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 Synthesis, Biological Evaluation, and Molecular Docking of Ugi Products Containing a Zinc-Chelating Moiety as Novel Inhibitors of Histone Deacetylases Ambra A. Grolla,† Valeria Podesta`,† Maria Giovanna Chini,‡ Simone Di Micco,‡ Antonella Vallario,† Armando A. Genazzani,† Pier Luigi Canonico,† Giuseppe Bifulco,*,‡ Gian Cesare Tron,† Giovanni Sorba,† and Tracey Pirali*,† Dipartimento di Scienze Chimiche, Alimentari, Farmaceutiche e Farmacologiche and Drug and Food Biotechnology Center, UniVersita` degli Studi del Piemonte Orientale “A. AVogadro”, Via BoVio 6, 28100 NoVara, Italy, and Dipartimento di Scienze Farmaceutiche, UniVersita` di Salerno, Via Ponte Don Melillo, 84084 Fisciano (SA), Italy ReceiVed December 4, 2008
 
 HDAC inhibitors show great promise for the treatment of cancer. As part of a broader effort to explore the SAR of HDAC inhibitors, synthesis, biological evaluation, and molecular docking of novel Ugi products containing a zinc-chelating moiety are presented. One compound shows improved inhibitory potencies compared to SAHA, demonstrating that hindered lipophilic residues grafted on the peptide scaffold of the R-aminoacylamides can be favorable in the interaction with the enzyme. Introduction a
 
 HDACs have a key role in the epigenetic regulation of gene expression.1 HDACs have been divided into two distinct classes, operating by a zinc-dependent (class I/II/IV) or a NADdependent (class III) mechanism. These enzymes catalyze the removal of acetyl groups from lysine residues on proteins, including histones. Because aberrant histone acetylation has been linked to malignant diseases, HDAC inhibitors bear great potential as new antitumor drugs; indeed, they can induce differentiation, growth arrest, and apoptosis in transformed cell cultures. Many of these agents are effective in the inhibition of tumor growth in vivo and some have entered clinical trials as possible antitumor agents.2 In October 2006, the FDA approved the first HDAC inhibitor, SAHA, to treat cutaneous T-cell lymphoma.3 Despite the variety of structural characteristics, most HDAC inhibitors can be broadly described by a common pharmacophore fitting the HDAC tubular pocket. This pharmacophore includes a cap group, which makes contacts with the residues on the rim of the enzymatic active site, and a zincchelating moiety, joined by a linker domain which occupies the hydrophobic tunnel.4 CHAP 1 (1) is a trapoxin B analogue in which epoxyketone is replaced with hydroxamate, leading to a compound that reversibly inhibits HDAC at nanomolar concentrations, with a superior in vivo stability compared to trapoxin B.5 In a SAR study on CHAP derivatives it has been shown that the presence of two hydrophobic amino acids, such as the bisphenylalanine moiety, is fundamental for the interaction with two lipophilic binding sites of HDACs.6 With the aim of probing binding interactions on the outer rim of HDAC enzymes, we decided to focus on the bis-phenylalanine region markedly simplifying 1, generating a diamide scaffold by an Ugi reaction (Chart 1).7 This led to a peptidomimetic structure displaying a tertiary amide, making it possible to * To whom correspondence should be addressed. Tel.: +39-0321375853 (T.P.); +39-089-962823 (G.B.). Fax: +39-0321-375821 (T.P.); +39-089-969602 (G.B.). E-mail: [email protected] (T.P.); bifulco@ nisa.it (G.B.). † Universita` degli Studi del Piemonte Orientale “A. Avogadro”. ‡ Universita` di Salerno. a Abbreviations: HDAC, histone deacetylase; SAR, structure-activity relationship; SAHA, suberoylanilide hydroxamic acid; CHAP, cyclic hydroxamic acid-containing peptide; HDLP, histone deacetylase-like protein.
 
 investigate the role of an additional substituent (R3). Furthermore, we also investigated different side chains (R1, R2), analyzing their influence on HDAC activity. Chemistry With this strategy in mind, different building blocks (isocyanides, 2-4, aldehydes, 5-8, amines, 10 and 11, and carboxylic acids containing the alkyl chain and a methyl ester, 12 and 13) were chosen (Figure 1). The key reaction in the synthesis of the proposed HDACs inhibitors is the Ugi reaction, which leads to the R-aminoacylamide displaying an ester function. The methyl ester is then transformed into the corresponding hydroxamate passing through the carboxylic acid intermediate (Scheme 1). The Ugi reaction was performed in classical conditions (MeOH, 2 M, 48 h, r.t.), leading to the R-aminoacylamides in moderate yields (17-44%). Several attempts to optimize the transformation (2, 9, 5, 12) were made; in detail, temperature (reflux), solvent (trifluoroethanol), reaction times (up to 7 days), and molar ratios (excess of 9 and 5) were varied, alongside preforming the imine intermediate. Yet, none of these strategies proved better, in respect to the presence of starting materials, byproduct, and yields of the desired product. The hydrolysis of the methyl esters (14-22) to the corresponding carboxylic acids (23-31) was performed with LiOH in THF/water. The hydroxamic acids (32-40) were prepared by subsequent reaction with TBDMS-protected hydroxylamine, EDCI, and TEA in CH2Cl2, and final deprotection with TBAF in THF. To probe the structure-activity relationship of the metalchelating group, we also synthesized analogues of 32 and 39, replacing the hydroxamates with benzamides. Benzamides were synthesized (41 and 42), coupling the corresponding carboxylic acids to o-phenylenediamine using standard peptide chemistry (DCC in THF; Scheme 2). Biological Results To test the activity of the synthesized compounds, we opted for a screening that evaluated cytotoxicity in a cell line previously reported to be sensitive to HDAC inhibitors.8 Briefly, SHSY5Y cells (a patient-derived human neuroblastoma cell line) were treated for 48 h with 10 µM of each compound and viability was evaluated with the MTT assay (Table 1), which measures mitochondrial
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 Chart 1. From CHAP 1 to the Ugi Products
 
 activity. Most compounds possessing the hydroxamates moiety displayed a cytotoxic activity comparable to that of SAHA, chosen as a reference compound. The only exception was represented by 38, which was unable to induce a significant level of cell death at a concentration of 10 µM. The two benzamide derivatives (41 and 42; Table 1), as well as all intermediates tested, were devoid of activity at this concentration (data not shown). To confirm this finding, we performed a full dose-response curve with all the compounds which displayed more than 50% cell death at 10 µM, alongside SAHA. SAHA displayed an IC50 of approximately 2.5 ( 0.1 µM, and 32 (the most potent of the series) displayed an IC50 of 2.9 ( 0.7 µM (Figure 2A). Indeed, all six compounds tested displayed IC50s in the same order of magnitude (range: 2.9-7.5 µM). To confirm the mechanism of action, we then performed a cellular HDAC activity assay in the same cell line concentrating
 
 Figure 1. Building blocks.
 
 on SAHA, 32 and 39. The commercial assay used was the HDAC Fluorimetric Cellular Activity Assay, which measures activity in intact cells. All three compounds inhibited HDAC activity at a concentration of 10 µM, validating the mechanism of action. The rank order of potency (Figure 2B) of the three compounds was SAHA (IC50 0.5 µM ( 0.1 µM) > 32 (1.2 µM ( 0.1 µM) > 39 (4.4 µM ( 0.5 µM). This rank order of potency mirrored the rank order of potency observed in the cytotoxicity assay. Last, it has been previously reported that a G2/M cell cycle arrest precedes HDAC inhibitors-induced apoptosis in neuroblastoma cells.8a,9 Indeed, in cells treated for 16 h with 3 µM SAHA the G2/M phase was increased from 12.3 ( 0.6% to 34 ( 1% (n ) 3). A similar effect was observed with 3 µM 32 (34.3 ( 2.5%), while no significant effect was
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 Scheme 1a
 
 a Reagents and conditions: (a) MeOH, rt, 17-44%; (b) LiOH, THF, H2O, rt, 75-99%; (c) o-(tert-butyldimethylsilyl)hydroxylamine, TEA, EDCI, CH2Cl2, rt; (d) TBAF 1 M in THF, THF, rt, 32-65% (two steps).
 
 Scheme 2a
 
 a
 
 Reagents and conditions: (a) o-phenylenediamine, DCC, THF, rt, 23-24%.
 
 Table 1. Synthesized Hydroxamates and Benzamides and their Cytotoxic Activity
 
 No.
 
 R1
 
 R2
 
 R3
 
 n
 
 R4
 
 32 33 34 35 36 37 38 39 40 41 42 SAHA
 
 cyclohexyl phenethyl phenethyl cyclohexyl Bn phenethyl phenethyl phenethyl phenethyl cyclohexyl phenethyl
 
 Bn Bn Bn hexyl Bn Bn Bn 1,1′-diphenyl-4-methylen heptyl Bn 1,1′-diphenyl-4-methylen
 
 Bn phenethyl Bn phenethyl phenethyl Bn methyl Bn Bn Bn Bn
 
 3 3 3 3 3 4 4 4 4 3 4
 
 hydroxamic acid hydroxamic acid hydroxamic acid hydroxamic acid hydroxamic acid hydroxamic acid hydroxamic acid hydroxamic acid hydroxamic acid benzamide benzamide
 
 viability at 10 µM (% of control)a
 
 viability (IC50; µM)
 
 HDAC inhibition (IC50; µM)
 
 27.4 ( 0.6 30.2 ( 0.3 30.8 ( 1.8 35.0 ( 2.2 34.9 ( 1.4 53.1 ( 1.0 94.4 ( 2.3 22.2 ( 3.1 53.0 ( 4.1 91.6 ( 2.8 74.0 ( 4.2 33.8 ( 0.4
 
 2.5 ( 0.1 2.9 ( 0.7 7.6 ( 4.3 2.9 ( 0.3 7.5 ( 3.4
 
 1.2 ( 0.1
 
 4.2 ( 0.5
 
 4.4 ( 0.5
 
 2.0 ( 0.2
 
 0.5 ( 0.1
 
 All compounds were screened at a fixed concentration and compounds that exerted significant effects (viability
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