Abdeslem Bouzina 
email: abdeslem.bouzina@univ-annaba.dz
  
Abdelhak Djemel 
  
Omar Sekiou 
  
Imededdine Kadi 
  
Yousra Ouafa Bouone 
  
Rachida Mansouri 
  
Zineb Aouf 
  
Malika Ibrahim-Ouali 
  
Nour Eddine Aouf 
  
Yousra Ouafa Bouone 
  
Synthesis, in silico study, and biological evaluation of cyclosulfamide derivatives as new anticholinesterase inhibitors

Keywords: CNS: Central Nervous System Cyclosulfamides, Anticholinesterase inhibition, Molecular docking study, MD simulation

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Neurodegenerative diseases such as Alzheimer, Parkinson and Epilepsy are chronic disorders affecting the nervous system progressively. Alzheimer disease (AD) is one of the greatest challenges in medical practice inducing significant socioeconomic impacts. It is frequently reported in old people and the number of affected persons actually might triplicate by 2050 (1 for 85) [START_REF] Lolak | Sulphonamides incorporating 1,3,5-triazine structural motifs show antioxidant, acetylcholinesterase, butyrylcholinesterase, and tyrosinase inhibitory profile[END_REF]. Patients suffering from AD showed several symptoms, particularly memory decreasing and cognitive disorders [START_REF] Akıncıoğlu | Discovery of potent carbonic anhydrase and acetylcholine esterase inhibitors: Novel sulfamoylcarbamates and sulfamides derived from acetophenones[END_REF]. These neurologic dysfunctions are a result of cholinergic deficits in different brain parts, due to the alteration of cholinergic neurons [START_REF] Uddin | Anticholinesterase activity of eight medicinal plant species: in vitro and in silico studies in the search for therapeutic agents against Alzheimer's disease[END_REF]. AChE and BuChE are mainly enzymes that modulate the acetylcholine neurotransmitter levels in different neurologic conditions [START_REF] Taslimi | Benzenesulfonamide derivatives as potent acetylcholinesterase, α-glycosidase, and glutathione S-transferase inhibitors: biological evaluation and molecular docking studies[END_REF]. Consequently, the inhibition of dual AChE and BuChE is considered as a potent strategy to attenuate symptoms and the worsening of AD, and many other neuromuscular disruptions [START_REF] Lolak | Sulphonamides incorporating 1,3,5-triazine structural motifs show antioxidant, acetylcholinesterase, butyrylcholinesterase, and tyrosinase inhibitory profile[END_REF][START_REF] Göçer | Carbonic anhydrase and acetylcholinesterase inhibitory effects of carbamates and sulfamoylcarbamates[END_REF]. Until the day; few drugs approved by FDA were used in the clinical treatment of AD: aducanumab, galantamine, rivastigmine, donepezil, and tacrine which has been withdrawn from the market. However, their hepatotoxicity and gastrointestinal disorders were reported [START_REF] Akıncıoğlu | Novel sulphamides and sulphonamides incorporating the tetralin scaffold as carbonic anhydrase and acetylcholine esterase inhibitors[END_REF]. Therefore, the development of a new drug or molecule candidate for the treatment of AD has become a necessity.

Heterocyclic scaffolds present a considerable importance in medicinal chemistry constituting the building block of a remarkable number of biologically active entities including many commercialized drugs [START_REF] Heravi | Prescribed drugs containing nitrogen heterocycles: an overview[END_REF]. Cyclosulfamides are a specific class of heterocycles that incorporate the well-known pharmacophore (N-SO2-N). The capacity of such compounds to exhibit beneficial pharmacological activities was widely reported in the literature, indeed sulfamidebased heterocyclic compounds showed antibacterial [8], antiviral [START_REF] Dou | Potent Inhibition of Norwalk Virus by Cyclic Sulfamide Derivatives[END_REF], and anticancer activities [START_REF] Jun | Investigation on the anticancer activity of symmetric and unsymmetric cyclic sulfamides[END_REF]. Cyclosulfamides were also investigated for their inhibitory effects against a great number of enzymes [START_REF] Winum | Therapeutic potential of sulfamides as enzyme inhibitors[END_REF]. For example, compound 1 showed inhibition against 11β-hydroxysteroid dehydrogenase 1 inhibitor (11β-HSD1) for the potential treatment of ischemic brain injury [START_REF] Lee | Optimization of cyclic sulfamide derivatives as 11β-hydroxysteroid dehydrogenase 1 inhibitors for the potential treatment of ischemic brain injury[END_REF].

Compounds 2 and 3 were evaluated as inhibitors of aspartic proteases of types HIV-1 protease and γ-secretase respectively [START_REF] Ax | Cyclic sulfamide HIV-1 protease inhibitors, with sidechains spanning from P2/P2' to P1/P1[END_REF][START_REF] Sparey | Cyclic sulfamide gamma-secretase inhibitors[END_REF]; the inhibition of γ-secretase is known to be efficient in preventing the progression of AD [START_REF] Mekala | Recent developments of small molecule γ-secretase modulators for Alzheimer's disease[END_REF]. Inhibitory activity against serine protease of type human leukocyte elastase (HLE) was found in analogues of compound 4 [START_REF] Winum | Therapeutic potential of sulfamides as enzyme inhibitors[END_REF], this activity can result in an anti-inflammatory effect [START_REF] Marinaccio | Peptide Human Neutrophil Elastase Inhibitors from Natural Sources: An Overview[END_REF]. Many other cyclosufamide-based molecules were described as inhibitors of Protein Tyrosine Phosphatase (PTP) [START_REF] Black | Structure-based design of protein tyrosine phosphatase-1B inhibitors[END_REF], HIV-1 non-nucleoside reverse transcriptase [START_REF] Liu | Design, synthesis, and biological evaluation of novel 4-aminopiperidinyllinked 3,5-disubstituted-1,2,6-thiadiazine-1,1-dione derivatives as HIV-1 NNRTIs[END_REF], cholesteryl ester transfer protein (CETP) [START_REF] Liu | Cholesteryl ester transfer protein (CETP) inhibitors based on cyclic urea, bicyclic urea and bicyclic sulfamide cores[END_REF], and noroviruses [START_REF] Dou | Cyclosulfamide-based derivatives as inhibitors of noroviruses[END_REF]. The main focus of this study is to evaluate derivatives of cyclosulfamide for the first time as AChE and BuChE inhibitors, in order to reduce the neurologic disorders and improve the neurotransmission state in AD patients. Additionally, in-silico investigations against AChE were also performed to verify the anti-alzheimer activities.

The design strategy of this study is described in Figure 2. 

Material and methods

Chemistry

Chemical methods

All chemicals and solvents were purchased from common commercial sources (Sigma Aldrich) and were used as received without any further purification. All reactions were monitored by TLC on silica Merck 60 F254 percolated aluminum plates and were developed by spraying with ninhydrin solution. Proton nuclear magnetic resonance ( 1 H NMR) spectra were recorded on a Brücker spectrometer at 400 MHz. Chemical shifts are reported in δ units (ppm) with TMS as reference (δ 0.00). All coupling constants (J) are reported in Hertz. Multiplicity is indicated by one or more of the following: s (singlet), brs (board singlet), d (doublet), dd (doublet of doublet), t (triplet), td (triplet of doublet), q (quartet), m (multiplet). Carbon nuclear magnetic resonance ( 13 C NMR) spectra were recorded on a Brücker at 100 MHz. Chemical shifts are reported in δ units (ppm) relative to DMSO-d6 (δ 39.52). Infrared spectra were recorded on a Perkin Elmer 600 spectrometer. The purity of the final compounds (greater than 95%) was determined by uHPLC/MS on an Agilent 1290 system using a Agilent 1290 Infinity ZORBAX Eclipse Plus C18 column (2.1 mm × 50 mm, 1.8 μm particle size) with a gradient mobile phase of H2O/CH3CN (90:10, v/v) with 0.1% of formic acid to H2O/CH3CN (10:90, v/v) with 0.1% of formic acid at a flow rate of 0.5 mL/min, with UV monitoring at the wavelength of 254 nm with a run time of 10 min. Microanalysis spectra were performed by Elementar Analyzer (Euro E.A. 3000-V3.0-single-2007) and the determined values were within the acceptable limits of the calculated values. Melting points were recorded on a Büchi B-545 apparatus in open capillary tubes. Microwave assisted reactions were carried out using a Biotage Initiator Microwave Synthesizer 2.0 with a nominal power of 400 W. The reactions were carried out in a reactor to M.W (volume: 10 mL) under pression at room temperature.

Typical experimental procedure for the synthesis of benzothiadiazinone dioxide

In a reactor MW (volume: 10 mL) taken a mixture of aldehyde (1 mmol), sulfamide (1 mmol), and cyclohexane-1,3-dione (1 mmol) in the presence of H2SO4 (0.1 mmol)/CH3COOH (0.9 mmol) as catalyst under solvent-free at room temperature. The reaction mixture was subjected to microwave irradiation for appropriate time. After completion of the reaction (5-10 min), as indicated by TLC, silica gel; dichloromethane:methanol (9:1), mixture of ethanol and acetone (9:1) or mixture of ethyl acetate and n-hexane (5/5) was added to the reaction mixture and pure product was crystallized to 6 °C overnight. The products were finally filtered and dried.

4-phenyl-4,6,7,8-tetrahydro-1H-benzo [c] [START_REF] Lolak | Sulphonamides incorporating 1,3,5-triazine structural motifs show antioxidant, acetylcholinesterase, butyrylcholinesterase, and tyrosinase inhibitory profile[END_REF][START_REF] Akıncıoğlu | Discovery of potent carbonic anhydrase and acetylcholine esterase inhibitors: Novel sulfamoylcarbamates and sulfamides derived from acetophenones[END_REF][START_REF] Akıncıoğlu | Novel sulphamides and sulphonamides incorporating the tetralin scaffold as carbonic anhydrase and acetylcholine esterase inhibitors[END_REF] 

4-(4-chlorophenyl)-4,6,7,8-tetrahydro-1H-benzo[c][1,2,6]thiadiazin-5(3H)-one 2,2-dioxide (6a, C13H13ClN2O3S):

White powder; 92 % yield; Rf = 0.20 (CH2Cl2/CH3OH:85/15) ; 1 

4-(4-bromophenyl)-4,6,7,8-tetrahydro-1H-benzo[c][1,2,6]thiadiazin-5(3H)-one 2,2-dioxide (8a, C13H13BrN2O3S):

Yellow powder; 90 % yield; Rf = 0.20 (CH2Cl2/CH3OH:85/15) ; 1 H NMR (400 MHz, 

DMSOd6): δ = 1.92-2.15 (m, 2H, CH2), 2.27-2.30 (m, 1H, CH2), 2.37-2.43 (m, 1H, CH2), 2.

4-(2-hydroxyphenyl)-4,6,7,8-tetrahydro-1H-benzo[c][1,2,6]thiadiazin -5(3H)-one 2,2-dioxide (9a, C13H14N2O4S):

White powder; 91 % yield; Rf = 0.20 (CH2Cl2/CH3OH:85/15); 1 

AChE and BuChE inhibitory assay

The inhibitory activity of AChE and BuChE was determined using an in vitro microplate assay developed by Ellman et al [START_REF] Ellman | A new and rapid colorimetric determination of acetylcholinesterase activity[END_REF]. Each molecule was dissolved in MeOH (4mM) and diluted to various concentrations before use. Briefly, 150 µL of sodium phosphate buffer (0.1M, pH 8.0)

were mixed with 10 µL of each sample and 20 µL of AChE (5.32x10 -3 U) or BuChE (6.85x10 - 3 U). The mixture was incubated at 25°C for 15 min. Then, 10 µL of DTNB (0.5 mM) and 10 µL of acetylthiocholine iodide (ACI, 0.71 mM) or butyrylthiocholine chloride (BCI, 0.2mM) were added. The absorbance was measured in 412 nm against a negative control using a microplate reader (PerkinElmer, EnSpire Multimode Plate Reader, USA) and the inhibition rate was determined for each concentration. Galantamine was used as a reference drug and all tests were evaluated in triplicate.

Statistical analysis

The results were expressed as mean±SD of three parallel measurements. The analysis and drawing were realized using GraphPad prism (software, San Diego, CA, USA). Comparison between IC50 values were analyzed by ANOVA one way followed by Tuckey post-hoc test.

The difference was considered statistically significant when the P value was less than 0.05

2.3.

In silico study

Molecular Docking

The X-ray crystal structure of AChE in complex with galantamine (Protein Data Bank ID:

4EY6) [START_REF] Cheung | Structures of human acetylcholinesterase in complex with pharmacologically important ligands[END_REF] were obtained from the RSC Protein Data Bank, and were prepared with protein preparation wizard in Schrodinger suites. The three-dimensional structures of the derivatives were constructed using Maestro software, and prepared with Ligprep using OPLS3e force field.

[23]

The final prepared PDB file of the protein and synthesized compounds were submitted in order to run docking process. Docking studies were performed by Glide software [START_REF] Friesner | Glide: A new approach for rapid, accurate docking and scoring. 1. method and assessment of docking accuracy[END_REF] at extra precision [START_REF] Friesner | Extra precision glide: Docking and scoring incorporating a model of hydrophobic enclosure for protein-ligand complexes[END_REF]. Output files of docked compounds were visualized on Chimera software [START_REF] Pettersen | UCSF Chimera--a visualization system for exploratory research and analysis[END_REF].

Molecular Dynamics

Molecular Dynamics simulations (MD) were performed using Desmond [27]. The best docking complex for the identified inhibitors from the biological experiments were taken as the initial coordinates for MD simulations. A 10 Å cubic water box employing the TIP3P water model was used for the solvation of the system with OPLS3e force field. Sodium ions were added as counter ions to neutralize the systems. We have then subjected the system to minimization using an energy gradient convergence threshold of 1 kcal/mol/Å and pre-equilibration using the default six-step relaxation protocol implemented in Desmond. The first two steps are minimization steps, one in which solute is kept restrained while another without restraints.

Further, steps three to six are short MD simulations of 12 ps, 12 ps, and 24 ps each using the NPT ensemble at 10, 10, 300, and 300 K, respectively. Subsequently, a 100 nanosecond (ns) MD simulation production run was performed. Remaining parameters were kept at the Desmond default values. We have visualized the protein-ligand complexes and analyzed the MD trajectory using Maestro. The detailed analyses were performed using the Simulation Event Analysis tool of Desmond.

Results and discussion

Chemistry

In order to further our research on the development and synthesis of bioactive compounds [28] using modern and efficient synthesis techniques such as ultrasound and microwave irradiation

[29], we have expanded our investigations by synthesizing heterocyclic compounds containing the sulfamide moiety.

The synthesis of these heterocyclic compounds (also called cyclosulfamides) was carried out in a single step via the Biginelli cyclo-condensation reaction.

Synthesized derivatives of cyclosulfamide are obtained from a reaction between various aromatic aldehydes, cyclohexanedione, and sulfamide in the presence of a catalytic amount of H2SO4/CH3COOH (1/9) under microwave irradiation and solvent-free condition at room temperature [START_REF] Bouzina | Microwave-accelerated multicomponent synthesis and X-ray characterization of novel benzothiadiazinone dioxide derivatives, analogues of Monastrol[END_REF].

The target compounds (1a-12a) reacted very well, giving excellent yields (82-92%) in short reaction times (5-10min) (Scheme 1).

Scheme 1. Synthesis of cyclosulfamide derivatives via Biginelli reaction under microwave irradiation.

The structures of the synthesized cyclosulfamides (1a-12a) are presented in Table 1. 

In vitro Anticholinesterase activity

In parallel to cognitive and behavioral disorders, several biochemical events were observed in AD patients, decreasing in ACh levels, aggregation of β-amyloid peptide (βA), increasing in intracellular phosphorylation, dys-regulation of metallic ions and mitochondrial dysfunctions. [START_REF] Göçer | Carbonic anhydrase and acetylcholinesterase inhibitory effects of carbamates and sulfamoylcarbamates[END_REF][START_REF] Skrzypek | Synthesis and anticholinesterase activities of novel 1,3,4-thiadiazole based compounds[END_REF]. AChE (EC.3.1.1.7) is an important enzyme in the modulation of cholinergic transmission through synaptic Acetylcholine hydrolysis. BuChE (EC.3.1.1.8) participated in the stability of nerve signal by compensation of AChE activity [START_REF] Zhou | Simple analogues of natural product chelerythrine: Discovery of a novel anticholinesterase 2-phenylisoquinolin-2-ium scaffold with excellent potency against acetylcholinesterase[END_REF]. Actually, no specific treatment for this multifactorial disease, but the cholinergic hypothesis remained the most powerful theory in the development of novel anti-Alzheimer's drugs, through inhibition of both AChE and BuChE [START_REF] Omidpanah | Phytochemical investigation and anticholinesterase activity of ethyl acetate fraction of Myristica fragrans Houtt. seeds[END_REF]. Moreover, the presence of sulfamide unit in heterocyclic structures offered potent alternatives with high therapeutic efficiency in medical practice. Many reports revealed the antibacterial, antidiabetic, and antitrypanosomal activities of sulfamides [START_REF] Akıncıoğlu | Discovery of potent carbonic anhydrase and acetylcholine esterase inhibitors: Novel sulfamoylcarbamates and sulfamides derived from acetophenones[END_REF]. This study is focused on cyclosulfamide derivatives, in the first hand, due to their ability to affect the central neurons system and generating several effects such as anticonvulsion, treatment of depression and reduction of inflammatory and neurologic pain, consequently, the ability to improve some neuronal dysfunctions in AD patients [START_REF] Lolak | Synthesis, characterization, inhibition effects, and molecular docking studies as acetylcholinesterase, α-glycosidase, and carbonic anhydrase inhibitors of novel benzenesulfonamides incorporating 1,3,5-triazine structural motifs[END_REF][START_REF] Taslimi | Benzenesulfonamide derivatives as potent acetylcholinesterase, α-glycosidase, and glutathione S-transferase inhibitors: biological evaluation and molecular docking studies[END_REF]. In another hand, the enzymatic inhibitory activity of cyclosulfamides is widely reported especially against HIV-1 proteases, tyrosine kinase, human elastase and particularly serine proteases such as AChE and BuChE [START_REF] Yang | Inhibition of serine proteases by a new class of cyclosulfamide-based carbamylating agents[END_REF][START_REF] Lai | Potent inhibition of human leukocyte elastase by 1,2,5-thiadiazolidin-3-one 1,1 dioxide-based sulfonamide derivatives[END_REF]. In this context, the anticholinesterase activity of novel synthetic cyclosulfamides were evaluated.

The inhibitory activity of studied cyclosulfamide-based derivatives was determined as IC50 values (µM) and mentioned in Table 2. The structural diversity of these compounds radically influenced the activity against AChE and BuChE. For AChE inhibition, the IC50 ranged from 45.30±0.88 to >200 µM. The basic compound 1a showed a moderate activity (IC50=125.08±2.69 µM). The addition, in different positions, of halogen atoms such as fluorine in 2a, 3a, 4a and chloride in 5a and 6a reduced the activity and made them inactive. Moreover, the addition of bromine atoms in 7a slightly improved the activity (IC50=119.92±1.61µM) while, in 8a the activity was reduced. An interesting activity was recorded for compounds 10a (IC50=45.30±0.88µM) and 12a (IC50=116.34±1.37µM) which showed the greatest activity of the series. Other compounds 9a and 11a were considered inactive. Galantamine exhibited the best inhibitory effect.

In BuChE inhibitory activity, the behavior of molecules changed and the efficiency clearly appeared. The IC50 values ranged from 52.87±3.73 to >200 µM and the basic molecule 1a

showed a moderate activity (IC50=137.87±0.64µM). Compounds 2a, 4a, 6a, 9a, 11a which were inactive in AChE assay exhibited a potent BuChE inhibition. The most potent one was the fluorine substituted 4a (IC50=52.87±3.73 µM). In another hand, 7a and 12a molecules showed an opposite effect, the great efficiency against AChE has become inactive to BuChE.

Compounds 3a and 8a remained inactive against dual AChE and BuChE. In addition, the selectivity indexes of studied compounds against both enzymes showed a more important selectivity for BuChE (2a, 4a, 5a, 6a, 7a, 9a, 11a) than AChE (1a, 10a, 12a). Compounds 3a and 8a revealed inactive non-selective (Table 2). IC50 values represent the means ± SD. of three parallel measurements (p<0.05).

Galantamine: Reference drug.

The blockage of AChE improved the level of ACh in different brain parts and attenuated temporarily the cognitive disorders [START_REF] Lolak | Synthesis, characterization, inhibition effects, and molecular docking studies as acetylcholinesterase, α-glycosidase, and carbonic anhydrase inhibitors of novel benzenesulfonamides incorporating 1,3,5-triazine structural motifs[END_REF]. Molecules that inhibited the anionic catalytic site (ACS) and the peripheral anionic site (PAS) revealed as potent therapeutic drugs [START_REF] Mehrabi | Design, synthesis, molecular modeling and anticholinesterase activity of benzylidene-benzofuran-3-ones containing cyclic amine side chain[END_REF]. Several studies reported the involvement of BuChE inhibitors in the treatment of AD especially in the late stage. Then, it modulates the AChE levels in different states. Therefore, the best management of AD symptoms requires the dual inhibition of both enzymes [START_REF] Boualia | Synthesis, molecular docking studies, and biological evaluation of novel alkyl bis(4amino-5-cyanopyrimidine) derivatives[END_REF].

Many reports discussed the correlation between the inhibitory effects against cholinesterase enzymes with aromatic ring of inhibitors and the presence of aliphatic chains in active compounds [START_REF] Akıncıoğlu | Novel sulphamides and sulphonamides incorporating the tetralin scaffold as carbonic anhydrase and acetylcholine esterase inhibitors[END_REF]. Thus, the integration of halogen atoms in the aromatic ring, in different positions, improved the therapeutic effect by utilizing of tensile and steric effects of the halogen bonds to occupy the binding sites of molecular targets, as well as, the potent sensitivity of C-X (Cl, Br, F, I) to steric factors [START_REF] Burmaoglu | Synthesis of novel tris-chalcones and determination of their inhibition profiles against some metabolic enzymes[END_REF]. Additionally, due to their lipophilicity and permeability properties, the addition of halogens improved the pharmacokinetic and pharmacodynamics properties of drugs, especially those affecting the central nerves system (CNS) for AD treatment [START_REF] Burmaoglu | Synthesis of novel tris-chalcones and determination of their inhibition profiles against some metabolic enzymes[END_REF].

In silico Study

Molecular docking

To investigate and explain the binding mode and interactions between the targeted protein and synthesized ligands, a molecular docking study was carried out.

We used the Schrodinger suite (version 11.8) and UCSF Chimera (version 1.13.1) programs for our study, and Galantamine was taken as a reference ligand.

The precision of the docking protocol was evaluated by re-docking of Galantamine in the active site of AChE enzyme. The results of this study including the estimated glide score of the docked positions are provided in Figure 4 and Table 3.

According to molecular docking studies, all synthesized ligands showed significant stability in the active site due to the formation of important hydrogen bonds, hydrophobic interactions, and electrostatic attraction forces.

Compounds 10a, 11a and 5a gave a better glide score when compared with Galantamine for the target protein, with binding score of -7.82kcal/mol, -7.86kcal/mol, and -7.89 kcal/mol respectively, and the other compounds showed a docking score in the range of -6.89kcal/mol and -7.60kcal/mol which is less than the reference ligand docking score. Molecular docking analysis showed that most of studied compounds interact with the active site of AChE in a very efficient and satisfactory manner, emphasizing the importance of the presence of the cyclosulfamide moiety as well as aromatic ring substituted by nitrogen dioxide or substituted by another aromatic group.

Molecular dynamic (MD) simulation

The complex structure containing the 10a ligand bound with AChE was taken to perform the molecular dynamic (MD) simulation. The molecular dynamic simulation was conducted using the free Desmond academic software-2022 and OPLS-2005 force field implemented on the LINUX environment's Intel Xeon Octal-Core 2.88 Mhz. The AChE-10a ligand complex was solvated in an orthorhombic box with a dimension of 10.0x10.0x10.0 nm 3 . The simulation box contains 51182 Atoms, 14330 TIP3P water molecules, and 530 residues. The net charge of the complex system was neutralized by 8 molecules of Na + . All protein atoms were maintained at a distance equal to 10 Angstroms from the solvate box edges. The solvated system was subjected to energy minimization of 50000 steps. After performing the energy minimization, the minimized system was equilibrated for 100ps at 300K. Following equilibration, the system was subjected to a final production run of 100ns MD simulations at 300K temperatures.

Periodic boundary conditions were applied under isothermal and isobaric conditions with a relaxation time of 0.2ps.

Root mean square deviation (RMSD) analysis

Structural changes, specifically the deviation between two compositions such as protein and ligand, can be best interpreted by measuring the protein-ligand Root Mean Square Deviation (PL-RMSD) obtained from the MD simulation trajectories. [START_REF] Kufareva | Methods of protein structure comparison[END_REF] The PL-RMSD measures the scale of distance between the protein and its ligand throughout the simulation time. In this study, all protein frames (1000 frames) are first aligned on the reference frame backbone (frame 0), and then the RMSD is calculated based on the C-Alpha. The RMSD of the protein provide insights into the structural conformations throughout the simulation. It can indicate if the simulation is equilateral, and its fluctuations throughout the simulation are around some thermal average. Changes in the order of one to three angstroms are perfectly acceptable for small molecules [START_REF] Langarizadeh | A novel dual three and five-component reactions between dimedone, aryl aldehydes, and 1naphthylamine: synthesis and computational studies[END_REF]. Thus, a high RMSD value indicates the instability of the protein system. In this research work, the comparative RMSD pattern analysis between the 10a ligand bound to the AChE protein demonstrate that both compositions showed a regular scale of distance throughout the simulation time (Figure 6). From the first frame (0.10ns) to the last frame (100ns) of the molecular dynamic (MD) simulation trajectory, a relative deviation of around 

Root mean square fluctuation (RMSF)

The RMSF is an essential result for measuring the deviation from a reference position of a ligand atom during the simulation time. This parameter represents the average deviation for each residue compared to the same atoms of the reference structure. Indeed, Figure 7 Therefore, the comparison of the RMSF curve of the alpha carbons (Cα) of the protein with the curve of the atomic displacement factor "B-factor" indicates a good simulation since the curve is parallel to that "B-factor" throughout the 100ns molecular dynamic simulation (Figure 7). (Protein residues that interact with the ligand are marked with green-colored vertical bars)

Hydrogen bond analysis

Hydrogen Bonds (H-bonds) play a significant role in ligand binding. Therefore, consideration of hydrogen-bonding properties in drug design is essential because of their strong influence on drug specificity, metabolization, and adsorption. [START_REF] Hernandes | Halogen atoms in the modern medicinal chemistry: hints for the drug design[END_REF] In our research, the number of Hydrogen bonds formed between the 10a ligand and AChE-enzyme during the 100ns of molecular dynamic simulation is summed up in Figure 8. Results analysis shows that the ligand formed 3 to 5 hydrogen bonds on average, with the residues of the active site of the AChE during the 100ns of molecular dynamic simulation (Tyr124 52%, Phe295 46%, Tyr337 55%, Tyr341 5.5%, and Asn87 0.6%). The adopted position of the 10a ligand in the active site of the AChE deployed more interactions, including the following low-energy interactions: Hydrophobic interaction (Trp86, Trp286, Phe297, Phe338, Tyr341) and a multitude of Water bridges interactions. In addition to hydrogen bonds, these low-energy interactions stabilize ligand binding in the protein's active site. This result confirms the potent inhibition of the AChE by the synthesized inhibitor 10a, thus supporting the results already obtained by the docking, having predicted four hydrogen bonds with the residues of the active site of the AChE. 

Total Protein-Ligand Contacts

A timeline representation of the interactions and contacts (H-bonds, Hydrophobic, Ionic, and Water bridges) is summarized in the Figure 9. The top panel shows the total number of specific interactions the protein AChE makes with the ligand 10a over the 100ns molecular dynamic simulation trajectory. The bottom panel shows which residues interact with the ligand in each trajectory frame. Some residues, specifically: Tyr341, Phe338, Tyr337, Tyr124, and Trp86, make more than one specific interaction with the ligand 10a, which is represented by a darker orange shade, according to the scale to the right of the plot. 

Secondary structural analysis during simulation

An outstretched study has been carried out to comprehend the structural evolution of the AChEligand during the 100ns simulation. The way that the ligand adheres to the inhibition site of AChE is crucial in understanding the ligands' stability. To highlight this, four snapshots of the AChE-ligand complexes have been taken at every 25ns interval (25ns, 50ns, 75ns, and 100ns).

It is observed that the secondary structure elements (helix and beta-sheets) remained conserved throughout the simulation process which highlights the stability and reliability of the AChE after binding to the ligands. A bit of fluctuation is observed in the N-terminal and the C-terminal coils, but structurally, no significant changes have been seen. It has also been observed that the ligands are constantly attached to the inhibition site without any structural modification, which implies that the ligand is highly stable. The Secondary structural analysis has shown no significant level of overall conformational change in ligand-bound to the AChE (Figure 10). 

Figure 1 .

 1 Figure 1. Structures of some biologically active cyclosulfamides.

Figure 2 .

 2 Figure 2. Schematic representation of the design strategy illustration.
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  H NMR (400 MHz, DMSOd6): δ = 1.92-2.03 (m, 2H, CH2), 2.22-2.24 (m, 1H, CH2), 2.25-2.30 (m, 1H, CH2), 2.37-2.57 (m, 2H, CH2), 5.31 (d, J = 6.8 Hz, 1H, CH*), 7.14 (d, J = 8.4 Hz, 2H, H-Arortho), 7.42 (d, J = 8.4 Hz, 2H, H-Armeta), 8.02 (d, J = 6.8 Hz, 1H, NH-CH*), 10.97 (br s, 1H, NH) ppm; 13 C NMR (100 MHz, DMSOd6): δ = 20.99, 28.04, 36.54, 55.08, 107.32, 119.57, 130.14, 130.39, 139.02, 156.35, 193.72 ppm; IR (KBr):  = 3431 (NH), 3254 (NH), 1701 (C=O), 1601 (C=C), 1352 and 1169 (SO2) cm -1 ; MS: (m/z) = 313.0 (M+1); Anal. Calc. for C13H13ClN2O3S: C, 49.92; H, 4.19; N, 8.96; Found: C, 49.84; H, 4.23; N, 8.88.4-(2-bromophenyl)-4,6,7,8-tetrahydro-1H-benzo[c][1,2,6]thiadiazin-5(3H)-one 2,2-dioxide (7a, C13H13BrN2O3S): Yellow powder; 89 % yield; Rf = 0.20 (CH2Cl2/CH3OH:85/15) ; 1 H NMR (400 MHz, DMSOd6): δ = 1.92-2.15 (m, 2H, CH2), 2.21-2.23 (m, 1H, CH2), 2.24-2.28 (m, 1H, CH2), 2.33-2.60 (m, 2H, CH2), 5.60 (d, J = 7.2 Hz, 1H, CH*), 7.03 (td, J1 = 8.5, J2 = 1.1 Hz, 1H, H-Ar), 7.13 (tdd, J1 = 9.4, J2 = 7.9, J3 = 1.3 Hz, 2H, H-Ar), 7.28 (ddd, J1 = 15.3, J2 = 5.4, J3 = 1.8 Hz, 1H, H-Ar), 8.02 (d, J = 7.0 Hz, 1H, NH-CH*), 10.98 (br s, 1H, NH) ppm; 13 C NMR (100 MHz, DMSOd6): δ = 21.19, 28.28, 36.71, 50.11, 106.76, 114.90, 123.51, 126.62, 129.38, 130.06, 159.20, 193.72 ppm; IR (KBr):  = 3254 (NH), 3119 (NH), 1702 (C=O), 1605 (C=C), 1355 and 1171 (SO2) cm -1 ; MS: (m/z) = 357.0 (M+1), 359.0 (M+1+2); Anal. Calc. for C13H13BrN2O3S: C, 43.71; H, 3.67; N, 7.84; Found: C, 43.76; H, 3.71; N, 7.88.
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 2 57 (m, 2H, CH2), 5.32 (d, J = 6.4 Hz, 1H, CH*), 7.14 (d, J = 8.4 Hz, 2H, H-Ar), 7.42 (d, J = 7.2 Hz, 2H, H-Ar), 8.02 (d, J = 6.8 Hz, 1H, NH-CH*), 10.97 (br s, 1H, NH) ppm; 13 C NMR (100 MHz, DMSOd6): δ = 21.16, 27.06, 36.28, 55.08, 107.32, 119.97, 130.14, 130.39, 139.03, 156.60, 193.73 ppm; IR (KBr):  = 3253 (NH), 3128 (NH), 1703 (C=O), 1602 (C=C), 1354 and 1170 (SO2) cm -1 ; MS: (m/z) = 357.0 (M+1), 359.0 (M+1+2); Anal. Calc. for C13H13BrN2O3S: C, 43.71; H, 3.67; N, 7.84; Found: C, 43.67; H, 3.70; N, 7.86.

Figure 2

 2 Figure 2 illustrates docked Galantamine and co-crystallized one in nearly identical positions among the receptor (RMSD = 0.42), confirming the validation of docking protocol using Extra Precision scoring function in the absence of water molecules.

Figure 3 .

 3 Figure 3. Docked and co-crystalized Galantamine in AChE enzyme after self-docking calculation.

Figure 4 .Table 3 .Figure 5 .

 435 Figure 4. Super imposition of docked derivatives in the active site of AChE enzyme.

1. 25

 25 Angstroms was observed between both RMSD values which is an indicator of the stability of the receptor-ligand complex.The result indicates that the AChE protein has a periodic backbone stability throughout the MD simulation while bound with the 10a ligand.

Figure 6 .

 6 Figure 6. Protein and ligand root mean square deviation (PL-RMSD) obtained from the molecular dynamic simulation trajectories.

  shows the RMSF diagram of the amino acids of the AChE protein in the studied system. The results were compared with the atomic displacement factor "B factor" of the Cα atoms of each residue of the studied protein. On this plot, peaks indicate areas of the protein that fluctuate the most during the simulation. In addition, we observe that the tails (N-and C-terminal) fluctuate more than any other part of the protein. Indeed, the residues: Pro25 (1.77 Å), Ser57 (1.32 Å), Gln66 (1.45 Å), Pro78 (4.16Å), Asn265 (2.19Å), Trp385 (2.35Å), Leu386 (3.09Å), Asp494 (4.70Å), Lys538 (2.08Å) and Ser541 (2.75Å), have higher RMSF values of alpha carbons (Cα).

Figure 7 .

 7 Figure 7. RMSF diagram of the amino acids of the AChE protein in the studied system.

Figure 8 .

 8 Figure 8. Protein and Ligand Hydrogen bonds contacts obtained from the molecular dynamic simulation trajectories.

Figure 9 .

 9 Figure 9. Total Protein-Ligand Contacts obtained from the molecular dynamic simulation trajectories.

Figure 10 .

 10 Figure 10. The secondary structure content of the AChE protein with the inhibitor 10a during the molecular dynamic simulation.

Table 1 .

 1 Structures of synthesized derivatives of cyclosulfamide.

	Code	1a	2a	3a	4a	5a	6a
	Structure						
	Code	7a	8a	9a	10a	11a	12a
	Structure						

Table 2 .

 2 Anticholinesterase activity and enzymatic selectivity of tested compounds.

	Compound Code	Anticholinesterase activity	Selectivity index
		AChE	BuChE	AChE	BuChE
	1a	125.08±2.69	137.87±0.64	0.90	1.10
	2a	>200	102.96±1.76	1.21	0.82
	3a	>200	>200	2.36	0.42
	4a	>200	052.87±3.73	>1.94	<0.51
	5a	153.58±0.93	064.90±0.06	>1.19	<0.83
	6a	>200	147.67±0.88	>1.00	>1.00
	7a	119.92±1.61	098.66±1.38	3.17	0.31
	8a	>200	>200	>3.78	<0.26
	9a	>200	166.57±2.32	<0.58	>1.71
	10a	045.30±0.88	>200	<0.22	>4.41
	11a	199.01±1.01	147.67±0.88	>1.35	<0.73
	12a	116.34±1.37	>200	>1.00	>1.00
	Galantamine	002.10±0.07	020.38±2.10	0.10	9.70
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The binding interaction of synthesized cyclosulfamides (1a-12a) and Galantamine against AChE enzyme were reported in Table 4.

Table 4. Analysis of binding interaction of synthesized cyclosulfamides (1a-12a) and the reference ligand against AChE enzyme.

Comp code Hydrogen bond Hydrophobic interaction

Phe295, Phe297, Tyr124, Tyr337, Phe338, Tyr341, Trp86, 1a Following the visualization of molecular docking results using the Chimera program, most of synthesized compounds form hydrogen bonds with Tyr337, Glu202, and Ser203 as the binding of the reference ligand residues. Further, these compounds form additional critical hydrogen bond with Tyr124 residue.

The benzaldehyde-derived compound 1a shows significant stability in the active pocket of AChE enzyme due to the formation of two hydrogen bonds with Glu202 and Ser203 as well as hydrophobic interactions with Phe295, Phe297, Trp86, and His447 residues that are responsible for the inhibition of AChE enzyme.

The best in vitro inhibitor of AChE enzyme 10a (IC50=045.30±0.88µM) showed a better stability in silico (-7.82kcal/mol) than the reference ligand (-7.72kcal/mol) in the active site because of the formation of four hydrogen bonds with Tyr337, Tyr124, Tyr 341 and Ser203.

Also, 10a interacts with Phe295, Phe297, Trp86, and His447 residues in a hydrophobic manner.

The binding mode of the compound 5a positioned in the AChE active site showed that Tyr337 and Tyr124 residues form two hydrogen bonds with nitrogen atoms of the cyclosulfamide ring, and His447 residue forms a halogen bond with the chlorine of the aromatic group. Moreover, the phenyl and cyclosulfamide groups of 5a form π-π stacking with Trp86, while the residues such as Phe295, Phe297, Phe338, Tyr341, Tyr133, and Ala204 form hydrophobic interactions with the cyclohexenone and phenyl rings of compound 5a.

Compound 11a also shows significant stability in the active site of AChE and moderate in vitro inhibition (IC50=199µM) despite forming only one hydrogen bond with Glu202.

We observed that the two aromatic rings of 11a increase its stability in the active pocket and that due to the formation of two π-π staking with Tyr337 and Phe338 residues, and many crucial