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Chronic Inflammation is associated with various types of diseases that involves pro-inflammatory cytokines like
IL-6 and TNF-o. High costs and serious side effects of available anti-inflammatory/immunomodulatory drugs led
us to design new compounds with promising anti-inflammatory activities. Many drugs and biologically important
compounds involve naphthoquinone and thiazole moieties in their core structures. Thereby, here we report the
synthesis, characterization and anti-inflammatory activities of new naphthoquinone thiazole hybrids by reaction
of naphthoquinone acyl thioureas with various a-bromoketone derivatives. The position of NO3 group in one of
the phenyl rings of naphthoquinone thiazole hybrids was changed while different substituents were introduced at
the para position of the second phenyl ring. All compounds were tested for potential immunomodulatory effect.
No inflammatory cytokines were observed in the absence of LPS stimulant. On the other hand, they had
promising anti-inflammatory immunomodulatory activities by being able to decrease the production of the pro-
inflammatory cytokines (TNF-a and IL-6) in the LPS-stimulated cells. In an effort to find the possible mechanism
of action, several enzymes involved in signalling pathways that play critical roles in inflammatory responses
were screened in silico. Subsequent to inverse molecular docking approach, PI3K was predicted be the potential
target. The docked complexes of the most potent compounds 5g and 5i were subjected to molecular dynamics
simulation to assess the binding stability of the igands with the putative target. Acid dissociation constants (pKj,)
of the products were also determined potentiometrically.

exhibit a wide range of pharmacological activities including anti-
cancer,”’® DNA  binding/cleavage,’ antileishmanial, anti-
mycobacterial,'’ antibacterial and antifungal® activity as well as
carbonic anhydrase'! and acetylcholinesterase'? inhibition activities.
Designing and synthesizing heterocyclic moieties as a pharmaco-

1. Introduction

Since most drug molecules contain heteroatoms such as nitrogen,
oxygen, and sulfur, pharmacophore groups bearing such atoms have
been intensively studied in medicinal chemistry.'* Naphthoquinone

moiety is a privileged heterocyclic pharmacophore involved in many
synthetic or naturally occurring pharmaceutically active compounds
such as doxorubicin, atovaquone, plumbagin, and vitamin K3.”° Recent
studies have shown that compounds bearing naphthoquinone scaffold

phore group constitute an important part of drug research studies and
several studies have reported many heterocyclic scaffolds in this con-
text.'>1° Among these structures, thiazole ring, a five-membered het-
erocyclic structure containing sulfur and nitrogen atoms, has a very

* Corresponding authors at: Department of Analytical Chemistry, Faculty of Pharmacy, Mersin University, Mersin TR-33169, Tiirkiye (Y. Nural); Department of
Pharmaceutical Chemistry, Faculty of Pharmacy, Biruni University, Istanbul 34010, Tiirkiye (A. Ece); Department of Molecular Biology and Genetics, Faculty of
Engineering and Natural Sciences, Biruni University, istanbul, 34010, Tiirkiye (F. Ayaz).

E-mail addresses: aece@biruni.edu.tr (A. Ece), fayaz@biruni.edu.tr (F. Ayaz), yahyanural@mersin.edu.tr (Y. Nural).

https://doi.org/10.1016/j.bmc.2023.117510

Received 6 October 2023; Received in revised form 26 October 2023; Accepted 30 October 2023

Available online 31 October 2023
0968-0896,/© 2023 Elsevier Ltd. All rights reserved.


mailto:aece@biruni.edu.tr
mailto:fayaz@biruni.edu.tr
mailto:yahyanural@mersin.edu.tr
www.sciencedirect.com/science/journal/09680896
https://www.elsevier.com/locate/bmc
https://doi.org/10.1016/j.bmc.2023.117510
https://doi.org/10.1016/j.bmc.2023.117510
https://doi.org/10.1016/j.bmc.2023.117510

C. Efeoglu et al.

important place in drug research. As of today, many drugs available at
the markets such as Ritonavir, Abafungin, and Tiazofurin'”'® have a
thiazole ring in their scaffold. In recent years, the synthesis of hybrid
molecules has been carried out intensively for the synthesis of more
potent compounds and various papers have reported hybrid molecules
containing thiazole show broad spectrum bioactivities such as anti-
microbial,'*?! anticancer,?>*> DNA cleavage, antioxidant,’* and anti-
convulsant® activities as well as oc-amylase,26 aromatase,”’ and
dihydrofolate reductase®® enzyme inhibitor activities.

Inflammation is present in a vast range of physiological and patho-
logical processes’” and many natural compounds and their derivatives
have been investigated for their anti-inflammatory activities.>>’ New
naphthoquinone-thiazole hybrid compounds were designed in this study
due to the presence of many 1,4—naphthoquinone31’36 or thiazole!”%”
derivatives with anti-inflammatory effects as well as many other
different bioactivities mentioned above. As a specific example, a non-
steroidal anti-inflammatory drug Fentiazac is a thiazole-based com-
pound. Vitamin K3, shikonin and plumbagin contain napththoquinone
core and have also been reported to have anti-inflammatory proper-
ties.** Since the synthesis of hybrids containing multiple pharmaco-
phore groups has become an important strategy to achieve invaluable
pharmacological activities, we aimed to design naphthoquinone-
thiazole hybrids to achieve better anti-inflammatory activity.

Non-steroidal anti-inflammatory drug candidates are needed in the
field to diversify our arsenal against inflammatory disorders.*” In our
study, we focused on macrophages that have been heavily associated
with inflammatory responses in different diseases.’® These cells are
unique in a way that they bridge different immune system cells and their
responses. They can produce cytokines to define or shape the type of
immune response.*” In our in vitro model of inflammation, macrophages
were stimulated by LPS from Gram-negative bacteria to measure the
changes in the production levels of two major inflammatory cytokines:
TNFa and IL6. The anti-inflammatory potentials of the designed
naphthoquinone-thiazole hybrids were tested on the LPS-activated
macrophages.*®°°

Here, twelve new naphthoquinone thiazole compounds were syn-
thesized and to compare the structure and anti-inflammatory activity
relationship of those hybrids, the position of the NO3 group in a phenyl
ring was changed while the substituent at the para position of the other
phenyl ring was altered with F, Cl or Br. In order to provide mechanistic
insights into potential inhibition profiles of the compounds, we
employed inverse docking approach to find out possible biological target
and then, we carried out molecular dynamics simulations to assess sta-
bility and dynamics of ligand-protein complexes. Since acid dissociation
constant (pK,) provides information about the acidity, solubility, and
many other properties of compounds, pK, values of the products in
dimethyl sulfoxide (DMSO):water (20:80 v/v) are also reported.

2. Experimental
2.1. Synthesis of 1,4-naphthoquinone acyl thiourea derivatives, 3a—c

The 1,4-naphthoquinone acyl thiourea derivatives 3a—c were pre-
pared by reaction of 2,3-diaminonaphthalene-1,4-dione and corre-
sponding acyl isothiocyanate in acetone at reflux temperature as
described previously.”!

2.2. General procedure for the synthesis of naphthoquinone thiazole
hybrids, 5a-1

A stirred solution of naphthoquinone acyl thiourea (1 mmol) in
acetone (50 mL) was stirred under reflux temperature for 15 min. Then,
a solution of corresponding 2-bromo-1-substituted ethanone (1.2 mmol)
in acetone (30 mL) was added dropwise to the naphthoquinone acyl
thiourea mixture which was stirred under reflux temperature. In the
reaction follow-up with TLC, it was determined that the reactions were
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completed in 24 h, 36 h, and 72 h, for the compounds 5a-d, 5e-h, and
5i-1, respectively. After the reaction was completed, the acetone was
completely evaporated under reduced pressure and the crude mixture
was washed with diethyl ether and then several times with methanol.
Molecular structures of the pure products obtained 5a-1 were charac-
terized using FT-IR, HRMS, 'H NMR, '3C NMR (Figs. S1-S48), and
elemental analysis.

2.2.1. N-(3-(3-amino-1,4-dioxo-1,4-dihydronaphthalen-2-yD)-4-
phenylthiazol-2(3H)-ylidene)-4-nitrobenzamide, 5a

Yellow powder. Yield, 0.44 g, 89 %. m.p.: 287-289 °C (decomp.). IR
(em™): vmax 3438, 3285, 3250, 3143, 1684, 1666, 1648, 1622, 1563,
1509, 1450, 1441, 1404, 1331, 1262. Anal. Calc. for CocH16N40sS: C,
62.90; H, 3.25; N, 11.28; S, 6.46. Found: C, 62.97; H, 3.22; N, 11.05; S,
6.40 %. '"H NMR (400 MHz, DMSO-dg): 6 8.31 (s 1H, NH), 8.22-8.19 (m,
4H, Ar—H and N—H), 8.08-8.06 (m, 1H, Ar—H), 7.86-7.75 (m, 4H,
Ar—H), 7.36-7.32 (m, 5H, Ar—H), 7.26 (s, 1H, thiazole C—H). *C NMR
(100 MHz, DMSO-dg): § 180.9 (C=0), 175.9 (C=0), 171.1 (C=0),
170.1. 149.1, 147.1, 142.4, 139.7, 135.6, 132.9, 131.7, 130.3, 130.0,
129.8 (2 x C), 129.3,128.3 (2 x C€), 128.0 (2 x C€), 126.5,125.9, 123.5
(2 x C), 112.0, 108.0. HRMS (ESI-TOF-MS): calcd. for CogH17N405S
[MH]" 497.0914; found 497.0912.

2.2.2. N-(3-(3-amino-1,4-dioxo-1,4-dihydronaphthalen-2-yD)-4-(4-
fluorophenyDthiazol-2(3H)-ylidene)-4-nitrobenzamide, 5b

Orange powder. Yield, 0.43 g, 84 %. m.p.: 301-303 °C (decomp.). IR
(cmfl): Vmax 3440, 3289, 3255, 3113, 1683, 1666, 1651, 1626, 1610,
1578, 1567, 1504, 1454, 1400, 1330, 1264. Anal. Calc. for
Ca6H15FN4OsS: C, 60.70; H, 2.94; N, 10.89; S, 6.23. Found: C, 61.06; H,
2.95; N, 10.95; S, 6.15 %. 'H NMR (400 MHz, DMSO-dg): 6 8.33 (s 1H,
NH), 8.23-8.22 (m, 4H, Ar—H and N—H), 8.09-8.07 (m, 1H, Ar—H),
7.88-7.77 (m, 4H, Ar—H), 7.41-7.37 (m, 2H, Ar—H), 7.28 (s, 1H,
thiazole C—H), 7.24-7.19 (m, 2H, Ar—H). °C NMR (100 MHz,
DMSO-dg): 6 180.8 (C=0), 175.9 (C=0), 171.2 (C=0), 170.0, 162.5
(d, Jec = 246.8 Hz, C-F), 149.2, 147.2, 142.3, 138.6, 135.5, 132.9,
131.7,130.3 (d, Jrc = 8.6 Hz, 2 x C), 130.0, 129.8 (2 x C), 126.7 (d, Jc
=3.1Hz),126.5,125.9,123.5 (2 x C), 115.4 (d, Jgc = 21.9 Hz, 2 x C),
1117, 108.2. HRMS (ESI-TOF-MS): calcd. for C26H16FN4O5S [l\/IH]Jr
515.0820; found 515.0812.

2.2.3. N-(3-(3-amino-1,4-dioxo-1,4-dihydronaphthalen-2-yD)-4-(4-
chlorophenylthiazol-2(3H)-ylidene)-4-nitrobenzamide, 5¢

Orange powder. Yield, 0.48 g, 90 %. m.p.: 309-311 °C (decomp.). IR
(Cmfl): Vmax 3438, 3288, 3246, 3109, 1683, 1666, 1650, 1626, 1577,
1568, 1532, 1514, 1486, 1463, 1454, 1400, 1367, 1330, 1264. Anal.
Calc. for Co¢H15CIN4OsS: C, 58.82; H, 2.85; N, 10.55; S, 6.04. Found: C,
58.73; H, 2.94; N, 10.36; S, 5.95 %. 'H NMR (400 MHz, DMSO-dg): &
8.31 (s 1H, NH), 8.23-8.19 (m, 4H, Ar—H and N—H), 8.09-8.06 (m, 1H,
Ar—H), 7.87-7.77 (m, 4H, Ar—H), 7.45-7.35 (m, 4H, Ar—H), 7.30 (s,
1H, thiazole C—H). *C NMR (100 MHz, DMSO-ds): 5 180.8 (C=0),
175.9 (C=0), 171.2 (C=0), 170.0, 149.2, 147.2, 142.3, 138.5, 135.5,
134.0, 132.9, 131.7, 130.0, 129.8 (2 x C), 129.7 (2 x C), 129.1, 128.5
(2x0C),126.5,125.9,123.5(2 x C), 111.6, 108.6. HRMS (ESI-TOF-MS):
caled. for CogHy6CIN4OsS [MH] T 531.0524; found 531.0510.

2.2.4. N-(3-(3-amino-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-4-(4-
bromophenyDthiazol-2(3H)-ylidene)-4-nitrobenzamide, 5d

Yellow powder. Yield, 0.53 g, 92 %. m.p.: 318-320 °C (decomp.). IR
(Cmfl): Vmax 3410, 3288, 3255, 3111. 3096, 1683, 1666, 1649, 1625,
1575, 1564, 1516, 1485, 1455, 1399, 1368, 1331, 1262. Anal. Calc. for
Co6H15BrN4OsS: C, 54.27; H, 2.63; N, 9.74; S, 5.57. Found: C, 54.62; H,
2.63; N, 9.66; S, 5.66 %. 'H NMR (400 MHz, DMSO-dg): 6 8.33 (s 1H,
NH), 8.24-8.19 (m, 4H, Ar—H and N—H), 8.10-8.08 (m, 1H, Ar—H),
7.89-7.77 (m, 4H, Ar—H), 7.58-7.56 (m, 2H, Ar—H), 7.32-7.31 (m, 2H,
Ar—H), 7.29 (s, 1H, thiazole C—H). 13C NMR (100 MHz, DMSO-ds): 5
180.7 (C=0), 175.9 (C=0), 171.2 (C=0), 170.0, 149.2, 147.2, 142.3,
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138.5,135.5,132.9,131.7,131.5 (2 x C), 130.04,129.95 (2 x C), 129.8
(2 x €),129.5,126.5,125.9,123.5 (2 x C), 112.7,111.6, 108.0. HRMS
(ESI-TOF-MS): caled. for CogHi6BrN4OsS [MH]" 575.0019; found
575.0008.

2.2.5. N-(3-(3-amino-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-4-
phenylthiazol-2(3H)-ylidene)-3-nitrobenzamide, 5e

Orange powder. Yield, 0.42 g, 85 %. m.p.: 315-317 °C (decomp.). IR
(em™1): vmax 3439, 3366, 3285, 3255, 3116, 1686, 1647, 1613, 1575,
1558, 1530, 1510, 1455, 1366, 1332, 1262. Anal. Calc. for
CoeH16N405S: C, 62.90; H, 3.25; N, 11.28; S, 6.46. Found: C, 62.65; H,
3.20; N, 11.42; S, 6.35 %. 'H NMR (400 MHz, DMSO-dg): 6 8.73 (s, 1H,
Ar—H), 8.39-8.28 (m, 2H, Ar—H), 8.32 (s 1H, NH), 8.09 (d, 1H,J=7.2
Hz, Ar—H), 7.87-7.77 (m, 4H, Ar—H and N—H), 7.71-7.67 (m, 1H,
Ar—H), 7.37-7.34 (m, 5H, Ar—H), 7.25 (s, 1H, thiazole C—H). 1*C NMR
(100 MHz, DMSO-dg): § 180.9 (C=0), 176.0 (C=0), 170.7 (C=0),
169.9, 147.8, 147.1, 139.7, 138.4, 135.6, 134.5, 132.9, 131.8, 130.2,
130.0, 129.9,129.2, 128.4 (2 x C), 127.9 (2 x C), 126.4, 125.9, 125.8,
123.1, 112.0, 107.8. HRMS (ESI-TOF-MS): caled. for CgH;7N405S
[MH]™" 497.0914; found 497.0909.

2.2.6. N-(3-(3-amino-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-4-(4-
fluorophenyDthiazol-2(3H)-ylidene)-3-nitrobenzamide, 5f

Yellow powder. Yield, 0.41 g, 80 %. m.p.: 328-330 °C (decomp.). IR
(Cmfl): Vmax 3374, 3296, 3255, 3112, 1694, 1670, 1649, 1611, 1590,
1575, 1558, 1530, 1515, 1455, 1406, 1333, 1264. Anal. Calc. for
Co6H15FN405S: C, 60.70; H, 2.94; N, 10.89; S, 6.23. Found: C, 60.95; H,
2.90; N, 10.73; S, 6.36 %. '"H NMR (400 MHz, DMSO-dp): 6 8.73 (s, 1H,
Ar—H), 8.39-8.29 (m, 2H, Ar—H), 8.35 (s 1H, NH), 8.10 (d, 1H, J = 7.0
Hz, Ar—H), 7.90-7.78 (m, 4H, Ar—H and N—H), 7.71-7.67 (m, 1H,
Ar—H), 7.42-7.39 (m, 2H, Ar—H), 7.27 (s, 1H, thiazole C—H),
7.25-7.20 (m, 2H, Ar—H). 13¢ NMR (100 MHz, DMSO-dg): 6 180.8
(C=0), 176.0 (C=0), 170.7 (C=0), 169.8, 162.5 (d, Jrc = 246.8 Hz, C-
F), 147.8, 147.2, 138.6, 138.4, 135.5, 134.5, 132.9, 131.8 130.3 (d, Jrc
=8.6 Hz, 2 x C), 130.03,129.97, 126.7 (d, Jgpc = 2.8 Hz), 126.4, 125.90,
125.86,123.1,115.5(d, Jgc =21.9 Hz, 2 x C), 111.7, 108.0. HRMS (ESI-
TOF-MS): CogH16FN4OsS [MH] T 515.0820; found 515.0813.

2.2.7. N-(3-(3-amino-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-4-(4-
chlorophenyDthiazol-2(3H)-ylidene)-3-nitrobenzamide, 5g

Yellow powder. Yield, 0.47 g, 89 %. m.p.: 336-338 °C (decomp.). IR
(Cmfl): Vmax 3375, 3290, 3255, 3112, 1692, 1670, 1648, 1610, 1589,
1575, 1552, 1529, 1515, 1452, 1406, 1332, 1265. Anal. Calc. for
Co6H15CIN4O5S: C, 58.82; H, 2.85; N, 10.55; S, 6.04. Found: C, 58.95; H,
2.84; N, 10.72; S, 6.10 %. 'H NMR (400 MHz, DMSO-dg): 6 8.73 (s, 1H,
Ar—H), 8.39-8.29 (m, 2H, Ar—H), 8.35 (s 1H, NH), 8.10 (d, 1H,J=7.1
Hz, Ar—H), 7.92-7.78 (m, 4H, Ar—H and N—H), 7.71-7.67 (m, 1H,
Ar—H), 7.46-7.44 (m, 2H, Ar—H), 7.39-7.36 (m, 2H, Ar—H), 7.31 (s,
1H, thiazole C—H). '3C NMR (100 MHz, DMSO-ds): § 180.8 (C=0),
175.9 (C=0), 170.7 (C=0), 169.8, 147.8, 147.2, 138.4, 138.3, 135.6,
134.5,134.0,133.0,131.7,130.1,130.0, 129.7 (2 x C), 129.1, 128.6 (2
x C), 126.5, 125.9 (2 x C), 123.1, 111.6, 108.4. HRMS (ESI-TOF-MS):
caled. for CagH16CIN4OsS [MH] " 531.0524; found 531.0519.

2.2.8. N-(3-(3-amino-1,4-dioxo-1,4-dihydronaphthalen-2-yD)-4-(4-
bromophenyDthiazol-2(3H)-ylidene)-3-nitrobenzamide, 5h

Orange powder. Yield, 0.48 g, 84 %. m.p.: 327-329 °C (decomp.). IR
(cm_l): Vmax 3374, 3296, 3256, 3110, 1683, 1648, 1610, 1589, 1575,
1558, 1529, 1515, 1455, 1403, 1332, 1265. ¢ 'H NMR (400 MHz,
DMSO-de): 6 8.73-8.72 (m, 1H, Ar—H), 8.39-8.28 (m, 2H, Ar—H), 8.34
(s 1H, NH), 8.11 (dd, 1H, J = 7.2 Hz, 1.0 Hz, Ar—H), 7.90-7.78 (m, 4H,
Ar—H and N—H), 7.71-7.67 (m, 1H, Ar—H), 7.60-7.58 (m, 2H, Ar—H),
7.32-7.30 (m, 3H, Ar—H and thiazole C—H). C NMR (100 MHz,
DMSO-dg): 6 180.7 (C=0), 175.9 (C=0), 170.7 (C=0), 169.8, 147.8,
147.2, 138.5, 138.3, 135.6, 134.5, 133.0, 131.7, 131.5 (2 x C), 130.1,
130.0,129.9 (2 x C€), 129.4, 126.5,125.9 (2 x C), 123.1, 122.7, 111.6,
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108.4. HRMS (ESI-TOF-MS): calcd. [MH]*

575.0019; found 575.0009.

for C26H16BrN4058

2.2.9. N-(3-(3-amino-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-4-
phenylthiazol-2(3H)-ylidene)-4-chloro-3-nitrobenzamide, 5i

Orange powder. Yield, 0.39 g, 73 %. m.p.: 305-307 °C (decomp.). IR
(em™Y): vpay 3428, 3304, 3255, 3066, 1687, 1651, 1622, 1588, 1532,
1463, 1442, 1403, 1338, 1264, 1265. Anal. Calc. for CogH;5CIN4OsS: C,
58.82; H, 2.85; N, 10.55; S, 6.04. Found: C, 59.05; H, 2.90; N, 10.48; S,
6.02 %. 'H NMR (400 MHz, DMSO-dg): 6 8.54 (s, 1H, Ar—H), 8.33 (s 1H,
NH), 8.23 (d, 1H, J = 7.7 Hz, Ar—H), 8.10 (d, 1H, J = 7.0 Hz, Ar—H),
7.92-7.82 (m, 5H, Ar—H and N—H), 7.38 (s, 5H, Ar—H), 7.29 (s, 1H,
thiazole C—H). 13C NMR (100 MHz, DMSO-dg): 6§ 180.8 (C=0), 175.9
(C=0), 170.0 (C=0), 169.8, 147.14, 147.10, 139.7, 137.1, 135.6,
133.2,132.9, 132.1, 131.7, 130.2, 129.9, 129.3, 128.4 (2 x C), 128.0,
127.9 (2 x C), 126.4, 125.9, 125.5, 111.9, 108.0. HRMS (ESI-TOF-MS):
caled. for CogH;6CIN4OsS [MH]' 531.0524; found 531.0516.

2.2.10. N-(3-(3-amino-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-4-(4-
fluorophenyDthiazol-2(3H)-ylidene)-4-chloro-3-nitrobenzamide, 5j

Orange powder. Yield, 0.41 g, 75 %. m.p.: 291-293 °C (decomp.). IR
(cmfl): Vmax 3384, 3305, 3254, 3072, 1689, 1651, 1615, 1592, 1538,
1504, 1463, 1407, 1335, 1265. Anal. Calc. for CyHi14CIFN4OsS: C,
56.89; H, 2.57; N, 10.21; S, 5.84. Found: C, 56.95; H, 2.66; N, 9.98; S,
5.80 %. 'H NMR (400 MHz, DMSO-dg): 6 8.51 (d, 1H, J = 1.6 Hz,
Ar—H), 8.32 (s 1H, NH), 8.21 (dd, 1H, J = 8.4 Hz, 1.6 Hz, Ar—H), 8.08
(d, 1H, J = 7.2 Hz, Ar—H), 7.87-7.79 (m, 5H, Ar—H and N—H), 7.39
(dd, 2H, J = 8.4 Hz, 5.5 Hz, Ar—H), 7.28 (s, 1H, thiazole C—H),
7.24—7.19 (m, 2H, Ar—H). '3C NMR (100 MHz, DMSO-dg): 5 180.7
(C=0), 175.9 (C=0), 169.89 (C=0), 169.86, 162.5 (d, Jpc = 246.7 Hz,
C-F), 147.2 147.1, 138.7, 137.0, 135.6, 133.2, 133.0, 132.1, 131.7,
130.3 (d, Jgc = 8.7 Hz, 2 x C), 129.9, 128.1, 126.6 (d, Jgc = 3.0 Hz),
126.5, 125.9, 125.5, 115.5 (d, Jgc = 21.9 Hz, 2 x C), 111.6, 108.2.
HRMS (ESI-TOF-MS): caled. for CogHisCIFN4OsS [MH]T 549.0430;
found 549.0421.

2.2.11. N-(3-(3-amino-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-4-(4-
chlorophenyDthiazol-2(3H)-ylidene)-4-chloro-3-nitrobenzamide, 5k

Orange powder. Yield, 0.39 g, 70 %. m.p.: 297-299 °C (decomp.). IR
(em™Y): vmax 3437, 3374, 3293, 3259, 3105, 1683, 1649, 1611, 1588,
1568, 1532, 1515, 1470, 1455, 1403, 1335, 1264. Anal. Calc. for
Co6H14Cl5N405S: C, 55.23; H, 2.50; N, 9.91; S, 5.67. Found: C, 55.00; H,
2.51; N, 10.05; S, 5.75 %. TH NMR (400 MHz, DMSO-dg): 6 8.50 (d, 1H,
J =1.9 Hz, Ar—H), 8.33 (s 1H, NH), 8.20 (dd, 1H, J = 8.4 Hz, 2.0 Hz,
Ar—H), 8.10-8.07 (m, 1H, Ar—H), 7.91 (s 1H, NH), 7.85-7.78 (m, 4H,
Ar—H), 7.45-7.43 (m, 2H, Ar—H), 7.37-7.34 (m, 2H, Ar—H). 7.32 (s,
1H, thiazole C—H). 3C NMR (100 MHz, DMSO-d): 5 180.7 (C=0),
175.9 (C=0), 169.9 (C=0 and C), 147.2, 147.1, 138.5, 137.0, 135.5,
134.0,133.2,133.0,132.1,131.7,130.0, 129.7 (2 x C), 129.0, 128.6 (2
x C), 128.1, 126.5, 125.9, 125.5, 111.5, 108.6. HRMS (ESI-TOF-MS):
caled. for CogH;5C1oN4OsS [MH] 1 565.0135; found 565.0132.

2.2.12. N-(3-(3-amino-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-4-(4-
bromophenyDthiazol-2(3H)-ylidene)-4-chloro-3-nitrobenzamide, 51
Orange powder. Yield, 0.49 g, 81 %. m.p.: 280-283 °C (decomp.). IR
(Cmfl): Vmax 3372, 3296, 3253, 3099, 1687, 1647, 1590, 1569, 1532,
1463, 1336, 1263. Anal. Calc. for CogHy4BrCIN4OsS: C, 51.21; H, 2.31;
N, 9.19; S, 5.26. Found: C, 51.52; H, 2.35; N, 9.20; S, 5.36 %. H NMR
(400 MHz, DMSO-dg): 6 8.50 (d, 1H, J = 1.5 Hz, Ar—H), 8.31 (s 1H, NH),
8.20 (dd, 1H, J = 8.4 Hz, 1.6 Hz, Ar—H), 8.09-8.08 (m, 1H, Ar—H),
7.89-7.77 (m, 5H, Ar—H and NH), 7.59-7.56 (m, 2H, Ar—H), 7.32 (s,
1H, thiazole C—H), 7.30-7.28 (m, 2H, Ar—H). °C NMR (100 MHz,
DMSO-dg): 6 180.7 (C=0), 175.9 (C=0), 169.93 (C=0), 169.92,
147.23, 147.15, 138.6, 137.0, 135.5, 133.3, 133.0, 132.1, 131.7, 131.5
(2 x C), 130.0,129.9 (2 x C), 129.4, 128.1, 126.5, 125.9, 125.5, 122.7,
111.5, 108.6. HRMS (ESI-TOF-MS): calcd. for CogHsBrCIN4OsS [MH]*
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608.9630; found 608.9616.
2.3. Cell culture

J774.2 macrophage cell line, which is the immune system cell ob-
tained from ATCC, Roswell Park Memorial Institute (RPMI 1640) me-
dium contains 10 % fetal bovine serum, 1 % antibiotic (100 pg/mL
penicillin and 100 ug/mL streptomycin) and sodium pyruvate. In this
context, an incubator (37 °C, 5 % CO3) providing suitable conditions for
the growth of cells was used. Application of 12 molecules synthesized,
LPS and salicylic acid (SA) to J774.2 cells were as follows: Cells con-
taining immune system cell J774.2 macrophage were added to 1 mL
(RPMI 1640) medium to 24-well plates. The cells that we added to the
plates were incubated in an incubator at 37 °C, 5 % CO» providing the
appropriate conditions. To examine the production levels of molecules
on TNF-a and IL6 cytokines, 12 molecules were applied at concentra-
tions of 1 ug /mL, 2 pg/mL, and 5 ug/mL.

The indicated 12 molecules were examined with and without the
addition of lipopolysaccharide (LPS). After J774.2 cells completed the
24 h formation phase under appropriate conditions, their effects were
examined by the ELISA method.

2.4. Elisa method

The Sandwich ELISA method was applied to observe the effects of
molecules on TNF-a and IL6 cytokines. ELISA kits (BD Biosciences, CA,
USA) were used during this experiment and were performed in accor-
dance with the specified instruction manual.

Application of ELISA kits: The first step was performed by transferring
specific antibodies recognizing TNF-a and IL6 cytokines (0.5 pg/mL pH
= 9.5, 100 uL/well in bicarbonate buffer) into 96-well plates. Specific
antibodies recognizing the transferred cytokines were incubated for 12
h. After this time, the solutions in the ELISA plates were poured. Plates
were washed by adding 0.05 % Tween 20 PBS. This process was
repeated 3 times.

The next step was to add 200 uL of blocking buffer (1 % BSA PBS) to
the wells and incubate at 4 °C for the appropriate time. After the incu-
bation phase was completed, the plates were washed 3 times and the
washing process was applied. 100 pL samples were added to the washed
wells. Samples added to ELISA plates were incubated at 4 °C for 12 h.
The washing process was applied 3 times to the plates whose incubation
stage was completed.

In the next step, 100 uL of TNF-a and specific antibodies recognizing
IL6 cytokines (0.5 ug/mL in 10 % FBS PBS) were added to the wells.
Specific antibodies recognizing the cytokines added to the ELISA plates
were incubated within 1 h at the appropriate temperature (room tem-
perature). After the incubation was completed, the solution on the plates
was poured out. Afterwards, the plates were washed 3 times.

The incubation process was started by adding 100 pL of Streptavidin
HRP solution to the plates that were washed. Incubation was completed
within 1 h at room temperature. The ELISA plates, which had completed
the incubation process at room temperature, were washed 3 times. Then,
100 L of TMB substrate (BD OptEIA) was added to the plates. Sulphuric
acid (50 pL 1 M) was applied to the wells of the plates to stop the re-
actions. Absorbance measurement at 450 nm was performed to calculate
TNF-a and IL6 concentration levels.

2.5. Cell count

First, supernatants were separated from the wells of the plates, and
then the cells were washed with PBS. Trypan blue was added to count
the cells and cell viability was determined.

2.6. Inverse molecular docking and molecular dynamics studies

1 52 . . .7
Schrodinger software®” and related modules were used in in silico
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Table 1

Inverse molecular docking results for the most potent compound 5g and 5i.
Target Enzymes PDB ID Docking Scores (kcal/mol) RMSD Value

Native Ligand 5g 5i
PI3K 1E7V —9.02 —6.82 —7.01 0.41
PKC alpha 4RA4 -9.28 —3.63 —4.25 1.75
PKC theta 5F9E —13.42 —2.41 —5.31 0.20
P38 mapk 27B1 —9.92 —4.63 —4.87 0.41
JNK1 1UKI —9.85 —4.00 —4.75 0.34
JNK-3 3TTI —-12.97 —4.60 —4.40 0.24
COX-1
40172 -5.17 NP NP 1.89

COX-2 3LN1 —11.53 NP NP 0.25
NFkappaB p50°  1NFK - —401 -1.68 NA
Cjurl/(:fosh 1FOS - —-1.24 —-1.27 NA

NP: No poses found.
2 Grid box for the binding site was set to 30 A according to the literature.””
b Grid box for the binding site was set to 20 A according to the literature.”*

calculations. High resolution structures of potential proteins were
downloaded from protein databank and subjected to protein preparation
workflow.>® Co-crystalized ligands (native ligands) were kept, where
available, but the rest of molecules that do not belong to proteins,
including water molecules were deleted. Default settings were used to
prepare final structures which assign bond orders, optimize proteins to
address any overlapping hydrogens and minimize final structures at
OPLS4 forcefield.>

The active compounds 5g and 5i were also prepared by utilizing
LigPrep55 tool. All states at target pH (7.0 + 2.0), tautomers and all
possible conformations were prepared using this tool to cover larger 3D
chemical space.

Using grid generation tool, binding sites of proteins were identified
by taking native ligands as reference structure. For the proteins where
the native ligand was not available, the receptor grid was set up and
generated using key residues that were taking from literature. Binding
site size for those proteins were adjusted according to the literature (see
Table 1 footnotes).

Glide XP°° module of Schrodinger at default settings was used in
molecular docking of active compounds to the library of the prepared
proteins.

The stability and dynamics of the docked complexes of the most
potent compounds 58 and 5i were evaluated by molecular dynamics
simulations employing Desmond Software®” implemented in
Schrodinger software.

System builder tool was used to prepare the systems first. Complexes
were immersed in an orthorhombic box and solvated using simple point
charge (SPC) solvent model.”® Neutralization process was performed
with sodium counterions and then 0.15 M NaCl was added. Final systems
were subjected to the MD simulations for 200 ns with normal pressure
(1.01325 bar) and temperature (300 K) (NPT) ensemble at default
relaxation protocol. Recording interval was 200 ps that yielded about
1000 frames.

Molecular descriptors related to absorption, distribution, meta-
bolism and excretion (ADME) analysis were calculated using QikProp of
Schrodinger.”

2.7. Determination of acid dissociation constants

Potentiometric titrations were performed with the model TitroLine®
7000 automatic titrator using a combined glass electrode and pH values
were measured. Standard buffer solutions pH 4.01, pH 7.00, and pH
10.01 were used when the glass electrode was calibrated according to
the procedure described elsewhere.®! For the potentiometric titra-
tions, a double-walled glass titration cell with a thermostat at 25.0 +
0.1 °C was used. During the titration, the titration cell was stirred at a
constant rate using a magnetic stirrer, and high-purity nitrogen was
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Scheme 1. Synthesis of the naphthoquinone-thiazole hybrids 5a-1.

passed through the titration cell.

The stock solutions prepared for titration are as follows: Stock so-
lutions of 1.10~3 M 5a-1 in DMSO, 0.025 M NaOH (used as titrant), 0.1
M HCI (used to obtain acidic medium), and 1.0 M NacCl (used to adjust
ionic strength) in deionized water were prepared. To determine the pK,
values of 5a-1 in DMSO-water (20:80 v/v) in a dimethyl sulfoxide-water
(20:80 v/v) solvent mixture at a 0.1 M NaCl ionic strength, titration cell
was supplemented with 5 mL of the 5a-1ligand solutions, 1 mL HCl and
5 mL NaCl solution from previously prepared stock solutions. Then, 5
mL of DMSO and 34 mL of deionized water were added to the titration
cell. The pKy, value, which is defined as —log[H"][OH ] for the aqueous
system, was obtained as 14.45 + 0.05 at the ionic strength employed.
pK, values of 5a-1 were calculated with the HYPERQUAD computer
program using the obtained potentiometric data.

3. Results and discussion
3.1. Synthesis and characterization

The naphthoquinone-thiazole hybrids 5a-1 were synthesized by the
reaction of naphthoquinone acyl thiourea derivatives 3a—c with various
2-bromo-1-substituted ethanones 4 in acetone under reflux temperature
in 70-92 % yield. The preparation of naphthoquinone-thiazole hybrids
as a result of the reactions between naphthoquinone acyl thiourea de-
rivatives and 2-bromo-1-substituted ethanones and their stereochemis-
try determination were described in our previous study.’’ The
naphthoquinone acyl thioureas 3a—c used as intermediates were pre-
pared according to a previous literature method®' by reacting 2,3-
dichloronaphthalene-1,4-dione 1 with corresponding acyl isothiocya-
nate 2 (Scheme 1). The molecular structures 5a-1 were characterized by
'H NMR, !3C NMR, FT-IR, HRMS, and elemental analysis (see supple-
mentary part). The compounds 5a-d were obtained in 24 h, the syn-
thesis of 5e-h was completed in 36 h and finally, the reaction time for

5i-1 was 72 h. In the 'H NMR spectra of 5a-1, the characteristic singlet
peak of the thiazole ring proton was observed in the range of 7.25-7.32
ppm. Proton peaks of amine groups in 5a-1 were detected in different
places since one proton forms hydrogen bonds with the benzamide
moiety. It was observed that the carbon peak of the thiocarbonyl group
in 3a-c disappeared in the *C NMR spectra of the products 5a-1. In the
13C NMR spectra of 5a-1, the carbon peaks of the three C=0 carbons
found in the molecular structures of the products were observed in the
range of 180.9-169.9 ppm.

3.2. Cell viability

None of the compounds caused any cell death at all concentrations
with and without LPS (Fig. 1). Hence, they might have the potential of
being drug candidates compatible with the body that do not show
cytotoxic properties to prevent the inflammatory reactions of immune
cells. In the next phase of our study, we focused of the immunomodu-
latory properties of these compounds by measuring cytokine production
levels of cells in the immune system. Depending on the results, they
could be developed further to be used in autoimmune disorders with no
cytotoxic properties.

The effect of 12 molecules on the production levels of two cytokines,
TNF-a and IL6, were examined (Figs. 2-5). Comparison of TNF-a and IL6
cytokines with and without LPS was followed (Figs. 2-5). To examine
the production levels of TNF-a and IL6 cytokines, 12 molecules were
applied at concentrations of 1 ug /mL, 2 pg/mL, and 5 ug/mL.

No cytokine production was observed in the cells in the negative
control group. LPS has a feature that stimulates the inflammatory re-
actions in macrophage cells. It's enhancing effect on TNF-a was
observed. The LPS positive control group showed 8000 pg/mL for TNF-
o. The TNF-a was decreased in LPS + SA compared to the LPS wells. The
anti-inflammatory effect of LPS + SA was observed that by a decreased
TNF-a concentration compared to the LPS control group (Figs. 2 and 3).
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Fig. 1. After 1 day of incubation, the molecules used at concentrations of 1, 2, and 5 ug/mL were transferred into the wells with and without LPS to determine the
cell viability. Immune cells of the J774.2 line were stimulated for 1 day with the molecules in the absence and presence of LPS. In the negative control group, 5 pg/mL
SA was added. The cell viability was determined by using trypan blue. ***p < 0.0001, **p < 0.0005, *p < 0.001 (N = 3).

When the 3 different concentrations of the 5a molecule were examined,
no change was observed in the anti-inflammatory properties depending
on the concentrations. However, anti-inflammatory effects of 5b, 5c,
and 5d were increased in parallel with the concentration levels by
observing a reduction in TNF-a in the presence of LPS. On the other
hand, compounds 5e and 5g had a greater effect on TNF-a at 5 yL/mL
concentration (Fig. 2).

Production levels of 12 molecules our 2 cytokines, TNF «, and IL6,
were examined without adding LPS. No effect on TNF-a was observed in
the negative control group. In the LPS well, there was an increase in
TNF-a production. There was a decrease in TNF-a production in LPS +
SA wells compared to the LPS wells (Fig. 2). No production of TNF-o
cytokine was detected in the presence of these 12 molecules alone
(without LPS) (Fig. 3) meaning that there was no effect on the cytokine

production by our molecules in the absence of LPS.

In the control group, there were no stimuli for IL6 production (Figs. 4
and 5). Therefore, IL6 production was not observed in the control group.
Since LPS is known to have a stimulating effect on cytokine production
of cells, the results obtained from the 12 substances used were inter-
preted in comparison to the data of the LPS group. Our negative control
was SA and in the presence of SA, there was a decrease in IL6 production
in LPS-stimulated cells compared to the LPS-treated group alone (Figs. 4
and 5). Thus, we can conclude that SA has an anti-inflammatory effect.
There was no difference in IL6 production values at 1 and 2 pL/mL
concentrations of 5e (Fig. 4). The anti-inflammatory effect was higher at
the concentration of 5 uL/mL. 5f had a dose-dependent anti-inflamma-
tory effect based on IL6 production levels (Fig. 4). There was no dif-
ference between the IL6 production levels in the 5g molecule at
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Fig. 2. After 1 day of incubation, the molecules used at 1, 2, and 5 png/mL concentrations were transferred into the wells with LPS to determine the TNF production
levels. Immune cells of the J774.2 line were stimulated for 1 day with the molecules in the absence and presence of LPS. In the negative control group 5 pg/mL SA
was added. ELISA method was used to determine the TNF concentration. ***p < 0.0001, **p < 0.0005, *p < 0.001 (N = 3).
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Fig. 3. After 1 day of incubation, the molecules used at 1, 2, and 5 pg/mL
concentrations were transferred into the wells without LPS to determine the
TNF production levels. Immune cells of the J774.2 line were stimulated for 1
day with the molecules in the absence and presence of LPS. In negative control
group 5 pg/mL SA was added. ELISA method was used to determine the TNF
concentration. ***p < 0.0001, **p < 0.0005, *p < 0.001 (N = 3).

concentrations of 2 and 5 pg/mL, but compared to LPS treated group
alone it had anti-inflammatory activity (Fig. 4). It was observed that the
anti-inflammatory effect was lower at 1 pL.,/mL concentration compared
to other concentrations for 5g, so there was a dose-dependent activity.
5h and 5i had anti-inflammatory activity independent of their doses
(Fig. 4). 5j exerted a dose-dependent anti-inflammatory activity for IL6
production levels (Fig. 4). No anti-inflammatory effect was observed at
1 pL/mL concentration of the 5k molecule. But a stark anti-
inflammatory effect was detected at 2 and 5 pL/mL concentrations
(Fig. 4). The 1 pL/mL concentration of the 5k molecule was the only

concentration among all other molecules that did not show an anti-
inflammatory effect. Among the 2 uL/mL concentrations in the graph,
the molecule with the highest anti-inflammatory effect was the 5k
molecule. The anti-inflammatory effect increased as the concentration of
51 increased (Fig. 4).

In the control group, no stimuli that could affect the production of
IL6 cytokine were used (Fig. 5). Therefore, IL6 production was not
observed in the control group. All compounds lacked immunostimula-
tory activity to produce IL6 in the absence of LPS (Fig. 5).

3.3. Inverse molecular docking and molecular dynamics simulations

In contrast to frequently used traditional molecular docking
methods®%®® which is the docking of a set of ligands to a specific target,
we used inverse molecular docking protocol to predict possible target.
Inverse docking is the docking of compounds to a library of receptors to
identify potential targets. This approach has attracted much attention
and has been successfully used as a novel technique in recent years.®*°°
We selected critical biological targets that, upon inhibition, could
diminish expression of inflammatory mediators. PI3K, PKC, p38, JNK,
COX, NFkB, and cJUN/cFos are pathways that have been associated with
inflammatory responses by immune system cells. These pathways
regulate cell survival, apoptosis, metabolism and gene expression that
eventually alter the production rates of the inflammatory cytokines or
mediators during an immune system response.’®’? Therefore, they are
major candidates for our molecular target analysis. In our study, we
focused on the in silico analysis of the compounds for their potential
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Fig. 4. After 1 day of incubation, the molecules used at of 1, 2, and 5 ug/mL concentrations were transferred into the wells with LPS to determine the IL6 production

levels. Immune cells of the J774.2 line were stimulated for 1 day with the mole

cules in the absence and presence of LPS. In the negative control group, 5 ug/mL SA

was added. ELISA method was used to determine the IL6 concentration. ***p < 0.0001, **p < 0.0005, *p < 0.001 (N = 3).
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Fig. 5. After 1 day of incubation, the molecules used at 1, 2, and 5 ug/mL concentrations were transferred into the wells without LPS to determine the IL6 production
levels. Immune cells of the J774.2 line were stimulated for 1 day with the molecules in the absence and presence of LPS. In the negative control group, 5 ug/mL SA
was added. ELISA method was used to determine the IL6 concentration. ***p < 0.0001, **p < 0.0005, *p < 0.001 (N = 3).

interaction with these pathways.

As a critical step of molecular docking, root mean square deviation
(RMSD) values were considered as internal validation of docking pro-
cedure which shows how well the software can reproduce x-ray crystal
conformation of native ligand.”® Glide XP with default settings was
found to be successful for the target proteins. We identified PI3K as
potential target based on the docking score threshold of —5.0 kcal/mol
which was the lowest score predicted for the native ligands (Table 1).
Besides that, Glide XP results reflected best for the most active com-
pounds, 5g and 5i, against PI3K. Both compounds had the highest score
for only PI3K.

The resulting docked complexes were then subjected to molecular
dynamics simulations (200 ns) to predict stability of the complexes and
most probable ligand interactions by analyzing simulation-interaction
diagrams. Main graphs are given in Figs. 6 and 7. In both cases, the root
mean square deviation (RMSD) values of proteins show slight deviations
from their initial positions but remain under permissible thermal
average of 1-3 A which is an indication of a stable binding.”® While
protein ligand complex of 5i was stable for whole time, protein-5g
complex was stabilized after 75 ns of the simulation.

Ligand RMSD value of 5i remained low that meant the ligand was not
diffused away from the binding site of PI3K. Although 5g seemed to
undergo large conformational changes compared with its initial posi-
tion, the variations were within the permissible range of ~3 A during the
whole course of simulation. Visual inspection of the simulation trajec-
tories also confirmed that 5g stayed in the binding pocket of PI3K.

The green vertical lines in RMSF graphs show the amino acids that
the ligands are interacting with. For both compounds, the interacting
residues have low RMSF values meaning that the ligands have favorable
contacts which at the end, stabilize the whole system.

On the other hand, ligand-amino acid interactions that were lasted
for at least one third of the simulation period were also evaluated. The
noticeable interaction is the n-n interaction of 5g with TYR867 that was
stable for 92 % of all the simulation time. In addition, two more 7-nt
stacking interaction were observed between 5g and TRP812. Amino
group of 5g also engages in hydrogen bonding with ALA885 (46 %),
VAL882 (68 %), LYS883 (70 %) and with ASP964 through water
bridges. Walker et al.”” reported detailed interactions of ATP and several
inhibitors (wortmannin, LY294002, quercetin, myricetin, staur-
osporine) with PI3K. The discussion on the binding interactions will be
based on this aforementioned study. One of the interactions in 5g/PI3K
complex is observed in the co-crystallized native ligand LY294002
which is a synthetic ligand that was reported to be much more stable
PI3K inhibitor in solution than wortmannin. This interaction is the
hydrogen bond with the backbone of VAL882 located at the hinge region

and carbonyl oxygen of benzamide moiety of 5g. Furthermore, the
observed long-lasting interaction, hydrophobic n-n interaction with
TYR867, is seen as a hydrogen bond in wortmannin/PI3K complex.
Moreover, TRP812 is the same hydrophobic pocket that both LY294002
and wortmannin occupy. Although through water bridges, the interac-
tion with ASP964 seems to be also vital because this amino acid involves
in the binding of all inhibitors studied and also in ATP/enzyme complex.
The most stable contact for 5i is the n-cation bond between nitro group
and TYR867 of PI3K that preserved for 73 % of MD simulation. Besides a
hydrogen bond that formed between amino group and ASP950, 5i ex-
hibits two more hydrogen bonds with ALA885 and ASP964 via water
bridges. Although none of those interactions are observed in the
LY294002/PI3K complex, the hydrogen bond with TYR867 exists in
wortmannin/PI3K and the amino acid residue ASP94 plays roles in the
binding of all inhibitors reported as discussed above. In both com-
pounds, aromatic rings, nitro and amino groups seem to be involved in
most critical interactions.

Combination of experimental and in silico findings revealed that the
presence of nitro group at X; position expressed a better activity. The
strong electronegative atom, fluorine atom at position X3 seemed to be
detrimental to activity. As can be seen in Fig. 6, in such conformations,
high electron density on both aromatic rings is crucial to engage in a T-
shaped n-n interaction with the TRP812. If a ligand adopts in a different
conformation as seen in 5i, repulsion of negatively ionized amino acids
residues such as ASP950 and ASP964 with fluorine end might result in
an unfavourable conformation. This could be the reason that 5i has
better activity than 5b.

It is of critical importance to take into account the ADME properties
of compounds in the early stage of drug development. Therefore, a
number of descriptors related to ADME were calculated for the com-
pounds 5a-5i (Table 2). Although majority of the compounds seems to
violate one of the Lipinski’s rule of five, this clearly results from mo-
lecular weights which are slightly >500. However, it is noteworthy to
mention that those criteria are for orally absorbed drugs and not every
oral drug obeys all those rules. For instance, many natural products are
beyond the rule of five.”® All compounds were predicted to have
acceptable brain/blood partition coefficient which is important for
central nervous system (CNS) targeted drugs. In addition, MDCK cells
mimic for the blood-brain barrier and QPPMDCK parameters of the
compounds also fall within acceptable ranges. QPlogPo/w values are
around 3 that lie within acceptable range (2-4) for CNS penetration.””
Thus, all compounds were predicted to have the ability to penetrate the
blood-brain barrier. Caco-2 cells imitate gut-blood barrier. The
QPPCaco values indicate that compounds might have good cell perme-
ability in vivo. Overall descriptors in Table 2 show that our compounds
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have good pharmacokinetic profiles and could be further developed as
oral or parenteral drug candidates.

3.4. Acid dissociation constants

The pK, values are one of the critical parameters that provide in-
formation about solubility and degree of ionization in various solvents
and pH environments, as well as acidity/basicity and the hydrogen
bonding capacity of the bioactive molecule. In addition, since drug
molecules usually exhibit activity in ionized form, it is important to
know the ionization state of each functional group in the drug molecule
in its environment.’”®! Because of the critical information that pK,

10

values give about the compounds, it is important to determine the pK,
values of the compounds. Since most organic compounds have low
solubility in water and DMSO-water hydro-organic solvent systems
provide significant advantages like compatibility with the standard glass
electrode and a large acidity range, the DMSO-water mixture is widely
used for the determination of potentiometrically pK, values of organic
compounds.?*®!

The pK, values of naphthoquinone thiazole hybrids 5a-1 were
calculated by the HYPERQUAD computer program using data obtained
potentiometrically at 25.0 + 0.1 °C, 0.1 M ionic strength of NaCl in
DMSO-water (20:80 v/v) hydro-organic solvent medium. Potentiometric
titration studies were carried out according to the method specified in
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Table 2

Calculated ADME related molecular properties of compounds 5a-1.
Comp. MW* QPlogPo/w” QPlogBB" QPPMDCK PSA°® QPPCaco’ QPlogs® %HOA" RO5'
5a 496.50 3.19 —2.09 38.34 155.71 58.86 —5.93 77.27 0
5b 514.49 3.42 —2.00 68.38 155.72 58.20 —6.29 65.57 1
5¢ 530.94 3.67 -1.97 93.42 155.71 58.23 —6.66 67.05 1
5d 575.39 3.74 -1.97 100.30 155.72 58.16 —6.77 67.48 1
5e 496.50 3.30 -1.71 72.01 155.63 105.25 —5.54 82.47 0
5f 514.49 3.52 -1.76 100.10 155.62 82.66 —6.05 68.91 1
5g 530.94 3.78 —1.58 176.33 155.59 104.67 —6.24 72.25 1
5h 575.39 3.85 —-1.57 189.98 155.63 104.80 —6.35 72.69 1
5i 530.94 3.77 -1.59 159.28 154.84 107.85 —6.18 72.42 1
5j 548.93 4.00 —1.49 287.88 154.85 107.94 —6.54 73.78 1
5k 565.39 4.25 —1.46 391.63 154.88 107.55 —6.91 75.23 1
51 609.84 4.33 -1.45 425.32 154.84 108.53 —7.03 75.78 1

@ Molecular weight (Recommended value: 130.0-725.0).

b predicted octanol/water partition coefficient (recommended range: —2.0 to 6.5).
¢ Predicted brain/blood partition coefficient (recommended range: —3.0 to 1.2).

4 Predicted apparent MDCK cell permeability in nm/sec (<25 poor, >500 great).

¢ Polar surface area (recommended range: 7.0 to 200.0).

f Predicted apparent Caco-2 cell permeability in nm/sec (<25 poor, >500 great).

8 Predicted aqueous solubility (recommended range: —6.5 to 0.5).
h Percentage of human oral absorption (<25 % is weak and > 80 % is strong).
! Number of violations of Lipinski’s rule of five®® (maximum is 4).

Table 3

PK, values of 5a-1 DMSO:water 20:80 v/v, 25.0 + 0.1 °C, I = 0.1 M by NaCl.
Ligand PKa1 PKa2 PKas PKaq
5a 2.58 £ 0.10 5.96 £+ 0.07 7.06 £+ 0.07 10.02 £+ 0.04
5b 2.63 +£0.12 5.95 + 0.09 7.02 + 0.08 10.03 + 0.05
5¢ 2.96 £ 0.11 5.99 £+ 0.09 6.95 + 0.09 10.02 £+ 0.06
5d 2.74 £ 0.10 5.99 £+ 0.08 6.89 + 0.08 9.98 £ 0.05
5e 3.00 £ 0.09 6.07 £ 0.07 6.96 + 0.06 10.03 £+ 0.03
5f 291 £0.11 6.10 £+ 0.05 6.91 + 0.05 10.02 + 0.04
5g 2.92 +0.10 6.15 £ 0.07 7.02 £ 0.07 9.99 £ 0.05
5h - 5.92 +£0.11 7.29 £ 0.10 10.04 £+ 0.06
5i 3.21 £ 0.11 6.12 + 0.08 7.14 £ 0.08 9.97 £ 0.05
5j 3.05 £ 0.09 6.08 £ 0.07 7.08 £+ 0.06 10.03 £+ 0.04
5k 3.10 £ 0.11 6.10 £+ 0.08 7.17 £ 0.08 10.03 £+ 0.05
51 2.98 +0.12 6.47 + 0.08 - 10.03 £+ 0.05

the literature.®” The obtained pK, values of 5a-1 are given in Table 3,
and titration curves of 5a-d and the distribution curve of compound 5a
for symbolizing all of the compounds 5a-1 are presented in Figures 8A
and 8B, respectively. The titration curves of 5e-h (Fig. S49A), 5i-1
(Fig. S49B), and the distribution curve of all compounds 5b-1 (Fig. S50)

Added volume (mL)

A

Fig. 8. (A) Titration curves of 5a-d (25.0 + 0.1 °C, I = 0.1 M by NaCl in DMSO:water, 20:80 v/v).
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are presented in supplementary material.

In the experimental conditions performed, four pK, values for 5a-g,
5i-k, and three pK, values for 5h, 51 could be determined. Remarkably,
all compounds have acidic character which is in agreement with the
literature that non-steroidal anti-inflammatory drugs are strong organic
acids with pK,s in the range of 3-5.% The PKa1, pKa2, PKas, and pKag
values of naphthoquinone thiazole hybrids 5a-1 were found in a range of
2.58-3.21, 5.92-6.47, 6.89-7.29, and 9.97-10.04, respectively
(Table 3). The pK, value of the imino nitrogen atom of various Schiff
bases containing a thiazole ring was reported to be in the range of
2.46-2.85.5 Moreover, Ogretir et al.®® reported that the pK, value of the
protonated thiazole nitrogen atom of various thiazoles in the imino form
was in the range of 4.16-3.36 in the ethanol-water mixture. Aromatic
amines such as aniline (pK, = 1.02-6.08) have an acidic character60’86,
and similarly, the NH; group attached to the naphthoquinone structure
is expected to have an acidic character. In addition, aromatic alcohols
such as phenol (pK, > 8%”) have a basic character. Due to delocalization
in the ring, the 1,4-naphthoquinone core can be considered as a
naphthalene-1,4-diol core®® and is expected to have a basic character
similar to aromatic alcohols. In light of this information, it can say that
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(B) Distribution curve of 5a for symbolized all of the products.
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Fig. 9. The full protonated form of the prepared compounds 5a-1 (LH5™).

the pKa1, pKa2, PKas, and pK,4 may be related to protonated imino ni-
trogen (C=NT), amine (—NH3Z), sulphur atom of the thiazole ring
(SH™), and one of the carbonyl oxygen atom (OH") of naphthoquinone
core, respectively.

According to the results obtained by the HYPERQUAD program, four
protonated species were obtained as LH, LH», LH3, and LH4 for 5a-g and
5i-k, and three protonated species were obtained as LH, LH,, and LH3
for 5h and 5l ligands. The full protonated form of the prepared com-
pounds 5a-1 is shown in Fig. 9.

4. Conclusion

The synthesis of twelve new naphthoquinone thiazole hybrids was
performed and their anti-inflammatory activities were investigated.
These molecules were found to be potent immunomodulatory drug
candidates that could suppress suppress the production of pro-
inflammatory cytokines TNF-a and IL-6. The most potent compounds
were further investigated in silico for their potential interaction with
major signaling pathways that have important roles in inflammatory
reactions. Inverse molecular docking approach was employed for the
identification of potential target protein(s). Consequently, PI3K was
predicted to be potential target enzyme that could be the possible
mechanism of action. Subsequent molecular dynamics simulations
confirmed stability of docked complexes and enlighten binding in-
teractions at molecular level. All compounds were predicted to have
good pharmacokinetic profiles. Finally, pK, values of compounds that
have critical roles in further pharmacological studies are also reported.
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