-335, Ala-
6 6p -4.3003 336,1le-337,GIn-338
Ala-333,GIn-334,Gly-335, Ala-
7 p 43275 336,1le-337,GIn-338
Ala-333,GIn-334,Gly-335, Ala-
8 8p -42990 336,11e-337,GIn-338
9 9 -4.3284 Ala-333,GIn-334,Gly-335, Ala-

336,11e-337,GIn-338
Ala-333,GIn-334,Gly-335, Ala-
10 10p -4.6584 336,Ile-337,GIn-338
Ala-333,GIn-334,Gly-335, Ala-
1 llp -4.6216 336,11e-337,GIn-338
Ala-333,GIn-334,Gly-335, Ala-
12 12p 47313 336,11e-337,GIn-338
Ala-333,GIn-334,Gly-335, Ala-
13 13p 46779 336,11e-337,GIn-338
Ala-333,GIn-334,Gly-335, Ala-
14 14p -3.4481 336,Ile-337,GIn-338
Ala-333,GIn-334,Gly-335, Ala-
15 15p -3:3957 336,11e-337,GIn-338
Ala-333,GIn-334,Gly-335, Ala-
16 16p -3-8194 336,11e-337,GIn-338
Ala-333,GIn-334,Gly-335, Ala-
17 17p -3.7346 336,Ile-337,GIn-338
Ala-333,GIn-334,Gly-335, Ala-
18 18p -4.1018 336,Ile-337,GIn-338 (no hydrogen
bond interaction)
Ala-333,GIn-334,Gly-335, Ala-
19 19p -3.4273 336,Ile-337,GIn-338 (no hydrogen
bond interaction)
Ala-333,GIn-334,Gly-335, Ala-
20 20p -3.5119 336,Ile-337,GIn-338 (no hydrogen
bond interaction)
CONCLUSION

The developed phenothiazine derivatives exhibited broad
spectrum activity against M. tuberculosis, S. aureus and E.
coli. The intact phenothiazine pharmacophore seems to be
essential for both antitubercular and antibacterial activities.
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Introduction of electron withdrawing groups at meta or para
positions on the phenyl ring (compounds 14p, 15p, 16p) sig-
nificantly increased the activity in comparison to ortho sub-
stituted compounds (3p & 18p). Modifications introduced in
the design of molecules were found to be appropriate, as the
antitubercular activity improved with concurrent reduction of
BBB permeability in comparison to chlorpromazine. The
reduced binding of the molecules against dopamine receptor
would also diminish the unwanted antipsychotic side effect.
The molecules produced essential interactions with the resi-
dues forming quinone binding motif of Type-2 NADH dehy-
drogenase (ndh-2), thereby the ATP production could be ar-
rested to exert antitubercular activity. Phenothiazines can be
exploited in development of drugs for treating tubercular
infections with no/ less antipsychotic effect.
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