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Introduction: Antibiotic resistance is a global threat that has been increasing recently, especially with antibiotic overuse and misuse.
The search for new antibiotics is becoming more and more indispensable.

Methods: Design and synthesis of isatin derivatives as surrogates of SB-239629, a bacterial tyrosine-tRNA synthetases (TyrRS)
inhibitor. The newly synthesized compounds were screened for their antimicrobial and antibiofilm activities. Docking studies were
used to investigate potential binding modes of these compounds with TyrRS.

Results and Discussion: Newly synthesized isatin-decorated thiazole derivatives (7b, 7d, and 14b) have shown potent antimicrobial
activities against E. coli, a representative of gram-negative bacteria. Also, 7f showed the best activity against Methicillin Resistant
Staphylococcus aureus (MRSA). In addition, 7h and 11f were found to have antifungal activities against Candida albicans equivalent
to that of the reference Nystatin. All the new isatin derivatives with antimicrobial activities were found to exhibit strong biofilm
distortion effects at half their minimum inhibitory concentrations (MIC). Moreover, thiazole derivatives 1la-f showed promising
biofilm formation inhibition. Finally, molecular docking studies were used to investigate possible binding modes of target compounds
with S. aureus and E. coli TyrRS.

Conclusion: The novel isatin-decorated thiazole derivatives show strong antimicrobial and antifungal activities with potential action
on TyrRS.

Keywords: S5-bromoisatin, thiosemicarbazone, hydrazonoyl chlorides, thiazoles, Tyrosyl-tRNA synthetases (TyrRS) inhibitors,
antimicrobial, molecular docking, MRSA, antibiofilm

Introduction

Antimicrobial resistance is a seriously pressing international health concern." If antimicrobial resistance keeps growing at
the current rate, by the year 2050, superbugs could potentially be responsible for over 10 million annual deaths.” To
hinder this ever-growing threat, health-care authorities work eagerly to reduce the abuse of antibiotics, as well as develop
new prototypes with more potent antimicrobial activities. Among the well-known resistant and virulent bacterial strains
are the Methicillin-Resistant S. aureus (MRSA). MRSA is S. aureus isolates with oxacillin minimum inhibitory
concentrations (MIC) of 4 pg/mL or more. MRSA causes most nosocomial infections with challenging management
and high mortality levels.” To generate new chemical entities (NCE) with antimicrobial activity against resistant strains
we need to investigate new and/or old bacterial targets. Among the proven druggable antibacterial targets against MRSA
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and others are the aminoacyl-tRNA synthetases which play an important role in protein synthesis.* These groups of
enzymes are required for the formation of aminoacyl-tRNA which is required during genetic code translation.” The
isoleucyl-tRNA synthetases inhibitor, mupirocin, is a well-known antibacterial agent that proves this concept.® Tyrosyl-
tRNA synthetase (TyrRS) was among the first aminoacyl-tRNA synthetases to be studied on different levels.”* Several
bacterial TyrRS are crystalized with known inhibitors. Examples of these include Escherichia coli TyrRS complexed with
5’-O-[N-(L-tyrosyl)sulfamoyl]adenosine (Tyr-AMS, I) (PDB ID: 1VBM) and S. aureus TyrRS in complex with SB-
239629 (1) (PDB ID: 1J1J) (Figure 1).

Another factor that contributes to the virulence of bacterial resistance is the formation of biofilms. Biofilms are multi-
layered bacterial populations surrounded by a polysaccharide matrix. A considerable proportion of bacterial pathogens
produce those biofilms as a virulence factor for adhesion to surfaces and shielding from antimicrobials. Biofilms are
considered a serious health problem, responsible for over 80% of withstanding microbial infections.” As a result, and based
on the major role biofilms play in the spread of infections and the emergence of resistance, there is an urgent need for the
discovery of new chemotherapeutic agents that interfere with biofilm formation and/or disrupt preformed ones."”

Recently, we examined the intrinsic reactivity of hydrazonoyl chlorides towards thiosemicarbazones to construct
various thiazole derivatives.'""'

In this report, and in continuation of our previous work on the synthesis of various bioactive heterocyclic compounds,'* ™' we
present the design of some novel isatin-decorated thiazole derivatives. Isatin is a very important scaffold that could be easily
decorated chemically to produce versatile compounds with different biological activities. For example, isatin derivatives were
found to exert an anticancer effect through multiple mechanisms that include histone deacetylase (HDAC) inhibition,'® carbonic
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Figure | Design of target compounds based on Tyr-AMS (1) and SB-239629 (ll) structures which are co-crystalized ligands inhibiting Staphylococcus aureus and Escherichia coli
TyrRS.
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anhydrase inhibition,'” epidermal growth factor receptor - tyrosine kinase (EGFR-TK) inhibition'® and tubulin inhibition."’
Furthermore, isatins were also found to exert anti-bacterial, anti-diabetic, and anti-convulsant activities.?’ Here, our design was
based on the structures of Tyr-AMS (I) and SB-239629 (1) Figure 1. The purine ring of Tyr-AMS (purple color) was substituted
with the isatin ring in our target compounds. Also, sugar in both leads (green color) was simplified to a hydrazine moiety. In
addition, tyrosine side chain (blue color) was maintained as a substituted phenyl ring in the designed compounds. Finally, the
linker in lead structures (red color) was cyclized to form a thiazole ring. These novel isatin-based compounds were screened for
their probable antimicrobial effect on E. coli, MRSA and C. albicans as well as their potential as anti-biofilm formation agents.
The newly synthesized isatin-based thiazole derivatives were also subjected to molecular docking evaluation considering them as
mimics for SB-239629 and Tyr-AMS.

Methods
Chemistry

Melting points were determined on a Gallenkamp apparatus and are uncorrected. IR spectra were recorded in potassium
bromide using Pye-Unicam SP300 spectrophotometer. 'H and '>C NMR spectra were recorded in deuterated DMSO-d
using a Varian Gemini 300 NMR spectrometer (300 MHz for 'H NMR and 75 MHz for '>*C NMR) and the chemical
shifts were related to that of the solvent DMSO-ds. Mass spectra were recorded on a GCMS-Q1000-EX Shimadzu and
GCMS 5988-A HP spectrometers, the ionizing voltage was 70 eV. Elemental analyses of the products were carried out at
the Microanalytical Centre of Cairo University, Giza, Egypt. The biological evaluation of the products was carried out at
the Department of Microbiology and Immunology, The Faculty of Pharmacy, Ain Shams University, Cairo, Egypt.
Compounds 4a-h were prepared as previously reported.”’ Compounds 8a-f were prepared as previously reported.”

General Procedure for the Synthesis of Hydrazonoyl Chloride Derivatives 4a-h and 8a-f
A solution of 20 mmol of the corresponding aromatic amine in 10 mL of dilute (1:1) hydrochloric acid was cooled to
0°C, and a solution of 1.52 g (22 mmol) of sodium nitrite in 10 mL of water was added dropwise while stirring and the
mixture was further stirred for 15 minutes at 0°C. The resulting solution of diazonium salt was added dropwise to a cold
solution of 2.7 g (20 mmol) of 3-chloro-2,4-pentanedione (for compounds 4a-h) or 3.3 g (20 mmol) of ethyl 2-chloro-
4-oxobutanoate (for compounds 8a-f) and 2.46 g (30 mmol) of sodium acetate in 50 mL of aqueous ethanol (9:1). The
reaction was stirred for an additional 4h while being allowed to warm up to room temperature. The mixture was then
poured onto 500 mL of water and the formed precipitate was filtered, air dried, and recrystallized from ethanol.

(2)-2-(5-bromo-2-oxoindolin-3-ylidene)hydrazine-1-carbothioamide (3) was synthesized according to a reported
procedure™

Yellow solid, 90% yield; mp. 279-280 °C, (lit 270-271 °C) (Dioxane); IR (KBr): v 3417, 4417 (NH), 3247, 3163
(NH,), 3050, 2985 (CH), 1689 (C=0) cm "* "H NMR (DMSO-dj): J 6.86-7.88 (m, 3H, Ar-H), 8.79, 9.07 (d, 2H, NH,),
11.26 (s, 1H, NH), 12.28 (s, 1H, NH); '*C NMR (DMSO-d,): § 112.9, 114.1, 122.2, 123.4, 130.6, 133.1, 141.3 (Ar-C),
162.2 (C=S), 178.7 (C=0) ppm; MS m/z (%): 299 (M", 14), 266 (46), 246 (45), 229 (65), 215 (500), 183 (46), 158 (32),
119 (40), 115 (77), 106 (100), 60 (43). Anal. Calcd for CoH,BrN4OS (299.15): C, 36.14; H, 2.36; N, 18.73. Found: C,
36.45; H, 2.08; N, 18.45%.

The Reaction of Thiosemicarbazone Derivative 3 with Hydrazonoyl Chlorides 4a-h and 8a-f

General procedure: To a stirred solution of bis-thiosemicarbazone derivative 3 (0.299 g, 1 mmol) and the appropriate
hydrazonoyl chloride 4a-h or 8a-f (1 mmol) in dioxane (30 mL), was added trimethylamine (I mL) and the mixture was
refluxed for 4-6 h. The precipitated triethylamine hydrochloride was filtered off, and the filtrate was evaporated under
reduced pressure. The residue was triturated with methanol. The solid product, so formed in each case, was collected by
filtration, washed with water, dried, and crystallized from the dioxane solvent to afford the corresponding thiazole derivatives
7 or 11, respectively. The compounds 7a-h and 11a-f prepared are listed below together with their physical constants.

(3)-5-Bromo-3-((4-methyl-5-(2-phenylhydrazono)thiazol-2(5H)-ylidene)hydrazono)indolin-2-one (7a)
Red solid, 72% yield; mp. 298-299 °C; IR (KBr): v 3441, 3163 (2NH), 3062, 2938 (CH), 1689 (C=0) cm™"* '"H NMR
(DMSO-dy): 6 2.15 (s, 3H, CHs), 6.84-7.94 (m, 8H, Ar-H), 9.88 (s, 1H, NH), 10.73 (s, 1H, NH)ppm; '*C NMR
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(DMSO-dy): 6 21 (CHz), 103.2, 115.2, 119.3, 122.5, 125.6, 128.9, 129.4, 130.9, 132.3, 136.2, 137.1, 138.6, 142.3, 150.7
(Ar-C), 161.8 (C=0) ppm; MS m/z (%): 441 (M", 18), 413 (62), 405 (72), 397 (43), 357 (100), 344 (51), 326 (70), 317
(63), 290 (71), 264 (43), 168 (51), 131 (52), 114 (39), 57 (63), 49 (92). Anal. Caled for C;sH,3BrN4OS (441.31): C,
48.99; H, 2.97; N, 19.04. Found: C, 49.16; H, 2.82; N, 18.86%.

(3)-5-Bromo-3-((5-(2-(4-chlorophenyl)hydrazono)-4-methylthiazol-2(5H)-ylidene) hydrazono)indolin-2-one
(7b)

Red solid, 74% yield; mp. 260261 °C; IR (KBr): v 3433, 3124 (2NH), 3060, 2930 (CH), 1689 (C=0) cm " 'H NMR
(DMSO-dg): 6 2.14 (s, 3H, CH;), 7.06-7.82 (m, 7H, Ar-H), 10.05 (s, IH, NH), 10.72 (s, IH, NH)ppm; MS m/z (%): 478
(M¥+2, 24), 476 (M'+1, 24), 475 (M, 32), 454 (38), 449 (39), 372 (66), 347 (36), 328 (32), 299 (38), 284 (61), 257 (55),
224 (100), 172 (59), 101 (35). Anal. Caled for C,sH,BrCINGOS (475.75): C, 45.44; H, 2.54; N, 17.67. Found: C, 45.67;
H, 2.34; N, 17.46%.

(3)-5-Bromo-3-((5-(2-(4-Bromophenyl)hydrazono)-4-methylthiazol-2(5H)-ylidene) hydrazono)indolin-2-one
(7¢)

Red solid, 75% vield; mp. 320-321 °C; IR (KBr): v 3433, 3150 (2NH), 3042, 2978 (CH), 1689 (C=0) cm™ " 'H NMR
(DMSO-dq): § 2.16 (s, 3H, CHs), 7.10-7.94 (m, 7H, Ar-H), 8.75 (s, 1H, NH), 10.96 (s, 1H, NH); MS m/z (%): 517 (M,
24), 480 (19), 381 (33), 312 (39), 291 (52), 254 (53), 220 (95), 183 (62), 125 (51), 112 (100), 92 (61), 65 (48), 44 (56).
Anal. Calcd for C3H,Br,NgOS (517.92): C, 41.56; H, 2.33; N, 16.16. Found: C, 41.81; H, 2.17; N, 16.00%.

(3)-5-Bromo-3-((5-(2-(4-fluorophenyl)hydrazono)-4-methylthiazol-2(5H)-ylidene) Hydrazono)indolin-2-one
(7d)

Red solid, 74% yield; mp. 247-249 °C; IR (KBr): v 3433, 3250 (2NH), 3040, 2924 (CH), 1658 (C=0) cm™ " 'H NMR
(DMSO-dy): § 2.14 (s, 3H, CHy), 6.83-7.82 (m, 7H, Ar-H), 9.87 (s, 1H, NH), 10.65 (s, I H, NH) ppm; MS m/z (%): 458
(M, 36), 427 (40), 314 (75), 303 (57), 294 (100), 263 (67), 212 (55), 144 (86), 54 (82). Anal. Calcd for C,gH,>BrFN4OS
(458.31): C, 47.07; H, 2.63; N, 18.30. Found: C, 47.29; H, 2.39; N, 18.11%.

(3)-5-Bromo-3-((4-methyl-5-(2-(p-tolyl)hydrazono)thiazol-2(5H)-ylidene)hydrazono) indolin-2-one (7€)

Red solid, 67% yield; mp. 303305 °C; IR (KBr): v 3433, 3288 (2NH), 3109, 2978 (CH), 1689 (C=0) cm "* '"H NMR
(DMSO-dy): 6 2.23 (s, 3H, CHy), 2.40 (s, 3H, CH,), 6.98-7.94 (m, 7H, Ar-H), 10.10 (s, 1H, NH), 10.37 (s, 1H, NH);
MS m/z (%): 455 (M", 47), 443 (58), 411 (55), 397 (55), 369 (43), 347 (46), 321 (64), 295 (57), 265 (70), 229 (70), 172
(100), 150 (64), 98 (68), 49 (86). Anal. Calcd for C,oH;sBrN4OS (455.33): C, 50.12; H, 3.32; N, 18.46. Found: C, 50.36;
H, 3.15; N, 18.28%.

(3)-5-Bromo-3-((5-(2-(4-methoxyphenyl)hydrazono)-4-methylthiazol-2(5H)-ylidene) hydrazono)indolin-2-one
(79)

Red solid, 78% vield; mp. 315-316 °C; IR (KBr): v 3410, 3170 (2NH), 3000, 2970 (CH), 1697 (C=0) cm " 'H NMR
(DMSO-dg): 9 2.49 (s, 3H, CH;), 3.56 (s, 3H, OCH;), 6.78-7.81 (m, 7H, Ar-H), 8.40 (s, 1H, NH), 10.67 (s, |H, NH); MS m/
z (%): 471 (M, 63), 434 (42), 415 (68), 373 (69), 306 (34), 229 (54), 150 (98), 131 (61), 118 (38), 105 (100), 95 (55), 78
(67). Anal. Calcd for C;9H;5BrNgO,S (471.33): C, 48.42; H, 3.21; N, 17.83. Found: C, 48.68; H, 3.04; N, 17.63%.

(3)-5-Bromo-3-((4-methyl-5-(2-(4-Nitrophenyl)hydrazono)thiazol-2(5H)-ylidene) hydrazono)indolin-2-one
(7g)

Red solid, 70% vield; mp. 300-302 °C; IR (KBr): v 3402, 3194 (2NH), 3101, 2978 (CH), 1712 (C=0) cm™ " 'H NMR
(DMSO-dy): & 2.17 (s, 3H, CH;), 7.04-7.82 (m, 7H, Ar-H), 9.92 (s, 1H, NH), 10.68 (s, IH, NH)ppm; MS m/z (%): 486
(M™, 18), 429 (40), 391 (24), 318 (20), 238 (74), 168 (39), 153 (38), 132 (38), 79 (38), 72 (100), 44 (33). Anal. Calcd for
CisH12BrN;0O5S (486.30): C, 44.46; H, 2.49; N, 20.16. Found: C, 44.79; H, 2.30; N, 20.02%.
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(3)-5-Bromo-3-((5-(2-(4-fluoro-3-methylphenyl)hydrazono)-4-methylthiazol-2(5H)-ylidene) hydrazono)
indolin-2-one (7h)

Red solid, 76% yield; mp. 310-311 °C; IR (KBr): v 3441, 3201 (2NH), 2978, 2916 (CH), 1689 (C=0) cm " 'H NMR
(DMSO-dg): 6 2.16 (s, 3H, CHs), 2.24 (s, 3H, CHs), 7.04-7.94 (m, 6H, Ar-H), 9.93 (s, 1H, NH), 10.77 (s, |H, NH) ppm;
3C NMR (DMSO-dg): 6 24.8, 28.6 (2CH3), 105.0, 115.2, 120.0, 120.6, 122.5, 125.5, 127.5, 128.8, 130.0, 131.6, 233.9,
136.4, 138.6, 148.5 (Ar-C), 161.0 (C=0) ppm; MS m/z (%): 473 (M, 29), 454 (91), 434 (74), 372 (63), 318 (29), 268
(36), 247 (60), 205 (56), 185 (53), 158 (36), 98 (94), 80 (100). Anal. Caled for C,oH,,BrFN4OS (473.32): C, 48.21; H,
2.98; N, 17.76. Found: C, 48.48; H, 2.70; N, 17.44%.

5-Bromo-3-((—4-ethoxy-5-(2-phenylhydrazono)thiazol-2(5H)-ylidene)hydrazono)indolin-2-one (I 1a)

Orange solid, 74% yield; mp. 265-266 °C; IR (KBr): v 3430, 3348 (2NH), 3101, 2985 (CH), 1728 (OEt) cm™ " "H NMR
(DMSO-dg): 6 1.32-1.37 (m, 3H, CH3), 4.37-4.42 (q, 2H, CH,), 6.76-7.87 (m, 8H, Ar-H), 7.98 (s, 1H, NH), 10.75 (s,
1H, NH); MS m/z (%): 471 (M*, 19), 424 (41), 418 (34), 375 (17), 339 (23), 325 (21), 298 (27), 283 (84), 234 (77), 219
(42), 188 (100), 181 (67), 159 (46), 143 (57). Anal. Caled for C;oH,sBrN¢O,S (471.33): C, 48.42; H, 3.21; N, 17.83.
Found: C, 48.61; H, 3.03; N, 17.66%.

5-Bromo-3-((5-(2-(4-chlorophenyl)hydrazono)-4-ethoxythiazol-2(5H)-ylidene)hydrazono) indolin-2-one (I Ib)
Orange solid, 74% yield; mp. 299-300 °C; IR (KBr): v 3441, 3350 (2NH), 3186, 2985 (CH), 1728 (OEt) cm " 'H NMR
(DMSO-dg): d 1.32-1.38 (m, 3H, CHs), 4.38-4.45 (q, 2H, CH,), 6.77-7.92 (m, 7H, Ar-H), 8.38 (s, 1H, NH), 10.76 (s,
1H, NH); '*C NMR (DMSO-dq): § 33.1 (CH3), 55.4 (CH,), 115.3, 119.1, 122.5, 124.8, 126.0, 129.4, 131.6, 135.1, 136.0,
138.7, 139.5, 141.8151.0, 155.9 (Ar-C), 174.4 (C=0) ppm; MS m/z (%): 506 (M, 28), 482 (42), 465 (45), 492 (100),
401 (51), 363 (43), 344 (51), 305 (76), 222 (54), 184 (55), 77 (56), 61 (46), 53 (70), 41 (57). Anal. Calcd for CoH 4
BrCINgO,S (505.77): C, 45.12; H, 2.79; N, 16.62. Found: C, 45.30; H, 2.68; N, 16.51%.

5-Bromo-3-((4-ethoxy-5-(2-(p-tolyl)hydrazono)thiazol-2(5H)-ylidene)hydrazono)indolin-2-one (I I c)

Orange solid, 74% yield; mp. 290-291 °C; IR (KBr): v 3355, 3178 (2NH) 2985, 2908 (CH), 1720 (OEt) cm " "H NMR
(DMSO-dy): & 1.32-1.37 (m, 3H, CH,), 2.42 (s, 3H, CHy), 4.38-4.45 (q, 2H, CH,), 6.76-7.73 (m, 7H, Ar-H), 7.95 (s,
1H, NH), 10.74 (s, 1H, NH); MS m/z (%): 485 (M", 74), 478 (94), 462 (46), 437 (48), 381 (51), 343 (46), 303 (40), 286
(80), 245 (100), 236 (46), 182 (39), 159 (67), 121 (45), 100 (55), 62 (35). Anal. Calcd for CoH,,BrN4O,S (485.36): C,
49.49; H, 3.53; N, 17.32. Found: C, 49.62; H, 3.45; N, 17.06%.

5-Bromo-3-((4-ethoxy-5-(2-(4-nitrophenyl)hydrazono)thiazol-2(5H)-ylidene)hydrazono) indolin-2-one (1 Id)
Orange solid, 74% yield; mp. 262-263 °C; IR (KBr): v 3448, 3186 (2NH), 3078, 2916 (CH), 1735 (OC=0) cm "
"H NMR (DMSO-de): 6 1.34-1.38 (m, 3H, CHs), 4.40-4.47 (q, 2H, CH,), 6.76-8.48 (m, 7H, Ar-H), 7.99 (s, 1H, NH),
10.81 (s, 1H, NH); '>C NMR (DMSO-d): 6 33.1 (CHs), 54.8 (CH,), 115.5, 118.9, 122.6, 123.1125.6, 129.0, 131.0,
133.2, 135.4, 139.3, 141.2, 142.5, 150.9, 155.1 (Ar-C), 174.2 (C=0) ppm; MS m/z (%): 516 (M", 45), 453 (42), 388 (36),
333 (34), 296 (100), 273 (92), 256 (31), 225 (35), 210 (71), 134 (55), 108 (34), 44 (47). Anal. Calcd for C;oH;4BrN;O,
S (516.33): C, 44.20; H, 2.73; N, 18.99. Found: C, 44.34; H, 2.63; N, 18.81%.

Ethyl 4-(2-(2-((—5-bromo-2-oxoindolin-3-ylidene)hydrazono)-4-ethoxythiazol-5(2H)-ylidene)hydrazinyl)
benzoate (I le)

Orange solid, 74% yield; mp. 249-250 °C; IR (KBr): v 3425, 3271 (2NH), 2978, 2931 (CH), 1720, 1700 (20Et) cm ™"
'H NMR (DMSO-dy):  1.15-1.38 (m, 6H, 2CHy), 4.31-4.44 (g, 4H, 2CH,), 6.73-7.99 (m, 7H, Ar-H), 8.17 (s, 1H, NH),
10.75 (s, 1H, NH); MS m/z (%): 543 (M", 35), 533 (35), 493 (33), 453 (41), 400 (37), 369 (40), 350 (34), 317 (57), 287
(55), 256 (57), 202 (36), 196 (100), 163 (79), 94 (36), 71 (73), 58 (62). Anal. Calcd for CoH oBrN¢O,S (543.40): C,
48.63; H, 3.52; N, 15.47. Found: C, 48.82; H, 3.48; N, 15.29%.
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5-Bromo-3-((4-ethoxy-5-(2-(4-fluoro-3-methylphenyl)hydrazono)thiazol-2(5H)-ylidene)hydrazono)indolin-
2-one (I 1f)

Orange solid, 74% yield; mp. 296-297 °C; IR (KBr): v 3425, 3178 (2NH), 2978, 2924 (CH), 1728 (OEt) em™ " 'H NMR
(DMSO-ds): 6 1.32-1.38 (m, 3H, CH3), 2.35 (s, 3H, CH3), 4.39—4.46 (q, 2H, CH,), 6.79-7.75 (m, 6H, Ar-H), 7.95 (s,
1H, NH), 10.78 (s, 2H, 2NH); MS m/z (%): 503 (M, 60), 454 (63), 426 (45), 409 (47), 376 (35), 324 (53), 302 (100),
298 (72), 264 (34), 208 (45), 167 (45), 147 (56), 63 (37). Anal. Caled for CooH,4BrFN4O,S (503.02): C, 47.72; H, 3.20;
N, 16.70;. Found: C, 48.00; H, 3.05; N, 16.53%.

Synthesis of Thiazole Derivatives |4a-e

General procedure: A mixture of thiosemicarbazone derivative 3 (0.299 g, I mmol) and the appropriate a-haloketones 12a-e

(1 mmol) in ethanol (20 mL) was refluxed for 2—4 h. During the reaction, a precipitate was formed. The precipitate was

collected by filtration, washed with ethanol, dried, and crystallized from EtOH to afford the corresponding thiazoles 14a-e.
5-Bromo-3-(2-(4-phenylthiazol-2-yl)hydrazono)indolin-2-one (14a) was synthesized according to the reported

procedure®*

Green solid, 70% yield; mp. 290°C (lit 285-287°C); IR (KBr): v 3425, 3209 (2NH), 3078, 2924 (CH), 1689
(C=0) cm " 'H NMR (DMSO-d): 6 6.82-7.94 (m, 8H, Ar-H), 8.51 (s, 1H, thiazole-H5), 11.34 (s, 1H, NH), 13.35
(s, 1H, NH); MS m/z (%): 399 (M", 26), 378 (51), 339 (36), 328 (53), 319 (100), 304 (45), 256 (55), 238 (30), 201 (54),
188 (45), 139 (48), 120 (37), 104 (71), 48 (58). Anal. Caled for C,;H;;BrN,OS (399.27): C, 51.14; H, 2.78; N, 14.03.
Found: C, 51.44; H, 2.50; N, 13.70%.

5-Bromo-3-(2-(4-(4-chlorophenyl)thiazol-2-yl)hydrazono)indolin-2-one (14b)

Green solid, 73% yield; mp. 310 °C; IR (KBr): v 3433, 3209 (2NH), 3055, 2925 (CH), 1681 (C=0) cm " '"H NMR
(DMSO-dy): J 6.80~7.93 (m, 7H, Ar-H), 8.51 (s, 1H, thiazole-H5), 11.34 (s, 1H, NH), 13.31 (s, 1H, NH)ppm; MS m/z
(%): 435 (M" +2, 38), 434 (M +1, 38), 433 (M, 22), 408 (32), 387 (67), 362 (100), 352 (66), 309 (51), 283 (48), 203
(33), 185 (44), 164 (69), 102 (88), 74 (52), 52 (79), 47 (97). Anal. Calcd for C7H,oCIBrN,OS (433.71): C, 47.08; H,
2.32; N, 12.92. Found: C, 47.36; H, 2.05; N, 12.63%.

5-Bromo-3-(2-(4-(4-Bromophenyl)thiazol-2-Yl)hydrazono)indolin-2-One (14c)

Green solid, 70% yield; mp. 312 °C; IR (KBr): v 3448, 3155 (2NH), 3055, 3016 (CH), 1689 (C=0) cm " '"H NMR
(DMSO-dg): 6 6.79-7.86 (m, 7TH, Ar-H), 8.50 (s, 1H, thiazole-H5), 11.34 (s, 1H, NH), 13.38 (s, 1H, NH); '>°C NMR
(DMSO-dy): 5 115.2, 116.9, 122.5, 125.0, 126.8, 129.2, 131.5, 133.4, 135.9, 138.1, 129.3, 132.5, 151.0, 160.2 (Ar-C),
172.2 (C=0) ppm; MS m/z (%): 478 (M, 32), 445 (46), 427 (57), 415 (44), 373 (95), 344 (60), 313 (60), 258 (65), 261
(60), 251 (92), 198 (100), 161 (30), 128 (41), 105 (48), 67 (81), 43 (53). Anal. Calcd for C;7H;oBr,N,0S (478.16): C,
42.70; H, 2.11; N, 11.72. Found: C, 43.00; H, 1.80; N, 11.44%.

5-Bromo-3-(2-(4-(p-tolyl)thiazol-2-yl)hydrazono)indolin-2-one (14d)

Green solid, 76% vield; mp. 305 °C; IR (KBr): v 3448, 3155 (2NH), 3047, 2924 (CH), 1689 (C=0) cm " 'H NMR
(DMSO-dy): 6 2.35 (s, 1H, CHs), 6.79-7.80 (m, 7H, Ar-H), 8.52 (s, 1H, thiazole-H5), 11.34 (s, 1H, NH), 13.40 (s, 1H,
NH)ppm; *C NMR (DMSO-dy): § 33.2 (CHy), 115.2, 118.9, 119.3, 122.6, 125.2, 127.6, 129.8, 130.7, 131.6, 134.3,
136.0, 138.5, 143.2, 150.6 (Ar-C), 165.5 (C=0) ppm; MS m/z (%): 413 (M™, 44), 343 (25), 317 (100), 280 (68), 260 (91),
245 (92), 217 (67), 205 (40), 198 (24), 71 (83). Anal. Calcd for C,gH,3BrN,OS (413.29): C, 52.31; H, 3.17; N, 13.56.
Found: C, 52.60; H, 2.90; N, 13.25%.

5-Bromo-3-(2-(4-(4-nitrophenyl)thiazol-2-Yl)hydrazono)indolin-2-one (14e)

Green solid, 65% yield; mp. 325 °C; IR (KBr): v 3402, 3240 (2NH), 3124, 2931 (CH), 1689 (C=0) cm "* 'H NMR
(DMSO-dq): 6 6.86-8.19 (m, 7H, Ar-H), 8.22 (s, 1H, thiazole-HS), 11.31 (s, 1H, NH), 13.20 (s, 1H, NH); MS m/z
(%): 444 (M, 22), 425 (31), 384 (74), 383 (100), 323 (34), 303 (56), 246 (59), 148 (20), 119 (36), 96 (26), 78 (43),
70 (34). Anal. Calcd for C;7H;oBrNsOsS (444.26): C, 45.96; H, 2.27; N, 15.76. Found: C, 46.25; H, 2.00; N, 15.47%.
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Assessment of Antimicrobial Activity

The antimicrobial effects of isatin derivatives were assessed against 2 bacterial strains, the Gram-negative Escherichia coli
ATCC 25922 and the Gram-positive MRSA ATCC 43300. In addition, the anti-fungal activity was measured against
Candida albicans ATCC 10231. The activity of tested compounds was measured using the agar well diffusion method
according to the specifications of the Clinical and Laboratory Standards Institute.”> Adjusted spectrophotometrically,
10’CFU (Colony Forming Unit) of each microorganism were seed inoculated on Muller Hinton agar (MHA) plates for
E. coli and S. aureus, or Sabouraud Dextrose Agar (SDA) for C. Albicans before a cork borer was used to punch wells
(12 mm diameter) in the agar media. All isatin derivatives were dissolved to a concentration of 100 mg/mL in DMSO and
then diluted in phosphate-buffered saline (pH7) to reach a final concentration of 1 mg/mL. Wells were filled with 100 uL. of
solution. DMSO (1% in phosphate-buffered saline) was used as a negative control, while chloramphenicol (for E. coli and
S. aureus, 1 mg/mL) and nystatin (for C. Albicans, 1 mg/mL) were used as positive controls. MHA plates were incubated
overnight at 37°C, whereas SDA plates were incubated for 48h at 25°C before measuring inhibition zone diameters.

Determination of MIC

The minimum inhibitory concentrations (MIC) of isatin derivatives that have shown antimicrobial activity were determined
against the same isolates using the broth microdilution method as described in the CLSI guidelines.?® In brief, solutions of
isatin derivatives were serially diluted, in microtiter plates, using Mueller Hinton Broth, for E. coli and S. aureus, and
Sabouraud dextrose broth for C. Albicans. The final concentrations of isatin derivatives in the solution ranged from 512 pg/
mL to 0.5 pg/mL (512; 256; 128; 64; 32; 16; 8; 4; 2; 1; 0.5 pg/mL). After isatin derivatives were serial diluted, the specified
microorganisms were inoculated so that inoculum density per well was 10° CFU/mL. Uninoculated wells were used as
negative controls, while chloramphenicol (for E. coli and MRSA) and nystatin (for C. Albicans) at the same concentrations
were used as positive controls. After 24h of incubation at 37°C for E. coli and S. aureus and 48h of incubation at 25°C for
C. Albicans, MICs were reported as the lowest concentration able to inhibit visible microbial growth.

Effect on Biofilm Formation
The ability of isatin derivatives that have shown promising antibacterial activities to inhibit biofilm formation at half their
MICs was conducted against the biofilm-forming strains MRSA ATCC 43300 and E. coli ATCC 25922 according to
Plyuta et al.*®

Freshly cultured slants were used to inoculate tubes containing double-strength nutrient broth (Difco, IL, USA) and
incubated at 37°C overnight. Bacterial counts were adjusted to 1x10® CFU/mL and suspensions were centrifuged at
10000 rpm for 5 min. This inoculum was diluted 1:20 in fresh medium and dispensed as 100uL in 96-well flat-bottomed
plates (Nunc™ Thermo Scientific™). Isatin derivatives were added (100uL; 0.5 MIC) and plates were incubated at 37°C
for 24h. All experiments were conducted in triplicates. Each plate included uninoculated wells to serve as negative
controls, wells containing only bacterial suspensions to be positive controls, and wells treated with chloramphenicol (0.5
MIC) to act as a standard. At the end of the incubation period, the suspensions were carefully aspirated and the formed
biofilms were washed with 100puL of Phosphate Buffered Saline (NaCl: 137 mM; Na,HPOy4: 10 mM, KH,PO,4: 1.8 mM;
pH 7.2) to remove free bacterial cells. Formed biofilms were stained with 100uL of 0.1% crystal violet solution and left
at room temperature for 2 min. Excess dye was aspirated and wells were washed thoroughly with PBS. Glacial acetic
acid (100uL, 33%) was used as a destaining solution to liberate the dye from biofilms into the solution, before
absorbance of the stained biofilms was measured spectrophotometrically at 545 nm.

The percentage of biofilm inhibition was calculated using the following equation reported by Lemos>’ according to
the following equation:

Biofilm inhibition(%) = ((OD¢ontrol — ODtest)/ODcontrol) X 100

Effect on Preformed Biofilms
The biofilm disruption capacity was tested as described by Nostro.”® Bacterial suspensions were prepared as above,
dispensed as 100uL in 96-well flat-bottomed plates, and incubated at 37°C for 24h to allow for biofilm formation.
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Unattached cells were removed by careful aspiration followed by washing with PBS, then solutions of isatin derivatives
(100uL, 0.5 MIC) were added and incubation was done at 37°C for 48h. Staining and destaining were done as described
above. Percentage disruption was calculated according to Lemos®’ using the equation:

Biofilm disruption(%) = ((ODcontrol — ODtest)/ODcontrol) X 100

Docking Study of Target Compounds
Compounds were drawn, converted to 3D structures, and minimized using Avogadro.?’ Targets were downloaded from

the protein data bank (https://www.rcsb.org/) under PDB codes 1J1J for S. aureus TyrRS and 1VBM for E. coli. Ligands
30

and protein preparation and docking with auto dock vina®® were done using the virtual screening tool PyRx.*' Docking

was done in a grid box of 25° A® centered on the co-crystalized ligand with an exhaustiveness of 16. Validation of the

3233 through the redocking of the co-crystalized ligand and calculation

34

docking procedure was done as we reported earlier
of RMSD between docked and co-crystallized ligand using the DockRMSD server.

Results and Discussion
Chemistry

Initially, the key thiosemicarbazone derivative 3 was prepared as previously reported®® by condensation of 5-bromoisatin
(1) with an equivalent amount of thiosemicarbazide 2 in acidic ethanol (Scheme 1).

A series of new thiazole derivatives 7a-h was synthesized from the reaction of 3 with a series of 2-oxo-
N-arylpropanehydrazonoyl chlorides 4a-h in refluxing dioxane in presence of Et;N (Scheme 2), presumably via the
formation of intermediates 5 and 6. The chemical structures of all newly formed thiazoles 7a-h were confirmed with

NH,
0 _
o S N N—N y
o + Hn. JL Ethanol/ HCI
SN ONH, ——————— o
N H N
H H
1 2 3

Scheme | Synthesis of thiosemicarbazone 3.

NH,

N—H S#cm
B o Dioxan/ Et;N N’£
r S N, .Ar —> | g, I NH O

o + HiC Z N
H o
N cl
N

4a-h H
3 5 4}

Ar: a, CgHs; b, 4-CIC¢H,; ¢, 4-BrCgH,; d, 4-FCgHy; e, 4-CH3CgHy;

f, 4-OCH3CgHy; g, 4-NO,CgHy; h, 3-CH3,4-FCgH3 Ar—N

_ N -

Ar S
s N\’ ’&/S,CHs

Br 7_N N/ " ~———— | Br 7 NH OH
CH; -H,0
lo) o
N
N L H 4
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Scheme 2 Synthesis of isatin-decorated thiazole derivatives 7a-h.
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spectral data and elemental analyses. The IR spectra of the newly formed thiazoles 7a-h revealed characteristic NH and
Ar-CH stretches at v = 3410-3240, 3062-2940 cm ', respectively. Also, "H NMR of all thiazole derivatives 7a-h showed
all expected signals for the suggested structures. For instance, compound 7a showed the characteristic singlets for the
methyl group (CH3) and the two -NH groups at 2.15, 9.88, and 10.73, respectively.

In a similar fashion, as shown in Scheme 3, compound 3 reacted with the respective 2-chloro-2-(2-phenylhydrazono)
acetates 8a-f to form intermediate 9 which dehydrates and cyclizes to the corresponding 4-ethoxythiazole derivative 11a-f. The
IR spectra revealed the absence of the ester C=O stretch as well as overlapped stretches for the two NH groups at ¥ = 3430,
3348. The 'H NMR of the thiazole derivatives 11a-f were consistent with the proposed structures. For example, the "H NMR
spectrum of compound 11a had two singlet peaks at 7.98 and 10.75 for the two NH’s along with the fingerprint triplet-quartet
combination characteristic for the ethoxy group at ¢ 1.34 and 4.39, respectively.

The reactivity of precursor 3 towards various a-haloketones 12a-f was also explored. As a result, the reaction of 3 with
o-haloketones 12a-e in refluxing ethanol led to the formation of a new series of thiazole derivatives 14a-e¢ (Scheme 4),
arguably via intermediate 13. "H NMR spectrum of compound 14a showed three singlet peaks at 6 = 8.52, 11.34, and 13.35
representing thiazole-H5, isatin-NH, and hydrazone-NH, respectively.

Ar—N\
N

STN_OEt
Dioxan/ Et;N

Br S N’&
N, _Ar ——> | g, I NH OH
o] + EtO z H
N cl o
N

3 8a-f o H ﬂ

Ar: a, C6H5; b, 4-C|C6H4; C, 4-CH3CGH4; d, 4-N02C6H4;

e, 4-C02C2H5C5H4; f, 3-CH3,4-FC6H3 _ Ar—NH _
N
/
s N~ i OEt
W= T ™ N4
nN = - y NH O
Br U N OEt H.0 Br
-2
[o} (o}
N N
H y L H .
10a-f 6

Scheme 3 Synthesis of ethoxy thiazole derivatives | la-f.

TR N
N—N —< 0 Br NH OH
Br S .8 r\)]\ EtOH o
—>
0 Ar N
H 12a-e '1-'3

Ar: a, CgHs; b, 4-CICgH,; ¢, 4-BrCgHy;

S
d, 4-CH3C6H4; e, 4-N02C6H4 H
N-N—Q |
N

Br

Scheme 4 Synthesis of thiazole derivatives |14a-e.
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Assessment of Antimicrobial Activity and MIC Determination

Antimicrobial activities of the synthesized isatin-based thiazole derivatives were tested against E. coli (a common
representative of Gram-negative pathogens), Methicillin-Resistant Staphylococcus aureus (MRSA), and Candida albi-
cans using the cup-plate method. The compounds that have shown inhibition zones were further investigated for MIC
using the broth microdilution method and their MIC values are listed in Tables 1-3.

When tested against E. coli (ATCC 25922), compounds 7b, 7d, and 14b displayed MICs eight times better than
chloramphenicol, while compounds 14e¢ and 14d had similar MICs to chloramphenicol (Table 1). The top three
compounds (7b, 7d, and 14b) are 4-fluoro and 4-chloro derivatives which suggest the importance of electron-
withdrawing groups. This is further supported by the moderate efficiency of 14e which is a 4-nitro derivative. Another
important point is that the enlargement of the halogen from 4-chloro (7b or 14b) to 4-bromo (7c or 14c) will lead to loss
of activity which suggests the importance of the size of the electron-withdrawing group used.

When tested against MRSA (ATCC 43300), compound 7f (4-methoxy) was the most potent with MIC one-eighth of
that of chloramphenicol. In addition, both 11a (unsubstituted) and 11d (4-nitro) had equal MICs to that of chloramphe-
nicol (Table 2). Meanwhile, compounds 11a and 11d had similar MICs as chloramphenicol. On another note, compounds
7h and 11f showed antifungal activities against Candida albicans (ATCC 10231) with MICs equal to that of the reference
nystatin (Table 3). It is worth mentioning here that, both compounds have the same substitution pattern of 3-methyl-
4-fluorophenyl moiety.

Effect on Biofilm Formation

Compounds with MIC values comparable to that of chloramphenicol were further screened, at 50% of their MIC values,
as potential anti-biofilm formation agents (Tables 4 and 5). Compounds 11a (unsubstituted) and 11b (4-chloro) showed
ca. 89 and 90% inhibition of biofilm formation by E. coli ATCC 25922, compared to 96% inhibition recorded for
chloramphenicol. Compounds 11b (4-chloro) and 7d (4-fluro) showed ca. 66 and 71% inhibition of MRSA ATCC 43300

Table | MICs of Compounds Against
Escherichia coli ATCC 25922

Compound MIC (ug/mL)
3 128
7a 256
7b 4
7c 256
7d 4
7g 512
Ila 512
I1b 256
Ilc 256
14a 256
14b 4
14d 32
l4e 32
Chloramphenicol 32
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Table 2 MICs of Compounds Against MRSA

ATCC 43300

Compound MIC (ug/mL)
3 256
7a 64
7b 64
7d 128
7e 128
7f |
7g 128
Ila 8
Ilc 256
Ild 8
lle 32
14a 256
l4c 64
14d 128
14e 32
Chloramphenicol 8

Table 3 MICs of Compounds Against
Candida albicans ATCC 10231

Compound MIC (ug/mL)
7h 128
If 128
Nystatin 128

biofilm formation, compared to 79% inhibition recorded for chloramphenicol. This suggests the superiority of small
halogen substitution for this type of activity.

Effect on Preformed Biofilms

As shown in Tables 4 and 5 the screened compounds caused variable degrees of distortion of preformed E. coli and
S. aureus biofilms with many showing comparable distortion percentages to those caused by chloramphenicol (76% for
E. coli and 78% for S. aureus). Compound 14e (4-nitro) showed over 91% distortion of E. coli biofilms. Likewise,
compounds 7a (unsubstituted), 7f (4-methoxy), and 11d (4-nitro) showed more than 91% distortion of S. aureus biofilms.
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Table 4 Percent Biofilm Inhibition/Distortion Against E. coli ATCC 25922 Biofilms

Compound Biofilm Inhibition Biofilm Distortion
(%% Standard Deviation) (%% Standard Deviation)
7a 46.79% 2.15 65.7% 0.55
7d 39.67+ 5.52 64.31% 1.2
7f 12.17% 2.55 51.25% 2.19
Ila 89.22% 1.65 78.84% 1.22
Ilb 89.66x 0.20 75.22+ 0.45
Ild 21.9+ 341 62.74+ 0.22
Ile 30.71+ 2.98 54.73+ 0.21
14b 18.53+ 0.19 67.67+ 0.85
14d 66.71+ 0.36 66.69% 1.26
|4e 0+ I.15 91.41% 0.46
Chloramphenicol 95.98+ 0.16 76.49% 1.21

Note: The bold figures represent the most potent inhibition/distortion values.

Table 5 Percent Biofilm Inhibition/Distortion Against MRSA ATCC 43300 Biofilms

Chemical Compound Biofilm Inhibition Biofilm Distortion
(%% Standard Deviation) (%% Standard Deviation)

7a I1.6x 1.90 91.47% 0.55

7b 65.6+ 0.48 81.37+ 0.66

7d 22.34+ 0.56 7591+ 0.44

7f 3235+ 2.10 93.62% 0.42

Ila 1421+ 2.57 73.77+ 1.44

Ild 70.59+ 1.86 92.57% 0.86

Ile 44.00+ 2.01 89.67+ 0.48

14b 39.96+ 1.94 7533+ 0.71

14d 19.43+ 1.72 64.31+ 1.91

I4e 39.96% 1.10 77.63% 3.95
Chloramphenicol 79.07+ 0.50 78.24+ 1.09

Note: The bold figures represent the most potent inhibition/distortion values.

Molecular Docking Studies

Molecular docking is an important technique that could be used for virtual screening.>® Docking is also used to
investigate the potential binding modes of active compounds*® which is our target here. In this study, all
compounds were docked in the active sites of TyrRS of E. coli and S. aureus to investigate their possible binding
modes. The crystal structures of E. coli TyrRS were downloaded from the protein data bank under the code 1VBM
and co-crystalized with Tyr-AMS. Furthermore, the crystal structure of S. aureus TyrRS was downloaded under
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Figure 2 Docking results against bacterial TyrRS; (A) validation of docking procedure for E. coli TyrRS (IVBM) showing docked (pink) and co-crystalizes ligand (blue), (B)
validation of docking procedure for S. aureus TyrRS (1]l]), (C) docking of compound 7d (salmon) in the active site E. coli TyrRS (IVBM) overlapped with the co-crystallized
ligand (blue), (D) docking of compound 7d (yellow) in the active site S. aureus TyrRS (1]IJ) overlapped with co-crystallized ligand (blue).

the code 1J1J and co-crystalized with SB-239629 which is a known inhibitor with ICsy of 3 nM. Originally, the
procedure was validated through the redocking of a co-crystalized ligand followed by calculating RMSD between
docked and co-crystallized ligands. The RMSD was found to be 1.610 A and 1.207 A for 1VBM and 1J1J,
respectively (Figure 2A and B). These values are accepted (<2 A) and suggest the validity of the docking
procedure used. The binding modes of both co-crystallized ligands share similar interactions. These include
a binding pocket for the hydroxyphenyl part of the tyrosine amino acid, the linker, the sugar-binding pocket,
and the purine binding zone. In general, the docking scores showed better binding for compounds 7 and 11
compared to compound 14. Some of the tested compounds showed docking scores better than the co-crystalized
ligands (Table 6). Docking poses of the tested compounds show binding modes similar to the co-crystalized ligand
as it was initially designed. Figure 2C and D show the similar binding modes of a representative example of our
compounds 7d with TyrRS of E. coli and S. aureus. The isatin ring is found to be docked in the purine binding
pocket, while the thiazole ring of compounds 7, 11, and 14 along with the hydrazine moiety overlaps with the
sugar part and the linker of the co-crystalized ligands. Finally, the terminal phenyl ring overlaps with the phenyl
part of the tyrosine amino acid. This interesting binding mode would require further investigation. However, it
provides a clearer view of plausible interaction modes between the newly synthesized compounds and this
important target. A further validation for our molecular docking study using some in vitro methods was planned.
Unfortunately, we were unable to express the TyrRS proteins in the laboratory due to their commercial unavail-
ability of the TyrRS assay kits.

Conclusions

This study overlays the design and synthesis of isatin-decorated thiazole derivatives. In-vitro screening of the newly
synthesized compounds for their antimicrobial activity showed promising results against both E. coli and MRSA with anti-
biofilm formation activity. Compound 7f, the most potent antimicrobial compound in this study, showed a MIC value eight-
fold better than chloramphenicol against MRSA. In addition, compounds 7h and 11f showed antifungal activities against
C. Albicans. Several compounds showed inhibition and/or distortion of biofilm formation by E. coli. and S. aureus.
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Table 6 Docking Scores of Compounds Against S. aureus TyrRS and E. coli TyrRS

Ligand 1J1) 1VBM
S. aureus TyrRS E. coli TyrRS

3 -7.9 -8.6
7a —-10.2 -10.7
7b -10 =111
7c -9.9 -10.8
7d —-10.6 =112
7e -10.4 —11.4
7f -9.9 -10.8
7g -10.4 -11.2
7h —-10.5 -10.4
Ila -9.9 -10.4
I1b -9.9 -10.8
e -10.2 =11
Id —10.1 -1
lle —9.6 -9.5
I1f -10.7 —11.1
14a -9.5 -94
14b 94 -9.9
14c -9.3 -9.7
14d -94 -10
14e -9.6 -10
Co-crystalized ligand —8.4 (SB-239629) —10.6 (Tyr-AMS)

Molecular docking studies suggested the potential binding of the synthesized compounds with S. aureus and E. coli TyrRS
like the binding modes of co-crystalized ligands. Exploring the full scope of the novel isatin-based thiazole derivatives as
promising antibacterial prototypes, against potential target enzymes, is currently under further investigation (Supplementary
Materials).
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