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Abstract

:

Glycogen synthase kinase-3 (GSK-3) is a serine/threonine kinase which plays a center role in the phosphorylation of a wide variety of proteins, generally leading to their inactivation. As such, GSK-3 is viewed as a therapeutic target. An ever-increasing number of small organic molecule inhibitors of GSK-3 have been reported. Phenylmethylene hydantoins are known to exhibit a wide range of inhibitory activities including for GSK-3β. A family of fourteen 2-heterocycle substituted methylene hydantoins (14, 17–29) were prepared and evaluated for the inhibition of GSK-3β at 25 μM. The IC50 values of five of these compounds was determined; the two best inhibitors are 5-[(4′-chloro-2-pyridinyl)methylene]hydantoin (IC50 = 2.14 ± 0.18 μM) and 5-[(6′-bromo-2-pyridinyl)methylene]hydantoin (IC50 = 3.39 ± 0.16 μM). The computational docking of the compounds with GSK-3β (pdb 1q41) revealed poses with hydrogen bonding to the backbone at Val135. The 5-[(heteroaryl)methylene]hydantoins did not strongly inhibit other metalloenzymes, demonstrating poor inhibitory activity against matrix metalloproteinase-12 at 25 μM and against human carbonic anhydrase at 200 μM, and were not inhibitors for Staphylococcus aureus pyruvate carboxylase at concentrations >1000 μM.
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1. Introduction


Glycogen synthase kinase 3 (GSK-3) is a serine/threonine kinase which was originally found to phosphorylate and inhibit glycogen synthase, an enzyme responsible for glycogen synthesis [1]. GSK-3 is phosphorylated on tyrosine and is active in resting cells [2]. GSK-3 was identified as phosphorylating over 100 different proteins and it has been said that it “may be the busiest kinase in most cells” [3]. Phosphorylation by GSK-3 generally leads to the inactivation of the phosphorylated protein [4]. There are two isoforms, GSK-3α and GSK-3β, which have high homology in the region containing motifs common to all protein kinases, while the N- and C-terminal regions have considerably less homology [5]. Since GSK-3β affects multiple signaling pathways, it has become a therapeutic target for type-2 diabetes [6], psychiatric disorders [7,8,9,10], cancer [11,12,13], Alzheimer’s disease [14,15,16], and even SARS-CoV-2 [17].



The structure of GSK-3β consists of an N-terminal β-strand domain and a C-terminal α-helix domain joined by a glycine-rich loop and hinge [18]. The ATP-binding domain is at the interface of the β-strand and α-helix domains. The X-ray crystal structures of human GSK-3β with AMP-PNP, and the inhibitors staurosporine, indirubin-3-monoxime, and alsterpaullone reveal important interactions with the backbone carbonyl of Asp133 and the backbone amide NH and/or the carbonyl of Val135 (Figure 1) [19]. An ever-growing number of small organic molecule GSK-3β inhibitors have been reported, with additional crystal structures or docking studies reinforcing these crucial interactions [20].



5-(4-Hydroxybenzylidene)hydantoin (1, Figure 2) [21], 3′-deimino-2′,4′-bis(dimethyl)-3′-oxoaplysinopsin (9) [22], and the 6-bromo analog (10) [21,22] are naturally occurring substituted 5-methylidenehydantoins isolated from marine invertebrates. Compound 1 and several synthetic analogs (2–8) are reported to exhibit GSK-3β inhibitory activity in the range 4–18 μM [23]. Several other 5-(heteroarylmethylene)hydantoins have been evaluated as cancer migration inhibitors (11–16, Figure 2), but only compound 16 exhibited notable activity [24].



Inspired by the GSK-3β inhibitory activity exhibited by compounds 1–8 [23], we prepared a series of 5-(heteroarylmethylene)hydantoins (15, 17–29, Scheme 1) and examined their inhibitory activity against GSK-3β. Intramolecular hydrogen bonding between the N(1)–H bond of the hydantoin and the nitrogen of a (2-pyridinyl) substituent was anticipated to impart some conformational bias about the C(6) to aryl bond [25], and thus substituents at positions C3, C4, and C6 of the pyridine ring would have directional orientation within the binding pocket of GSK-3β. To this end, results from compounds 15, 18, and 20–23 would illuminate any steric constraints within the binding pocket. Results from compounds 24–28 might provide information about the hydrogen bonding acceptor ability of the halogen atoms within these structures, the potential for which is underexplored in compounds 1–8 [23]. Compound 28 was chosen as an isomer of 18 in which the hydantoin is attached at a different position of the quinoline ring. Since 5-(pyridine-2-ylmethylene)hydantoin (17) is known to form chelated complexes with metals [26], we desired to evaluate the possibility that these compounds might non-specifically inhibit metal-dependent enzymes. Our group’s previous experience with evaluating 3-aryl-2-hydroxypropenoic acids as inhibitors for Staphylococcus aureus pyruvate carboxylase (SaPC) [27], including selectivity against matrix metalloproteinase-12 (MMP-12) and human carbonic anhydrase (hCAII) (two proteins in a well-established metalloprotease panel [27]), made these a logical choice for the selectivity studies included here too.




2. Results and Discussion


2.1. Chemistry


Four known (15 and 17–19) and ten new 5-(heteroarylmethylene)hydantoins (20–29) were prepare through the Knovenegel condensation of hydantoin with heteroarylaldhydes (Scheme 1). In most cases, the product precipitated from the ethanol/water reaction mixture; however, in the case of 21, 23, 24, and 25, several drops of conc. HCl were added to induce precipitation. Products 15 and 17–19 were identified by means of a comparison of their physical and/or spectral data to values from the literature [24,25,28]. The structures of 6-substituted-5-methylenehydantoins 20–29, were assigned on the basis of their NMR spectral data. In particular, singlets in their 1H NMR spectra in the range of δ 6.39–6.48 ppm and signals in their 13C NMR spectra in the range δ 165 and 101–105 ppm correspond to H6, C2, and C6, respectively [29]. The exception to this is 24, where the signal for H6 appears at δ 6.61 ppm. This additional downfield shift is due to the proximity of the 3-chloro substituent.




2.2. Biological Evaluation


2.2.1. Inhibition of GSK-3β


The ability of 5-(heteroarylmethylene)hydantoins 15 and 17–29 to inhibit GSK-3β at 25 μM was measured in a kinase HotSpotTM assay with 10 μM ATP; measurements of % activities were made in duplicate and values are reported as the average (Table 1). All compounds exhibited some inhibitory activity at 25 μM. The substituted 5-(pyridin-2-yl)methylenehydantoins 15, 23, 25, and 27, and the 5-(quinoline-6′-yl)methylenehydantoin 28 were further assessed in 10-point inhibition measurements conducted in triplicate (Table 1). All five were single-digit micromolar inhibitors, with the two most potent ones being 25 and 27 (IC50 = 2.14 ± 0.18 μM and 3.39 ± 0.16 μM, respectively). While the GSK-3β inhibitory activities of these compounds are considerably less potent than the highly potent inhibitors stauroporine (IC50 = 15 nM), indirubin-3-monoxime (IC50 = 22 nM), and alsterpaullone (IC50 = 4 nM), they are nonetheless in the same range previously reported for substituted 5-phenylmethylenehydantoins (1–8) [23]. It can be concluded that the presence of a nitrogen in the aryl ring attached to the 5-methylenehydantoin does not improve, or diminish, the activity of these compounds.




2.2.2. Molecular Docking


The docking of 15 and 17–29 into the ATP binding cleft of GSK-3β (pdb 1q41 [19]) was calculated with the Mcule online one-click program which uses the Vina docking algorithm (https://mcule.com, accessed on 8 February 2024). Vina uses a sophisticated gradient optimization method in its local optimizing procedure, and was designed to improve the speed of the execution and accuracy [30]. The authors of this program describe the scoring function is ‘more of a “machine learning” than directly physics-based in its nature’. Structures 15, 17–27, and 29 docked with modest affinity (–6.7 to –7.8 kcal/mol), where the best scored pose indicated hydrogen bonding interactions between the backbone carbonyl C=O and amide N–H of Val135 with the N–H at position 3 and C=O at position 4 of the hydantoin ring, respectively, as represented by the best docking pose for 23 (Figure 3A). Notably, there was no discernable hydrogen bonding to the backbone N–H of Asp133. In contrast, while the computational docking of 28 produced the best score, the top 4 poses reversed the orientation of the molecule such that the hydantoin ring is buried deep in the binding pocket where it does not make any interactions with the backbone amide group of Val135 (Figure 3B).



The predictive value of these computations may be limited. Indirubin-3-monoxime is the ligand in PDB 1q41. The top four docking results from the online Mcule program for indirubin-3-monoxime have the oxime OH oriented toward Val 135. This may be due to parameters which overemphasize the energy of this interaction. Notably, the docking of the methyl ether of indirubin-3-oxime resulted in an orientation of the ligand more closely matching the crystal structure.




2.2.3. Evaluation of Selected Compounds against MMP-12, hCAII, and SaPC


5-(Heteroarylmethylene)hydantoins were evaluated as inhibitors for MMP-12 at fixed concentrations of 200 and 25 μM (Table 1). At 200 μM of 20–24, the activity of MMP-12 was ≤50% the activity of positive control; for compounds 21, 24, and 25 at 25 μM, the activity of MMP12 was 69–74% while the activity for the others was >80%. Thus, all compounds were more potent as inhibitors for GSK-3β than for MMP-12. A select subset of the 5-(heteroarylmethylene)hydantoins were evaluated as inhibitors of human carbonic anhydrase II (hCAII) at 200 μM (Table 1). Only 25 and 29 exhibited any inhibition (57% and 63% activity, respectively) while the others exhibited little or no inhibitory activity. Finally, this same subset of 5-(heteroarylmethylene)hydantoins were evaluated as inhibitors of isolated S. aureus pyruvate carboxylase (SaPC) in a fixed-time assay (Table 1) [27]. No inhibitory activity was observed up to 1000 μM.






3. Materials and Methods


3.1. Chemistry


3.1.1. General Experimental Information


Melting points were measured in open capillary tubes on a MelTemp melting point apparatus and are uncorrected. NMR spectra were recorded on either a Varian Mercury+ 300 Hz or a Varian UnityInova 400 MHz instrument. d6-DMSO was purchased from Cambridge Isotope Laboratories. 1H NMR were calibrated to 2.49 ppm for d5-DMSO present in the d6-DMSO solvent, and 13C NMR spectra were calibrated from the central peak at 39.7 ppm for d6-DMSO. Coupling constants are reported in Hz. Scanned NMR spectra of compounds 15, 17–29 are contained in the Supplementary Material. Elemental analyses were obtained from Midwest Microlabs, Ltd. (Indianapolis, IN, USA), and high-resolution mass spectra were obtained from the COSMIC lab at Old Dominion University. Pyridinecarboxaldehydes were purchased from Acros, Ambeed, or Ark Pharm; hydantoin was purchased from Acros.




3.1.2. General Procedure for the Preparation of 5-(Heteroarylmethylene)hydantoins


Hydantoin (10 mmol) was dissolved in H2O (20 mL) at 70 °C with stirring. Ethanolamine (1.0 mL) was added to the mixture, which was then heated to reflux. An equimolar quantity of the appropriate aldehyde solution (5 mmol in 5 mL ethanol) was added dropwise. The reaction mixture was heated at reflux for 5 h. The mixture was cooled to room temperature, during which time the product precipitated. The precipitate was collected via vacuum filtration, washed several times with H2O, and dried in vacuo.



(Z)-5-[(2′-Pyridinyl)methylene]-2,4-imidazolidinedione (17). The reaction of pyridine-2-carboxaldehyde (1.064 g, 9.933 mmol) with hydantoin (1.005 g, 10.05 mmol) was carried out following the general procedure to give 17 as a cream-colored solid (727 mg, 38%); mp 231–233 °C (Lit. mp 233.5–235.5 °C [25]); 1H NMR (d6-DMSO, 400 MHz) δ 8.64 (d, J = 4.8 Hz, H6′), 7.80 (dt, J = 1.6, 7.6 Hz, H4′), 7.57 (d, J = 8.0 Hz, H3′), 7.27 (ddd, J = 0.8, 4.8, 7.6 Hz, H5′), 6.47 (s, C=CH); 13C NMR (d6-DMSO, 75 MHz) δ 165.3 (C4), 154.8, 153.8, 149.5, 137.2, 131.8, 125.6, 122.4, 105.1 (C6) ppm. The 1H NMR spectral data are consistent with the values in the literature [25].



(Z)-5-[(2-Quinolinyl)methylene]-2,4-imidazolidinedione (18). The reaction of quinoline-2-carboxaldehyde (0.835 g, 5.31 mmol) with hydantoin (0.539 g, 5.39 mmol) was carried out following the general procedure to give 18 as a tan solid (872 mg, 69%); mp > 255 °C (lit. mp 266–268 °C [28]); 1H NMR (d6-DMSO, 400 MHz) δ 11.43 (s, 1H, NH), 10.73 (s, 1H, NH), 8.43 (d, J = 8.4 Hz, 1H), 8.37 (d, J = 8.8 Hz, 1H), 7.94 (d, J = 8.0 Hz, 1H), 7.77 (t, J = 8.0 Hz, 1H), 7.73 (d, J = 8.4 Hz, 1H), 7.59 (t, J = 7.2 Hz, 1H), 6.44 (s, C=CH).



(Z)-5-[(3′-Pyridinyl)methylene]-2,4-imidazolidinedione (19). The reaction of pyridine-3-carboxaldehyde (0.539 g, 5.03 mmol) with hydantoin (0.493 g, 4.93 mmol) was carried out following the general procedure to give 19 as a pale yellow solid (541 mg, 58%); mp > 255 °C; 1H NMR (d6-DMSO, 400 MHz) δ 8.77 (d, J = 2.0 Hz, H2′), 8.48 (d, J = 4.8 Hz, H6′), 8.04 (d, J = 8.4 Hz, H4′), 7.42 (dd, J = 4.8, 8.0 Hz, H5′), 6.42 (s, C=CH); 13C NMR (d6-DMSO, 100 MHz) δ 165.4 (C4), 155.8, 150.4, 148.7, 135.7, 129.7, 129.2, 123.7, 104.5 (C6) ppm. The 1H NMR spectral data are consistent with the values in the literature [25].



(Z)-5-[(6′-Methoxy-2-pyridinyl)methylene]-2,4-imidazolidinedione (15). The reaction of 6-methoxypyridine-2-carboxaldehyde (1.388 g, 10.12 mmol) with hydantoin (1.007 g, 10.07 mmol) was carried out following the general procedure to give 15 as a pale yellow solid (1.278 g, 58%); mp 249–251 °C; 1H NMR (d6-DMSO, 400 MHz) δ 10.00–9.00 (br s, 1H, NH), 7.69 (t, J = 8.0 Hz, H4′), 7.17 (d, J = 8.0 Hz, H3′), 6.72 (d, J = 8.0 Hz, H5′), 6.39 (s, C=CH), 3.92 (s, OCH3); 13C NMR (d6-DMSO, 100 MHz) δ 165.1 (C4), 163.2, 154.4, 151.2, 139.9, 131.1, 119.3, 110.2, 105.5 (C6), 53.3 (OCH3) ppm. Anal. calcd. For C10H9N3O3: C: 54.79, H: 4.14, N: 19.17, Found: C: 54.23, H: 4.00, N: 19.00.



(Z)-5-[(3′-Methyl-2-pyridinyl)methylene]-2,4-imidazolidinedione (20). The reaction of 3-methylpyridine-2-carboxaldehyde (0.999 g, 8.24 mmol) with hydantoin (0.827 g, 8.27 mmol) was carried out following the general procedure to give 20 as a chartreuse yellow solid (757 mg, 45%); mp 245–248 °C; 1H NMR (d6-DMSO, 300 MHz) δ 10.60–10.40 (br s, 1H, NH), 8.48 (d, J = 4.7 Hz, H6′), 7.63 (d, J = 7.6 Hz, H4′), 7.19 (dd, J = 4.7, 7.6 Hz, H5′), 6.46 (s, C=CH), 2.37 (s, CH3); 13C NMR (d6-DMSO, 75 MHz) δ 165.4 (C4), 154.9, 152.1, 146.9, 138.3, 132.9, 132.1, 122.3, 101.4 (C6), 18.1 (CH3) ppm. HRMS m/z 226.0586 (calcd for C10H9N3O2+Na+ 226.0587).



(Z)-5-[(4′-Methyl-2-pyridinyl)methylene]-2,4-imidazolidinedione-HCl (21). The reaction 4-methylpyridine-2-carboxaldehyde (0.971 g, 8.02 mmol) with hydantoin (0.803 g, 8.03 mmol) was carried out following the general procedure. The reaction mixture was treated with conc. HCl (15 drops) to induce the precipitation of the hydrochloride salt, which gave 21 as a cream-colored solid (677 mg, 42%); mp 225–230 °C; 1H NMR (d6-DMSO, 400 MHz) δ 8.48 (d, J = 4.8 Hz, H6′), 7.42 (s, H3′), 7.12 (d, J = 4.8 Hz, H5′), 6.41 (s, C=CH), 2.31 (s, CH3); 13C NMR (d6-DMSO, 100 MHz) δ 165.2 (C4), 154.7, 153.5, 149.2, 147.9, 131.8, 126.2, 123.2, 105.1 (C6), 20.5 (CH3) ppm. HRMS m/z 226.0585 (calcd for C10H9N3O2+Na+ 226.0587).



(Z)-5-[(5′-Methyl-2-pyridinyl)methylene]-2,4-imidazolidinedione (22). The reaction of 5-methylpicolinaldehyde (1.24 g, 10.24 mmol) with hydantoin (1.007 g, 10.07 mmol) was carried out following the general procedure to give 22 as a light yellow solid (987 mg, 48%); mp >250 °C; 1H NMR (d6-DMSO, 400 MHz) δ 11.34–11.26 (br s, 1H, NH), 10.32–10.26 (br s, 1H, NH), 8.50 (d, J = 1.2 Hz, H6′), 7.66 (dd, J = 1.2, 7.6 Hz, H4′), 7.51 (d, J = 7.6 Hz, H3′), 6.46 (s, C=CH), 2.32 (s, CH3); 13C NMR (d6-DMSO, 100 MHz) δ 165.2 (C4), 154.7, 151.0, 149.8, 137.4, 131.9, 131.0, 125.1, 105.2 (C6), 18.0 (CH3) ppm. HRMS m/z 226.0585 (calcd for C10H9N3O2+Na+ 226.0587).



(Z)-5-[(6′-Methyl-2-pyridinyl)methylene]-2,4-imidazolidinedione-HCl (23). The reaction of 6-methylpyridine-2-carboxaldehyde (2.395 g, 19.77 mmol) with hydantoin (1.989 g, 19.89 mmol) was carried out following the general procedure. The aqueous reaction mixture was treated with conc. HCl (8 drops) to induce the precipitation of the hydrochloride salt, which gave 23 as a pale yellow solid (1.731 g, 45%); mp 229–230 °C; 1H NMR (d6-DMSO, 300 MHz) δ 7.67 (t, J = 7.5 Hz, H4′), 7.36 (d, J = 7.5 Hz, H3′), 7.11 (d, J = 7.5 Hz, H5′) 6.42 (s, C=CH), 2.54 (s, CH3); 13C NMR (d6-DMSO, 100 MHz) δ 165.2 (C4), 158.3, 154.6, 153.1, 137.3, 131.3, 123.0, 122.1, 105.3 (C6), 24.1 (CH3) ppm. HRMS m/z 226.0586 (calcd for C10H9N3O2+Na+ 226.0587).



(Z)-5-[(3′-Chloro-2-pyridinyl)methylene]-2,4-imidazolidinedione-HCl (24). The reaction of 2-chloropyridine-2-carboxaldehyde (990 mg, 6.99 mmol) with hydantoin (699 mg, 6.99 mmol) was carried out following the general procedure. The aqueous reaction mixture was treated with conc. HCl (8 drops) to induce the precipitation of the hydrochloride salt, which gave 24 as a tan solid (1.075 g, 59%); mp 235–240 °C; 1H NMR (d6-DMSO, 400 MHz) δ 11.30–10.30 (br s, 1H, NH), 8.58 (d, J = 4.8 Hz, H6′), 7.96 (d, J = 8.0 Hz, H4′), 7.32 (dd, J = 4.8, 8.2 Hz, H5′), 6.61 (s, C=CH); 13C NMR (d6-DMSO, 100 MHz) δ 165.3 (C4), 155.2, 150.4, 147.9, 137.6, 133.8, 129.9, 123.5, 98.8 (C6) ppm; Anal. calcd. For C9H6ClN3O2-0.6HCl: C: 44.03, H: 2.71, N: 17.12, Found: C: 44.22, H: 2.63, N: 16.97.



(Z)-5-[(4′-Chloro-2-pyridinyl)methylene]-2,4-imidazolidinedione-HCl (25). The reaction of 4-chloropyridine-2-carboxaldehyde (1.02 g, 7.21 mmol) with hydantoin (0.720 g, 7.20 mmol) was carried out following the general procedure. The aqueous solution was treated with conc. HCl (6 drops) to induce the precipitation of the hydrochloride salt (25) which was obtained as a bright yellow solid (580 mg, 31%); mp 210–215 °C (dec); 1H NMR (d6-DMSO, 400 MHz) δ 11.10-10.04 (br s, 1H, NH), 8.57 (d, J = 5.4 Hz, H6′), 7.76 (d, J = 2.0 Hz, H3′), 7.39 (dd, J = 2.0, 5.4 Hz, H5′), 6.46 (s, C=CH); 13C NMR (d6-DMSO, 100 MHz) δ 165.1 (C4), 155.5, 154.9, 150.7, 143.5, 132.9, 124.8, 122.0, 103.6 (C6) ppm. HRMS m/z 246.0039 (calcd for formula C9H6ClN3O2+Na+ 246.0041).



(Z)-5-[(5′-Bromo-2-pyridinyl)methylene]-2,4-imidazolidinedione (26). The reaction of 5-bromo-2-pyridinecarboxaldehyde (1.918 g, 10.31 mmol) with hydantoin (1.017 g, 10.17 mmol) was carried out following the general procedure to give 26 as a tan-colored solid (1.504 g, 55%); mp > 255 °C; (d6-DMSO, 400 MHz) δ 8.70 (d, J = 2.4 Hz, H6′), 8.08 (dd, J = 2.4, 8.6 Hz, H4′), 7.58 (d, J = 8.6 Hz, H3′), 6.48 (s, C=CH); 13C NMR d6-DMSO, 100 MHz) δ 165.7 (C4), 155.4, 152.9, 150.4, 140.0, 132.7, 127.2, 118.7, 104.2 (C6) ppm; Anal. calcd. For C9H6BrN3O2: C: 40.32, H: 2.26, N: 15.68, Found: C: 40.17, H: 2.25, N: 15.41.



(Z)-5-[(6′-Bromo-2-pyridinyl)methylene]-2,4-imidazolidinedione (27). The reaction 6-bromo-2-pyridinecarboxaldehyde (1.855 g, 9.97 mmol) with hydantoin (1.026 g, 10.26 mmol) was carried out following the general procedure to give 27 as a pale yellow solid (1.357 g, 48%); mp > 250 °C; 1H NMR (d6-DMSO, 400 MHz) δ 7.73 (t, J = 7.6 Hz, H4′), 7.59 (d, J = 7.6 Hz, H5′), 7.50 (d, J = 7.6 Hz, H3′), 6.39 (s, C=CH); 13C NMR d6-DMSO, 100 MHz) δ 165.0 (C4), 154.9, 154.7, 140.9, 140.2, 132.3, 126.5, 124.7, 103.5 (C6) ppm; HRMS m/z 289.9534 (calcd for C9H6NrN3O2+Na+ 289.9536). Anal. calcd. For C9H6BrN3O2-0.6H2O: C: 38.76, H: 2.60, N: 15.06, Found: C: 38.81, H: 2.38, N: 14.71.



(Z)-5-[(6′-Quinolinyl)methylene]-2,4-imidazolidinedione (28). The reaction of 6-quinolinecarboxaldehyde (1.58 g, 10.0 mmol) with hydantoin (1.08 g, 10.8 mmol) was carried out following the general procedure to give 28 as a peach-colored solid (0.92 g, 37%); mp > 250 °C; 1H NMR (d6-DMSO, 400 MHz) δ 11.50-10.00 (br s, 1H, NH), 8.88 (d, J = 4.0 Hz, H2′), 8.32 (d, J = 8.4 Hz, H4′), 8.26 (s, H5′), 7.99 and 7.93 (AB, JAB = 8.8 Hz, H7′ and H8′), 7.55 (dd, J = 4.0, 8.4 Hz, H3′), 6.57 (s, C=CH); 13C NMR (d6-DMSO, 100 MHz) δ 165.6 (C4), 155.9, 151.1, 147.1, 136.3, 131.2, 130.9, 129.2, 129.0, 128.4, 128.0, 122.1, 107.3 (C6) ppm. HRMS m/z 240.0766 (calcd for formula C13H9N3O2+H+ 240.0768).



(Z)-5-[(3-Benzo[b]thiophenyl)methylene]-2,4-imidazolidinedione (29). The reaction of benzo[b]thiophene-3-carboxaldehyde (1.62 g, 9.99 mmol) with hydantoin (0.995 g, 9.95 mmol) was carried out following the general procedure to give 29 as a yellow solid (1.465 g, 60%); mp > 250 °C; 1H NMR (d6-DMSO, 400 MHz) δ 11.20–10.80 (br s, 1H, NH), 8.24 (s, 1H), 8.04 (d, J = 8.0 Hz, 1H), 7.99 (d, J = 7.6 Hz, 1H), 7.51–7.41(m, 2H), 6.71 (s, 1H, C=CH); 13C NMR (d6-DMSO, 100 MHz) δ 165.4, 155.7, 138.7, 138.0, 128.9, 127.9, 127.0, 125.2, 125.0, 123.1, 121.6, 98.9 (C6) ppm. HRMS m/z 267.0198 (calcd for formula C12H8N2O2S+Na+ 267.0199).





3.2. Biological Evaluation


3.2.1. Inhibition of Glycogen Synthase Kinase-3β


In vitro inhibition assays of glycogen synthase kinase-3β were performed by Reaction Biology using their HotSpotTM assay as previously described [31]. The following description is similar to that in the reference. Briefly, the GSK-3β kinase and each compound along with required cofactors were prepared in reaction buffer (20 mM Hepes pH 7.5, 10 mM MgCl2, 1 mM EGTA, 0.01% Brij35, 0.02 mg/mL BSA, 0.1 mM Na3VO4, 2 mM DTT, 1% DMSO). Compounds were delivered into the reaction. After 20 min, a mixture of ATP and 33P ATP was prepared to a final concentration of 10 μM. After reaction for 120 min at 25 °C, the mixture was spotted onto P81 ion exchange filter paper. Unbound phosphate was removed by means of extensive washing with 0.75% phosphoric acid. Background derived from control reactions with the inactive enzyme was subtracted and the kinase activity expressed as percent remaining kinase activity compared to vehicle. Percent inhibition at a single concentration was conducted in duplicate at a 25 μM inhibitor; values are reported as the average. IC50 determinations were conducted in triplicate; and curve fits were obtained using Prism. Values are reported as the average with calculated standard deviation. Staurosporine was tested in a 10-dose IC50 4-fold serial dilution as a control; this gave an IC50 value of 5.12 nM.




3.2.2. Inhibition of Matrix Metalloproteinase-12


Assays for human matrix metalloproteinase-12 activity were performed in a 96-well plate format for a total reaction volume of 100 μL, in an assay modified from Day and Cohen [32]. All assay reagents were prepared and maintained at 22 °C until warmed to 37 °C. The omniMMP fluorogenic substrate and MMP-12 enzyme were prepared in assay buffer (50 mM HEPES, 10 mM CaCl2, 0.05% Brij-35, pH of 7.52), and small molecule effectors were prepared as a solution in 50% DMSO, 50% assay buffer. The final concentration of enzyme in the 100 μL enzymatic reaction was 0.0083 U/μL. A known inhibitor, N-[(4’-bromo [1,1’-biphenyl]-4-yl)sulfonyl]-L-valine (PD166793), was included where noted at a final concentration of 100 μM. OmniMMP fluorogenic substrate was added to the 100 μL enzymatic reaction at a final concentration of 4 μM. For all experiments, 30 μL of enzyme stock solution was added to each well in a 96-well, flat-bottom, black polystyrene microplate (SantaCruz Biotechnology, Dallas, TX, USA), followed by the addition of 10 μL of the effectors (50% assay buffer, 50% DMSO for the uninhibited reaction, PD166793 for the inhibition). The 96-well plate was then incubated in a plate reader at 37 °C for 30 min; concurrently, the substrate solution was also warmed to 37 °C for 30 min. The enzymatic reaction was initiated by adding 60 μL of the omniMMP fluorogenic substrate solution. The change in fluorescence was then monitored for 30 min with excitation and emission wavelengths at 320 and 400 nm, respectively, every 46 s for a total of 40 measurements.




3.2.3. Inhibition of Human Carbonic Anhydrase II


Assays for human carbonic anhydrase II activity were performed in a 96-well plate format for a total reaction volume of 100 μL, in an assay modified from Day and Cohen [32]. All assay reagents and solutions were prepared separately and maintained at 22 °C until warmed to 30 °C. All substrates, effectors, and enzyme were freshly dissolved and diluted in assay buffer containing 50 mM Tris (pH 8.0). The final concentration of the human carbonic anhydrase II enzyme was 200 nM. Where noted, acetazolamide was included at a final concentration of 10 μM. The substrate, p-nitrophenyl acetate, was added at a final concentration of 504 μM. For all experiments, 20 μL of enzyme stock solution was added to each well in a 96-well, flat-bottom, polystyrene microplate (Santa Cruz Biotechnology, Dallas, TX, USA), followed by the addition of 10 μL of the effectors (assay buffer for the uninhibited reaction, acetazolamide for the inhibition). The 96-well plate was then incubated in a plate reader at 30 °C for 10 min; concurrently, the substrate solution was also warmed to 30 °C for 10 min. The enzymatic reaction was initiated by adding 70 μL of the substrate solution (p-nitrophenyl acetate). The absorbance values were then measured at 405 nm every 30 s over a period of 20 min for a total of 40 measurements.




3.2.4. Inhibition of S. aureus Pyruvate Carboxylase (SaPC)


Malate dehydrogenase-coupled enzyme assays were performed at 22 °C in a 96-well plate format for a total reaction volume of 200 μL. Assay conditions consisted of 100 mM Tris (pH 7.8), 7 mM MgCl2, 150 mM KCl, and 0.5% Triton x-100. First, 20 μL of compound was added to obtain the desired final concentration; 20 μL of malate dehydrogenase (MDH) was added such that the final concentration in the assay was 20 U/mL; and lastly, 140 μL of substrates was added to initiate the reaction (HCO3−, ATP, and NADH to a final assay concentration of 15 mM, 2.5 mM, and 0.25 mM, respectively). To account for the possible compound inhibition of MDH, the procedure was modified such that 20 μL oxaloacetate was added to a final concentration of 30 mM, in place of PC. Reagents were dispensed manually by a hand-held, multi-channel micropipette, and absorbance measurements were recorded at 340 nM with a Molecular Devices SpectraMax i3x Multi-mode plate reader.






4. Conclusions


Several 5-(heteroarylmethylene)hydantoins were found to be single-digit micromolar inhibitors of GSK-3β, with 25 and 27 as the most potent ones. Computational docking predicted that these bind in the ATP binding domain, with hydrogen bonding between the hydantoin functionality and the backbone C=O and N–H of a valine 135 in this domain. The GSK-3β inhibitory activities of the compounds reported in this manuscript are in the same range as previously reported for substituted 5-phenylmethylenehydantoins (1–8) [23], and they are considerably less potent than the highly potent inhibitors stauroporine (IC50 = 15 nM), indirubin-3-monoxime (IC50 = 22 nM), and alsterpaullone (IC50 = 4 nM). Developing more potent inhibitors based on this scaffold will likely require the introduction of additional functionality which can take advantage of hydrogen bonding and/or lipophilic functionality present within the binding pocket. Certain of these compounds exhibited an inhibition of MMP-12 at 200 μM, and further inhibitor design may be needed to improve the selectivity for GSK-3β over MMP-12; there was essentially no inhibitory activity observed for hCAII or SaPC.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ph17050570/s1, 1H and/or 13C NMR spectra of synthesized compounds.





Author Contributions


Conceptualization, W.A.D.; validation, N.O.S. and W.A.D.; formal analysis, N.O.S.; investigation, N.O.S., K.G., D.J.B. and W.A.D.; resources, M.S.M. and W.A.D.; data curation, N.O.S. and W.A.D.; writing—original draft preparation, W.A.D.; writing—review and editing, N.O.S., M.S.M. and W.A.D.; supervision, W.A.D. and M.S.M.; project administration, W.A.D. and M.S.M.; funding acquisition, M.S.M. and W.A.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Institutes of Health, grant number GM131356.




Data Availability Statement


The data presented in this study are available on request from the corresponding author due to legal reasons.




Acknowledgments


High-resolution mass spectra were obtained at the Old Dominion University COSMIC facility.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Embi, N.; Rylatt, D.B. Glycogen synthase kinase-3 from rabbit skeletal muscle. Separation from cyclic-AMP-dependent protein kinase and phosphorylase kinase. Eur. J. Biochem. 1980, 107, 519–527. [Google Scholar] [CrossRef]

	



Hughes, K.; Nikolakaki, E.; Plyte, S.E.; Totty, N.F.; Woodgett, J.R. Modulation of the glycogen synthase kinase-3 family by tyrosine phosphorylation. EMBO 1993, 12, 803–808. [Google Scholar] [CrossRef]

	



Beurel, E.; Greico, S.F.; Jope, R.S. Glycogen synthase kinase-3 (GSK3): Regulation, actions and diseases. Pharmacol. Ther. 2015, 148, 114–131. [Google Scholar] [CrossRef]

	



Ali, A.; Hoeflich, K.P.; Woodgett, J.R. Glycogen Synthase Kinase-3: Properties, Function, and Regulation. Chem. Rev. 2001, 101, 2527–2540. [Google Scholar] [CrossRef]

	



Woodgett, J.R. Molecular cloning and expression of glycogen synthase kinase-2/Factor A. EMBO 1990, 9, 2431–2438. [Google Scholar] [CrossRef]

	



Nikoulina, S.E.; Ciaraldi, T.P.; Mualiar, S.; Carter, L.; Johnson, K.; Henry, R.R. Inhibition of Synthase Kinase 3 Improves Insulin Action and Glucose Metabolism in Human Skeletal Muscle. Diabetes 2002, 51, 2190–2198. [Google Scholar] [CrossRef]

	



Jope, R.S.; Roh, M.-S. Glycogen Synthase Kinase-3 (GSK3) in Psychiatric Diseases and Therapeutic Interventions. Curr. Drug Targets 2006, 7, 1421–1434. [Google Scholar] [CrossRef]

	



Kozikowski, A.P.; Gaisina, I.N.; Yuan, H.; Petukhov, P.A.; Blond, S.Y.; Fedolak, A.; Caldarone, B.; McGonigle, P. Structure-Based Design Leads to the Identification of Lithium Mimetics that Block Mania-like Effects in Rodents. Possible New GSK-3b Therapies for Bipolar Disorders. J. Am. Chem. Soc. 2007, 129, 8328–8332. [Google Scholar] [CrossRef]

	



Furlotti, G.; Alisi, M.A.; Cazzolla, N.; Dragone, P.; Durando, L.; Magaro, G.; Mancini, F.; Mangano, G.; Ombrato, R.; Vitiello, M.; et al. Hit Optimization of 5-Substituted-N-(piperidin-4-ylmethyl)-1Hindazole-3-carboxamides: Potent Glycogen Synthase Kinase-3 (GSK-3) Inhibitors with in Vivo Activity in Model of Mood Disorders. J. Med. Chem. 2015, 58, 8920–8937. [Google Scholar] [CrossRef]

	



Ruiz, S.M.A.; Eldar-Finkelman, H. Glycogen Synthase Kinase-3 Inhibitors: Preclinical and Clinical focus on CNS-A Decade Onward. Front. Mol. Neurosci. 2022, 14, 792364. [Google Scholar] [CrossRef]

	



Walz, A.; Ugolkov, A.; Chandra, S.; Kozikowski, A.; Carneiro, B.A.; O’Halloran, T.V.; Giles, F.J.; Billadeau, D.D.; Mazar, A.P. Molecular Pathways: Revisiting Glycogen Synthase Kinase-3b as a Target for the Treatment of Cancer. Clin. Cancer Res. 2017, 23, 1891–1897. [Google Scholar] [CrossRef]

	



Borden, B.A.; Baca, Y.; Xiu, J.; Tavora, F.; Winer, I.; Weinberg, B.A.; Vanderwalde, A.M.; Darabi, S.; Korn, W.M.; Mazar, A.P.; et al. The Landscape of Glycogen Synthease Kinase-3 Beta Genomic Alterations in Cancer. Mol. Cancer Ther. 2021, 20, 183–190. [Google Scholar] [CrossRef]

	



Zhang, N.; Tian, Y.-N.; Zhou, L.-N.; Li, M.-Z.; Chen, H.-D.; Song, S.-S.; Huan, X.-J.; Bao, X.-B.; Zhang, A.; Miao, Z.-H.; et al. Glycogen synthase kinase 3b inhibition synergizes with PARP inhibitors through the induction of homologous recombination deficiency in colorectal cancer. Cell Death Dis. 2021, 12, 183. [Google Scholar] [CrossRef]

	



Avila, J.; Hernandez, F. GLK-3 inhibitors for Alzheimer’s disease. Expert Rev. Neurother. 2007, 7, 1527–1533. [Google Scholar] [CrossRef]

	



Hu, S.; Begum, A.N.; Jones, M.R.; Oh, M.S.; Beech, W.K.; Beech, B.H.; Yang, F.; Chen, P.; Ubeda, O.J.; Kim, P.C.; et al. GSK3 inhibitors show benefits in an Alzheimer’s disease AD model of neurodegeneration but adverse effects in control animals. Neurobiol. Dis. 2009, 33, 193–206. [Google Scholar] [CrossRef]

	



Griebel, G.; Stemmelin, J.; Lopez-Grancha, M.; Boulay, D.; Boquet, G.; Slowinski, F.; Pichat, P.; Beeske, S.; Tanaka, S.; Mori, A.; et al. The selective GSK3 inhibitor, SAR502250, displays neuroprotective activity and attenuates behavioral impairments in models of neuropsychiatric symptoms of Alzheimer’s disease in rodents. Sci. Rep. 2019, 9, 18045. [Google Scholar] [CrossRef]

	



Shapira, T.; Vimalanathan, S.; Rens, C.; Pichler, V.; Pena-Diaz, S.; Jordana, G.; Rees, W.; Winkler, D.F.H.; Sarai, I.; Steiner, T.; et al. Inhibition of glycogen synthase kinase-3-beta (GSK3b) blocks nucleocapsid phosphorylation and SARS-CoV-2 replication. Mol. Biomed. 2022, 3, 43. [Google Scholar] [CrossRef]

	



ter Haar, E.; Coll, J.T.; Austen, D.A.; Hsiao, H.-M.; Swenson, L.; Jain, J. Structure of GSK3b reveals a primed phosphorylation mechanism. Nat. Struct. Biol. 2001, 8, 593–596. [Google Scholar] [CrossRef]

	



Bertrand, J.A.; Thieffine, S.; Vulpetti, A.; Cristiani, C.; Valsasina, B.; Knapp, S.; Kalisz, H.M.; Flocco, M. Structural Characterization of the GSK-3b Active Site Using Selective and Non-selective ATP-mimetic Inhibitors. J. Mol. Biol. 2003, 333, 393–407. [Google Scholar] [CrossRef]

	



Kramer, T.; Schmidt, B.; Lo Monte, F. Small-Molecule Inhibitors of GSK-3: Structural Insights and Their Application to Alzheimer’s Disease Models. J. Alzheimer’s Dis. 2012, 2012, 381029. [Google Scholar] [CrossRef]

	



Mudit, M.; Khanfar, M.; Muralidharan, A.; Thomas, S.; Shah, G.V.; van Soest, R.W.M.; El Sayed, K.A. Discovery, design, and synthesis of anti-metastatic lead phenylmethylene hydantoins inspired by marine natural products. Bioorg. Med. Chem. 2009, 17, 1731–1738. [Google Scholar] [CrossRef]

	



Guella, G.; Mancini, I.; Zibrowius, H.; Pietra, F. Novel Aplysinopsin-Type Alkaloids from Scleractinian Corals of the Family Dendrophylliidae of the Mediterranean and the Philippines. Configurational-Assignment Criteria, Stereospecific Synthesis, and Photoisomerization. Helv. Chim. Acta 1988, 71, 773–782. [Google Scholar] [CrossRef]

	



Khanfar, M.A.; Abu Asal, B.; Mudit, M.; Kaddoumi, A.; El Sayed, K.A. The marine natural-derived inhibitors of glycogen synthase kinase-3b phenylmethylene hydantoins: In vitro and in vivo activities and pharmacophore modeling. Bioorg. Med. Chem. 2009, 17, 6032–6039. [Google Scholar] [CrossRef]

	



Khanfar, M.A.; El Sayed, K.A. Phenylmethylene hydantoins as prostate cancer invasion as migration inhibitors. CoMFA approach and QSAR analysis. Eur. J. Med. Chem. 2010, 45, 5397–5405. [Google Scholar] [CrossRef]

	



Tan, S.-F.; Ang, K.-P.; How, G.-F. NMR Spectroscopic Study of Configurations and Conformations of 5-Pyridylmethylenehydantoins. J. Phys. Org. Chem. 1990, 3, 559–566. [Google Scholar] [CrossRef]

	



Ruiz-Castaneda, M.; Rodriguez, A.M.; Aboo, A.H.; Manzano, B.R.; Espino, G.; Xiao, J.; Jalon, F.A. Iridium complexes with a new type of N^N′-donor anionic ligand catalyze the N-benzylation of amines via borrowing hydrogen. Appl. Organomet. Chem. 2020, 34, e6003. [Google Scholar] [CrossRef]

	



Burkett, D.J.; Wyatt, B.N.; Mews, M.; Bautista, A.; Engel, R.; Dockendorff, C.; Donaldson, W.A.; St. Maurice, M. Evaluation of α-hydroxycinnamic acids as pyruvate carboxylase inhibitors. Bioorg. Med. Chem. 2019, 27, 4041–4047. [Google Scholar] [CrossRef]

	



Elks, J.; Hems, B.A.; Ryman, B.E. The synthesis of some α-Amino-acids. J. Chem. Soc. 1948, 1386–1389. [Google Scholar] [CrossRef]

	



Benassi, R.; Bregulla, A.; Freidrich, A.; Henning, D.; Heydenreich, M.; Mickler, W.; Kleinpeter, G.; Schilde, U.; Taddei, F. NMR spectroscopic and theoretical study of 5-exo-methylene-substituted hydantoins. J. Mol. Struct. 1998, 441, 47–62. [Google Scholar] [CrossRef]

	



Trott, O.; Olson, A.J. AutoDock Vina: Improving the Speed and Accuracy of Docking with a New Scoring Function, Efficient Optimization, and Multithreading. J. Comput. Chem. 2009, 31, 455–461. [Google Scholar] [CrossRef]

	



Anastassiadis, T.; Deacon, S.W.; Devarajan, K.; Ma, H.; Peterson, J.R. Comprehensive assay of kinase catalytic activity reveals features of kinase inhibitor selectivity. Nat. Biotech. 2011, 29, 1039–1045. [Google Scholar] [CrossRef] [PubMed]

	



Day, J.A.; Cohen, S.M. Investigating the Selectivity of Metalloenzyme Inhibitors. J. Med. Chem. 2013, 56, 7997–8007. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceuticals 17 00570 g001] 





Figure 1. Representations of the interactions of the adenine ring of non-hydrolysable AMP-PNP (a), and the potent GSK-3β inhibitors staurosporine (b), indirubin-3-monoxime (c), and alsterpaullone (d) in the ATP binding domain of GSK-3β as revealed in X-ray structures (Ref. [19]). Other hydrogen-bonding interactions, not common among these co-crystal structures, are omitted. 
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Figure 2. Known phenylmethylenehydantoins and 5-(heteroarylmethylene)hydantoins. 
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Scheme 1. Synthesis of 5-(heteroarylmethylene)hydantions. 
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Figure 3. (A) Docked structure of (Z)-5-[(6′-methyl-2-pyridinyl)methylene]-2,4-imidazolidinedione (23) in the binding pocket of GSK3-β (pdb code 1q41) with H-bonding between N(3)–H and C(4)=O with the amide linkage of Val. (B) Docked structure of (Z)-5-[(6′-quinolinyl)methylene]-2,4-imidazolidinedione (28) in the binding pocket of GSK3-β. 
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Table 1. Inhibitory activity of 5-(heteroarylmethylene)hydantoins.
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	Compd
	GSK-3β

% Activity

@ 25 μM
	GSK-3β

IC50
	GSK-3β Docking Score 1
	MMP-12

% Activity

@ 200 μM/25 μM
	hCAII

% Activity @ 200 μM
	SaPC

IC50





	17
	55.4
	ND
	–7.1
	ND
	ND
	ND



	18
	32.9
	ND
	–8.7
	57.6/94.1
	ND
	>1000 μM



	19
	71.8
	ND
	–7.1
	50.6/84.2
	88.9 ± 12.3
	>1000 μM



	15
	17.3
	4.06 ± 0.30 μM
	–7.4
	74.0/87.5
	82.1 ± 11.0
	>1000 μM



	20
	31.6
	ND
	–7.6
	39.6/108
	ND
	ND



	21
	42.0
	ND
	–7.6
	28.5/71.6
	94.8 ± 12.8
	>1000 μM



	22
	47.0
	ND
	–7.3
	40.7/101
	87.4 ± 11.8
	>1000 μM



	23
	28.4
	8.34 ± 0.27 μM
	–7.4
	46.5/86.4
	88.9 ± 12.3
	>1000 μM



	24
	44.6
	ND
	–7.2
	39.2/69.1
	91.8 ± 14.7
	>1000 μM



	25
	15.4
	2.14 ± 0.18 μM
	–7.5
	50.0/73.9
	57.0 ± 16.4
	>1000 μM



	26
	35.3
	ND
	–6.7
	72.9/98.6
	ND
	ND



	27
	17.0
	3.39 ± 0.16 μM
	–7.5
	88.7/85.8
	86.7 ± 12.1
	>1000 μM



	28
	22.5
	7.82 ± 0.12 μM
	–8.8
	61.6/81.8
	ND
	ND



	29
	27.9
	ND
	–7.8
	88.0/98.1
	62.7 ± 9.8
	>1000 μM







1 Docking scores were calculated using Mcule online one-click with the Vina docking algorithm (https://mcule.com, accessed on 8 February 2024). ND signifies “not determined”.
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