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Abstract

In this work, nine novel thiazole derivatives of substituted benzenesulfonamide carboxylate were designed, synthesized and
characterized (‘"H NMR, '*C NMR and Mass Spectra) for their possible development as antimalarial agents. All synthesized
compounds were subjected to molecular docking, drug-likeness, ADMET properties and molecular dynamics studies by
in silico methods using Biovia Discovery Studio (DS) 2020 software. The molecular docking study of all the synthesized
compounds was carried out against Plasmodium falciparum cysteine protease falcipain 2 (FP-2, 3BPF) and falcipain 3
(FP-3, 3BPM) enzymes using the CDocker program of DS. Further, the best docked compound was studied by molecular
dynamics simulation method followed by MM-PBSA calculation. In molecular docking studies, the synthesized thiazolyl
benzenesulfonamides exhibited remarkable binding affinity against FP-2 and FP-3 enzymes. Molecular dynamics studies
further confirmed the antimalarial potential of the compounds with the formation of well-defined and stable receptor-ligand
interactions against both the falcipain enzymes. One derivative, ethyl 4-methyl-2-(4-methyl-2-(4-methylphenylsulfonamido)
pentanamido) thiazole-5-carboxylate possesses promising inhibitory potential against both P. falciparum falcipain 2 and
falcipain 3 enzymes. Based upon present findings, the thiazolyl benzenesulfonamide-5-carboxylates can be further evalu-
ated for in vitro and in vivo antimalarial effectiveness towards possible development as antimalarial lead molecules and/ or
potent antimalarial drug candidates.
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1 Introduction

Presently, the arsenal of antimalarial drugs is limited and
needs to be fortified. The emergence of Plasmodium fal-
ciparum resistance to most quinoline and antifolate based
antimalarial drugs threatened the gains in the treatment of
malaria [1]. This lead to the development of artemisinin-
based combination therapy [2, 3] but unfortunately, there
is currently emerging report of artemisinin resistance [4,
5]. In the light of the present state of malaria infection
and treatment, there is urgent need for the development of
new chemotherapeutic agents to sustain the fight against
malaria.

Heterocyclic compounds possessing nitrogen and sul-
phur heteroatom constitute the structural backbone of a
number of biologically active compounds [6]. Among the
heterocycles reported as an important class of medicinal
compounds are the five-membered rings. Thiazole scaf-
folds are present in several chemotherapeutic agents such
as sulfathiazole, ritonavir, tiazofurin and abafungin used
as antimicrobial, antiretroviral, antineoplastic and anti-
fungal agents respectively [7]. Recently, thiazoles have
been reported as antimalarial agent. Sharma et al. [8]
evaluated the antimalarial potential of two water soluble
derivatives of nocathiacin against asexual blood stages of
P. falciparum and found that one of the derivatives inhib-
ited parasite growth with mean 50% inhibitory concentra-
tion of 51.55 nM. Sahu et al. [9] reported the antimalarial
properties of thiazole-1,3,5-triazines using inhibition of
P. falciparum dihydrofolate reductase (Pf-DHFR). Kalita
et al. [10] also reported novel phenyl thiazolyl clubbed
S-triazine derivatives as antifolate based antimalarial agent
with 78% inhibition of parasite growth at 50 ug/mL. This
report shows that thiazole ring is likely to improve on
antimalarial property of compounds or possibly confer on
molecules antimalarial potency.

Previous work in our group had shown further that
sulphonamide functionality is a privileged antimalarial
agent [11-13]. We have also observed that incorporating
other functionalities with reported antimalarial proper-
ties improved the antimalarial potency of sulphonamide
derivatives. The literature search has shown clearly that
there is need for devoted research towards the discovery
and development of new antimalarial agent that will uti-
lize new mode of action so as to avoid easy development
of resistance which happens to be the major problem of
current antimalarial drugs including artemisinin combina-
tion therapy.Though biochemical characterization of four
falcipains have been achieved, falcipain inhibitors research
have been limited to falcipain-2/3 because of their hemo-
globinase activity [14]. Falcipain-2 and falcipain-3 of P.
falciparum represent the key enzymes in the life-cycle of
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the parasite. Both enzymes are involved in hemoglobin
hydrolysis, an essential pathway to provide free amino
acids for malaria parasite’s metabolic needs. In addition,
falcipain-2 is involved in cleaving ankirin and band 4.1
protein, a cytoskeletal element essential for the stability
of red cell membrane [15]. Inhibition of either of these
enzymes blocks hydrolysis of hemoglobin and completion
of the parasite developmental cycle. Other malaria para-
sites express close homologs of falcipain-2/3 proteases,
suggesting that agents that target the falcipains will also be
active against other human malaria parasites [16]. In this
study, we explored the synergistic antimalarial properties
arising from the successful incorporation of thiazoles to
substituted benzenesulphonamides.

2 Experimental
2.1 Chemicals and Instruments

1-Hydroxybenzotriazole (HOBT), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC), triethylamine (TEA), L-valine, L-leucine, L-alanine,
ethyl acetoacetate, N-bromosuccinimide (NBS), were pro-
cured from Avra Chemical Ltd. Thiourea, 4-methylbenzene
sulphonyl chloride, 4-nitrobenzene sulphonyl chloride,
4-bromobenzenesulphonyl chloride, benzenesulphonyl
chloride, were procured from Sigma-Aldrich. '"H NMR and
13C NMR spectra were recorded on Advance 300 MHz,
400 MHz and 500 MHz spectrometers in CDCl; and DMSO-
ds using TMS as internal standard. FT-IR spectra were
recorded on Thermo Nicollet Nexus 670 spectrometer. Mass
spectra were obtained on Agilent LCMS instrument. HRMS
were measured on Agilent Technologies 6510, Q-TOFLC/
MS ESI-Technique. Melting points were determined in open
glass capillary tubes on a Stuart melting point apparatus and
are uncorrected. All reactions were monitored using thin
layer chromatography (TLC) on pre-coated silica gel 60 F,s,
(mesh); spots were visualized under UV light.

2.2 Synthesis of Compounds

2.2.1 Synthesis
of Ethyl-2-Amino-4-Methylthiazole-5-Carboxylate
(2a)

To a mixture of ethyl acetoacetate (1a, 1.0 g, 7.68 mmol) in
water (7.69 mL) and THF (3.00 mL) below 0 °C was added
NBS (1.64 g, 9.22 mmol, 1.20 equiv.). The reaction mix-
ture was stirred at room temperature for 5 h and thin-layer
chromatography (TLC, 20% ethyl acetate/hexane, on silica
gel plate), showed disappearance of 1a. Thiourea (0.58 g,
7.68 mmol, 1.00 equiv.) was added and the reaction mixture
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was heated to 80 °C for 2 h. After cooling to r.t., the reaction
mixture was filtered to get rid of the insoluble substance,
then NH;H,O (3.0 mL) was added to the filtrate. The result-
ing yellow floccules were stirred at room temperature for
10 min and filtered. The filter cake was washed with water
(50 mL x 3) and recrystallized with ethyl acetate, then dried
to give the target compound [17]

Yield (1.25 g, 87.5%), Pale yellow
M.p=180-181 °C, Lit 178-179 °C.

'TH-NMR (300 MHz, CDCl;) § 5.55 (s, 2H, thiazole-
2-NH,), 4.27 (q, /=7.1 Hz, 2H, OCH,CHj;), 2.53 (s, 3H,
thiazole-4-CHj3), 1.33 (t, /J=7.1 Hz, 3H, OCH,CH};). B¢
NMR (101 MHz, CDCl;) 6 169.21(thiazole-2-C), 162.55
(C=0), 159.01(thiazole-4-C), 111.51(thiazole-5-C), 60.62
(OCH,CH,), 17.27(OCH,CHj;), 14.44(thiazole-4-CHy;),
ESI-MS: m/z 187 [M+H]*.

solid,

2.2.2 Synthesis of Substituted Benzenesulfonamoyl Alkan-
amides (3a-i)

Appropriate substituted benzenesulfonyl chloride (1.82
mmol) was added in portions for 1 h to an aqueous solu-
tion of L-amino acid (1.5 mmol) containing sodium carbon-
ate (Na,CO;, 1.82 mmol) at — 5 °C. The slurry formed was
stirred at room temperature for 4 h (TLC (MeOH/DCM,
1:9 monitored). The mixture was acidified to pH 2 [13, 18]

2.2.3 Synthesis of Subsituted-4-Me-
thyl-2-(3-Methyl-2-(4-Methylphenylsulfonamido)
Butanamido)Thiazole-5-Carboxylate (4a-i)

To a solution of substituted benzenesulphonamoyl alkan-
amides (3a-l1, 0.8 eq) in dichloromethane (DCM) (20 mL)
was added triethylamine (TEA) (1.5 eq), EDC.HCI (1.2 eq),
HOBT (1.0 eq) at O °C, after stirring for 15 min was added
ethyl-2-amino-4-methylthiazole-5-carboxylate (0.8 eq). The
resulting mixture was allowed to warm to room temperature
and stirred for 18-24 h (monitored with TLC). On The com-
pletion of the reaction, the mixture was diluted with DCM,
washed with Water (2X 50 mL), then the organic layer was
washed with 1N HCI (50 mL), 5% NaHCO; (50 mL), and
brine solution (1 X 50 mL) and was dried over Na,SO,. The
solvent was removed under reduced pressure and the crude
product was re-crystallized with methanol to obtain the tar-
get products [13, 19, 20].

Ethyl 4-methyl-2-(3-methyl-2-(phenylsulfonamido)
butanamido)thiazole-5-carboxylate (4a) Yield (0.467 g,
70.8%), white solid, M.p =244-245 °C.'H NMR (500 MHz,
CDCly) 8 9.73 (s, 1H, NH of amide), 7.85-7.83 (m, 2H,
Ar-H), 7.52 (t, J=7.4 Hz, 1H, Ar-H), 7.46 (t, J=7.6 Hz,
2H, Ar-H), 5.58 (d, /J=7.9 Hz, 1H, SO,-NH), 4.34-4.30
(m, 2H, OCH,CH,;), 3.78 (dd, J=7.8, 5.6 Hz, 1H, CH-
C=0), 2.64 (s, 3H, thiazole-4-CH3;), 2.17 (dd, J=12.6,

6.7 Hz, 1H, CH-(CHy),), 1.36 (t, J=7.1 Hz, 3H, OCH,CH,),
0.88 (d, /=6.8 Hz, 3H, CH;), 0.81 (d, J=6.8 Hz, 3H, CH3),
13C NMR (126 MHz, CDCl;) 6 169.26 (C=0 of amide),
162.53 (thiazole-2-C), 158.08 (C=0), 156.39 (thiazole-
4-C), 138.76, 133.32, 129.28, 127.31 (four aromatic car-
bons), 116.59 (thiazole-5-C), 62.33 (CH-C=0), 61.03
(OCH,CH,;), 31.22 (CH-(CHs),), 18.97 (CH; of Val), 17.45
(CH; of Val), 17.08 (thiazole-4-CH,), 14.37 (OCH,CHj;),
ESI-MS: m/z 426 [M+H]*. ESI-MS: m/z 426 [M+H]".
ESI-HRMS: calcd. For C gH,3N;05S, [M+H]" 426.1157;
Found 426.1163.

Ethyl 4-methyl-2-(4-methyl-2-(phenylsulfonamido)
pentanamido)thiazole-5-carboxylate (4b) Yield
(0.52 g, 76.5%), white solid, M.p=241-242 °C.'"H NMR
(400 MHz, CDCl5) 8 9.76 (s, 1H, NH of amide), 7.90-7.86
(m, 2H, Ar-H), 7.60-7.55 (m, 1H, Ar-H), 7.53-7.48 (m,
2H, Ar-H), 5.35 (d, /=7.0 Hz, 1H, SO,-NH), 4.31 (q,
J=17.1 Hz, 2H, OCH,CHj,), 3.93 (dt, J=8.9, 5.9 Hz, 1H,
CH-C=0), 2.63 (s, 3H, thiazole-4-CHj), 1.64-1.60 (m, 1H,
CH-(CH;),), 1.50 (ddd, J=13.1, 11.0, 5.4 Hz, 2H, CH,),
1.35(t,J=7.1 Hz, 3H, OCH,CHj;), 0.82 (d, J=6.3 Hz, 3H,
CH;), 0.63 (d, J=6.3 Hz, 3H, CH;)). >*C- NMR (101 MHz,
CDCl;) 6 169.80 (C=O0 of amide), 162.60 (thiazole-2-C),
158.34 (C=0), 156.21 (thiazole-4-C), 138.64, 133.42,
129.28, 127.15 (four aromatic carbons), 118.98 (thiazole-
5-C), 60.99(CH-C=0), 55.50 (OCH,CH;), 41.63 (CH,),
24.38(CH-(CH,),), 22.74(CH; of Leu), 21.06(CH; of Leu),
17.07 (thiazole-4-CH,3), 14.31(OCH,CH,). ESI-MS: m/z
440 [M +H]*. ESI-HRMS: calcd. For C,gH,5N505S,
[M+H]" 440.1314; Found 440.1318.

Ethyl 4-methyl-2-(3-methyl-2-(4-methylphenylsul-
fonamido)butanamido)thiazole-5-carboxylate (4c)
Yield (0.37 g, 75%), White solid, M.p=235-236 °C.'H
NMR (500 MHz, CDCl,) & 10.20 (s, 1H, NH of amide),
7.68 (d, J=8.2 Hz, 2H, Ar-H), 7.16 (d, /=8.0 Hz, 2H,
Ar-H), 6.18 (d, /=8.4 Hz, 1H, SO,-NH), 4.32 (tt, J=10.8,
5.3 Hz, 2H, OCH,CH,), 3.86-3.81 (m, 1H, CH-C=0),
2.67 (s, 3H, thiazole-4-CH3), 2.29 (s, 3H, CH;-Ar), 2.12
(dq, J=13.4, 6.7 Hz, 1H, CH- (CHj;),), 1.36 (t, J=7.1 Hz,
3H, OCH,CHj3), 0.92 (d, /J=6.8 Hz, 3H, CHj;), 0.88 (d,
J=6.7 Hz, 3H, CH;). '*C NMR (101 MHz, CDCl;) &
169.95 (C=0 of amide), 162.42(thiazole-2-C), 158.29
(C=0), 156.30 (thiazole-4-C), 144.06, 136.09, 129.68,
127.24 (four aromatic carbons), 116.42(thiazole-5-C),
62.41 (CH-C=0), 61.00 (OCH,CHj,), 31.27(CH-(CH;),),
21.42(CH;-Ar), 18.97(CH; of Val), 17.81 (CH; of Val),
16.98(thiazole-4-CHj;), 14.35(0OCH,CH,), ESI-MS: m/z 440
[M+H]*. ESI-HRMS: caled. For C,gH,5sN;05S, [M+H]*
440.1314; Found 440.1320.

Ethyl 4-methyl-2-(4-methyl-2-(4-methylphenylsulfon-
amido)pentanamido)thiazole-5-carboxylate (4d) Yield
(0.48 g, 94%), white solid, M.p=230-231 °C.'"H NMR
(400 MHz, CDCl,) 8 9.67 (s, 1H, NH of amide), 7.75 (d,
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J=8.3 Hz, 2H, Ar-H), 7.28 (d, /=8.2 Hz, 2H, Ar-H),
5.23 (d, J=7.0 Hz, 1H, SO,-NH), 4.32 (q, J=7.1 Hz,
2H, OCH,CH,), 3.90 (dt, /=8.8, 5.9 Hz, 1H, CH-C=0),
2.63 (s, 3H, thiazole-4-CHj;), 2.36 (s, 3H, CHj3), 1.63-1.59
(m, 1H, CH-(CH,),), 1.58-1.44 (m, 2H, CH,), 1.36 (t,
J=7.1 Hz, 3H, OCH,CH};), 0.83 (d, /J=6.3 Hz, 3H, CHj;),
0.65 (d, J=6.2 Hz, 3H, CH;). >*C-NMR (126 MHz, CDCl,)
8 169.83 (C=0 of amide), 162.59 (thiazole-2-C), 158.42
(C=0), 156.40 (thiazole-4-C), 144.56, 135.60, 130.00,
127.43 (four aromatic carbons), 116.49 (thiazole-5-C), 60.98
(CH-C=0), 55.52 (OCH,CH,), 41.62(CH,), 24.44(CH;-Ar),
22.77 (CH-(CHy),), 21.54(CH; of Leu), 21.15(CH; of Leu),
17.13(thiazole-4-CH,), 14.37 (OCH,CH,), ESI-MS: m/z
454 [M +H]*. ESI-HRMS: calcd. For C,,H,,N;05S,
[M+H]" 454.1470; Found 454.1468.

Ethyl 4-methyl-2-(2-(4-methylphenylsulfonamido)
propanamido)thiazole-5-carboxylate (4e) Yield (0.38 g,
90.5%), white solid, M.p =239-240 °C. "H NMR (400 MHz,
DMSO) & 12.43 (s, 1H, NH of amide), 8.23 (d, /=8.2 Hz,
1H, SO,-NH), 7.70-7.56 (m, 2H, Ar-H), 7.28 (d, J=8.0 Hz,
2H, Ar-H), 4.31- 4.19 (m, 2H, CH,), 4.07 (p, J=7.1 Hz,
1H, CH-C=0), 2.55 (s, 3H, thiazole-4-CH3), 2.28 (s, 3H,
CH;-Ar), 1.28 (t, J=7.1 Hz, 3H, OCH,CH3;), 1.19 (d,
J=17.1 Hz, 3H, CH-CHj,). >*C NMR (101 MHz, DMSO)
8 170.88(C=0 of amide), 161.93 (thiazole-2-C), 158.94
(C=0), 155.97 (thiazole-4-C), 142.63, 137.54, 129.30,
126.45(four aromatic carbons), 114.26 (thiazole-5-C), 60.45
(OCH,CH,), 51.40 (CH-CH,), 20.74 (CH;-Ar), 18.36 (CH,),
16.89(thiazole-4-CH;), 14.13(OCH,CH3), ESI-MS: m/z
412 [M +H]. HRMS: caled. For C;H,,N;05S, [M+H]*
412.1001; Found 412.0996.

Ethyl 4-methyl-2-(3-methyl-2-(4-Bromophenylsulfon-
amido)pentanamido)thiazole-5-carboxylate (4f) Yield
(0.45 g, 75.6%), white solid, M.p=233-234 °C.'"H NMR
(400 MHz, DMSO) 6 12.43 (s, 1H, NH of amide), 8.39 (d,
J=9.4 Hz, 1H, SO,-NH), 7.62 (d, /J=0.9 Hz, 4H, Ar-H),
4.24 (q, J=17.0 Hz, 2H, OCH,CH,), 3.77 (dd, J=9.2,
8.1 Hz, 1H, CH-C=0), 2.55 (s, 3H, thiazole-4-CH};), 1.89
(dd, J=14.3, 6.8 Hz, 1H, CH- (CHj;),), 1.28 (t, J=7.1 Hz,
3H, OCH,CHj), 0.84 (d, J=6.7 Hz, 3H, CHj;), 0.79 (d,
J=6.7Hz, 3H, CHj;). 3C NMR (101 MHz, DMSO) & 170.28
(C=0 of amide), 162.48 (thiazole-2-C), 158.97 (C=0),
156.55 (thiazole-4-C), 140.08, 132.33, 129.06, 126.71
(four aromatic carbons), 114.93(thiazole-5-C), 62.01(CH-
C=0), 60.97(0OCH,CH,), 31.07(CH-(CHs),), 19.16 (CH;4
of Val), 18.86 (CH; of Val), 17.49 (thiazole-4-CH,), 14.73
(OCH,CH;), ESI-MS: m/z 504 [M+H]*. ESI-HRMS:
caled. For C,gH,,N505S,Br [M+H]* 504.0263; Found
504.0258.

Ethyl 2-(2-((4-bromophenyl)sulfonamido)-
4-methylpentanamido)-4-methylthiazole-
5-carboxylate (4g) Yield (0.31 g, 83.8%), white
solid, M.p=242-243 °C.'"H NMR (300 MHz, DMSO)
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8 12.57 (s, 1H, NH of amide), 8.43 (d, /=8.8 Hz, 1H,
SO,-NH), 7.64 (s, 4H, Ar-H), 4.25 (q, /J=6.9 Hz,
2H, OCH,CHj;), 4.06 (dd, J=14.3, 8.8 Hz, 1H, CH-
C=0), 2.56 (s, 3H, thiazole-4-CHj;), 1.61-1.36 (m, 3H,
CH, + CH-(CH;),), 1.29 (t, J=7.1 Hz, 3H, OCH,CHj;),
0.85 (d, J=6.4 Hz, 3H, CH;), 0.74 (d, /=6.3 Hz, 3H,
CH,). >*C-NMR (101 MHz, DMSO) & 170.43 (C=0 of
amide), 161.89 (thiazole-2-C), 158.68(C=0), 155.94
(thiazole-4-C), 139.52, 131.79, 128.45, 126.16 (four aro-
matic carbons), 114.38 (thiazole-5-C), 60.38 (CH-C=0),
54.19 (OCH,CH;), 40.59 (CH,), 23.86 (CH-(CH;),),
22.55 (CH,;), 20.97(CH,), 16.90 (thiazole-4-CH;), 14.14
(OCH,CH;), ESI-MS: m/z 518 [M + H]*. ESI-HRMS:
caled. For C,oH,,N;05S,Br [M +H]" 518.0419; Found
518.0419.

Ethyl 4-methyl-2-(3-methyl-2-(4-nitrophenylsulfon-
amido)pentanamido)thiazole-5-carboxylate (4h) Yield
(0.5 g, 79%), Off-white solid, M.p =240-243 °C.'"H NMR
(400 MHz, DMSO) 6 12.49 (s, 1H, NH of amide), 8.71
(d, J=9.3 Hz, 1H, SO,-NH), 8.31-8.16 (m, 2H, Ar-H),
8.01-7.89 (m, 2H, Ar-H), 4.28-4.16 (m, 2H, OCH ,CH,),
3.82 (t, J=8.5 Hz, 1H, CH-C=0), 2.51 (s, 3H, thiazole-
4-CH3;), 1.93 (dq, /J=13.6, 6.7 Hz, 1H, CH-(CH,),),
1.32-1.22 (m, 3H, OCH,CH3), 0.87 (d, J=6.7 Hz, 3H,
CH,), 0.80 (d, J=6.7 Hz, 3H, CH;). *C-NMR (101 MHz,
DMSO) 6 170.02(C=0 of amide), 162.30 (thiazole-2-C),
158.74 (C=0), 156.53 (thiazole-4-C), 149.63, 146.37,
128.73, 124.63 (four aromatic carbons), 114.80 (thiazole-
5-C), 62.14 (CH-C=0), 60.99 (OCH,CH;), 30.99(CH-
(CH3),), 19.14 (CH; of Val), 18.86 (CH; of Val),
17.34(thiazole-4-CH;), 14.63(OCH,CH;).ESI-MS: m/z
471 [M +H]*. ESI-HRMS: calcd. For C,4H,,N,0,S,
[M+H]*" 471.1008; Found 471.1005.

Ethyl 4-methyl-2-(4-methyl-2-((4-nitrophenyl)sulfon-
amido)pentanamido)thiazole-5-carboxylate (4i) Yield
(0.35 g, 76.1%), off-white solid, M.p =237-238 °C.'H-
NMR (400 MHz, DMSO) & 12.62 (s, 1H, NH of amide),
8.74 (d, /J=8.7 Hz, 1H, SO,-NH), 8.43-8.13 (m, 2H,
Ar-H), 8.10-7.80 (m, 2H, Ar-H), 4.29-4.18 (m, 2H,
OCH,CH;), 4.17-4.08 (m, 1H, CH-C=0), 2.52 (s,
3H, thiazole-4-CHj;), 1.63-1.46 (m, 2H, CH,), 1.41
(ddd, J=13.7, 8.3, 5.6 Hz, 1H, CH-(CH;),), 1.28 (t,
J=7.1Hz, 3H, CH3;), 0.86 (d, J=6.5 Hz, 3H, CH;), 0.77
(d, J=6.4 Hz, 3H, CH;). >*C-NMR (101 MHz, DMSO)
8 170.67(C=0 of amide), 162.31 (thiazole-2-C), 159.02
(C=0), 156.52 (thiazole-4-C), 149.68, 146.43, 128.69,
124.67 (four aromatic carbons), 114.85 (thiazole-5-C),
60.98 (OCH,CH,), 54.89 (CH-C=0), 41.02 (CH,),
24.47(CH-(CH,),), 23.10 (CH3), 21.56 (CHy), 17.37
(thiazole-4-CH;), 14.63 (OCH,CH3), ESI-MS: m/z 485
[M + H]. HRMS: calcd. For C,4H,,N,0,S, [M +H]*
485.1165; Found 485.1165.



Chemistry Africa (2024) 7:2353-2368

2357

2.3 Molecular Docking

Molecular docking studies were performed on Biovia Dis-
covery Studio (DS) 2020 software (Dassault Systemes
BIOVIA, San Diego, USA). Prior to docking, ligands and
proteins were prepared according to the standard protocol of
DS software. The three dimensional structure of compounds
were generated and their energy minimization was carried
out using the CHARMM (Chemistry at Harvard Macro-
molecular Mechanics)-based smart minimiser. It performs
2000 steps of Steepest Descent followed by Conjugate Gra-
dient algorithm with an RMSD gradient of 0.01 kcal/mol
[21]. The x-ray crystal structures of FP-2 (PDB id: 3BPF)
and FP-3 (PDB id: 3BPM) proteins were retrieved from
the RCSB Protein Data Bank (http://www.rcsb.org/). The
chain A of 3BPFand 3BPM determined at a resolution of
3.2and 3.2 A, respectively were used in the study [22, 23].
The protein molecules were prepared by necessary clean-
ing, removal water molecules and energy minimization fol-
lowing the standard protocol. The energy minimization was
performed using CHARMM-based smart minimiser method
at maximum steps of 200 with RMSD gradient of 0.1 kcal/
mol [24].

A receptor grid was generated around the binding cav-
ity (active sites) of the energy minimized protein molecule
by specifying the key amino acid residues. The co-crystal
ligand (active inhibitor) of the respective protein molecule
was selected to define the amino acid residues for predict-
ing the binding sites. For the generated receptor grid boxes,
the binding site spheres were set with radius of 2.90 and
2.50 A and X, ¥, z dimensions — 57.253734, — 0.877123,
— 15.038906 and 6.754358, 13.667812, — 16.835423 for
3BPF and 3BPM, respectively [25, 26].

The validation of the docking protocol was done by re-
docking the co-crystal ligand into the predicted binding sites
of the target receptor protein followed by analyzing the bind-
ing modes of the test compound in the docked complex with
comparison to the binding modes of the co-crystal inhibi-
tor. The co-crystallized ligand was re-docked using flexible
docking simulations into the original structure of the recep-
tor molecule using all docking parameters to the software’s
default values [25].

The docking was performed using simulation-based
docking protocol CDocker of the DS 2020. CDocker uses a
CHARMm-based molecular dynamics (MD) algorithm to
dock compounds into the active site(s) of a receptor mol-
ecule. All docking and consequent scoring parameters used
were kept at their default settings [27, 28]. CDocker energy
(-) and CDocker interaction energy (-) of docked com-
pounds were calculated. All docked poses were scored and
ranked, and the best pose for each compound was selected.
The binding affinities of docked compounds were predicted
by analyzing interactions of receptor-ligand complexes.

The binding modes of the best docked pose were analyzed
with the help of 3D receptor-ligand complex. Different non-
bonding interactions (hydrogen bonding, hydrophobic etc.)
were also analyzed with the help of 2D diagram of receptor-
ligand complexes. The docking results of test compounds
were compared with that of the co-crystal ligands. The dock-
ing energies of the co-crystal ligands were used as reference
ligands to evaluate the binding affinity of test compounds.

2.4 Drug-Likeness Studies

The molecular properties and drug-likeness parameters of
the compounds, 4a—i were calculated based on theoretical
approaches using DS 2020. Molecular properties such as
log of octanol/water partition coefficient (LogP), molecular
weight (MW), number of hydrogen bond acceptors (nHBAs),
number of hydrogen bond donors (nHBDs) and molecular
polar surface area (PSA) incorporated in Lipinski’s rule of
five [29], and other physicochemical parameters like number
of aromatic rings (nARs), number of rings (nRs) and number
of rotable bonds (nRotBs) were also calculated [30]. The
relatively higher lipophilicity of the target compounds could
be accounted for the good antimicrobial activities due to the
increased intracellular concentration.

2.5 ADMET Prediction

The ADME-Toxicity (ADMET) parameters were calculated
using the ADMET descriptor protocol of DS 2020 software.
Six mathematical models (aqueous solubility, blood—brain
barrier penetration, cytochrome P, (CYP) 2D6 inhibition,
hepatotoxicity, intestinal absorption and plasma protein
binding) were used for quantitative prediction of proper-
ties related to ADMET characteristics or pharmacokinetics
(PKs) of drug molecules [31, 32].

2.6 Molecular Dynamics Simulation

The compound 4d showed the best binding affinity against
the target proteins, 3BPF and 3BPM were further consid-
ered for molecular dynamics (MD) simulation study using
DS 2020. The protein—ligand complexes generated from the
binding affinity prediction analysis were subjected to MD
simulation study along with the original crystal structure
of the target proteins complexed with the co-crystal inhibi-
tors. The protein—ligand complexes were initially cleaned
and prepared using macromolecule tool of DS 2020. The
complexes were solvated using explicit periodical boundary
condition in a cubic box of water having a distance of 5 A
from the boundary. The system was neutralized by adding
0.15 M NaCl during the solvation process. The solvated sys-
tems were energy minimized (5000 steps steepest descent
and 5000 steps conjugate gradient with energy RMSD
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gradient 0.01 kcal/mol), heated (20 ps) and equilibrated
(500 ps) using ‘Standard Dynamic Cascade’ protocol of DS
2020. After that, 30 ns production was run in NVT ensemble
at 300 K for the whole protein-ligand complexes, where
snapshots were saved in every 2 ps. For the electrostatics
calculations, the Particle Mesh Ewald (PME) method and
to constrain bonds containing hydrogen the SHAKE algo-
rithm were used with the time step of 2 fs. After completing
the simulation, RMSD (root-mean-square deviation), RMSF
(root mean square fluctuation), ROG (radius of gyration)
were computed by taking the starting structure as a reference
to evaluate the conformational changes of the protein-ligand
complexes. Throughout the simulation period, the distances
of different hydrogen bonds formed were also monitored and
analysed. Finally, different non-bond interactions were also
analysed from the average interaction of the protein—ligand
complexes and compared with the interactions obtained
from the starting structures [33-35].

2.7 Molecular Mechanics-Poisson Boltzmann
Surface Area (MM-PBSA)-based Binding Free
Energy Calculation

The MM-PBSA based calculation of binding free energy

(AG) is one of the important parameters to estimate the bind-
ing affinity of a compound to a biological macromolecule

Scheme 1 Ethyl-2-amino-
Y 0O O

or target as well as thermodynamic stability of the pro-
tein—ligand complex [36]. This technique provides a fast
and accurate prediction of absolute binding affinity of a
compound within the active binding site of a target protein
in the form of binding free energy which is very impor-
tant for stability and particular potency of the compound
[37]. Hence after MD simulation, the binding free energies
for each protein—ligand complex were calculated by using
‘Binding Free Energy—Single Trajectory’ protocol of DS
2020 with the MM-PBSA method. In the analysis, the bind-
ing free energies of all the generated conformations were
calculated and finally, the average binding free energy (AG)
was determined for each protein—-ligand complex.

3 Results and Discussion
3.1 Synthesis

The thiazole hybrids reported in this work were synthe-
sized as outlined in scheme 1 and 2. The compounds
(2a) and (3a—-i) were synthesized as reported by Meng
et al. [17], Ugwu et al. [18] and Ezugwu et al. [13] as
shown in the supplementary document. The compounds
(4a-i) were synthesized through the condensation reac-
tion of the substituted benzenesulphonamide (3a-i) and

4-methylthiazole-5-carboxylate
2 M A~
) H;C O CH;

1a
Scheme 2 Synthesis of sub-
situted-4-methyl-2-(3-methyl-
2-(4-methylphenylsulfonamido)
butanamido)thiazole-5-carbox- (PI H R
late (4a-i S<
y (4a-i) /O/ N ol +
0~ OH
R
3a-i
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2a
4a-i

4a.R=H, R'=CH(CHs),
4b.R=H, R'=CH,CH(CH;),
4¢. R=4-CH3, R'=CH(CHs),

4d. R=4-CHj,, R'=CH,CH(CHs),
4e. R=4-CH,, R'=CHj

4f. R=4-Br, R'= CH(CH;),

4g. R=4-Br, R'=CH,CH(CHs),
4h. R=4-NO,, R'=CH(CHs),

4i. R=4-NO,, R'=CH(CHs),
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ethyl 2-amino-4-methylthiazole-5-carboxylate (2a) upon
the addition of peptide coupling reagents EDC-HOBt
and TEA. The elucidations of the structures were carried
out using FT-IR, 'H-NMR, *C-NMR, ESI-MS and ESI-
HRMS analyses. In the 'H-NMR spectrum of compound
4a, the diagnostic peak at 69.73 singlet represents N—H of
amide. A multiplet peaks from & 7.83 to 7.85, triplet peaks
at 8 7.52 and another triplet peaks at 8 7.46 indicates aro-
matic protons while a doublet peaks at 6 5.58 is for N-H
of sulfonamide part of the compound. In '*C-NMR spec-
trum, peak at §169.26 is for carbonyl of amide, peaks at
0 162.53, 158.08 and 156.59 represent thiazole-2-carbon,
carbonyl carbon of carboxylate and thiazole-4-Carbon
respectively. Four peaks from 6 127.31 to 138.76 repre-
sent the aromatic carbons while peaks at 8 116.59 stands
for thiazole-5-carbon and the peaks from 14.37 to 62.33
represent the aliphatic carbons. These were also supported
with ESI-MS and ESI-HRMS spectra having peaks at m/z
426 and 426.1163 [M +H]™ respectively confirming the
structure of compound 4a.

3.2 Docking Simulation

The protein models (3BPF/E64, and 3BPM/Leu) were vali-
dated and used for the docking study. Prior to docking, the
receptor grid models were generated and optimized in terms
of binding site spheres to achieve predictive interactions
between receptor molecules and test compounds (Fig. 1).

The reference co-crystal ligands (E64 and Leu) were suc-
cessfully re-docked to the predicted active sites of protein
molecules (3BPF and 3BPM) with acceptable RMSD values
of 3.529 and 3.081 A, respectively. The validation study was
performed in order to reproduce the results of ligand bind-
ing modes observed experimentally in protein—ligand com-
plexes. Results of validation study confirmed experimental
binding modes/conformations of co-crystal inhibitors, E64
and Leupeptin in the binding pocket of respective protein
molecules, 3BPF and 3BPM, respectively with predictable
protein—ligand interactions (Fig. 2).

The protein—ligand docking was performed to predict
the binding affinity of the test compounds as possible novel

Fig. 1 Receptor grid models A 3BPF and B 3BPM

(A)

Fig.2 Re-docked conformers of receptors, A 3BPF and B 3BPM

(B)
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antimalarial agents with inhibitory activity against P. falci-
parum cysteine protease falcipain 2 (FP-2) and falcipain 3
(FP-3) enzymes. Molecular docking is a virtual tool intended
to find the best binding orientation of small molecules bound
to their target protein molecules. It is used to predict the
binding affinity as well as biological efficacy of small mol-
ecules [14, 15]. Docking plays an important role in the iden-
tification of bioactive molecules based on the target protein
structure in rational drug design and discovery program. In
protein—ligand docking study, CDocker program success-
fully docked all the compounds, 4a—i into the binding pocket
of protein molecules. Compounds could bind well with
the pre-defined active site residues of the predicted recep-
tor spheres. Higher binding affinities in terms of CDocker
energy and CDocker interaction energy were observed for
all the compounds as compared to the co-crystal inhibitor(s).
All the nine compounds showed almost similar binding affin-
ities with some degree of variations. Against P. falciparum
FP-2 (3BPF), compound 4d, 4g and 4h exhibited compara-
tively better inhibitory activity than rest of the analogues.
On the other hand, compound 4a, 4b, 4d—g were found to be
more potent than the other compounds of the series against
P. falciparum FP-2 (3BPF). Results of molecular docking
are summarized in Table 1.

Among all nine compounds, the compound 4d was found
exhibit highest binding affinity against both FP-2 and FP-3.
The 3D poses of protein-ligand complexes revealed pre-
dicted binding affinity of compounds relative to the molecu-
lar orientation of receptor molecule(s). Further analysis of
2D interaction diagram indicates that polar hydrogen bond-
ing interactions were primarily involved between receptor
and ligand molecule along with some secondary interactions

such as hydrophobic interactions. It was observed that well
defined molecular interactions between binding site resi-
dues of receptor molecule(s) and complementary moieties/
atoms of ligands. Higher the number of hydrogen bonds,
higher is the binding affinity. Other non-bonded interac-
tions like hydrophobic bonding were also observed, but to
a lesser extent. The compound 4d exhibited well-defined
protein—ligand interactions with very good binding modes
as compared to rest of the compounds. The details of 3D
binding modes and 2D interaction diagrams of compound
4d and co-crystal inhibitors (E64 and Leu) are displayed in
Figs. 3 and 4.

3.3 Drug-Likeness

The results of calculated molecular properties and pre-
dicted Lipinski’s parameters are displayed in Table 2.
Results revealed that all the compounds, 4a—i showed
good drug-like properties based on Lipinski’s rule of
five with additional parameters of drug-likeness. All
compounds obeyed ‘Lipinski’s rule of five’ and ‘Veber
rule’. According to Lipinski’s rule, compounds are more
likely to be drug-like and orally bioavailable, if they obey
the following criteria: LogP,,, (octanol/water partition
coefficient) <5, MW <500, nHBAs <10 and nHBDs <5
[21]. To further substantiate drug-likeness, Veber et al.
stated that compounds with < 10 RotB and molecular PSA
of < 140 A? are more likely to show optimum membrane
permeability and good bioavailability [22]. In our study,
all the compounds exhibited satisfactory molecular prop-
erties and ‘Lipinski’s parameters. The LogP, MW, and
molecular PSA indicate good membrane permeability,

Table 1 Docking results

Comp Binding energies (kcal/mol)
3BPF 3BPM
CDocker energy (-) CDocker interaction CDocker energy (-) CDocker inter-
energy (-) action energy
=)
4a 35.0161 31.7476 40.815 40.0881
4b 39.4787 35.3514 40.0596 36.7234
4c 40.5977 39.6226 37.003 40.9743
4d 44.6794 39.0546 46.8922 41.7912
4e 35.7592 35.9802 40.3479 43.0546
4f 34.7135 32.2999 42.1907 42.7392
4g 45.693 40.5764 41.8400 39.1854
4h 40.9766 36.7461 37.6434 38.8789
4i 33.1665 33.4689 39.5436 41.6271
Co-crystal 58.4715 53.4589 64.3106 44.6944
inhibitor

3BPF: P. falciparum falcipain 2 (Pf FP-2), co-crystal inhibitor: E64, 3BPM: P. falciparum falcipain 3 (Pf
FP-3), co-crystal inhibitor: Leupeptin
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Fig. 3 Interactions with different amino acid residues at the active site of target proteins by the ligands after docking. A 4d with 3BPF- 3D, B 4d
with 3BPF- 2D, C E64 with 3BPM -3D, D E64with 3BPM -2D. Dotted green lines indicate conventional H-bonding interactions

intestinal absorption and oral bioavailability, whereas,
other parameters nHBAs, nHBDs, nR and Rotb bonds
facilitate to produce well-defined drug-receptor interac-
tions for optimal drug action [23].

3.4 ADMET Properties

The predicted ADMET data are presented in Table 3.
Most of the compounds showed poor aqueous solubility.
All the compounds exhibited poor blood-brain barrier
(BBB) penetration indicating less probability of produc-
ing CNS toxicity. The compounds were found to be non-
inhibitors of cytochrome P45, 2D6 (CYP 2D6). The CYP
2D6 enzyme is one of the important metabolic enzymes
involved in drug metabolism [21]. The predictive hepa-
totoxicity was observed for all the compounds. The
intestinal absorption levels were observed in the range
from good to very poor. Plasma protein binding (PPB)
data revealed that all the compounds were highly protein
bound.
The ADMET plot is displayed in Fig. 5.

3.5 MD Simulation

Molecular dynamics simulation was performed to observe
the conformational changes and stability of the target pro-
teins in the presence of the test compounds by consider-
ing their natural dynamic behaviour. The conformational
changes and stability of the proteins were determined in
the form of RMSD, RMSF and ROG of the protein-ligand
complexes over the simulation period of 30 ns and com-
pared with the control (protein-co-crystal inhibitor com-
plex). After completion of simulation for 3BP F (Fig. 6),
it was found that the RMSD values for 3BPF-E64 complex
reached the plateau state earlier in comparison to the 3BPF-
4d complex. The RMSF values indicated that the amino acid
residues were fluctuated more in 3BPF-4d complex (up to
4.5 A) after residue number 100, but in the case of 3BPF-
E64 complex the fluctuations were limited to 2 A for all the
residues. The ROG values indicated that 3BPF-4d complex
was not that much compact and tightly bound at the initial
state and final state of the simulation in comparison to the
3BPF-E64 complex. All these information indicated that
the 3BPF-4d complex was less stable than the 3BPF-E64
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Table 2 Calculated molecular

. . Comp Molecular properties and Lipinski’s parameters

properties and drug-likeness

parameters ALogP98 MW nAR nHBA nHBD nR nRotB Mol. PSA
4a 3.296 439.549 2 6 2 2 9 151.08
4b 2.81 425.522 2 6 2 2 9 151.08
4c 3.199 439.549 2 6 2 2 10 151.08
4d 3.685 453.575 2 6 2 2 10 151.08
4e 2.704 470.52 2 8 2 2 10 196.9
4f 3.558 504.418 2 6 2 2 9 151.08
4g 3.947 518.445 2 6 2 2 10 151.08
4h 2.453 411.496 2 6 2 2 8 151.08
4i 3.093 484.546 2 8 2 2 11 196.9

LogP Log of octanol/water partition coefficient, MW molecular weight, AR number of aromatic ring(s),
nHBA number of hydrogen bond acceptor(s), nHHBD number of hydrogen bond donor(s), nR number of
ring(s), nRotB number of rotable bond(s), Mol. PSA molecular polar surface area

complex during the simulation period. Besides, the number
of H-bonds formed during the simulation period was also
less in 3BPF-4d than 3BPF-E64 complex. In the case of
the other target protein i.e., 3BPM (Fig. 7), the 3BPM-4d
complex was reached plateau state earlier in comparison to
the 3BPM-Leu complex. Till 24 ns the RMSD values for

@ Springer

3BPM-4d was less than 3.5 A, but after that it was increased
and maintained at almost like the deviations of 3BPM-Leu
complex. Regarding RMSF values of the amino acid com-
plexes, the 3BPM-4d complex and the 3BPM-Leu complex
showed almost similar fluctuations except from 170 to 200
amino acid regions where the 3BPM-4d complex showed
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Table3 Predicted ADMET Comp AS BBB CYP 2D6 inhibi- HEPTOX A PPB

properties tion
4a 2 4 FALSE TRUE 0 TRUE
4b 2 4 FALSE TRUE 0 TRUE
de 2 4 FALSE TRUE 0 TRUE
4d 2 4 FALSE TRUE 1 TRUE
de 2 4 FALSE TRUE 3 TRUE
4 2 4 FALSE TRUE 1 TRUE
dg 2 4 FALSE TRUE 1 TRUE
4h 2 4 FALSE TRUE 0 TRUE
4 2 4 FALSE TRUE 3 TRUE

Aqueous solubility (AS) level: 2-low, 1-very low; BBB (Blood brain barrier) penetration: 4, very low;
Cytochrome (CYP) P450 2D6 inhibition: False-non-inhibitor; Hepatotoxicity (HEPTOX): True-toxic;
Intestinal absorption (IA) level: 0: Good, 1-moderate, 2-poor, 3-very poor; Plasma protein binding (PPB:
True-highly bound, False-poorly bound)

significant fluctuations in comparison to the 3BPM-Leu
complex. From the ROG values, it was found that the 3BPM-
4d complex was less compact and very loosely formed in
comparison to the 3BPM-Leu complex. Besides, the number
of H-bonds formed within the simulation period was more in
3BPM-Leu than 3BPM-4d complex. All these facts support
the formation of less stable complex by 4d in the active site
of 3BPM. The deviation of H-bond distances formed during
the MD analysis is presented in Fig. 8.

From the interactions generated after MD analysis
(Figs. 3 and 4), it was found that E64 formed sixteen con-
ventional hydrogen bond interactions with Gly40, Cys42,
Trp43, Lys76, Asn77, Asn81, Gly82, Gly83, Asn87, Asnl173
and Asnl74; two carbon hydrogen bond interactions with
Gly82 and Gly83; two hydrophobic interactions with Cys42
and Alal75 at the active site of 3BPF. On the other hand, the

ADMET_AlogPs

Fig.5 ADME plot

compound 4d formed seven conventional hydrogen bonds
with Trp43, Gly82, Gly83, Leul72, Asn173 and His174; two
carbon hydrogen bonds with Gly40 and His174; one hydro-
phobic interaction with Leul72 and one Pi-sulfur interaction
with His174.

The leupeptin formed three conventional hydrogen bonds
with Cys89 and Asp163; three carbon hydrogen bonds with
Cys48, Cys51 and Aspl63, and two hydrophobic interac-
tions with Cys51 and His183 in the active site of 3BPM.
On the other hand, the compound 4d formed four conven-
tional hydrogen bond interactions with Gly92, Asn182 and
Alal84; two carbon hydrogen bonds with Ser55 and Gly91;
three hydrophobic interactions with Gly91, His183 and
Alal84 and three other types of interactions (Pi-Cation, Pi-
Sulfur) with Cys51, Tyr93 and His183. From these analyses,
we observed that some interactions are common for both co-
crystal inhibitors and compound 4d in the active sites of the
target proteins, 3BPF and 3BPM which further indicated the
possible inhibitory potential of 4d against FP-2 and FP-3,
respectively.

3.6 MM-PBSA Binding Free Energies

The binding free energies (AG) of protein—ligand complexes
indicate their binding affinity and thermodynamic stability
and hence it is directly related to the potency of a compound.
In this study, MM-PBSA based approach was used to cal-
culate the AG of the all the conformations formed during
the 30 ns simulation and finally average value was deter-
mined. After calculation, the average AG of the 3BPF-4d
complex was found to be higher (- 78.477 kcal/mol) than
the average AG of 3BPF-E64 complex (—262.928 kcal/mol)
which indicated the formation of a less stable complex by
the compound 4d than the co-crystal ligand E64 in the active
binding pocket of 3BPF. Similarly, the average AG for the
3BPM-4d complex was also to be higher (-97.939 kcal/mol)
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Fig. 6 Different outcomes from MD analysis for 3BPF-ligand complexes; A RMSD values, B RMSF values and C ROG values

than the average AG of3BPM-Leu complex (-170.059 kcal/
mol) which also indicated that the compound 4d formed less
stable complex than the co-crystal ligand leupeptin in the
binding site of 3BPM.

The analysis of docking and MD simulation studies exhib-
ited that the basic molecular scaffold of (4-methyl-2-amido-
methylsulfamoyl)thiazole-5-carboxylate was oriented in the

@ Springer

binding cavity (active site residues) of receptor molecules.
From 2D interaction diagram, the structural moiety could
also occupy the binding sites of protein molecule through
some hydrophobic interactions like pi-carbon and pi-pi
interactions. Such interactions afforded good stability of the
complex formed between proteins and ligands, particularly
for compound 4d. Basic structural scaffold along with the
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Fig. 7 Different outcomes from from MD analysis for 3BPM-ligand complexes. A RMSD values, B RMSF values, C ROG value

amido and sulfonamido components from the chain residue
interacted significantly with multiple amino acid residues by
H-bonding and hydrophobic interactions. Strong H-bonding
interactions between several active groups (NH, > CO =) of
the amido (NH-CO) and sulfonamido (SO,NH) components
and different amino acid residues (Trp43, Cys42, Gly82,
Gly83, Leul72, Asn173 and His174) of FP-2 and FP-3 pro-
teins were also observed. The sulfonamido moiety interacted
stronger than the amido group with the formation of more

number of H-bonds. Substituents such as methyl, pentyl and
phenyl substituents also interacted with the different amino
acid residues by non-hydrogen bonding interactions for
compound 4d. Upon critical analysis protein—ligand-dock-
ing complexes, it was assumed that assumed that the basic
structural moiety, (4-methyl-2-amido)thiazole-5-carboxylate
plays a crucial role in binding affinity of newer thiazole-
5-carboxylates. The presence of chain residues and various
substituents enhances the binding affinity by increasing

@ Springer



2366

Chemistry Africa (2024) 7:2353-2368

—AIGLY40:HN - AIE64242:02

A) A:GLYS83:HN - A:E64242:04
—AHIS174:HD1 - AIE64242:01
AE64242:H1S5 - A:GLYS83:O

AEBGA242:H26 - A:ASNB81:0OD1
AEG4A242:H28 - AIASN77:0D1

14
12
10
=
8
§ €
a
2
o
o s000 10000
CATRPA3IHET - Alad:O7
B) AHIS174:HD1 - A:4d:O29
—AI4ADIH38 - AILEU172:0
12
10

Distance (4)
o

ACYS4A42:HN - AEG4242:02

AASNI73IHD21 - AEG64242:03
—AIEB4242:H3 - AIASN173:0D1
e AIEBG4242:H2S5 - A:GLYSB82:O

AEBGA242:H27 - A:ASNSB87:0D1

AGLYS82:HN - A:4d:0O24
AAd:H37 - AILEU172:O

ATRPA4A3HET - AEG4242:04
AASNI7IHD22 - AIEG4242:05
e AIEBG4A242:H4 - AIASN173:0O
e AIEB4242:H26 - AILYS76:0O
AEGA242:H28 - AILYS76:O

P e g

15000
Time (ps)

20000 25000 30000

AGLYS83:HN - A:4ad:0O24
A4 HIT7 - AIASN173:0O

a
2
[}
o S$000 10000 15000 20000 25000 30000
Time (ps)
C) e DIAR74:HA4A - AIASP163:0D2 D:AR74:H11 - A:CYSB9:SG D:AR74:H11 - AICYS89:O
D:AR74:H12 - A:CYS89:O DAR74:H13 - AIASP163:0D1
20
18
16
14
=12
10
P 8
: ‘”'h ) m‘ d i’ mm |
a i b i cm wd AL
2 ¥ A-mw P W AT '
o
o 5000 10000 15000 20000 25000 30000 35000
Time (ps)
D) e AIGLYS92:HN - A:4d:O7 AALATB84:HN - A:4d:O29
A4AAH37 - AIASNI82:O A4Ad:H38 - A:GLY92:O
s
4.5

@

-

Distance (4)
[¢] N
ON=0NOQWO

o 5000 10000

W“M . 'JL"NW%&WWMMWWMW |

e YRy B W T Ly o O i s PN oty D g Wy B U T o B A il gt (1 A

iudd

15000
Time (ps)

20000 25000 30000

Fig.8 Deviation of H-bond distances formed during the MD analysis. A 3BPF-E64, B 3BPF-4d, C 3BPM-Leu, D 3BPM-4d

the binding strength through the formation of additional
H-bonds or other interactions. The sulfonamido and amido
components facilitated stronger binding of ligands with their
corresponding receptor molecules. Finally, the molecular
docking studies reveal that the synthesized compounds could
possibly act by the inhibition of cysteine protease FP-2 and
FP-3 enzymes in P. falciparum. Since the inhibitory activi-
ties against P. falciparumfalcipain enzymes were prominent
in MD studies, the present thiazole-5-carboxylate derivatives
can be further developed as possible anti-FP antimalarial
agents. The compound 4d (Fig. 9) could serve as potent

@ Springer

antimalarial lead with promising P. falciparum cysteine
protease falcipain 2/3 inhibitory activity.

4 Conclusion

In this paper, nine novel thiazolyl benzenesulfonamide
derivatives were designed, synthesized, characterized
and studied for possible antimalarial potential by in silico
methods. In molecular docking studies, the synthesized
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Fig.9 Compound 4d (4-methyl-2-(4-methyl-2-(4-methylphenylsul-
fonamido)pentanamido)thiazole-5-carboxylate) with potent anti-FP
molecule

thiazolyl benzenesulfonamides exhibited remarkable bind-
ing affinity against P. falciparum cysteine protease falci-
pain 2 (FP-2) and falcipain 3 (FP-3) enzymes. Molecular
dynamics studies confirmed the antimalarial potential of
the compounds with the formation of well-defined and
stable receptor-ligand interactions against both the falci-
pain enzymes. The derivative named ethyl 4-methyl-2-(4-
methyl-2-(4-methylphenylsulfonamido)pentanamido)
thiazole-5-carboxylate possesses promising inhibitory
potential against both P. falciparum falcipain 2 and fal-
cipain 3 enzymes. Based upon present findings, thiazolyl
benzenesulfonamide-5-carboxylates can be further evalu-
ated for in vitro and in vivo antimalarial effectiveness
towards possible development as antimalarial lead mol-
ecules and/ or potent antimalarial drug candidates.
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