Functional characterization of multifunctional ligands targeting acetylcholinesterase and alpha 7 nicotinic acetylcholine receptor 
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Abstract
Alzheimer’s disease (AD) is a neurodegenerative disorder associated with cholinergic dysfunction, provoking memory loss and cognitive dysfunction in elderly patients. The cholinergic hypothesis provided over the years with molecular targets for developing palliative treatments for AD, acting on the cholinergic system, namely, acetylcholinesterase and α7 nicotinic acetylcholine receptor (α7 nAChR). In our synthetic work, we used “click-chemistry” to synthesize two Multi Target Directed Ligands (MTDLs) MB105 and MB118 carrying tacrine and quinuclidine scaffolds which are known for their anticholinesterase and α7 nicotinic acetylcholine receptor agonist activities, respectively. Both, MB105 and MB118, inhibit human acetylcholinesterase and human butyrylcholinesterase in the nanomolar range. Electrophysiological recordings on Xenopus laevis oocytes expressing human α7 nicotinic acetylcholine receptors showed that MB105 and MB118 acted as partial agonists of the referred nicotinic receptor, albeit, with different affinities in spite of their similar structure. The different substitution at C-3 on the 2,3-disubtituted quinuclidine scaffold may account for the significantly lower affinity of MB118 compared to MB105. Electrophysiological recordings showed that the tacrine precursor MB320 behaved as a competitive antagonist of human α7 nicotinic acetylcholine receptor, with activity in the micromolar range, while the quinuclidine synthetic precursor MB099 acted as a partial agonist. Taken all together, MB105 behaved as a partial agonist of α7 nicotinic acetylcholine receptor at concentrations where it completely inhibited human acetylcholinesterase activity paving the way for the design of novel MTDLs for palliative treatment of AD.


Highlights

· A rational design of a novel Multi Target Directed Ligand family targeting human acetylcholinesterase and α7 nicotinic acetylcholine receptor led to the synthesis of MB105 and MB118 by using copper(I)-catalyzed azide alkyne cycloaddition click-chemistry.
· The Multi Target Directed Ligands MB105 and MB118 inhibit human acetylcholinesterase and butyrylcholinesterase in the nanomolar range.
· Tacrine and the synthetic precursor MB320 competitively antagonize human α7 nicotinic acetylcholine receptor in the micromolar range.
· MB105 is a better partial antagonist of human α7 nicotinic acetylcholine receptor than its synthetic precursor MB099.
· MB105 induced a long-lasting desensitization of the α7 nicotinic acetylcholine receptor.
· At concentrations at which MB105 completely inhibits acetylcholinesterase activity, it partially antagonizes α7 nicotinic acetylcholine receptor and shows a good in vitro Blood-Brain Barrier (BBB) permeation. 

Introduction
Alzheimer’s disease (AD) is an incurable neurodegenerative disorder characterized by the deposition of β-amyloid plaques and neurofibrillary tau tangles in the brain, loss of neurons and synapses, which lead to progressive cognitive decline, memory loss, and confusion and difficulties in communicating in elderly people [1-3]. Although the amyloid cascade hypothesis explain the early onset of a familial form of AD [4], the accumulation of β-amyloid plaques alone cannot explain the extent of neuronal damage in AD [2, 3, 5]. The aggregation of intracellular neurofibrillary tangles in somatodendritic compartments resulting from the translocation and hyperphosphorylation of the axonal tau protein induces synaptic failure and dysfunction. The extent and regional distribution of neurofibrillary tangles correlate with the severity of cognitive impairment [5, 6]. Innate neuroinflammatory stress triggered by β-amyloid deposition and extracellular tau aggregation in AD brain may contribute to disease progression and severity [6, 7].
The pioneer work of Davies and Maloney pointed out a depletion of acetylcholine transferase and acetylcholinesterase (AChE) enzymatic activities in some regions of the brain of AD patients after necropsy compared to normal control samples [8]. The substantial loss of AChE in the amygdala, hippocampus, and cortex in AD patients was well established by functional and positron emission tomography (PET) scan analyses [9, 10]. Massive loss of neuronal nicotinic acetylcholine receptors (nAChR) and cholinergic synapses in the basal forebrain are other signs of AD neurodegeneration [2, 11]. The cholinergic failure is considered an outcome rather than a causal factor for AD and it may be responsible for the progressive cognitive decline in AD patients [11-13]. However, the mechanisms by which cholinergic neurons and synapses are selectively impaired are not clear. Among several promising targets, nicotinic acetylcholine receptors have been widely investigated for their potential therapeutic applications, owing to their pivotal role in integrating the attentive, mnemonic, and higher-order cognitive functions [14]. The α7 nAChR subtype shows the most abundant expression in mammalian brain, with conspicuous presence in learning and memory centres, i.e., the cerebral cortex and hippocampus [15]. Of interest is the high affinity showed by the 42-amino acid β-amyloid peptide (Aβ1-42) for the α7 nAChR in in-vitro and in-vivo experiments in animal models [16, 17]. 
The cholinergic hypothesis has provided over the years the theoretical support for the development of AD therapeutics [9, 18, 19]. Out of the four FDA-approved front-line drugs for AD treatment [1] , two act as pure cholinesterase (ChE) inhibitors (donepezil and rivastigmine), one inhibits AChE and allosterically modulates α7 nAChR (galantamine) [20, 21], and one inhibits NMDA receptors (memantine). A fifth available medication combines rivastigmine and memantine. Although none of these drugs alters the course of the disease in clinical trials, AD patients administered with AChE inhibitors performed better on memory and thinking tests, delaying and/or slowing the worsening of cognitive impairment. The inhibition of neuronal AChE, as well as the allosteric modulation of α7 nAChR in AD patients may enhance the activity of nicotinic synapses improving cognitive function [13, 19-24]. 
AD is a multifactorial disease encompassing age, genetic background and environmental etiological factors. Therefore, AD treatment requires a multiple therapeutic approach. Multi-target-directed ligands (MTDLs) emerged in the last decades as an alternative to multiple-medication therapy in which a combination of drugs with different mode of action are given to a patient (i.e.: leprosy) [25]; or to multiple-compound medication in which a single pill contains several drugs (i.e.: cardiovascular diseases) [26]. The acronym MTDL describes single compounds having the ability to simultaneously  interact with multiple targets [27]. Different targets-combinations were designed for developing MTDLs for AD [28-34]. Besides the advantage of acting simultaneously on more than one biological target, MTDLs have the advantages of a higher patient compliance (a parameter of paramount importance for such neurodegenerative disease), lower risk of drug-drug interactions, and lower costs to perform ADMET studies [35]. Within this scenario and considering that AChE and α7 nAChR are valuable targets for a temporary relief of AD symtoms [36-38], we proposed the synthesis of two multifunctional ligands MB105 and MB118 (Figure 1) by using copper(I)-catalysed azide alkyne cycloaddition click-chemistry (CuAAC) to assemble an azide-tacrine precursor to a 2,3 disubstituted quinuclidine bearing an alkyne function. On the basis of the design, the new hybrids should ideally show a dual activity, i.e., inhibiting AChE and activating α7 nAChR. Combination of two pharmacophores by copper(I)-catalysed azide alkyne cycloaddition (CuAAC) presents an interesting convergent synthetic strategy. Furthermore, 1,2,3-triazole-containing hybrids would allow formation of favourable interactions within the active-site gorge of AChE [39-41], as we have reported for the development of 1,2,3-triazole-containing MTDLs targeting AChE and GSK-3 kinase [42].
To associate AChE inhibition and α7 nAChR agonist activity, we selected 6-chlorotacrine to provide activity toward AChEs (Figure 1) [43]. This selection was also based on the fact the primary amino group of tacrine scaffold can easily be functionalised while retaining a satisfactory anticholinesterase activity. Consequently, many tacrine-based multifunctional ligands exhibiting good activity towards either AChE enzymes have been reported in the literature [44-47]. Amongst the developed α7 nAChR agonists [48], we selected the 2,3 disubstituted quinuclidines which are endowed with high affinity for α7 nAChR (Figure 1) [49, 50].


Figure 1. Structures of 6-chloro tacrine I, high-affinity quinuclidine-containing 7 nAChR ligands II and targeted multifunctional ligands MB105 and MB118.

Material and methods
Chemistry
General
Solvents were purified by a dry solvent station MB-SPS-800 (MBraun) immediately prior to use. Triethylamine was distilled from CaH2 and stored over BaO or KOH. All reagents were obtained from commercial suppliers (Sigma Aldrich, Acros, TCI) unless otherwise stated. Column chromatography purifications were performed on silica gel (40–63 μm) from Macherey-Nagel. Thin-layer chromatography (TLC) was carried out on Merck DC Kieselgel 60 F-254 aluminium sheets. Compounds were visualized by UV irradiation and/or spraying with a solution of potassium permanganate, followed by charring at 150 °C. 1H and 13C NMR spectra were recorded with a Bruker DPX 300 spectrometer (Bruker, Wissembourg, France). Chemical shifts are expressed in parts per million (ppm) from CDCl3 (δH = 7.26 ppm, δC = 77.16 ppm), and CD3OD (δH = 3.31 ppm, δC = 49.00 ppm). J values are expressed in Hz. Mass spectra were obtained with a Finnigan LCQ Advantage MAX (ion trap) apparatus equipped with an electrospray source. High-resolution mass spectra were obtained with a Varian MAT 311 spectrometer using electrospray analysis. Analytical HPLC was performed on a Thermo Electron Surveyor instrument equipped with a PDA detector under the following conditions: Thermo Hypersil GOLD C18 column (5 µm, 4.6 x 100 mm), with 0.1% aq. TFA/CH3CN (90/10) as eluent (5 min), followed by a linear 10-100% CH3CN gradient (45 min), at a flow rate of 1.0 mL/min and with UV detection Max Plot 220−360 nm. Semi-preparative RP-HPLC was performed on a Thermo Scientific SPECTRASYSTEM liquid chromatography system (P4000) equipped with a UV-visible 2000 detector under the following conditions: Varian Kromasil C18 column (10 μm, 21.2 × 250 mm) with CH3CN and 0.1% aq. TFA as eluents [0% CH3CN (5 min), followed by linear gradient from 0% to 30% (40 min), 30% to 40% (50 min) then 40% to 80% (110 min) of CH3CN] at a flow rate of 13.0 mL/min. Double visible detection was performed at 248 and 280 nm. 6,9-dichloro-1,2,3,4-tetrahydroacridine 3 was prepared following a procedure reported by C. Ronco et al. [51]. 4-(2-Propyn-1-yloxy)phenol was prepared from hydroquinone by following the procedure reported in [52]. 4-(2-Propynyloxy)benzoyl chloride 11 was prepared in three steps from methyl-4-hydroxy-benzoate by following the procedures reported in [53].
6,9-Dichloro-1,2,3,4-tetrahydroacridine 3
To a mixture of 4-chloroanthralinic acid 1 (1.72 g, 10 mmol) and cyclohexanone 2 (1.04 mL, 10 mmol) was added dropwise phosphoryl chloride (9.52 mL, 100 mmol) at 0 °C. The resulting suspension was stirred 2 h (0 °C to r.t.) then 20 h at 80 °C. The cooled solution was hydrolysed at 0 °C by dropwise addition of water. Acid formed was carefully neutralized with aqueous saturated aqueous Na2CO3 solution then basified to pH = 12 with aqueous 3 M NaOH solution (25 mL). The salts were filtered off under vacuum and the filtrate extracted with dichloromethane (3 × 50 mL). The combined organic layers were dried with Na2SO4 and concentrated under reduced pressure to afford 3 used for the next step without further purification. NMR spectra were in accordance with those reported in the literature [51].
2-(6-Chloro-1,2,3,4-tetrahydroacridin-9-ylamino)ethanol 4
A suspension of 6,9-dichloro-1,2,3,4-tetrahydroacridine 3 (10.0 mmol), aminoethanol (1.75 mL, 30 mmol, 3 eq) in pentan-1-ol (10 mL) was heated at 150 °C for 18 h, then cooled down to rt. Solid was filtered through glass frit, then washed with cyclohexane to remove the excess of aminoethanol and dry under vacuum to afford 4 as a beige solid (1.7 g, 64 %). 1H NMR (CD3OD, 300 MHz) δ = 1.94-2.01 (m, 4H), 2.71 (t, 2H, J = 5.1 Hz), 3.02 (t, 2H, J = 5.7 Hz), 3.90 (t, 2H, J = 10.8 Hz), 4.11 (t, 2H, J = 5.4 Hz), 7.53 (dd, 1H, J = 2.4 Hz, J = 9.3 Hz), 7.78 (d, 1H, J = 1.8 Hz), 8.51 (d, 1H, J = 9.3 Hz). 13C NMR (CD3OD, 75 MHz) δ = 21.8 ,22.8, 24.6, 29.4, 51.2, 61.5, 113.6, 115.5, 119.1, 126.8, 128.9, 140.1, 140.4, 152.3, 158.3. MS (ESI+): m/z (%): 279 (34), 277 (100) [M+H]+.
N-(2-Azidoethyl)-6-chloro-1,2,3,4-tetrahydroacridin-9-amine MB320
To a solution of alcohol 4 (1.65 g, 5.96 mmol) in anhydrous CH2Cl2 (33 mL) under Ar at -10 °C, NEt3 (1.41 mL, 10.13 mmol, 1.7 eq) and mesyl chloride (0.69 mL, 8.94 mmol, 1.5 eq) were added dropwise successively. The mixture was stirred at -10 °C for 30 min. After TLC control, solvent and NEt3 were removed under reduced pressure. The residues were taken up in CH2Cl2 (50 mL) and organic phase was washed with aq. Solution of NaOH (2.5 M, 4 x 50 mL), then dried over Na2SO4 and concentrated under reduced pressure to give the crude product that was used in the next step without purification. The resulting brown oil (5.95 mmol) was dissolved in anhydrous CH3CN (60 mL), and sodium azide (3.1 g, 47.6 mmol, 8 eq) was added and this mixture was heated for 30 h at 80 °C. After cooling, the solvent was removed under reduced pressure and purification by flash chromatography on silica gel (CH2Cl2/MeOH 95/5, v/v) afforded MB320 as brown-orange oil (1.38 g, 77% on two steps) which crystallize. Rf (CH2Cl2:MeOH 9/1, v/v) = 0.63. 1H NMR (CD3OD, 300 MHz) δ = 1.77-1.80 (m, 4H), 2.62 (m, 2H), 2.84 (t, 2H, J = 5.1 Hz), 3.39 (t, 2H, J = 6.0 Hz), 3.52 (t, 2H, J = 5.1 Hz), 7.16 (dd, 1H, J = 2.1 Hz, J = 9.0 Hz), 7.64 (d, 1H, J = 2.1 Hz), 7.90 (d, 1H, J = 9.0 Hz). 13C NMR (CD3OD, 75 MHz) δ = 23.3, 23.8, 25.9, 34.3, 48.4, 53.0, 118.3, 119.8, 125.4, 126.1, 126.8, 135.4, 148.3, 152.4, 160.6. MS (ESI+): m/z (%): 304 (30), 302 (100) [M+H]+.
()-2-(Pyridin-3-ylmethylidene)-1-azabicyclo[2.2.2]octan-3-one 7
Prepared by following the procedure reported in the literature [49, 54]. To a suspension of 3-quinuclidinone hydrochloride 5 (1.5 g, 9.28 mmol, 1 equiv.) in MeOH (15 mL) was added NaOH (1.15 g, 28.8 mmol, 3.1 equiv). The mixture was stirred at r.t. for 30 min before adding dropwise 3-pyridinecarboxaldehyde 6 (1.09 g, 0.957 mL, 1.1 equiv). The reaction mixture was stirred at r.t. for 24 h, diluted with water, and extracted with dichloromethane (twice). The combined organic phases were washed with water, then with brine, dried over MgSO4, and concentrated under reduced pressure to give the compound 7 (1.34 g, 67%) that used in the next step without further purification. 1HNMR (300 MHz, CDCl3) δ = 2.01 (td, J = 3.0 Hz, 8.1 Hz, 4H), 2.62 (quint, J = 3.0 Hz, 1H), 2.87-3.02 (m, 2H), 3.07 – 3.20 (m, 2H), 6.95 (s, 1H), 7.26 (dd, J = 4.5 Hz, 8.1 Hz, 1H), 8.44 (dt, J = 1.8 Hz, 8.1 Hz, 1H), 8.49 (dd, J = 4.5 Hz, 1.8 Hz, 1H), 9.01 (d, J = 1.8 Hz, 1H). 13CNMR (75 MHz, CD3OD) δ = 25.6 (2 C), 40.0, 47.3 (2 C), 121.3, 123.3, 130.0, 138.4, 146.5, 149.8, 152.9, 205.4. MS (ESI+): m/z (%): 215 (100) [M+H]+. HRMS (ESI+): m/z calcd for C13H15N2O 215.1179; found 215.1189
()-2-​(Pyridin-​3-​ylmethyl)​-​1-​azabicyclo[2.2.2]​octan-​3-​one 8
Prepared by following the procedure reported in the literature [54]. A solution of compound 7 (1.34 g, 6.24 mmol) in MeOH (20 mL) and Pd/C 10% (670 mg) was stirred at r.t. for 24 h under hydrogen (1 bar). The reaction mixture was filtered on Celite® and concentrated under reduced pressure. The crude product was purified by chromatography on silica gel (CH2Cl2/MeOH, 95/5, v/v) to give the compound 8 (771 mg, 57%) as a white solid. 1HNMR (300 MHz, CD3OD) δ = 1.98 - 2.11 (m, 4H), 2.40 (quint, J = 2.5 Hz, 1H), 2.80 - 3.05 (m, 4H), 3.15-3.30 (m, 2H), 3.52 (dd, J = 10.1 Hz, 4.8 Hz, 1H), 7.36 (dd, J = 7.9 Hz, 4.9 Hz, 1H), 7.78 (dt, J = 2.5 Hz, 7.9 Hz, 1H), 8.37 (dd, J = 4.9 Hz, 1.7 Hz, 1H), 8.47 (d, J = 1.7 Hz, 1H). 13CNMR (75 MHz, CD3OD) δ = 25.6, 27.5, 31.9, 41.4, 42.0, 49.6, 71.6, 125.2, 137.1, 138.9, 148.1, 150.7, 222.1. MS (ESI+): m/z (%): 217 (100) [M+H]+. HRMS (ESI+): m/z calcd for C13H17N2O 217.1335; found 217.1342
()-2-​(​Pyridin-3-ylmethyl)​-1-​azabicyclo[2.2.2]​octan-​3-​amine 9
Prepared by following the procedure reported in the literature.[50] The compound 8 (500 mg, 2.31 mmol, 1 equiv.) was dissolved  in MeOH (26 mL). To this solution, ammonium acetate (1.78 g, 23.1 mmol, 10 equiv.) was added. The solution was stirred for 20 min at room temperature. Then NaCNBH3 (537 mg, 8.5 mmol, 3.7 equiv) and ZnCl2 (31.5 mg, 0.23 mmol, 0.1 equiv) were added. The reaction mixture was stirred overnight at room temperature. The reaction mixture was concentrated and dissolved in 1 M HCl solution until pH ~6/7 was obtained. The mixture was washed with CH2Cl2 (twice), then basified with 2.5 M NaOH to pH >14. The water layer was extracted with CH2Cl2 (twice). The combined organic layers were dried over Na2SO4, filtered, and concentrated under reduced pressure to give amine 9 as yellow oil (450 mg, 90%).  1HNMR (300 MHz, CDCl3) δ = 1.25 - 1.35 (m, 2H), 1.37 - 1.80 (m, 3H), 2.25 (t, J = 7.5 Hz, 1H) 2.69 - 2.92 (m, 6H), 3.07 - 3.19 (m, 1H), 7.20 - 7.25 (m, 1H), 7.59 - 7.65 (m, 1H), 8.40 - 8.47 (m, 1H), 8.50 - 8.56 (s, 1H). NMR spectra of the trans isomer are in accordance with those reported in the literature.[50]
4-(2-Propyn-1-yloxy)phenyl carbonochloridate 10 
To a cooled (0 °C) solution of 4-(2-propyn-1-yloxy)phenol[53] (720 mg, 4.86 mmol, 1 equiv.) in dry toluene (40 mL) and an aqueous solution of NaOH (5 N, 40 mL) was added dropwise phosgene (20% in toluene, 10.4 mL, 4.86 mmol, 1 equiv.). The reaction mixture was warmed up and stirred at r.t. for 45 min. The organic phase was separated and washed with an aqueous solution of HCl 1N, dried over MgSO4 and concentrated under reduced pressure to give 10 as a yellow oil that used in the next step without further purification.
()-4-(Prop-2-yn-1-yloxy)phenyl N-[2-(pyridin-3-ylmethyl)-1-azabicyclo[2.2.2]octan-3-yl]carbamate MB099
To a solution of amine 9 (50 mg, 0.23 mmol, 1 equiv.), NEt3 (130 µL, 0.92 mmol, 4 equiv.) in dry dichloromethane (1 mL) was added dropwise a solution of 11 (58 mg, 0.28 mmol, 1.2 equiv.) in dry dichloromethane (1 mL). The reaction mixture was stirred for 16 h at r.t. The reaction mixture was washed with a saturated aqueous solution of NaHCO3. The organic phase was separated, dried over MgSO4 and concentrated under reduced pressure. The crude product was purified by flash chromatography (cyclohexane/EtOAc, 7/3, v/v) to give MB099 as a yellow oil (70 mg, 78%). 1HNMR (300 MHz, CDCl3) δ = 1.62 - 1.76 (m, 3H), 1.94 - 1.99 (m, 2H), 2.53 (t, J = 2.4 Hz, 1H) 2.72 - 2.96 (m, 6H), 3.01 - 3.09 (m, 1H), 3.53 (t, J = 7.1 Hz, 1H), 4.65 (d, J = 2.5 Hz, 2 H), 5.84 (m, 1H, NH), 6.91 - 7.00 (m, 4H), 7.18 - 7.24 (m, 1H), 7.58 - 7.61 (m, 1H), 8.34 - 8.48 (m, 2H). MS (ESI+): m/z (%): 392 (100) [M+H]+. HRMS (ESI+): m/z calcd for C23H26N3O3 392.1969; found 392.1974
()-4-[(1-{2-[(3-chloro-5,6,7,8-tetrahydroacridin-9-yl)amino]ethyl]-1,2,3-triazol-4-yl)methoxy]phenyl N-[2-(pyridin-3-ylmethyl)-1-azabicyclo[2.2.2]octan-3-yl]carbamate MB105
A solution of MB099 (202 mg, 0.52 mmol, 1 equiv.), MB320 (157 mg, 0.52 mmol, 1 equiv.) and CuI (99 mg, 0.52 mmol, 1 equiv.) in dry acetonitrile (5.2 mL) was stirred away from the light at r.t. for 3 days. After removal of solvent, the crude product was purified by flash chromatography on silica gel (EtOAc/MeOH, 8/2 to 1/1, v/v) to afford MB105 (295 mg, 82%). 1HNMR (300 MHz, CD3OD) δ = 1.68 (m, 4H), 1.77 - 1.90 (m, 4H), 1.92 (s, 1 H), 2.54 (m, 2H), 2.71 (m, 2H), 2.85-2.98 (m br, 6H), 3.46 (m, 1H), 3.59 (m, 1H), 3.96 - 4.04 (m, 2H), 4.55 - 4.64 (m, 2H), 4.98 (s, 2H), 6.82 - 6.92 (m, 4H), 7.22 (m, 1H), 7.32-7.36 (m, 2H), 7.69 (s, 1H), 7.74 - 7.84 (m, 4H), 8.39 (br s, NH), 8.48 (br s, NH). 13CNMR (75 MHz, CD3OD) δ = 160.5, 156.8, 156.3, 152.1, 151.0, 150.7, 147.9, 147.8, 146.3, 144.8, 139.0, 136.2, 135.5, 126.5, 125.9, 125.6, 125.0, 123.6, 119.6, 118.3, 117.0, 116.8, 116.2, 73.7, 62.6, 55.7, 51.9, 50.1, 49.1, 48.8, 48.4, 34.1, 30.4, 26.4, 25.9, 24.9, 23.7, 23.3. (ESI+): m/z (%): 694 (30), 693 (50) [M+H]+, 347 (100) [M+2H]2+. HRMS (ESI+): m/z calcd for C38H42N8O335Cl 693.3068; found 693.3072. HPLC: tR = 20.5 min (unprotonated form), 21.5 min (protonated form) (purity = 95%).
()-4-(Prop-2-yn-1-yloxy)-N-[2-(pyridin-3-ylmethyl)-1-azabicyclo[2.2.2]octan-3-yl]benzamide MB114
To a cooled (0 °C) solution of amine 9 (40 mg, 0.18 mmol, 1 equiv.), NEt3 (50 µL, 0.36 mmol, 2 equiv.) in dry THF (1 mL) was added dropwise a solution of benzoyl chloride 10 (35 mg, 0.18 mmol, 1 equiv.) in dry THF (1 mL). The reaction mixture was stirred for 30 min before removing the solvent under reduced pressure. The crude product was purified by RP-HPLC to give MB114 as a white solid (41 mg, 61%). 1HNMR (300 MHz, CD3OD) δ = 1.88 - 2.30 (m, 5H), 2.99 (t, J = 2.4 Hz, 1H), 3.34 - 3.69 (m, 6H), 3.87 - 3.94 (dd, J = 5.0 Hz, 7.5 Hz, 1H), 4.36 (t, J = 7.1 Hz, 1H), 4.78 (d, J = 2.3 Hz, 2H), 6.97 (m, 2H), 7.50 (m, 2H), 7.71 - 7.75 (m, 1H), 8.18 (d, J = 7.6 Hz, 1H), 8.35 (d, J = 7.9 Hz, 1H), 8.52 (br s, 1H), 8.85 (br s, 1H, NH). 13CNMR (75 MHz, CD3OD) δ = 18.5, 23.2, 28.8, 34.5, 42.9, 52.1, 56.9, 63.9, 76.3, 77.4, 79.3, 115.8, 115.9, 127.3, 130.3, 130.8, 143.8, 145.4, 146.9, 162.2, 168.9. MS (ESI+): m/z (%): 376 (100) [M+H]+. HRMS (ESI+): m/z calcd for C23H26N3O2 376.2020; found 376.2014
()-4-[(1-{2-[(3-chloro-5,6,7,8-tetrahydroacridin-9-yl)amino]ethyl}-1,2,3-triazol-4-yl)methoxy]-N-[2-(pyridin-3-ylmethyl)-1-azabicyclo[2.2.2]octan-3-yl]benzamide MB118
A solution of MB114 (41 mg, 0.11 mmol, 1 equiv.), MB320 (33 mg, 0.11 mmol, 1 equiv.) and CuI (21 mg, 0.11 mmol, 1 equiv.) in dry acetonitrile (2 mL) was stirred away from the light at r.t. for 36 h. After removal of solvent, the crude product was purified by flash chromatography on silica gel (EtOAc/MeOH, 4/1 to 1/1, v/v) to afford MB118 (58 mg, 79%). 1HNMR (300 MHz, CD3OD) δ = 1.66 (t, J = 3.0 Hz, 1H), 1.84 - 1.89 (m, 4H), 1.91 - 2.01 (m, 4H), 2.60 (m, 2H), 2.94 (m, 2H), 3.00-3.16 (m, 6H), 3.49 (m, 1H), 4.06 (m, 1H), 4.22 (t, J = 5.0 Hz, 2H,), 4.72 (t, J = 5.0 Hz, 2H), 5.06 (s, 2H), 6.92 - 6.95 (m, 2H), 7.27 (m, 1H), 7.37-7.39 (m, 1H), 7.46 - 7.49 (m, 2H), 7.72 (m, 2H), 7.82 - 7.85 (m, 1H), 7.93 -8.04 (m, 3H), 8.23 (br s, NH), 8.54 (br s, NH). MS (ESI+): m/z (%): 678 (55), 677 (100) [M+H]+. HRMS (ESI+): m/z calcd for C38H42N8O235Cl 677.3119; found 677.3122. HPLC: tR = 20.1 min (purity = 96.2%).
Docking studies
The crystal structure of the mouse AChE-anti-TZ2-PA6 complex (PDB code 1Q84) was used for molecular docking [39]. Docking calculations were carried out using Autodock Vina [55]. MTDL structures were created and minimized using the MMFF94 force field implanted in ChemBio3D Ultra 12.0 (PerkinElmer, Inc. Waltham, MA, USA). MTDL and mouse AChE were further prepared using Autodock Tools 1.5.6 [56]. Structural water molecules were conserved in the model in order to improve docking accuracy. Residues in the active site of AChE (Tyr 72, Trp 86, Tyr 124, Tyr 286, Tyr 337, Tyr 341) were selected as flexible. The 3D affinity grid box was designed to include the full active-site gorge of AChE. Docking calculations were performed using the default parameter set of AutoDock Vina to generate nine docking poses per molecule. Vina generated the estimated total Gibbs free energy of binding in kcal/mol, which could be converted to the apparent constant, Ki, using the relationship ∆G=RT.ln (Ki). Docking poses were visualized using the PyMOL molecular graphics system [57].
Evaluation of the inhibitory activity toward human AChE and BChE
The capacity of tested compounds to inhibit human AChE and BChE activity was assessed by the Ellman method [58]. The assay was performed at 37 °C in a Jasco V-530 double beam Spectrophotometer (Jasco Europe). A stock solution of AChE was prepared by dissolving human recombinant AChE (Sigma Aldrich, Italy) lyophilized powder in 0.1 M phosphate buffer (pH = 8.0) containing Triton X-100 0.1%. A stock solution of BChE from human serum (Sigma Aldrich, Italy) was prepared by dissolving the lyophilized powder in an aqueous solution of gelatine 0.1%. Stock solutions of inhibitors (1 or 2 mM) were prepared in methanol. Five increasing concentrations of the inhibitor were used, yielding 20-80% inhibition of the enzymatic activity. The assay solution consisted of 0.1 M phosphate, pH 8.0, with the addition of 340 M DTNB, 0.02 unit/mL of human recombinant AChE, or human serum BChE, and 550 µM substrate, ATCh or BTCh, respectively. 50 µL aliquots of increasing concentrations of the tested compound were added to the assay solution and preincubated for 20 min at 37 °C with the enzyme, followed by addition of substrate, after which the increase in absorbance at 412 nm was monitored for 3 min. Assays were carried out against a blank containing all components except AChE or BChE, in order to correct for non-enzymatic substrate hydrolysis. The reaction rates were compared and the percent inhibition due to the presence of tested inhibitor at increasing concentration was calculated. Each concentration was analyzed in triplicate, and IC50 values were determined graphically from log concentration–inhibition curves (GraphPad Prism 4.03 software, GraphPad Software Inc.). Each IC50 value was determined from at least two independent experiments each performed in triplicate.
Evaluation of the time-dependent carbamoylation of hAChE by MB105. 
The stopped time assay was performed, in which hAChE o hBChE and MB105 at a concentration of 0.2 µM, a value close to its IC50 value, were mixed in the assay buffer at pH 8.0. After 2, 10, 20, and 40 min incubation at 37 °C, the determination of residual activity of the AChE-catalyzed hydrolysis of the substrate was carried out by Ellman’s method [58]. A parallel control (i.e., no inhibitors in the mixture) allowed to adjust activities measured at the same incubation times. 
Electrophysiological assays
Two-electrode voltage clamp electrophysiology on Xenopus laevis oocytes expressing human α7 nAChR. We purchased adult X. laevis females from the Biological Resource Center (University of Rennes, France). Animal care and experimental procedures were performed according to the Ethical Committee for Animal Experimentation C2EA-59 of Paris Center-South. For laparotomy X. laevis mature female frogs were anesthetized by immersion in a 1 g/l ethyl-3-amino benzoate methane sulfonate solution (Sigma-Aldrich, Saint Quentin, France).  Ovarian lobes were excised and immerse in a solution containing 88 mM NaCl, 1 mM MgCl2, 5 mM HEPES 5; pH 7.6. Thereafter, the ovarian lobes were cultured at 18 °C in Barth’s solution containing 88 mM NaCl, 1 mM KCl, 0.41 mM CaCl2, 0.82 mM MgSO4, 2.5 mM NaHCO3, 0.33 mM Ca(NO3)2, 7.5 mM Hepes; pH 7.6. The follicular layer of stage V–VI oocytes were removed using forceps under a stereomicroscope. Thereafter, 50 nl of human α7 mRNA (0.1 ng/nl), were microinjected using a Nanoliter 2000 Micro 4 Controller (WPI, Sarasota, FL, USA). Injected oocytes were cultured at 18 °C [59, 60]. 
For automated TEVC we used a HiClamp system (MCS GmbH., Reutlingen, Germany): single oocytes are withdrawn from the 96-wells oocyte-microplate and put it in a silver wire basket that acts also as reference bath electrode. The oocytes were automatically clamped at a holding potential of -60 mV using glass microelectrodes (50-60 MΩ resistance) filled with a mix of 1 M KCl and 1 M ammonium acetate. The clamped oocyte was transferred into a well of the sample-microplate filled with 200 μL OR2 containing ACh or the tested molecules. The amplifier allows continuous recording even during the transfer of the oocyte from the washing-station to the test-well back and forth. The micro-stirrers disposed in each test-well ensured a rapid solution exchange. 
Agonist dose-response curves were obtained using the equation I = Imax [L]n / (EC50 + [L])n with the software GraphPad Prism 5.0 (San Diego, CA, USA). I is the agonist evoked current, [L] is the agonist concentration, EC50 is the agonist concentration that evokes 50% of the maximal current recorded (Imax), and n is the Hill coefficient. Dose-response inhibition curves were constructed and fitted to the equation Y = 100/ (1+10˄((Log IC50 – [X]) × n))). Y is the fractional (%) remaining response in the presence of inhibitor at concentration [X], IC50 is the inhibitor concentration that reduced the ACh-evoked amplitude by 50%, and n the Hill coefficient.
Permeability test (PAMPA−BBB)
A parallel artificial membrane permeation assay for the Blood-Brain Barrier (BBB) was used, following the method described by Di et al. [61] The in vitro permeability (Pe) of fourteen commercial drugs through a lipid extract of the porcine brain membrane together with the test compounds was determined. Commercial drugs and assayed compounds were tested using a mixture of PBS:EtOH (70:30). Assay validation was performed by comparing the experimental permeability with reported values of the commercial drugs, and linear correlation between the experimental and reported permeability of the fourteen commercial drugs using the parallel artificial membrane permeation assay was evaluated (y = 1.5758x-1.1459; R2 = 0.9241). From this equation, and taking into account the limits for BBB permeation reported by Di et al., the ranges of permeability were established as follows: compounds with high BBB permeation (CNS+): Pe (10-6 cm s-1) > 5.157; compounds with low BBB permeation(CNS-): Pe (10-6 cm s-1) < 2.006, and compounds with uncertain BBB permeation (CNS+/-): 5.157 > Pe (10-6 cm s-1) > 2.006.
Results
Chemistry
First, 6-chloro-tetrahydroacridine MB320, bearing a clickable azide moiety, was prepared from the commercially available 4-chloroanthranilic acid 1 and cyclohexanone 2 (Scheme 1). The synthesis started with a condensation between 2-aminobenzoic acid 1 and cyclohexanone 2 was performed in POCl3 at 80 °C to give 6,9-dichloro-tetrahydroacridine 3 in 98% yield. Then, nucleophilic aromatic substitution between 3 and 2-aminoethanol in pentan-1-ol at 150 °C for 18 h afforded compound 4 in 64% yield. Finally, conversion of the primary alcohol into the corresponding mesylate, followed by a treatment with sodium azide furnished MB320 in two steps with 77% of yield. MB320 was thus obtained in three steps with an overall yield of 49%.


Scheme 1. Reagents and conditions: a) POCl3 (10 equiv), 80 °C, 20 h, 98%; (b) ethanolamine (3.0 equiv), pentan-1-ol, 18 h, reflux, 64%; c) (i) MsCl (1.5 equiv), NEt3 (1.7 equiv), 30 min, CH2Cl2; (ii) NaN3 (8.0 equiv), CH3CN, 80 °C, 30 h, 77% (two steps).

The syntheses of quinuclidine moieties MB099 and MB114 bearing an alkyne function started with the aldol condensation between quinuclidin-3-one 5 and 3-pyridine aldehyde 6 using sodium hydroxide at room temperature for 24 h to afford compound 7 in 67% yield (scheme 2). Reduction of the double bond of compound 7 followed by reduction of the ketone to the corresponding primary amine with ammonium acetate and sodium cyanoborohydride in presence of catalytic amount of ZnCl2 gave compound 9 as a racemic mixture of the trans isomer in 51% overall yield [50]. Carbamate MB099 was synthesized by coupling amine 9 with phenyl chlorocarbamate 10 using 4 equivalents of trimethylamine in dichloromethane at room temperature in 78% yield. Benzylamide MB114 was prepared by coupling amine 9 with benzyl chloride 11 using 3 equivalents of trimethylamine in THF at room temperature in 61% yield.


Scheme 2. Reagents and conditions : a) NaOH (3 equiv); r.t., 24 h, 67%; b) H2 (1 atm), Pd/C 10%, MeOH, r.t. 24 h, 57%; c) NH4OAc (10 equiv), NaBH3CN (3.7 equiv), ZnCl2 (0.1 equiv), r.t., 16 h, 90%; d) NEt3 (4 equiv), CH2Cl2, r.t., 16 h, 78%; e) NEt3 (2 equiv), THF, r.t., 30 min, 61%;.

Finally, CuAAC reaction with azide MB320 using copper iodide (1 equiv) in acetonitrile DMF for 48 h gave the MTDLs MB105 and MB118 as racemic mixture in 82% and 79% yield, respectively (Scheme 3).


Scheme 3. Reagents and conditions: a) CuI (1 equiv), CH3CN, r.t., 48 h, 82% (for MB105) and 79% (for MB118) 

Cholinesterase inhibition
The two synthesized MTDLs MB105 and MB118 were evaluated for their inhibitory potency on hAChE and hBChE (Table 2).

Table 2. Inhibition of ChEs by MTDLs MB105 and MB118.
	Entry
	Compound
	hAChE (nM)a
	hBChE (nM)a
	SIb

	1
	MB105
	15.2 ± 1.5
	131 ± 5
	8.6

	2
	MB118
	38.6 ± 1.7
	68.6 ± 6.5
	1.7

	3
	Tacrine
	424 ± 21
	33.5 ± 1.0
	0.08

	4
	6-chlorotacrine
	14.5 ± 0.9
	505 ± 28
	34.8


a Recombinant human AChE and BChE from human serum were used. Values are expressed as the mean  SEM of two independent experiments each performed in triplicate. b Selectivity Index SI: IC50 (hBChE)/IC50 (hAChE).

The two hybrids MB105 and MB118 showed an inhibitory profile similar to that of the lead compound 6-chlorotacrine, with an inhibitory potency towards hAChE in the nanomolar range. Conversely, both hybrids were slightly more potent than chlorotacrine on hBChE (3.8 and 7.4 times more potent than chlorotacrine, for MB105 and MB118, respectively. The stronger activity towards BChE was not paralleled by a concomitant increase of anti-AChE activity. Hence, both compounds were less selective AChE inhibitors. In particular, MB118, showing the highest potency towards BChE and a slightly lower potency towards AChE, with respect to chlorotacrine, showed a quite balanced anti-AChE/anti-BChE activity (SI = 1.7).
A further consideration should be made on the mode of action of MB105 which bears a carbamate function. Because carbamates are known to exert a time-dependent inhibition of target AChE, acting as pseudo-irreversible inhibitors, a possible different mechanism of inhibition for MB105 and MB105 should be considered. To shed light on MB105 mode of inhibition, a time-dependence study was carried out. In this study a concentration of inhibitor close to its IC50 value was incubated with the human AChE over time (up to 40 min) and enzyme activity was measured at given intervals of time, from 0 (inhibitor addition) to 40 min. No significant variation of % inhibition over time was observed, implying that, notwithstanding the presence of a carbamic function in MB105, this function was not able to covalently interact with the enzyme’s active site. Hence, MB105 acted as reversible inhibitor, similarly to MB118.
Electrophysiological studies
The MTDL compounds MB105 and MB118 designed for having anticholinesterase and α7 nAChR-agonistic activity were tested by TEVC electrophysiology on X. laevis oocytes expressing human 7 nAChR (Table 3).
Table 3. Activities towards human α7 nAChR of MTDLs MB105 and MB118 and precursors.
	Entry
	Compound
	Agonistic activity
EC50 (µM; 95% CI)
	[Desensitization]
DC50 (µM; 95% CI)
	Antagonistic activity
IC50 (µM; 95% CI)

	1
	MB105
	3.98 (3.2-4.9)
	3.6 (3.2-4.1)
	-

	2
	MB118
	1348 (402-4435)
	85.3 (30.0-242.3)
	-

	3
	MB099
	11.2 (2.8-44.4)
	52.2 (11.9-228.8)
	-

	4
	MB320
	-
	-
	16.9 (10.4-27.6)

	5
	Tacrine
	-
	-
	5.9 (3.9-9.15)



Dose-response experiments revealed that MB105 is a partial agonist of 7 nAChR with an EC50 of 3.98 µM (95% CI = 3.2 – 4.9 µM) and a maximal response (Bmax) of 53.17% ± 3.52% compared to the maximal efficacious ACh dose of 10 mM (Fig. 2A). It is worth noticing that the exposure of X. laevis oocytes expressing 7 nAChR to 6.25 µM MB105 for 5 s induced a fast opening and a long-lasting desensitization of the receptor channel. Following 4-min washing, the ACh-evoked current was ~50% lower than the initial MB105-induced current, suggesting that MB105 may stabilize the desensitized state of 7 nAChR. The activity of the 7 nAChR receptor was fully restored only after 20 min washing with OR2 (Fig. 3A). The concentration of MB105 at which 50% of the receptors were at the long-lasting desensitized state (DC50) was 3.63 µM (95% CI = 3.19 – 4.13 µM; Fig. 3D).
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[bookmark: OLE_LINK1]Figure 2. Partial agonistic behavior of MTDL compounds. (A) Concentration-dependent activation of human α7 nAChR expressed in Xenopus laevis oocytes by ACh (green circles), MB105 (blue circles), MB118 (pink circles) and the quinuclidine synthetic precursor MB099 (red circles). Peak amplitudes were recorded using the automated TEVC HiClamp at a membrane potential holding of -60 mV. MB105, MB118 and MB099 data were normalized to the mean value of three 100 µM ACh-responses obtained prior to exposure of the oocyte to the MB-compounds. Each data point represents the mean value  SEM, n = 5 oocytes from different xenopus donors. (B) Concentration-dependent inhibition of ACh-evoked currents on human α7 nAChR expressed in Xenopus laevis oocytes by Tacrine (dark blue circles) and the tacrine synthetic precursor MB320 (orange circles). Peak amplitudes recorded at -60 mV in the presence of Tacrine and MB320 were normalized to 100 µM-ACh control currents and fitted to Hill equation. Data with error bars represent the mean  SEM (n = 5). (C) Competitive inhibition of MB105-evoked currents by α-bungarotoxin. Xenopus oocytes expressing α7 nAChR were exposed to 100 µM ACh (left). After 4-min washing the oocytes were exposed to 100 nM α-bungarotoxin for 45 s, and then immediately, the oocytes were exposed to 6.25 µM MB105 for 5 s (center). Following 4-min washing with OR2 the oocytes were exposed to 100 µM ACh (right). (D) Competitive inhibition of MB118-evoked currents by α-bungarotoxin. Xenopus oocytes expressing α7 nAChR were exposed to 100 µM ACh (left). After 4-min washing the oocytes were exposed to 100 nM α-bungarotoxin for 45 s, and then immediately, the oocytes were exposed to 400 µM MB118 for 5 s (center). Following 4-min washing with OR2 the oocytes were exposed to 100 µM ACh (right). (E) Competitive inhibition of MB099-evoked currents by α-bungarotoxin Xenopus oocytes expressing α7 nAChR were exposed to 100 µM ACh (left). After 4-min washing the oocytes were exposed to 100 nM α-bungarotoxin for 45 s, and then immediately, the oocytes were exposed to 12.5 µM MB099 for 5 s (center). Following 4-min washing with OR2 the oocytes were exposed to 100 µM ACh (right). No ACh-evoked currents were recorded after exposure of α7 nAChR to α-bungarotoxin (n = 5). 

The close-related MTDL MB118 that differs from MB105 in the linker between the quinuclidine and tacrine moieties, is a weak partial agonist of human 7 nAChR with an EC50 of 1348 µM (95% CI = 402.2 –4435 µM; Fig. 1A). The DC50 of MB118 against 7 nAChR was 85.29 µM (95% CI = 30.02-242.3 µM; Fig. 3B). Total recovery of 7 nAChR after exposure for 5 s to 200 µM MB118 was slowly achieved after 12-min wash (Fig. 3D).
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Figure 3. MTDL partial agonist MB105 induces long-lasting desensitization of human α7 nAChR expressed in Xenopus laevis oocytes. (A) Activation and induced desensitization of human α7 nAChR by MB105 (blue): 100 µM ACh-evoked current (left). The evoked current by 6.25 µM MB105 is shown in blue. Following 4-min washing, the peak amplitude induced by 100 µM ACh is ~50% lower than the initial MB105-induced current. Complete recovery of α7 nAChR is achieved after 20-min OR2 washing (n = 5). (B) Activation and induced desensitization of human α7 nAChR by MB118 (pink): 100 µM ACh-evoked current (left). The evoked current by 400 µM MB118 is shown in blue. Following 4-min washing, the peak amplitude induced by 100 µM ACh has significantly recovered. Complete recovery of α7 nAChR is achieved after 12-min OR2 washing (n = 5). (C)  Activation and induced desensitization of human α7 nAChR by the MTDL agonist precursor MB099 (red): 100 µM ACh-evoked current (left). The evoked current by 6.25 µM MB099 is shown in red. Following 4-min washing, the peak amplitude induced by 100 µM ACh has significantly recovered. Complete recovery of α7 nAChR is achieved after 8-min OR2 washing (n = 5). (D) Activation and desensitization dose-dependent curves. MB105 induced the fast opening of the receptor channel in a concentration dependent manner (open circles in blue) with an EC50 of 3.98 µM. Following receptor-channel activation, MB105 induced a long-lasting desensitization of the α7 nAChR (closed circles in blue). Concentration-dependent activation of human α7 nAChR expressed in Xenopus laevis oocytes by MB099 (open circles in red; EC50 = 3.98 µM). Concentration-dependent desensitization of human α7 nAChR expressed in Xenopus laevis oocytes by MB099 (closed circles in red). Concentration-dependent activation of human α7 nAChR expressed in Xenopus laevis oocytes by MB118 (open circles in pink; estimated EC50 = 1348 µM). Concentration-dependent desensitization of human α7 nAChR expressed in Xenopus laevis oocytes by MB118 (closed circles in pink). The desensitization values shown were measured after 4-min washing with OR2. Each data point represents the mean value  SEM, n = 5 oocytes from different xenopus donors. Each data point represents the mean value  SEM, n.

The synthetic MTDL-precursors quinuclidine (MB099) and tacrine (MB320) were analysed by automated TEVC electrophysiology to assess their input on the agonist/antagonist activity of MB105 and MB118 on human 7 nAChR. Thus, the quinuclidine precursor MB099 behaved as a partial agonist of α7 nAChR with an EC50 of 11.19 µM (95% CI = 2.82 – 44.35 µM) and a maximal response (Bmax) of 58.74% ± 8.23% compared to the maximal efficacious ACh dose of 10 mM (Fig. 1A). Interestingly, as shown for MB105, MB099 induced a long lasting desensitization following fast nicotinic channel opening. A dose-dependent desensitization curve gave a DC50 of 52.23 µM (95% CI = 11.93-228.8 µM; Fig. 3D). Full recovery of ACh-evoked current following desensitization of α7 nAChR by 6.25 µM MB099 was achieved after 8-min washing with OR2 (Fig. 3C).
MB320, the AChE-inhibitor precursor of MB105 and MB118, inhibited human α7 nAChR current with an IC50 of 16.89 µM (95% CI = 10.36 – 27.55, Fig. 2B). To determine whether MB320 act as an antagonist or as a channel blocker of α7 nAChR, we measured the ACh-evoked current inhibition by 16 µM MB320 at different holding potentials (-40, -60, -80, -100 and -120 mV). The analysis of the conductance vs the membrane potential in the presence and absence of MB320 suggest that the blockade of human α7 nAChR by MB320 was not voltage-dependent at the referred concentration and holding potentials. Moreover, the antagonistic effect of MB320 was reversible. Tacrine also showed an inhibitory activity towards 7 nAChR, with an IC50 of 5.98 µM (95% CI = 3.90 – 9.15 µM, Fig. 2B). 
Competition experiments using α-bungarotoxin were performed to assess whether MB105, MB118 and MB099 were partial agonist of α7 nAChR. The 45 s-incubation of Xenopus oocytes expressing α7 nAChR with 100 nM α-bungarotoxin fully inhibited MB105, MB118 or MB099-evoked currents confirming that these compounds are competitive partial agonists of α7 nAChR (Fig. 2C, D and E). 
2.4 Docking studies

Docking studies took as a starting point the crystal structure of the anti-TZ2-PA6 complex with mAChE that was referred to above (PDB 1Q84) [39]. The active-site gorge of AChE is known to display some conformational flexibility. Binding of bifunctional ligands can induce some side-chain rotations, e.g., of Trp286, and movement of the protein backbone at the PAS and within the region of the gorge between the PAS and the catalytic site [39, 62-64]. Taking into account this flexibility, we modelled both enantiomers of trans isomers MB105 and MB118. The binding energies for AChE of these MTDLs were calculated by using Autodock Vina [55]. Low binding energies, below -13.2 kcal/mol, were obtained indicating a strong binding of MB105 and MB118 that explains the strong anticholinesterase activity (IC50 values in the nanomolar range). All docking poses showed a productive conformation of the tetrahydroacridine scaffold within the active site of AChE (Figure 3), with an optimal double π-π stacking interaction with Trp86 and Tyr337, and formation of a hydrogen bond with the backbone carbonyl group of His447. In addition, the chlorine atom contributed significantly to the stabilization by interacting with Trp439 [65]. The low stabilization energies obtained for MB105 and MB118 could be explained by potential hydrogen bonds between the 1,2,3-triazole moiety and Tyr124 and Tyr337. Furthermore, molecular docking revealed an additional π-π stacking interaction of the triazole with Tyr341. These low stabilization energies could also be explained by additional π-π stacking interaction between the phenyl ring of hybrids and Tyr286, and between 3-pyridinyl ring and Tyr72 within the PAS of the enzyme.
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Figure 3. Molecular docking into AChE of (3R,2S)-MB105 (left panel, binding energy -15.2 kcal/mol) and (3R,2S)-MB118 (right panel, binding energy -14.8 kcal/mol).
Discussion
Massive loss of AChE, acetylcholine synthetic enzymes, neuronal nicotinic ACh receptors and cholinergic synapses in the basal forebrain is an important sign of AD neurodegeneration [66-69]. Although the underlying mechanisms explaining the beneficial effects of AChE inhibitors in AD patients are not fully understood, the cholinergic hypothesis is a valid strategy for palliative treatment for AD. The inhibition of ACh hydrolysis in AD brain areas with impaired cholinergic transmission increases the life-time of ACh in the synaptic cleft, enhancing the probability of nicotinic acetylcholine receptor activation [68]. Neuronal pre-synaptic nAChRs mainly modulate the release of neurotransmitters such as dopamine, norepinephrine, serotonin, glutamate and GABA, empowering the positive effects of AChE inhibition on cognitive AD symptoms [69, 70]. High ACh concentrations may also induce the expression of nAChRs [71]. Therefore, the MTDL compounds here presented were designed to inhibit AChE and activate α7 nAChRs. 
Tacrine and the synthetic MTDL precursor MB320 showed a similar competitive antagonistic activity against α7 nAChRs (Fig. 2A). Formerly, tacrine was known to block adult human muscle nAChRs at the open and closed states of the receptor-channel in the micromolar range according to single channel electrophysiology recordings on HEKA cell lines [72]. However, the lack of voltage-dependence of inhibition of human α7 nAChR by tacrine suggests that tacrine behaves as a competitive antagonist on this receptor subtype. Moreover, given the activation and desensitization kinetics induced by MB105, MB118 and their agonist precursor MB099 (Fig. 3D), it is unlikely that the tetrahydroacridine fragment of MB105 and MB118 plays a role on the long-lasting induced desensitization by MB105. 
The slight structural differences between MB105 and MB118 highlight the importance of the substitution at the C-3 of the quinuclidine moiety. On one hand, the 2,3-disubstituted quinuclidine precursor MB099 behaves similarly to the 2,3-disubstituted quinuclidine moiety of MB105, being both partial competitive agonist of human α7 nAChR. The bulkiness of the MTDL compound MB105 may account for its better affinity towards α7 nAChR compared to the azide-bearing agonist precursor MB099. On the other hand, the different substitution at C-3 of the pyridine-quinuclidine fragment may account for the significantly lower affinity of MB118 towards α7 nAChR compared to MB105. Thus, while MB105 contains a carbamate function, MB118 contains an amide function (Scheme 3). Molecular modelling may be useful for pointing out the structural determinants in the orthosteric site of α7 nAChR, responsible for the partial agonist behaviour and the long-lasting induced desensitization state provoked by MB105 and related compounds (Fig. 3). However, to our knowledge, there is no crystal structure of quinuclidine analogues with AChBP, a structural surrogate of α7 nAChR that could facilitate molecular docking studies.
In order to assess brain permeability, MB105 was subjected to the parallel artificial membrane permeation assay-BBB (PAMPA-BBB), a well-established in vitro model of passive transcellular permeation. The permeability (Pe) (Table 4) predicted a good BBB permeation for MB105 and, therefore, its ability to reach targets in CNS. A threshold of Pe (10-6 cm s-1) > 5.2 was set for compounds with high BBB permeation (CNS+), and thresholds of Pe (10-6 cm s-1) < 2.0 and 5.2 > Pe (10-6 cm s-1) > 2.0 were established for low (CNS-) and uncertain (CNS±) BBB permeation, respectively.

Table 4. In vitro brain permeability (Pe ± S.E.) of MB105 determined by the PAMPA-BBB assay (CNS+: high BBB permeation)
	Compound
	Pe (10-6 cm s-1)a
	CNS Prediction

	MB105
	9.40 ± 0.58
	CNS+

	6-chlorotacrine
	20 ± 0.4 
	CNS+


a Three different experiments in triplicate

Conclusion
We described here the synthesis of two new multifunctional ligands containing tacrine and quinuclidine scaffolds, making use of the CuAAC reaction to link the two moieties. This class of molecules behaves as partial agonist for α7 nAChR and shows a potent anticholinesterasic activity in the nanomolar range. In addition, they were shown able to cross the BBB. Partial agonists were seen to have beneficial effects as drug leads for neurodegenerative diseases associated with α7 nAChR [74, 75],  and these tacrine ̶ quinuclidine conjugates pave the way for the design and the synthesis of novel chimeric compounds carrying pharmacophoric fragments of AChE inhibitors and nicotinic agonists towards innovative treatments for AD.  
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