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Abstract: The synthesis of HDAC6 inhibitors has attracted considerable interest in medicinal chemistry because of their drug potential in different therapeutic areas. In this paper, the preparation of two classes of indoline-based benzhydroxamic acids is presented, bearing either the classical 4-hydroxycarbamoylbenzyl or a hitherto unexplored 2-[4-(hydroxycarbamoyl)phenoxy]ethyl group, which were shown to exhibit complete HDAC6 inhibition at 10 µM. Furthermore, evaluation of these compounds for interaction with cholinesterases (AChE and BChE) and monoamine oxidases (A and B) revealed some of them to be moderate inhibitors in that respect as well.


Introduction
Histone deacetylases (HDACs) are a class of enzymes that deacetylate target proteins, such as histones, at specific lysine residues. Together with the histone acetyltransferases (HATs) they regulate the acetylation status of these proteins, influencing their activity and conformation.[1] HDACs have been identified as interesting therapeutic targets with regard to the treatment of several disorders, such as cancer and neurodegenerative diseases, leading to the development of a large variety of HDAC inhibitors (HDACi).[2] Several of these compounds are currently being used in the clinic for the treatment of for example cutaneous T-cell lymphoma (Vorinostat, Zolinza).[2c] However, most of these inhibitors are non-selective, meaning that they interfere with multiple zinc-dependent members of the HDAC family (HDAC1-11). Since this non-specific activity could potentially contribute to the toxicity issues correlated with the clinical use of these compounds, many efforts are now being devoted to the development of isoform-selective HDACi.[3] In that regard, HDAC6, the largest enzyme of the HDAC family consisting of 1216 amino acids, has emerged as a potentially interesting target due to its substrate specificity and cellular localization.[4] It is mainly present in the cytoplasm, where it exhibits its deacetylase activity on a broad range of non-histone proteins, such as α-tubulin and HSP90.[5] Furthermore, interfering with this HDAC isoform is believed to result in minimal to no toxicity, making the development of selective HDAC6 inhibitors a challenging topic in medicinal chemistry.[6]

[bookmark: _GoBack]From a structural point of view, most HDACi are composed of three parts: a zinc-binding group (ZBG), a linker unit, and a ‘cap’-group. The most commonly used ZBG, which binds the essential zinc ion present in the catalytic site of the enzyme, is a hydroxamic acid function, due to its excellent zinc-chelating properties.[7] The combination of a bulky linker with a hydroxamic acid group, for example in the benzhydroxamic acid motif, has been demonstrated to be beneficial for potent and selective HDAC6 inhibition. The ‘cap’-group interacts with the enzyme’s surface, and its structural modification has led to the development of HDACi with different activity and selectivity profiles.[6] In the present work, the use of indoline derivatives as potential surface recognition domains was explored, as the indoline moiety is a useful scaffold in drug development. For example, it is an essential part of the non-selective HDAC inhibitor MPT0E028, which shows in vivo anti-cancer properties.[8] More recently, a series of N-(4-hydroxycarbamoylbenzyl)indolines has been developed as highly active and selective HDAC6 inhibitors.[9] Structural modifications of the ‘cap’-group, however, were limited to the 3-, 5- and 6-position, with all compounds possessing HDAC6 IC50 values between 10 and 50 nM. We elaborated on this library of compounds by introducing changes at the 2- and 5-position of the indoline scaffold 1. Furthermore, we explored the chemical space with regard to the linker unit by elongating the classical 4-hydroxycarbamoylbenzyl group to an unprecedented 2-[4-(hydroxycarbamoyl)phenoxy]ethyl group in structures 2, as we anticipated that modifications of the linker unit might influence the selectivity and activity of the HDAC6i via the nature of the interactions and positioning within the catalytic site. Furthermore, the transition from the extensively investigated indole to the relatively unexplored indoline framework relates to the ‘escape from flatland’ strategy, as the introduction of a certain degree of saturation is known to often result in increased solubility, enhanced target selectivity and fewer off-target effects.[10]



Figure 1. Proposed structures of indoline-based benzhydroxamic acids as potential HDAC6 inhibitors.


Results and discussion
Prior to embarking on the synthesis of indoline derivatives 1 and 2, in silico docking studies of the envisioned compounds were performed with regard to HDAC6 (Figure 2).[6d] The potential inhibitors differ in length of the linker unit, which affects the conformation of the ‘cap’-group. For compound 2a, two conformations exist. In conformation A strong hydrophobic interactions occur between the ‘cap’-group and Phe139 and Phe199, while in conformation B the ‘cap’-group mainly interacts with Phe198, resulting in a lower binding energy (8.3 and 7.6 kcal/mol, respectively). Compound 1a shows only one potential docked conformation, due to the shorter and less flexible linker unit (binding energy = 8.1 kcal/mol). Both compounds fit in the access channel of the enzyme and make hydrophobic interactions with the protein surface, in line with being a potential HDAC6 inhibitor. Since enzymes are dynamic structures, the variation in linker size and flexibility might have larger consequences in vitro/in vivo than predicted in silico. More information regarding the docking studies can be found in the Experimental section.

[image: ]
Figure 2. Docking of indoline compounds 1a (orange) and 2a (green: conformation A; yellow: conformation B) in CD2 of HDAC6 (UniProt ID: Q9UBN7).

The chemical synthesis of N-(4-hydroxycarbamoylbenzyl)indolines 1 started from the corresponding commercially available indoline ‘cap’-groups 3 (Scheme 1). NaH-mediated deprotonation and subsequent reaction with methyl 4-(bromomethyl)benzoate 4 in DMF resulted in the formation of N-(4-methoxycarbonylbenzyl)indolines 5. Subsequently, transformation of the ester moiety into the corresponding hydroxamic acid upon treatment with a large excess of hydroxylamine and KOH/MeOH in THF yielded the desired compounds 1, which were obtained as pure samples after crystallization from ethanol. Regarding the synthesis of novel N-{2-[4-(hydroxycarbamoyl)phenoxy]ethyl}indolines 2, the appropriate linker unit was designed first (Scheme 2). To that end, methyl 4-(2-bromoethoxy)benzoate 8 was prepared from methyl 4-hydroxybenzoate 6 and 1,2-dibromoethane 7 in acetone, as described in the literature.[11] Reaction with indoline ‘cap’-groups 3 resulted in the formation of esters 9 after prolonged reaction times (2-11 d), which were then transformed into the desired novel hydroxamic acids 2 using a large excess of hydroxylamine and potassium hydroxide. Crystallization from ethanol provided pure samples suitable for biological assessment.



Scheme 1. Synthesis of N-(4-hydroxycarbamoylbenzyl)indolines 1.



Scheme 2. Synthesis of N-{2-[4-(hydroxycarbamoyl)phenoxy]ethyl}indolines 2.


Only compounds 1a and 1d have recently been reported in the literature and were shown to exhibit excellent HDAC6 inhibitory activities.[9] To investigate the effect of the structural modifications realized in the other potential inhibitors, all seven compounds were tested for their ability to inhibit HDAC6 on an enzymatic level (Table 1). The percentages of HDAC6 inhibition at a concentration of 10 µM ranged between 98 and 100%, indicating that all compounds are strong HDAC6 inhibitors and that the change in length of the linker unit did not seem to affect the efficacy of the indoline derivatives at this concentration. In analogy with literature reports on HDAC6i development,[6] these data suggest further analysis of the HDAC inhibitory capacities of these new compounds in follow-up studies to gain a deeper understanding concerning their activity and selectivity.

Table 1. Percentage inhibition of control values with regard to HDAC6 inhibitory activity.a,b
	Compound
	%HDAC6 inhibition 

	1a
	98

	1b
	100

	1c
	98

	1d
	100

	2a
	98

	2b
	100

	2c
	98

	Trichostatin A
	100


a Test concentration: 10 µM; b Mean value of two screening sessions 

Furthermore, it has been demonstrated that HDACs are involved in the cascades of several neurodegenerative diseases, including Alzheimer’s disease.[12] Next to HDACs, several other enzymes have been identified as important actors in Alzheimer’s disease,[13] including cholinesterases[14] and monoamine oxidases,[15] which are associated with the disease symptomatology and progression. Recently, isoindoline-1,3-dione derivatives have been reported as powerful inhibitors of the human cholinesterases hAChE and/or hBChE.[16] Considering the presence of the indoline core in these powerful cholinesterase inhibitors and in the novel HDAC6 inhibitors 1 and 2, efforts were initiated to evaluate the potential of the newly synthesized indolines 1a-d and 2a-c as anti-Alzheimer therapeutics. Hereto, inhibitory activities on human cholinesterases and human monoamine oxidases (hMAO) were determined (Table 2). The highly potent, in house-developed HDAC6 inhibitor N-(4-hydroxycarbamoylbenzyl)-1,2,4,9-tetrahydro-3-thia-9-azafluorene-3,3-dioxide 3[17] and the established HDAC6 selective inhibitor Tubastatin A[18] were included as benchmarks in the assays (Figure 3).



10		Tubastatin A
Figure 3. Structures of known HDAC6 inhibitors N-(4-hydroxycarbamoylbenzyl)-1,2,4,9-tetrahydro-3-thia-9-azafluorene-3,3-dioxide 10 and Tubastatin A.[17-18] 








Table 2 Inhibitory activities on cholinesterases and monoamine oxidases. Results are expressed as residual activities (RA) at 100 µM test compound concentration. Compounds with RA < 50% were considered as active, and the IC50 values were determined. hAChE = human acetylcholinesterase, hBChE = human butyrylcholinesterase, hMAO-A = human monoamine oxidase A, hMAO-B = human monoamine oxidase B.
	Compound
	hAChE
	hBChE
	hMAO-A
	hMAO-B

	10
	56.8 ± 2.0%
	50.1 ± 1.9%
	52.1 ± 2.0%
	60.5 ± 0.3%

	
	
	IC50 = 101.8 ± 24.1 µM
	
	

	Tub A
	59.6 ± 3.9%
	26.2 ± 0.8%
	51.2 ± 0.5%
	79.0 ± 0.3%

	
	
	IC50 = 21.8 ± 2.4 µM
	
	

	1a
	55.9 ± 7.2%
	88.1 ± 0.3%
	64.9 ± 3.1%
	159.2 ± 3.5%

	1b
	79.0 ± 6.5%
	88.9 ± 2.4%
	62.2 ± 1.6%
	122.6 ± 5.8%

	1c
	70.2 ± 5.1%
	98.3 ± 4.4%
	69.8 ± 2.5%
	122.5 ± 5.9%

	1d
	61.8 ± 7.0%
	70.7 ± 3.1%
	38.4 ± 1.1%
	44.2 ± 2.7%

	
	
	
	IC50 = 15.0 µM

	IC50 = 15.7 µM


	2a
	66.9 ± 4.6%
	92.8 ± 4.3%
	38.9 ± 1.5%
	62.5 ± 3.4%

	
	
	
	IC50 = 10.1 µM
	

	2b
	68.9 ± 7.2%
	91.1 ± 4.5%
	60.9 ± 1.3%
	82.8 ± 3.5%

	2c
	54.4 ± 8.8%
	83.0 ± 1.2%
	23.7 ± 1.3%
	21.2 ± 0.6%

	
	
	
	[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3]IC50 = 16.1 µM

	IC50 = 42.1 µM




The data presented in Table 2 show that none of the indoline-based compounds appears to be an inhibitor of hAChE or hBChE, and only the tricyclic HDAC6 inhibitors 3 and Tubastatin A demonstrated (weak) activity against hBChE. On the other hand, compound 2a was active against hMAO-A, whereas indolines 1d and 2c were identified as inhibitors of both isozymes of hMAO, exhibiting a reasonable inhibitory activity (IC50) in the micromolar range. 


Conclusion
In summary, two classes of indoline-containing benzhydroxamic acids were synthesized as potential HDAC6 inhibitors, which differ mostly in the length and composition of the linker unit, and their strong HDAC6 inhibitory capacity at a concentration of 10 µM was confirmed in vitro. Furthermore, some of these indoline compounds appeared to be micromolar inhibitors of monoamine oxidase A and/or B, pointing to the relevance of these scaffolds for more elaborate medicinal chemistry exploration.


Experimental part
Synthetic procedures, structural and spectral data for compounds 1, 2, 5, 8 and 9
General
1H NMR and 13C NMR spectra were recorded at 400 and 100.6 MHz (Bruker Avance III) with d6-DMSO as solvent and tetramethylsilane as the internal standard. Mass spectra were obtained with a mass spectrometer Agilent 1100, 70 eV. High resolution electron spray (ES-TOF) mass spectra were obtained with an Agilent Technologies 6210 Series Time of Flight. IR spectra were measured with a Spectrum One FT-IR spectrophotometer. Melting points of crystalline compounds were measured with a Kofler Bench, type WME Heizbank of Wagner & Munz. The purity of all tested compounds was assessed by 1H NMR and/or HPLC analysis, confirming a purity of ≥95%.

Synthesis of N-(4-hydroxycarbamoylbenzyl)indolines 1
Sodium hydride (40 mg (60 wt% in mineral oil), 1 mmol) was added to a solution of indoline 3a (119 mg, 1 mmol) in dimethylformamide (10 ml) and stirred at room temperature for 30 minutes. Methyl 4-(bromomethyl)benzoate 4 (229 mg, 1 mmol) and potassium iodide (10 mg) were added and the solution was heated at 80°C for two hours. The reaction was quenched using 30 ml of water, after which 30 ml of ethyl acetate was added. The aqueous layer was extracted twice with ethyl acetate (2 x 10 ml) and the combined organic fractions were washed with water (2 x 20 ml) and brine (20 ml), dried with magnesium sulfate, filtered and evaporated. The remaining solid was purified by recrystallization from ethanol, yielding N-(4-methoxycarbonylbenzyl)indoline 5a (54%). The purity of this ester (≥95%), was confirmed using LC-MS and 1H NMR and it was subsequently used for the synthesis of the corresponding hydroxamic acid 1a. 
Ester 5a (267 mg, 1mmol) was dissolved in tetrahydrofuran (10 ml), and 6.1 ml hydroxylamine (50 wt% in water, 100 mmol) and 12.5 ml potassium hydroxide in methanol (4M, 50 mmol) were then added. The reaction mixture was stirred during ten minutes, after which it was added to a saturated aqueous solution of sodium bicarbonate (10 ml). The aqueous layer was extracted with ethyl acetate (3 x 10 ml) and the combined organic fractions were washed with brine (10 ml), dried with magnesium sulfate and evaporated. Crystallization from ethanol yielded N-(4-hydroxycarbamoylbenzyl)indoline 1a.

N-(4-hydroxycarbamoylbenzyl)indoline 1a (67%)
White powder. Purification by crystallization from ethanol. Spectral data for this compound were in accordance with literature data.[9]  

N-(4-hydroxycarbamoylbenzyl)-2-methylindoline 1b (61%)
White powder. Purification by crystallization from ethanol. Mp = 178°C. IR (cm-1): νmax = 3264 (NHOH) and 1618 (CO). 1H NMR (400 MHz, d6-DMSO): δ 1.26 (3H, d, J = 6.1 Hz, CH3CH); 2.58 (1H, d × d, J = 15.6, 9.5 Hz, (HCHCH); 3.13 (1H, d × d, J = 15.6, 8.5 Hz, (HCH)CH); 3.63-3.73 (1H, m, CHCH3); 4.20 (1H, d, J = 16.3 Hz, (HCH)N); 4.44 (1H, d, J = 16.3 Hz, (HCH)N); 6.30 (1H, d, J = 7.8 Hz, CHarom); 6.53-6.57 (1H, m, CHarom); 6.89-6.93 (1H, m, CHarom); 7.00 (1H, d, J = 7.0 Hz, CHarom); 7.39-7.41 (2H, m, 2 × CHarom); 7.70-7.71 (2H, m, 2 × CHarom); 9.01 (1H, s(br), OH); 11.16 (1H, s(br), NH). 13C NMR (100.6 MHz, d6-DMSO): δ 19.7 (CH3CH); 37.2 (CH2CH); 50.1 (CH2N); 60.3 (CHCH3); 107.0, 117.6 and 124.4 (3 × HCarom); 127.4 (2 × HCarom); 127.6 (HCarom); 127.8 (2 × HCarom); 128.9, 131.0, 142.9 and 152.6 (4 × Cquat,arom); 164.5 (CO). MS (70 eV): m/z (%) = 283 (M++H, 100).

N-(4-hydroxycarbamoylbenzyl)-5-bromoindoline 1c (46%)
White powder. Purification by crystallization from ethanol. Mp = 172°C. IR (cm-1): νmax = 3242 (NHOH) and 1629 (CO).  1H NMR (400 MHz, d6-DMSO): δ 2.93 (2H, t, J = 8.4 Hz, CH2CH2N); 3.32 (2H, t, J = 8.4 Hz, CH2CH2N); 4.32 (2H, s, CquatCH2N); 6.50 (1H, d, J = 8.3 Hz, CHarom); 7.10-7.13 (1H, m, CHarom); 7.18-7.19 (1H, m, CHarom); 7.38-7.40 (2H, m, 2 × CHarom); 7.71-7.74 (2H, m, 2 × CHarom); 9.03 (1H, s(br), OH); 11.18 (1H, s(br), NH). 13C NMR (100.6 MHz, d6-DMSO): δ 28.2 (CH2CH2N); 52.2 (CquatCH2N); 53.2 (CH2CH2N); 108.3 (Cquat,arom); 108.8 (HCarom); 127.5 (3 × HCarom); 128.2 (2 × HCarom); 129.9 (HCarom); 132.1, 133.0, 141.6 and 151.9 (4 × Cquat,arom); 164.4 (CO). MS (70 eV): m/z (%) = 347/9 (M++H, 100). HRMS (ESI): calculated for C16H15BrN2O2: 347.0396/349.0376 [M + H]+, found: 347.0389/349.0368.

N-(4-hydroxycarbamoylbenzyl)-5-nitroindoline 1d (45%)
Orange powder. Purification by crystallization from ethanol. Spectral data for this compound were in accordance with literature data.[9]

Synthesis of methyl 4-(2-bromoethoxy)benzoate 8
The synthesis of methyl 4-(2-bromoethoxy)benzoate 8 was performed as described in the literature.[11]

Synthesis N-{2-[4-(hydroxycarbamoyl)phenoxy]ethyl}indolines 2
Potassium carbonate (276 mg, 2 mmol) was added to a solution of indoline 3a (119 mg, 1 mmol) and methyl 4-(2-bromoethoxy)benzoate 8 (259 mg, 1 mmol) in acetonitrile (20 ml), and the reaction mixture was heated under reflux during 48 hours. The reaction was quenched using 30 ml water, after which 30 ml of ethyl acetate was added. The aqueous layer was extracted twice with ethyl acetate (2 x 10 ml) and the combined organic fractions were washed with water (2 x 20 ml) and brine (20 ml), dried with magnesium sulfate, filtered and evaporated. Recrystallization of the remaining solid yielded N-{2-[4-(methoxycarbonyl)phenoxy]ethyl}indoline 9a (75%). For the synthesis of N-{2-[4-(methoxycarbonyl)phenoxy]ethyl}-5-bromoindoline 9b and N-{2-[4-(methoxycarbonyl)phenoxy]ethyl}-5-nitroindoline 9c reflux was maintained during 8 and 11 days, respectively, and purification was performed by column chromatography over silica gel (petroleum ether/ethyl acetate = 9/1, yield = 90% and 37% respectively). The purity of these esters was checked using LC-MS and 1H NMR, exceeding 95%, and they were subsequently used for the synthesis of the corresponding hydroxamic acids 2.
To that end, N-{2-[4-(methoxycarbonyl)phenoxy]ethyl}indoline 9a (297 mg, 1mmol) was dissolved in tetrahydrofuran (10 ml), and 6.1 ml hydroxylamine (50 wt% in water, 100 mmol) and 12.5 ml potassium hydroxide in methanol (4M, 50 mmol) were added. The reaction mixture was stirred during ten minutes, after which it was added to a saturated aqueous solution of sodium bicarbonate (10 ml). The aqueous layer was extracted with ethyl acetate (3 x 10 ml) and the combined organic fractions were washed with brine (10 ml), dried with magnesium sulfate and evaporated. Crystallization from ethanol yielded N-{2-[4-(hydroxycarbamoyl)phenoxy]ethyl}indoline 2a. 

N-{2-[4-(hydroxycarbamoyl)phenoxy]ethyl}indoline 2a (48%)
White powder. Purification by crystallization from ethanol. Mp = 130°C. IR (cm-1): νmax = 3246 (NHOH) and 1604 (CO). 1H NMR (400 MHz, d6-DMSO): δ  2.90 (2H, t, J = 8.4 Hz, CquatCH2CH2N); 3.43-3.47 (4H, m, CquatCH2CH2N and NCH2CH2O); 4.24 (2H, t, J = 5.6 Hz, NCH2CH2O); 6.53 (1H, d, J = 7.9 Hz, CHarom); 6.56-6.59 (2H, m, 2 × CHarom); 6.97-7.04 (4H, m, 4 × CHarom); 7.71-7.74 (2H, m, 2 × CHarom); 8.90 (1H, s(br), OH); 11.06 (1H, s(br), NH). 13C NMR (100.6 MHz, d6-DMSO): δ 28.6 (CquatCH2CH2N); 48.4 (CH2N); 53.8 (CH2N); 66.5 (CH2O); 107.2 (HCarom); 114.6 (2 × HCarom); 117.6 and 124.7 (2 × HCarom); 125.5 (Cquat,arom); 127.6 (HCarom); 129.1 (2 × HCarom); 129.8, 152.6 and 161.1 (3 × Cquat,arom); 164.4 (CO). MS (70 eV): m/z (%) = 299 (M++H, 100).

N-{2-[4-(hydroxycarbamoyl)phenoxy]ethyl}-5-bromoindoline 2b (45%)
White powder. Purification by crystallization from ethanol. Mp = 162°C. IR (cm-1): νmax = 3213 (NHOH) and 1605 (CO). 1H NMR (400 MHz, d6-DMSO): δ 2.92 (2H, t, J = 8.4 Hz, CquatCH2CH2N); 3.45-3.51 (4H, m, OCH2CH2N and CquatCH2CH2N); 4.22 (2H, t, J = 5.4 Hz, NCH2CH2O); 6.52 (1H, d, J = 8.3 Hz, CHarom); 6.99-7.01 (2H, m, 2 × CHarom); 7.11-7.14 (1H, m, CHarom); 7.160-7.163 (1H, m, CHarom); 7.71-7.73 (2H, m, 2 × CHarom); 8.91 (1H, s(br), OH); 11.07 (1H, s(br), NH). 13C NMR (100.6 MHz, d6-DMSO): δ 28.3 (CquatCH2CH2N); 48.0 (OCH2CH2N); 53.6 (CquatCH2CH2N); 66.4 (OCH2CH2N); 108.1 (Cquat,arom); 108.6 (HCarom); 114.6 (2 × HCarom); 125.5 (Cquat,arom); 127.4 (HCarom); 129.1 (2 × HCarom); 129.9 (HCarom); 132.8, 151.9 and 161.0 (3 × Cquat,arom); 164.4 (CO). MS (70 eV): m/z (%) = 377/9 (M++H, 100).

N-{2-[4-(hydroxycarbamoyl)phenoxy]ethyl}-5-nitroindoline 2c (84%)
Orange powder. Purification by crystallization from ethanol. Mp = 212°C. IR (cm-1): νmax = 3318 (NHOH) and 1607 (CO). 1H NMR (400 MHz, d6-DMSO): δ 3.07 (2H, t, J = 8.7 Hz, CquatC2HCH2N); 3.73 (2H, t, J = 5.2 OCH2CH2N); 3.81 (2H, t, J = 8.7 Hz, CquatCH2CH2N); 4.26 (2H, t, J = 5.2 Hz, NCH2CH2O); 6.59 (1H, d, J = 8.9 Hz, CHarom); 6.97-7.00 (2H, m, 2 × CHarom); 7.71-7.73 (2H, m, 2 × CHarom); 7.819-7.824 (1H, m, CHarom); 7.98-8.00 (1H, m, CHarom); 8.90 (1H, s(br), OH); 11.07 (1H, s(br), NH). 13C NMR (100.6 MHz, d6-DMSO): δ 26.9 (CquatCH2CH2N); 46.0 (OCH2CH2N); 52.8 (CquatCH2CH2N); 65.9 (OCH2CH2N); 104.3 (HCarom); 114.6 (2 × HCarom); 120.7 (HCarom); 125.6 (Cquat,arom); 126.9 (HCarom); 129.1 (2 × HCarom); 130.6, 136.9, 157.8 and 160.9 (4 × Cquat,arom); 164.3 (CO). MS (70 eV): m/z (%) = 344 (M++H, 100). HRMS (ESI): calculated for C17H17BrN2O3: 377.0502/379.0482 [M + H]+, found: 377.0497/379.0478.

Docking studies (performed by the Centre for Synthetic Biology, Faculty of Bioscience engineering, Ghent University)
All manipulations were performed with the molecular modelling program YASARA and the YASARA/WHATIF twinset[19] and figures were created with PyMOL 2.0. The sequence for HDAC6 was obtained from the UniProt database (Q9UBN7) and limited to its major functional domain (DD2, Gly482-Gly800). The build-up of the HDAC6 model was performed as described earlier. HDAC inhibitor structures were created with YASARA Structure and subsequently minimised with the AMBER03 force field. The grid box for docking had a dimension of 25 x 25 x 25 Ångström and comprised the entire catalytic cavity, including the zinc ion and the outer surface of the active site entrance. Docking was performed with AutoDock VINA using default parameters and ligands were allowed to rotate freely during the simulation. The first conformer from the cluster that had its zinc binding group in the vicinity of the zinc ion was selected as the binding mode for further analysis. Ligplot diagrams were made with LigPlot+v1.4. 

Bioassay results (performed by Eurofins – www.eurofinsdiscoveryservices.com)
The enzyme inhibition assays were performed by Eurofins Cerep Panlabs. HDAC6 inhibition percentages were determined by using recombinant HDAC6 and fluorogenic HDAC substrate. In short, an HDAC fluorometric substrate (based on residues 379-382 of p53 (Arg-His-Lys-Lys(Ac)) containing an acetylated lysine side chain, is incubated with purified HDAC6 enzyme. The deacetylation sensitizes the substrate so subsequent treatment with the Lysine Developer produces a fluorophore that can subsequently be measured. Trichostatin A was used as a reference compound.

Inhibition of cholinesterases (AChE and BChE) and monoamine oxidases (MAO-A and MAO-B)
Ellman’s method was used to determine the inhibitory potencies of the compounds on cholinesterases as described before.[20] Briefly, compounds at 100 µM (1% DMSO, final concentration) were incubated with hBChE or hAChE (final concentrations of 1 nM or 50 pM, respectively) in 333 μM 5,5′-dithiobis (2-nitrobenzoic acid) for 5 min. The reactions were started by addition of the substrate (butyrylthiocholine and acetylthiocholine iodide, 500 µM final concentrations). The increases of absorbances (λ = 412 nm) were measured, and the initial velocities were calculated. The residual activities were calculated with respect to 1% DMSO. Appropriate serial dilutions of the active compounds (RAs < 50% at 100 µM test compound) were made and assayed to determine residual activities, which were further used to calculate the IC50 with GraphPad Prism 8 software (GraphPad Software, CA, USA).
For MAO, the inhibitory potencies were determined as described before.[20] For screening purposes, the compound at 100 µM was incubated with hMAO-A or hMAO-B (human recombinant, expressed in baculovirus infected BTI insect cells, Sigma Aldrich) in 50 mM phosphate buffer (pH 7.4, 0.05% [v/v] Triton X-114) for 15 min at 37 °C. The enzyme reaction was started by adding final concentrations of 200 µM Amplex Red reagent, 2 U/mL horseradish peroxidase, and 1 mM p-tyramine (final volume, 200 µL). The increase in the fluorescence intensity (λex = 530 nm, λem = 590 nm) was measured at 37 °C over a period of 20 min, and velocities were calculated thereof. For control experiments, DMSO was used instead of the compounds. To determine the blank value, a phosphate-buffered solution replaced the enzyme solution. The residual activities were calculated from the velocities measured. Appropriate serial dilutions of the active compound were made and assayed to determine residual activities, which were further used to calculate the IC50 with GraphPad Prism 8 software (GraphPad Software, CA, USA).
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Figure 1 | Three conformations for the suggested inhibitors in HDACE. Compound 1 is
shown in orange. Compound 2 s shown in green (conformation A) and yellow (conformation ).
Docking of compounds 3-5 shows resuls simlar to compound 2.
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