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Introduction

Nitric oxide (NO) has been found to have a crucial role as a powerful cellular signaling molecule. NO is responsible for different physiological functions in mammals such as vasodilation, smoot muscle relaxation, neurotransmission, and immune response. Formation of NO as a free radical in cells is orchestrated by the enzymatic oxidation of L-arginine (L-Arg) to L-citrulline by a family of enzymes called nitric oxide synthases (NOSs). There are three isoforms of NOS, including neuronal NOS (nNOS) and endothelial NOS (eNOS) that are constitutively expressed, while the third one is inducible and is thus termed inducible nitric oxide synthase (iNOS) [1] . nNOS is the isoform first found in the nervous system, while eNOS is the isoform first found in vascular endothelial cells. iNOS is not the constant present mediator in cells and is only expressed once the cell is induced or stimulated [2] . Cell stimulation arises typically by proinflammatory cytokines and/or bacterial lipopolysaccharide (LPS) to produce iNOS, which generates micromolar amount of NO [3][4][5] . This significant amount of NO is critical for the inflammatory response and the innate immune system to help defend against invading pathogens. Inappropriately high NO concentration due to the overexpression or dysregulation of iNOS arised a variety of human diseases, including septic shock, cardiac dysfunction, pain diabetes, and cancers [4] . Therefore, controlling its detrimental effects and maintaining its proper physiological functions depends on regulation of its production. Because of the important role of iNOS, the selective inhabitation of its enzymatic activity is an effective therapeutic strategy [6] . Several in vitro methods have been reported to measure iNOS activity during the use of iNOS inhibitors. One assay is a cell-based system, where a macrophage cell line (such as RAW 264.7 effective) [7,8] is stimulated to express iNOS by action of added cytokines. In this case, the way to monitor NO production is, for example, via the addition of Griess reagent to cell lysates, which detects nitrite production.

Sulfonamides are a broad class of biologically active compounds that are widely used in different number of therapeutic areas. A variety of sulfonamides possess anti- Here, as a part of our ongoing efforts devoted to the design of bioactive heterocycles [40,41,[55][56][57][58] , we synthesized a series of sulfonamide-β-lactam analogues possessing a pendant piperazine moiety, and evaluated their anti-inflammatory activities by the cell-based assay, cytotoxicity, and antibacterial activities. In order to gather additional insight about the potential interactions and optimal binding mode of the active derivatives in the binding site of iNOS, computational molecular dicking analyses were performed. Finally, all compounds were investigated for drug-likeness criteria and they were subjected to in silico techniques to predict pharmacokinetic properties including absorption, distribution, metabolism, excretion, and toxicity (ADMET).

Results and Discussion

Chemistry

The synthesis of β-lactams bearing the piperazine moiety were performed by using a classical Staudinger imine-ketene cycloaddition reaction, as outlined in Scheme 1. Thus, 1-(2aminoethyl)-piperazine (1) was treated with different aromatic aldehydes in solvent-free condition at room temperature to provide the expected imines (3). Treatment of the imines with the desired ketenes, prepared in situ from substituted acetic acid and p-toluenesulfonyl chloride in CH2Cl2 at room temperature in the presence of triethylamine, led to the formation of the new βlactams 4a-l (Table 1).

The formation of β-lactam derivatives 4a-l was evidenced by the appearance of infrared absorption bands at 1735-1758 and 1320-1396 cm -1 due to the β-lactam C=O and S=O in the IR spectrum, respectively. In the 1 H-NMR spectra, the observed coupling constants of the vicinal H-3 and H-4 protons of the βlactam ring confirmed the cis stereochemistry of these new βlactam compounds. As an example, the IR spectrum of 4b showed characteristic absorption peaks at 1751 and 1350 cm -1 for the -lactam carbonyl group and SO2, respectively. The 1 H-NMR spectrum of 4b displayed aliphatic chain, piperazine ring, methyl and methoxy protons as broad multiplet absorptions at 2.43-2.45, 2.95, 3.05-3.16 and 3.55-3.65 ppm, respectively. The β-lactam H-3 and H-4 protons appeared as two doublets at 5.41 (J = 4.4 Hz) and 5.06 (J = 4.4 Hz), respectively, that confirmed the cis stereochemistry for this product. Aromatic protons appeared as a doublet at 6.66 (J = 7.8 Hz) and multiplets ranging from 6.77 to 7.77 ppm. In addition, the 13 C-NMR spectrum of 4b displayed a lactam carbonyl signal at 166.3 ppm. Aliphatic chain and piperazine ring carbons appeared at 37.3, 45.9, 51.8 and 54.9 ppm, and methyl carbon was observed at 21.6 ppm. Moreover, the C-4 and C-3 carbons of the β-lactam ring appeared at 62.9 and 82.3 ppm, respectively, whereas the aromatic carbons appear from 114.4 to 156.9 ppm. Scheme 1. Some derivatives of β-lactams (I-VIII) bearing the piperazine moiety. 

Structure-activity relationship of the compounds 4a-l

Results concerning the anti-inflammatory activity of the different β-lactam derivatives are reported in Table 2. We noted that six compounds presented good anti-inflammatory ratio values varying from 10 to 31. Two derivatives, 4b and 4h, with a therapeutic ratio of 31 and 27, respectively, appeared as active as the well-known dexamethasone [40] (therapeutic ratio of 32), a corticosteroid medication used in the treatment of rheumatic problems and skin diseases. Interestingly, an important analogy between the structures 4b and 4h is the presence of a naphthyl ring moiety, which enhances lipophilicity; log P value as can be seen in Table 4. The presence of a phenoxy group at the C3 position, and electron-rich aryl substituents (3-MeC6H4 and naphthyl) at the C4 position of β-lactam ring in 4b and 4c, likewise showed more potent anti-inflammatory activity than having a methoxy group at C3 and an electron-donating substituent at C4 as for comparative analogues 4h and 4i.

The finding that having a naphthyl moiety at the C4 position in both compounds 4b and 4h provides for the most potent antiinflammatory activity may implicate stronger hydrophobic interactions and more spatial occupation of the enzyme active site. The binding modes of 4b and 4h compared to dexamethasone within the human inducible nitric oxide synthase active site are illustrated in Figure 4 and5. The presence of the C4 naphthyl moiety on the β-lactam ring had a positive effect on the anti-inflammatory, antibacterial and cytotoxic activity and the calculated minimum Gibbs binding energy as well. Furthermore, amongst the compounds having an electron withdrawing moiety (e.g. Cl and CN) on the C4 phenyl ring of the β-lactam, we observed that replacing the C3 phenoxy group (4d-e) with the methoxy group (4j-k) decreased the anti-inflammatory activity. Doxorubicin <1

[a] Not determined due to insolubility in the media

Cytotoxicity evaluation

For evaluation of cell viability and detection of synthesized sulfonamide-β-lactam hybrids toxicity the MTT assay was applied based on mitochondrial activity and metabolism of an immortalized HepG2 cell line. This assay as a colorimetric method reduced MTT, a yellow tetrazole, to purple formazan in living cells and the absorbance of the colored solution was measured by a spectrophotometer at a certain wavelength. In present assay, the viability percent of HepG2 cells was assigned after treatment with synthesized sulfonamide-β-lactam hybrids in different concentrations (1-200 µM) (Figure 2). As it could be concluded from Figure 2 and Table 2, the IC50 value represent the metabolic activity affected by all tested sulfonamide-β-lactam with a concentration-dependent manner. Figure 2 indicated that increasing concentration of all compounds from 1 to 200 µM leads to cytotoxicity enhancement. IC50 values between 135 µM and 15 µM could be observed for most of the compounds, higher than the anticancer agent doxorubicin (IC50 < 1 µM). As a result, our findings propose that these sulfonamide-β-lactam hybrids might be safe, nontoxic and biocompatible to the HepG2 cell line. The potent compounds 4b and 4h with IC50 values more than 200 µM indicated better biocompatibility and nontoxic behavior in comparison to doxorubicin (IC50 < 1 µM). 

Antimicrobial activity

The in vitro antibacterial susceptibility of the synthesized sulfonamide-β-lactam hybrids was screened against two bacterial strains from both gram positive and gram negative groups S. aureus and E. coli by microdilution method indicated by minimum inhibitory concentration (MIC). As it could be seen in Figure 3 the compounds reveal a dose dependent bacterial growth inhibition. The MIC values of the tested bacterial strains have been shown in Table 3. The MIC values for 4b and 4h were 32 µM and more than 32 µM against both bacterial strains in comparison with ampicillin (MIC = 1), therefore they did not exhibit significant antibacterial activity. In addition, 4d, 4j, 4k and 4l exhibited stronger antibacterial activity with MIC lower than 4 µM against both bacterial strains. Amongst them 4j with 4-Cl substituent on the phenyl ring is the most active one as well as ampicillin as the standard agent with MIC<1 µM. Therefore, they could be broad spectrum compounds amongst all the synthesized sulfonamide-β-lactam hybrids. These results represent that an important requirement for the antibacterial activity might be an optimal lipophilicity. The introduction of naphthyl moiety into the structures reduced the antibacterial activity due to the higher lipophilicity. 

Computational study In silico prediction of physicochemical properties

In order to satisfy drug-like characteristics for evaluating good absorption or permeation, compounds must have some physiochemical properties. They are included: molecular weight (MW) ≤ 500; calculated partition coefficient (CLog P) ≤ 5; the number of rotatable bonds (NRB) ≤ 10; the number of hydrogen bond donors (NHBD) ≤ 5; the number of hydrogen bond acceptors (NHBA) ≤ 10; and polar surface area no greater than 140 Ǻ2 [59] . All compounds were screened on the base of Lipinski and Veber rules to investigate the physiochemical properties of the compounds using the Swiss ADME online server (Table 4). The data revealed that there is no more than one violation of the Lipinski's criteria in the rule of five and in the Veber rule. All compounds have log P values lower than 5.0, indicating that the compounds are not very lipophilic. This reflects a good agreement with their hydrogen bond properties. The compounds all have a total polar surface area (TPSA) value and a rotatable bond number lower than 140 and 10, respectively. It could be concluded that 4b and 4h, both being highly potent compounds, have good absorption or permeation features, and are predicted to have good oral bioavailability. [a] Logarithm of partition coefficient between n-octanol and water (Log P).

[b] Number of hydrogen bond acceptors (HBA).

[c] Number of hydrogen bond donors (HBD).

[d] Topological polar surface area (TPSA).

[e] Number of rotatable bonds (nRB).

[f] Molecular weight (MW).

In silico prediction of pharmacokinetic (ADMET) properties

Pharmacokinetic (ADMET) properties of 4b and 4h, the most potent iNOS inhibitors in this study, were calculated using the web-based application pkCSM in order to determine the perfectness of fit of the compounds in the protein binding pocket [60] . The clinical enzyme inhibitor dexamethasone was used for comparison. The results are summarized in Table 5. Compounds 4a and 4b show high intestinal absorption (predicted value > 95), which indicates that they could more effectively be absorbed in the body. Moreover, the high Caco-2 permeability value (predicted value > 0.90) indicates that the derivatives could readily penetrate biological membranes such as intestinal mucosa. The compounds are predicted to have good solubility in water at 25ºC (log S = -6.5 to 0.5). The most potent iNOS inhibitors, 4b and 4h, are predicted to have skin permeability (log Kp = -2.73 and -2.74 cm h -1 ) comparable to dexamethasone (log Kp = -3.93 cm h -1 ).

The P-glycoprotein is an ATP-binding cassette (ABC) transporter. As a biological barrier, the P-glycoprotein actively exports toxins and xenobiotics out of cells. The predictor determines that the compounds are likely the substrates of Pgp and the inhibitors of Pgp I and II. Relatively low blood-brain barrier permeation is observed for them (logBB < 0), which means they are poorly distributed to the brain, and less likely to cause neurotoxicity. They are also unlikely to penetrate the CNS (logPS < -2.5). Cytochrome P450 is an important detoxification and metabolic enzyme involved in the formation and breakdown of various molecules and chemicals within the cell, mainly found in the liver. The results are shown in Table 5. Organic Cation Transporter 2 (OCT2) is a renal uptake transporter that mediates the deposition and renal clearance of organic cations. The potent compounds 4b and 4h are substrates of OCT2 in comparison to dexamethasone. They are likely to have total clearance as a combination of hepatic clearance and renal clearance, as is the case for dexamethasone. In this study the protox-II, a freely available webserver, was used for toxicity verification of the potent compounds, 4b and 4h [61,62] . Toxicity classes in ProTox server are defined according to the globally harmonized system of classification of labeling of chemicals (GHS), where classes I and II are fatal, class III is toxic, class IV is harmful, and class V may be harmful while class VI is non-toxic in nature. These two compounds, 4b and 4h, are inactive for nuclear receptor signalling and stress response pathways including aryl hydrocarbon receptor (AhR). They are also inactive for hepatotoxicity, carcinogenicity, immunotoxicity, mutagenicity and cytotoxicity which is consistant with MTT assay results. The predicted LD50 for both compounds 4b and 4h are 1000 mg/kg. These compounds also are not active for the heat shock response (HSE). In comparison, dexamethasone is active for immunotoxicity and some nuclear receptor signaling pathways such as androgen receptor (AR) and androgen receptor ligand binding domain (AR-LBD). The predicted toxicity of active compounds 4b and 4h is listed in Table 6. In the toxicity prediction, both were lying in toxicity class IV; meanwhile, dexamethasone was in toxicity class V. 

Docking study with inducible nitric oxide synthase

In an effort to further validate the experimental results and to ascertain the binding pose of the most potent compounds 4b and 4h in the active site of human inducible nitric oxide synthase, ligand-protein visualization was performed by means of Auto Dock Vina (1.1.2). There is variety of X-ray crystal structures of human inducible nitric oxide synthase in Protein Data Bank (PDB), which is complexed with different ligands. Therefore, six 3D X-ray crystal structures of nitric oxide synthase were retrieved from Protein Data Bank (PDB). 3E7G (RMSD=0.50 Å) had the best docking validation score amongst 1NSI, 2NSI, 3E7G, 3EJ8 and 4NOS that had been picked out based on optimal self-docking criteria of RMSD < 2 Å (Table 7).

Cross-docking of the synthesized compounds was performed after self-docking survey. After termination of the cross-docking simulation, the binding energies of each ligand along with the residues involved in the interaction were reported for visualization and analysis. The results of cross-docking studies for all five PDB codes are shown in Table 7. As it can be seen from the results of binding energies and interactions for five PDB codes, compounds 4b and 4h exhibited the best docking scores and also they have the most potent in vitro iNOS inhibitory activity, with IC50 = 7.90 and 9.27 µM, respectively, in comparison with dexamethasone with IC50 = 5.02. The molecular docking results for visualization of protein and compounds 4b and 4h represented well fitted coordination with active site pocket. Interactions of 4b and 4h with the protein active site are illustrated in Figure 4 for five PDB codes.

As shown in Figure 4, the naphthyl group of 4b created π-π stacking interaction with the indole ring of Trp463 (3E7G) and cation-π interaction with the positively charged nitrogen of Arg388 (1NSI, 3EJ8), and Arg381(2NSI, 3E7G and 4NOS). The phenoxy moiety of 4b interacted with the indole ring of Trp463 (1NSI, 2NSI, 3EJ8 and 4NOS) by a π-π stacking interaction and also showed cation-π interaction with Arg381 (1NSI, 2NSI, 3EJ8 and 4NOS). The positively charged nitrogens of Asn354 and Gln263 made a hydrogen bond with the oxygen atom of the sulfonamide moiety and a cation-π interaction with the nitrogen atom of Arg266 (1NSI and 3E7G). On the other hand, the naphthyl group of 4h adopted an orientation through π-π stacking against the indole ring of Trp463 (1NSI, 3E7G and 4NOS), and formed cation-π interactions with Arg381 (1NSI, 3E7G and 4NOS) and Arg388 (2NSI). Also, Arg266 (1NSI) and Gln263 (3E7G) adopted hydrogen bonds through the oxygen atom of the sulfonamide moiety and Gln263 is the residue responsible for hydrogen bonding with the amide oxygen atom of the β-lactam (3EJ8) (Figure 4).

CYP2D6 inhibitor

Dexamethasone was likewise computationally docked into the receptor and demonstrated a similar binding pose to the βlactams, forming hydrogen bonds and hydrophobic interactions with the main residues in the active site pocket. The superimposition of most active compound 4b with dexamethasone in the enzyme binding site of iNOS is depicted in Figure 5. Docking results of residues involved in the interactions of 4b, 4h and dexamethazone in different x-ray crystal structures has been shown in Table 8.

The above docking study implied that 4b and 4h were in good agreement either by the calculated Gibbs binding energy or in vitro evaluation results. Our results of the present molecular docking study supported the binding of these compounds to the active site of iNOS. These results could be consistent with our molecular design for iNOS inhibition. 

Conclusion

A series of new β-lactam rings bearing a piperazine moiety as an appended side chain were synthesized based on the natural monocyclic β-lactam scaffolds via a [2+2] ketene-imine cycloaddition reaction. The β-lactams were evaluated for their inhibitory effect on inducible nitric oxide synthase (iNOS). Compounds 4b and 4h, containing a naphthyl moiety at the C4 position of the β-lactam ring, were the most potent derivatives against iNOS with an IC50 value of 7.90±1.24 μM and 9.27±1.52 μM and anti-inflammatory ratio 31 and 27, respectively, which was comparable to that of dexamethasone (5.02±1.34 μM) and anti-inflammatory ratio 32. In addition, they were evaluated for potential in vitro antibacterial activity. 4d, 4j, 4k and 4l, showed good antibacterial activity against either the Gram-negatives E. coli or the Gram-positive S. aureus in comparison with ampicillin as a standard. Therefore, they could be considering as broad spectrum compounds. All compounds showed low cytotoxicity towards HepG2 cell line at or above the bacterial minimum inhibitory concentration. In the molecular docking results, the lower Gibbs binding energies of the most potent compounds 4b and 4h were consistent with the in vitro evaluation results. Derivatives were subjected to in silico prediction of physicochemical and pharmacokinetic properties in order to determine the perfectness of the compounds. Based on the obtained data we consider the tested compounds to have good physicochemical properties indicated that the compounds are compliant with the Lipinski and Veber rules. ADMET prediction for the two most active compounds 4b and 4h indicated that they have good solubility, high intestinal absorption, good biological membrane penetration and low blood-brain barrier permeation. They have also good skin permeability comparable to dexamethasone. From the results of in silico study, we conclude that 4b and 4h may be considered as potent iNOS inhibitors with low toxicity. However, they both were lying in toxicity class IV based on the toxicity prediction. Conclusively, these compounds may lead to the discovery of promising modified structures as well as a novel candidate for inflammatory diseases with antibacterial activity. Further work with the aim of improving the structure of the most active compounds are now under current investigation in our laboratory.

Experimental Section

Materials and methods

All the reagents were purchased from Merck, Acros, and Fluka companies and used without any purification. Methylene chloride (CH2Cl2) and Triethylamine (Et3N) were dried by distillation over CaH2 and then stored over 4 A° molecular sieves. Thin layer chromatography (TLC) was carried out on silica gel 254 analytical sheets obtained from Fluka and visualized by UV lamp. Purification of products was achieved by silica gel column chromatography on Merck Kiesel gel (230-270 mesh). 1 H-NMR and 13 C-NMR spectra were recorded on a Bruker avance DPX spectrometer (250 MHz for 1 H and62.9 MHz for 13 C) in CDCl3 using tetramethylsilane (TMS) as internal standard. Chemical shifts (σ) are given in part per million (ppm), and the coupling constants (J) are expressed in Hertz. Infrared spectroscopy analysis was recorded on a Shimadzu FT-IR 8300 spectrophotometer and the sample and KBr were pressed to form a tablet. The mass spectra were taken on Shimadzu GC-MS QP 1000 EX instrument. Elemental analyses were run on a Thermo Finnigan Flash EA-1112series, and the melting points were determined in open capillaries with a Buchi 510 melting point apparatus.

General Procedure for the Synthesis of Monocyclic β-lactams (4a-l)

A mixture of 2-(piperazin-1-yl) ethanamine (1) (10.00 mmol) and different aromatic aldehydes (2) (10.00 mmol) was mixed without solvent for 5-15 minutes. The crude Schiff bases (3) were used for the next step without any further purification. Then, to a stirred solution of N-[(1)-arylmethylidene]-2-piperazin-1-ylethanamine (3) (4.00 mmol) in dry CH2Cl2 (20 mL), ptoluenesulfonyl chloride (10.00 mmol) and trimethylamine (18.00 mmol) were added, and the mixture was stirred for about 30 minutes at room temperature. The acetic acid derivative (6.00 mmol) was then added to the mixture and the reaction was continued for 12 hours at room temperature. After the reaction was completed (TLC monitoring), the mixture was washed with aqueous HCl (1 N), saturated NaHCO3 solution, and NaCl solution, dried and the solvent was evaporated to afford the crude β-lactams 4a-l. The crude products were purified either by recrystallization from EtOAc or column chromatography (2:1 petroleum ether/EtOAc).

Characterization of new synthesized products 3-Phenoxy-4-phenyl-1-(2-(4-tosylpiperazin-1-yl)ethyl) azetidin-2-one (4a)

White solid recrystallized from EtOAc (yield 34%). mp: 177-179 °C. IR (KBr, cm -1 ): 1396 (S=O), 1758 (CO, β-lactam). 1 13 C NMR (CDCl3) δ 21.6 (CH3), 37.2, 45.9, 51.9, 54.9 (CH2), 62.7 (C-4), 82.1 (C-3), 115.5, 121.9, 127. 

4-(Naphthalen-2-yl)-3-phenoxy-1-(2-(4-tosylpiperazin-1yl) ethyl)azetidin-2-one (4b)

White solid recrystallized from EtOAc (yield 53%). mp: 199-201 °C. IR (KBr, cm -1 ): 1350 (S=O), 1751 (CO, β-lactam). 1 H NMR (CDCl3) δ 2.43-2.45 (CH3 and CH2, br, 9H,), 2.95 (CH2, br, 4H), 3.05-3.16 (CH2, m, 1H), 3.55-3.65 (CH2, m, 1H), 5.06 (H-4, d, J = 4.4 Hz, 1H), 5.41 (H-3, d, J = 4.4 Hz, 1H), 6.66 (ArH, d, J = 7.8 Hz, 2H), 6.77-7.77 (ArH, m, 14H). 13 C NMR (CDCl3) δ 21.6 (CH3), 37.2, 45.9, 51.9, 54.9 (CH2), 62.9 (C-4), 82. 

3-Phenoxy-4-m-tolyl-1-(2-(4-tosylpiperazin-1-yl)ethyl) azetidin-2-one (4c)

White solid recrystallized from EtOAc (yield 49%). mp: 156-158 °C. IR (KBr, cm -1 ): 1372 (S=O), 1751 (CO, β-lactam). 1 H NMR (CDCl3) δ 2.24(CH3, s, 3H), 2.45 (CH3 and CH2, br, 9H), 2.96 (CH2, br, 4H), 3.01-3.12 (CH2, m, 1H), 3.52-3.63 (CH2, m, 1H), 4.84 (H-4, d, J = 4.4 Hz, 1H), 5.32 (H-3, d, J = 4.4 Hz, 1H), 6.67 (ArH, d, J = 7.7 Hz, 2H), 6.83-7.14 (ArH, m, 7H), 7.33 (ArH, d, J = 8.0 Hz, 2H), 7.62 (ArH, d, J = 8.2 Hz, 2H). 13 C NMR (CDCl3) δ 21.3, 21.5 (CH3), 37.1, 45.9, 51.9, 54.9 (CH2), 62.6 (C-4), 82.1 (C-3), 115.6, 121.9, 125. 

4-(4-Chlorophenyl)-3-phenoxy-1-(2-(4-tosylpiperazin-1yl) ethyl)azetidin-2-one (4d)

White solid recrystallized from EtOAc (yield 68%). mp: 191-193 °C. IR (KBr, cm -1 ): 1320 (S=O), 1751 (CO, β-lactam). 1 

4-(4-Oxo-3-phenoxy-1-(2-(4-tosylpiperazin-1-yl)ethyl) azetidin-2-yl)benzonitrile (4e)

White solid purified by column chromatography (eluent 2:1 petroleum ether /EtOAc) (yield 61%). mp: 201-203 °C. IR (KBr, cm -1 ): 1342 (S=O), 1751 (CO, β-lactam), 2229 (CN). 1 H NMR (CDCl3) δ 2.41-2.47 (CH2, br, 6H), 2.47 (CH3, s, 3H), 2.89 (CH2, br, 4H), 3.06-3.17 (CH2, m, 1H), 3.52-3.63 (CH2, m, 1H), 4.95 (H-4, d, J = 4.5 Hz, 1H), 5.39 (H-3, d, J = 4.5 Hz, 1H), 6.63 (ArH, d, J = 8.6 Hz, 2H), 6.85-7.43 (ArH, m, 9H), 7.61 (ArH, d, J = 8.1 Hz, 2H). 13 C NMR (CDCl3) δ 21.6 (CH3), 37.5, 45.8, 51.9, 54.9 (CH2), 62.1 (C-4), 82.1 (C-3), 112. 

4-(4-Nitrophenyl)-3-phenoxy-1-(2-(4-tosylpiperazin-1yl)ethyl) azetidin-2-one (4f)

White solid recrystallized from EtOAc (yield 59%). mp: 175-177 °C. IR (KBr, cm -1 ): 1350, 1519, (NO2), 1388 (S=O), 1751 (CO, β-lactam). 1 13 C NMR (CDCl3) δ 21.6 (CH3), 37.5, 45.9, 51.9, 54.9 (CH2), 61.9 (C-4), 82.2 (C-3), 115. 

3-Methoxy-4-phenyl-1-(2-(4-tosylpiperazin-1yl)ethyl)azetidin-2-one (4g)

White solid recrystallized from EtOAc (yield 28%) mp: 153-155 °C. IR (KBr, cm -1 ): 1357 (S=O), 1751 (CO, β-lactam). 1 H NMR (CDCl3) δ 2.37-2.42 (CH2, br, 6H), 2.47 (CH3, s, 3H), 2.92 (CH2, br, 4H), 3.03-3.09 (CH2, m, 1H), 3.05 (OCH3, s, 3H), 3.43-3.54 (CH2, m, 1H), 4.60 (H-4, d, J = 4.4 Hz, 1H), 4.71 (H-3, d, J = 4.4 Hz, 1H), 7.26-7.30 (ArH, m, 5H,), 7.30 (ArH, d, J = 7.9 Hz, 2H), 7.61 (ArH, d, J = 8.3 Hz, 2H). 13 C NMR (CDCl3) δ 21.6 (CH3), 36.9, 45.9, 51.8, 54.9 (CH2), 58.0 (OCH3), 62. 

3-Methoxy-4-(naphthalen-2-yl)-1-(2-(4-tosylpiperazin-1-yl) ethyl)azetidin-2-one (4h)

White solid recrystallized from EtOAc (yield 47%). mp: 121-123 °C. IR (KBr, cm -1 ): 1350 (S=O), 1735 (CO, β-lactam). 1 H NMR (CDCl3) δ 2.31 (CH2, br, 6H), 2.37 (CH3, s, 3H), 2.85 (CH2, br, 4H), 2.92 (OMe, s, 3H), 2.94-3.03 (CH2, m, 1H), 3.39-3.47 (CH2, m, 1H), 4.59 (H-4, d, J = 4.1 Hz, 1H), 4.79 (H-3, d, J = 4.1 Hz, 1H), 7.26 (ArH, d, J = 7.7 Hz, 2H), 7.32-7.72 (ArH, m, 9H). 13 C NMR (CDCl3) δ 21.6 (CH3), 37.1, 45.9, 51.8, 54.9 (CH2), 58.1 (OCH3), 62.5 (C-4), 85.9 (C-3), 125.6, 126. 

3-Methoxy-4-m-tolyl-1-(2-(4-tosylpiperazin-1-yl)ethyl) azetidin-2-one (4i)

White solid recrystallized from EtOAc (yield 43%). mp: 161-163 °C. IR (KBr, cm -1 ): 1350 (S=O), 1735 (CO, β-lactam). 1 H NMR (CDCl3) δ 2.31 (s, 3H, CH3), 2.37-2.43 (m, 6H, CH2), 2.46 (s, 3H, CH3), 2.92 (br, 4H, CH2), 3.00-3.06 (m, 1H, CH2), 3.06 (s, 3H, OCH3), 3.45-3.55 (m, 1H, CH2), 4.59 (d, J = 4.4 Hz, 1H, H-4), 4.66 (d, J = 4.4 Hz, 1H, H-3), 7.03-7.20 (ArH, m, 4H), 7.34 (ArH, d, J = 8.0 Hz, 2H), 7.61 (ArH, d, J = 8.3 Hz, 2H). 13 C NMR (CDCl3) δ 21.4, 21.5 (CH3), 36.9, 45.9, 51.9, 54.9 (CH2), 58 

4-(4-Chlorophenyl)-3-methoxy-1-(2-(4-tosylpiperazin-1yl) ethyl)azetidin-2-one (4j)

White solid purified by column chromatography (eluent 2:1 petroleum ether /EtOAc) (yield 44%). mp: 131-133 °C. IR (KBr, cm -1 ): 1342 (S=O), 1735 (CO, β-lactam). 1 

4-(3-Methoxy-4-oxo-1-(2-(4-tosylpiperazin-1-yl)ethyl) azetidin-2-yl)benzonitrile (4k)

White solid purified by column chromatography (eluent 2:1 petroleum ether /EtOAc) (yield 50%). mp: 119-121 °C. IR (KBr, cm -1 ): 1334 (S=O), 1735 (CO, β-lactam). 1 

3-Methoxy-4-(3-nitrophenyl)-1-(2-(4-tosylpiperazin-1-yl)ethyl) azetidin-2-one (4l)

White solid recrystallized from EtOAc (yield 51%). mp: 139-141 °C. IR (KBr, cm -1 ): 1350, 1535, (NO2), 1342 (S=O), 1751 (CO, β-lactam). 1 In vitro anti-inflammatory activity [63] 

Principle of the assay

The in vitro anti-inflammatory assay is based on the ability of macrophages to generate a strong inflammatory response when stimulated with antigens. Mouse immortalized macrophages (RAW 264.7 cell line) are stimulated by E. coli LPS and exposed to the test material for 24 hours. At the end of the incubation period, NO production is evaluated indirectly by measuring the accumulation of nitrite/nitrate, the stable end-products of NO oxidation, in the culture medium using a spectrophotometric method based on the Griess reaction [1,7] .

Mouse macrophages (RAW 264.7, Sigma-Aldrich, N° P6110401, Lot. 09I006), low passage number (<50) were grown in DΜΕΜ with stable L-glutamine (Dulbecco's Minimum Essential Medium, PAN BIOTECH.) supplemented with Penicillin 100 IU/ml and streptomycin 100 μg/mL(PAN BIOTECH,), and 10% of inactivated calf serum (PAN BIOTECH,), pΗ 7.2, freshly prepared, stored no longer than 3 weeks. The test materials were diluted into dimethylsulfoxide (DMSO, Sigma-Aldrich), DMSO (0.5%) was used as a negative control and dexamethasone (Sigma-Aldrich) 1 -5 -10 -50 -100 µM was used as positive control. Cells were seeded into 96well tissue culture plates at the concentration of 1.10 5 cells/mL (200 µL/well) for 24 hours at 37°C (5% CΟ2). At the end of the incubation period the culture medium was replaced by 200 µL of medium containing the appropriate concentrations of the test materials, and cells were incubated at 37°C (5% CO2) for one hour. At the end of the incubation period, pro-inflammatory LPS from E.coli was added to cell cultures (1µg/mL). Then cells were incubated at 37°C (5% CO2) for 24 hours. NO release was measured in the culture supernatant by the Griess reaction. 100 µL of the supernatants were transferred into the wells of a 96well tissue culture plate, and 100 µL of the Griess modified reagent (SIGMA-ALDRICH) were added in each well. After a 15 min period at room temperature, the Optical Density (OD) of each well was read at 540 nm by a fluorescence-luminescence reader Infinite M200 Pro (TECAN). The results obtained for wells treated with the test material were compared to those of untreated control wells (DMSO, 100% viability) and converted to percentage values. In parallel to the assessment of NO release, cell viability was measured to validate the assay. The WST-1 vital dye reagent was used to measure cell mitochondrial respiration. For this purpose, the culture medium was decanted and 100µl of WST-1 reagent (1/10 dilution) were added in each well. After a 30-min incubation period at 37°C (5% CO2), the Optical Density (OD) of each well was read at 450 nm by a fluorescence-luminescence reader Infinite M200 Pro (TECAN). The results obtained for wells treated with the test material were compared to those of untreated control wells (DMSO, 100% viability) and converted to percentage values. Inhibition of NO release and inhibition of cell viability were expressed as percentages as compared to the negative controls:

The concentrations of the test material causing respectively a 50% decrease of NO release (IC50-NO release) and a 50% decrease of cell viability (IC50-cell viability) were calculated using software Tablecurve Version 2.0. The anti-inflammatory ratio corresponded to the ratio between the anti-inflammatory activity and the toxicity. It was expressed as follows:

Anti-inflammatory ratio = IC50-cell viability / IC50-NO release

Cytotoxicity investigation on Hep-G2 cell line

Cytotoxicity of the synthesized sulfonamide-β-lactam hybrids was assessed on Hep-G2 cell line using standard MTT colorimetric assay according to Gholami et al [64,65] . Six concentrations from 1 μM to 200 μM of 12 sulfonamide-β-lactam hybrids were studied. HepG2 cell pellets were suspended in RPMI 1640 media containing 10% fetal bovine serum comprising 1×10 5 cells/mL. Then, aliquots of 100 μL of suspension was infused in 96-well cell culture plates to obtain 1×10 4 cells/well and incubated at 37 °C in the presence of humidified atmosphere of 5% CO2 and 95% air to allow the cells to adhere and reach roughly 80% confluence. After 24 h, 100 μL of RPMI medium containing different concentrations of each compounds were replaced with media in each well and the plates incubated at 37 °C in atmosphere of 5% CO2 and 95% air. After 24 or 48 h, the medium was discarded and the wells were washed twice for 3 min with 100 μL phosphate buffered saline (PBS). For staining the viable cells, 25 μL of MTT [3-(4,5-dimethylthiazol2-yl)-2,5-diphe-nyltetrazolium bromide] solution (Sigma-Aldrich Co., St. Louis, MO, USA) (4 mg/mL in media) was added to each well and incubated again for 3 h at 37 ° C. The reaction was stopped and the formazan dye was solubilized by adding 100 μL of dimethylsulfoxide (DMSO). To completely dissolve the formazan crystals, plate was shaken well and the optical absorption of each solution was read at 540 nm using a microplate spectrophotometer (PowerWave X52, BioTek Instruments Inc., US). The average value was calculated from three treated wells and the values for medium alone were subtracted. In this experiment, the wells containing culture medium were regarded as the negative control (0% viability) and wells containing untreated HepG2 cells were considered as the positive control (100%). The optical density (OD) values of all samples were then analyzed by % cell viability = [OD (Cells + Sample) -OD (Sample)] / [OD (Cells) -OD (RPMI)] × 100

The cell viability of three wells containing the same sample was compared with the positive control. The concentration of the compounds exhibited 50% of cell viability for HepG2 cells (IC50) was calculated by nonlinear regression analysis of the responseconcentration (log) curve. Results are expressed as the mean ± SD of three different experiments. All calculated IC50 values were performed using CurveExpertPro software 1.6.5.

All statistical analyses were done using SPSS IBM ver. 23. For statistical comparison of cytotoxic activity, the one-way analysis of variance combined with Tukey's multiple range posttest was performed. This experiment was repeated three times. A P value below 0.05 was considered as statistically significant.

In vitro essay of antibacterial activity

Both of the following microorganisms Staphylococcus aureus, Escherichia coli were suspended in freshly prepared Mueller-Hinton's broth (MHB) at a standard concentration of 0.5 McFarland and diluted with a 1:20 proportion by MHB. An aqueous suspension was prepared from each of synthesized compounds so that the range of concentration would contain 1 μM to 32 μM of compounds. A 96-well microplate consisting of 45 μL culture media, 45 μL of sample (at a descending concentration of compounds from 32 μM to 1 μM), and 10 μL of inoculated bacteria was applied for each microorganism. The first and last rows of the microplate were left empty to achieve a better optical contrast after plate reading. The prepared microplates were incubated for 24 hours at 37 C; then, the optical density was measured at 600 nm by a microplate reader (BioTek, PowerWave XS2). This procedure was repeated three times. A blank 96-well microplate consisting of 45 μL of culture media and 45 μL of the sample (as explained) was prepared. At the end, 10 μL of culture media was added to each well. The turbidity of each well in a sample microplate (a microplate with the concerned microorganism) was compared to an equivalent well in a blank microplate. Microorganism viability was calculated as follows:

% microorganism viability = [OD (bacteria + sample) -OD (Sample)] / [OD (bacteria) -OD (RPMI)] × 100 All antimicrobial studies were evaluated using IBM SPSS software. To determine the differences between the means of the results, the one-way ANOVA procedure and the post hoc Tukey test were performed. P value ≤ 0.05 was considered to be statistically significant. The experiment was repeated three times [66,67] .

Computational details

In silico physicochemical parameters and ADME profiling calculations

The physicochemical properties and drug-likeness for the synthesized compounds were calculated using SwissADME online software. Therefore, all compounds were evaluated for its drug-like nature under Lipinski's rules of five [59,68] and Verber [69,70] . ADMET refers to pharmacokinetic properties that deal primarily with Absorption, Distribution, Metabolism, Excretion, and Toxicity of the compounds in the human body. ADMET analysis of the potent compounds 4b and 4h were determined using the pkCSM [60] and protox-II webserver [61] .

Docking simulation method

Due to the existence of various 3D-structures for iNOS, docking validation was used to select a proper x-ray structure for docking simulation. Amongst all these complexes, 6 3D X-ray crystal structures of the inducible nitric oxide synthase (iNOS) were picked out from the Protein Data Bank (PDB) (http://www.rcsb.org) in order to find the starting model of iNOS. The retrieved PDB codes for iNOS were 1NSI, 2NSI, 3E7G, 3EJ8, 4CX7 and 4NOS. Self-docking validation test was done with retrieved PDB codes. For running the selfdock, the innate ligands were re-docked on their corresponding 3D structures and the best pose of docking was superimposed with the native conformation of the ligands at crystallographic state. Five pdb files of the receptors were selected based on root-mean-square deviation (RMSD) values as shown in Table 6. The compound structures were sketched, energy minimized and the three ligand molecules were saved in pdbqt format. To prepare protein for docking simulation, all co-crystallized ligands and water molecules were excluded and the missing hydrogens were added. Non-polar hydrogens were merged with their corresponding carbons and then the protein was converted into the required pdbqt format. All preparation was performed using Auto Dock Tools package (1.5.6) [71] .

After that, cross-docking simulations were performed using bash scripting in linux operating system. Autodock Vina (1.1.2) was applied for docking within a box defined by the following parameters. The grid box with the size of 30 was set and the box was centered on co-crystallized ligand. The center of grid box was determined as [x = 18.30, y = 64.66, z = 27.33] for 1NSI, [x = 17.88, y = 65.42, z = 27.14] for 2NSI, [x = 57.07, y = 22.18, z = 79.72] for 3E7G, [x = 67.20, y = 15.75, z = 76.89] for 3EJ8 and [x = 9.74, y = 97.54, z = 10.64] for 4NOS. The exhaustiveness was set to 100 and the other docking parameters were determined as default. At the end of crossdocking simulations, the best docking poses were selected for further analysis of enzyme-inhibitor interactions.

Figure 1 .

 1 Figure 1. Some derivatives of β-lactams (I-VIII) bearing the piperazine moiety.

Figure 2 .

 2 Figure 2. Viability percentage of the HepG2 cells treated with synthesized sulfonamide-β-lactam hybrids in different concentrations 1-200 µM.

Figure 3 .

 3 Figure 3. Viability percentage of E. coli and S. aureus in tested concentrations of tested synthesized sulfonamide β-lactam hybrids.

Figure 4 .

 4 Figure 4. The best pose of the most active compounds 4b and 4h with different x-ray crystal structures (PDB code: 1NSI, 2NSI, 3E7G, 3EJ8 and 4NOS) in the active site of human inducible nitric oxide synthase; and the residues of the active site involved in ligand binding.

Figure 5 .

 5 Figure 5. The best pose of dexamethasone with x-ray crystal structures (PDB code: 2NSI) in the active site of iNOS; and the residues of the active site involved in ligand binding (left). Superimposition of 4b (blue) and dexamethasone (green) within the enzyme binding site (right).

  H NMR (CDCl3) δ 2.45 (CH3 and CH2, br, 9H), 2.93 (CH2, br, 4H), 3.04-3.14 (CH2, m, 1H), 3.52-3.62 (CH2, m, 1H), 4.88 (H-4, d, J = 4.4 Hz, 1H), 5.34 (H-3, d, J = 4.4 Hz, 1H), 6.65 (ArH, d, J = 7.9 Hz, 2H), 6.82-7.26 (ArH, m, 8H), 7.34 (ArH, d, J = 8.2 Hz, 2H), 7.62 (ArH, d, J = 8.0 Hz, 2H).

  H NMR (CDCl3) δ 2.45-2.47 (CH3 and CH2, br, 9H), 2.95 (CH2, br, 4H), 3.08-3.16 (CH2, m, 1H), 3.55-3.63 (CH2, m, 1H), 5.01 (H-4, d, J = 4.5 Hz, 1H), 5.41 (H-3, d, J = 4.5 Hz, 1H), 6.64 (ArH, d, J = 7.7 Hz, 2H), 6.85-7.43 (ArH, m, 7H), 7.61 (ArH, d, J = 8.3 Hz, 2H), 7.99 (ArH, d, J = 8.8 Hz, 2H).

  

  

Table 1 .

 1 Structures of monocyclic β-lactams 4a-l

	Entry	Name	R	Ar	Isolated Yield (%)
	1	4a	Ph	Ph	34
	2	4b	Ph	Naphthyl	53
	3	4c	Ph	3-MeC6H4	49
	4	4d	Ph	4-ClC6H4	68
	5	4e	Ph	4-CNC6H4	61
	6	4f	Ph	4-NO2C6H4	59
	7	4g	CH3	Ph	28
	8	4h	CH3	Naphthyl	47
	9	4i	CH3	3-MeC6H4	43
	10	4j	CH3	4-ClC6H4	44
	11	4k	CH3	4-CNC6H4	50
	12	4l	CH3	3-NO2C6H4	51

Table 2 .

 2 Anti-inflammatory activity of derivatives 4a-4l

	Name	IC50-NO release (µM)	IC50-cell viability (µM)	ratio Anti-Inflammatory	IC50 (µM) ± Std. HepG2
	4a	112.28 + 5.47	251.28 + 6.24	2	55.57 + 5.19
	4b	7.90 + 1.24	247.40 + 8.56	31	>200
	4c	11.18 + 1.08	249.27 + 10.36	22	>200
	4d	32.05 + 2.08	319.32 + 15.32	10	39.06 + 4.68
	4e	23.01 + 1.83	246.69 + 9.47	11	49.64 + 5.27
	4f	>500	>500	-[a]	51.26 + 0.91
	4g	70.33 + 3.14	322.87 + 8.15	5	55.38 + 3.19
	4h	9.27+ 1.52	246.14 + 10.47	27	>200
	4i	34.01 + 2.89	220.77 + 9.31	6	135.54 + 17.32
	4j	3.21 + 0.95	16.14 + 0.98	5	21.01 + 3.02
	4k	22.47 + 1.99	192.58 + 9.56	9	15.42 + 2.17
	4l	23.93 + 1.58	222.88 + 13.24	10	27.10 + 5.20
	Dexamethasone	5.02 + 1.34	159.2 + 26.35	32	-[a]

Table 3 .

 3 Antimicrobial Activities of synthesized sulfonamide-β-lactam hybrids against bacteria (µM).

	Code	MIC (µM)	
		S. aureus	E. coli
	4a	16	32
	4b	>32	>32
	4c	>32	32
	4d	4	4
	4e	8	16
	4f	16	16
	4g	8	16
	4h	32	32
	4i	16	32
	4j	1	1
	4k	1	2
	4l	2	4
	Ampiciline	1	1

Table 4 .

 4 In silico physicochemical parameters of 4a-l possessing iNOS inhibitory activity.

	Code	LogP [a]	HBA [b]	HBD [c]	TPSA [d]	nRB [e]	MW [f]	Number of Lipinski	Druglikeness
								violations		
									Lipinski	Veber
	4a	3.30	6	0	78.54	8	505.63	1	Yes	Yes
	4b	4.12	6	0	78.54	8	555.69	1	Yes	Yes
	4c	3.65	6	0	78.54	8	519.66	1	Yes	Yes
	4d	3.85	6	0	78.54	8	540.07	1	Yes	Yes
	4e	3.08	7	0	102.33	8	530.64	1	Yes	Yes
	4f	2.52	8	0	124.36	9	550.63	1	Yes	Yes
	4g	2.15	6	0	78.54	7	443.56	0	Yes	Yes
	4h	3.04	6	0	78.54	7	493.62	0	Yes	Yes
	4i	2.46	6	0	78.54	7	457.59	0	Yes	Yes
	4j	2.64	6	0	78.54	7	478.00	0	Yes	Yes
	4k	1.90	7	0	102.33	7	468.57	0	Yes	Yes
	4l	1.38	8	0	124.36	8	488.56	0	Yes	Yes
	Dexamethasone	2.15	6	3	94.83	2	392.46	0	Yes	Yes

Table 5 .

 5 In silico ADME profiling of the most potent compounds with iNOS inhibitory activity and dexamethasone.

	Property	Model Name	Unit	4b	4h	Dexa
				Predicted Value
		Water solubility	(log mol/L)	-4.64	-5.338	-3.465
		Caco2 permeability	(log Papp in 10-6 cm/s)	1.178	1.227	0.918
	Absorption	Intestinal absorption (human) Skin Permeability	(% Absorbed) (log Kp)	95.173 -2.735	95.387 -2.741	77.925 -3.928
		P-glycoprotein substrate	Categorical	Yes	Yes	Yes
		P-glycoprotein I inhibitor	Categorical	Yes	Yes	No
		P-glycoprotein II inhibitor	Categorical	Yes	Yes	No
		VDss (human)	(log L/kg)	-0.395	0.342	0.165
	Distribution	Fraction unbound (human) BBB permeability	(Fu) (log BB)	0.155 -0.102	0.009 -0.127	0.291 -0.923

Table 6 .

 6 In silico predicted toxicity of active compounds with iNOS inhibitory activity and dexamethasone.

	Comp.	4b	4h	Dexa
	Endpoint			
	Predicted LD50	1000 mg/kg (67.38%)	1000 mg/kg (67.38%)	3000 mg/kg (100%)
	(prediction accuracy %)			
	Hepatotoxicity (probability)	Inactive (0.61)	Inactive (0.61)	Inactive (0.99)
	Carcinogenicity (probability)	Inactive (0.64)	Inactive (0.64)	Inactive (0.72)
	Immunotoxicity (probability)	Inactive (0.96)	Inactive (0.93)	Active (0.99)
	Mutagenicity (probability)	Inactive (0.69)	Inactive (0.68)	Inactive (0.69)
	Cytotoxicity (probability)	Inactive (0.71)	Inactive (0.71)	Inactive (0.72)
	AhR (probability)	Inactive (0.92)	Inactive (0.93)	Inactive (1.00)
	AR (probability)	Inactive (0.88)	Inactive (0.86)	Active (1.00)
	AR-LBD (probability)	Inactive (0.88)	Inactive (0.88)	Active (1.00)

Heat shock factor response element (HSE) (probability)

  

		Inactive (0.95)	Inactive (0.95)	Inactive (1.00)
	Predicted toxicity class	IV	IV	V

Table 7 .

 7 RMSD values and binding energies of all derivatives and dexamethasone as a standard compound with different x-ray crystal structures (PDB code: 1NSI, 2NSI, 3E7G, 3EJ8 and 4NOS).

		PDB Code	1nsi	2nsi	3e7g	3ej8	4cx7	4nos
		RMSD	0.6	0.8	0.5	0.8	4.7	0.6
		4a	-9.4	-10.1	-10.2	-9.7	-11.2	-10.8
	-1 )	4b	-10.7	-11.4	-11	-10.9	-12.4	-11.7
	(Kcal.mol Energy Compounds: Binding	4c 4d 4e 4f 4g 4h 4i 4j 4k 4l 4m	-9 -9.7 -9.3 -9.3 -8.4 -10 -8.9 -8.6 -8.9 -8.7 -9.3	-10.7 -10.7 -11 -10.9 -8.7 -10.4 -9.4 -9 -9.4 -9.4 -9.2	-10.6 -10.4 -10.6 -10.1 -8.9 -10.4 -9.2 -9.3 -9.8 -9.4 -9.5	-10.4 -10.3 -10.5 -10.4 -8.9 -10.4 -9.7 -9.3 -9.5 -9.7 -9.4	-11.5 -11.4 -11.1 -10.9 -9.6 -10.4 -9.8 -9.7 -9.5 -9.8 -9.4	-11.2 -10.8 -11.1 -10.9 -9.4 -11.3 -10 -9.6 -10 -9.8 -9.3
		Dexamethasone	-7.7	-8.5	-8	-7.8	-8.5	-8.3

Table 8 .

 8 Docking results of residues involved in the interactions of 4b, 4h and dexamethazone in different x-ray crystal structures (PDB codes: 1NSI, 2NSI, 3E7G, 3EJ8 and 4NOS).

	PDB Code	Comp.	Hydrogen bond	Hydrophobic interaction	π-π	π-Cation	Metal Complexes
	1NSI	4b	Asn354	Ala262,Tyr373, Glu377,	Trp463	Arg38,	Cys200 (Fe)
				Arg381, Arg700		Arg38,	
							Cys110, Cys
						Arg266	115(Zn)
		4h	Arg266, Arg388	Ala262, Val352, Ile462	Trp463	Arg381	Cys200 (Fe)
							Cys110, Cys 115
							(Zn)
	2NSI	4b	Arg381	Ala282, Gln387	Trp463	Arg381	Cys200 (Fe)
		4h	Arg388	Pro350, Val352,Glu377,		Arg388	Cys200 (Fe)
				Arg381			

  8, 128.1, 128.5, 128.6, 129.1, 129.7, 132.5, 133.2, 143.7, 156.8 (aromatic carbons), 166.1 (CO, β-lactam). MS m/z = 505 [M + ]. Anal. calcd. for C28H31N3O4S: C, 66.51; H, 6.18; N, 8.31; S, 6.34. Found: C, 66.63; H, 6.25; N, 8.27; S, 6.21.

  6, 127.8, 128.0, 129.1, 129.1, 129.4, 129.8, 132.5, 132.7, 137.7, 144.0, 156.9 (aromatic carbons), 163.2 (CO, β-lactam). MS m/z = 519 [M + ]. Anal. calcd.

	for C29H33N3O4S: C, 67.03; H, 6.40; N, 8.09; S, 6.17. Found: C,
	67.21; H, 6.49; N, 8.03; S, 6.09.

  3, 115.3, 118.3, 122.3, 127.8, 128.8, 129.0, 129.3, 129.8, 130.9, 132.4, 143.9, 156.3 (aromatic carbons), 165.7 (CO, β-lactam). MS m/z = 531 [M + ]. Anal. calcd. for C29H30N4O4S: C, 65.64; H, 5.70; N, 10.56; S, 6.04. Found: C, 65.80; H, 5.82; N, 10.50; S, 5.96.

  3, 122.4, 123.2, 127.8, 129.2, 129.4, 129.8, 130.9, 132.4, 143.9, 147.9, 156.3 (aromatic carbons), 165.6 (CO, β-lactam). MS m/z = 550 [M + ]. Anal. calcd. for C28H30N4O6S: C, 61.08; H, 5.49; N, 10.18; S, 5.82. Found: C, 61.00; H, 5.68; N, 10.15; S, 5.75.
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